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A B S T R A C T 

We studied the broad-band X-ray spectra of Swift /Burst Alert Telescope selected low-accreting active galactic nuclei (AGNs) 
using the observations from XMM–Newton , Swift , and NuSTAR in the energy range of 0.5–150 keV. Our sample consists 
of 30 AGNs with Eddington ratio, λEdd < 10 

−3 . We extracted several coronal parameters from the spectral modelling, such 

as the photon index, hot electron plasma temperature, cutoff energy, and optical depth. We tested whether there exist any 

correlation/anticorrelation among different spectral parameters. We observe that the relation of hot electron temperature with 

the cutoff energy in the low accretion domain is similar to what is observed in the high accretion domain. We did not observe 
any correlation between the Eddington ratio and the photon index. We studied the compactness–temperature diagram and found 

that the cooling process for extremely low-accreting AGNs is complex. The jet luminosity is calculated from the radio flux, and 

observed to be related to the bolometric luminosity as L jet ∝ L 

0 . 7 
bol , which is consistent with the standard radio-X-ray correlation. 

Key words: accretion, accretion discs – black hole physics – galaxies: active – quasars: supermassive black holes – galaxies: 
Seyfert – X-rays: galaxies. 
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 I N T RO D U C T I O N  

ctive galactic nuclei (AGNs) are powered by the accreting su-
ermassive black holes (SMBHs) that reside at the centre of most
alaxies (Rees 1984 ). The matter gets accreted on to the SMBH,
here the gravitational potential energy is converted into radiation,
hich is emitted o v er the entire electromagnetic spectrum. The X-

ays are thought to be produced in a hot electron cloud, known
s the corona, located in the vicinity of the black hole (Haardt &
araschi 1991 ; Narayan & Yi 1994 ; Chakrabarti & Titarchuk 1995 ;
one, Gierli ́nski & Kubota 2007 ). The primary X-ray continuum is
roduced through the inv erse-Comptonization (Sun yaev & Titarchuk
980 , 1985 ; Haardt & Maraschi 1991 ) of the seed UV photons
rom the standard accretion disc (Shakura & Sunyaev 1973 ). The
-ray continuum can be reprocessed by the accretion disc and/or the
olecular torus, which produces a reflection hump at ∼15–40 keV

nd an iron K α line at ∼6.4 keV (George & Fabian 1991 ; Matt,
erola & Piro 1991 ). Additionally, an excess in the soft X-ray energy
and ( < 2 keV), known as soft-excess, is observed in several sources
Arnaud et al. 1985 ; Singh, Garmire & Nousek 1985 ). The origin of
 E-mail: argha0004@gmail.com (AJ); arka.chatterjee@umanitoba.ca (AC) 
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he soft-excess is still debated, and some of the possible explanations
roposed include blurred reflection from the inner disc (Lohfink et al.
012 ), a warm corona (Mehdipour et al. 2011 ; Done et al. 2012 ), or
 small number of scattering in a hot corona (Nandi et al. 2021 ). 

In general, an AGN is classified as a low-luminosity AGN
LLAGN), if the bolometric luminosity is L bol < 10 44 erg s −1 (e.g.
u & Cao 2009 ). Recent studies have suggested that the mass-
ormalized accretion rate is the primary driver in the evolution
f the circumnuclear gas in AGNs (e.g. Ricci et al. 2017a ). It
s believed that the accretion mechanism is different in the low-
ccreting AGNs (LAC-AGNs; Eddington ratio, λEdd = L bol / L Edd <

0 −3 , where L Edd is Eddington luminosity) from the high-accreting
 GNs (HA C-A GNs; λEdd > 10 −3 ; e.g. Ho 2009 ; Yang et al. 2015 ;
awamuro et al. 2016 ). 
Theory predicts that if the accretion rate falls below a critical

evel, the inner accretion flow changes from the geometrically thin,
ptically thick accretion disc (Shakura & Sunyaev 1973 ) to an opti-
ally thin, radiatively inefficient accretion flow (Esin, McClintock &
arayan 1997 ). The correlation between the λEdd and photon index

 �) could be considered as an observational manifestation of such
 theoretical claim. While a positive correlation has been found
or high-luminosity AGNs (e.g. Shemmer et al. 2006 , 2008 ), an
nticorrelation is observed for low-luminosity AGNs (e.g. Gu & Cao
© 2023 The Author(s) 
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009 ; Ho 2009 ). It is, therefore, widely believed that in LLAGNs,
he standard thin accretion disc is replaced by a radiatively inefficient 
ccretion flow (e.g. Narayan et al. 1998 ; Quataert 2001 ; Ho 2009 ).
he absence of the big-blue bump in the SED of these objects
uggests that the thin accretion disc gets truncated at a large distance
rom the BH (e.g. Mason et al. 2012 ; Nemmen, Storchi-Bergmann &
racleous 2014 ). Moreo v er , most LLA GNs do not show the broad

ron K-line feature, suggesting that the standard disc does not get 
xtended to the innermost region around the SMBH (e.g. Kawamuro 
t al. 2016 ; Younes et al. 2019 ). 

In the case of the HA C-A GNs, the majority of the seed photons that
roduce the X-ray emission, are most likely thermal and originate in 
 standard accretion disc (e.g. Shakura & Sunyaev 1973 ; Malkan &
argent 1982 ). Ho we ver , for LA C-A GNs, the origin of the seed
hotons could be dominated by non-thermal processes, such as syn- 
hrotron emission occurring in the jet or within the corona (e.g. Yang
t al. 2015 ). The size, shape, and geometry of the corona are highly
ebated. Various studies suggest that the X-ray corona is compact 
 ∼10 R g , where R g is gravitational radius; e.g. McHardy et al. 2005 ;
hartas et al. 2009 ; Risaliti et al. 2011 ; Reis & Miller 2013 ; Uttley
t al. 2014 ) and located close to the black hole ( ∼3–10 R g ; e.g. Fabian
t al. 2009 , 2015 , 2017 ; Zoghbi et al. 2012 ; Kara et al. 2013 ). In
he low-accreting AGNs ( L < 10 −4 L Edd , where L Edd is the Eddington
uminosity; e.g. Reis & Miller 2013 ), the hard X-rays could originate
n a hot quasi-spherical accretion flow or in an extended corona 
 ∼100 R g ). 

The corona in AGN is typically characterized by the electron 
lasma temperature ( kT e ) and optical depth ( τ e ). The electron
emperature is directly related to the cutoff energy ( E cut ), while
he photon index is connected to both kT e and τ e (e.g. Sunyaev &
itarchuk 1980 ; Pozdn yako v, Sobol & Syun yaev 1983 ; Petrucci et al.
001 ). The photon index ( �) and the high energy cutoff ( E cut ) can
e inferred by X-ray spectroscopic analysis of AGN. The photon 
ndex has been studied over the past three decades. In contrast, the
tudy of the high energy cutoff has been limited until more recent
imes due to the restricted bandpass of the X-ray facilities. Recently, 
he cutoff energy of the AGNs has been measured using various 
bservatories with hard X-ray instruments, e.g. BeppoSAX (Perola 
t al. 2002 ; Dadina 2007 ), INTEGRAL (Molina et al. 2009 , 2013 ;
anessa et al. 2011 ; de Rosa et al. 2012 ), NuSTAR (Kamraj et al.
018 , 2022 ; Rani, Stalin & Gosw ami 2019 ; Balok ovi ́c et al. 2020 )
nd Swift (Ricci et al. 2017a , 2018 ; Trakhtenbrot et al. 2017 ). In
eneral, the cutoff energy is observed in a wide range of ∼50–
00 keV (e.g. Ricci et al. 2017a , 2018 ; Balokovi ́c et al. 2020 ). Ricci
t al. ( 2018 ) analyzed 838 Burst Alert Telescope (BAT) AGNs and
ound that the median of the cutoff energy, E cut = 160 ± 41 keV
or L / L Edd > 0.1, and E cut = 370 ± 51 keV for L / L Edd < 0.1.
hey also found the median of the hot electron temperature and 
ptical depth as kT e = 105 ± 18 keV and τ e = 0.25 ± 0.06,
espectively. 

While the coronal properties of the HA C-A GNs have been ex-
lored e xtensiv ely in past (e.g. Ricci et al. 2017a , 2018 ; Kamraj
t al. 2018 , 2022 ; Rani et al. 2019 ; Balokovi ́c et al. 2020 ; Hinkle &
ushotzky 2021 ), the low accretion domain has been considerably 

ess explored (e.g. Younes et al. 2019 ). Several X-ray studies of
LAGNs have been performed to study the variation of the photon 

ndex (e.g. Shemmer et al. 2008 ; Gu & Cao 2009 ; Ho 2009 ;
awamuro et al. 2016 ). 
In this paper, we study the coronal properties of low-accreting 

GNs using broad-band X-ray data obtained from NuSTAR and 
wift /BAT in the 3–150 keV range. Using Comptonization models, 
e constrain the main coronal parameters and study possible trends 
mong them. The paper is organized in the following way. First,
n Section 2 , we describe the sample selection and data reduction
rocesses. Then, we discuss the analysis procedure in Section 3 .
ext, the results of our work are presented and discussed in Section 4 .
inally, we summarize our findings in Section 5 . 

 SAMPLE  A N D  DATA  R E D U C T I O N  

.1 Sample selection 

he primary aim of this work is to investigate the coronal properties
f low-accreting AGNs. We chose our sample from the all-sky 
wift /BAT hard X-ray surv e y 1 (Oh et al. 2018 ). The BAT surv e y was
ompiled for 105 months, and the spectra are stacked together. The
urv e y has a sensitivity of 8.4 × 10 −12 erg cm 

−2 s −1 in 14–195 keV
ange, and is almost unbiased by obscuration up to N H ∼ 10 24 cm 

−2 

Ricci et al. 2015 ). Initially, we chose a sample of AGNs within
he range of 14–195 keV, where the luminosity is less than 10 45 

rg s −1 . Our main goal is to select sources with an Eddington ratio
 10 −3 . 
We selected all BAT AGNs with publicly available NuSTAR 

bservations. We also added XMM–Newton or Swift /XRT observa- 
ions for the soft X-ray band (0.5–10 keV) to construct the spectra
n a broad energy range of 0.5–150 keV 

2 From the combined
pectra, we performed spectral analysis to calculate the bolometric 
uminosity ( L bol ) and Eddington ratio ( λEdd ; see Section 3 for
etails). We selected sources with λEdd < 10 −3 for our sample. 
e e xcluded sev eral sources from our sample (with λEdd < 10 −3 )

ue to low signal-to-noise ratio (SNR), e.g. NCG 660, NGC 3486,
GC 678, or the presence of other sources in the field of view,

.g. NGC 5194. In the case of NGC 5194, several ULXs have
een detected in the NuSTAR field. As NuSTAR does not resolve
hem, the emission is not purely from the AGN (Brightman et al.
018 ). Hence, we did not include NGC 5194 in our sample. The
nal sample consists of 30 sources and is tabulated in Table 1 .
n Fig. 1 , we show the distribution of Eddington ratio ( λEdd ),
lack hole mass ( M BH ), and bolometric luminosity ( L bol ) of our
ample, in the left-hand, middle, and right-hand panels, respectively. 
ur sample extends over three orders of magnitude for all three
arameters. 

.2 Data reduction 

.2.1 NuSTAR 

uSTAR is a hard X-ray focusing telescope with two identical 
odules, FPMA and FPMB, and operates in the 3–78 keV energy

ange (Harrison et al. 2013 ). We obtained NuSTAR data from NASA’s
EASARC archive. 3 The data were reprocessed with the NuSTAR 

ata Analysis Software ( NuSTARDAS 4 , version 1.4.1). We gener- 
ted clean event files with the nupipeline task, using standard 
ltering criteria. The data were calibrated using the latest calibration 
ata files available in the NuSTAR calibration data base. 5 The source
nd background products were extracted by considering circular 
egions with 60 arcsec, and 90 arcsec radii, centred at the source
oordinates and away from the source, respectively. The spectra were 
MNRAS 524, 4670–4687 (2023) 
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Table 1. Information on the selected sources. 

Name Swift name Type RA (J2000) Dec. (J2000) Redshift log ( M BH ) Ref. 

(1) NGC 454E J0114.4–5522 Seyfert 2 18.575 –55.401 0.0121 8.52 ± 0.45 1 
(2) NGC 1052 J0241.3–0816 Seyfert 2 40.270 –8.256 0.005 8.96 ± 0.29 1 
(3) NGC 2110 J0552.2–0727 Seyfert 2 88.046 –7.457 0.007 9.38 2 
(4) NGC 2655 J0856.0 + 7812 Seyfert 2 133.90 78.20 0.0047 7.70 ± 0.20 3 
(5) NGC 3079 J1001.7 + 5543 Seyfert 2 150.49 55.679 0.0037 8.27 ± 0.30 1 
(6) NGC 3147 J1017.8 + 7340 Seyfert 2 155.45 73.41 0.0093 8.79 4 
(7) NGC 3718 J1132.7 + 5301 LINER 1.9 173.22 53.02 0.0033 9.53 1 
(8) NGC 3786 J1139.5–6526 Seyfert 1.9 174.94 31.96 0.0089 7.53 5 
(9) NGC 3998 J1157.8 + 5529 LINER 1.9 179.48 55.45 0.0035 9.93 ± 0.33 1 
(10) NGC 4102 J1206.2 + 5243 LINER 181.59 52.71 0.0028 8.75 ± 0.33 1 
(11) NGC 4258 J1219.4 + 4720 Seyfert 1.9/LINER 184.75 47.29 0.0015 7.57 ± 0.35 1 
(12) NGC 4579 J1237.5 + 1182 LINER 1.9 189.38 11.82 0.0051 8.10 6 
(13) NGC 5033 J1313.6 + 3650B Seyfert 1.5 198.406 36.826 0.0029 7.86 ± 0.35 1 
(14) NGC 5283 J1341.5 + 6742 Seyfert 2 205.299 67.691 0.010 8.87 + 0.30 1 
(15) NGC 5290 J1345.5 + 4139 Seyfert 2 206.329 41.713 0.0080 7.76 ± 0.31 1 
(16) NGC 5899 J1515.0 + 4205 Seyfert 2 228.788 42.063 0.0080 8.66 ± 0.31 1 
(17) NGC 6232 J1643.2 + 7036 Seyfert 1 250.721 70.643 0.0148 7.43 ± 0.52 1 
(18) NGC 7213 J2209.4–4711 Seyfert 1 332.33 –47.17 0.0058 7.99 5 
(19) NGC 7674 J2328.1 + 0883 Seyfert 2 352.031 8.835 0.028 9.18 2 
(20) Mrk 18 J0902.0 + 6007 Seyfert 2 135.493 60.152 0.0111 7.85 ± 0.30 1 
(21) Mrk 273 J1344.7 + 5588 Seyfert 2 206.175 55.887 0.0379 9.02 ± 0.04 7 
(22) ARP 102B J1719.7 + 4900 Seyfert 1 259.81 48.98 0.0242 8.92 ± 0.34 1 
(23) ESO 253–003 J0525.3 −4600 Seyfert 2 81.381 –45.965 0.042 9.84 2 
(24) ESO 506–027 J1238.9–2720 Seyfert 2 189.722 –27.294 0.025 8.99 ± 0.29 1 
(25) HE 1136–2304 J1139.0–2323 Seyfert 1.9 74.713 –23.360 0.027 9.39 2 
(26) IGR J11366–6002 J1136.7 + 6738 Seyfert 1 174.104 67.645 0.014 8.56 2 
(27) IC 4518A J1457.8–4308 Seyfert 2 224.460 –43.116 0.016 8.79 2 
(28) UGC 12 282 J2258.9 + 4054 Seyfert 1 344.696 40.918 0.017 9.80 ± 0.35 1 
(29) LEDA 214543 J1650.5 + 0434 Seyfert 2 252.656 4.620 0.032 9.83 ± 0.32 1 
(30) Z367–9 J1621.2 + 8104 Seyfert 2 244.927 81.062 0.027 9.82 ± 0.32 1 

Note. (1) Koss et al. ( 2017 ), (2) Koss et al. ( 2022 ), (3) Tully ( 1988 ), (4) Merloni, Heinz & di Matteo ( 2003 ), (5) Woo & Urry ( 2002 ), (6) 
Younes et al. ( 2019 ), and (7) U et al. ( 2013 ). 
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Figure 1. Histograms of Eddington ratio ( λEdd ), supermassive black hole mass ( M BH ), and bolometric luminosity ( L bol ) are shown in the left-hand, middle, and 
right-hand panels, respectively. 
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xtracted using the nuproduct task and then rebinned to ensure that
hey had at least 20 counts per bin by using the grppha task. For each
ource, we used the NuSTAR observation with the longest exposure,
xcept for NGC 3718 for which we co-added the spectra from four
ontinuous observations to impro v e the SNR using the FTOOL task
DDASCASPEC . 

