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A B S T R A C T 

We present the long-term spectral evolution of eight black hole ultraluminous X-ray sources (BH-ULXs), namely NGC 1313 X-1, 
NGC 5408 X-1, NGC 6946 X-1, IC 342 X-1, NGC 55 ULX-1, NGC 4395 ULX-1, NGC 5204 X-1, and NGC 4190 ULX- 
1 using XMM–Newton monitoring data spanning o v er a decade or more. An in-depth spectral modelling with thermal 
Comptonization ( nthComp ) and standard disc ( diskbb ) components reveals NGC 5204 X-1, IC 342 X-1, NGC 4190 ULX-1, 
and NGC 1313 X-1 exhibiting harder spectral characteristics with dominant effect of Comptonization ( F nth > F disc , � nth � 2). 
Ho we ver, NGC 6946 X-1 and NGC 55 ULX-1 remain in a disc-dominated state ( F disc ∼ 2 F nth , � nth � 2), while NGC 5408 X-1 

shows intermediate spectral characteristics. The spectral analyses indicate an anticorrelation between disc luminosity ( L disc ) 
and temperature ( T col ) for all sources except NGC 5204 X-1. These anticorrelations follow a relation L disc ∝ T 

α
col with steeper 

exponents of α = −6 . 01 ± 0 . 25 (NGC 55 ULX-1), α = −8 . 93 ± 0 . 11 (NGC 6946 X-1), and α = −10 . 31 ± 0 . 10 (NGC 5408 X- 
1) for sources with softer or intermediate spectral characteristics. For harder sources, NGC 1313 X-1 and IC 342 X-1, the combined 

results provide α = −3 . 58 ± 0 . 04. Ho we ver, for NGC 5204 X-1, a positive correlation is found, yielding α = 1 . 4 ± 0 . 1, 
suggesting that the emission mechanism is associated with the transition from the ‘standard disc’ to the ‘slim disc’ scenario. 
These findings suggest that the observed L disc –T col correlations, along with the o v erall spectrotemporal properties of BH-ULXs, 
seem to be go v erned by disc–corona–wind-driven accretion processes at various inclinations. Finally, we report a quasi-periodic 
oscillation like feature ( ∼20 mHz) with rms percentage ∼ 6 . 6, Q -factor ∼ 6 . 7, and significant 2 . 8 σ in NGC 55 ULX-1. 

Key words: accretion, accretion discs – black hole physics – radiation mechanisms: general – stars: individual: NGC 1313 X- 
1 – stars: individual: NGC 5408 X-1 – X-rays: galaxies. 
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 I N T RO D U C T I O N  

ltraluminous X-ray sources (ULXs) are a class of extragalactic,
oint-like, non-nuclear objects with isotropic luminosity in excess
f 10 39 erg s −1 (Fabbiano 1989 ; Makishima et al. 2000 ). Despite
eing disco v ered more than 30 yr ago, the e xact nature of these
bjects remains a point of debate, and their observational features
re still not well understood (see Feng & Soria 2011 ; Kaaret, Feng &
oberts 2017 ; Fabrika et al. 2021 ; King, Lasota & Middleton 2023 ,

or a recent re vie w). Based on the observational evidence from
iming and spectral variability, a population of ULXs is believed
o be powered by super-Eddington accretion onto stellar-mass black
oles (Bachetti et al. 2013 ; Walton et al. 2013 , 2014 , 2015 ; Rana
t al. 2015 , see references therein). The presence of massive stellar-
ass black holes in several ULXs is also suggested (Agrawal &
andi 2015 ; Das et al. 2021 ; Majumder et al. 2023 ). Alternatively,
 plausible scenario relying on the intermediate-mass black holes
IMBHs) of mass � 100 M � as the powerhouse of such extremely
uminous systems is also propounded (Colbert & Mushotzky 1999 ;
 E-mail: smajumder@iitg.ac.in 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
akishima et al. 2000 ; Miller et al. 2003 ; Das et al. 2021 ; Majumder
t al. 2023 ). In addition, the possibility of having highly magnetized
eutron stars at the central core is also put forward to explain the
ulsations detected in several ULXs (Bachetti et al. 2014 ; F ̈urst et al.
016 ; Israel et al. 2017 ; Carpano et al. 2018 ; Sathyaprakash et al.
019 ; Rodr ́ıguez Castillo et al. 2020 ; Quintin et al. 2021 ). 
The temporal variability of ULXs has been studied in several

ources o v er the past few decades. However, the interpretation of the
hysical origin of these variability properties remains challenging.
 or e xample, based on the observ ed variability in the power density
pectra, Heil, Vaughan & Roberts ( 2009 ) proposed that a sample
f bright ULXs of comparable luminosity can be divided into two
roups – one showing very weak variability on the time-scale of
bout 100 s, whereas another exhibiting similar variability properties,
bserved in most of the black hole X-ray binaries (BH-XRBs; Belloni
t al. 2005 ; Nandi et al. 2012 ; Athulya et al. 2022 ; Aneesha et al.
024 ). Intriguingly, the mechanism that suppresses the intrinsic
ariability in one group of ULXs remains under debate (Heil et al.
009 ; Feng & Soria 2011 ). Interestingly, the fractional variability
mplitude ( f var ), indicative of the amount of variability, is found
o be low ( � 10 per cent ) in the hard-ultraluminous (HUL) states
s compared to the soft-ultraluminous (SUL) states with f var ∼
© 2025 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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0 –30 per cent (Sutton, Roberts & Middleton 2013 ). Further, several 
LXs are also reported to exhibit quasi-periodic oscillations (QPOs) 

n the presence of flat-topped noise in the power density spectra 
Dewangan, Titarchuk & Griffiths 2006 ; Strohmayer et al. 2007 ; 
eng, Rao & Kaaret 2010 ; Rao, Feng & Kaaret 2010 ; Agrawal &
andi 2015 ; Pasham et al. 2015 ; Atapin, Fabrika & Caballero-Garc ́ıa
019 ; Majumder et al. 2023 ). In addition, it has been proposed that
he observed QPOs are possibly generated due to the modulation of
he Comptonizing corona, present at the inner accretion flow, and 
hat serves as a powerful tool to probe the accretion scenarios of the
LXs harbouring black hole accretors (Das et al. 2021 ; Majumder 

t al. 2023 ). 
Needless to mention that the spectral morphologies of ULXs 

re well studied in X-rays with dedicated missions like XMM–
e wton , Chandr a , and NuSTAR o v er the years. Interestingly, the
LX spectra up to ∼10 keV can be classified into two distinct types:
ne described by a simple power law and the other exhibiting a
road spectral curvature o v er the entire energy band (Feng & Soria
011 ). Generally, a high power-law photon index of � � 3 is seen
or the sources of softer characteristics, whereas � ∼ 1 is observed 
n a few harder sources. Notably, some of the hard power-law- 
ominated ULXs show significant flux variability (Feng & Kaaret 
009 ; Kaaret & Feng 2009 ; Soria & Ghosh 2009 ) similar to the hard
tate of BH-XRBs (Belloni et al. 2005 ; Remillard & McClintock 
006 ). Thus, the interpretation of power-law-dominated spectral state 
n ULXs as the canonical hard state of BH-XRBs would imply 
 black hole of mass � 10 3 M � (W inter , Mushotzk y & Re ynolds
006 ; Feng & Soria 2011 ). Meanwhile, a good number of high-
uality observations from XMM–Newton could detect the soft excess 
n low energies ( < 2 keV) and curvature around ∼3 –10 keV in ULX
pectra (Ghosh & Rana 2021 , and references therein) unlike the 
H-XRBs, showing a spectral turno v er at relatively higher energies 

Xu et al. 2019 ). Further, it has been suggested that the high-energy
urvature could arise from the innermost hot accretion flow as a 
esult of the interception of disc photons into the Comptonizing 
orona (Middleton et al. 2015 ; Mukherjee et al. 2015 ; Jithesh 2022 ).
n contrast, the soft excess below ∼2 keV is thought to originate
rom the outflowing wind or entirely from the disc emission alone 
Poutanen et al. 2007 ; Middleton et al. 2015 ). 

The e xtensiv e monitoring with XMM–Ne wton , Chandr a , NuS-
AR , and Swift- X-Ray Telescope (XRT) enables the opportunity 
f studying the long-term spectrotemporal evolution of ULXs. So 
ar, a handful of sources have been studied in quest of the long-
erm variation of ULX characteristics. For example, G ́urpide et al. 
 2021 ) reported the spectral evolution for a group of ULXs, revealing
he origin of variability in these systems. In addition, the transition
etween several spectral states is conjectured from the long-term 

onitoring of a number of ULXs (Yoshida et al. 2010 ). Further, the
ong-term monitoring of NGC 5408 X-1 with Swift- XRT reveals 
ipping behaviour in the light curve, possibly connected to the 
uperorbital phenomenon, similar to some of the BH-XRBs (Gris ́e 
t al. 2013 ). 

