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ABSTRACT

We observed the nearby and relatively understudied ultraluminous X-ray source (ULX) NGC 4190

ULX-1 jointly with NICER and NuSTAR to investigate its broadband spectrum, timing properties, and

spectral variation over time. We found NGC 4190 ULX-1 to have a hard spectrum characterized by two

thermal components (with temperatures ∼0.25 keV and ∼1.6 keV) and a high-energy excess typical of

the ULX population, although the spectrum turns over at an unusually low energy. While no pulsations

were detected (with pulsed fraction 3σ upper limits of 16% for NICER and 35% for NuSTAR), the

source shows significant stochastic variability and the covariance spectrum indicates the presence of a

high-energy cut-off power-law component, potentially indicative of an accretion column. Additionally,

when fitting archival XMM-Newton data with a similar model, we find that the luminosity-temperature

evolution of the hot thermal component follows the behavior of a super-Eddington slim disk though

the expected spectral broadening for such a disk is not seen, suggesting that the inner accretion disk

may be truncated by a magnetic field. Therefore, despite the lack of detected pulsations, there is

tantalizing evidence for NGC 4190 ULX-1 being a candidate neutron star accretor, although further

broadband observations will be required to confirm this behavior.

Keywords: accretion, accretion disks – X-rays: binaries – X-rays: general

1. INTRODUCTION

It is now widely agreed that ultraluminous X-ray

sources (ULXs; defined as extragalactic non-nuclear

point sources with X-ray luminosity >1039 erg s−1) are

a population primarily made up of stellar-mass compact

objects accreting at super-Eddington rates, giving them

their distinctive high luminosities and particular spec-

tral shapes (for recent reviews, see King et al. 2023;

Pinto & Walton 2023). Key to this discovery initially

were high-quality XMM-Newton observations and, sub-
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sequently, NuSTAR observations, which showed that the

spectra of ULXs turn over around ∼5 keV (e.g. Sto-

bbart et al. 2006; Sutton et al. 2013; Bachetti et al.

2013; Walton et al. 2014), demonstrating an ‘ultralumi-

nous’ spectral state (Gladstone et al. 2009) distinct from

the canonical sub-Eddington accretion states, which ex-

hibit power-law emission up to far higher photon ener-

gies (Remillard & McClintock 2006; Done et al. 2007).

The ultraluminous spectral state tends to exhibit two

thermal components (Middleton et al. 2015a), as well as

a steep power-law-like excess above ∼10 keV (e.g. Wal-

ton et al. 2018a). Typically, the hard thermal compo-

nent can be fitted with a broadened disk model, and

may correspond to emission from the central region of
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a super-Eddington slim disk in which advection plays a

significant role, which has a broader temperature pro-

file compared to a sub-Eddington thin disk (Abramow-

icz et al. 1988; Watarai et al. 2000). The soft thermal

component is typically fitted with a standard disk black-

body model, though it likely originates from a massive

outflowing wind driven by the radiation pressure (Pouta-

nen et al. 2007; Urquhart & Soria 2016). The presence of

such winds was confirmed by the detection of blueshifted

absorption features in multiple ULXs, indicating wind

velocities of ∼0.2c (Middleton et al. 2014, 2015b; Pinto

et al. 2016, 2017; Kosec et al. 2018).

The detection of pulsations in a small number of ULXs

(Bachetti et al. 2014; Fürst et al. 2016; Israel et al.

2017; Carpano et al. 2018; Rodŕıguez Castillo et al. 2019;

Sathyaprakash et al. 2019) confirmed super-Eddington

accretion in at least some of the ULX population, since

pulsations indicate the presence of a neutron star ac-

cretor, with the high luminosities indicating accretion

happening at tens to hundreds of times the Eddington

limit. The pulsed fraction of neutron star ULXs is found

to increase with energy, with the pulsed spectrum having

the cut-off power-law shape expected of an accretion col-

umn (Brightman et al. 2016; Walton et al. 2018b). This

feature accounts for the steep power-law excess above

10 keV in these sources, though this excess is also seen

in sources from which pulsations have not yet been de-

tected (Walton et al. 2018a). This may indicate that

more of the ULX population have neutron star accre-

tors than just those for which we detect pulsations, or

that magnetic and non-magnetic sources are capable of

producing similar spectra, and further details are re-

quired to distinguish them. Recent simulation work has

demonstrated that a hard excess over a Wien tail can be

produced by the inner regions of a super-Eddington ac-

cretion flow even in the absence of an accretion column

(e.g. Mills et al. 2023).

In addition to pulsations, a number of other timing

properties are observed in the ULX population. While

much of the population of ULXs do not show strong

short-term variability (e.g. Feng & Kaaret 2005), some

do show significant stochastic variability rising to low

frequencies (e.g. Heil et al. 2009). For some sources with

sufficiently long observational coverage, there is a break

at low frequencies (1–100mHz) giving rise to flat-topped

noise (e.g. Earnshaw et al. 2016), which is also seen in

the Galactic supercritical source SS433 (Atapin et al.

2015). With some exceptions, the presence of strong

variability appears to mainly correspond to sources with

softer spectra, which has been proposed to be due to

variability being imprinted on the hard central emission

by a clumpy outflowing wind along the line of sight (e.g.

Sutton et al. 2013; Middleton et al. 2011, 2015a). A

small number of ULXs also show quasi-periodic oscilla-

tions (QPOs; e.g. Feng & Kaaret 2007; Rao et al. 2010;

Agrawal & Nandi 2015), which may have the potential

to provide insight into the geometry of the system.

The Neutron Star Interior Composition Explorer

(NICER) telescope mounted on the International Space

Station, with its large effective area and 100 ns timing

resolution, is an excellent instrument for spectral and

timing studies of X-ray binaries. However, since it is

a non-focusing instrument, its application to ULXs is

limited due to the lower flux of extragalactic sources and

the source confusion caused by multiple bright sources

in a single galaxy. Nevertheless, it has successfully been

used for the analysis of NGC 300 ULX-1 (Ray et al.

2019; Ng et al. 2022), which demonstrates its capacity

for investigating bright and isolated ULXs.

