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ABSTRACT

Context. ESO 141-G55 is a nearby X-ray bright broad-line Seyfert 1 (BLS1) that has been classified as a bare active galactic nucleus
(AGN) due to a lack of warm absorption along its line of sight, providing an unhampered view into its disc-corona system.

Aims. We aim to probe its disc-corona system thanks to the first simultaneous XMM-Newton and NuSTAR observation obtained
October 1-2, 2022.

Methods. We carried out an X-ray broadband spectral analysis to determine the dominant process(es) at work as well as a spectral
energy distribution (SED) analysis to determine the disc-corona properties.

Results. The simultaneous broadband X-ray spectrum of ESO 141-G55 is characterised by the presence of a prominent smooth soft
X-ray excess, a broad Fe Ka emission line, and a significant Compton hump. The high-resolution reflection grating spectrometer
spectra confirmed the lack of intrinsic warm-absorbing gas along our line of sight in the AGN rest frame, verifying that it is still in a
bare state. However, soft X-ray emission lines were observed, indicating substantial warm gas out of our line of sight. The intermediate
inclination of the disc-corona system (~43°) may offer us a favourable configuration to observe ultra-fast outflows from the disc, but
none were found in this 2022 observation, contrary to a previous 2007 XMM-Newton one. We ruled out relativistic reflection alone
on a standard disc based on the X-ray broadband analysis, while a combination of soft and hard Comptonisation by a warm and hot
corona (RELAGN) plus relativistic reflection (REFLKERRD) reproduces the ESO 141-G55 SED quite well. The hot corona temperature
is very hot, ~140keV, and much higher than about 80% of AGNs, whereas the warm corona temperature, ~0.3 keV, is similar to the
values found in other sub-Eddington AGNs. ESO 141-GS55 is accreting at a moderate Eddington accretion rate (~10-20%).
Conclusions. Our analysis points to a significant contribution of an optically thick warm corona to both the soft X-ray and UV
emission in ESO 141-G55, adding to the growing evidence that the accretion of AGNs (even at a moderate accretion rate) appears to

deviate from standard disc theory.

Key words. accretion, accretion disks — radiation mechanisms: general — galaxies: active — quasars: general —

X-rays: individuals: ESO 141-G55

1. Introduction

In the so-called bare active galactic nuclei (AGNs), the direct
line of sight intercepts very little or no warm X-ray absorption.
Thus, bare AGNs allow for a clean, unimpeded view into the
innermost core of the nucleus. As a result, both the continuum
(soft X-ray excess and Compton hump) and the emission lines
can be measured safely, avoiding the complications introduced
from modelling complex absorption and thus providing a robust
probe of the disc-corona system.

Importantly, broadband X-ray spectra are crucial in order to
determine the physical processes that produce the soft X-ray
excess, which include relativistic reflection resulting from the
illumination of the accretion disc by a hot corona, Comptoni-
sation of seed photons from the accretion disc by a warm and a
hot corona, or a combination thereof (e.g. Magdziarz et al. 1998;
Porquet et al. 2004, 2018, 2019, 2021, 2024; Crummy et al.

* Corresponding author; delphine.porquet@lam. fr

2006; Bianchi et al. 2009; Fabian et al. 2012; Done et al. 2012;
Gliozzi et al. 2013; Petrucci et al. 2018; Gliozzi & Williams
2020; Waddell & Gallo 2020). So far, only a handful of
very bright bare AGN have been observed simultaneously by
NuSTAR and XMM-Newton with a very high signal-to-noise
ratio (Fairall 9, Ark 120, Mrk 110, and TON S180). These simul-
taneous observations allowed us to demonstrate that relativis-
tic reflection alone onto a standard disc cannot reproduce their
X-ray broadband spectra. Instead, a combination of soft and
hard Comptonisation (by a warm and hot corona) and relativis-
tic reflection reproduces their SEDs quite well (Matt et al. 2014;
Porquet et al. 2018, 2021; Lohfink et al. 2016; Matzeu et al.
2020).

Here, our objective is to expand this important study
to the broad-line Seyfert1 (BLS1) bare AGN ESO 141-
G55 (z=0.0371) through the use of the first simultaneous
XMM-Newton and NuSTAR observation performed October
1-2, 2022 (Table 1). Its supermassive black hole mass
(log(M/My)=8.1+0.1) and the inclination angle of its
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Table 1. Observation log of the XMM-Newton and NuSTAR dataset for ESO 141-G55.

Mission Obs. ID Obs. date Exp. @ XMM-Newton Mean CR®  Labelled in the text
(yyyy-mm-dd) (ks) window mode counts™!
This work
NuSTAR 60801011002 2022-10-01 124.1 0.74 (FPMA) 2022
122.3 0.69 (FPMB) 2022
XMM-Newton 0913190101 2022-10-01 122.6 (72.4) Small window 24.1 (pn) 2022
Previous observations
NuSTAR 60201042002 2016-07-15 93.0 0.61 (FPMA) 2016
92.9 0.56 (FMPB) 2016
XMM-Newton 0503750101  2007-10-30  77.7(67.7)  Full frame®  63@ (pn) 200744
XMM-Newton 0503750501 2007-10-12 22.3 (16.6) Full frame © 5.6 (pn)
XMM-Newton 0503750401  2007-10-11 21.0 (18.3) Full frame 6.2@ (pn)
XMM-Newton 0503750301  2007-10-09  20.0(17.5)  Full frame©®  6.8@ (pn)
XMM-Newton 0101040501 2001-10-09 53.8 Full frame © n.a.©

Notes. “Total exposure and in parenthesis the net pn exposure time after correction of background flares and deadtime. ”Mean source count rate
over 0.3-10keV for XMM-Newton and over 3-79 keV for NuSTAR. ©These datasets suffer for very strong pile-up due to the use of the full frame
window mode. “Net count rate inferred using an annular extraction region to minimise the very strong pile-up (see text). ’Only MOS data are

available and are thus not used in the present work.

accretion disc (which ranges from 33° to 42° for a maxi-
mal and a non-spinning black hole, respectively) have been
inferred from accretion disc fits to the UV continuum and
the HB emission line (Rokaki & Boisson 1999). ESO 141-G55
shows a high bolometric luminosity of Ly, ~ 3 x 10 ergs~!
(Lo—1okev ~ 10% erg s71), which corresponds to an Eddington
accretion rate of 10-20%. It is one of the brightest hard
X-ray AGNs seen by Swift-BAT (Fis-195kev ~ 6 X
107" ergcm=2 s71), with so far a very moderate X-ray flux vari-
ability of ~20% reported over four to five decades with Ariel-V
(Cooke et al. 1978; Elvis et al. 1978), ASCA (Reynolds 1997),
XMM-Newton (Gondoin et al. 2003), Swift (Oh et al. 2018),
and NuSTAR (Ezhikode etal. 2020; Panagiotou & Walter
2020; Ghosh & Laha 2020; Akylas & Georgantopoulos 2021;
Kang & Wang 2022). The hard X-ray spectrum of ESO 141-
G55 exhibits a very high-energy cut-off of a few hundred kilo
electron volts, as measured from a NuSTAR observation per-
formed in 2016 (Table 1), showing the presence of a very hot
corona (e.g. Ezhikode et al. 2020; Panagiotou & Walter 2020;
Akylas & Georgantopoulos 2021; Kang & Wang 2022).

ESO 141-G55 has previously been observed five times
by XMM-Newton with Fo3_jgkey =5.0-6.3x 10~ ergem™2 571
once in 2001 and four times in 2007 (Table 1). For all of these
observations, however, the full frame window mode was applied
to the EPIC (MOS and pn) cameras, leading to very strong
pile-up. Interestingly, in all of these observations, ESO 141-
G55 exhibited a smooth prominent soft X-ray excess with no
signature from warm absorbing gas in its rest frame based
on the spectral analysis of the reflection grating spectrome-
ter (RGS) data, thus allowing it to be classified it as a bare
AGN (Gondoin et al. 2003; Boissay et al. 2016; Ghosh & Laha
2020). The only reported X-ray absorption from warm gas
seen towards ESO 141-G55 arises from foreground N VI and
O v1I associated with our Galaxy with modest ionic columns
(N(N VI) ~4 x 107 cm™ and N(OviI) ~ 10'® cm™2; Fang et al.
2015; Gatuzz et al. 2021).

The intermediate inclination of ESO 141-G55’s disc-corona
system may offer a favourable configuration to intercept the
blueshifted absorption signature(s) of a possible equatorial disc
wind (ultra-fast outflows, UFOs) in the FeK energy band
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(~6-7keV), as reported in at least about 40% of the local
AGNs (e.g. Tombesi et al. 2010; Gofford et al. 2013). Indeed,
during the 2001 XMM-Newton observation (see Table 1), an
apparent absorption feature at 7.6 +0.1keV, interpreted as an
Fe Ka edge (r=0.3+0.1), was observed with the MOS cam-
eras. Unfortunately, no XMM-Newton-pn data were acquired,
preventing any confirmation of this possible absorption feature
with a better sensitivity above 6 keV. Moreover, the MOS data
were obtained using the full frame window mode, leading to
heavy pile-up. Applying an annulus extraction region (from 11”
and 86’") to minimise the pile-up effect significantly decreases
the signal-to-noise ratio of the MOS spectrum (Gondoin et al.
2003). However, during the XMM-Newton-pn observation on
October 30, 2007 (that is, the longest observation in 2007,
Table 1, hereafter labelled 2007#4), after minimising the strong
pile-up effect, a highly blueshifted absorption feature was
reported at ~8.4keV with vgy =—0.18 £0.01 ¢ at a >40 con-
fidence level (de Marco et al. 2009). No absorption line was
observed in the three other shorter XMM-Newton observations,
which were only performed about three weeks earlier.