In this work, we consider eight BH-ULXs, namely NGC 1313 X-1, 
GC 5408 X-1, NGC 6946 X-1, IC 342 X-1, NGC 55 ULX-1, NGC
395 ULX-1, NGC 5204 X-1, and NGC 4190 ULX-1, having decade- 
ong observations with XMM–Newton . The sources are primarily 
elected based on the publicly available XMM–Newton observations 
panning o v er about a decade and the previous predictions of having
lack hole accretors at the central core of these objects. Out of these
ight sources, a detailed spectrotemporal study is carried out for five 
ources (NGC 1313 X-1, NGC 5408 X-1, NGC 6946 X-1, M82 X-1,
nd IC 342 X −1) that show mHz QPO features (Majumder et al.
023 , hereafter Paper I ). Note that the BH-ULX candidate NGC 247
LX-1 was not studied in Paper I due to the absence of any reported
PO detections for this source. It is worth mentioning that M82 X-1 is
ept aside from this work irrespective of having multiple observations 
ecause of the significant contamination from nearby objects in 
he XMM–Newton aperture (see Paper I and references therein). 

oreo v er, a preliminary analysis of the variability properties of NGC
47 ULX-1 suggests that the source exhibits a dipping behaviour 
n its light curves (see also Alston et al. 2021 ), accompanied by
upersoft characteristics, which remain distinct from those of other 
ources. Therefore, we exclude NGC 247 ULX-1 in this study. Note
hat the four sources, namely NGC 55 ULX-1, NGC 4395 ULX-1,
GC 5204 X-1, and NGC 4190 ULX-1, have been relatively less

tudied and serve as ideal targets for detailed analysis. With the
xception of the above source selection criteria, NGC 4190 ULX-1 
often referred to as the ‘forgotten ULX’ due to its intriguing yet

elativ ely une xplored characteristics – is also considered in this work,
espite having only three observations with XMM–Newton . Below, 
e present the brief characteristics of the four sources for which an

n-depth analysis has been performed in this work. 

(i) NGC 55 ULX-1 is the brightest ULX in the spiral galaxy
GC 55 at a distance of 1.94 Mpc 1 with a peak luminosity of ∼4 ×
0 39 erg s −1 . Interestingly, in most of the previous studies, the source
as found in the SUL state with disc-dominated spectra (Barra et al.
022 ; Jithesh 2022 ). 
(ii) NGC 4395 ULX-1 is one of the ULXs located in the NGC 4395

alaxy at a distance of 4.76 Mpc with luminosity ∼3 × 10 39 erg s −1 

Ghosh, Rana & Bachetti 2022 ). Detailed spectral study with XMM–
ewton and Chandra observations rules out the possibility of having 
n SUL state by confirming its steep power-law tail (Earnshaw &
oberts 2017 ). 
(iii) The source NGC 5204 X-1 is located ∼15 arcsec away from

he centre of the host galaxy NGC 5204 at a distance of 4.8 Mpc.
he evidence of significant outflows resulting in several emission 

eatures is observed in NGC 5204 X-1 with XMM–Newton (Kosec 
t al. 2018 ). 

(iv) The low surface brightness galaxy NGC 4190 located at a 
istance of 3 Mpc contains NGC 4190 ULX-1, a bright ULX of
uminosity ∼(3 –10) × 10 39 erg s −1 (Ghosh & Rana 2021 ). The mass
f the source is predicted to be in the range of 10 –30 M �, indicating
he presence of a stellar-mass black hole in the system (Ghosh &
ana 2021 ). Recently, a super-Eddington slim disc scenario is also
een suggested for NGC 4190 ULX-1 (Earnshaw et al. 2024 ). 

In this work, we carry out a detailed long-term spectrotemporal 
nalysis of the selected BH-ULXs using the archi v al XMM–Newton
bservations spanning o v er a decade. Towards this, we investigate
he spectral characteristics of the sources by modelling the XMM–
ewton spectra in 0 . 3 –10 keV energy range with the combina-

ion of physically moti v ated models, describing dif ferent emission
echanisms. Investigation of the spectral properties indicates the 

resence of both positive and ne gativ e correlations between the
olometric disc luminosity ( L disc ) and the disc temperature. The
orrelation properties are observed to be closely connected with 
he distinct spectral states, obtained from the long-term evolution 
f the sources. Finally, we find that the disc–corona–wind-regulated 
ccretion scenario described by the Keplerian and sub-Keplerian flow 

omponents is capable of explaining the spectrotemporal findings of 
MNRAS 539, 2064–2076 (2025) 
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The paper is organized as follows. In Section 2 , we briefly mention
he XMM–Newton observations of the sources and the standard data
eduction procedure of the European Photon Imaging Camera-pn
EPIC-pn) and EPIC-MOS instruments. The results of spectral and
iming analyses are presented in Section 3 . In Section 4 , we infer the
ossible physical scenarios to delineate the findings and summarize
he results in Section 5 . 

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

e look into the HEASARC public data archive 2 for all the
bservations of NGC 55 ULX-1, NGC 4395 ULX-1, NGC 5204 X-1,
nd NGC 4190 ULX-1 with XMM–Newton . We find that the sources
re observed on several occasions by XMM–Newton and, except NGC
190 ULX-1, all the sources have at least 10 or 20 yr of monitoring.
n Table 1 , we tabulate the details of all the observations considered
n this work. We find a total of 31 observations considering all the
ources. Ho we ver, we note that several observations suffer from
arious caveats (see ‘Remarks’ column in Table 1 ) and hence are
xcluded from the analysis. 

The XMM–Newton data extraction of the remaining observations is
arried out following the analysis threads 3 provided by the instrument
eam. The data reduction software Science Analysis System ( SAS )
21.0.0 4 is used to analyse the data. We run the tasks epproc
nd emproc to generate the event files for EPIC-pn and EPIC-
OS instruments, respectively. The high-energy particle background

ares are identified and clean event files are filtered out following
aper I . We adopt the event selection criteria as PATTERN ≤ 4
nd PATTERN ≤ 12 with FLAG = 0 while generating the scientific
roducts from EPIC-pn and EPIC-MOS data, respectiv ely. F ollowing
he previous studies, we select the source regions while extracting
he light curves and spectra as 40, 25, 30, and 40 arcsec for NGC 55
LX-1 (Jithesh 2022 ), NGC 4395 ULX-1 (Ghosh et al. 2022 ), NGC
190 ULX-1 (Ghosh & Rana 2021 ), and NGC 5204 X-1 (G ́urpide
t al. 2021 ), respectively. Further, we select the same circular radii for
he respective sources in a source-free area on the same EPIC chip
o generate the background light curves and spectra. For spectral
nalysis, each spectrum is grouped with 25 counts per spectral
hannel using the specgroup 5 tool of SAS . 

 RESU LTS  

.1 Timing analysis 

.1.1 Variability and hardness–intensity diagram 

e study the variability properties of all the sources considered in this
ork. First, we generate background-subtracted 200 s binned EPIC-
n light curves in 0 . 3 –10 keV energy range. Next, to deduce the
ariability properties of the sources, we calculate the fractional rms

 ariability amplitude, F var = 

(√ 

S 2 − σ 2 
err 

)
/ x , follo wing Vaughan

t al. ( 2003 ) and Bhuvana et al. ( 2021 ). Here, x , S 2 , and σ 2 
err are the

ean count rate, variance, and associated error of the light curve.
e find that the sources exhibit distinct variability properties with
NRAS 539, 2064–2076 (2025) 

 https:// heasarc.gsfc.nasa.gov/ db-perl/ W3Browse/ w3browse.pl 
 https:// www.cosmos.esa.int/ web/ xmm-newton/ sas-threads 
 https:// www.cosmos.esa.int/ web/ xmm-newton/ sas 
 https:// xmm-tools.cosmos.esa.int/ external/ sas/ current/ doc/ specgroup/ 
ndex.html 
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 var varying in a wide range of 4 . 11 –93 . 85 per cent including all
he four sources and NGC 4395 ULX-1 remains the most variable
ource (see Table 1 ). Note that a similar study on the BH-ULX
ariability indicates F var ∼ 1 . 42 –27 . 28 per cent for the rest of the five
ources (see Paper I ). In Figs 1 (a) and(b), we depict the background-
ubtracted 200 s binned light curves of NGC 55 ULX-1 and NGC
395 ULX-1, respectively, for the representation of variability in
H-ULXs. It is noteworthy that for most of the sources, marginal
ariability is observed and hence we refrain from presenting the light
urves of the remaining sources in Fig. 1 . 

Further, we generate the hardness–intensity diagram (HID) by
efining the hardness ratio as HR = C 1 /C 2 with C 1 and C 2 being
he background-subtracted count rates in 2 –10 and 0 . 3 –2 keV energy
anges, respectively. In Fig. 1 (c), the HID of the respective sources
s presented using different coloured open circles. The data points
n the HID of NGC 6946 X-1, NGC 1313 X-1, IC 342 X-1, and
GC 5408 X-1 are adopted from the results presented in Paper

 for comparison. We observe that each source shows a distinct
attern in the HID. In particular, NGC 55 ULX-1 and NGC 5408
-1 roughly show HR � 0 . 15, and IC 342 X-1 exhibits a relatively
arder nature with HR ∼ 1, whereas the rest of the sources remain
onfined within 0 . 15 � HR � 0 . 6 in the HID. We observe that the
IDs of NGC 55 ULX-1 and NGC 4395 ULX-1 differ from the
ther sources, as they coarsely exhibit a ‘C-shaped’ pattern (see
ig. 1 c). Indeed, three of the most recent observations of NGC 4395
LX-1 show fainter characteristics at higher energies ( � 2 keV; see
ection 4.2 ) and remain as outliers ( HR ∼ 0 . 07) from the ‘C-shaped’
attern in the HID. Note that the intensity of these two sources varies
ignificantly with HR , whereas the remaining sources do not show
uch variations. On the other hand, an apparent ne gativ e correlation
s observed between HR and the count rate of NGC 5204 X-1, NGC
313 X-1, and IC 342 X-1, respectively. 