NGC 4190 ULX-1 is a bright ULX in the nearby

irregular galaxy NGC 4190 at ∼2.9Mpc (Tully et al.

2016), located at 12h 13m 45s.2 +36◦ 37′ 54′′ (Evans

et al. 2019). The source is persistently bright but vari-

able over time, and has previously exhibited interesting

spectral behaviour, with an unusually low turnover en-

ergy in the XMM-Newton band of 2–4 keV (Ghosh &

Rana 2021), potentially making its high-energy excess

particularly accessible for study. It also demonstrates

varying high-energy emission above the turnover, in

contrast to some other ULXs for which the high-energy

emission remains remarkably consistent despite signif-

icant variability at lower energies (e.g. Walton et al.

2017, 2020).

While previously identified as a high-flux ULX (3–

7×10−12 erg s−1 cm−2) fromXMM-Newton observations

(Earnshaw et al. 2019), NGC 4190 ULX-1 was initially

not followed up with instruments such as NuSTAR due

to its proximity to the center of its host galaxy (∼10′′),

which in many cases means that the X-ray emission

of a source will suffer from confusion from the galactic

nucleus for instruments without the resolving power of

Chandra. However, examination of an archival observa-

tion of NGC 4190 using the High Resolution Camera on

Chandra shows that NGC 4190 ULX-1 is the only bright

X-ray source in the galaxy and within the 5 arcminute

field of view of NICER (one other, far fainter source ex-

ists within 25 arcsec, too faint to contaminate a NICER

spectrum). The existing Swift-XRT observations of the

source (retrieved from the online light curve generation

facility on the Swift website; Evans et al. 2009) show it

to demonstrate significant long-term variability (Fig. 1).

Its isolation on the sky, combined with a rela-

tively high flux from its proximity to us, makes

NGC 4190 ULX-1 an ideal ULX to be observed with
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NICER and NuSTAR in order to investigate its spectral

and timing properties.

In this paper we detail the analysis of a new simul-

taneous observation of NGC 4190 ULX-1 with NICER

and NuSTAR, along with a reanalysis of archival XMM-

Newton data in light of our discoveries. In Section 2 we

describe the observations and data reduction, in Sec-

tion 3 we describe the spectral and timing analysis,

and in Section 4 we present our discussion and con-

clusions. We note that an independent paper on this

source (Combi et al. 2024) was released while this work

was under submission, and we provide some comparisons

between these two works.

2. DATA REDUCTION

On 26 April 2020, we performed a simultaneous

observation of NGC 4190 with NICER (Observation

IDs: 3645010101–4) and NuSTAR (Observation ID:

30601009002), for total good exposure times of 24.7 ks

and 85.0 ks respectively, in order to investigate its broad-

band spectral and timing properties (PI: Earnshaw).

There are also three archival observations of the galaxy

taken with XMM-Newton in 2010 which we use to in-

vestigate its long term spectral variability. We detail

the observations used in this investigation in Table 1.

2.1. NICER

The NICER data were reduced using nicerdas ver-

sion 2020-04-23 V007a, with CALDB version 20200722.

Calibration and pre-filtering were performed using the

nicerl2 routine, and barycenter correction applied with

barycorr (with ephemeris DE-405), using the Chan-

dra source coordinates (Evans et al. 2019). The four

observations were then merged using nimpumerge, and

good time intervals (GTIs) created using the following

settings: SUN ANGLE>60, COR SAX>4.0 and KP<5.

These GTIs were used to extract events between 0.2 and

12 keV using niextract-events, and then xselect

was used to extract spectra and light curves. We used

the standard response matrix file (RMF) and on-axis an-

cillary response file (ARF) as provided in the CALDB,

and generated the background spectrum using both the

nicer bkg estimator tool and the nibackgen3C50

tool.

The count rate for NGC 4190 ULX-1 is comparable to

the NICER background rate. Plotting the counts spec-

trum along with the background shows that the back-

ground dominates over the data at low and high energies

(Fig. 2), though the two methods for background esti-

mation do not entirely agree on the exact energy range

for which the source is dominant. Therefore, we take an

approximate average of the low- and high-energy bounds

and only consider data in the energy range 0.5–4.5 keV

when analyzing this source. Additionally, we used the

background generated from the nicer bkg estimator

method during analysis as it is more conservative

about the contribution from background than niback-

gen3C50. Using nicer bkg estimator as a basis,

we estimate the background count rate at 0.77 ct s−1

between 0.5–4.5 keV (compared to a net source rate of

1.75 ct s−1 in the same band).

2.2. NuSTAR

The NuSTAR data were reduced using nustardas

v2.0.0, with CALDB version 20211020. The data were

reduced using the nupipeline routine, and data prod-

ucts extracted using nuproducts with barycenter cor-

rection applied, using a 60′′ radius source extraction re-

gion centered on the PSF defined for each of the FPMA

and FPMB cameras. Background regions of 90′′ radius

located on the same chip were used to extract back-

ground products. The normal science mode (i.e. mode

1) contained 78.4 ks of good time data. A significant por-

tion of the observation was spent in mode 6 (when aspect

reconstruction using Camera Head Unit CHU4 is un-

available), so we also used nusplitsc to produce event

files for the alternate CHU combinations. Data products

were then extracted from these additional event files and

combined with the mode 1 products using the HEASoft

tools lcmath and addascaspec. For a more detailed

description of the mode 6 data extraction process, see

Walton et al. (2016). In this way, we were able to utilize

11.8 ks of additional data.

Plotting the combined counts spectrum with the back-

ground shows the source data dominating over back-

ground up to 20 keV (Fig. 2). Therefore we limited the

NuSTAR data to the range 3–20 keV for this analysis.