In this paper, our aim is to probe the disc-corona system
of ESO 141-G55 and its close vicinity using its first simulta-
neous XMM-Newton and NuSTAR observation performed on
October 1-2, 2022. We also performed, when relevant, some
comparisons with the previous reprocessed 2007 XMM-Newton
and 2016 NuSTAR observations. In Section 2, the data reduc-
tion and analysis methods of the datasets are presented. The
X-ray spectral analysis is reported in Section 3 using the
high-resolution XMM-Newton-RGS data as well as the XMM-
Newton-pn and NuSTAR data. The SED analysis (UV to hard
X-rays) is reported in Section 4. Finally, the main results are
summarised and discussed in Section 5.

2. Observations, data reduction, and analysis
method

The log of this first simultaneous XMM-Newton and NuSTAR
observation of ESO 141-G55 (NuSTAR cycle-8; PI: D. Porquet)
used in this work is reported in Table 1. Previous observations
with XMM-Newton and NuSTAR are also listed.
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2.1. XMM-Newton data reduction

XMM-Newton data were reprocessed with the Science Analy-
sis System (SAS, version 20.0.0), applying the latest calibration
available on April 25, 2023. Only the EPIC-pn (Striider et al.
2001) data were used (selecting the event patterns 0—4, that is
to say, single and double events) since they have a much bet-
ter sensitivity above ~6keV than MOS data. Therefore, we did
not use the 2001 observation. The 2022 EPIC pn observation
was adequately operated in the small window mode, and then
the pn data were not subject to pile-up. The 2022 pn spectrum
was extracted from a circular region centred on ESO 141-G55
with a radius of 35" to avoid the edge of the chip. The four 2007
pn spectra, in order to minimise the heavy pile-up due to the use
of the full frame window mode, were extracted from an annu-
lus region centred on the source with an outer radius of 35" and
with an inner radius of 11”7 (ObsID: 0503750401), 12" (ObsID:
0503750101), and 13” (ObsIDs: 0503750301 and 0503750501).
An annulus extraction region results in pn count rates about four
times lower in 2007 compared to 2022 (Table 1) and thus also in
a significant decrease of the signal-to-noise ratio for all 2007 pn
spectra. We note that neglecting such an important pile-up effect
would considerably impact the spectral analysis, for example, by
producing an artificial ‘harder when brighter’ X-ray behaviour of
the source. All background spectra were extracted from a rect-
angular region that contains no (or negligible) source photons.
Total and net exposure times of the pn (obtained after correction
for dead time and background flaring) are reported in Table 1.
All redistribution matrix files (rmf) and ancillary response files
(arf) were generated with the SAS tasks RMFGEN and ARFGEN,
and they were binned in order to oversample the instrumental
resolution by at least a factor of four, with no impact on the fit
results. For the arf calculation, the recent option APPLYABSFLUX-
CORR =yes was applied, which allows for a correction of the
order of 6—8% between 3 and 12keV in order to reduce differ-
ences in the spectral shape between XMM-Newton-pn and NuS-
TAR spectra (F. Fiirst 2022, XMM-CCF-REL-388, XMM-SOC-
CAL-TN-0230)'. Finally, the background-corrected pn spectra
were binned to have a signal-to-noise ratio greater than four in
each spectral channel.

Figure 1 displays the 0.3-2keV (top panel) and 2-10keV
(middle panel) pn count rate light curves during the 2022 cam-
paign. The light curves were built using the epiclccorr SAS tool.
A smooth decrease, most prominent in the soft X-ray band, of the
source flux can be observed during the first half of the observa-
tion. However, there is only very little variation in the hard/soft
ratio (bottom panel), mainly in the first 20 ks, where the AGN
displays a slight ‘softer when brighter’ behaviour. Performing
a simplified modelling of the pn spectra during the ‘high’ and
‘low’ fluxes, we found that the variability is solely driven by
the flux change since no significant spectral shape variability is
observed. The light curves for the four 2007 XMM-Newton-pn
observations are reported in Fig. A.1. Even if in the first and third
observations a notable count rate variability can be observed, the
hardness ratio indicates no significant spectral variability during
each observation. In this work, we used the time-averaged pn
spectra for each epoch.

The RGS spectra of ESO 141-G55, for the 2022 and the
2007#4 observations were reprocessed and analysed. The indi-
vidual RGS 1 and RGS 2 spectra at each epoch were combined
into a single merged spectrum using the SAS task RGSCOMBINE.
This resulted in a total count rate from the combined RGS spec-

I https://xmmweb.esac.esa.int/docs/documents/
CAL-SRN-0388-1-4.pdf

0.3-2.0 keV

2-10 keV

019 E 3
0.18 E 3
017 E 3
0.16 3

(2-10)/(0.3-2)

n n n n 1 L n n n 1 &
0 5x104 10°
Time (s)
Fig. 1. XMM-Newton-pn light curves of ESO 141-G55 from 2022
with time bins of 500s in the 0.3-2keV (top panel) and 2-10keV

(middle panel) energy ranges and the corresponding hardness ratio, 2—
10keV/0.3-2 keV (bottom panel).

trum at each epoch of 1.288 +0.003ctss™! over an exposure
time of 109.4ks for 2022 and of 1.600+0.005ctss™' over an
exposure time of 79.3 ks for 2007#4. The spectra were binned to
sample the RGS spectral resolution (den Herder et al. 2001) by
adopting a constant wavelength binning of A1 =0.05 A per spec-
tral bin over the wavelength range from 6 to 36 A. This binning
also ensured a minimum signal-to-noise ratio per bin of ten over
the RGS energy range, and thus x> minimisation was used for
the spectral fitting procedure.

The UV data from the XMM-Newton Optical-UV Monitor
(hereafter OM; Mason et al. 2001) were processed for the 2022
and 2007#4 observations using the SAS script OMICHAIN. This
script takes into account all the necessary calibration processes
(e.g. flat fielding) and runs a source detection algorithm before
performing aperture photometry (using an extraction radius of
5.7"") on each detected source and combines the source lists from
separate exposures into a single master list in order to compute
the mean corrected count rates. In order to take into account the
OM calibration uncertainty of the conversion factor between the
count rate and the flux, we quadratically added a representative
systematic error of 1.5%? to the statistical error of the count rate
(as done in Porquet et al. 2019, 2024).

2.2. NuSTAR data reduction

NuSTAR (Harrison et al. 2013) observed ESO 141-G55 with its
two co-aligned X-ray telescopes with the corresponding focal
plane modules A (FPMA) and B (FPMB) in July 2016 and
October 2022 (see Table 1). The level 1 data products were
processed with the NuSTAR Data Analysis Software (NuS-
TARDAS) package (version 2.1.2; February 16, 2022). Cleaned
event files (level 2 data products) were produced and calibrated
using standard filtering criteria with the NUPIPELINE task and the
calibration files available in the NuSTAR calibration database
(CALDB: 20230420). The extraction radii for the source and
background spectra were 60”. 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 linear grid
of 40eV steps. As the full width at half maximum (FWHM)

2 https://xmmweb.esac.esa.int/docs/documents/
CAL-SRN-0378-1-1.pdf
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energy resolution of NuSTAR is 400eV below ~50keV and
increases to 1 keV at 86 keV (Harrison et al. 2013), we re-binned
the rmf and arf files in energy and channel space by a factor
of four to oversample the instrumental energy resolution by at
least a factor of 2.5. The background-corrected NuSTAR spec-
tra were finally binned in order to have a signal-to-noise ratio
greater than four in each spectral channel. We allowed for cross-
calibration uncertainties between the two NuSTAR spectra and
the XMM-Newton-pn spectra by including in the fit a free cross-
normalisation factor for the pair of NuSTAR FPMA (~1.18) and
FPMB (~1.19) spectra with respect to the pn spectra.

2.3. Spectral analysis method

The XSPEC (v12.12.1) software package (Arnaud 1996) was
used for spectral analysis. We used the X-ray absorption model
TBNEW (VERSION 2.3.2) from Wilms et al. (2000), applying
their interstellar medium (ISM) elemental abundances and the
cross-sections from Verner et al. (1996). We used a y> minimi-
sation throughout and errors were quoted with 90% confidence
intervals for one interesting parameter (Ay? =2.71). We assumed
the default values of Hy = 67.66kms~! Mpc‘l, Q,=0.3111,and
Qa = 0.6889 (Planck Collaboration VI 2020).

3. The X-ray broadband spectral analysis

To characterise the main X-ray components of the 2022 obser-
vation, we first fit the pn and NuSTAR spectra between 3
and S5keV (AGN rest frame) using a power law with Galac-
tic absorption with Ny(Gal) =5.7 X 10%° cm™2 as measured from
the RGS spectral analysis (Sect. 3.1). We found a photon index
of 1.93+0.03 (y*/d.o.f.=119.4/119), consistent with BLSIs
(Porquet et al. 2004; Zhou et al. 2010; Waddell & Gallo 2020;
Gliozzi & Williams 2020). As illustrated in Fig. 2 (top panel),
the fit extrapolation over the 0.3—-79keV energy range revealed
a very prominent soft X-ray excess below 2 keV and, in the hard
X-ray range, a significant well-resolved emission Fe Ka line and
a Compton hump that both suggest a contribution from reflec-
tion.