.1.2 Power density spectra 

he power spectral properties, including QPO features, are exten-
ively studied for the five BH-ULXs, namely NGC 1313 X-1, NGC
408 X-1, M82 X-1, NGC 6946 X-1, and IC 342 X-1 in Paper
. Following a similar approach, we investigate the power density
pectrum (PDS) of the observations for the remaining four sources
NGC 55 ULX-1, NGC 5204 X-1, NGC 4395 ULX-1, and NGC
190 ULX-1) using EPIC-pn data in 0 . 3 –10 keV energy range.
he PDS of the individual sources shows a constant Poisson noise
ower within 1 . 64 –1 . 96 and a power-law distribution towards the low
requency, which are modelled with a constant and power-law
omponents, respecti vely. Ho we ver, no significant v ariability is seen
or a few observations of the sources (see Table 1 ), and a constant
omponent is found to be sufficient to fit the PDS. In Fig. 2 , we depict
he PDS of the sources in different colours for respective epochs.
urther, we estimate the total percentage rms amplitude of the PDS

n the 0 . 001 –0 . 1 Hz frequency range for the individual sources and
nd it to vary within 22 . 61 –50 . 29 per cent . 

(i) Possible detection of QPO. Interestingly, we notice that in one
f the observation (XMM2) of NGC 55 ULX-1, significant excess in
ower remains near ∼0 . 02 Hz after fitting the continuum with a pow-
rlaw and constant components for a χ2 

red of 167 / 125 = 1 . 34.
ence, to fit the observed feature, we include one Lorentzian

omponent near ∼0 . 02 Hz. In general, each Lorentzian compo-
ent is defined with three parameters, namely the centroid frequency
LC), width (LW), and normalization (LN). With this, the resultant
t is obtained for an impro v ed χ2 

red of 156 / 122 = 1 . 28 with the

https://heasarc.gsfc.nasa.gov/db-perl/W3Browse/w3browse.pl
https://www.cosmos.esa.int/web/xmm-newton/sas-threads
https://www.cosmos.esa.int/web/xmm-newton/sas
https://xmm-tools.cosmos.esa.int/external/sas/current/doc/specgroup/index.html


Long-term evolution of BH-ULX candidates 2067 

MNRAS 539, 2064–2076 (2025) 

Ta
bl

e 
1.
 

D
et

ai
ls
 
of
 
th

e 
X

M
M

–N
ew

to
n 

ob
se

rv
at

io
ns

 
an

al
ys

ed
 
in
 
th

is
 
w

or
k 

of
 
th

e 
fo

ur
 
se

le
ct

ed
 
B

H
-U

L
X

s.
 
In
 
th

e 
ta

bl
e,
 
al

l t
he

 
sy

m
bo

ls
 
ha

ve
 
th

ei
r u

su
al
 
m

ea
ni

ng
s.
 
T

he
 
tic

ks
 
in
 
th

e 
re

m
ar

ks
 
co

lu
m

n 
in

di
ca

te
 
th

e 
cl

ea
ne

d 
an

d 
go

od
-q

ua
lit

y 
da

ta
 
av

ai
la

bl
e 

fo
r 

th
e 

an
al

ys
is

. H
er

e,
 
F
 va

r 
is
 
no

t 
es

tim
at

ed
 
fo

r 
th

e 
ob

se
rv
 at

io
ns

 
af
 fe

ct
ed

 
by

 
hi

gh
 
pa

rt
ic

le
 
ba

ck
gr

ou
nd

 
fla

re
s,
 
an

d 
th

e 
co

rr
es

po
nd

in
g 

co
lu

m
ns

 
ar

e 
fil

le
d 

w
ith

 
‘ –

’ 
sy

m
bo

l. 
Si

m
ila

rl
y,
 

To
ta

l rm
s 

is
 
no

t e
st

im
at

ed
 
w

he
n 

PD
S 

is
 
m

od
el

le
d 

on
ly
 
w

ith
 
a 
c
o
n
s
t
a
n
t
 
co

m
po

ne
nt
 
an

d 
fo

r 
su

ch
 
ca

se
s,
 
th

e 
re

sp
ec

tiv
e 

co
lu

m
n 

is
 
fil

le
d 

us
in

g 
‘ –

’.
 
Se

e 
th

e 
te

xt
 
fo

r 
de

ta
ils

. 

So
ur

ce
 

M
is

si
on

 
O

bs
ID

 
E

po
ch
 

D
at

e 
M

JD
 

E
xp

os
ur

e 
R

at
e 

(c
ou

nt
s 

s −
1 
) 

F
 va

r 
To

ta
l rm

s 
R

em
ar

ks
 

(k
s)
 

(0
 . 3
 –1

0 
ke

V
) 

(p
er
 
ce

nt
) 

N
G

C
 
55

 
U

L
X

-1
 

X
M

M
–N

ew
to

n 
00

28
74

02
01

 
X

M
M

1 
20

01
-1

1-
14

 
52

22
7.

63
 

30
.4
 

1 .
 80

 
±

0 .
 23

 
16

 . 3
9 

±
1 .
 84

 
24

 . 1
1 

±
2 .
 88

 
�
 

00
28

74
01

01
 

X
M

M
2 

20
01

-1
1-

15
 

52
22

8.
05

 
26

.1
 

1 .
 94

 
±

0 .
 33

 
21

 . 0
9 

±
2 .
 38

 
22

 . 6
1 

±
0 .
 92

 
�
 

06
55

05
01

01
 

X
M

M
3 

20
10

-0
5-

24
 

55
34

0.
32

 
11

3.
7 

0 .
 91

 
±

0 .
 16

 
10

 . 1
6 

±
6 .
 15

 
50

 . 2
9 

±
1 .
 47

 
�
 

08
24

57
01

01
 

X
M

M
4 

20
18

-1
1-

17
 

58
43

9.
62

 
10

8.
9 

0 .
 66

 
±

0 .
 14

 
5 .
 98

 
±

2 .
 23

 
45

 . 3
6 

±
1 .
 73

 
�
 

08
52

61
01

01
 

X
M

M
5 

20
19

-1
1-

27
 

58
81

4.
87

 
4.

7 
1 .
 69

 
±

0 .
 23

 
10

 . 0
2 

±
1 .
 32

 
–

�
 

08
52

61
02

01
 

X
M

M
6 

20
19

-1
2-

27
 

58
84

4.
52

 
4.

8 
1 .
 72

 
±

0 .
 24

 
9 .
 80

 
±

1 .
 44

 
–

�
 

08
52

61
03

01
 

X
M

M
7 

20
20

-0
5-

11
 

58
98

0.
93

 
5.

8 
0 .
 70

 
±

0 .
 15

 
9 .
 34

 
±

3 .
 94

 
–

�
 

08
52

61
04

01
 

X
M

M
8 

20
20

-0
5-

19
 

58
98

8.
40

 
4.

8 
1 .
 66

 
±

0 .
 34

 
12

 . 2
2 

±
3 .
 14

 
–

�
 

08
64

81
01

01
 

X
M

M
9 

20
20

-0
5-

24
 

58
99

3.
92

 
11

7.
7 

0 .
 92

 
±

0 .
 16

 
16

 . 4
2 

±
6 .
 29

 
45

 . 7
9 

±
3 .
 16

 
�
 

08
83

96
01

01
 

X
M

M
10

 
20

21
-1

2-
12

 
59

56
0.

31
 

13
0 

1 .
 14

 
±

0 .
 11

 
5 .
 65

 
±

2 .
 75

 
48

 . 2
1 

±
13

 . 7
7 

�
 

N
G

C
 
43

95
 
U

L
X

-1
 

X
M

M
–N

ew
to

n 
01

12
52

19
01

 
X

M
M

1 
20

02
-0

5-
31

 
52

42
5.

03
 

13
.9
 

0 .
 27

 
±

0 .
 09

 
9 .
 03

 
±

3 .
 18

 
–

Po
or
 
st

at
is

tic
s 

01
12

52
20

01
 

X
M

M
2 

20
02

-0
6-

12
 

52
43

7.
76

 
17

.1
 

–
–

–
O

bs
. a

ff
ec

te
d 

by
 
pa

rt
ic

le
 
fla

re
s 

01
12

52
27

01
 

X
M

M
3 

20
03

-0
1-

03
 

52
64

2.
93

 
6.