.3 Swift 

he 0.5–8 keV Swift /XRT spectra were generated using the standard
nline tools provided by the UK Swift Science Data Centre (Evans
NRAS 524, 4670–4687 (2023) 
t al. 2009 ). 6 We utilized the Swift /XRT spectra for 17 objects when
he simultaneous observations were available with NuSTAR . For five
bjects, we stacked several XRT spectra together to achieve a good
NR. 
The 14–150 keV Swift /BAT spectra and response matrices were

btained from the 105-month Swift -BAT All-sky Hard X-Ray Sur-
 e y. 7 

https://www.swift.ac.uk/user_objects/
https://swift.gsfc.nasa.gov/results/bs105mon/
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Table 2. Observation log. 

Object NuSTAR ID Date Exp XMM –Newton Date Exp 
(yyyy-dd-mm) (ks) or XRT ID (yyyy-dd-mm) (ks) 

NGC 454E 60061009002 2016-02-14 24 00 080 016 001 2016-02-14 6 
NGC 1052 60061027002 2013-02-14 16 0790980101 X ∗ 2017-01-17 71 
NGC 2110 60061061002 2012-10-05 15 0145670101 X ∗ 2003-03-05 60 
NGC 2655 60160341004 2016-11-10 16 00081037001–02 2016-11-02 – 03 7 
NGC 3079 60061097002 2013-11-12 22 00 080 030 001 2013-11-12 7 
NGC 3147 60101032002 2015-12-27 49 0405020601 X ∗ 2006-06-10 18 
NGC 3718 60301031002 2017-10-24 25 0795730101 X 2017-10-24 38 

60301031004 2017-10-27 90 
60301031006 2017-10-30 57 
60301031008 2017-11-03 57 

NGC 3786 60061349002 2014-06-09 22 00 080 684 001 2014-06-09 4 
NGC 3998 60201050002 2016-10-25 104 0790840101 X 2016-10-26 25 
NGC 4102 60160472002 2015-11-19 21 00 081 110 001 2015-11-09 7 
NGC 4258 60101046002 2015-11-16 55 00 081 700 001 2015-11-16 2 
NGC 4579 60201051002 2016-12-06 117 0790840201 X 2016-12-06 23 
NGC 5033 60601023002 2020-12-08 104 0871020101 X 2020-12-10 21 
NGC 5283 60465006002 2018-11-17 33 00 088 264 001 2018-11-17 7 
NGC 5290 60160554002 2021-07-28 19 00011388002– 2019-05-07 9 

00 011 388 007 to 2020-05-26 
NGC 5899 60061348002 2014-04-08 24 00 080 683 001 2014-04-08 7 
NGC 6232 60061328002 2013-08-17 18 00080537001–02 2013-08-17 – 18 7 
NGC 7213 60001031002 2014-10-05 102 00 080 811 001 2014-10-06 2 
NGC 7674 60001151002 2014-09-30 52 0200660101 X ∗ 2004-06-02 10 
Mrk 18 60061088002 2013-12-15 20 00 080 406 001 2013-12-15 7 
Mrk 273 60002028002 2013-11-04 70 0722610201 X 2013-11-04 23 
ARP 102B 60160662002 2015-11-24 22 00 081 204 001 2015-11-24 7 
ESO 253–003 60 101 014 002 2015-08-21 23 0762920501 X 2015-08-19 27 
ESO 506–027 60469006002 2019-06-26 19 0312191801 X ∗ 2006-01-24 12 
HE 1136–2304 80 002 031 003 2014-07-02 64 0741260101 X 2014-07-02 110 
IC 4518A 60 061 260 002 2013-08-02 8 00080141001 2013-08-02 7 
IGC J11366–6002 60 061 213 002 2014-10-29 22 00080058001–02 2014-10-29 – 30 7 
UGC 12 282 60160812002 2019-11-18 29 00 081 292 001 2019-11-18 7 
LEDA 96 373 60061073002 2014-07-31 22 00 080 382 001 2014-07-31 4 
LEDA 214543 60061273002 2017-02-06 21 00 080 172 001 2017-02-06 6 
Z 367–9 60061270002 2014-12-21 30 00080158001– 2014-09-22 13 

00 080 158 002 2014-12-21 

Note. X marks the XMM–Newton observations. ∗ indicates non-simultaneous observations of NuSTAR and XMM–Newton . 
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.3.1 XMM–Newton 

e used XMM–Newton (Jansen et al. 2001 ) EPIC/PN observations 
n the 0.5–10 keV energy range in our analysis. The data files were
educed using the Standard Analysis Software (SAS) version 20.0.0. 
he ra w PN ev ent files were processed using EPCHAIN task. We
hecked for particle background flare in the 10–12 keV energy 
ange. The Good Time Interval file was generated using the SAS task
ABGTIGEN . The source and background spectra were extracted from 

 circular region of 30 arcsec centred at the position of the optical
ounterpart and from a circular region of 30 arcsec radius away 
rom the source, respectively. The background region is selected in 
he same CCD where no other X-ray sources are present. Using 
SPECGET task, we generated the source and background spectra. We 
hecked for pileup using the EPATPLOT task. We did not find any
ource that suffered from the pileup. 

We used XMM–Newton spectra for 13 objects. For eight sources, 
he XMM–Newton observations were made simultaneously with 
he NuSTAR . For the rest five sources, we used non-simultaneous 
bservations. For the non-simultaneous observations with XMM–
ewton , and NuSTAR , we checked for spectral variability. The 

pectral variability is presented in detail in Section A . The detailed
bservation log is tabulated in Table 2 . 
 ANALYSI S  

.1 Spectral analysis 

he spectral analysis of combined spectra in the 0.5–150 keV range
as performed in XSPEC v12.10 (Arnaud 1996 ). For our analysis,
e adopted the cross-section from Verner et al. ( 1996 ), and ANGR

bundances (Anders & Grevesse 1989 ). We used cross-normalization 
onstants between the FPMA, FPMB, and BAT (Madsen et al. 2015 ,
017 ) instruments while carrying out simultaneous spectral fitting. 
We started X-ray spectral modelling using an absorbed power-law 

odel with a cutoff at high energy. In XSPEC , the model reads as
PHABS ∗ZCUTOFF . We also added another component in the model
or the absorption due to the Compton scattering, modelled with 
ABS . A component for the scattered primary emission, modelled 
ith CONSTANT ∗ZCUTOFF was added (e.g. Gupta et al. 2021 ). For the

eprocessed emission, we used the convolution model REFLECT . 8 

Magdziarz & Zdziarski 1995 ). REFLECT is a generalization of 
he widely used PEXRAV model. It describes the reflection from a
old, neutral semi-infinite slab. The model parameters are reflection 
MNRAS 524, 4670–4687 (2023) 
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raction ( R ), inclination angle ( i ), iron abundance ( A Fe ), and metal
bundances ( A M 

). We also added a Gaussian function at ∼6.4 keV to
ncorporate the iron K-line emission. For the soft-excess emission,
e added a BLACKBODY model. Ho we ver, one can also use the

OWERLAW to approximate the soft-excess (e.g. Nandi et al. 2021 ).
he model setup (hereafter Model-1a) reads in XSPEC as, 

CONST1 ∗PHABS1 ∗(ZPHABS2 ∗CABS ∗REFLECT ∗ZCUTOFFPL1 +
AUSS + CONST2 ∗CUTOFFPL2 + BLACKBODY) . 

where, PHABS1 represents the Galactic absorption and is calculated
sing NH 

9 tools of FTOOLs (HI4PI Collaboration 2016 ). CONST1
epresents the cross-normalization factor between the FPMA, FPMB,
nd BAT. The ZPHABS2 ∗CABS ∗ZCUTOFFPL1 represents the absorbed
irect primary emission. CONST2 ∗CUTOFFPL represents the scattered
rimary emission, while CONST2 is the scattering fraction ( f Scat ). The
hoton index ( �), cutoff energy ( E cut ), normalization of CUTOFFPL1
nd ZCUTOFFPL2 are linked together. The column densities of the
ABS and ZPHABS2 models are tied together and represent the line-
f-sight obscuration towards the AGNs. We fixed the A Fe and A M 

at
he Solar values, i.e. 1 and the inclination angle at 60 ◦ in our analysis.

e allowed the Gaussian parameters to vary freely. However, when
e could not constrain, we fixed the line energy at 6.4 keV and line
idth at 0.01, 0.05, or 0.1 keV, depending on the initial fitting. 
We obtained good fit for all the sources using Model-1a. We

oticed that the soft-excess is present in seven sources, namely,
GC 2655, NGC 4102, NGC 4258, NGC 5033, NGC 5290, NGC
213, and HE 1136–2304. The spectra of the rest 23 sources can be
tted without the BLACKBODY component in Model-1a. The scattered
mission is present in 15 sources in our sample. The photon index
 �) and cutoff energy ( E cut ) were obtained from the fitting. The hot
lectron temperature of the corona ( kT e ) can be calculated from the
utoff energy, using the empirical relation E cut = 2 kT e (for τ e <

) or E cut = 3 kT e (for τ e > > 1) (Petrucci et al. 2001 ). Instead of
his, one may also use Comptonization models such as COMPTT
Titarchuk 1994 ) or NTHCOMP (Zdziarski, Johnson & Magdziarz
996 ; Zdziarski, Lubi ́nski & Smith 1999 ) to obtain the hot electron
emperature. To use the Comptonization model to probe the corona,
e replaced CUTOFFPL with the NTHCOMP in the Model-1a. The

pectral model reads in XSPEC as (hereafter Model-1b), 

CONST1 ∗PHABS1 ∗(ZPHABS2 ∗CABS ∗REFLECT ∗NTHCOMP + GAUS-
IAN + CONST2 ∗NTHCOMP + BLACKBODY) . 

During the spectral fitting, we froze the seed photon temperature
f NTHCOMP component at 10 eV, which is a reasonable assumption
or the SMBH with M BH > 10 7 M � (e.g. Shakura & Sunyaev 1973 ;

akishima et al. 2000 ). We verified that the variations of the seed
hoton temperature from 5 to 20 eV did not affect the spectral fitting.
e obtained good fits for all the sources with Model-1b. Table C1

hows the results obtained by applying Model-1a and Model-1b in
ur spectral fitting. 
Next, we replaced REFLECT with a torus-based physically mo-

i v ated model BORUS 10 (Balokovi ́c et al. 2018 ) in Model-1a. The
orus02 model consists of a spherical homogeneous torus with two
olar cutouts in a conical shape. The torus co v ering factor and the
nclination angle are the free parameters in the model. The borus02
odel also allows us to separate the line of sight column density

 N 

los 
H ) from the torus/obscuring material column density ( N 

tor 
H ). We

id not require the Gaussian function while fitting with the borus02
NRAS 524, 4670–4687 (2023) 

 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3nh/w3nh.pl 
0 ht tps://sites.astro.calt ech.edu/ ∼mislavb/download/

s  

t  

u
 

c  
odel, as borus02 self-consistently calculates the Fe k α and Fe
 β lines. In our fitting, we also fixed the torus co v ering factor at 0.5

nd the inclination angle at 60 ◦. The spectral model reads in XSPEC
s (hereafter Model-2a), 

CONST1 ∗PHABS1 ∗(ZPHABS2 ∗CABS ∗ZCUTOFFPL1 + BORUS02 +
ONST2 ∗CUTOFFPL2 + BLACKBODY) . 

The Model-2a gave us a good fit for all the sources in our sample.
e obtained N 

los 
H , N 

tor 
H , �, and E cut from the spectral modelling with

odel-2a. As in the case of Model-1, to probe the corona with the
omptonized model, we replaced CUTOFFPL and borus02 , with
THCOMP and borus12 models, respectively, in Model-2a. In the
orus12 model, the primary emission is described by NTHCOMP ,

eplacing the CUTOFFPL model. The torus structure and geometry
emain the same. This spectral model reads as (hereafter Model-2b),

CONST1 ∗PHABS1 ∗(ZPHABS2 ∗CABS ∗NTHCOMP + BORUS12 +
ONST2 ∗NTHCOMP + BLACKBODY) . 

During fitting with the borus02 model, we linked �, E cut , and
ormalization of CUT OFFPL1 , CUT OFFPL2 , and borus02 together.
he spectral analysis with the borus12 model returned with a
ood fit for all the sources. Table C2 shows the results obtained from
ur spectral fitting by applying Model-2a and Model-2b. Figure 2
ho ws the representati ve spectrum of NGC 4507 in the top panel. In
he middle and bottom panels, the χ distributions are shown while
sing Model-1 and Model-2, respectively. 
To estimate the uncertainties in the parameters, we ran the STEPPAR

ommand in XSPEC . The uncertainties are estimated at 68, 90 , and

https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
https://sites.astro.caltech.edu/~mislavb/download/
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9 per cent confidence levels. We quoted uncertainties at 90 per cent
onfidence level throughout the paper unless mentioned otherwise. 
e show confidence contours between the � and the E cut in Fig. 3

or NGC 454E, NGC 3147, NGC 3998, NGC 4102, NGC 7213, and
E 1136–2304 obtained from the fitting with Model-2a. Figure 4 

hows the confidence contours between the � and the kT e , obtained
rom the spectral analysis of data with Model-2b for NGC 454E, 
GC 3147, NGC 3998, NGC 4102, NGC 7213, and HE 1136–2304. 

n Fig. 3 (Fig. 4 ), we selected six sources randomly to show that
 cut ( kT e ) could not be constrained in all sources. Detailed spectral
nalysis result is tabulated in Table C2 . 
We also ran Markov Chain Monte Carlo (MCMC) in XSPEC 11 

o calculate the uncertainty. Using the Goodman–Weare algorithm, 
he chains were run with eight w alk ers for a total of 10 6 steps. We
iscarded first 10 000 steps of the chains, assuming them to be in
he ‘burn-in’ phase. Figure D1 shows the posterior distribution of 
he spectral parameters and errors obtained with the Model-2a and 
MNRAS 524, 4670–4687 (2023) 
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odel-2b in the left-hand and right-hand panels, respectively, for
GC 5033. 