3.1. Investigation into whether ESO 141-G55 was still in a
bare state in 2022: The RGS data analysis

As suggested by the 2022 X-ray broadband CCD spectrum
(Fig. 2 top panel), ESO 141-G55 displays an apparent smooth
soft X-ray spectrum, as previously reported in the 2001 and
2007 XMM-Newton observations. Therefore, our aim is to probe
any soft X-ray absorption and/or emission features at the AGN
and Galactic rest frames through the use of the high-resolution
RGS spectrum. The 2022 combined RGS spectrum was initially
fitted by a simple neutral Galactic (z = 0) absorbed power-
law model. The spectrum compared to this model is shown in
Fig. 3 (top panel). The soft X-ray photon index obtained in
the RGS energy band (of I' = 2.28 + 0.02) is much steeper
compared to that obtained from the XMM-Newton and NuSTAR
spectrum between 3 and SkeV (I' = 1.93 + 0.03) due to the
prominent soft X-ray excess present below 2keV (Fig. 2 top
panel). The neutral Galactic absorption column was measured
to be Ny(Gal)=5.7 +0.2 x 102 cm™2, just slightly higher than
the predicted atomic HI column of Ny(Gal)=5.0x 10%° cm™
from 21cm measurements (Kalberla et al. 2005), where the
additional Galactic column could arise from molecular hydro-
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Fig. 2. Data-to-model ratio of the simultaneous 2022 XMM-Newton-pn
(black) and NuSTAR (blue) spectrum of ESO 141-G55 fit with a Galac-
tic (Nu(Gal)=5.7 x 10® cm2) absorbed power-law continuum model
over the 3-5keV energy range. Top panel: Extrapolation over the 0.3—
79keV broadband X-ray energy range. Bottom panel: Zoom-in on the
Fe Ka line. The vertical dashed green line corresponds to 6.4 keV.

gen (Willingale et al. 2013). Throughout this work, Ny (Gal) was
fixed to 5.7+ 0.2 x 10?° cm~2,

Although the absorbed power-law model provided an ade-
quate description of the continuum over the RGS band, the
overall fit statistic is relatively poor (y*/d.o.f.=784.8/618). An
excess of emission is present in the spectral residuals near 21.6 A
in the AGN rest frame at the ~50- level, while two weaker
excesses (at ~307) are also present at 18.9 A and 13.4 A (Fig 3,
upper panel). The rest-frame wavelengths coincide with the line
emission of O VII for the stronger emission at 21.6 A and with
Ovill and NelX for the two weaker and shorter wavelength
lines, respectively. To fit the emission, four Gaussian emission
lines were added to the model, two of which are required to fit
the O VII triplet emission, while single Gaussian components are
adequate for the likely O vIII and Ne IX emission. The addition
of the Gaussian lines significantly improved the fit statistic to
x> =709.6/608, while the best-fit line parameters are listed in
Table 2.

Figure 3 (bottom panel) shows a zoom-in around the O vII
emission band, illustrating the two possible components of
emission. The strongest feature statistically speaking (Ay? =
36.6 for three additional parameters) occurs at 21.60 £0.04 A
(574.1 £ 1.1 eV), corresponding to the expected laboratory frame
wavelength of the O VII resonance line (e.g. Porquet et al. 2001).
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Table 2. Soft X-ray emission lines in the ESO 141-G55 rest frame observed in the 2022 RGS spectrum.

Line ID E (eV) A(A) EW(@eV) o (V) FWHM(kms') Ay?

O VII (1) 574+ 1.1 21.60+0.04 24+0.7 2.5ﬂ% 3100*388 36.6

O I (f) 561 .5“_’(2):3 22. O8+8 (1)(3) 0.8+05 <1.0 <1300 5.7

O vl Lya 654.71’(‘):9 18. 94*8 8% 0.8+£03 <25 <2700 14.0

Ne IX (1) 923.0f‘3"g 13.43+0.05 22+0.8 5.3jf'§ 4000*%;88 18.9
= ' ' T ' is statistically weaker (with Ay? = 5.7 for two additional param-
_ E’X r § i eters). If confirmed, this is likely to be associated with the emis-
w Cp h \ " ‘ sion of the forbidden line at an expected wavelength of 22.1 A.
T o ﬂ | I nu ﬂl x it J i w I i As the line is not resolved, only an upper limit can be placed on
a g : " !“ I WH ’ \M \ \ its width, namely o < 1 eV. Moreover, the lack of an intercombi-
s - E 'g: | V i M‘ nation line would point to an emitting region with a density lower

> : > : M\“w“, P . greg .. Y .
woo S = = o e AT than about 10° cm™3, which corresponds to the critical density
el o (S)E gf (Gal) HM value for O vl (Porquet & Dubau 2000; Porquet et al. 2010).
zZ. H .

(data-model)/error
-4 -2 0 2 4

— T
L e

v F, (ergs cm2s1)
2x10-"

1041

i %%. Wm#m..ww% "Ww W

21 21.5 22 :
Rest Wavelength (A)

Fig. 3. RGS spectrum of ESO 141-G55 from 2022. Top panel: Fluxed
spectrum over the full RGS bandpass. The solid red line corresponds
to the baseline absorbed power-law continuum, and the vertical dot-
ted lines mark the wavelengths of the emission lines. Bottom panel:
Zoom-in on the O VII emission band (binning of A1=0.1 A). The broad
component at 21.6 A corresponds to the resonance line, and the narrow
component at 22.1 A corresponds to the forbidden line. The O 1 absorp-
tion line is due to our Galaxy.

(data-model)/error
-4 -2 0 2 4
— .

This line is broadened, with a fitted width of o-=2. 5+1 2 5 €V, cor-
responding to an FWHM velocity width of 3100*}388 kms™!,
which is consistent with the He, HB, and Lya line widths
of 3010kms~'; 3730kms~! (Stirpe 1990); and 3500kms~!
(Turler & Courvoisier 1998), respectively, emitted by the broad-
line region (BLR) but slightly smaller than the C1Vv line width
(5250km s~'; Turler & Courvoisier 1998). .

The second O VII emission component occurs at 22.1 +0.1 A
(561.5eV) and appears to be narrow, arising from just a single
resolution bin in the RGS spectrum (see Fig. 3, bottom panel). It

Therefore, this narrow O VII emission component could be asso-
ciated with a region located farther out, such as the narrow-
line region (NLR). Finally, we note that the NeIX emission is
broadened (see Table 2), with a velocity width consistent with
the O v1I line (although less well determined), and its centroid
wavelength is also consistent with the resonance line emission.
In contrast, the H-like O vIII line appears unresolved. No other
emission lines are detected in the RGS spectrum.

The RGS spectrum does not show strong absorption lines
against the continuum, apart from the expected OI neutral
absorption line associated with our Galaxy (e.g. Fig. 3, bot-
tom panel). Nonetheless, we attempted to place limits on the
column and ionisation of any warm absorbing gas associated
with ESO 141-G55 or its host galaxy. To this end, an XSTAR
(Kallman & Bautista 2001) multiplicative photoionised absorp-
tion table was added to the model, adopting a host galaxy red-
shift of z = 0.0371 and covering a range of ionisation from
logé=-1.5to 3.5 and for a turbulence velocity of 200 kms™!
The absorption column decreased to the lowest allowed col-
umn calculated in the XSTAR grid (of Ny =8 x 10! cm™2) and
the highest possible ionisation (logé=3.5). Such an absorber
does not produce any measurable absorption lines in the RGS
spectrum or improve the fit statistic, given the very low opac-
ity of the absorber. Formally, an upper limit to the column of
Nu < 4 x 10%° cm™ was obtained and a corresponding lower
limit to the ionisation parameter of log & > 2.9 was also obtained.
Thus, there is no significant warm-absorbing gas in our line of
sight towards this AGN, which is consistent with its classifica-
tion as a bare Seyfert 1 galaxy.

3.2. Characterisation of the Fe Ko emission complex

To determine the origin of the Fe Ka complex (Fig. 2 bottom
panel), we fit the 2022 pn spectrum between 3 and 10keV with
a Galactic absorbed power-law, adding two Gaussian lines: one
broad component whose energy and width is allowed to vary
as the main profile is well resolved and one narrow unresolved
core component (E = 6.40keV, o =0eV) to account for pos-
sible neutral reflection from the outer BLR and/or molecular
torus, as suggested by the Fe Ka peak line profile. The narrow
core component was found to have a low equivalent width (EW)
of 30+ 10eV, while the broad component (at 6.46 +0.09keV)
has a much larger EW of 140+30eV (Xz/d.o.f. =382.9/343).
The broad line width is o-=450*2" eV, corresponding to an
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Fig. 4. Contour plot of the broad Gaussian line width (keV) versus
its rest-frame energy (keV). The red, green, and blues curves show
the confidence levels at 68% (Ay?*=2.3), 90% (Ay*=4.61) and 99%
(Ax?=9.21), respectively. The horizontal dashed green line corre-
sponds to an FWHM width of ~3000 kms~' (BLR).