7 
0 .
 29

 
±

0 .
 09

 
11

 . 2
3 

±
8 .
 24

 
–

Po
or
 
st

at
is

tic
s 

01
42

83
01

01
 

X
M

M
4 

20
03

-1
1-

30
 

52
97

3.
14

 
10

3.
4 

0 .
 33

 
±

0 .
 11

 
4 .
 11

 
±

1 .
 19

 
44

 . 2
2 

±
5 .
 18

 
�
 

07
44

01
01

01
 

X
M

M
5 

20
14

-1
2-

28
 

57
01

9.
42

 
53

.5
 

–
–

–
So

ur
ce
 
is
 
of

fs
et
 
in
 
C

C
D
 
fr

am
e 

07
44

01
02

01
 

X
M

M
6 

20
14

-1
2-

30
 

57
02

1.
42

 
53

 
–

–
–

So
ur

ce
 
is
 
of

fs
et
 
in
 
C

C
D
 
fr

am
e 

08
24

61
01

01
 

X
M

M
7 

20
18

-1
2-

13
 

58
46

5.
26

 
11

2.
8 

0 .
 40

 
±

0 .
 12

 
16

 . 8
3 

±
6 .
 87

 
25

 . 6
5 

±
3 .
 32

 
�
 

08
24

61
02

01
 

X
M

M
8 

20
18

-1
2-

19
 

58
47

1.
24

 
11

3.
6 

0 .
 47

 
±

0 .
 11

 
81

 . 1
7 

±
4 .
 59

 
41

 . 5
5 

±
2 .
 13

 
�
 

08
24

61
03

01
 

X
M

M
9 

20
18

-1
2-

31
 

58
48

3.
22

 
11

0.
5 

0 .
 38

 
±

0 .
 27

 
93

 . 8
5 

±
57

 . 7
1 

45
 . 1

8 
±

6 .
 28

 
�
 

08
24

61
04

01
 

X
M

M
10

 
20

19
-0

1-
02

 
58

48
5.

21
 

10
5.

9 
0 .
 76

 
±

0 .
 16

 
25

 . 6
7 

±
6 .
 64

 
36

 . 5
4 

±
5 .
 64

 
�
 

09
13

60
01

01
 

X
M

M
11

 
20

22
-1

2-
10

 
59

92
3.

34
 

33
 

0 .
 31

 
±

0 .
 07

 
12

 . 7
4 

±
4 .
 36

 
37

 . 7
8 

±
12

 . 2
2 

�
 

09
13

60
05

01
 

X
M

M
12

 
20

22
-1

2-
14

 
59

92
7.

98
 

30
 

0 .
 31

 
±

0 .
 16

 
10

 . 6
5 

±
5 .
 24

 
35

 . 5
8 

±
6 .
 53

 
�
 

09
13

60
06

01
 

X
M

M
13

 
20

22
-1

2-
19

 
59

93
2.

32
 

38
.8
 

0 .
 22

 
±

0 .
 07

 
15

 . 5
7 

±
5 .
 38

 
39

 . 0
4 

±
12

 . 9
3 

�
 

09
13

60
07

01
 

X
M

M
14

 
20

22
-1

2-
22

 
59

93
5.

65
 

28
 

0 .
 26

 
±

0 .
 06

 
7 

±
4 

40
 . 3

8 
±

17
 . 6

6 
�
 

09
13

60
08

01
 

X
M

M
15

 
20

22
-1

2-
26

 
59

93
9.

86
 

28
 

0 .
 24

 
±

0 .
 08

 
8 .
 14

 
±

1 .
 58

 
32

 . 2
3 

±
7 .
 93

 
�
 

09
13

60
09

01
 

X
M

M
16

 
20

22
-1

2-
30

 
59

94
3.

59
 

28
 

–
–

–
O

bs
. a

ff
ec

te
d 

by
 
pa

rt
ic

le
 
fla

re
s 

09
32

39
17

01
 

X
M

M
17

 
20

24
-0

6-
01

 
60

46
2.

76
 

43
 

0 .
 26

 
±

0 .
 05

 
8 .
 28

 
±

4 .
 07

 
39

 . 5
7 

±
7 .
 02

 
�
 

09
32

39
18

01
 

X
M

M
18

 
20

24
-0

6-
02

 
60

46
3.

69
 

36
 

–
–

–
O

bs
. a

ff
ec

te
d 

by
 
pa

rt
ic

le
 
fla

re
s 

N
G

C
 
52

04
 
X

-1
 

X
M

M
–N

ew
to

n 
01

42
77

01
01

 
X

M
M

1 
20

03
-0

1-
06

 
52

64
5.

05
 

16
.9
 

0 .
 66

 
±

0 .
 13

 
4 .
 90

 
±

1 .
 38

 
–

�
 

01
42

77
03

01
 

X
M

M
2 

20
03

-0
4-

25
 

52
75

4.
57

 
�
 
1 

–
–

–
L

ow
 
ex

po
su

re
 
da

ta
 

01
50

65
03

01
 

X
M

M
3 

20
03

-0
5-

01
 

52
76

0.
18

 
2.

9 
1 .
 11

 
±

0 .
 17

 
4 .
 16

 
±

3 .
 13

 
28

 . 4
1 

±
1 .
 62

 
�
 

04
05

69
01

01
 

X
M

M
4 

20
06

-1
1-

15
 

54
05

4.
85

 
1.

9 
1 .
 37

 
±

0 .
 19

 
∼0

 . 4
2 

–
�
 

04
05

69
02

01
 

X
M

M
5 

20
06

-1
1-

19
 

54
05

8.
84

 
35

.7
 

1 .
 13

 
±

0 .
 18

 
5 .
 11

 
±

1 .
 23

 
36

 . 4
5 

±
7 .
 38

 
�
 

04
05

69
05

01
 

X
M

M
6 

20
06

-1
1-

25
 

54
06

4.
82

 
15

.9
 

0 .
 83

 
±

0 .
 14

 
5 .
 25

 
±

1 .
 42

 
46

 . 9
6 

±
3 .
 73

 
�
 

06
93

85
14

01
 

X
M

M
7 

20
13

-0
4-

21
 

56
40

3.
21

 
15

 
0 .
 66

 
±

0 .
 13

 
7 .
 64

 
±

6 .
 57

 
–

�
 

06
93

85
07

01
 

X
M

M
8 

20
13

-0
4-

29
 

56
41

1.
19

 
11

.3
 

0 .
 70

 
±

0 .
 13

 
5 .
 01

 
±

1 .
 22

 
–

�
 

07
41

96
01

01
 

X
M

M
9 

20
14

-0
6-

27
 

56
83

5.
95

 
21

.3
 

0 .
 64

 
±

0 .
 13

 
2 .
 04

 
±

1 .
 12

 
–

�
 

09
21

36
01

01
 

X
M

M
10

 
20

23
-0

5-
18

 
60

08
2.

92
 

12
3 

0 .
 77

 
±

0 .
 15

 
2 .
 74

 
±

1 .
 12

 
43

 . 5
1 

±
7 .
 88

 
�
 

09
21

36
02

01
 

X
M

M
11

 
20

23
-1

1-
10

 
60

25
8.

43
 

12
2 

0 .
 95

 
±

0 .
 21

 
4 .
 82

 
±

1 .
 78

 
32

 . 4
4 

±
8 .
 72

 
�
 

N
G

C
 
41

90
 
U

L
X

-1
 

X
M

M
–N

ew
to

n 
06

54
65

01
01

 
X

M
M

1 
20

10
-0

6-
06

 
55

35
3.

51
 

21
.1
 

–
–

–
O

bs
. a

ff
ec

te
d 

by
 
pa

rt
ic

le
 
fla

re
s 

06
54

65
02

01
 

X
M

M
2 

20
10

-0
6-

08
 

55
35

5.
47

 
9.

8 
1 .
 05

 
±

0 .
 17

 
4 .
 29

 
±

1 .
 82

 
–

�
 

06
54

65
03

01
 

X
M

M
3 

20
10

-1
1-

25
 

55
52

5.
06

 
5.

8 
1 .
 77

 
±

0 .
 25

 
6 .
 53

 
±

1 .
 12

 
–

�
 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/3/2064/8113985 by IN
D

IAN
 IN

STITU
TE O

F TEC
H

N
O

LO
G

Y, G
U

W
AH

ATI user on 08 N
ovem

ber 2025



2068 S. Majumder, S. Das and A. Nandi 

M

Figure 1. Panels (a) and (b): Background-subtracted 200 s binned EPIC-pn 
light curves of NGC 55 ULX-1 and NGC 4395 ULX-1 in 0 . 3 –10 keV energy 
range. Panel (c): HID of all eight BH-ULXs considered in this work. The 
open circles of different colours denote the HID of the respective sources. 
The results for NGC 6946 X-1, NGC 1313 X-1, IC 342 X-1, and NGC 5408 
X-1 are adopted from Paper I . In panel (c), the black curved arrows represent 
the ‘C-shaped’ patterns observed in the HID of NGC 55 ULX-1 and NGC 

4395 ULX-1, respectively. See the text for details. 
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Figure 2. The PDS of NGC 55 ULX-1, NGC 5204 X-1, NGC 4395 ULX- 
1, and NGC 4190 ULX-1 is depicted with different colours in respective 
epochs. Each PDS is fitted with the combination of constant , powerlaw , 
and Lorentzian components as needed. The powers corresponding to the 
first four PDS presented from top to bottom are rescaled with the constant 
multiplicative factors of 100, 32, 12, and 4.5, respectively, for better clarity. 
See the text for details. 
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est-fitting Lorentzian centroid frequency of 20 . 43 + 1 . 26 
−1 . 67 mHz.

ext, we calculate the significance ( LN / err neg , where err neg being the
e gativ e error in normalization), rms amplitude, and quality factor
 Q = LC / LW ) (Belloni, Sanna & M ́endez 2012 ; Sreehari et al. 2019 ;

ajumder et al. 2022 ; Paper I ) of the fitted feature and obtained as
 . 8 σ , 6.63 per cent, and 6.68, respectively. Based on the observed
igh Q -factor and strength of the feature (rms percentage ∼ 6 . 63),
e interpret it as the possible detection of a QPO characteristic in
GC 55 ULX-1. For the remaining observations of the respective

ources, power spectra remain featureless without any detection of
PO. 