.2 Estimation of parameters 

he spectral analysis is carried out with four different models, with
he differences in the choice of the primary continuum ( CUTOFFPL or
THCOMP ), and reprocessed emission ( REFLECT or BORUS ). We ob-

ained similar results with all four models. The common parameters
n all four models are � and N 

los 
H . The mean value of � is obtained

o be 1.73 ± 0.05, 1.73 ± 0.06, 1.74 ± 0.04, and 1.75 ± 0.04, from
odel-1a, Model-1b, Model-2a, and Model-2b, respectively. The
ean value of N 

los 
H is found to be log N 

los 
H 23.39 ± 0.08, 23.38 ± 0.10,

3.40 ± 0.09, and 23.40 ± 0.10 from the spectral fitting with the
odel-1a, Model-1b, Model-2a, and Model-2b, respectively. The
ean values of E cut and kT e are also similar within uncertainties

rom different models. As Model-1 and Model-2 returned similar
alues of the spectral parameters, we used the spectral results from
odel-2 in the rest of the paper or mentioned otherwise. 
For 24 sources, we used black hole mass from the BAT AGN

pectroscopic Surv e y (B ASS; K oss et al. 2017 ; Ricci et al. 2017a ;
oss et al. 2022 ). For the remaining six sources, we searched

or the black hole mass in the literature (see Table 1 ). From the
pectral fitting, we estimated the intrinsic luminosity ( L int ) of the
ources in the 2–10 keV energy range. The bolometric luminosity is
btained by using the bolometric correction factor 10 (Vasude v an &
abian 2009 ). We calculated the Eddington ratio as λEdd = L bol / L Edd ,
here L Edd is the Eddington luminosity and given by, L Edd =
.3 × 10 38 ( M BH /M �) erg s −1 . 
The �, kT e , and E cut were obtained from the spectral fitting. The

ptical depth of the corona is estimated by using the following
elation (Zdziarski et al. 1996 ), 

e ≈ −3 

2 
+ 

√ 

9 

4 
+ 

3 

θ ( � − 1)( � + 2) 
, (1) 

where θ = kT e / m e c 2 is the dimensionless temperature. 
The dimensionless compactness parameter is calculated using the

ollowing equation (e.g. Fabian et al. 2015 , 2017 ): 

 = 4 π
m p 

m e 

R g 

R X 

L X 

L Edd 
, (2) 

where R X is coronal size and L X is the coronal luminosity in the
.1–200 keV energy range. The 0.1–200 keV luminosity is calculated
rom the extrapolation of the best-fitted model. In this work, we used
 X = 10 R g (e.g. Fabian et al. 2015 ). 
In the Compton cloud, the seed photons are up-scattered by the hot

lectrons and gain energy (e.g. Sunyaev & Titarchuk 1980 , 1985 ).
he mean of the energy gained by photons per scattering can be
stimated by the Compton-y parameter, y = 4 θ max ( τe , τ

2 
e ) (e.g.

ybicki & Lightman 1979 ). On the other hand, the total energy
ain also depends on the number of scattering of the photons before
scaping the medium. The average number of scattering ( N S ) is given
y, N S = y / θ . 
A strong jet is expected in a low-accreting regime (Fender &

elloni 2004 ). In general, the radio luminosity ( L R ) is considered a
ood proxy of the jet luminosity ( L jet ; e.g. Fender & Belloni 2004 ).
e collected jet luminosity ( L jet or L R at 1.4 GHz) of sources from

he NASA Extragalactic Database (NED) archive 12 
NRAS 524, 4670–4687 (2023) 
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e
 

s  
We estimated several spectral parameters of our sample. The
etailed results are presented in Table C3 . 

.3 Correlations among coronal parameters 

orrelations among several coronal parameters have been exten-
ively studied in the past (e.g. Kamraj et al. 2018 ; Ricci et al. 2017a ).
ere, we explored such co-dependencies among various spectral
arameters. We employed Pearson, Spearman, and Kendall rank
orrelations to understand the relations among numerous parameters
is- ́a-vis the accretion mechanism around the LA C-A GNs. The
esults of our correlation study are tabulated in Table 3 . Overall, all
hree correlation studies yield similar results. In total, we examined
0 correlations from our study. We considered the correlation
s significant if the p -value is less than 0.01. For nine pairs of
arameters, we found the corresponding p -value as < 0.01. We found
 strong anticorrelation between kT e and E cut . The N S is observed
o be strongly correlated with kT e and E cut . We found moderate
nticorrelations and correlations for three pairs of parameters each. 

 RESULTS  A N D  DI SCUSSI ON  

e studied a sample of AGNs with low Eddington ratio ( λEdd <

0 −3 ) to understand their coronal properties at low accretion regime.
n our study, we used combined XMM–Newton , Swift , and NuSTAR
pectra in the 0.5–150 keV energy range. From the spectral study, we
btained diverse spectral parameters and correlations among them. 

.1 Constraints on the coronal parameters 

he corona is characterized by several parameters, namely the photon
ndex ( �), hot electron temperature ( kT e ), cutoff energy ( E cut ), and
ptical depth ( τ e ). We obtained �, kT e , and E cut from the spectral
nalysis, while τ e is obtained using equation ( 1 ). Figure 5 shows the
istribution of E cut , kT e , and τ e in our sample. 
We are able to constrain E cut in 22 sources out of a total of 30

ources considered in our sample. The E cut is distributed in a wide
ange of ∼50–500 keV in our sample. The broad parameter space
f E cut is consistent with the other recent studies (e.g. Ricci et al.
018 ; Balokovi ́c et al. 2020 ; Hinkle & Mushotzky 2021 ). We found
hat the lower limit of E cut is below 50 keV for two sources when
 cut is not constrained. The median value of E cut for our sample is

ound to be 238 ± 93 keV with mean < E cut > = 241 ± 84 keV, when
 cut is constrained. Ho we ver, these v alues do not represent the whole
ample, as the sources with the unconstrained E cut are not considered.

To constrain the mean and median of the whole sample, we
erformed 1000 Monte Carlo simulations for each value of E cut .
or each simulation, the values of E cut are substituted with the
alues selected randomly from a Gaussian distribution with the
tandard de viation gi ven by the uncertainty. The lo wer limits (L)
re substituted with the values randomly selected from a uniform
istribution in the interval of [L, E C, max ], where E C,max = 1000 keV.
or each run, we calculated the median of all values and used the
ean of 1000 simulations (see Ricci et al. 2017a , 2018 , for details).
e find that the mean of E cut is 284 ± 102 KeV, while the median

s 267 ± 110 keV. Our results are consistent with the results of
icci et al. ( 2017a , 2018 ) and the studies of the cosmic X-ray
ackground, which suggest that the mean cutoff energy of AGNs
hould be � 300 keV (e.g. Gilli, Comastri & Hasinger 2007 ; Ueda
t al. 2014 ; Ananna et al. 2020 ). 

Using MODEL-2 , we additionally constrained kT e for those 22
ources. We found a lower limit for the other eight sources.

https://ned.ipac.caltech.edu/
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Table 3. Correlation among different parameters. 

Pearson correlation Spearman correlation Kendall correlation 
Parameter-1 Parameter-2 ρ p R p τ p 

λEdd � –0 .22 0 .24 –0 .16 0 .40 –0 .12 0 .36 
λEdd E cut –0 .02 0 .90 0 .01 0 .99 –0 .01 0 .94 
λEdd kT e –0 .07 0 .71 –0 .01 0 .95 –0 .02 0 .89 
λEdd τ e 0 .18 0 .33 –0 .02 0 .90 –0 .03 0 .84 
λEdd M BH –0 .45 < 0 .01 –0 .46 0 .01 –0 .32 0 .02 
kT e � 0 .34 0 .01 0 .40 0 .02 0 .29 0 .02 
kT e E cut 0 .97 < 0 .01 0 .95 < 0 .01 0 .85 < 0 .01 
� E cut 0 .32 0 .08 0 .40 0 .03 0 .28 0 .03 
� τ e –0 .64 < 0 .01 –0 .56 < 0 .01 –0 .41 < 0 .01 
M BH τ e –0 .11 0 .61 –0 .04 0 .83 0 .01 0 .93 
M BH kT e 0 .04 0 .84 0 .03 0 .87 0 .03 0 .86 
M BH E cut –0 .07 0 .69 –0 .02 0 .92 –0 .02 0 .91 
L bol M BH 0 .49 < 0 .01 0 .51 < 0 .01 0 .40 < 0 .01 
L bol � –0 .21 0 .26 –0 .23 0 .22 –0 .017 0 .18 
L bol kT e –0 .11 0 .56 –0 .07 0 .70 –0 .06 0 .62 
L bol E cut –0 .10 0 .59 –0 .07 0 .71 –0 .06 0 .68 
L bol τ e 0 .09 0 .64 0 .13 0 .49 0 .09 0 .49 
L bol λEdd 0 .46 < 0 .01 0 .41 < 0 .01 0 .29 0 .01 
λEdd N H 0 .08 0 .68 –0 .12 0 .52 –0 .09 0 .49 
L bol N H 0 .06 0 .76 0 .02 0 .90 0 .01 0 .99 
N S � –0 .65 < 0 .01 –0 .56 < 0 .01 –0 .41 < 0 .01 
N S kT e –0 .85 < 0 .01 − 0 .97 < 0 .01 –0 .89 < 0 .01 
N S E cut –0 .84 < 0 .01 –0 .91 < 0 .01 − 0 .76 < 0 .01 
N S λ 0 .19 0 .31 –0 .02 0 .90 –0 .03 0 .84 
N S L bol 0 .11 0 .57 0 .13 0 .49 0 .09 0 .50 
N S M BH –0 .08 0 .66 –0 .04 0 .83 0 .01 0 .93 
L bol L jet 0 .60 < 0 .01 0 .61 < 0 .01 0 .49 < 0 .01 
EW L bol –0 .58 0 .01 –0 .52 0 .02 –0 .39 0 .02 
EW λEdd –0 .25 0 .29 –0 .14 0 .54 –0 .11 0 .55 
EW L X, 44 –0 .45 0 .06 –0 .31 0 .06 –0 .44 0 .05 
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Figure 5. Histograms of cutoff energy ( E cut ), hot electron plasma temperature ( kT e ), and optical depth ( τ e ) are shown in the left-hand, middle, and right-hand 
panels, respectively. The dark green bars represent the constrained parameters. The light green and yellow bars represent the lower limit and upper limit of the 
parameters, respectively. 
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nalogous to E cut , kT e was also obtained in a broad range be-
ween ∼10 and 300 keV which was found in other studies (e.g.
ortosa et al. 2018 ; Akylas & Georgantopoulos 2021 ). We obtained

he lower limit of kT e as 15 keV for IC 4518A, which is the
o west v alue among the sources in our samples. We calculated
he mean and median of kT e by running 1000 Monte Carlo sim-
lations, as mentioned in the previous paragraph. We considered 
he maximum value of kT e as 500 keV for the sources with the
ower limit in the simulation. We found the mean value of our
amples as < kT e > = 126 ± 54 keV with a median at 110 ±
5 keV. 
As τ e is calculated using kT e , we also derived upper limits on τ e 

or six observations. Excluding the upper limits, τ e is observed to 
ary within the range of ∼0.5–3. The mean of the optical depth is
stimated to be <τ e > = 1.77 ± 0.76 with median τ e = 1.47 ± 0.58
n our sample. 

The corona remains hot for low-mass accretion rate AGNs as the
ooling is inefficient. The hot corona also leads to high E cut and
ptically thin medium ( τ e < 1). Ricci et al. ( 2018 ) found the median
f cutoff energy, E cut = 160 ± 41 keV for λEdd > 0.1, and E cut =
70 ± 51 keV for L / L Edd < 0.1. As we explored an even lower
ddington ratio ( λEdd < 0.001) regime, the median of the cutoff
MNRAS 524, 4670–4687 (2023) 
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nergy is expected to be higher. Ho we ver, this was not observed for
ur sample of low Eddington ratio AGN. 

.2 Dependence of the coronal properties on the Eddington 

atio 

n the current work, we studied a sample of AGNs with low λEdd to
nderstand the coronal properties in the low accretion regime. The
 − λEdd relation has been studied widely in the past (e.g. Gu &
ao 2009 ; Yang et al. 2015 ). A positive correlation is observed in
A C-A GN (e.g. Shemmer et al. 2006 , 2008 ; Risaliti, Young & Elvis
009 ; Brightman et al. 2013 ; Jana et al. 2020 , 2021 ) while a ne gativ e
orrelation is found in the LLAGNs (e.g. Gu & Cao 2009 ; Younes
t al. 2011 ; Hern ́andez-Garc ́ıa et al. 2013 ). The accretion mechanism
iffers in the low accretion state from the high accretion state.
he opposite correlation indicates that the accretion mechanisms

n different luminosity states are distinct. 
The thin disc-corona model naturally explains the positive corre-

ation in the high accretion state (e.g. Yang et al. 2015 ). In the high
ccreting regime ( λEdd > 10 −3 ), as the accretion rate increases, the
umber of seed photons increases, which cools the corona efficiently,
roducing the soft spectra. Contrary to that, the ne gativ e correlation
n the low accretion state ( λEdd < 10 −3 ) could be explained with a
ybrid truncated thin disc associated with hot accretion flow/corona
nd jet models (e.g. Gardner & Done 2013 ; Qiao & Liu 2013 ; Yang
t al. 2015 ). In this scenario, due to the lack of matter supply, the
nner disc e v aporates into a hot accretion flow or corona (e.g. Esin
t al. 1997 ; Yuan & Narayan 2014 ; Yang et al. 2015 ). As the mass
ccretion rate (or λEdd ) increases, the electron density and magnetic
eld strength increase, which in turn increases the synchrotron self-
bsorption depth. The self-absorbed synchrotron emission provides
he seed photons for Comptonization. In this case, the hard X-ray flux
 L X ) increases more rapidly than the seed photon flux ( L seed ), which
mplies a ne gativ e correlation of L seed / L X with L X . This leads to the
e gativ e correlation of the � and L X or λEdd (e.g. Yang et al. 2015 ).
f the accretion rate further reduces ( λEdd < 10 −6.5 ), the synchrotron
mission from the jet dominates, leading to a saturation of the photon
ndex at � ∼ 2 (e.g. Plotkin, Gallo & Jonker 2013 ; Yang et al. 2015 ).