FWHM of 50000*]3%%9kms™". This line component is much

broader than expected from the BLR (~3000km s, Sect. 3.1),
pointing out that it originates from the accretion disc (Fig. 4).
Therefore, we replaced the broad Gaussian line with a relativis-
tic line profile using RELLINE (Dauser et al. 2010). The black
hole spin was fixed to zero since it was not otherwise con-
strained by the model. We fixed the disc emissivity index value
(g; with emissivity «R™?) to the canonical value of three and
allowed the inner radius of relativistic reflection to vary, that
is to say, Rj, was no longer set by default to the inner sta-
ble circular orbit (ISCO). The line EWs are 180+30eV and
41 +9eV for the relativistic line and the narrow line, respec-
tively (v?*/d.o.f. =374.9/343). We measured a disc inclination of
6= 43’:; degrees, which is consistent with the value inferred from
accretion disc fits to the UV continuum and the HS emission
line for a non-spinning black hole (Rokaki & Boisson 1999).
The inner radius value inferred from the relativistic reflection
component, Rj, = 11’;2 R,, was found to be insensitive to the
black hole spin value, which indicates that relativistic reflection
occurs in the inner part of the accretion disc but not down to
ISCO.

3.3. Search for an ultra-fast outflow signature and
comparison with the 2007 XMM-Newton observations

As previously mentioned, a significant possible wind signature
for ESO 141-G55 was reported on October 30, 2007 (2007#4).
We then attempted to place limits on the presence of any UFO
signature located in the Fe Ka energy band during the 2022
XMM-Newton observation. The 2022 pn spectrum was fitted
with a Galactic absorbed power law by adding an xstar absorp-
tion table with a turbulence velocity of 1000kms~!. The out-
flow velocity (voy) Was allowed to vary between 0 and 0.3 ¢, and
the ionisation parameter (log &) was varied over the range from
three to five; these values are typical of other UFOs from pho-
toionisation modelling (e.g. Tombesi et al. 2010; Gofford et al.
2015). The addition of a fast absorber did not improve the fit
statistics, and only upper limits were found. For example, an
upper limit to the column density of Ny < 7 x 10! cm™2 was
found for an ionisation of log ¢ = 3.5, with somewhat higher col-
umn densities allowed for a higher ionisation parameter, such as
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Fig. 5. Fit of the 2022 (black) and 2007#4 (red) 3—10keV XMM-

Newton-pn observations with a Galactic power-law plus two Gaussian

lines: one broad and one narrow (see text). The 2007#4 spectrum dis-

plays an absorption feature (dotted line) at about 40~ below the contin-

uum, while there is nothing apparent at a similar energy in the 2022
observation.

Nu < 2x 10?2 cm™2 for log & = 4. Therefore, there is no evidence
for the presence of UFOs in this 2022 very high signal-to-noise
ratio X-ray spectrum of ESO 141-G55.

To provide a direct comparison between the 2022 and the
2007#4 observations, we reprocessed the 2007#4 pn spectra
using the same calibration as used for the 2022 observation, but
we used an annular extraction region to minimise the pile-up
effect (see Sect. 2.1 for more details). The 2022 and 2007#4 pn
observations were fitted over the 3-10keV band with a Galac-
tic absorbed power-law, adding two Gaussian (broad and nar-
row) line components with the same parameters as for the 2022
spectrum, to fit the Fe Ka emission. Figure 5 displays the resid-
uals of both spectra, where the position of the absorption line is
marked by a dotted line. This confirms that, as previously found
by De Marco et al. (2013), the 2007 absorption feature stands
out at about 40 below the continuum, while there is nothing
apparent at a similar energy in the 2022 observation. When fit-
ting the absorption feature with a narrow Gaussian (o= 10eV)
of negative normalisation, an EW of 77 +28 eV was found in
the 2007#4 spectrum and a very small upper limit of <6eV in
the 2022 data, assuming that it occurs at the same rest-frame
energy of 8.34 +£0.05keV. The improvement in fit statistic for
the 2007#4 feature is Ay? =23.4. For the combined pn spec-
trum of the other three shorter 2007 observations performed
between October 9 and 12, 2007 (Table 1), we measured an
upper limit of the EW of <48eV for the absorption feature,
assuming the same centroid energy as above. This is just barely
inconsistent with the detection in the 2007#4 pn spectrum at
the 90% confidence level. The absorption feature present in the
2007#4 spectrum was then modelled with the XSTAR absorber
applied previously to the 2022 spectrum. The best fit of the
UFO properties are Ny =3.8*3 x 10% cm™2, log £ =4.5)3, and
Vout = —0.176 + 0.006 c. In the case of ESO 141-G55, the absorp-
tion arises purely from Fe XXV1. Compared to the same velocity
and ionisation as above, the upper limit to the column density for
the 2022 observation is Ng < 1.7 X 1022 cm™2, which is about an
order of magnitude below what was found in the 2007#4 obser-
vation.
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Fig. 6. Data-to-model ratio of the fit above 3keV of the 2022 simul-
taneous XMM-Newton (black) and NuSTAR (blue) spectrum and of
the 2016 NuSTAR (green) spectrum using the REFLKERRD relativistic
reflection model with a primary Comptonisation continuum shape.

3.4. The very hot corona and relativistic reflection properties
at two epochs (2022 and 2016)

To determine the hot corona and relativistic reflection prop-
erties of ESO 141-G55, we focused on its hard X-ray shape
using the simultaneous 2022 XMM-Newton and NuSTAR
data above 3keV to prevent the fit from being driven by
the soft X-ray emission. We also included in this study, the
previous NuSTAR observation of ESO 141-G55 performed in
2016 (Table 1; Ezhikode et al. 2020; Panagiotou & Walter 2020;
Akylas & Georgantopoulos 2021; Kang & Wang 2022) in order
to check for any variation in the temperature of the hot corona
between the two epochs.

A simple power-law (I') continuum with an exponential cut-
off at high energy (E.,) and a broad Gaussian line cannot
reproduce the Compton hump shape due to relativistic reflec-
tion on the accretion disc (Ay?/d.o.f. = 1724.0/1197). Therefore,
we considered the physical model REFLKERRD® (version 2019;
Niedzwiecki et al. 2019), which includes both the hot corona and
relativistic reflection components. The reflection fraction R is
defined as the amount of reflection Q/(2*r). We used 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. Furthermore, such a model has the advan-
tage of directly measuring the hot corona temperature (kTpo).
We note that previously only the cut-off energy was measured
using the 2016 NuSTAR observation (Ezhikode et al. 2020;
Panagiotou & Walter 2020; Akylas & Georgantopoulos 2021;
Kang & Wang 2022). The hard X-ray shape of the reflected com-
ponent of REFLKERRD was calculated using IREFLECT (the xspec
implementation of the exact model for Compton reflection of
Magdziarz & Zdziarski 1995 in the hard X-ray range) convolved
with COMPPS. The COMPPS model (Poutanen & Svensson 1996)
appears to be a better description of thermal Comptonisation
than NTHCOMP (Zdziarski et al. 1996; Zycki et al. 1999) when
compared to Monte Carlo simulations (Zdziarski et al. 2020).
In Appendix B, for comparison we report the fit results for
the RELXILLCP models for which the hard Comptonisation (hot

3 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

Table 3. Simultaneous 3—-79 keV fits, using the REFLKERRD relativis-
tic reflection model, of the October 2022 XMM-Newton+NuSTAR and
July 2016 NuSTAR observations of ESO 141-G55. (See Sect. 3.4 for
details).

Parameters 2022 2016
NuSTAR NuSTAR
+XMM

0 (deg) 44+

KTho (keV) 13675 12439

Thot 0317903 041703

q 20£03

logé (ergems™) L7463

R 0.76*% 0.52*0:11

AFe 17t8%

NOMMyefikerrd (X107%) 9.2101 9.170%

xdof. () 1256.1/1194 (1.05)

Finabs @ (ergemZs7h)  8.0x 10711 7.2%x 107

Ly @ (ergs™) 2.7x10% 25x10%

Notes. @Source flux and luminosity corrected from Galactic absorp-
tion.

corona) X-ray shape is instead calculated using the NTHCOMP
model.

We assumed a slab geometry for the hot corona with a sin-
gle power-law disc emissivity index (g; with emissivity o«cR™7)
that was allowed to vary. Indeed, a slab-like geometry seems
to be favoured by X-ray spectro-polarimetry observations of
AGN by the Imaging X-ray Polarimetry Explorer (IXPE; e.g.
Gianolli et al. 2023). However, assuming a lamppost geometry
gave similar results for the present study (Appendix B). Here,
we allowed the disc emissivity index to vary and set the radius
of the inner disc to the ISCO since it is not otherwise con-
strained due to the degeneracy between both parameters. This
emissivity index value was later compared to the value required
when fitting the whole 0.3-79keV energy range. Since the spin
value is not constrained, it was fixed at zero. We checked that
assuming other spin values did not impact our results. The tem-
perature of the thermal seed photons (kTy,) Comptonised by
the hot corona is an explicit physical parameter of this model.
We fixed it to 10eV, corresponding to the expected maximum
temperature of the accretion disc around a black hole mass
of ~1.3x 108 My, accreting at a ~10% Eddington rate. To take
into account the unresolved (weak) core of the Fe Ka complex
(Sect. 3.2), a narrow Gaussian line was added at 6.4keV, as
done in Sect. 3.2. We note that similar parameter values for the
REFLKERRD model are inferred if a molecular torus model, such
as BORUS12 (Balokovi¢ et al. 2018, 2019), is used instead of
a narrow Gaussian line. Indeed, the narrow core of the Fe Ka
component is weak for ESO 141-G55, meaning that any associ-
ated reflection contribution to the hard X-ray spectrum is neg-
ligible. We tied between both epochs the inclination angle and
the iron abundance of the disc, which are not supposed to vary
on year timescales. Moreover, the emissivity indices between
both epochs were tied since they are found to be compatible.
We found a good fit (Fig. 6) with the best-fit parameters reported
in Table 3. Although the main value of the reflection fraction is
higher in 2022, the increase is only at a 1.60" confidence level
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Fig. 7. Fits of the 2022 simultaneous XMM-Newton-pn (black) and
NuSTAR (blue) spectrum of ESO 141-GS55 with the REFLKERRD model.
Top panel: Fit above 3keV (Fig. 6, Table 3), which has been extrapo-
lated down to 0.3 keV. Bottom panel: Fit over the entire 0.3-79 keV
energy range. Here, we allowed for a broken power-law emissivity and
the spin and the disc density values were free to vary.

when taking into account the error bars. The hot corona has
consistent temperatures at both epochs (kThoe ~ 120—140keV)
within their error bars and was found to be optically thin (7o ~
0.3-0.4).