.2 Spectral analysis 

.2.1 Spectral modelling 

e model the XMM–Newton spectra in 0 . 3 –10 keV energy range of
ll the available observations for each source using XSPEC v12.13.1
Arnaud 1996 ) in HEASOFT v6.32.1. The necessary background
pectra, instrument response, and ancillary files are also used while
oing the spectral modelling. Both EPIC-pn and EPIC-MOS spectra
re simultaneously fitted by including a constant component to
djust the calibration offset between the instruments. It is worth
NRAS 539, 2064–2076 (2025) 
entioning that the individual spectra of EPIC-pn, EPIC-MOS1,
nd EPIC-MOS2 are not combined for spectral fitting. 

In the modelling, we consider the model combination,
onstant ×Tbabs ×( diskbb + nthComp ), comprising of a ther-
al Comptonization component ( nthComp in XSPEC ; Zdziarski,

ohnson & Magdziarz 1996 ) and a standard disc component
 diskbb in XSPEC ; Makishima et al. 1986 ). Here, Tbabs takes care
f the intergalactic absorption column and the absorption local to the
ource (Wilms, Allen & McCray 2000 ). It is worth mentioning that a
imilar model formalism is found to provide the best fit of the XMM–
ewton spectra for the other four sources (NGC 5408 X-1, NGC 1313
-1, NGC 6946 X-1, and IC 342 X-1) as presented in Paper I . Hence,
e proceed to generalize the model prescription for all the BH-ULXs

onsidered in this work. While doing so, the seed photon temperature
f nthComp component kept tied with the inner disc temperature
f the diskbb component during the spectral modelling. With this,
he abo v e model prescription is seen to provide the best fit for the
bservations of all the sources under consideration. The best-fitting
odel parameters and the corresponding fit statistics are tabulated

n Table 2 for NGC 55 ULX-1, NGC 5204 X-1, NGC 4395 ULX-
, and NGC 4190 ULX-1. We mention that the disc contribution
s observed to be negligible and the Comptonization component
emains adequate to delineate the spectra in a few observations (see
able 2 ). In contrast, we notice that for a few observations (XMM11–
MM17) of NGC 4395 ULX-1, the disc component alone remains

dequate to fit the spectra. This is mostly because of the extremely
aint nature of the source in higher energies ( � 2 keV) during these
bservations, in which high-quality data remain up to � 2 keV only
or spectral modelling. Additionally, we notice that the electron
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Figure 3. Top: Best-fitting EPIC-pn and EPIC-MOS energy spec- 
tra of the four sources plotted simultaneously in 0 . 3 –10 keV en- 
ergy range. Each spectrum is modelled using the model combination 
constant ×Tbabs ×( diskbb + nthComp ). Bottom: Variation of resid- 
uals (in units of σ ) obtained from the best fit of the individual spectra. See 
the text for details. 
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emperature remains unconstrained in most of the observations and,
ence, frozen to the best-fitting values. Notably, in a few observations
XMM1, XMM3, XMM4, and XMM9) of NGC 55 ULX-1, an
bsorption edge is required to adjust the residuals near ∼1 keV
Jithesh 2022 ). In contrast, a Gaussian line is used to fit the broad
mission feature observed at ∼1 keV in all the spectra of NGC 4395
LX-1 (Ghosh et al. 2022 ). The best-fitting energy spectra of NGC
5 ULX-1, NGC 4395 ULX-1, NGC 5204 X-1, and NGC 4190 ULX-
 are shown in Fig. 3 for the purpose of representation. Further, we
ompute the flux associated with different model components, optical
epth, and Compton y -parameter following Paper I. Also, the total
nd disc bolometric luminosities are estimated from the flux values,
ssuming the well-constrained source distances (see Table 2 ). 

.2.2 Spectral properties 

n general, spectral features of the sources are well described by
tandard accretion disc and thermal Comptonization components,
ery similar to the spectral morphologies of a group of BH-ULXs
resented in Paper I. We find that the spectral modelling results the
hoton index ( � nth ) in the range of 1 . 66 + 0 . 13 

−0 . 06 –3 . 86 + 0 . 25 
−0 . 29 and the inner

isc temperature ( kT in ) varies within 0 . 14 + 0 . 01 
−0 . 01 –0 . 32 + 0 . 02 

−0 . 02 keV for
GC 55 ULX-1, NGC 4395 ULX-1, NGC 5204 X-1, and NGC 4190
LX-1 (see Table 2 ). Note that similar model formalism, used to fit

he spectra of the remaining sources (NGC 1313 X-1, NGC 5408 X-1,
GC 6946 X-1, and IC 342 X-1), results in the electron temperature

 k T e ), � nth , and k T in in the range of 1 . 62 –3 . 76 keV, 1 . 48 –2 . 65, and
 . 16 –0 . 54 keV, respectively (see Paper I for details). Further, the
ptical depth and Compton y -parameter are found to be within 6 �
� 20 and 0 . 46 � y - par � 6 . 24 considering all the sources (see

able 2 and Paper I). This suggests that the presence of a relatively
ool accretion disc and optically thick corona are the generic features
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Figure 4. Correlation between the bolometric disc luminosity and colour- 
corrected inner disc temperature of all BH-ULXs. The dash–dot lines of 
different colours represent the best fit in describing the L disc –T col distribution 
of each source with the functional form mentioned in the figure. The blue- 
shaded region represents the correlation between the luminosity and disc 
temperature of the form L disc ∝ T + αcol for eight BH-XRBs, adopted from 

Gierli ́nski & Done ( 2004 ), Abe et al. ( 2005 ), Vierdayanti, Mineshige & Ueda 
( 2010 ), and Baby et al. ( 2021 ). See the text for details. 
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f the BH-ULXs considered for this work (Gladstone, Roberts & 

one 2009 ). 

.2.3 Spectral correlation 

n this section, we attempt to deduce intrinsic correlations among 
he best-fitting and estimated spectral parameters for the respective 
ources. In doing so, we use the results obtained from the spectral
nalysis (see Section 3.2.1 ) of NGC 55 ULX-1, NGC 5204 X-
, and NGC 4395 ULX-1, presented in Table 2 along with the
ndings reported from the detailed spectral modelling of four BH- 
LXs (NGC 1313 X-1, NGC 5408 X-1, NGC 6946 X-1, and IC
42 X-1) in Paper I (see table 4). We investigate the correlation
etween the bolometric disc luminosity ( L disc ) and colour-corrected 
isc temperature ( T col ) of the respective sources. Note that the inner
isc temperature ( T in ) is multiplied with the spectral hardening factor
 f c = 1 . 7) following Done & Davis ( 2008 ) and Davis & El-Abd
 2019 ) to obtain the T col . In Fig. 4 , we present the obtained results,
here the L disc (in ×10 40 erg s −1 ) is plotted as a function of T col (in
eV). 

We notice the trend of possible correlations of distinct characteris- 
ics between L disc and T col for all the sources. To deduce the firmness
f the correlations, we estimate the Pearson correlation coefficient 
 ρ) of the distributions in L disc –T col plane for the respective cases (see
aper I). It is found that the source NGC 55 ULX-1 shows a ne gativ e
orrelation between L disc and T col with ρ ∼ −0 . 74. Ho we ver, the
ariation in L disc is found to be marginal for NGC 4395 ULX-1
nd the corresponding distribution in the L disc –T col plane appears 
o form two distinct regimes of lower and higher temperatures (see 
ig. 4 ), indicating no evidence of correlation with ρ ∼ −0 . 11 only.
t may be noted that the higher disc temperatures ( ∼0 . 3 keV) are
btained for the observations in which only the disc component fits
he entire spectra of narrow energy co v erage ( ∼0 . 3 –2 keV) in NGC
395 ULX-1. Therefore, the two distinct regions of different disc 
emperatures (see Fig. 4 ) perhaps resulted from the difference in
odel prescriptions for the respective cases. Contrarily, NGC 5204 
-1 is seen to exhibit a clear positive correlation with ρ ∼ + 0 . 7.
oreo v er, a strong ne gativ e correlation is obtained with ρ ∼ −0 . 81

or the combined results of NGC 1313 X-1 and IC 342 X-1,
nd ρ ∼ −0 . 89 for NGC 6946 X-1. Although we find a weak
nticorrelation with ρ ∼ −0 . 27 in L disc –T col plane of NGC 5408
-1. 
Further, we proceed to delineate the observed correlations of the 

ources with the empirical power-law profile L disc ∝ T αcol (Rybicki &
ightman 1979 ) using the curve fit 6 module in PYTHON . The

ndividual fits result the power-law exponent ( α) as −6 . 01 ± 0 . 25,
8 . 93 ± 0 . 11, −10 . 31 ± 0 . 10, and 1 . 4 ± 0 . 1 for NGC 55 ULX-1,
GC 6946 X-1, NGC 5408 X-1, and NGC 5204 X-1, respectively.
o we ver, the combined fitting of the correlation distributions for IC
42 X-1 and NGC 1313 X-1 indicates α = −3 . 58 ± 0 . 04. It may be
oted that because of the marginal variation observed in L disc and T col ,
e refrain from modelling the luminosity–temperature distribution 

or NGC 4395 ULX-1. In Fig. 4 , we present the best-fitting power-
aw functional form in the top panel for the respective sources and the
esiduals in the bottom panel, respectively. In addition, we show the
ositive correlation between the disc luminosity and temperature of 
he form L disc ∝ T + α

col , typically observed for BH-XRBs, with a blue
hade in Fig. 4 . Note that the data associated with these correlation
roperties are adopted from Gierli ́nski & Done ( 2004 ), Abe et al.
 2005 ), Vierdayanti et al. ( 2010 ), and Baby et al. ( 2021 ) and the disc
emperature values are colour-corrected using the same hardening 
actor ( f c = 1 . 7), considered for this work. 