In our sample, λEdd spans the range 10 −6.5 < λEdd < 10 −3 ,
here a ne gativ e correlation of � − λEdd is expected. Ho we ver,
e did not find a significant correlation between � and λEdd . The
earson correlation coefficient between � − λEdd is −0.22 with
 -value 0.24. Figure 6 shows the variation of � with the λEdd .
he solid red line represents the best linear fit. Using the linear

egression method, we obtained � = ( −0.04 ± 0.03)log λEdd +
1.59 ± 0.13). The observed relation is weaker than the one found
n previous studies. For examples, Gu & Cao ( 2009 ) found � =
 −0.09 ± 0.03)log λEdd + (1.55 ± 0.07), Younes et al. ( 2011 )
bserved � = ( −0.31 ± 0.06)log λEdd + (0.11 ± 0.40), Jang et al.
 2014 ) pointed � = ( −0.18 ± 0.04)log λEdd + (0.66 ± 0.25),
nd She et al. ( 2018 ) obtained � = ( −0.15 ± 0.05)log λEdd +
1.0 ± 0.03). Most of the previous studies were conducted using
handra or XMM–Newton observations, which have a limited band-
ass. Trakhtenbrot et al. ( 2017 ) found a shallower slope of the �–
Edd correlation with respect to previous studies, when considering

he results obtained by broad-band X-ray spectroscopy. In the current
ork, we used high-quality broad-band spectra, though our sample is

imited to 30 sources. Thus, we are unable to make a firm conclusion
n the correlation/anticorrelation of λEdd − �. Recently, Diaz et al.
 2023 ) studied a sample of LLAGNs and found similar results. They
rgued that due to the small number of sources, they did not find
 statistically significant correlation of �–λEdd . We also inspected
NRAS 524, 4670–4687 (2023) 
hether other spectral parameters are correlated with the λEdd and
id not observe any correlation between λEdd and kT e , τ e , or E cut . 

.3 Dependency of the coronal properties on the kT e 

e found that kT e and E cut are strongly correlated (see Table 3 )
n our sample. The linear fitting yields E cut = (2.10 ± 0.12) kT e 

 (29.4 ± 12.1). Figure 7 shows that all the 22 sources with
onstrained E cut and kT e lie within the E cut = 2 kT e and E cut =
 kT e lines. This agrees with the empirical approximation of E cut 

2 − 3 kT e (Petrucci et al. 2001 ). Ho we ver, Middei et al. ( 2019 )
rgued that the empirical relation only holds for low τ e and low kT e .
hey suggested that if the origin of X-rays is other than the thermal
omptonization, for example, synchrotron self Comptonization, the

elation E cut ∼ 2–3 kT e may not hold. The deviation from this relation
as been observed in a few sources (e.g. Pal et al. 2022 ). We tested
his relation from the spectral modelling with the REFLECT model
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Figure 8. Compactness–temperature ( l − θ ) diagram for our sample. Solid 
black and red lines correspond to pair production lines for slab and hemi- 
spherical geometries from Stern et al. ( 1995 ), respectively. The solid magenta 
line represents the pair production line from Svensson ( 1984 ). The orange 
dashed–dotted, green dashed–dotted, and magenta dashed lines represent 
the region where electron–electron coupling, electron–proton coupling, and 
bremsstrahlung cooling dominate, respectively. The blue circles, red triangles, 
and green diamonds represent the AGNs with −3 > log λEdd > −4, −4 > 

log λEdd > −5, and log λEdd < −5, respecti vely. The arro ws represent the 
lower limit. 
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Model-1a and Model-1b). We obtained E cut = (2.18 ± 0.16) kT e + 

25. ± 17.2), which is similar to the findings with the BORUS model
Model-2a and Model-2b). None the less, our study found E cut ≈
 kT e is an acceptable approximation for the LA C-A GNs. 
We obtained a weak positive correlation between kT e and �, with 

he Pearson correlation coefficient of 0.34 with a p -value of 0.01. For
urely thermal Comptonization, a ne gativ e correlation between kT e 

nd � is expected. Ho we ver, if there are non-thermal seed photons,
.g. synchrotron emission from a jet, a ne gativ e correlation may
ot hold (e.g. Yang et al. 2015 ). None the less, the observed relation
ndicates a complex process for the X-ray emission other than thermal 
omptonization. 
We calculated the average number of scatterings the photons 

uffered before escaping the Compton cloud (see Section 3.2 ). We 
nd that N s is anticorrelated with � having a Pearson correlation 
oefficient of −0.65 with p < 0.01, as presented in the earlier
orks (e.g. Sunyaev & Titarchuk 1980 ; Pozdnyakov et al. 1983 ).
 S is also found to be strongly anticorrelated with kT e and E cut .
he Pearson correlation index is obtained to be −0.85 with the 
 -value of < 0.01 for kT e , and −0.85 with the p -value of < 0.01
or E cut , respectively. This is expected as a high kT e would lead
he corona to be optically thin; hence, the lower value of N S .
he anti-correlation between N S and kT e is also consistent with 

he previous simulations (e.g. Chatterjee, Chakrabarti & Ghosh 
017a , b ). Compton scattering could induce X-ray polarization. The 
ariation in the polarization caused by repeated scatterings could be 
etected abo v e the minimum detectable polarization with the ongoing 
maging X-ray Polarimetry Explorer (Weisskopf et al. 2016 ) or future
-ray polarimetry missions, such as XPoSat . 

.4 The l –θ plane 

e constructed the compactness–temperature ( l − θ ) diagram in Fig. 
 . Solid black and red lines correspond to the pair production lines
or slab and hemispherical geometries from Stern et al. ( 1995 ). The
olid magenta line represents the pair production line from Svensson 
 1984 ). The compactness ( l ) is calculated using equation ( 2 ). 

The pair production is thought to be a fundamental process in
GN coronae due to photon–photon collisions (e.g. Svensson 1982a , 
 ; Guilbert, Fabian & Rees 1983 ). This process could, in fact, lead
o a runway pair production, which might act as a thermostat for
he corona (e.g. Bisno vatyi-Kogan, Zel’do vich & Syun yaev 1971 ;
v ensson 1984 ; Zdziarski 1985 ; F abian et al. 2015 , 2017 ). If that were

he case, then the AGN would be expected to lie below the pair line.
e found that all the sources are located below the theoretical pair

ines for slab and hemispherical geometry. The sources in our sample
re located around the electron–electron (e −–e −) and electron–proton 
e −–p) coupling lines, which could indicate the processes responsible 
or the cooling. We also found that three sources lie below the
remsstrahlung cooling line ( t B = t C ). All three sources, namely
GC 3718, NGC 3998, and UGC 12282, have λEdd < 10 −5 and,

s the Eddington ratio is directly proportional to the compactness, 
hich leads to the low compactness (Ricci et al. 2018 ). 

.5 Obscuration properties 

he co v ering factor of the circumnuclear obscuring materials has
een found to decrease with increasing accretion rates (e.g. Ueda 
t al. 2003 ; Treister, Krolik & Dullemond 2008 ). Ho we ver, recent
ork has shown that the obscuring material in nearby AGN is

egulated by the Eddington ratio (Ricci et al. 2017b ). It has been
ound that the co v ering factor is ∼ 85 per cent for λEdd ∼ 10 −4 –
0 −1.5 , and sharply decreases at λEdd > 10 −1.5 (Ricci et al. 2017b ).
he obscuring material is expected to disappear at very low accretion

ates (e.g. Elitzur 2008 ) due to the lack of outflowing material (e.g.
litzur 2008 ). Ricci et al. ( 2022 ) suggested that an inactive AGN
 λEdd < < 10 −4 ) starts accreting following an inflow of gas and dust
see also Ricci et al. 2017b ). This increases both N H and λEdd . When
Edd reaches a critical value ( λEdd ∼ 10 −1.5 ), the radiation pressure 
lows away the obscuring material. The AGN spends some time as
nobscured ( N H < 10 22 cm 

−2 ) before moving back to the low λEdd 

tate with low N H . 
Figure 9 shows the histogram of our sample’s line of sight column

ensity. In our sample, we found that nine sources are unobscured
 N 

los 
H < 10 22 cm 

−2 ) and 21 sources are obscured ( N 

los 
H > 10 22 cm 

−2 ).
mong the 21 obscured sources, two sources are Compton-thick 
MNRAS 524, 4670–4687 (2023) 
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 N 

los 
H > 10 24 cm 

−2 ) and 19 sources are Compton-thin ( N 

los 
H = 10 22–24 

m 

−2 ). We found two unobscured sources and one obscured source
one of them in CT) in an extremely low accretion region ( λEdd <

0 −5 ). On the other hand, at 10 −5 < λEdd < 10 −3 , we observed that
even sources are unobscured, and 20 sources are obscured. If we
o v e towards the low accretion region ( λEdd < −5), the fraction of

bscured sources drops from ∼ 73 + 8 
−9 per cent to ∼ 39 + 23 

−20 per cent . 13 

he increasing fraction of unobscured sources towards the low-
ccretion regime supports the Eddington ratio regulated unification
odel (e.g. Ricci et al. 2017b , 2022 ). 
We obtained the average density of the obscuring material ( N 

tor 
H ),

hich is responsible for the reprocessing emission. The median of
 

tor 
H is found to be log N 

tor 
H = 24 . 22 ± 0 . 45, which is higher than the

 

los 
H . The median of the line of sight column density is log N 

los 
H =

3 . 02 ± 0 . 08. We plot the variation of N 

tor 
H as a function of λEdd in

ig. 10 . The linear regression analysis found that log N 

tor 
H = (0 . 34 ±

 . 04) log λEdd + (25 . 5 ± 0 . 5), suggesting a positive relation between
Edd and N 

tor 
H . This suggests that at low Eddington ratio, the average

olumn density decreases. Diaz et al. ( 2023 ) also found a similar
elation between N 

tor 
H and λEdd . The relation between N 

tor 
H and λEdd 

lso supports the Eddington ratio regulated unification and growth
odel (e.g. Ricci et al. 2022 ). 

.6 Reprocessed emission 

e obtained the reflection parameter ( R ) from Model-1a and Model-
b. From our analysis, it is found that R could be constrained only in
 sources out of a total of 30 sources. As in case of E cut and kT e , we
alculated the mean of R by running 1000 Monte Carlo simulations,
ith the range of R between 0 and 10. We found the mean < R > =
.25 ± 0.08 with a median of 0.26 ± 0.09. Ricci et al. ( 2017a ) found
 higher value of median of R as 0.53 ± 0.09 with a sample of 838
AT AGNs. Our finding is consistent with the fact that the low-
ccreting AGNs show weak reflection (e.g. Ptak et al. 2004 ; Younes
t al. 2011 ). 

We modelled the Fe K-emission line with a Gaussian function
hile fitting the data with Model-1. Out of total of 30 sources, a
NRAS 524, 4670–4687 (2023) 

3 The fractions are computed following Cameron ( 2011 ), and the reported 
ncertainties represent the 16th and 84th quantiles of a binomial distribution. 

1

1

aussian line is required in 28 objects. We did not find the iron K α

ine for two sources: NGC 3147 and NGC 3998. We could constrain
he equi v alent width (EW) for 19 sources. We tested the so-called
X-ray Baldwin effect’, i.e. the correlation of EW with the X-ray
uminosity in our sample (Iw asaw a & Taniguchi 1993 ). Figure 11
hows the EW of Fe K α line as a function of X-ray luminosity
 L X, 44 ). The linear regression analysis returned as log EW = ( −
.12 ± 0.09)log L X, 44 + (2.1 ± 0.1), where EW and L X ,44 are in the
nit of eV, and 10 44 erg s −1 , respectively. This relation is consistent
ith the previous studies of the X-ray Baldwin effect (e.g. Bianchi

t al. 2007 ; Ricci et al. 2013 ). We also checked the relation of
W with λEdd . The linear best-fitting result returned with log EW =
 −0.15 ± 0.10)log λEdd + (1.74 ± 0.52). Our result is consistent with
he previous studies (e.g. Ricci et al. 2013 ). The observed relation
uggests that the reprocessing mechanism of LA C-A GNs is similar
o the HA C–A GNs. 

We did not find any correlation or anticorrelation of EW with the
 2–10 keV, L X,44 , and λEdd . The small sample size could be the reason
or not observing any correlation/anticorrelation of EW with other
arameters. 

.7 Jet 

n LA C-A GNs X-ray radiation is believed to be produced in a
adiati vely inef ficient flo w (e.g. Narayan & Yi 1994 ; Quataert 2001 ;
emmen et al. 2014 ), or from the base of the jet (e.g. Markoff,
alcke & Fender 2001 ; Falcke, K ̈ording & Markoff 2004 ). The
bserved jet luminosity ( L jet ) 14 is tabulated in Table 3 . Figure 12
hows the histogram plots for the L bol and the L jet of our sample.
he red dashed, and solid blue lines represent the L jet and L bol ,

espectiv ely. We observ ed that the L jet is higher than the L bol 
15 for

very source in our sample. The L jet is found to be ∼0–3 orders
f magnitude higher than the L bol . If we consider ∼ 5 per cent
ower of the jet is radiated away (e.g. Blandford & K ̈onigl 1979 ;
ender 2001 ), the total jet power ( Q jet ) would be ∼0–4 orders of
4 L jet is calculated from the L R . 
5 The L bol is calculated from the 2–10 keV X-ray luminosity (see Section 3 ) 
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agnitude higher than the bolometric luminosity ( L bol ). This is not
ncommon for LLA GNs: Nagar , Falcke & W ilson ( 2005 ) studied a
ample of LLAGNs and found Q jet (also L jet ) exceeds the L bol by 0–
.5 magnitude with a mean around three orders in their sample. This
tudy suggests that the jet luminosity greatly surpasses the accretion 
ower in the LA C-A GNs. 
Figure 13 shows the variation of the jet luminosity ( L jet ) with

he bolometric luminosity ( L bol ). The solid red line represents the
est linear fit log ( L jet ) = (0.68 ± 0.12)log ( L bol ) + (12.7 ± 8.1)
rom the linear regression analysis. This relation is consistent with 
he standard radio–X-ray correlation of coefficient of ∼0.6–0.7 (e.g. 
orbel et al. 2000 , 2003 ; Gallo, Fender & Pooley 2003 ; Merloni
t al. 2003 ; K ̈ording, Fender & Migliari 2006 ; Gallo et al. 2014 ).
he standard correlation is the relation between the radio and X-ray 
ux in the low hard state of black holes. Thus, the similar relation
f L jet –L bol for the present sample indicates a radiatively inefficient 
ccretion flow in the LA C-A GNs. 
 C O N C L U S I O N  A N D  SUMMARY  

e studied 30 low-accreting AGNs ( λEdd < 10 −3 ) using combined
wift , XMM–Newton , and NuSTAR data in 0.5–150 keV range.
or the spectral analysis, we used the convolution model REFLECT 

nd torus-based physically moti v ated BORUS model combined with 
ither the CUTOFFPL or the NTHCOMP model for the continuum. 
everal parameters, namely the photon index, cutoff energy, and 
ot electron temperature of the corona, are estimated directly from 

he spectral fitting. Other parameters, such as the optical depth, the
umber of scatterings, and compactness, are calculated using spectral 
arameters. We inspected correlations among several parameters to 
nderstand the accretion dynamics in the low accreting region. 
We summarize our work as follows. 