The extrapolation of the 2022 fit down to 0.3 keV shows that
the soft X-ray excess is not accounted for with relativistic reflec-
tion alone, leaving a huge positive residual below ~2keV (Fig. 7
top panel, y?*/d.o.f.=96229/924). We note that due to the lack
of simultaneous XMM-Newton data in 2016 such an extrapola-
tion was not possible. We then applied this model to the whole
0.3-79keV X-ray range of the 2022 spectrum, here allowing for
a broken power-law emissivity where g, is the emissivity index
at r < Ry, and ¢, is the emissivity index at r > Ry,;. The term Ry,
is the breaking radius and is expressed in gravitational radius.
The spin and the disc density values were free to vary. Though
the y? value drastically decreases (y?/d.o.f. = 1436.4/920), this
model fails to both reproduce the soft and hard X-ray shapes
(Fig. 7 lower panel). Indeed, the broadband fit is driven by the
soft X-ray data, for which a very steep disc emissivity, g ~ 7.8
below about 8 R,, and a much higher reflection fraction, R ~ 4.3,
would be required in order for relativistic reflection to reproduce
it alone, contrary to the hard X-ray excess requiring ¢ ~ 2.0 and
R ~ 0.8. We note that similar results are found for the RELX-
ILLCP model (Dauser et al. 2013), as reported in Appendix B.
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Fig. 8. Fit of the 2022 0.3-79keV simultaneous XMM-Newton-pn
(black) and NuSTAR (blue) spectrum of ESO 141-G55 using a simplis-
tic hybrid model combining the COMPTT (warm corona) and REFLK-
ERRD (hot corona and relativistic reflection) models (see Sect. 4 for
details).

4. Disc-corona properties: SED (UV to hard X-rays)
spectral analysis using the reLaan model

As shown in the previous section, the relativistic reflection is
unable to reproduce both the soft X-ray excess and the hard X-
ray shape. Therefore, we explored the hybrid scenario where
Comptonisation from both a warm and hot corona and rela-
tivistic reflection are present, as found for Ark 120 (Matt et al.
2014; Porquet et al. 2018, 2019), Fairall 9 (Lohfink et al. 2016),
TONS180 (Matzeu et al. 2020), and Mrk 110 (Porquet et al.
2021, 2024).

As a very first step, we tested whether the soft X-ray excess
can originate from a warm corona using a simple modelling with
the COMPTT model (Titarchuk 1994) for which a slab geometry
was assumed. We still used the REFLKERRD model to account
for the emission from both the hot corona and the relativistic
reflection (Sect. 3.4). For the relativistic reflection component,
we assumed a canonical value of three for the emissivity index,
but we allowed the inner radius (expressed in Ry) to be free to
vary. As the spin value was not constrained by this modelling,
it was set to zero, without a noticeable impact on the results.
As illustrated in Fig. 8, this very simple modelling can broadly
fit the X-ray spectrum, indicating that an optically thick warm
corona (with kTyam ~ 0.3keV and 7Tyum ~ 12) could indeed
explain the prominent soft X-ray excess in ESO 141-G55. The
best fit parameters are reported in Table 4. The inner radius of the
relativistic reflection of about 20 R,, consistent within the error
bars with the value found from the Fe Ke line study (Sect. 3.2),
confirms that it occurs in the inner part of the disc-corona system
but not down to ISCO.

Next, our aim was to determine with a more physical
approach the properties of the disc-corona system of ESO 141-
G55 using its spectral energy distribution (SED) from UV to
hard X-rays. For this, we used the new RELAGN model, which is
based on the AGNSED code of Kubota & Done (2018) but incor-
porates general relativistic ray tracing (Hagen & Done 2023a).
The model consists of an inner hot corona (Risco < R < Ryor),
a warm Comptonised disc (Rpot < R < Ryum), and an outer
standard disc (Ryam < R < Roy). An illustration of this disc-
corona geometry is displayed in Fig. 2 from Kubota & Done
(2018). The model parameters of RELAGN are nearly identical
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Table 4. Fit of the 2022 simultaneous 0.3-79keV XMM-
Newton/NuSTAR observation of ESO141-G55 using COMPTT
(warm corona) and REFLKERRD (hot corona and relativistic reflection)
models (see Sect. 4 for details).

Parameters 2022
COMPTT
KTyam (keV) 0.3370%3
Twarm 11.5+0.1
normcompn 5‘9t (1) }
REFLKERRD
KThot (keV) 13473
Fhot 031200}
0 (deg) 43J:%
a 0(f)
4q 3.0(f)
Rin (Rg) 21%
log¢ (ergems™) 0.3+0.1
R 0.79:002
Are 1063
NOIMyefikerrd (X 1073) 94+0.1
Y?/d.of. 1143.6/921
Fumbs L (ergemZs™) 14x 10710
Lgnabs ) oy (ergs™) 47 10%

Notes. “Source flux and luminosity corrected from Galactic absorp-
tion.

to those of AGNSED except that an additional parameter allows
for a colour temperature correction to the standard outer disc
(feo1)- In AGNSED, the colour temperature correction is hard-
wired at unity. A detailed description of the RELAGN model
is provided in Hagen & Done (2023a). As shown in the previ-
ous section, since a relativistic reflection is definitively present
— but not included in the RELAGN model — we also added the
REFLKERRD model. The emissivity indices were both fixed to
the canonical value of three. The inner radius of the relativistic
reflection component was set to the Ry, radius since the disc
is truncated below this value. We also included the contribu-
tion of the weak narrow core of the Fe Ka line using a nar-
row Gaussian line, as done in Sect. 3.2. Our baseline model is
TBNEWXREDDEN(RELAGN+REFLKERRD+ZGAUSSIAN).

Only the three shortest-wavelength UV filters with the
OM (UVW2, UVM2, UVWI; effective wavelengths: 2120,
2310, 2910 A, respectively) were used, as contamination by
the host galaxy is negligible in these bands. The Galac-
tic reddening value, E(B — V), of ESO 141-G55 is 0.096
(Schlafly & Finkbeiner 2011). For the colour correction of the
outer disc, we applied the relation from Done et al. (2012) by
setting the f., parameter model to a negative value. The height
of the vertical scale of the hot corona (Ay.x in Ry) was tied to the
radius of the hot corona (Ry). Since the SED fit is driven by the
UV and soft X-ray data, we fixed the hot coronal temperature
to 136 keV, which is robustly inferred from the fit above 3 keV
(Sect. 3.4). We set the distance of ESO 141-G55 to 163.6 Mpc
(Wright 2006; Planck Collaboration VI 2020), and its black hole

Table 5. Best-fit result of the simultaneous 2022 SED (UV to hard X-
rays) of ESO 141-G55 with the RELAGN+REFLKERRD baseline model
(see Sect. 4 for details).

Parameters 2022
a <0.2

0 (degrees) 433

log ~0.93+0.01
KT (keV) 136 (f)
0.47:08%
Lo 202703
Rhot (Ry) 17+1
KTwarm (keV) 0.321’8:83
e 2.88°00%
Ryarm (Ry) 43+]
logé 0.5+0.2
Are 14784
NOTMyefikerrd (X107%) 43+0.6
Fds oy @ (ergem™2s™)  6.0x 1071
L(l;%a(?ls—loo keV @ (ergs™) 2.0x10%
x*/d.o.f. 1149.3/923

Notes. “Source flux and luminosity corrected from Galactic absorption
and reddening.

mass to 1.3 x 108 My, (Rokaki & Boisson 1999). The inclination
of the accretion disc was free to vary.

We obtained a satisfactory fit from UV to hard X-rays
with the values of the physical parameters reported in Table 5,
confirming a moderate Eddington accretion rate for ESO 141-
G55 of approximately 12%. The warm corona temperature,
kT warm = O.32f8:8§ keV, is similar to that found when using the
simplified COMPTT model above. The intermediate value for the
inclination angle of the disc, ~43°, is consistent with that found
from the X-ray spectral analysis above 3keV (~44°, Sect. 3.4).
The value for Ry of 17 Ry corresponding to the inner radius of
the disc-corona system is in very good agreement with the inner
radius where relativistic reflection occurs as inferred from the
Fe Ka profile (Sect. 3.2). The extension of the warm corona is
about 2.5 times that of the hot corona. From this best-fit model,
an upper limit of 0.2 was found for the black hole spin based on
the classical Ay? = 2.706 criteria.