.2.4 Evolution of spectral properties 

e study the long-term spectral evolution of the eight BH-ULXs, 
amely NGC 1313 X-1, IC 342 X-1, NGC 4395 ULX-1, NGC 5408
-1, NGC 55 ULX-1, NGC 4190 ULX-1, NGC 6946 X-1, and
GC 5204 X-1 using the XMM–Newton observations over a decade. 

n Fig. 5 , the variation of inner disc temperature ( kT in in keV),
lectron temperature ( kT e in keV), photon index ( � nth ), disc flux
 F disc in erg cm 

−2 s −1 ), Comptonized flux ( F nth in erg cm 

−2 s −1 ),
ompton y -parameter ( y -par), and bolometric luminosity ( L bol in
rg s −1 ) are depicted from top to bottom panels, respectiv ely, o v er
ifferent epochs of observation. We mention that the best-fitting 
pectral parameters of NGC 1313 X-1, IC 342 X-1, NGC 5408 X-1,
nd NGC 6946 X-1 are adopted from the results presented in Paper
 (see table 4 of that paper). Ho we ver, for the rest of the sources, the
est-fitting parameters are tabulated in Table 2 . 
We observe that the spectral properties of the BH-ULXs generally 

xhibit significant variation over the long-term evolution of the 
ources and manifest several spectral states. In particular, we find 
he dominance of the Comptonization flux o v er the disc contribution
 F nth � F disc ) for NGC 5204 X-1, IC 342 X-1, NGC 4190 ULX-
, and NGC 1313 X-1, respectively. As expected, the photon 
ndex is observed to be in the harder limit of � nth � 2, and the
 -par, indicative of the amount of Comptonization, remains � 2
MNRAS 539, 2064–2076 (2025) 
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Figure 5. Evolution of the spectral parameters o v er the long-term monitoring 
is shown with distinct coloured markers for the respective sources. The 
variation of inner disc temperature, electron temperature, photon index, disc 
flux, Comptonized flux, Compton y -parameter, and bolometric luminosity 
o v er different epochs is shown from top to bottom panels, respectively. See 
the text for details. 
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or all the four sources (see Fig. 5 ). Further, we find a low disc
emperature ( kT in � 0 . 3 keV) for these sources, except NGC 4190
LX-1, in which the disc is absent and Comptonization contribution

s noticeably high. In contrast, NGC 6946 X-1 manifests disc-
ominated spectral characteristics with F disc � F nth and � nth � 2
see Fig. 5 ). Interestingly, comparable disc and Comptonized flux
ontributions are seen in the spectra of NGC 55 ULX-1 and NGC
408 X-1. Ho we ver, the source NGC 55 ULX-1 replicates relati vely
ofter nature with � nth � 3 and y - par � 1, whereas NGC 5408
-1 remains in the intermediate regime ( F disc ≈ F nth , � nth � 2,

nd 1 < y - par � 2). Finally, for NGC 4395 ULX-1, we observe
 negligible disc contribution with y - par � 1 and high photon index
NRAS 539, 2064–2076 (2025) 
 � nth � 3). This possibly resulted from the appearance of broad
mission feature at lower energy ( ∼1 keV), suggesting distinct and
ather complex spectral characteristics of NGC 4395 ULX-1. Note
hat the spectral parameters of NGC 4395 ULX-1 show marginal
ariations during later epochs (XMM11–XMM17; see Fig. 2 ), hence
e present only the results for XMM11 and XMM15 in Fig. 5 .
 significant variation in the luminosity is noticed o v er the entire
bservation period of more than a decade for most of the sources.
ote that a low electron temperature within 1 � kT e � 3 keV is
btained for all the sources, indicating the presence of a relatively
ool Compton corona, generally seen in ULXs. 

 DI SCUSSI ON  

n this work, we study the long-term evolution of the spectrotemporal
roperties of eight BH-ULXs using XMM–Newton observations
panning o v er a decade or more. The detailed spectral analyses reveal
he presence of significant correlations between the colour-corrected
nner disc temperature ( T col ) and the associated disc luminosity ( L disc )
f the sources. The long-term spectral evolution study infers that
ifferent spectral states seem to be connected with the observed
orrelation properties of the respective sources. 

We investigate the variability properties of four BH-ULXs, namely
GC 55 ULX-1, NGC 4395 ULX-1, NGC 5204 X-1, and NGC
190 ULX-1 in detail. For these sources, the fractional variability
mplitude is found to vary as 4 . 11 –93 . 85 per cent . A similar study
or the remaining sources (i.e. NGC 1313 X-1, NGC 5408 X-1,
GC 6946 X-1, and IC 342 X-1) were already carried out in Paper

 , where the fractional variability is obtained as 1 . 42 –27 . 28 per cent .
he HID presented in Fig. 1 (c) indicates an apparent anticorrelation
etween the count rate and HR for NGC 5408 X-1, NGC 1313 X-1,
GC 5204 X-1, and IC 342 X-1, respectively. Further, the power

pectral study reveals the total percentage rms variability amplitude
s 22 –50 per cent in 0 . 001 –0 . 1 Hz frequency range for all BH-ULXs
nder consideration. 
Furthermore, a detailed PDS investigation reveals the detection

f a moderately significant ( σ ∼ 2 . 8, rms percentage ∼ 6 . 63) QPO-
ike feature at ∼20 mHz in NGC 55 ULX-1 during Epoch XMM2.
nterestingly, for this source, the PDS resembles the characteristics
f a QPO (see Section 3.1 ), although such a feature is not observed
ithin a day during its pre vious observ ation. It is worth mentioning

hat NGC 1313 X-1, NGC 5408 X-1, NGC 6946 X-1, M82 X-1, and
C 342 X-1 manifest prominent QPO features of frequency ∼8 –667
Hz o v er dif ferent observ ation epochs of XMM–Newton (Atapin

t al. 2019 ; Paper I , and references therein). 

.1 Long-term evolution of BH-ULXs 

he long-term evolution of spectral properties and the flux contribu-
ions from different spectral components confirm the presence of soft,
ntermediate, and hard spectral states in the BH-ULXs. In particular,
e observe that NGC 5204 X-1, IC 342 X-1, NGC 4190 ULX-1, and
GC 1313 X-1 remain within the group of ULXs, showing harder

pectral features with dominant effects of thermal Comptonization
 y - par � 2) and relatively weak disc emission ( F disc � F nth ; see
able 2 and Fig. 5 ). Moreo v er, the flatter photon index ( � nth � 2)
ossibly indicates the presence of a Comptonizing tail similar to
H-XRBs spectra in their hard/intermediate states (Remillard &
cClintock 2006 ). With this, we infer that for these BH-ULXs, an

ptically thick Comptonizing corona residing at the inner region of a
ow-temperature (0 . 2 � kT in � 0 . 4) disc appears to be the preferred
ccretion scenario with harder spectral characteristics. 
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In contrast, we find disc-dominated spectral morphologies in NGC 

946 X-1, where the disc flux is roughly twice the Comptonized flux
nd � nth � 2. Indeed, such classification of the sources based on
he spectral flux contribution is similar to the SUL and HUL states
Sutton et al. 2013 ). Notably, NGC 6946 X-1 is observed in the disc-
ominated state in the absence of a high-energy spectral break in 
ost of the previous studies, and has been identified as a persistent
LX with softer characteristics (Earnshaw et al. 2019 ; Ghosh & 

ana 2023 ). Finally, the intermediate spectral nature ( F disc ≈ F nth ,
 nth � 2, and 1 < y - par � 2) is observ ed for NGC 5408 X-1 o v er

he long-term monitoring, which is identified as the intermediate- 
ltraluminous (IUL) state, whereas NGC 55 ULX-1 remains in the 
UL state. We note that the presence of a ‘bright hard intermediate
tate’ is reported for NGC 5408 X-1 (Caballero-Garc ́ıa, Belloni & 

ampieri 2013 ) and NGC 55 ULX-1 is found to manifest a steep
hoton index ( � > 3) in the previous studies (Jithesh 2022 ), which
re consistent with the present findings. 