(i) We studied 30 low-accreting AGNs ( λEdd < 10 −3 ) using 
ombined Swift , XMM–Newton , and NuSTAR data to understand the
ccretion properties at low accretion region. 

(ii) We did not find any significant correlation between the photon 
ndex ( �) and Eddington ratio ( λEdd ), contrary to the previous studies
n the low-accretion domain. 

(iii) We found that the hot electron temperature ( kT e ) is related to
he cutoff energy ( E cut ) as E cut = (2.10 ± 0.12) kT e + (29.4 ± 12.1).

(iv) We noticed that all the sources are located well below the pair
roduction line in the compactness–temperature ( l − θ ) diagram. We 
ote that the cooling process is complex in the low accretion region.
(v) We observed the so-called ‘X-ray Baldwin effect’ in low- 

ccretion regime. The EW of the Fe K α line is found to be related
ith the X-ray luminosity ( L X,44 ) and Eddington ratio ( λEdd ) as

og EW = ( −0.12 ± 0.09)log L X,44 + (2.1 ± 0.1) and log EW =
 −0.15 ± 0.10)log λEdd + (1.74 ± 0.52). 

(vi) The jet luminosity ( L jet ) is related with the bolometric lumi-
osity as L jet ∝ L 

0 . 7 
bol . This relation is consistent with the standard

adio-X-ray correlation for Galactic black hole X-ray binary in the 
ow hard state. This supports the presence of a radiatively inefficient
ccretion flow in the LA C-A GNs. 

(vii) We observed that the fraction of the unobscured sources in- 
reases as the Eddington ratio decreases. This support the Eddington 
atio regulated unification model of AGNs. 

In this work, we studied the coronal properties of AGNs with the
ddington ratio ranges in λEdd ∼ 10 −6.5 –10 −3 . In the future, we will
dd more AGNs to our sample with an even lower Eddington ratio.
uture broad-band hard X-ray missions, such as HEX-P (Madsen 
t al. 2018 ), could allow us to constrain E cut with better accuracy
nd expand our understanding of such systems profoundly. On the 
ther hand, the large ef fecti ve area and high throughput of Colibr ̀ı
Caiazzo et al. 2019 ; Heyl et al. 2019 ) would be able to extend the
opulation of LLAGNs as well as provide crucial information related 
o the line of sight N H distribution (Ricci et al. 2017b ) of them. 

C K N OW L E D G E M E N T S  

e thank the anonymous re vie wers for their constructive suggestions
hich helped to impro v e the paper. AJ and HK acknowledge the

upport of the grant from the Ministry of Science and Technology
f Taiwan with the grand number MOST 110-2811-M-007-500 and 
OST 111-2811-M-007-002. HK acknowledge the support of the 

rant from the Ministry of Science and Technology of Taiwan with
he grand number MOST 110-2112-M-007-020 and MOST-111- 
112-M-007-019. AC and SSH are supported by the Canadian Space 
gency and the Natural Sciences and Engineering Research Council 
f Canada. CR acknowledges support from the F ondec yt Iniciacion
MNRAS 524, 4670–4687 (2023) 



4682 A. Jana et al. 

M

g  

a  

o  

m  

A  

i  

t  

p  

t  

m  

p  

T
N  

d  

u  

t

D

W  

t  

a

R

A
A  

A
A  

 

A
B
B
B  

B  

B
B
B
C  

 

C
C
C  

C
C
C  

C  

D
d
D
D
D
E
E
E
F

F  

F  

F
F
F
F
G
G
G
G
G
G
G
G
H
H
H
H  

H
H
H
I
J  

J  

J
J
K  

K
K  

K  

K
K
K
L  

M
M  

M  

 

 

M
M
M
M
M
M
M  

M
M
M  

M
M  

N
N  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/3/4670/7225534 by U
niversity of O

slo Library user on 07 N
ovem

ber 2023
rant 11190831 and ANID BASAL project FB210003. Research
t Physical Research Laboratory is supported by the Department
f Space, Go v ernment of India, for this work. This research has
ade use of data and/or software provided by the High Energy
strophysics Science Archive Research Center (HEASARC), which

s a service of the Astrophysics Science Division at NASA/GSFC and
he High Energy Astrophysics Division of the Smithsonian Astro-
hysical Observatory. This work has made use of data obtained from
he NuSTAR mission, a project led by Caltech, funded by NASA and
anaged by NASA/JPL, and has utilized the NuSTARDAS software

ackage, jointly developed by the ASDC, Italy and Caltech, USA.
his research has made use of observations obtained with XMM –
ewton , an ESA science mission with instruments and contributions
irectly funded by ESA Member States and NASA. This work made
se of XRT data supplied by the UK Swift Science Data Centre at
he University of Leicester, UK. 

ATA  AVA ILA BILITY  

e used archi v al data of NuSTAR, Swift and XMM-Newton observa-
ories for this work. All the models used in this work are publicly
vailable. Appropriate links are given in the text. 

E FEREN C ES  

kylas A. , Georgantopoulos I., 2021, A&A , 655, A60 
nanna T. T. , Treister E., Urry C. M., Ricci C., Hickox R. C., Padmanabhan

N., Marchesi S., Kirkpatrick A., 2020, ApJ , 889, 17 
nders E. , Grevesse N., 1989, Geochim. Cosmochim. Acta , 53, 197 
rnaud K. A. , 1996, in Jacoby G. H., Barnes J., eds, ASP Conf. Ser. Vol. 101,

Astronomical Data Analysis Software and Systems V. Astron. Soc. Pac.,
San Francisco, p. 17 

rnaud K. A. et al., 1985, MNRAS , 217, 105 
alokovi ́c M. et al., 2018, ApJ , 854, 42 
alokovi ́c M. et al., 2020, ApJ , 905, 41 
ianchi S. , Guainazzi M., Matt G., Fonseca Bonilla N., 2007, A&A , 467,

L19 
isnovatyi-Kogan G. S. , Zel’dovich Y. B., Syunyaev R. A., 1971, Sov.

Astron., 15, 17 
landford R. D. , K ̈onigl A., 1979, ApJ , 232, 34 
rightman M. et al., 2013, MNRAS , 433, 2485 
rightman M. et al., 2018, ApJ , 867, 110 
aiazzo I. et al., 2019, Unveiling the secrets of black holes and neutron

stars with high-throughput, high-energy resolution X-ray spectroscopy.
Zenodo. Available at: https:// doi.org/ 10.5281/ zenodo.3824441 

ameron E. , 2011, PASA , 28, 128 
hakrabarti S. , Titarchuk L. G., 1995, ApJ , 455, 623 
hartas G. , Kochanek C. S., Dai X., Poindexter S., Garmire G., 2009, ApJ ,

693, 174 
hatterjee A. , Chakrabarti S. K., Ghosh H., 2017a, MNRAS , 465, 3902 
hatterjee A. , Chakrabarti S. K., Ghosh H., 2017b, MNRAS , 472, 1842 
orbel S. , Fender R. P., Tzioumis A. K., Nowak M., McIntyre V., Durouchoux

P., Sood R., 2000, A&A , 359, 251 
orbel S. , Nowak M. A., Fender R. P., Tzioumis A. K., Markoff S., 2003,

A&A , 400, 1007 
adina M. , 2007, A&A , 461, 1209 
e Rosa A. et al., 2012, MNRAS , 420, 2087 
iaz Y. et al., 2023, A&A , 669, A114 
one C. , Gierli ́nski M., Kubota A., 2007, A&AR , 15, 1 
one C. , Davis S. W., Jin C., Blaes O., Ward M., 2012, MNRAS , 420, 1848 
litzur M. , 2008, New Astron. Rev. , 52, 274 
sin A. A. , McClintock J. E., Narayan R., 1997, ApJ , 489, 865 
vans P. A. et al., 2009, MNRAS , 397, 1177 
abian A. C. et al., 2009, Nature , 459, 540 
NRAS 524, 4670–4687 (2023) 
abian A. C. , Lohfink A., Kara E., Parker M. L., Vasude v an R., Reynolds C.
S., 2015, MNRAS , 451, 4375 

abian A. C. , Lohfink A., Belmont R., Malzac J., Coppi P., 2017, MNRAS ,
467, 2566 

alcke H. , K ̈ording E., Markoff S., 2004, A&A , 414, 895 
ender R. P. , 2001, MNRAS , 322, 31 
ender R. , Belloni T., 2004, ARA&A , 42, 317 
 oreman-Macke y D. , 2016, J. Open Source Softw. , 1, 24 
allo E. , Fender R. P., Pooley G. G., 2003, MNRAS , 344, 60 
allo E. et al., 2014, MNRAS , 445, 290 
ardner E. , Done C., 2013, MNRAS , 434, 3454 
eorge I. M. , Fabian A. C., 1991, MNRAS , 249, 352 
illi R. , Comastri A., Hasinger G., 2007, A&A , 463, 79 
u M. , Cao X., 2009, MNRAS , 399, 349 
uilbert P. W. , Fabian A. C., Rees M. J., 1983, MNRAS , 205, 593 
upta K. K. et al., 2021, MNRAS , 504, 428 
I4PI Collaboration , 2016, A&A , 594, A116 
aardt F. , Maraschi L., 1991, ApJ , 380, L51 
arrison F. A. et al., 2013, ApJ , 770, 103 
ern ́andez-Garc ́ıa L. , Gonz ́alez-Mart ́ın O., M ́arquez I., Masegosa J., 2013,

A&A , 556, A47 
eyl J. et al., 2019, Bull. Am. Astron. Soc. , 51, 175 
inkle J. T. , Mushotzky R., 2021, MNRAS , 506, 4960 
o L. C. , 2009, ApJ , 699, 626 

w asaw a K. , Taniguchi Y., 1993, ApJ , 413, L15 
ana A. , Chatterjee A., Kumari N., Nandi P., Naik S., Patra D., 2020, MNRAS ,

499, 5396 
ana A. , Kumari N., Nandi P., Naik S., Chatterjeee A., Jaisawal G. K.,

Hayasaki K., Ricci C., 2021, MNRAS , 507, 687 
ang I. , Gliozzi M., Hughes C., Titarchuk L., 2014, MNRAS , 443, 72 
ansen F. et al., 2001, A&A , 365, L1 
amraj N. , Harrison F. A., Balokovi ́c M., Lohfink A., Brightman M., 2018,

ApJ , 866, 124 
amraj N. et al., 2022, ApJ , 927, 42 
ara E. , Fabian A. C., Cackett E. M., Uttley P., Wilkins D. R., Zoghbi A.,

2013, MNRAS , 434, 1129 
awamuro T. , Ueda Y., Tazaki F., Terashima Y., Mushotzky R., 2016, ApJ ,

831, 37 
 ̈ording E. G. , Fender R. P., Migliari S., 2006, MNRAS , 369, 1451 
oss M. et al., 2017, ApJ , 850, 74 
oss M. J. et al., 2022, ApJS , 261, 2 
ohfink A. M. , Reynolds C. S., Miller J. M., Brenneman L. W., Mushotzky

R. F., Nowak M. A., Fabian A. C., 2012, ApJ , 758, 67 
adsen K. K. et al., 2015, ApJS , 220, 8 
adsen K. K. , Forster K., Grefenstette B. W., Harrison F. A., Stern D., 2017,

ApJ , 841, 56 
adsen K. K. et al., 2018, in den Herder J.-W. A., Nikzad S., Nakazawa

K., eds, Proc. SPIE Conf. Ser. Vol. 10699, Space Telescopes and
Instrumentation 2018: Ultraviolet to Gamma Ray. SPIE, Bellingham,
p. 106996M 

agdziarz P. , Zdziarski A. A., 1995, MNRAS , 273, 837 
akishima K. et al., 2000, ApJ , 535, 632 
alkan M. A. , Sargent W. L. W., 1982, ApJ , 254, 22 
arkoff S. , Falcke H., Fender R., 2001, A&A , 372, L25 
ason R. E. et al., 2012, AJ , 144, 11 
att G. , Perola G. C., Piro L., 1991, A&A, 247, 25 
cHardy I. M. , Gunn K. F., Uttley P., Goad M. R., 2005, MNRAS , 359,

1469 
ehdipour M. et al., 2011, A&A , 534, A39 
erloni A. , Heinz S., di Matteo T., 2003, MNRAS , 345, 1057 
iddei R. , Bianchi S., Marinucci A., Matt G., Petrucci P. O., Tamborra F.,

Tortosa A., 2019, A&A , 630, A131 
olina M. et al., 2009, MNRAS , 399, 1293 
olina M. , Bassani L., Malizia A., Stephen J. B., Bird A. J., Bazzano A.,

Ubertini P., 2013, MNRAS , 433, 1687 
agar N. M. , Falcke H., Wilson A. S., 2005, A&A , 435, 521 
andi P. , Chatterjee A., Chakrabarti S. K., Dutta B. G., 2021, MNRAS , 506,

