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ABSTRACT

X-ray Timing Explorer J1810—189 is a low-mass X-ray binary transient system hosting a neutron star, which underwent a
three-month-long outburst in 2020. In order to study its spectral evolution during this outburst, we analysed all the available
observations performed by Neutron star Interior Composition Explorer, in the 1-10keV energy band. First, we fitted the spectra
with a thermal Comptonization model. Our analysis revealed the lack of a significant direct emission from a blackbody-like
component, therefore we calculated the optical depth of the Comptonizing region, deriving an upper limit of 4.5, which suggests
the presence of a moderately thick corona. We also attempted to fit the spectrum with an alternative model, i.e. a cold Comptonized
emission from a disc and a direct thermal component from the neutron star, finding a similarly good fit. The source did not
enter a full high luminosity/soft state throughout the outburst, with a photon index ranging from ~1.7 to ~2.2, and an average
unabsorbed flux in the 1-10keV band of ~3.6 x 107!1% erg cm~2 s~!. We searched for the presence of Fe K-shell emission lines
in the range ~6.4-7keV, significantly detecting a broad component only in a couple of observations. Finally, we conducted
a time-resolved spectral analysis of the detected type-I X-ray burst, observed during the outburst, finding no evidence of a

photospheric radius expansion. The type-I burst duration suggests a mix of H/He fuel.

Key words: accretion, accretion discs — stars: neutron — X-rays: binaries — X-rays: individual: XTE J1810—189.

1 INTRODUCTION

The binary system X-ray Timing Explorer (XTE) J1810—189 has
been classified as a low-mass X-ray Binary (LMXB; Chelovekov &
Grebenev 2010), a type of binary systems in which a compact
object accretes matter from a companion star of mass <1 Mg
(Lewin & Clark 1980). The compact object can either be a black
hole (BH) LMXB or a neutron star (NS) LMXB. The nature of the
compact object determines different spectral (Mitsuda et al. 1984)
and temporal (Wijnands 2001) properties of the source.

In LMXB systems, the central object accretes through Roche
lobe overflow, with the creation of an accretion disc around the
object, which emits in the X-ray band. The emission is scattered
and modified by a diffuse region of plasma around the central object
(often called corona or Comptonizing region), by means of inverse
Compton scattering.

One of the features that allows to infer the nature of the compact
object in these systems is the observation of type-I X-ray bursts,
consisting of sudden nuclear burnings of piled-up accreted material
on the surface of NSs (see e.g. Galloway & Keek 2021, for a review).
The spectra of type-I1 X-ray bursts can be well fitted with a blackbody
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model, radiated by the surface of the compact object (Marino et al.
2019; Kashyap et al. 2021, and references therein). For the brightest
bursts, the emitted luminosity can reach the Eddington limit at
the surface, causing the NS atmosphere to lift. As the atmosphere
expands and its radius increases — while the luminosity remains
almost constant — the effective temperature decreases (L, o< R>T*).
Type-1 X-ray bursts with photospheric radius expansion (PRE) can
therefore be recognised if the radius increases and the effective
temperature decreases at the same time, while the flux remains
constant. When the highest effective temperature is reached, the
corresponding radius of the blackbody should represent the NS radius
(Galloway & Keek 2021). In the hypothesis that the luminosity
remains equal to the Eddington luminosity during the burst, it is
possible to give an estimate of the distance of the source from the
observed flux (Galloway et al. 2008).

XTE J1810—189 is a transient source, which alternates between
quiescent phases and periods of increased X-ray emission due to
accretion on the central object. When in outburst, these transient
systems typically evolve from a hard to a soft state (see Belloni 2009;
Muiioz-Darias et al. 2014, for BH and NS systems, respectively). The
hard states are characterized by X-ray emission at higher energies
and lower luminosities in the soft X-ray band, with a predominance
of Comptonization processes in the surrounding, now expanded,
region. The soft states instead occur when the mass accretion rate
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from the companion star is higher, leading to a more intense energy
emission at low energy in the X-ray band, and to the cooling of the
Comptonization region possibly becoming smaller.