2.3. XMM-Newton

As well as the NICER and NuSTAR data from our ob-

servation, we also used XMM-Newton data from three

archival observations of NGC 4190 ULX-1. We ex-

tracted and reduced EPIC-MOS and pn data using the

XMM-Newton Science Analysis Software v17.0.0. The

data were reduced using the emproc and epproc rou-

tines and, following standard procedures, we filtered for

background flaring where the MOS count rate exceeded

0.35 ct s−1 in the 10–12 keV band and where the pn

count rate exceeded 0.4 ct s−1 in the >12 keV band. Ob-

servation 0654650101 was particularly affected by flar-

ing, and we do not use the pn data for this observa-

tion. Spectra and light curves in the 0.3–10 keV energy

band were extracted from 40′′ radius source regions, us-

ing FLAG==0 and PATTERN<4 events for the pn camera
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Figure 1. Long-term light curve of NGC 4190 ULX-1 in the 0.3–10 keV energy range. Swift-XRT observations are plotted with
grey squares, XMM-Newton data with blue triangles, NICER+NuSTAR data with purple diamonds. Swift fluxes are retrieved
from the products generation tools provided on the Swift website; XMM-Newton and NICER+NuSTAR fluxes from spectral
fitting and converted to the 0.3–10 keV energy range where necessary (see Section 3).

Table 1. The observations used in this investigation, consisting of archival XMM-Newton observations from 2010, and the
NICER and NuSTAR observations taken for this investigation.

Observatory Observation ID Start Time Exposure Time (ks)

XMM-Newton 0654650101 2010-06-06 12:08:27 6.2/6.2/0.2a

0654650201 2010-06-08 11:14:45 15.2/16.9/5.9

0654650301 2010-11-25 01:24:51 14.4/14.8/8.0

NICER 3645010101 2020-04-26 19:02:09 24.7b

3645010102 2020-04-27 01:13:10

3645010103 2020-04-28 00:26:11

3645010104 2020-04-28 23:39:51

NuSTAR 30601009002 2020-04-26 19:31:09 78.4 + 11.8c

aXMM-Newton exposure times are given for the EPIC MOS1/MOS2/pn instruments, after filtering for background flaring.
bNICER exposure time after combining and filtering all four observations.
cNuSTAR exposure time taken in mode 1 and mode 6 respectively.

and PATTERN<12 for the MOS cameras. Background

products were extracted from 60′′ regions on the same

chips at a similar distance from the readout node. The

RMF and ARF were generated using the rmfgen and

arfgen tasks.

3. ANALYSIS & RESULTS

NGC 4190 ULX-1 is persistently bright over the course

of our observation, with an average NICER net count

rate of 1.75 ct s−1 in the 0.5–4.5 keV energy range (com-

pared with 0.77 ct s−1 due to background), and NuS-

TAR count rate of 0.3 ct s−1. The source declines in flux

slightly about halfway through the NICER observation,

towards the end of the NuSTAR observation (Fig. 3).

3.1. Spectral Analysis

We performed all spectral fitting using v12.10 of the

XSPEC (Arnaud 1996) software, and all quoted models

are given in XSPEC syntax. In all cases, spectra were
grouped into at least 20 counts per bin to allow for χ2

statistics to be used in fitting. Uncertainties are given

at the 90% confidence level, and we use the abundance

tables of Wilms et al. (2000) throughout. Where we use

two tbabs absorption models, the first is always frozen

to the Galactic value ofNH = 1.84×1020 cm−2 (Kalberla

et al. 2005). We also use a constant const model, fixed

to 1 for the NICER data, to account for calibration dif-

ferences between the instruments. We give the parame-

ters of all fits in Table 2.

We fitted the NICER spectrum simultaneously with

the NuSTAR FPMA and FPMB spectra. Since the

broadband spectrum exhibits clear curvature, we be-

gan by fitting it with single-component absorbed broad-

ened disk and cut-off power-law models, as sometimes

observed in high-luminosity ULXs (e.g. Sutton et al.
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Figure 2. Counts spectra including background for NICER
(black) and NuSTAR FPMA and FPMB (blue and pur-
ple). The NICER background is plotted as estimated using
nicer bkg estimator (top) and nibackgen3C50 (middle).

2017; Pintore et al. 2017), and expected to be produced

by a supercritical accretion disk or an accretion column

respectively. Neither model provided a good fit to the

data (χ2
ν ∼ 1.4), and the residuals show an ‘m-shaped’

structure that indicates spectral curvature not described

by the model.

In order to fit this additional curvature, we next

used an absorbed two-thermal-component model,

tbabs*tbabs*(diskbb+diskpbb), often used to fit ‘ul-

traluminous state’ ULX spectra, where the hotter broad-

ened disk component is expected to be produced by an

inner super-Eddington slim disk, and the cooler disk

component originates from a massive outflowing wind,

or potentially an outer sub-Eddington thin disk in the
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Figure 3. The light curve for NICER (0.5–4.5 keV) and
NuSTAR (3–20 keV) over the course of the observation, in
200 s time bins. Both light curves are background-subtracted
(with the background assumed to be a constant 0.77 ct s−1

for the NICER light curve).

case of an intermediate-mass black hole. This offers an

improvement on the singular diskpbb model, but there

is still an obvious excess at energies above 10 keV, as

commonly seen in broadband observations of ULXs (e.g.

Walton et al. 2014, 2015; Mukherjee et al. 2015; Fig. 4,

top).

To account for the excess high-energy emission,

we followed the approach of Walton et al. (2020)

and fitted the spectra with both a magnetic model

and a non-magnetic model. The magnetic model,

tbabs*tbabs*(diskbb+diskpbb+cutoffpl), assumes

the high-energy emission to originate from an accre-

tion column onto a neutron star with a strong mag-

netic field. Since we do not detect pulsations from

this source (see Section 3.2) and are therefore un-

able to isolate a pulsed spectrum, we assume typ-
ical ULX pulsar parameters Γ = 0.5 and Ecut =

8.1 keV for the cut-off power-law component as in

Walton et al. (2018a). For the non-magnetic model,

tbabs*tbabs*(diskbb+simpl*diskpbb), we assume

that the high-energy excess originates instead from

Compton up-scattering of disk photons close to the

accretor, and so model the component with the simpl

convolution model (Steiner et al. 2009) applied to the

hotter diskpbb component.