3111 

http://dx.doi.org/10.1051/0004-6361/202141186
http://dx.doi.org/10.3847/1538-4357/ab5aef
http://dx.doi.org/10.1016/0016-7037(89)90286-X
http://dx.doi.org/10.1093/mnras/217.1.105
http://dx.doi.org/10.3847/1538-4357/aaa7eb
http://dx.doi.org/10.3847/1538-4357/abc342
http://dx.doi.org/10.1051/0004-6361:20077331
http://dx.doi.org/10.1086/157262
http://dx.doi.org/10.1093/mnras/stt920
http://dx.doi.org/10.3847/1538-4357/aae1ae
https://doi.org/10.5281/zenodo.3824441
http://dx.doi.org/10.1071/AS10046
http://dx.doi.org/10.1086/176610
http://dx.doi.org/10.1088/0004-637X/693/1/174
http://dx.doi.org/10.1093/mnras/stw2975
http://dx.doi.org/10.1093/mnras/stx1916
http://dx.doi.org/10.48550/arXiv.astro-ph/0003460
http://dx.doi.org/10.1051/0004-6361:20030090
http://dx.doi.org/10.1051/0004-6361:20065734
http://dx.doi.org/10.1111/j.1365-2966.2011.20167.x
http://dx.doi.org/10.1051/0004-6361/202244678
http://dx.doi.org/10.1007/s00159-007-0006-1
http://dx.doi.org/10.1111/j.1365-2966.2011.19779.x
http://dx.doi.org/10.1016/j.newar.2008.06.010
http://dx.doi.org/10.1086/304829
http://dx.doi.org/10.1111/j.1365-2966.2009.14913.x
http://dx.doi.org/10.1038/nature08007
http://dx.doi.org/10.1093/mnras/stv1218
http://dx.doi.org/10.1093/mnras/stx221
http://dx.doi.org/10.1051/0004-6361:20031683
http://dx.doi.org/10.1046/j.1365-8711.2001.04080.x
http://dx.doi.org/10.1146/annurev.astro.42.053102.134031
http://dx.doi.org/10.21105/joss.00024
http://dx.doi.org/10.1046/j.1365-8711.2003.06791.x
http://dx.doi.org/10.1093/mnras/stu1599
http://dx.doi.org/10.1093/mnras/stt1257
http://dx.doi.org/10.1093/mnras/249.2.352
http://dx.doi.org/10.1051/0004-6361:20066334
http://dx.doi.org/10.1111/j.1365-2966.2009.15277.x
http://dx.doi.org/10.1093/mnras/205.3.593
http://dx.doi.org/10.1093/mnras/stab839
http://dx.doi.org/10.1051/0004-6361/201629178
http://dx.doi.org/10.1086/186171
http://dx.doi.org/10.1088/0004-637X/770/2/103
http://dx.doi.org/10.1051/0004-6361/201321563
http://dx.doi.org/https://baas.aas.org/pub/2020n7i175
http://dx.doi.org/10.1093/mnras/stab1976
http://dx.doi.org/10.1088/0004-637X/699/1/626
http://dx.doi.org/10.1086/186948
http://dx.doi.org/10.1093/mnras/staa2552
http://dx.doi.org/10.1093/mnras/stab2155
http://dx.doi.org/10.1093/mnras/stu1024
http://dx.doi.org/10.1051/0004-6361:20000036
http://dx.doi.org/10.3847/1538-4357/aadd0d
http://dx.doi.org/10.3847/1538-4357/ac45f6
http://dx.doi.org/10.1093/mnras/stt1055
http://dx.doi.org/10.3847/0004-637X/831/1/37
http://dx.doi.org/10.1111/j.1365-2966.2006.10383.x
http://dx.doi.org/10.3847/1538-4357/aa8ec9
http://dx.doi.org/10.3847/1538-4365/ac6c05
http://dx.doi.org/10.1088/0004-637X/758/1/67
http://dx.doi.org/10.1088/0067-0049/220/1/8
http://dx.doi.org/10.3847/1538-4357/aa6970
http://dx.doi.org/10.1093/mnras/273.3.837
http://dx.doi.org/10.1086/308868
http://dx.doi.org/10.1086/159701
http://dx.doi.org/10.1051/0004-6361:20010420
http://dx.doi.org/10.1088/0004-6256/144/1/11
http://dx.doi.org/10.1111/j.1365-2966.2005.08992.x
http://dx.doi.org/10.1051/0004-6361/201116875
http://dx.doi.org/10.1046/j.1365-2966.2003.07017.x
http://dx.doi.org/10.1051/0004-6361/201935881
http://dx.doi.org/10.1111/j.1365-2966.2009.15257.x
http://dx.doi.org/10.1093/mnras/stt844
http://dx.doi.org/10.1051/0004-6361:20042277
http://dx.doi.org/10.1093/mnras/stab1699


Low-accreting AGNs 4683 

N
N  

N  

O
P
P
P  

P
P
P  

P
Q
Q  

R
R
R
R  

R  

R
R
R
R
R
R

R  

S
S
S  

S  

S
S  

S
S
S
S
S
T
T  

T
T
T

U
U
U  

U  

V
V  

W  

 

W
Y  

Y
Y  

Y
Z
Z
Z
Z  

A
N

W
F
t  

v
s
N  

r
l  

W
t  

b
t
i  

n  

u
o

c
s  

d  

p  

b  

i

A
T

W  

s
d  

F  

o  

a
N  

o  

i
t  

c
s  

u  

p

A

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/3/4670/7225534 by U
niversity of O

slo Library user on 07 N
ovem

ber 2023
arayan R. , Yi I., 1994, ApJ , 428, L13 
arayan R. , Mahade v an R., Grindlay J. E., Popham R. G., Gammie C., 1998,

ApJ , 492, 554 
emmen R. S. , Storchi-Bergmann T., Eracleous M., 2014, MNRAS , 438,

2804 
h K. et al., 2018, ApJS , 235, 4 
al I. , Stalin C. S., Mallick L., Rani P., 2022, A&A 662, 78 
anessa F. et al., 2011, MNRAS , 417, 2426 
erola G. C. , Matt G., Cappi M., Fiore F., Guainazzi M., Maraschi L., Petrucci

P. O., Piro L., 2002, A&A , 389, 802 
etrucci P. O. et al., 2001, ApJ , 556, 716 
lotkin R. M. , Gallo E., Jonker P. G., 2013, ApJ , 773, 59 
ozdn yako v L. A. , Sobol I. M., Syunyaev R. A., 1983, Astrophys. Space

Phys. Res., 2, 189 
tak A. , Terashima Y., Ho L. C., Quataert E., 2004, ApJ , 606, 173 
iao E. , Liu B. F., 2013, ApJ , 764, 2 
uataert E. , 2001, in Peterson B. M., Pogge R. W., Polidan R. S., eds, ASP

Conf. Ser. Vol. 224, Probing the Physics of Active Galactic Nuclei. Astron. 
Soc. Pac., San Francisco, p.71 

ani P. , Stalin C. S., Goswami K. D., 2019, MNRAS , 484, 5113 
ees M. J. , 1984, ARA&A , 22, 471 
eis R. C. , Miller J. M., 2013, ApJ , 769, L7 
icci C. , Paltani S., Awaki H., Petrucci P. O., Ueda Y., Brightman M., 2013,

A&A , 553, A29 
icci C. , Ueda Y., Koss M. J., Trakhtenbrot B., Bauer F. E., Gandhi P., 2015,

ApJ , 815, L13 
icci C. et al., 2017a, ApJS , 233, 17 
icci C. et al., 2017b, Nature , 549, 488 
icci C. et al., 2018, MNRAS , 480, 1819 
icci C. et al., 2022, ApJ , 938, 67 
isaliti G. , Young M., Elvis M., 2009, ApJ , 700, L6 
isaliti G. , Nardini E., Salvati M., Elvis M., Fabbiano G., Maiolino R., Pietrini 

P., Torricelli-Ciamponi G., 2011, MNRAS , 410, 1027 
ybicki G. B. , Lightman A. P., 1979, Radiative Processes in Astrophysics,

Wiley-Interscience Publication, New York 
hakura N. I. , Sunyaev R. A., 1973, A&A, 500, 33 
he R. , Ho L. C., Feng H., Cui C., 2018, ApJ , 859, 152 
hemmer O. , Brandt W. N., Netzer H., Maiolino R., Kaspi S., 2006, ApJ ,

646, L29 
hemmer O. , Brandt W. N., Netzer H., Maiolino R., Kaspi S., 2008, ApJ ,

682, 81 
ingh K. P. , Garmire G. P., Nousek J., 1985, ApJ , 297, 633 
tern B. E. , Poutanen J., Svensson R., Sikora M., Begelman M. C., 1995,

ApJ , 449, L13 
unyaev R. A. , Titarchuk L. G., 1980, A&A, 500, 167 
unyaev R. A. , Titarchuk L. G., 1985, A&A, 143, 374 
vensson R. , 1982a, ApJ , 258, 321 
vensson R. , 1982b, ApJ , 258, 335 
vensson R. , 1984, MNRAS , 209, 175 
itarchuk L. , 1994, ApJ , 434, 570 
ortosa A. , Bianchi S., Marinucci A., Matt G., Petrucci P. O., 2018, A&A ,

614, A37 
rakhtenbrot B. et al., 2017, MNRAS , 470, 800 
reister E. , Krolik J. H., Dullemond C., 2008, ApJ , 679, 140 
ully R. B. , 1988, Nearby Galaxies Catalog, Cambridge University Press, 

Cambridge 
 V. et al., 2013, ApJ , 775, 115 
eda Y. , Akiyama M., Ohta K., Miyaji T., 2003, ApJ , 598, 886 
eda Y. , Akiyama M., Hasinger G., Miyaji T., Watson M. G., 2014, ApJ ,

786, 104 
ttley P. , Cackett E. M., Fabian A. C., Kara E., Wilkins D. R., 2014, A&AR ,

22, 72 
asude v an R. V. , Fabian A. C., 2009, MNRAS , 392, 1124 
erner D. A. , Ferland G. J., Korista K. T., Yakovlev D. G., 1996, ApJ , 465,

487 
eisskopf M. C. et al., 2016, in den Herder J.-W. A., Takahashi T.,

Bautz M., eds, Proc. SPIE Conf. Ser. Vol. 9905, Space Telescopes and
Instrumentation 2016: Ultraviolet to Gamma Ray. SPIE, Bellingham, p. 
990517 

oo J.-H. , Urry C. M., 2002, ApJ , 579, 530 
ang Q.-X. , Xie F.-G., Yuan F., Zdziarski A. A., Gierli ́nski M., Ho L. C., Yu

Z., 2015, MNRAS , 447, 1692 
ounes G. , Porquet D., Sabra B., Reeves J. N., 2011, A&A , 530, A149 
ounes G. , Ptak A., Ho L. C., Xie F.-G., Terasima Y., Yuan F., Huppenkothen

D., Yukita M., 2019, ApJ , 870, 73 
uan F. , Narayan R., 2014, ARA&A , 52, 529 
dziarski A. A. , 1985, ApJ , 289, 514 
dziarski A. A. , Johnson W. N., Magdziarz P., 1996, MNRAS , 283, 193 
dziarski A. A. , Lubi ́nski P., Smith D. A., 1999, MNRAS , 303, L11 
oghbi A. , Fabian A. C., Reynolds C. S., Cackett E. M., 2012, MNRAS , 422,

129 

PPENDI X  A :  SPECTRAL  VA RI ABI LI TY  F O R  

ON-SI MULT  A N E O U S  DAT  A  

e used XMM–Newton observations for 12 sources in our sample. 
ive of these 12 XMM–Newton observations were not made simul- 

aneously with the NuSTAR . We checked if there is any spectral
ariability between the XMM–Newton and NuSTAR data for non- 
imultaneous observations. We performed joint fitting of XMM–
ewton and NuSTAR data in common energy range, i.e. in 3–10 keV

ange to check the variability. We used simple absorbed power- 
aw model, along with a Gaussian component, for the Fe K-line.

e allowed � and power-law normalization vary freely between 
wo data sets. We find that � does not vary more than 10 per cent
etween the XMM–Newton , and NuSTAR observations for each of 
he five objects, while power-law normalization changes. The change 
n the power-law normalization can be taken care of by using ‘cross-
ormalization’ factor. As � did not vary more than 10 per cent, we
sed XMM–Newton data with the NuSTAR data for non-simultaneous 
bservations. 
Similar to the non-simultaneous XMM–Newton data, we also 

hecked for spectral variability while adding the time-integrated BAT 

pectra with the NuSTAR spectra. We fitted the joint NuSTAR + BAT
ata in the common energy range (i.e. 15–78 keV) with a cutoff
ower-law model. The spectral parameters ( � and E cut ) are found to
e consistent (within 10 per cent) for both NuSTAR and BAT spectra
n the 15–78 keV energy range. 

PPENDI X  B:  A D D I T I O N  O F  

I ME-I NTEGRA  TED  BA  T  SPECTRA  

e used 105-months BAT data for the spectra analysis. The BAT
pectra were added with the NuSTAR and XMM–Newton or XRT 

ata, which were obtained in short time-scale ( ∼10 to −100 ks).
or individual sources, there is a possibility that the spectral state
f AGN could change in the BAT time-scale, so it may not be
ppropriate to add BAT spectra with the pointed observations of 
uSTAR and XMM–Newton . Ho we ver, as the current work focus
n the statistical properties of LA C-A GNs, the addition of time-
ntegrated BAT data do not change the overall findings. We checked 
hat if spectral analysis with and without the BAT spectra and the
orrelation properties of various spectral parameters remains the 
ame. The addition of the BAT data allow us to probe the spectra
p to 150 keV which it impro v es the uncertainty of the spectral
arameters. 
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Table C1. Spectral analysis result with Model-1a and Model-1b. 