We checked whether different values of the spin can actually
be definitively excluded or can be considered as unlikely by fix-
ing it to values of 0, 0.5, 0.7, 0.9, 0.95, and 0.998. As shown in
Table 6, the value of )(2 (d.o.f. =924) increases with increasing
spin value by about Ay? =+170 for a maximal spinning black
hole. For a = 0.90, Ay? is only +38, but the corresponding incli-
nation of the disc is no longer consistent with the value inferred
from the fit of the Fe Ka relativistic line (Sect. 3.2) and from
the fit above 3 keV, where the hot corona and the relativistic
reflection dominate (Sect. 3.4). This is even more pronounced
at a = 0.998, where the inclination angle tends to the minimal
value allowed by the REFLKERRD model, that is, 9.1°. Therefore,
we found spin values above about 0.9 to be very unlikely for
the disc-corona system of ESO 141-G55. Figure 9 displays the
data-model ratio of the fit for a non-spinning black hole (a = 0,

A336, page 9 of 17



Porquet, D., et al.: A&A, 689, A336 (2024)

Table 6. Simultaneous SED fits of the 2022 simultaneous XMM-Newton-pn and NuSTAR spectra of ESO141-G55 with the baseline model
RELAGN+REFLKERRD for different fixed black hole spin values.

Parameters a=0 a=0.5 a=0.7 a=0.90 a=0.95 a =0.998
logm -0.93+0.1 —0.85”_’8:8% —0.75f8:8% -0.66+0.01 -0.62+0.01 -0.52+0.01
0 (degrees) 43f2 41f% 41 +1 34+1 25+1 <9.2
kThot (keV) 136 (f) 136 (f) 136 (f) 136 (f) 136 (f) 136 (f)
Thot 0.47 +0.04 0.47’:8:82 0.47 +£0.04 O.S3f8:gg 0.59f8:8§ 0.73f8:8§
Thot 2.01f8:8§ 2.02f8:8§ 2.02f8:8§ 1.97+0.02 1.96 +0.03 2.00+0.02
Riot (Rg) 17+1 11+1 8.0f83 <6.2 <6.1 <6.0
KTyarm (keV) 0.337002  0.32*041  0.337097 0.55701 0.55%0.03 0.44+007
Iyarm 2.88f8:8$ 2.88’:8:8? 2.88f8:?8 2.93 +0.05 2.921’8:82 2.96f8:8g
Ryarm (Ry) 44+ 20%3 12+ 8.7+0.4 9.0+0.4 9.6709
logé 0.6+0.2 0.5’:8:; 0.6f8§ l.lfgé 1.4’:8:% 1 .6f8§
AFe 1.4f8§ 1.4f8:‘11 1.5f8:‘21 2.2i812 1.9f8:§ 0.9+0.1
NOrMyefikerra (X1073) 4.3j8:§ 4.4f(1)} 4.4f8'g 33+0.5 2.6fg'g 2.0f8;‘3‘
x° (d.o.f.=924) 1149.5 1157.6 1163.8 1187.1 1223.4 1319.1

Notes. ‘(f)’ means that the value has been fixed.
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Fig. 9. SED fits from UV to hard X-rays of ESO 141-G55 using the RELAGN+REFLKERRD baseline model for the 2022 simultaneous XMM-
Newton (pn: black; OM: magenta) and NuSTAR (blue) data, fixing the black hole spin to zero (left panels) and to 0.998 (right panels). The values
of the best-fit parameters are reported in Table 6. Top panels: Data-to-model ratio. Bottom panels: Intrinsic SED corrected for reddening and
Galactic absorption (solid curves), with the main individual emission components: outer disc (dotted curves), warm optically thick Comptonisation
(dashed curves; warm corona), hot optically thin Comptonisation (dotted-dashed curves; hot corona), and relativistic reflection (three-dotted-
dashed curves). For clarity, the weak narrow Gaussian line component is not displayed.

A336, page 10 of 17



Porquet, D., et al.: A&A, 689, A336 (2024)

top-left panel) and a maximal spinning black hole (¢ = 0.998,
top-right panel), and it shows how the UV data are badly fitted
for a maximal black hole spin. This is illustrated in the lower
panels of Fig. 9, where the SED shapes corresponding to a non-
spinning black hole (a = 0, Fig. 9 is bottom-left) and a maximal
spinning black hole (a = 0.998 is bottom-right) are displayed.
For a = 0.998, the peak emission of the outer disc (starting
at Ryam) shifts to a higher energy (or, in other words, it has a
higher temperature) compared to @ = 0, which is caused by the
decrease of both the hot and warm corona radii. This is due to
the energy balance used in RELAGN. Indeed, as the black hole
spin increases, Ry, must decrease in order to account for the
higher emitting area (due to the decrease of the ISCO) and higher
accretion efficiency. This leads to a necessary decrease in Ryarm
(Hagen & Done 2023a).

5. Summary and discussion

We have presented the first ever broadband X-ray and SED anal-
ysis of the bright X-ray bare AGN ESO 141-G55 based on the
simultaneous observation with XMM-Newton and NuSTAR per-
formed on October 1-2, 2022. This XMM-Newton observation
used the small window mode for the pn camera, which pre-
vents pile-up for this bright X-ray source, in contrast to previ-
ous observations performed in 2001 and 2007 that suffer from
very strong pile-up caused by the choice of the full frame win-
dow mode. Furthermore, the 2022 XMM-Newton and NuSTAR
observation (~124 ks) provides the highest signal-to-noise ratio
so far for ESO 141-G55, from 0.3 to 79 keV. The simultaneous
X-ray broadband spectrum of ESO 141-GS55 is characterised by
the presence of a prominent (absorption-free) smooth soft X-ray
excess, a broad Fe Ka emission line, and a significant Compton
hump.

5.1. Presence of warm gas outside our line of sight

The 2022 high-resolution XMM-Newton RGS spectra con-
firmed the lack of intrinsic warm-absorbing gas associated with
ESO 141-G55, apart from the expected neutral absorption O1
line associated with our Galaxy (Gondoin et al. 2003; Fang et al.
2015; Gatuzz et al. 2021). Therefore, ESO 141-G55 can still be
classified as a bare AGN during this 2022 observation, with an
upper limit of 4 x 10?° cm~2 for the column density of any warm
absorbing gas in the AGN rest frame in our line of sight. Nev-
ertheless, we report the presence of several soft X-ray emission
lines in the RGS spectrum, associated with the AGN and arising
from the He- and H-like ions of oxygen and neon. In particu-
lar, the He-like resonance line profiles of O vII and Ne IX appear
to be velocity broadened, with a typical FWHM of ~3000—
4000 kms~! consistent with optical-UV BLR lines, while the
profile of the forbidden O Vv1I line is unresolved and could be
associated with a farther out region, such as the NLR. We note
that the 2007#4 RGS spectrum (the longest 2007 observation,
Table 1) is similar to that of 2022, with the presence of a broad
resonance line and a narrow forbidden line from O VII (Fig. A.2).
This adds evidence that bare AGNs are not intrinsically bare
and that substantial X-ray-emitting gas is present but outside
of the direct line of sight toward them, as also reported for
the two prototype bare AGN Ark 120 (Reeves et al. 2016) and
Fairall 9 (Emmanoulopoulos et al. 2011; Lohfink et al. 2016).
We note that the presence of the resonance line would suggest
a significant contribution of photoexcitation (Sako et al. 2000;
Kinkhabwala et al. 2002; Porquet et al. 2010). Enhancement of
the intensity of the broad O VII resonance line only (with no

broad forbidden and/or intercombination lines observed) in a
photoionised environment by continuum pumping would point
to an emitting region with a column density of ~10*2-10%* cm~2
and a high ionisation parameter &, on a log scale, of ~2-2.5
(Chakraborty et al. 2022), which is similar, for example, to a
highly ionised gas located in the base of a radiatively driven
disc wind at the outer BLR (Risaliti et al. 2011; Mehdipour et al.
2017). An alternative origin from a collisional plasma cannot
be definitively ruled out, such as signatures from shocked out-
flowing gas, hot circumnuclear gas, and/or star-forming activ-
ity (Guainazzi et al. 2009; Pounds & Vaughan 2011; Braito et al.
2017; Grafton-Waters et al. 2021; Buhariwalla et al. 2023).
However, in the collisional plasma scenario, the lack of
any corresponding (broad) forbidden and/or intercombina-
tion line would be difficult to explain, since the (forbid-
den-+intercombination)/resonance line ratio is expected to be
about unity (Porquetetal. 2001, 2010). The quality of the
present RGS data prevented us from discriminating between
photoionised and collisional plasma as well as from prob-
ing resonance scattering through, for example, the detection
of radiative recombination continua (RRC), FeL (e.g. Fe XviI)
emission line ratio and/or high order (n > 2) series emission
lines (Hatchett et al. 1976; Liedahl et al. 1990; Kallman et al.
1996; Liedahl 1999; Sako et al. 2000; Kinkhabwala et al. 2002;
Guainazzi & Bianchi 2007; Porquet et al. 2010). Only much
higher signal-to-noise RGS spectra and/or observations with
future soft X-ray spatial missions, such as the Line Emission
Mapper (LEM) (Kraft et al. 2022), Arcus (Smith et al. 2016) and
the Hot Universe Baryon Surveyor (HUBS; Bregman et al. 2023,
would allow us to determine the origin of the O VII and NeIX
broad resonance lines in ESO 141-G55.