We find that both the magnetic and non-magnetic

models provide similarly good fits to the data, with no

further components evident in the residuals. Interest-

ingly, when a high-energy component is added to the

model, the diskpbb component is no longer required to

be broadened, with the radial dependence of the disk

temperature p tending towards high values and con-



6 Earnshaw et al.

10−4

10−3

2×10−4

5×10−4

2×10−3

k
eV

2
(P

h
ot

o
ns

 c
m
−

2
s−

1
k
eV

−
1
)

tbabs*tbabs*(diskbb+diskpbb)

1 100.5 2 5

−2

0

2

(d
at

a−
m

o
de

l)
/e

rr
or

Energy (keV)

10−4

10−3

2×10−4

5×10−4

2×10−3

ke
V

2
(P

ho
to

ns
 c

m
−

2
s−

1
k
eV

−
1
)

tbabs*tbabs*(diskbb+simpl*diskbb)

1 100.5 2 5

−2

0

2

(d
at

a−
m

o
de

l)
/e

rr
or

E (k V)Energy (keV)

10−4

10−3

2×10−4

5×10−4

2×10−3

ke
V

2
(P

ho
to

ns
 c

m
−

2
s−

1
ke

V
−

1
)

tbabs*tbabs*(diskbb+diskbb+cutoffpl)

1 100.5 2 5

−2

0

2

(d
at

a−
m

od
el

)/
er

ro
r

E (k V)Energy (keV)

Figure 4. The unfolded spectrum and residuals for three of
the models used to fit the joint NICER (black) and NuSTAR
(blue and purple) data. Spectra rebinned for visual clarity.
Top: tbabs*tbabs*(diskbb+diskpbb). A high-energy ex-
cess is evident in the residuals.
Middle: tbabs*tbabs*(diskbb+simpl*diskbb).
Bottom: tbabs*tbabs*(diskbb+diskbb+cutoffpl).

sistent in each case with a value of ≈0.75, and there-

fore equivalent to a standard diskbb model. We there-

fore also fitted the spectra with models that replace

the diskpbb components with a second diskbb com-
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Figure 5. The unfolded spectra for the three archival XMM-
Newton observations (0654650101 in light gray, 0654650102
in dark gray, 0654650103 in orange), plotted alongside the
NICER and NuSTAR spectra (colors as in Fig. 4).

ponent instead, and find similarly good fits (Fig. 4,

middle and bottom). Using the cflux convolution

model, we calculated the 0.3–10 keV flux to be 5.8 ±
0.5 × 10−12 erg s−1 cm−2, equivalent to a luminosity of

5.8 × 1039 erg s−1 at 2.9 Mpc. This is the value for

the tbabs*tbabs*(diskbb+diskbb+cutoffpl) model,

though the other models incorporating the high-energy

excess all give similar fluxes.

While the archival XMM-Newton data can be ac-

ceptably fitted with single-component models (Ghosh

& Rana 2021), we assume that the underlying source

spectrum is similar to what we observe for the joint

NICER and NuSTAR observation. Therefore we fit the

XMM-Newton observations with the magnetic and non-

magnetic models (using two diskbb components to re-

duce the number of free parameters) in order to trace

how the different spectral components change between

observations. Since there is no high-energy coverage

for these observations, we freeze the parameters of the

simpl component to Γ = 2.7 and fscat = 0.3 as in the

best-fitting model using two diskbb components for the

broadband dataset, and freeze the normalization of the

cutoffpl component to the upper limit found on an

initial unfrozen fit so that its presence in the model will

have a similar impact on the parameters of the hot ther-

mal component as in the broadband fit. We also freeze

the second tbabs component to 1 × 1021 cm−2 for the

first XMM-Newton observation (based on the fits to the

other two XMM-Newton observations), since there is in-

sufficient low-energy data to achieve good constraints

due to the low good exposure time.

We find that there is no significant difference between

the parameters for the thermal components in the mag-

netic model compared with the non-magnetic model. In
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Table 2. The parameters of all multi-component spectral fits to the joint NICER and NuSTAR observation of NGC 4190 ULX-1,
as well as for archival XMM-Newton observations. Where no uncertainties are given, parameters are frozen.

NICER 3645010101–4 + NuSTAR 30601009002

Model Na
H Tin,1 norm1 Tin,2 p norm2 Γ fscat/Ecut norm3 cb χ2/d.o.f.

tb*tb*(...) (×1021 cm−2) (keV) (keV) (×10−3) –/(keV) (×10−5)