Model-1a Model-1b 
Object log N 

los 
H � E cut R χ2 /dof log N 

los 
H � kT e R χ2 /dof 

log (cm 

−2 ) (keV) log (cm 

−2 ) (keV) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

NGC 454E 23 . 58 + 0 . 06 
−0 . 09 1 . 80 + 0 . 07 

−0 . 05 > 352 > 0.91 231/207 23 . 58 + 0 . 06 
−0 . 09 1 . 78 + 0 . 05 

−0 . 08 > 165 > 0.94 236/209 

NGC 1052 23 . 16 + 0 . 03 
−0 . 04 1 . 71 + 0 . 04 

−0 . 06 254 + 152 
−113 > 1.33 939/968 23 . 17 + 0 . 03 

−0 . 05 1 . 70 + 0 . 05 
−0 . 04 87 + 42 

−39 > 1.44 819/890 

NGC 2110 22 . 59 + 0 . 02 
−0 . 01 1 . 68 + 0 . 05 

−0 . 04 218 + 35 
−47 <0.04 2356/2226 22 . 58 + 0 . 02 

−0 . 02 1 . 69 + 0 . 05 
−0 . 06 73 + 32 

−15 <0.07 2365/2226 

NGC 2655 23 . 23 + 0 . 37 
−0 . 16 1 . 51 + 0 . 06 

−0 . 08 > 44 > 0.48 116/122 23 . 22 + 0 . 26 
−0 . 14 1 . 50 + 0 . 06 

−0 . 09 > 23 > 0.49 119/122 

NGC 3079 24 . 24 + 0 . 12 
−0 . 07 1 . 81 + 0 . 05 

−0 . 09 164 + 82 
−58 > 1.45 274/296 24 . 24 + 0 . 13 

−0 . 08 1 . 81 + 0 . 05 
−0 . 08 52 + 22 

−12 > 1.44 275/296 

NGC 3147 22 . 09 + 0 . 06 
−0 . 06 1 . 90 + 0 . 04 

−0 . 06 395 + 167 
−44 0 . 41 + 0 . 34 

−0 . 22 621/579 22 . 09 + 0 . 06 
−0 . 07 1 . 91 + 0 . 04 

−0 . 05 156 + 74 
−31 0 . 41 + 0 . 35 

−0 . 45 619/579 

NGC 3718 21 . 94 + 0 . 05 
−0 . 04 1 . 84 + 0 . 04 

−0 . 06 267 + 117 
−81 <0.18 1282/1238 21 . 95 + 0 . 03 

−0 . 03 1 . 83 + 0 . 03 
−0 . 04 115 + 60 

−42 <0.16 1285/1238 

NGC 3786 21 . 83 + 0 . 26 
−0 . 09 1 . 64 + 0 . 05 

−0 . 08 186 + 102 
−75 1 . 04 + 0 . 57 

−0 . 24 182/185 21 . 83 + 0 . 31 
−0 . 13 1 . 71 + 0 . 05 

−0 . 06 81 + 38 
−22 1 . 03 + 0 . 56 

−0 . 39 181/185 

NGC 3998 20.00 ∗ 1 . 86 + 0 . 08 
−0 . 05 252 + 117 

−82 <0.01 1512/1565 20 . 00 ∗ 1 . 86 + 0 . 05 
−0 . 04 102 + 54 

−16 <0.01 1519/1565 

NGC 4102 23 . 85 + 0 . 10 
−0 . 09 1 . 68 + 0 . 05 

−0 . 07 201 + 72 
−43 > 0.44 401/361 23 . 86 + 0 . 09 

−0 . 08 1 . 67 + 0 . 06 
−0 . 06 72 + 43 

−2 > 0.45 399/361 

NGC 4258 23 . 00 + 0 . 10 
−0 . 06 1 . 77 + 0 . 05 

−0 . 07 391 + 167 
−121 <0.15 792/884 23 . 00 + 0 . 09 

−0 . 06 1 . 78 + 0 . 05 
−0 . 06 149 + 82 

−43 <0.19 866/884 

NGC 4579 20.00 ∗ 1 . 96 + 0 . 06 
−0 . 05 458 + 122 

−95 <0.01 1647/1663 20 . 00 ∗ 1 . 96 + 0 . 06 
−0 . 04 195 + 91 

−63 <0.01 1649/1663 

NGC 5033 21 . 67 + 0 . 18 
−0 . 13 1 . 76 + 0 . 05 

−0 . 08 201 + 168 
−61 <0.18 1364/1379 21 . 71 + 0 . 20 

−0 . 09 1 . 76 + 0 . 04 
−0 . 08 68 + 18 

−19 <0.19 1369/1369 

NGC 5283 23 . 10 + 0 . 02 
−0 . 03 1 . 77 + 0 . 05 

−0 . 08 91 + 23 
−21 0 . 69 + 0 . 42 

−0 . 12 428/425 23 . 10 + 0 . 02 
−0 . 03 1 . 78 + 0 . 05 

−0 . 07 45 + 13 
−0 0 . 71 + 0 . 45 

−0 . 19 428/423 

NGC 5290 22 . 12 + 0 . 08 
−0 . 09 1 . 76 + 0 . 04 

−0 . 07 260 + 103 
−88 0 . 57 + 0 . 38 

−0 . 43 515/603 22 . 13 + 0 . 14 
−0 . 09 1 . 76 + 0 . 05 

−0 . 08 104 + 61 
−15 0 . 60 + 0 . 34 

−0 . 38 522/608 

NGC 5899 22 . 94 + 0 . 07 
−0 . 07 1 . 74 + 0 . 06 

−0 . 10 115 + 43 
−25 <0.52 326/396 22 . 94 + 0 . 06 

−0 . 07 1 . 74 + 0 . 05 
−0 . 08 45 + 22 

−12 <0.59 334/396 

NGC 6232 23 . 53 + 0 . 32 
−0 . 16 1 . 44 + 0 . 06 

−0 . 10 > 55 > 0.68 143/141 23 . 53 + 0 . 30 
−0 . 14 1 . 43 + 0 . 04 

−0 . 10 > 21 > 0.71 145/141 

NGC 7213 21 . 81 + 0 . 12 
−0 . 07 1 . 87 + 0 . 03 

−0 . 05 266 + 217 
−56 <0.05 1204/1201 21 . 81 + 0 . 14 

−0 . 06 1 . 87 + 0 . 05 
−0 . 08 111 + 103 

−32 <0.07 1199/1201 

NGC 7674 23 . 61 + 0 . 23 
−0 . 11 1 . 64 + 0 . 04 

−0 . 09 > 47 > 0.74 114/106 23 . 61 + 0 . 26 
−0 . 11 1 . 62 + 0 . 05 

−0 . 09 > 20 > 0.69 118/106 

Mrk 18 23 . 16 + 0 . 10 
−0 . 10 1 . 74 + 0 . 09 

−0 . 10 > 277 > 0.66 76/73 23 . 15 + 0 . 10 
−0 . 09 1 . 75 + 0 . 08 

−0 . 04 > 88 > 0.64 76/73 

Mrk 273 23 . 43 + 0 . 06 
−0 . 03 1 . 70 + 0 . 05 

−0 . 09 > 238 > 0.71 499/442 23 . 43 + 0 . 06 
−0 . 04 1 . 69 + 0 . 06 

−0 . 09 > 135 > 0.70 502/442 

ARP 102B 21 . 73 + 0 . 39 
−0 . 14 1 . 72 + 0 . 05 

−0 . 09 88 + 25 
−28 > 0.84 259/281 21 . 74 + 0 . 41 

−0 . 16 1 . 72 + 0 . 06 
−0 . 09 35 + 22 

−10 > 0.77 256/284 

ESO 253–003 23 . 04 + 0 . 11 
−0 . 14 1 . 41 + 0 . 05 

−0 . 09 367 + 108 
−174 0 . 85 + 0 . 35 

−0 . 22 378/327 23 . 04 + 0 . 13 
−0 . 15 1 . 42 + 0 . 05 

−0 . 08 138 + 100 
−41 0 . 86 + 0 . 41 

−0 . 29 383/327 

ESO 506–027 23 . 80 + 0 . 07 
−0 . 04 1 . 67 + 0 . 05 

−0 . 08 330 + 156 
−175 0 . 86 + 0 . 41 

−0 . 27 385/342 23 . 80 + 0 . 07 
−0 . 05 1 . 67 + 0 . 06 

−0 . 04 125 + 76 
−42 0 . 85 + 0 . 45 

−0 . 23 379/342 

HE 1136–2304 21 . 08 + 0 . 08 
−0 . 12 1 . 65 + 0 . 05 

−0 . 09 231 + 75 
−45 <0.15 2768/2559 21 . 08 + 0 . 08 

−0 . 07 1 . 65 + 0 . 03 
−0 . 04 101 + 45 

−21 <0.13 2774/2559 

IC 4518A 23 . 21 + 0 . 11 
−0 . 06 1 . 54 + 0 . 06 

−0 . 06 > 41 > 0.77 199/208 23 . 21 + 0 . 11 
−0 . 07 1 . 55 + 0 . 06 

−0 . 07 > 19 > 0.81 198/208 

IGR J11366 21 . 86 + 0 . 06 
−0 . 07 1 . 95 + 0 . 04 

−0 . 05 126 + 35 
−22 0 . 42 + 0 . 41 

−0 . 34 495/516 21 . 89 + 0 . 05 
−0 . 08 1 . 96 + 0 . 08 

−0 . 06 59 + 76 
−15 0 . 45 + 0 . 39 

−0 . 34 502/516 

UGC 12292 24 . 20 + 0 . 10 
−0 . 04 1 . 67 + 0 . 06 

−0 . 09 > 62 > 0.64 135/122 24 . 19 + 0 . 10 
−0 . 05 1 . 67 + 0 . 05 

−0 . 09 > 40 > 0.67 142/122 

LEDA 214543 22 . 40 + 0 . 12 
−0 . 07 1 . 72 + 0 . 03 

−0 . 05 98 + 45 
−33 > 0.77 465/545 22 . 40 + 0 . 14 

−0 . 08 1 . 72 + 0 . 03 
−0 . 06 39 + 19 

−11 > 0.72 472/545 

Z367–9 23 . 26 + 0 . 07 
−0 . 04 1 . 84 + 0 . 05 

−0 . 05 170 + 108 
−71 > 0.64 234/229 23 . 26 + 0 . 08 

−0 . 06 1 . 84 + 0 . 05 
−0 . 08 52 + 38 

−21 > 0.63 235/229 

Notes. Columns: (1) Source Name, (2) logarithm of line of sight of column density ( N 

los 
H ), (3) photon index ( �), (4) cut-off energy ( E cut ) in keV, (5) reflection 

fraction ( R ), (6) χ2 /degrees of freedom for Model-1a, (7) logarithm of line of sight of column density ( N 

los 
H ), (8) photon index ( �), (9) hot electron plasma 

temperature ( kT e ) in keV, (10) reflection fraction ( R ), (11) χ2 /degrees of freedom for Model-2. Columns (2–5) represent the spectral parameters obtained from 

Model-1a, while columns (6–10) represent the results obtained with Model-1b. 
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Table C2. Spectral analysis result with Model-2a and Model-2b. 