.2 Correlation between L disc and T col in BH-ULXs 

he variation of L disc with T col affirms the distinct correlation 
or all the BH-ULXs under consideration. In particular, all the 
ources, except NGC 5204 X-1, show a negative correlation in 
he L disc –T col plane, while a clear positive correlation is observed 
or NGC 5204 X-1. The best-fitting correlations with the empirical 
ower -law distrib ution L disc ∝ T αcol yield the exponent as α = −8 . 93
NGC 6946 X-1), α = −6 . 01 (NGC 55 ULX-1), α = −10 . 31 (NGC
408 X-1), α = + 1 . 4 (NGC 5204 X-1), and α = −3 . 58 (combined
C 342 X-1 and NGC 1313 X-1), respectively (see Fig. 4 ). It is
oteworthy that NGC 4395 ULX-1 manifests marginal variation in 
he disc luminosity and temperature o v er dif ferent observ ations with
∼ −0 . 11 only, and hence we discard it from the present discussion.
We further note that a ne gativ e correlation between L disc and

 col yielding a power-law exponent of −3 . 5 is reported for several
LXs (Kajava & Poutanen 2009 ) that remains consistent with this

tudy . Interestingly , we observe an apparent connection between 
he correlation properties, and the spectral states of the individual 
ources. F or e xample, steeper ( α < −4) anticorrelations are seen for
he sources in SUL (NGC 6946 X-1 and NGC 55 ULX-1) and IUL
NGC 5408 X-1) spectral states, respecti vely. Ho we ver, a more flat
ower-la w e xponent ( α ∼ −4) is noticed for IC 342 X-1 and NGC
313 X-1 in the HUL state. In addition, NGC 5204 X-1 manifests a
ositive correlation in the HUL state. 
Meanwhile, several galactic BH-XRBs, such as XTE J1550 −564, 

TE J1650 −500, GRO J1655 −40, GX 339 −4, XTE J1859 + 226
ierli ́nski & Done ( 2004 ), and MAXI J0637 −430 (Baby et al.
021 ), show clear positive correlations between L disc and T col . This
s also true for extragalactic sources like LMC X-1 and LMC X-
 (Gierli ́nski & Done 2004 ). These correlations align with the
redictions of standard disc theory (Shakura & Sunyaev 2009 ). 
nterestingly, depending on the luminosity, 4U 1630 −472 (Abe et al. 
005 ), XTE J1550 −564 (Kubota & Makishima 2004 ), and GRS
915 + 105 (Vierdayanti et al. 2010 ) are observed to follow or deviate
rom the standard L disc ∝ T 4 col correlation in different observations. 
n particular, when the luminosity is close to the Eddington limit, 
he sources are observed to exhibit a flatter correlation of the form
 disc ∝ T 2 col (Watarai, Mizuno & Mineshige 2001 ). 

.3 Possible dichotomy in L disc ∝ T 

α
col correlation 

n this study, we observe both positive and negative correlations be- 
ween L disc and T col for all BH-ULXs under consideration. Needless 
o mention that the appearance of ‘unusual’ correlation, including 
nticorrelations (‘ −α’), leads to the possible dichotomy between the 
resent findings and the existing theoretical frameworks. The BH- 
RBs are also seen to deviate from the standard picture on several
ccasions, as pointed out in the preceding section. Never the less,
ev eral attempts hav e been made to e xplain this, although the origin
f the dichotomy remains elusive. Depending on α, the correlations 
re coarsely summarized in three different regimes for several BH- 
RBs and BH-ULXs and briefly described as 

 disc ∝ T αcol ; 

α = 4 (standard disc) , 

0 ≤ α < 4 (slim disc) , 

−10 ≤ α < 0 (anomalous) . 

(i) Standard disc scenario . Needless to mention that the luminosity 
ssociated with the disc emission is expected to follow L disc ∝ T 4 col as
redicted from the standard accretion disc prescription (Shakura & 

unyaev 2009 ). In general, the Keplerian disc component of the
ccretion flow locally emits as a multicolour blackbody at different 
isc radii, resulting in the expected correlation (Frank, King & Raine
002 ). 
(ii) Slim disc scenario . Several BH-XRBs, including 4U 

630 −472, XTE J1550 −564, and GRS 1915 + 105, are seen to devi-
te from the standard disc and mostly follow a flatter correlation as
 � α < 4 (Kubota & Makishima 2004 ; Abe et al. 2005 ; Vierdayanti
t al. 2010 ). It has also been suggested that different accretion
cenarios exist for these BH-XRBs, which determine the nature of 
he correlations. In this study, we observe that NGC 5204 X-1 is
he only BH-ULX that manifests a positive correlation of the form
 disc ∝ T 1 . 4 col , ho we ver, this relation is not generally determined by the

pectral states. Moreo v er, at relativ ely higher luminosity, close to the
ddington limit, the deviation from α ∼ 4 becomes more prominent 

Kubota & Makishima 2004 ). A geometrically thin ( H /r � 1) and
adiati vely ef ficient standard K eplerian disc is characterized by a
oderately low accretion rate. However, the ‘slim disc’ appears 
ith relatively higher luminosity ( � 0 . 3 L Edd ), yielding thicker disc
eometry ( H /r � 1), where the angular momentum remains sub-
 eplerian (Abramo wicz et al. 1988 ; Chakrabarti 1995 ; Beloborodov
998 ; Abramowicz & Fragile 2013 ). Interestingly, a more flat
orrelation, i.e. L disc ∝ T 2 col , is predicted for such discs (Watarai et al.
001 ). Therefore, a possible explanation of the observed anomaly in
he deviation of the power-law exponent could be the transition from
he standard disc ( α ∼ 4) to the ‘slim disc’ scenario ( α ∼ 2). 

(iii) Anomalous scenario . Intriguingly, the ne gativ e correlations 
ith α < 0 observed in several BH-ULXs offer challenges, with 
nly a few attempts made to explain these findings. King &
uchnarewicz ( 2002 ) proposed that the anticorrelation ( α ∼ −4) 
ay possibly result in due to the strong beamed emission in ULXs.

nterestingly, the detection of coherent QPO features in BH-ULXs 
Atapin et al. 2019 ; Paper I ) indicates the presence of an axisymmetric
eometrically thin accretion disc, which contradicts the presence of 
trong beaming (Matteo & Psaltis 1999 ; Strohmayer & Mushotzky 
003 ). Furthermore, Middleton et al. ( 2019 ) reported that the Lense–
hirring precession of the inner accretion flow can be attributed 

o the origin of the QPOs in ULXs. Meanwhile, Das et al. ( 2021 )
rgued that the aperiodic modulation of the inner hot ‘Comptonizing 
orona’ successfully explains QPO features of BH-ULXs. All these 
ndings clearly indicate the need for an alternative model of accretion 
ynamics to explain the negative α values in the presence of QPO
eatures. 
MNRAS 539, 2064–2076 (2025) 
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Table 3. Summary of the observed correlation properties between L disc and 
T col in different spectral states and the predicted inclinations of the BH-ULXs. 

Source 
Spectral 

state a 
L disc –T col correlation 

exponent ( α) 
Predicted 

inclination 

NGC 5204 X-1 HUL 1 . 4 ± 0 . 1 Low 

IC 342 X-1 HUL −3 . 58 ± 0 . 04 Moderate 
NGC 1313 X-1 HUL −3 . 58 ± 0 . 04 Moderate 
NGC 55 ULX-1 IUL −6 . 01 ± 0 . 25 High 
NGC 6946 X-1 SUL −8 . 93 ± 0 . 11 High 
NGC 5408 X-1 IUL −10 . 31 ± 0 . 10 High 
NGC 4190 ULX-1 HUL – Low 

M82 X-1 – – Low 

NGC 4395 ULX-1 HUL – Moderate 

a HUL: hard-ultraluminous state; SUL: soft-ultraluminous state; IUL: 
intermediate-ultraluminous state. See Sutton et al. ( 2013 ). 
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Figure 6. Schematic representation of disc–corona–wind-regulated two- 
component accretion scenario of BH-ULXs. Thick arrows in green, blue, 
and red colours represent the viewing angles of the observer corresponding to 
high, moderate, and low inclinations of sources, respectively. The red, green, 
and black small arrows indicate the direction of the K eplerian flo w, sub- 
K eplerian flo w, and winds. Here, r s and r sp denote the boundary of the corona 
and spherization radius. The region r sp < r < r s refers the geometrically 
thick ‘slim disc’. The two-sided black arro ws sho w the radial oscillation of 
the coronal region around r s . See the text for details. 
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.4 Alternati v e physical scenario 

he limitations of the standard disc and slim disc models in explain-
ng L disc –T col correlations prompt us to explore alternative physically

oti v ated accretion–ejection model prescriptions for BH-ULXs.
uch a model prescription appears to be capable of explaining the
 v erall spectrotemporal properties, including L disc –T col correlation
nd QPO features. 