dbb+dpbb 3.9± 0.7 0.15± 0.02 400+740
−290 2.50± 0.09 0.60± 0.02 4.2+1.1

−0.9 – – – 1.05± 0.04 1078.5/767

dbb+s*dpbb 2.4+0.4
−0.3 0.28+0.04

−0.05 14+19
−7 1.2+0.3

−0.1 > 0.76 210+80
−150 3.0+0.2

−0.3 0.5± 0.2 – 1.23+0.06
−0.05 964.7/765

dbb+dpbb+cpl 2.5+0.6
−0.5 0.25+0.06

−0.05 19+43
−12 1.6± 0.1 0.76+0.15

−0.08 40+30
−10 0.5 8.1 7.1± 0.7 1.09± 0.04 962.9/766

dbb+s*dbb 2.7+0.5
−0.4 0.23+0.03

−0.02 28+33
−16 1.5± 0.1 – 60+20

−10 2.7+0.4
−0.5 0.3+0.2

−0.1 – 1.23+0.07
−0.06 967.9/766

dbb+dbb+cpl 2.6± 0.4 0.25+0.03
−0.02 21+20

−11 1.61± 0.06 – 37+5
−4 0.5 8.1 7.0± 0.6 1.09± 0.04 962.9/767

dbb+dbb+cplc 2.6± 0.4 0.24± 0.03 26+27
−14 1.5± 0.1 – 43+10

−9 0.4± 0.5 6+4
−2 9.6+1.1

−0.6 1.09± 0.04 965.0/776

dbb+dpbb+cplc 2.3+0.5
−0.3 0.29± 0.05 12+21

−3 1.4+0.2
−0.1 > 0.75 110+30

−70 0.3+0.4
−0.7 5+3

−1 12+16
−8 1.09± 0.04 962.4/775

XMM-Newton 0654650101

dbb+s*dbb 1.0 0.20+0.09
−0.07 11+65

−9 1.10+0.09
−0.08 – 80± 20 2.7 0.3 – – 99.2/95

dbb+dbb+cpl 1.0 0.21+0.09
−0.07 10+50

−8 1.21+0.09
−0.08 – 50+20

−10 0.5 8.1 2.4 – 97.5/95

XMM-Newton 0654650201

dbb+s*dbb 1.5+0.6
−0.5 0.22+0.07

−0.04 14+38
−11 1.11± 0.05 – 90± 20 2.7 0.3 – – 252.1/246

dbb+dbb+cpl 1.5+0.6
−0.5 0.23+0.07

−0.04 12+35
−10 1.20± 0.05 – 60± 10 0.5 8.1 3.7 – 251.8/246

XMM-Newton 0654650301

dbb+s*dbb 0.8± 0.6 0.5+0.2
−0.1 0.8+2.1

−0.5 1.6+0.2
−0.1 – 40± 10 2.7 0.3 – – 304.7/309

dbb+dbb+cpl 0.8+0.3
−0.2 0.4+0.2

−0.1 0.9+2.4
−0.6 1.6± 0.1 – 30± 10 0.5 8.1 7.5 – 304.9/309

XSPEC model abbreviations: tb = tbabs, cpl = cutoffpl, dbb = diskbb, dpbb = diskpbb, s = simpl
a NH for the second tbabs component; the first is frozen to the Galactic value of NH = 1.84× 1020 cm−2.
b Normalization constant between NICER and NuSTAR.
c Cut-off power-law parameters found by fitting simultaneously with the covariance spectrum.

both cases, the first two lower-flux observations show

lower temperatures in both thermal components than

the third observation, which is closer in flux to the

broadband epoch. However, the cool thermal compo-

nent is very similar in temperature between the lower-

flux XMM-Newton observations and the broadband ob-

servation, showing a slight increase in temperature for

the third XMM-Newton epoch (this may be degener-
ate with a decrease in NH, which we also see for this

observation). The hot component temperature is very

similar between the third XMM-Newton epoch and the

broadband spectrum. We plot the XMM-Newton spec-

tra alongside the broadband NICER+NuSTAR spec-

trum in Fig. 5.

We did attempt to split the data by time based on the

slight decrease in flux during the course of the observa-

tion (see Fig. 3), although we were not able to find any

significant differences in model parameters on this basis.

3.2. Timing Analysis

We generated power spectra using v1.0 of the

stingray python package for X-ray timing (Bachetti

et al. 2022). For the NICER observation, we binned the

source events within the 0.5–4.5 keV energy range into a

light curve with dt = 0.001 s, and broke the light curve

into segments of length 524.288 s (219 × dt). This gen-

erated 42 segments, which we used to create an average

power spectrum with approximately Gaussian uncer-

tainties, allowing for fitting using χ2 statistics. The

spectrum was geometrically rebinned by a factor of 1.03

and normalized using Leahy normalization (where the

Poisson white noise level is set to 2). We followed a sim-

ilar process for the NuSTAR power spectrum, using the

combined FPMA and FPMB events within 3–20 keV,

binning the light curve with dt = 0.001 s and creating

an average power spectrum using 67 segments of length

1048.576 s (220×dt), binned and normalized in the same

fashion. Both power spectra were converted to XSPEC

format using the flx2xsp FTOOL so that they could

be fitted using the XSPEC software (see Appendix A1

of Ingram & Done 2012).

Both power spectra are mostly featureless except for

stochastic noise increasing towards lower frequencies

below ∼0.01Hz (Fig. 6). Using the Whittle statistic

(Whittle 1953), and accounting for the Poisson noise

using a flat power-law with normalization set to 2, both

can be fitted with a power-law P (f) ∝ f−α with α ≈1–

2, as expected for red noise often seen in accretion pro-

cesses and seen in some of the ULX population (Heil

et al. 2009). For NICER, we find α = 2.10+1.9
−0.6; for NuS-
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Figure 6. The power spectra for NICER (top) and NuSTAR
(bottom) in Leahy normalization, with errors given in gray
filled regions, the Poisson noise level indicated with a dashed
gray line, and the best-fitting power-law models plotted in
red.

TAR we are unable to obtain strong constraints and

simply find α > 0.8. Neither power spectrum shows any

evidence of the presence of a QPO. The fractional rms

below 0.1Hz is ∼0.06 for NICER and ∼0.18 for NuS-

TAR. In other words, there is a higher contribution to

the variability in the NuSTAR band, although there is

better signal-to-noise in the NICER band.

We performed a similar analysis for the two archival

XMM-Newton observations with a significant amount

of usable EPIC-pn data (the first observation suffered

from large amounts of background flaring and only had

200 s of good EPIC-pn time), using dt = 0.0734 s (i.e.

the time resolution of the EPIC-pn camera) and seg-

ments of length 150.3232 s (211 × dt), for 39 and 58

segments for observations 0654650201 and 0654650301

respectively (Fig. 7). For 0654650201, we see similar

stochastic variability towards low frequencies with α ≈ 2

(although similar to the NuSTAR power spectrum we

are unable to place strong constraints on the slope), and

the fractional rms below 0.1Hz is approximately ∼0.17.

However, for 0654650301 we do not see any significant

variability above the Poisson noise level.

While there are no obvious pulsation signals in the

power spectra, processes such as spin-up or orbital mod-

Figure 7. The power spectra for the XMM-Newton obser-
vations 0654650201 (top) and 0654650301 (bottom) in Leahy
normalization, with errors given in gray filled regions and the
Poisson noise level indicated with a dashed gray line.

ulation often mean that genuine pulsations do not show

up in a straightforward power spectrum. Therefore we

ran an accelerated pulsation search on the NICER, NuS-

TAR, and the latter two XMM-Newton observations us-

ing the HENaccelsearch routine from v7.0 of the HEN-

DRICS timing software (Bachetti 2018), searching for

pulsations between 0.01 and 10Hz with acceleration be-

tween 10−10 and 5× 10−9 Hz s−1. We did not find any

significant signals in any of the observations using this

method.

The reasonably high number of photons from the

NICER and NuSTAR observations allows us to place

relatively constraining upper limits on the pulsed frac-

tion. To estimate an upper limit on the pulsed fraction,

we used stingray to simulate light curves matching the

good time intervals and average count rate of both obser-

vations, with the addition of a sinusoidal pulsation sig-

nal at a period of 1 s fairly typical of ULX pulsars (e.g.