5.2. A possible sporadic UFO in ESO 141-G55

The intermediate inclination of the ESO 141-G55 disc-corona
system, 8 ~ 43° is a favourable configuration to intercept
a possible disc wind, as suggested by the previous 2001 and
2007 XMM-Newton observations (Sect. 3.3). We therefore
checked for a possible UFO signature in the high signal-to-
noise observation of 2022, but we found no evidence for such
a wind. In order to provide a direct and homogeneous com-
parison between the 2022 and the 2007 dataset, we repro-
cessed and reanalysed the 2007 pn spectrum as detailed in
Sect. 3.3. We confirmed the presence, as first reported by
de Marco et al. (2009), of a narrow absorption feature during
the October 30, 2007 observation (2007#4) at 8.34 +0.05keV
and with an EW of 77 + 28 eV. By modelling it with an XSTAR
absorber, we inferred the following properties for the 2007#4
UFO: Ny :3.8’:?3 x 10%3 cm™2, 10g§:4.5f83 and an outflow
velocity vy =—0.176 £ 0.006 c. These parameters are typical of
other UFOs found in many AGNs (e.g. Tombesi et al. 2010;
Gofford et al. 2013; Matzeu et al. 2023).

In the case of ESO 141-G55, the absorption arises purely
from Fe XXVI, and thus it originates from very highly pho-
toionised gas. In comparison, adopting the same velocity and
ionisation as above, the upper limit to the column density
for the 2022 observation is Ny < 1.7 x 10?2 cm™2, which is
about an order of magnitude below what was found in the
2007#4 observation. It is worth noting that for the combined
pn spectrum of the three shorter XMM-Newton observations
performed between October 9 and October 12, 2007, which is
only less than three weeks before the 2007#4 observation, only
an EW upper limit of 48eV was found for any UFO signa-
ture at the same energy. This could indicate a variable UFO
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on both short and long timescales in ESO 141-G55. Variable
UFO signatures have been observed in other AGNs, such as
PG 1211+143 (Reeves et al. 2018), PG 1448+273 (Reeves et al.
2023), and MCG-03-88-007 (Braito et al. 2022). Such a spo-
radic feature in ESO 141-GS55, which has a moderate Edding-
ton accretion rate, could be explained by a failed disc wind in
the line-driven scenario (Proga & Kallman 2004; Proga 2005;
Giustini & Proga 2019), as observed, for example, in the lower
flux states of NGC 2992 (Marinucci et al. 2020; Luminari et al.
2023) when the wind is not able to launch. The wind variability
could also be due to the specific intermediate inclination angle
of the system of ESO 141-G55, ~43°, which may only intercept
the edge of the wind near its opening angle, rather than viewing
deeper into the wind. Then occasionally a denser wind clump
could be present in our line of sight, resulting in a sporadic UFO
signature rather than a more persistent disc wind, as seen in some
of the higher inclination systems above.

Intriguingly, the X-ray fluxes during these different XMM-
Newton observations were similar, with only about 20% variabil-
ity, making it somewhat unlikely that the change in the opacity
of the absorption feature is due to a significant change in ionisa-
tion, as observed for example in PDS 456 during a major X-ray
flare in 2018 (Reeves et al. 2021). Furthermore, the SED shapes
from the UV to 10keV are comparable too, although the UV
emission was slightly lower in 2007#4 (Fig. C.1). As an illus-
tration, we report the SED analysis of the 2007#4 observation
using the baseline RELAGN+REFLKERRD model in Appendix C,
which displays very similar disc-corona properties compared to
the 2022 one, and we observed that there are no drastic differ-
ences in the disc-corona properties (Table C.1). The appearance
of this possible variable UFO signature in ESO 141-G55 does
not seem to be related to some specific properties of the disc-
corona system. Only further monitoring with adequate sampling
from day-to-month timescales of this source will allow us to
understand the UFO duty cycle and origin.

5.3. Relativistic reflection from the inner part of the accretion
disc and weak contribution from the molecular torus

The observed significantly broad Fe K line (6.46 +0.09keV)
and the Compton hump suggest a significant contribution
from reflection. The Fe Ka line width (FWHM ~ 50 000 km s™!)
points to an origin from the inner part of the accretion disc,
~10Rg, but not down to the ISCO. We find that the EW of
the narrow Fe Ka component (~40¢€V) is in the lower range of
the values found for type-1 AGNs (~30-200eV; Liu & Wang
2010; Shu et al. 2010; Fukazawa et al. 2011; Ricci et al. 2014).
This is consistent with the small torus covering factor of
about 10% or less for ESO 141-G55 that was inferred by
Esparza-Arredondo et al. (2021) from an infrared and X-ray
study. Such a weak Fe Ka narrow component can be due to
the ‘X-ray Baldwin’ effect (also called the ‘Iwasawa-Taniguchi’
effect), that is, the anti-correlation between the EW of the nar-
row neutral core Fe Ka line and the X-ray continuum luminos-
ity related to the decrease of the covering factor of the molecu-
lar torus with the X-ray luminosity (e.g. Iwasawa & Taniguchi
1993; Page et al. 2004; Bianchi et al. 2007; Shu et al. 2010;
Ricci et al. 2014). Indeed, according to the relationship between
the EW of the Fe Ka narrow core and the 2-10keV AGN lumi-
nosity obtained from a large AGN sample by Bianchi et al.
(2007), an EW of about 50eV is expected for ESO 141-G55
(L(2—-10keV) = 1.1 x 10* ergs™"). This has also been observed
in many bright individual X-ray AGNs with low or high
Eddington accretion rates, such as Mrk 110 (Porquet et al. 2019),
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IC4329A (Tortosa et al. 2024), PDS 456 (Reeves et al. 2021),
I1Zw 1 (Reeves & Braito 2019), and PG 1448+273 (Reeves et al.
2023).

5.4. The disc-corona system: Presence of an optically thin
very hot corona and an optically thick warm corona

The hot corona temperature (kThoe ~ 120—140keV) does not
vary significantly between the 2016 and 2022 NuSTAR obser-
vations, where the flux increases only by about 10%. The hot-
corona temperature was found to be hotter than about 80% of
the known Seyfert Is (Lubinski et al. 2016; Middei et al. 2019;
Akylas & Georgantopoulos 2021). An intermediate value for
the inclination angle of the disc-corona system was found,
~43°, using complementary fitting methods: Fe Ka line pro-
file (Sect. 3.2), relativistic reflection emission above 3keV
(Sect. 3.4), and SED (Sect. 4). Moreover, it is similar to the
value inferred from accretion disc fits to the UV continuum
and the HB emission line, ~42° for a non-spinning black hole
(Rokaki & Boisson 1999), all indicating a similar inclination at
different spatial scales of the accretion disc and thus no signifi-
cant warp.

We found that relativistic reflection alone, albeit signifi-
cant, cannot reproduce the simultaneous 2022 X-ray broad-
band spectra of ESO 141-G55, as also found for the bare AGNs
Ark 120 (Matt et al. 2014; Porquet et al. 2018, 2019); TON S180
(Matzeu et al. 2020); and Mrk 110 (Porquet et al. 2024). Indeed,
to reproduce the soft X-ray excess shape, both a higher relativis-
tic reflection fraction and a much steeper emissivity index are
required compared to the hard X-ray energy range. This rein-
forces once again the importance of considering the simultane-
ous X-ray broadband spectra up to 79 keV when determining the
processes at work in the disc-corona system, especially for the
origin of the soft X-ray excess (Matt et al. 2014; Porquet et al.
2018, 2021; Matzeu et al. 2020).

The SED (from UV to X-rays) is nicely reproduced by a
model that combines the emission from a warm and hot corona
and outer disc (RELAGN; Hagen & Done 2023a) with relativis-
tic reflection (REFLKERRD; NiedZwiecki et al. 2019). The best
fit points to an upper limit of 0.2 for the black hole spin (at
the 90% confidence level). The SED fit becomes significantly
worse, particularly in the UV domain, as the spin increases
towards its maximum value. Furthermore, the inferred values
of the inclination angles of the disc are no more compatible for
a > 0.9 with that found from the fit above 3 keV (see above). The
Eddington accretion rate was found to be moderate at about
10-20% (depending on the black hole spin). The ratio of the
UV and X-ray peak emission (~factor of ten) for ESO 141-G55
is much higher than the one found for Mrk 110 (Porquet et al.
2024), but it is comparable to that of Fairall 9 (Hagen & Done
2023b) and Ark 120 (Porquet et al. 2019).