The accretion–ejection model formalism relies on the coexistence
f Keplerian and sub-Keplerian flows (Chakrabarti & Titarchuk
995 ) and it explains the aspects of spectrotemporal variabilities of
H-XRBs (Chakrabarti & Manickam 2000 ; Chakrabarti, Dutta & Pal
009 ; Debnath, Chakrabarti & Nandi 2010 ; Nandi et al. 2012 ; Iyer,
andi & Mandal 2015 ; Sreehari et al. 2019 , and references therein).
imilarly, this model is expected to explain the spectrotemporal
ariabilities of BH-ULXs. Further, the non-steady modulation of the
omptonizing corona (with radius r s ), formed by the sub-Keplerian
omponent, leads to aperiodic variations in the emitted hard X-
ays, which may give rise to QPO features (Molteni, Sponholz &
hakrabarti 1996 ; Lee, Ryu & Chattopadhyay 2011 ; Das et al. 2014 ;
arain, Ghosh & Chakrabarti 2014 ; Debnath, Chattopadhyay &

oshi 2024 ). This conjecture ef fecti v ely e xplains the mHz QPOs,
hich have become key observables for constraining the mass, spin,

nd accretion rate in several BH-ULXs (Das et al. 2021 ; Paper
 ). Moreo v er, by re gulating the Keplerian and sub-K eplerian flo w
omponents and depending on system inclinations, different spectral
tates (HUL, SUL, and IUL) can be identified for BH-ULXs (see
able 3 ). Furthermore, powerful winds are also expected to eject
rom (a) the boundary of hot coronal region in the inner accretion
ow (Chakrabarti 1999 ; Das et al. 2001 , 2014 ; Chattopadhyay &
hakrabarti 2002 ), (b) standard thin Keplerian disc (Proga, Stone &
rew 1998 ; Yang, Bu & Li 2018 ; Raychaudhuri, Vyas & Chat-

opadhyay 2021 ), and (c) super-Eddington (supercritical) slim disc
Poutanen et al. 2007 ; Dotan & Shavi v 2011 ), respecti v ely. Moreo v er,
e mention that a model formalism in the framework of relativistic
issipative accretion flow around a rotating black hole has been
eveloped to interpret the luminosity and mHz QPO characteristics of
H-ULXs (Das et al. 2021 ; Paper I ). Ho we ver, a more comprehensive
odelling of the spectral energy distribution to explain the observed

pectral characteristics of BH-ULXs is yet to be developed. We depict
 schematic representation of the accretion–ejection configuration for
he BH-ULXs in Fig. 6 . 

For supercritical accretion state of BH-ULXs, the slim disc model
eems rele v ant, where radiation pressure balances gravity at the
pherization radius ( r sp ) resulting in a sub-Keplerian geometrically
hick ( H /r � 1) disc at r s ≤ r ≤ r sp (see Fig. 6 and Fabrika et al.
NRAS 539, 2064–2076 (2025) 
021 ). With this, it is apparent that the emission associated with
he Keplerian disc ( r > r sp ) is consistent with the standard disc
rediction ( L disc ∝ T 4 col ), whereas the interplay between the inner
lim disc and the standard disc at larger radii likely leads to the
eviation observed as L disc ∝ T 1 . 4 col for NGC 5204 X-1. As NGC
190 ULX-1 and NGC 5204 X-1 are observed in the HUL state
hroughout their long-term spectral evolution (see Section 4.1 ), the
nner Comptonizing corona, which is the source of non-thermal
mission, at r < r s is expected to be visible to the observer,
uggesting a low inclination for these two sources (see Fig. 6 ). In
ddition, the absence of QPO features in NGC 4190 ULX-1 and
GC 5204 X-1 possibly indicates that the radial modulation of

he coronal region is either absent or very feeble to be detected.
 similar accretion scenario seems to be rele v ant for M82 X-1 with

he exception that oscillation of the corona is prominent enough to
roduce the observed mHz QPOs ( Paper I ). Indeed, the prediction of
82 X-1 inclination from the spectral analysis using XMM–Newton

ata could be uncertain because of high contamination. Ho we ver, it
ay be noted that M82 X-1 exhibits coherent mHz QPO features on

everal occasions that are perhaps associated with the Comptonizing
orona (see Paper I ). Further, the Chandr a resolv ed spectra of the
ource prefer a slim disc scenario o v er the standard accretion disc
Brightman et al. 2016 ). These evidences possibly suggest that M82
-1 could be a low inclination system, where the inner Comptonizing

orona coupled with a slim accretion disc is visible to the observer,
omewhat similar to the case of NGC 5204 X-1. 

In the presence of winds, the emitted radiations from the disc
nteract substantially with the outflowing matter before reaching the
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bserver. Due to this, the thermal emission is expected to be cooler
ith increasing luminosity for supercritical discs in the presence of 

trong outflowing winds (Poutanen et al. 2007 ). Considering this, the 
olometric luminosity ( L bol ) is estimated as 

 bol ≈ L Edd 

(
1 + 

3 

5 
ln ṁ 0 

)
; T col ≈ 1 . 5 f c m 

−1 / 4 ṁ 

−1 / 2 
0 , (1) 

here T col denote the colour-corrected temperature at the spheriza- 
ion radius, and ṁ 0 ( = Ṁ 0 / Ṁ Edd � 1) is the accretion rate. Here, f c ,
 Edd , and m are the spectral hardening factor, Eddington luminosity, 
nd mass of the central object scaled in solar mass, respectively. Note
hat equation ( 1 ) leads to an anticorrelation between L bol and T col ,
ith a steeper exponent ( α) (Poutanen et al. 2007 ). Furthermore, the
utflows from the region r < r sp appear to remain optically thick,
nd a part of the energy generated within the disc is carried away by
he winds. This process is expected to reduce the disc temperature 
nd modify the disc luminosity. 

The relatively flatter negative correlations ( α ∼ −3 . 58) observed 
n the HUL state of IC 342 X-1, NGC 1313 X-1, and NGC 4395 ULX-
 suggest an accretion–ejection scenario, where the primary emission 
s significantly influenced by disc winds. Ho we v er, the e xistence of
he HUL state indicates that a part of the coronal emission is directly
ccessible to the observer, suggesting a moderate inclination of the 
ources (see Fig. 6 and Table 3 ). In contrast, for NGC 55 ULX-1,
GC 5408 X-1, and NGC 6946 X-1, the steeper ne gativ e correlations

 −10 � α � −6) in the SUL/IUL state likely indicate significant
odification of the primary emission due to enhanced winds co v ering 

he line of sight. This suggests relatively higher inclinations for these 
ources (see Fig. 6 and Table 3 ). In both scenarios, it is plausible
hat the outflowing winds could carry the imprints of oscillations in 
he Comptonizing region, as predicted by Das et al. ( 2014 ), thereby
roviding a self-consistent explanation for the QPO features observed 
n IC 342 X-1, NGC 1313 X-1, NGC 5408 X-1, and NGC 6946 X-
. Ho we v er, the irre gular appearance of QPOs throughout the entire
MM–Newton monitoring of these sources (see Paper I ) suggests that 
ither the necessary resonance condition for modulating the coronal 
egion is not being satisfied, or the oscillation is weak enough to
emain undetected. 

Moreo v er, we speculate that the disc–corona–wind symbiosis 
or the two-component supercritical accretion scenario seems to 
e realistic to explain the spectrotemporal features of BH-ULXs 
cross different spectral states. We also indicate that radiative 
ressure-driven winds from the supercritical disc possibly govern 
he correlation between disc luminosity and temperature, and such 
orrelation depends on the source inclination. This conjecture further 
trengthens the possibility of having a super-Eddington accretion 
cenario with massive stellar-mass to intermediate-mass black hole 
ccretors in NGC 5408 X-1, NGC 6946 X-1, IC 342 X-1, and NGC
313 X-1, as predicted in Paper I . 

 C O N C L U S I O N  

n this study, we carry out a comprehensive analysis of the long-
erm evolution of eight BH-ULXs using XMM–Newton observations. 
ur findings provide compelling evidence for varied accretion 

cenarios that can explain the observed spectrotemporal variability 
nd (anti)correlations between disc luminosity ( L disc ) and inner disc 
emperature ( T col ). The key results from our investigation, along with
heir potential implications, are summarized below. 

(i) The positive correlation of L disc ∝ T 1 . 4 col observed for NGC 5204 
-1 suggests a transition from the standard geometrically thin disk 
 H /r � 1) to a slim disk ( H /r � 1) prescription at relatively higher
uminosities in the HUL state. This behaviour is reminiscent of an
ccretion scenario where both Keplerian and sub-Keplerian flow 

omponents coexist. 
(ii) A steeper ne gativ e correlation with −10 � α � −6 between
 disc and T col is observed for sources NGC 6946 X-1, NGC 55
LX-1, and NGC 5408 X-1, which exhibit softer and intermediate 

pectral characteristics. In contrast, a relatively flatter anticorrelation 
ith α ∼ −3 . 58 is seen for IC 342 X-1 and NGC 1313 X-1, which
isplay harder spectral features. 
(iii) The diverse L disc –T col correlations along with the o v erall

pectrotemporal characteristics suggest a connection with the disc–
orona–wind-regulated two-component supercritical accretion sce- 
ario. Such a scenario is also potentially viable to explain the
bserved QPO features in BH-ULXs. In particular, we infer that 
he anticorrelations are possibly a result of the modification of 
isc emissions by the outflowing winds, which is also likely to be
nfluenced by moderate to high inclinations of the respective BH- 
LXs. 
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