Bachetti et al. 2014; Israel et al. 2017; Sathyaprakash

et al. 2019) at a variety of pulsed fractions. We sim-

ulated 100 light curves for each pulsed fraction in the

range 10% < PF < 50% in steps of 0.5% and searched

for pulsations using epoch folding (we did not simulate

any kind of acceleration as this ultimately has no effect
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on the upper limit, and allows us to use a more straight-

forward pulsation search). We define the upper limit as

the pulsed fraction for which at least 90% of simulations

detected the pulsation with a significance of at least 3σ.

We find an upper limit on the pulsed fraction of 16%

for NICER (0.5 – 4.5 keV) and 35% for NuSTAR (3 –

20 keV).

To further explore the variability of NGC 4190 ULX-1,

we computed the covariance spectrum (Wilkinson &

Uttley 2009), shown in Fig. 8. The covariance spec-

trum shows correlated variability as a function of en-

ergy, which may allow us to identify the spectral com-

ponents that are the source of coherent variability, and

has previously been used to disambiguate the multiple

components of the energy spectra of ULXs (Middleton

et al. 2015a, 2019; Kara et al. 2020). We find that the

covariance increases towards higher energies, although

it does not appear to directly match the spectral shape

of the hot thermal component – if fitted with a diskbb

or diskpbb model we find that it requires temperatures

of Tin > 3 keV, far higher than that found for Tin,2 re-

gardless of the model used to fit the spectrum. The

covariance spectrum does, however, appear to resem-

ble the cut-off power-law component used to model a

potential accretion column in the magnetic model, al-

though by itself it cannot constrain a cut-off energy, so

we proceeded to fit it simultaneously with the broad-

band energy spectrum, including an additional normal-

ization constant to account for the lower normalization

expected for the covariance spectrum, and tying the pa-

rameters of the cutoffpl component to those fitted to

the covariance spectrum.

We find that, with the cutoffpl parameters so con-

strained, the lower-energy portion of the spectrum still

requires two thermal components to be fitted well. At-

tempting to fit the spectrum with the high-energy cut-

off power-law and a single softer thermal component

(whether broadened or not), or with a diskbb+nthcomp

model similar to that used by Middleton et al. (2015a),

results in a poorer fit (χ2 > 1000 in each case) and

the ‘m-shaped’ residuals in the NICER data indicat-

ing the presence of two components. Therefore, using

the tbabs*tbabs*(diskbb+diskbb+cutoffpl) model,

we find the cut-off power-law parameters Γ = 0.4 ± 0.5

and Ecut = 6+4
−2 keV, very similar to those earlier as-

sumed to be representative of a ULX pulsar accretion

column. The parameters for the thermal components

were also found to be similar to the previous broad-

band spectral fit. We also tried fitting the hotter of the

two thermal components with a diskpbb model to see

whether there is any evidence of broadening when the

cut-off power-law parameters are constrained by the co-
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Figure 8. The NICER and NuSTAR energy spectrum (col-
ors as in Fig. 4), plotted with the covariance spectrum (ma-
genta and orange for NICER and NuSTAR respectively).

variance spectrum. In this case as well as before, the ra-

dial temperature dependence p tends towards the max-

imal value of 1 (indicating a narrower spectral compo-

nent) with a lower limit of p > 0.75, ruling out a spec-

trally broadened disk component.

4. DISCUSSION

NGC 4190 ULX-1 has a spectrum typical of the over-

all ULX population, with two thermal components be-

low 10 keV and an additional hard excess. Its spec-

trum is generally hard, with the hotter thermal com-

ponent the dominant of the two, and there are no sig-

nificant residuals around 1 keV as found in some ULXs

more dominated by soft emission (Middleton et al. 2014,

2015b), which are indicative of powerful, relativistic out-

flowing winds (Pinto et al. 2016). This suggests that

we are viewing the source at a relatively low inclina-

tion, with most of the emission originating from ac-

cretion at the center of the system. There is a clear

high-energy excess above 10 keV, although we cannot

determine whether the origin of this component is mag-

netic or non-magnetic from the spectrum alone, as both

models provide fits of similar quality. The particularly

low-energy turnover for a ULX appears to result from

the hot thermal component not showing the broaden-

ing typically exhibited in ULX spectra, with values of

p consistent with or higher than the standard thin-disk

value of p = 0.75.

Similar to other ULXs that show significant stochas-

tic variability (which is not a universal feature of ULXs,

found in less than half of the population; Heil et al.

2009), NGC 4190 ULX-1 demonstrates red noise be-

low 0.1Hz in multiple observations. Many of the ULXs

found to have high levels of variability have soft spectra

(e.g. Sutton et al. 2013), though the covariance spec-
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tra of such sources (Middleton et al. 2015a) indicate

that the variability is associated with the hotter ther-

mal component, suggesting a model in which variability

is imprinted upon the hard emission by a clumpy out-

flowing wind along the line of sight (Middleton et al.

2011; Takeuchi et al. 2013).

In contrast to these soft variable ULXs, NGC 4190

ULX-1 has a hard spectrum, and the covariance spec-

trum shows that its variability is not associated with

the hot thermal component but is associated with the

harder excess emission, and appears to confirm its cut-

off power-law nature. NGC 4190 ULX-1 is not unique in

being a hard variable ULX – for example, M51 ULX-7

also has a hard spectrum and significant short-term vari-

ability, showing flicker noise as well as a low-frequency

break in its power spectrum below 10−3 Hz (Earnshaw

et al. 2016), and was later found to be a ULX pulsar

(Rodŕıguez Castillo et al. 2019). Another example in the

same galaxy is M51 ULX-8, a reasonably hard and vari-

able source which is not a pulsating ULX but still pro-

posed to be a neutron star accretor from the detection

of a potential cyclotron absorption line in its spectrum

(Brightman et al. 2018), and whose covariance spectrum

shows that its variability also originates in a hard cut-

off power-law component consistent with an accretion

column, and possibly resulting from a combination of

accretion column and inner disk emission (Middleton

et al. 2019).

The covariance spectrum of NGC 4190 ULX-1 sug-

gests that the variability in this source originates not

from its hot thermal component but from a cut-off

power-law component with parameters similar to those

typically found in ULX pulsars (e.g. Walton et al.