The temperature (kTy,m ~ 0.34keV) and optical depth
(Twarm ~ 12) of the warm corona inferred for ESO 141-G55 are
similar to what was found for other low- to moderate-Eddington
accretion AGNs, that is kTyam ~ 0.2-1keV and 7yam ~
10-30 (e.g. Porquet et al. 2004, 2018, 2019, 2024; Bianchi et al.
2009; Petrucci et al. 2013; Mehdipour et al. 2015; Matt et al.
2014; Middei et al. 2019; Ursini et al. 2020). The physical exis-
tence of such an optically thick warm corona is strengthened
by several recent theoretical models of the disc-corona struc-
ture (Petrucci et al. 2018; Ballantyne 2020; Ballantyne & Xiang
2020; Gronkiewicz et al. 2023; Kawanaka & Mineshige 2024).
Importantly, the warm corona scenario (mainly or totally) can
account for the soft X-ray excess as well as for a significant
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contribution to the observed UV emission (in addition to the
thermal disc emission) of ESO 141-G55 (Fig. 9, lower panels).
This confirms previous studies reported for the SOUX AGN sam-
ple (Mitchell et al. 2023) and individual AGNs (e.g. Mrk 590:
Mehdipour et al. 2011; Ark 120: Porquet et al. 2019; Fairall 9:
Hagen & Done 2023b; and Mrk 110: Porquet et al. 2024). More-
over, it can naturally explain the simultaneous and signifi-
cant dimming of both the UV and soft X-ray excess emission
observed in some AGNSs, such as ESO 511-G030 (Middei et al.
2023) and Mrk 841 (Mehdipour et al. 2023). The optically thick
warm corona scenario seriously challenges the standard disc the-
ory in AGNs.
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Appendix A: XMM-Newton observations from 2007

Here, we present the analysis of the four 2007 XMM-Newton
observations (see Table 1), which are relevant for our compari-
son with the 2022 observation. The extraction of all 2007 pn light
curves (Sect. A.1) and of the 2007#4 pn spectra were built using
an annulus extraction region to minimise the effect of heavy pile-
up due to the use of the full frame window mode (see Sect. 2.1).
The reprocessing and extraction method for the 2007#4 RGS
spectra are reported as well in Sect. 2.1.

A.1. XMM-Newton-pn light curves from 2007

The count rate light curves of the four XMM-Newton-pn
observations have been built using the EPICLCCORR SAS
tool. Figure A.1 shows the corresponding light curves in
the 0.3-2keV and 2-10keV energy bands, and the hardness
ratio, 2-10keV/0.3-2keV. While the observation performed on
09/10/2007 and 12/10/12/2007 exhibit some variability, mainly
in the soft X-rays similar to the 2022 observation, no significant
spectral variability is reported from the hardness ratio at each
epoch.

A.2. RGS spectrum of the 2007#4 observation

Figure A.2 displays a zoom-in on the O VII triplet obtained from
the 2007#4 (longest 2007 observation) RGS spectrum using an
absorbed power-law model for the continuum as done for the
2022 RGS spectrum (Sect. 3.1). Similar to the observation in
2022, a broad resonance line and a narrow forbidden line are
present. The parameters are also consistent with the 2022 obser-
vation; here the resonance line is centred at E = 574.0 + 1.7 eV,
with an EW of 1.4 + 0.5 eV, while the line is somewhat broad-
ened with an FWHM velocity width of about 3000 kms~!. The
forbidden line is centred at £ = 561.8 + 1.7 eV, with an EW of
1.0 £ 0.6 eV and is unresolved.

Appendix B: Hot corona and relativistic properties
inferred from the relxill models: 2022 and 2016
epochs

We report the pn and NuSTAR spectral analysis above 3 keV
using the RELXILLCP model (Dauseretal. 2013). As men-
tioned in Sect. 3.4, the RELXILLCP model uses the NTHCOMP
model (Zdziarski et al. 1996; Zycki et al. 1999) to reproduce
the hot corona (hard Comptonisation) spectral shape, while
for the REFLKERRD model (Sect. 3.4), the hard Comptoni-
sation is calculated using IREFLECT convolved with COMPPS
(Poutanen & Svensson 1996). As done in Sect. 3.4, the single
power-law disc emissivity index (g; with emissivity o« R™7) is
allowed to vary, while the inner disc radius was set to the ISCO.
Since the spin value is not constrained, we fixed it at zero. The
best-fit parameters are reported in Table B.1. Even if the fit is
statistically satisfactory, a noticeable positive residual is present
above ~40keV for the 2022 observation (Fig. B.1) and only
lower limits for the hot corona temperature are found at both
epochs. This could be due to the use of NTHCOMP model to
reproduce the hard Comptonisation shape. As for the REFLK-
ERRD model, the extrapolation of the RELXILLCP fit down to
0.3keV shows that the soft X-ray excess is not accounted for,
leaving a huge positive residual below 2keV (Fig. B.2, top
panel). When this model is applied to the whole 0.3-79 keV X-
ray broadband range, it fails to reproduce both the soft and hard
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Fig. A.1. XMM-Newton-pn light curves of ESO 141-G55 from 2007,
with time bins of 500s, in the 0.3-2keV (top panel) and 2-10keV
(middle panel) energy ranges and the corresponding hardness ratio, 2—
10keV/0.3-2 keV (bottom panel).

X-ray shapes (Fig. B.2, lower panel). Similar results are found
if a lamppost geometry is assumed for the hot corona using the
RELXILLLPCP model.

Appendix C: SED analysis of the October 30, 2007
XMM-Newton observation

We present the SED analysis of the 2007#4 XMM-Newton
(OM-UV plus pn) observation using the baseline model
RELAGN+REFLKERRD (Sect. 4). Our aim is to check for any sig-
nificant difference of the properties of the disc-corona system,
compared to those inferred from the 2022 observation, which
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Fig. A.2. Zoom-in on the O VII emission band of the fluxed 2007#4 RGS
spectrum of ESO 141-G55 fitted with a baseline absorbed power-law
continuum. Similar to the 2022 RGS spectrum (Fig. 3 bottom panel)
the broad component at 21.6A corresponds to the resonance line and
the narrow component at 22.1 A corresponds to the forbidden line. The
absorption line at about 22.6 A is due to O 1 from our Galaxy.

Table B.1. Simultaneous fits above 3keV, using the RELXILLCP rela-
tivistic reflection model, of the October 2022 XMM-Newton+NuSTAR
and July 2016 NuSTAR observations of ESO 141-G55.

Parameters 2022 2016

NuSTAR  NuSTAR
+XMM

6 (deg) 44+3

kThot (keV) >223 >82

Thot 2.01’:8:83 1.94+0.03

q 2.0%3

log& (ergecms™) <1.6

Are 1.2f8é

R 0.89’:8:{2 0.59+0.12

normeeiiniep (X107™#)  1.5£0.1 1.6+0.1

xA/dof. (%) 1270.2/1194 (1.06)

1.3

Data/model

5 ‘l ‘ 10 2‘0 ‘ 50
Rest-frame energy (keV)

Fig. B.1. Data-to-model ratio of the fit above 3keV of the 2022 simul-

taneous XMM-Newton (black) and NuSTAR (blue) spectrum and of

the 2016 NuSTAR (green) spectrum using the RELXILLCP relativistic
reflection model with a primary Comptonisation continuum shape.
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Fig. B.2. Residuals in term of data-to-model ratio for the fits of the
2022 simultaneous XMM-Newton-pn (black) and NuSTAR (blue) spec-
trum of ESO 141-G55 with the RELXILLCP model. Top panel: Fit above
3keV (Table B.1), which has been extrapolated down to 0.3 keV. Bot-
tom panel: Fit over the full 0.3-79keV energy range.

could explain the presence of the narrow UFO signature reported
during the 2007#4 observation (Sect. 3.3). The black hole spin
value was fixed to zero. We set the values of the disc inclination
and the iron abundance to those inferred from the 2022 SED
analysis (see Table 6), since they are not supposed to vary on
year timescales. Due to the lack of 2007 data above 10keV, we
fixed the hot corona temperature to 136keV as found in 2022,
since, as shown in Sect. 3.4 this parameter does not show any
significant change for 10-20% X-ray flux variation. The best-fit
parameters are reported in Table C.1 and shows that the disc-
corona properties are very comparable at both epochs taking into
account error bars of the parameter values. Figure C.1 shows, for
illustration purposes, a comparison of the intrinsic SED at both
epochs. Therefore, the appearance of a UFO signature during
the 2007#4 observation does not seem to be related to specific
disc-corona properties.
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Table C.1. SED fits (UV to 10keV) of the 2007#4 XMM-
Newton-pn spectrum of ESO141-G55 with the baseline model
RELAGN+REFLKERRD.

Parameters 200744
a 0(f)

0 (degrees) 43(f)
log i -1.01+99%
kThor (keV) 136 gf])3
Thot 0.47+0
Dot 2057008
Rhot (Rg) 19+

kT warm (keV) O4Ot8i§
FWarm 2.82:)-09
Ryam (Ry) 514:2132
logé& 0.6(f)
Are 1.4(F)
NOTMyefikerrd (X1 0_3) 48i(1);
FEs ookey @ (ergem™s™h) 5010710
Lytor 1ookev @ (ergs™) 1.7x10%
x-/d.o.f. 518.3/440

Notes. @ Source flux and Iuminosity corrected from Galactic absorp-
tion and reddening. (f) means that the value was fixed to that found for
the 2022 observation (Table 6).
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Fig. C.1. Intrinsic SED of ESO141-G55 inferred from the
RELAGN+REFLKERRD baseline model for the 2007#4 XMM-Newton
observation (red). The best-fit parameter values are reported in
Table C.1. For comparison, the 2022 intrinsic SED is also displayed
(black). These intrinsic SEDs are corrected for both reddening and
Galactic absorption (solid curves). The main individual emission com-
ponents are displayed: outer disc (dotted curves), warm optically
thick Comptonisation (dashed curves; warm corona), hot optically thin
Comptonisation (dotted-dashed curves; hot corona), and relativistic
reflection (three-dotted-dashed curves).
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