Model-2a Model-2b 
Object log N 

los 
H log N 

tor 
H � E cut χ2 /dof log N 

los 
H log N 

tor 
H � kT e χ2 /dof 

log (cm 

−2 ) log(cm 

−2 ) (keV) log (cm 

−2 ) log (cm 

−2 ) (keV) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

NGC 454E 23 . 61 + 0 . 03 
−0 . 03 24 . 54 + 0 . 91 

−1 . 35 1 . 77 + 0 . 05 
−0 . 05 > 287 233/207 23 . 61 + 0 . 03 

−0 . 03 24 . 52 + 0 . 95 
−1 . 26 1 . 77 + 0 . 03 

−0 . 01 > 111 235/209 

NGC 1052 23 . 17 + 0 . 03 
−0 . 03 23 . 87 + 0 . 22 

−0 . 25 1 . 73 + 0 . 02 
−0 . 03 267 + 148 

−125 936/968 23 . 17 + 0 . 03 
−0 . 04 23 . 80 + 0 . 28 

−0 . 21 1 . 72 + 0 . 02 
−0 . 02 91 + 45 

−33 814/890 

NGC 2110 22 . 59 + 0 . 01 
−0 . 02 22 . 66 + 0 . 16 

−0 . 31 1 . 66 + 0 . 01 
−0 . 01 229 + 28 

−28 2292/2226 22 . 60 + 0 . 02 
−0 . 01 22 . 66 + 0 . 26 

−0 . 52 1 . 74 + 0 . 01 
−0 . 01 89 + 15 

−10 2320/2226 

NGC 2655 23 . 23 + 0 . 39 
−0 . 14 23 . 59 + 0 . 56 

−0 . 81 1 . 52 + 0 . 05 
−0 . 03 > 49 110/122 23 . 23 + 0 . 37 

−0 . 13 23 . 59 + 0 . 62 
−0 . 86 1 . 53 + 0 . 04 

−0 . 05 > 19 113/122 

NGC 3079 24 . 26 + 0 . 08 
−0 . 06 24 . 64 + 0 . 35 

−0 . 16 1 . 84 + 0 . 03 
−0 . 04 110 + 52 

−29 262/296 24 . 27 + 0 . 09 
−0 . 06 24 . 62 + 0 . 34 

−0 . 21 1 . 85 + 0 . 06 
−0 . 04 39 + 17 

−10 268/297 

NGC 3147 22 . 09 + 0 . 06 
−0 . 05 24 . 75 + 1 . 74 

−0 . 88 1 . 90 + 0 . 04 
−0 . 04 410 + 152 

−38 612/579 22 . 11 + 0 . 06 
−0 . 05 24 . 76 + 1 . 81 

−0 . 92 1 . 92 + 0 . 06 
−0 . 06 189 + 65 

−29 610/579 

NGC 3718 21 . 95 + 0 . 04 
−0 . 04 22 . 72 + 1 . 67 

−0 . 72 1 . 87 + 0 . 02 
−0 . 02 296 + 105 

−74 1261/1238 21 . 96 + 0 . 03 
−0 . 03 22 . 78 + 1 . 54 

−0 . 87 1 . 89 + 0 . 01 
−0 . 02 142 + 65 

−48 1276/1238 

NGC 3786 21 . 84 + 0 . 24 
−0 . 07 24 . 71 + 0 . 68 

−0 . 81 1 . 73 + 0 . 03 
−0 . 04 192 + 109 

−82 164/185 21 . 83 + 0 . 20 
−0 . 09 24 . 72 + 0 . 74 

−0 . 47 1 . 73 + 0 . 04 
−0 . 03 92 + 45 

−35 165/185 

NGC 3998 20 . 00 ∗ 22 . 91 + 0 . 24 
−0 . 18 1 . 90 + 0 . 04 

−0 . 03 276 + 143 
−66 1493/1565 20 . 00 ∗ 22 . 90 + 0 . 28 

−0 . 19 1 . 90 + 0 . 02 
−0 . 02 132 + 92 

−21 1496/1565 

NGC 4102 23 . 85 + 0 . 09 
−0 . 08 25 . 51 + 25 . 00 

−0 . 64 1 . 70 + 0 . 03 
−0 . 03 206 + 74 

−45 397/361 23 . 86 + 0 . 08 
−0 . 08 25 . 51 + 25 . 00 

−0 . 76 1 . 69 + 0 . 01 
−0 . 03 74 + 53 

−9 396/261 

NGC 4258 23 . 00 + 0 . 08 
−0 . 06 23 . 54 + 0 . 45 

−0 . 71 1 . 81 + 0 . 02 
−0 . 02 448 + 158 

−128 779/884 23 . 00 + 0 . 08 
−0 . 06 23 . 56 + 0 . 52 

−0 . 73 1 . 82 + 0 . 04 
−0 . 03 197 + 66 

−45 856/884 

NGC 4579 20 . 00 ∗ 23 . 80 + 0 . 17 
−0 . 12 1 . 96 + 0 . 04 

−0 . 05 410 + 131 
−77 1646/1663 20 . 00 ∗ 23 . 78 + 0 . 12 

−0 . 15 1 . 98 + 0 . 03 
−0 . 02 190 + 88 

−58 1649/1663 

NGC 5033 21 . 68 + 0 . 16 
−0 . 10 23 . 80 + 0 . 09 

−0 . 09 1 . 78 + 0 . 03 
−0 . 03 208 + 175 

−66 1363/1379 21 . 72 + 0 . 13 
−0 . 09 23 . 80 + 0 . 10 

−0 . 07 1 . 82 + 0 . 02 
−0 . 02 71 + 15 

−21 1365/1379 

NGC 5283 23 . 10 + 0 . 03 
−0 . 03 24 . 18 + 0 . 58 

−0 . 34 1 . 79 + 0 . 03 
−0 . 04 82 + 24 

−15 422/425 23 . 10 + 0 . 03 
−0 . 03 24 . 20 + 0 . 66 

−0 . 45 1 . 82 + 0 . 04 
−0 . 04 39 + 14 

−8 423/423 

NGC 5290 22 . 13 + 0 . 08 
−0 . 08 24 . 02 + 0 . 54 

−0 . 68 1 . 75 + 0 . 03 
−0 . 04 247 + 109 

−92 512/603 22 . 14 + 0 . 12 
−0 . 08 24 . 04 + 0 . 59 

−0 . 78 1 . 75 + 0 . 04 
−0 . 03 107 + 56 

−18 493/608 

NGC 5899 22 . 95 + 0 . 07 
−0 . 07 24 . 89 + 25 . 00 

−0 . 49 1 . 76 + 0 . 04 
−0 . 03 122 + 35 

−22 306/396 22 . 94 + 0 . 07 
−0 . 07 24 . 91 + 25 . 00 

−0 . 45 1 . 76 + 0 . 03 
−0 . 04 48 + 15 

−10 308/396 

NGC 6232 23 . 57 + 0 . 32 
−0 . 15 25 . 15 + 25 . 00 

−0 . 51 1 . 46 + 0 . 05 
−0 . 04 > 48 144/141 23 . 57 + 0 . 32 

−0 . 15 25 . 14 + 25 . 00 
−0 . 59 1 . 45 + 0 . 04 

−0 . 04 > 21 146/141 

NGC 7213 21 . 81 + 0 . 14 
−0 . 08 23 . 45 + 0 . 14 

−0 . 18 1 . 91 + 0 . 06 
−0 . 05 312 + 262 

−48 1215/1201 21 . 82 + 0 . 13 
−0 . 07 23 . 46 + 0 . 16 

−0 . 22 1 . 90 + 0 . 10 
−0 . 10 146 + 165 

−16 1188/1201 

NGC 7674 23 . 61 + 0 . 25 
−0 . 10 24 . 57 + 25 . 50 

−1 . 02 1 . 62 + 0 . 06 
−0 . 09 > 37 115/106 23 . 61 + 0 . 28 

−0 . 11 24 . 56 + 25 . 00 
−0 . 94 1 . 61 + 0 . 09 

−0 . 08 > 18 120/106 

Mrk 18 23 . 16 + 0 . 10 
−0 . 09 25 . 01 + 25 . 00 

−2 . 73 1 . 79 + 0 . 04 
−0 . 03 > 320 79/73 23 . 15 + 0 . 09 

−0 . 08 25 . 51 + 25 . 00 
−2 . 67 1 . 78 + 0 . 08 

−0 . 05 > 88 81/73 

Mrk 273 23 . 43 + 0 . 05 
−0 . 04 24 . 26 + 0 . 82 

−0 . 46 1 . 71 + 0 . 03 
−0 . 05 > 252 502/442 23 . 43 + 0 . 05 

−0 . 04 24 . 42 + 0 . 78 
−0 . 52 1 . 71 + 0 . 03 

−0 . 02 > 142 500/442 

ARP 102B 21 . 75 + 0 . 47 
−0 . 16 24 . 69 + 0 . 68 

−0 . 54 1 . 75 + 0 . 04 
−0 . 03 84 + 22 

−14 251/281 21 . 77 + 0 . 59 
−0 . 12 24 . 65 + 0 . 76 

−0 . 58 1 . 76 + 0 . 04 
−0 . 06 31 + 13 

−9 252/284 

ESO 253–003 23 . 04 + 0 . 10 
−0 . 15 24 . 06 + 0 . 35 

−0 . 25 1 . 44 + 0 . 04 
−0 . 04 386 + 112 

−205 381/327 23 . 04 + 0 . 10 
−0 . 17 24 . 08 + 0 . 29 

−0 . 24 1 . 45 + 0 . 05 
−0 . 04 148 + 106 

−37 388/342 

ESO 506–027 23 . 80 + 0 . 07 
−0 . 04 24 . 15 + 0 . 65 

−0 . 41 1 . 69 + 0 . 04 
−0 . 02 363 + 138 

−159 386/342 23 . 80 + 0 . 07 
−0 . 05 24 . 12 + 0 . 75 

−0 . 56 1 . 69 + 0 . 04 
−0 . 05 138 + 78 

−56 384/342 

HE 1136–2304 21 . 08 + 0 . 08 
−0 . 03 23 . 15 + 0 . 15 

−0 . 12 1 . 67 + 0 . 09 
−0 . 09 256 + 92 

−52 2754/2559 21 . 11 + 0 . 07 
−0 . 06 23 . 20 + 0 . 21 

−0 . 17 1 . 67 + 0 . 05 
−0 . 03 116 + 44 

−38 2752/2559 

IC 4518A 23 . 21 + 0 . 10 
−0 . 07 24 . 76 + 0 . 53 

−0 . 30 1 . 55 + 0 . 04 
−0 . 09 > 35 198/208 23 . 20 + 0 . 12 

−0 . 07 24 . 73 + 0 . 65 
−0 . 45 1 . 56 + 0 . 04 

−0 . 05 > 15 195/208 

IGR J11366 21 . 88 + 0 . 07 
−0 . 04 24 . 30 + 0 . 32 

−0 . 25 1 . 94 + 0 . 06 
−0 . 06 109 + 32 

−19 487/516 21 . 89 + 0 . 06 
−0 . 04 24 . 27 + 0 . 36 

−0 . 24 1 . 96 + 0 . 06 
−0 . 06 58 + 80 

−13 495/516 

UGC 12282 24 . 20 + 0 . 08 
−0 . 05 24 . 82 + 0 . 45 

−0 . 59 1 . 69 + 0 . 04 
−0 . 06 > 57 137/122 24 . 21 + 0 . 10 

−0 . 06 24 . 83 + 0 . 75 
−0 . 85 1 . 68 + 0 . 03 

−0 . 05 > 39 144/122 

LEDA214543 22 . 39 + 0 . 10 
−0 . 07 24 . 56 + 0 . 45 

−0 . 36 1 . 71 + 0 . 02 
−0 . 04 106 + 52 

−29 452/545 22 . 39 + 0 . 10 
−0 . 07 24 . 56 + 0 . 48 

−0 . 35 1 . 71 + 0 . 05 
−0 . 05 36 + 21 

−10 467/545 

Z367–9 23 . 27 + 0 . 07 
−0 . 04 24 . 10 + 0 . 72 

−0 . 46 1 . 86 + 0 . 03 
−0 . 02 175 + 114 

−79 232/229 23 . 27 + 0 . 08 
−0 . 05 24 . 05 + 0 . 68 

−0 . 52 1 . 88 + 0 . 04 
−0 . 05 56 + 41 

−25 233/229 

Notes. ∗ fixed during analysis. 
Columns: (1) Source name, (2) logarithm of line of sight of column density ( N 

los 
H ), (3) logarithm of average column density of the obscuring materials ( N 

tor 
H ), 

(4) photon index ( �), (5) cut-off energy ( E cut ) in keV, (6) χ2 /degrees of freedom for Model-2a, (7) logarithm of line of sight of column density ( N 

los 
H ), (8) 

logarithm of average column density of the obscuring materials ( N 

tor 
H ), (9) photon index ( �), (10) hot electron plasma temperature of the corona ( kT e ) in keV, 

(11) χ2 /degrees of freedom for Model-2b. Columns (2–5) represent the spectral parameters obtained from Model-2a, while columns (6–10) represent the results 
obtained with Model-2b. 
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Table C3. Important parameters. 

Object log L bol log λEdd θ τ e l N S log L jet 

log (erg s −1 ) log (erg s −1 ) 
(1) (2) (3) (4) (5) (6) (7) 

NGC 454E 43.05 ± 0.02 −3.584 ± 0.472 > 0.23 <1.33 0 . 60 + 1 . 17 
−0 . 40 > 2 44.23 ± 0.03 

NGC 1052 42.63 ± 0.01 −4.444 ± 0.304 0 . 18 + 0 . 09 
−0 . 06 1 . 42 + 0 . 41 

−0 . 61 0 . 08 + 0 . 08 
−0 . 04 6 + 2 −2 44.78 ± 0.08 

NGC 2110 43.37 ± 0.02 −4.124 ± 0.121 0 . 17 + 0 . 03 
−0 . 02 1 . 41 + 0 . 17 

−0 . 15 0 . 17 + 0 . 05 
−0 . 04 6 + 1 −1 44.66 ± 0.04 

NGC 2655 41.97 ± 0.01 −3.844 ± 0.208 > 0.03 <7.72 0 . 33 + 0 . 20 
−0 . 13 > 23 43.78 ± 0.03 

NGC 3079 42.54 ± 0.02 −3.844 ± 0.321 0 . 08 + 0 . 03 
−0 . 02 2 . 28 + 0 . 57 

−0 . 63 0 . 33 + 0 . 36 
−0 . 17 9 + 2 −2 44.37 ± 0.04 

NGC 3147 42.68 ± 0.02 −4.224 ± 0.122 0 . 37 + 0 . 13 
−0 . 06 0 . 62 + 0 . 16 

−0 . 15 0 . 14 + 0 . 04 
−0 . 03 2 + 1 −1 44.25 ± 0.03 

NGC 3718 41.52 ± 0.02 −6.124 ± 0.122 0 . 28 + 0 . 13 
−0 . 09 0 . 82 + 0 . 23 

−0 . 35 0 . 002 + 0 . 001 
−0 . 001 3 + 3 −1 42.40 ± 0.09 

NGC 3786 42.18 ± 0.02 −3.464 ± 0.118 0 . 18 + 0 . 09 
−0 . 07 1 . 39 + 0 . 42 

−0 . 66 0 . 79 + 0 . 25 
−0 . 19 6 + 3 −2 43.55 ± 0.05 

NGC 3998 42.30 ± 0.02 −5.744 ± 0.241 0 . 26 + 0 . 14 
−0 . 04 0 . 86 + 0 . 28 

−0 . 15 0 . 004 + 0 . 003 
−0 . 002 3 + 1 −2 43.43 ± 0.05 

NGC 4102 42.42 ± 0.01 −4.444 ± 0.344 0 . 14 + 0 . 09 
−0 . 02 1 . 72 + 0 . 55 

−0 . 24 0 . 08 + 0 . 10 
−0 . 04 7 + 1 −2 43.67 ± 0.02 

NGC 4258 41.39 ± 0.03 −4.294 ± 0.382 0 . 39 + 0 . 13 
−0 . 09 0 . 68 + 0 . 17 

−0 . 19 0 . 12 + 0 . 16 
−0 . 07 2 + 1 −1 43.59 ± 0.03 

NGC 4579 42.65 ± 0.02 −3.564 ± 0.121 0 . 37 + 0 . 17 
−0 . 11 0 . 58 + 0 . 18 

−0 . 23 0 . 63 + 0 . 20 
−0 . 15 2 + 1 −1 43.75 ± 0.04 

NGC 5033 42.15 ± 0.02 −3.824 ± 0.373 0 . 14 + 0 . 03 
−0 . 04 1 . 52 + 0 . 24 

−0 . 49 0 . 35 + 0 . 46 
−0 . 20 6 + 2 −1 42.39 ± 0.05 

NGC 5283 43.01 ± 0.01 −3.974 ± 0.311 0 . 08 + 0 . 03 
−0 . 02 2 . 35 + 0 . 54 

−0 . 51 0 . 25 + 0 . 25 
−0 . 13 9 + 2 −2 43.48 ± 0.05 

NGC 5290 42.83 ± 0.02 −3.044 ± 0.334 0 . 21 + 0 . 11 
−0 . 04 1 . 21 + 0 . 39 

−0 . 24 2 . 09 + 2 . 37 
−1 . 11 5 + 1 −2 43.74 ± 0.04 

NGC 5899 43.16 ± 0.02 −3.614 ± 0.334 0 . 09 + 0 . 03 
−0 . 02 2 . 16 + 0 . 44 

−0 . 50 0 . 56 + 0 . 64 
−0 . 30 9 + 2 −2 43.78 ± 0.04 

NGC 6232 42.48 ± 0.01 −3.064 ± 0.527 > 0.04 <5.98 1 . 99 + 4 . 76 
−1 . 40 > 23 44.33 ± 0.03 

NGC 7213 43.06 ± 0.01 −3.044 ± 0.111 0 . 29 + 0 . 24 
−0 . 03 0 . 79 + 0 . 36 

−0 . 15 2 . 09 + 0 . 60 
−0 . 47 3 + 1 −2 44.27 ± 0.06 

NGC 7674 43.15 ± 0.04 −4.144 ± 0.141 > 0.04 <6.02 0 . 17 + 0 . 06 
−0 . 05 > 20 45.75 ± 0.03 

Mrk 18 42.82 ± 0.02 −3.144 ± 0.318 > 0.17 <1.98 1 . 66 + 1 . 80 
−0 . 86 > 2 43.94 ± 0.04 

Mrk 273 43.68 ± 0.02 −3.454 ± 0.062 > 0.28 <1.11 0 . 81 + 0 . 12 
−0 . 11 > 2 45.69 ± 0.03 

ARP 102B 43.58 ± 0.02 −3.454 ± 0.363 0 . 06 + 0 . 03 
−0 . 02 2 . 92 + 0 . 72 

−0 . 98 0 . 81 + 1 . 05 
−0 . 45 12 + 4 −3 45.28 ± 0.03 

ESO 253–003 43.83 ± 0.02 −4.124 ± 0.124 0 . 27 + 21 
−0 . 05 1 . 57 + 1 . 10 

−0 . 42 0 . 17 + 0 . 06 
−0 . 04 8 + 2 −4 46.44 ± 0.14 

ESO 506–027 44.07 ± 0.02 −3.034 ± 0.314 0 . 27 + 0 . 15 
−0 . 11 1 . 07 + 0 . 37 

−0 . 63 2 . 13 + 2 . 22 
−1 . 09 4 + 3 −2 45.02 ± 0.04 

HE 1136–2304 44.25 ± 0.02 −3.254 ± 0.121 0 . 23 + 0 . 09 
−0 . 05 1 . 26 + 0 . 33 

−0 . 32 1 . 29 + 0 . 41 
−0 . 31 5 + 1 −1 44.28 ± 0.04 

IC 4518A 43.37 ± 0.02 −3.304 ± 0.125 > 0.03 <6.67 1 . 15 + 0 . 36 
−0 . 28 > 26 45.26 ± 0.10 

IGR J11366–3602 43.42 ± 0.02 −3.484 ± 0.121 0 . 11 + 0 . 16 
−0 . 03 1 . 53 + 0 . 81 

−0 . 42 0 . 76 + 0 . 24 
−0 . 18 6 + 2 −3 −

UGC 12282 42.65 ± 0.02 −5.264 ± 0.371 > 0.08 <2.91 0 . 02 + 0 . 01 
−0 . 01 > 12 43.89 ± 0.02 

LEDA214543 44.31 ± 0.02 −3.634 ± 0.338 0 . 07 + 0 . 04 
−0 . 02 2 . 79 + 0 . 88 

−0 . 87 0 . 54 + 0 . 64 
−0 . 29 11 + 3 −4 43.72 ± 0.05 

Z367–9 43.56 ± 0.01 −4.374 ± 0.332 0 . 11 + 0 . 08 
−0 . 05 1 . 70 + 0 . 63 

−1 . 02 0 . 10 + 0 . 11 
−0 . 05 7 + 4 −2 43.80 ± 0.10 

Notes. Columns: (1) Source name, (2) logarithm of the bolometric luminosity, (3) logarithm of the Eddington ratio, (4) dimensionless 
temperature, (5) optical depth of the hot electron plasma, (6) compactness parameter, (7) number of scattering of the seed photons in 
the Compton cloud, (8) logarithm of the jet luminosity. 
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