2018a). Therefore, despite the lack of detected pulsa-

tions, the timing properties of NGC 4190 ULX-1 never-

theless potentially provide indirect evidence of the pres-

ence of an accretion column component. It is possi-

ble for a high-energy power-law excess to be generated

by an accreting black hole ULX in the absence of an

accretion column (e.g. Mills et al. 2023), and indeed

Combi et al. (2024) find the spectral energy distribution

of NGC 4190 ULX-1 to be consistent with a model that

assumes a 10M⊙ black hole accreting at 10 ṀEdd, but

in this case it is not clear whether the covariance spec-

trum would take the cut-off power-law form that we see

here. If the accretor is indeed a neutron star with an

accretion column, it is possible that the magnetic field

and spin alignment of the neutron star are not favorable

to produce pulsations.

We also note that the lack of detected pulsations do

not rule out the presence of pulsations altogether. While

we can rule out extremely high pulsed fractions such as

the pulsed fraction of 72% found for NGC 300 ULX-1 in

the NuSTAR band (Carpano et al. 2018) compared with

our upper limit of 35% for NGC 4190 ULX-1 in the same

band, several ULX pulsars have lower pulsed fractions

than this even where they peak in the NuSTAR band.

For example, pulsations of NGC 7793 P13 have been

found to peak in the NuSTAR band at pulsed fractions

of ∼20–60% at different times (Fürst et al. 2016, 2021),

and in the XMM-Newton band pulsations have been de-

tected at pulsed fractions as low as a few percent (e.g. in

NGC 1313 X-2; Sathyaprakash et al. 2019), lower than

our NICER upper limit of 16%. Additionally, pulsed

fractions lower even than this may well be present in

the ULX population and simply undetected due to the

lack of sufficient data to detect them, given that detect-

ing pulsations can be challenging anyway due to spin-up

and orbital effects. (We note that Combi et al. 2024, fol-

lowing a different method, found pulsed fraction upper

limits of 7% and 18% for NICER and NuSTAR respec-

tively at the 90% significance level, which are approxi-

mately equivalent to our 3σ upper limits.)

The matter is further complicated by the fact that

pulsations in ULX pulsars are sometimes found to be

transient (e.g. Bachetti et al. 2020), such that multi-

ple high-quality observations may be required to suc-

cessfully identify a genuine ULX pulsar. Future obser-

vations with NuSTAR in particular, with a moderate

(50–100%) increase in exposure time, would be able to

probe pulsed fractions down to 30% at energies above

10 keV (the energy range in which they are strongest in

ULX pulsars), as well as provide more opportunities to

search for transient pulsations.

Given the low frequency of the aperiodic variability we

detect, it is unlikely to be intrinsic to an accretion col-

umn, which has a much shorter characteristic timescale

than these observations are sensitive to, and variability

is at any rate expected to be suppressed within the mag-

netospheric radius (Revnivtsev et al. 2009; Mushtukov

et al. 2019). Instead, the variability could be imprinted

upon the high-energy emission by a clumpy obscuring

wind as described in Middleton et al. (2015a). This

is in tension with the apparent low inclination of this

source we mention at the beginning of this section, but

given that the presence of a soft thermal component is

evident, the inclination may be high enough for a small

amount of the outflowing wind to intercept the line of

sight to the center of the system and to make a mod-

est contribution to the energy spectrum. At a favorable

inclination, it may also be possible for most of the hot

thermal emission from the super-Eddington disk to re-

main unobscured, leading to the component not making

a significant contribution to the covariance spectrum.
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The disappearance of short-term variability in the

third XMM-Newton observation appears to be con-

nected with an increase in the temperature of the soft

thermal component and/or a decrease in the NH of the

absorption. In the case that the variability originates

from the high-energy emission being partially obscured

by a clumpy wind, this may indicate a decrease in the

spherization radius Rsph due to a lowered mass accre-

tion rate, leading to the clumpy wind no longer crossing

the line of sight to the observer. The lack of high-energy

data during the third XMM-Newton observation makes

it difficult to determine the true contribution of a cut-

off power-law component – while its normalization upper

limit is consistent with what we measure for the broad-

band observation, we cannot confirm its presence from

the XMM-Newton data alone, and it is possible that the

high-energy component is itself absent in this observa-

tion. Further broadband observations of the source in

multiple flux states would provide further insight into

the behavior of the hard emission over time.

The long-term variability in the spectrum appears to

be driven primarily by the temperature and flux of the

hot thermal component rather than the cool compo-

nent. Also, while we only have NuSTAR data for one

of the epochs, the low-energy spectral turnover makes it

clear that this ULX does not have a very stable high-

energy tail (unlike that seen in some ULXs such as

Ho IX X-1 and NGC 1313 X-1, which show consider-

able soft variability yet very consistent high-energy tails;

Walton et al. 2017, 2020). For a non-magnetic model

in which the high-energy emission originates from up-

scattering of photons from the hot thermal component,

this variability arises naturally from the changes in disk

temperature changing the intrinsic spectrum that is up-

scattered. For the magnetic model, it implies a change in

the flux of the accretion column component, potentially

due to a changing accretion column height resulting from

changes in the mass accretion rate through the column,

or changing obscuration of the accretion column.

We can explore the spectral variability further by

making luminosity-temperature plots for the two ther-

mal components (Figure 9). The XSPEC model cflux

evaluated between 0.001 and 100 keV was used to esti-

mate the unabsorbed bolometric luminosity for the two

diskbb components in the diskbb-only fits (these cho-

sen to reduce the number of free parameters). The con-

straints placed using the covariance spectrum fit were

considered in the case of the broadband NICER and

NuSTAR observation. No obvious trend is seen for the

cool thermal component save for the higher-temperature

observation appearing to be a distinct outlier. We note

that the luminosities seen for this component are super-

Figure 9. Unabsorbed luminosity-temperature relations for
NGC 4190 ULX-1 when fitted with the non-magnetic (top)
and magnetic (bottom) models. The cool thermal compo-
nent is plotted in blue, and the hot component in orange.
The more reliable values obtained from the broadband ob-
servation are indicated with squares. The dark grey and red
dashed lines indicating the line of best fit to the hot com-
ponent and its errors respectively, with a L ∝ T 4 relation
plotted with a lighter grey dot-dashed line for comparison.

Eddington or nearly so, particularly in the case of a

neutron star accretor, which suggests that this compo-

nent results from a soft outflowing wind, ruling out a

thin, sub-Eddington outer accretion disk for this source.

In contrast, the hot thermal component appears to

demonstrate a clear relationship between luminosity

and temperature, which we found to be L ∝ T 2.0±0.9

via least-squares fitting for the non-magnetic model,

and similarly L ∝ T 2.2±1.1 for the magnetic model.

This result comes with obvious caveats – namely that

the XMM-Newton spectra are overfitted by three-

component models and are unable to constrain any

of the high-energy component parameters, therefore the

uncertainties are underestimated and some parameters

potentially biased due to others being frozen. We are

also working with a small number of observations clus-

tered together in L-T space, insufficient to make strong

claims about the behavior over a wide range of luminosi-
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ties and disk temperatures. A higher number of truly

broadband observations would be required to confirm

this relationship.

However, if we take the relation at face value, it is

interesting to note that despite there being no evidence

for the spectral broadening expected from a slim, super-

Eddington accretion disk, the L-T relation is more sim-

ilar to the shallow L ∝ T 2 relation expected for a slim

disk Watarai et al. (2000), compared with the L ∝ T 4

expected for a standard sub-Eddington accretion disk

Shakura & Sunyaev (1973), implying that a slim disk

may still be present (Combi et al. 2024 also favor a shal-

low L ∝ T 2 relation over a L ∝ T 4 relation in their

analysis). It is possible that such a spectrally narrow

thermal component could originate from a slim disk if

it extends only over a small number of radii. We would

normally expect a slim disk to reach all the way to the

innermost stable circular orbit (ISCO) at the high mass

accretion rates that would produce it, but the presence

of a strong enough magnetic field from a neutron star ac-

cretor may truncate the disk before it reaches the ISCO

(as suggested by Walton et al. 2018b), which would re-

sult in a narrower range of temperatures and an artifi-

cially high value of p when fitting with a diskpbbmodel.

Therefore, if present, this shallow L-T relation combined

with a narrow hot component may be tentative further

evidence of the presence of a neutron star accretor, with

a magnetospheric radius close to but slightly less than

the spherization radius of the super-Eddington accretion

disk. Ultimately, further broadband data is required to

confirm this behavior.

5. CONCLUSIONS

We present the spectral and timing analysis of a

broadband NICER+NuSTAR observation of the nearby

and relatively under-studied NGC 4190 ULX-1, which
exhibits spectral features typical of the wider ULX pop-

ulation and significant spectral variability. While pulsa-

tions were not detected, the presence of a hard cut-off

power-law component in the covariance spectrum and

the luminosity-temperature properties of the narrow hot

thermal component provide tentative evidence towards

a neutron star accretor with an accretion column and

a super-Eddington accretion disk truncated by the neu-

tron star magnetic field.

The compelling possibility of NGC 4190 ULX-1 host-

ing a neutron star accretor, coupled with its nearby and

highly accessible nature, make it an ideal target for fu-

ture ULX study. Further broadband observations will be

critical in confirming the luminosity-temperature trends

suggested by the archival XMM-Newton observations,

for investigating the connection between the changing

spectral and timing properties of this source, and for

further exploring the nature and behavior of its high-

energy emission. Future observations will also be nec-

essary to continue the search for pulsations, in the case

that they are simply transient in this source, or other

properties such as cyclotron lines that may be able to

confirm the neutron star nature of this source (Bright-

man et al. 2018; Walton et al. 2018c).

While NICER is not typically used for ULX studies

due to their comparatively low fluxes compared with

the NICER background and their extragalactic nature

making source confusion more likely, it is clear that it

can still be a powerful tool for the timing analysis of

the few ULXs that are nearby and reasonably well iso-

lated. However, a full picture of the X-ray behavior of

this source can only be obtained with broadband X-ray

data. While coordination of a soft X-ray observatory

with NuSTAR is invaluable with present-day capabili-

ties, this source illustrates the value of a future dedi-

cated broadband observatory such as the High Energy

X-ray Probe (HEX-P) in the study of ULXs (Madsen

et al. 2023; Bachetti et al. 2023).

We thank the anonymous referee for useful comments

to improve the clarity of this article. HPE acknowledges

support under NASA grant 80NSSC21K0123 and NASA

contract NNG08FD60C. The majority of this work was

performed on the traditional homeland of the Tongva

people.

This work made use of data from the NuSTAR and

NICER missions, funded by the National Aeronautics

and Space Administration. We thank the observing

teams for carrying out the coordinated observations.

This work has also made use of archival observations

by XMM-Newton, an ESA science mission with instru-

ments and contributions directly funded by ESA Mem-

ber States and NASA, and the Neil Gehrels Swift Ob-

servatory, a NASA science mission.

Facilities: NICER, NuSTAR, XMM, CXO, HEASARC,

Swift(XRT)

Software: astropy (AstropyCollaboration et al. 2013,

2018),HENDRICS (Bachetti 2018),HEASoft (NasaHigh

Energy Astrophysics Science Archive Research Center

(Heasarc) 2014), NICER software, NuSTARDAS,XMM-

Newton SAS, Stingray (Bachetti et al. 2022)



NGC 4190 ULX-1 13

REFERENCES

Abramowicz, M. A., Czerny, B., Lasota, J. P., &

Szuszkiewicz, E. 1988, ApJ, 332, 646, doi: 10.1086/166683

Agrawal, V. K., & Nandi, A. 2015, MNRAS, 446, 3926,

doi: 10.1093/mnras/stu2291

Arnaud, K. A. 1996, in Astronomical Society of the Pacific

Conference Series, Vol. 101, Astronomical Data Analysis

Software and Systems V, ed. G. H. Jacoby & J. Barnes,

17

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J.,

et al. 2013, A&A, 558, A33,

doi: 10.1051/0004-6361/201322068

Astropy Collaboration, Price-Whelan, A. M., Sipőcz, B. M.,
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