In NS LMXB systems, the soft states are decomposed into a soft
and a hard component, in which the hard part is identified with a
Comptonized component with the temperature of the corona, kT,
of a few keV, while the soft part can be modelled either with a
single temperature component (blackbody component from the NS),
of temperature ~1.5 keV, or with a multicolour disc (MCD) from
the accretion disc, of lower temperature (see e.g. Barret 2001, for
a full review), or both. During the soft states, the optical depth of
the Comptonizing region can reach values of ~5-15, while the seed-
photon temperature is compatible with the temperature of the soft
component. The hard states are similarly decomposed into a hard and
a soft component, but the optical depth of the Comptonizing region
reaches lower values, ~2-3. The soft component can be modelled
as a single temperature blackbody or an MCD, when detectable. In
both hard and soft states, an iron emission line can be detected at
6.4-6.7 keV, and sometimes also a weak reflection continuum at
higher energies, called Compton hump. The iron line is thought to
originate from the inner parts of the accretion disc, irradiated by the
Comptonized emission and giving rise to recombination processes.
The emitted energy is then altered by relativistic effects (Doppler
shifts and gravitational redshifts), assuming a broad and asymmetric
profile. It can be used to investigate the ionization state and the
geometry of the accretion flow (see e.g. Piraino et al. 2012; Di Salvo
et al. 2015; Degenaar et al. 2016; Ludlam et al. 2018).

XTE J1810—189 was observed for the first time in 2008 by the
Rossi X-ray Timing Explorer (RXTE; Markwardt & Swank 2008)
during a monitoring scan of the Galactic ridge region. Further RXTE
observations showed the presence of type-I X-ray bursts (Markwardt,
Strohmayer & Swank 2008), confirming the nature of the compact
object hosted in the system, while no burst oscillations have been
found. A first upper limit to the distance was set to 11.5kpc
(Markwardt, Strohmayer & Swank 2008) from the analysis of a
type-1 X-ray burst under the assumption that the peak flux was the
Eddington flux. A stricter estimate on the distance was obtained by
Weng et al. (2015) through a type-I X-ray burst analysis occurred
during the 2008 outburst. Their results indicate a distance in the
range 3.5-8.7 kpc. An infrared counterpart was detected thanks to the
Chandra localization (Torres et al. 2008a, b) in 2008. In September
2020, new X-ray activity was observed by the International Gamma-
Ray Astrophysics Laboratory (INTEGRAL) and subsequently by the
Neutron star Interior Composition Explorer (NICER; Bozzo et al.
2020).

In this paper, we report the spectral analysis of the source using
the data collected by NICER during the 2020 outburst, with the aim
to study the spectral evolution of the system. Since NICER energy
band covers lower values than RXTE, we are able to study XTE
J1810—189 for the first time at softer X-ray energy values.

2 DATA REDUCTION AND ANALYSIS

NICER observed the source from 2020 September 1 to 2020
November 13, for a total of 33 observations, covering the entire
outburst (total exposure of 47 793 s after data filtering, Table 1). The
outburst started at a rate of ~25 cts s~!, reached a peak of ~50 cts
s~ at MJD 59110, and decreased to ~10 cts s~ towards the end.
After filtering, only 23 observations have an exposure long enough
to provide sufficient statistics for spectral analysis. Two observations
(OBSID 3201750109 and OBSID 3201750112) show type-I X-ray
bursts, marked in Fig. 1 with red dots. Only one of the two bursts
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Figure 1. In the upper panel, we report the background-subtracted NICER
light curve with 100 s binsize covering the entire 2020 outburst. Times are
referred to J2000. The red dots represent type-I bursts. In the lower panel, we
report the evolution of the hardness ratio with time. The hardness is defined
as the ratio between the counts in the 6-10 and 0.6-3 keV energy bands. The
coloured bands highlight the grouping done in the spectral analysis.

was fully observed by NICER.

The reduction of NICER data was performed using the pipeline
nicerl2 (NICERDAS version 2020-04-23_V007a), with default
screening parameters: (i) exclusion of time intervals in proximity
of the South Atlantic Anomaly; (ii) elevation angle of 30° over the
Earth’s limb; (iii) minimum angle of 40° from the bright Earth limb;
(iv) maximum angular distance between the source direction and
NICER pointing direction of 0.015°. The background modelling was
done with the 3C50 model, gain epoch 2020, and the exclusion
of the noisy FPM14 and FPM34 from the analysis. The spectra
of the observations and the respective backgrounds were extracted
using the toolnibackgen3c50-v6f. Observations OBSID09 and
OBSID12 were also cleaned with the xselect tool, eliminating
140 s from the former observation and 110 s from the latter, in order
to exclude the observed type-I X-ray bursts from the analysis. The
spectral analysis was carried out in XSPEC 12.12.0 (HEASOFT package,
version 6.29). The cleaned spectra were rebinned to contain at least
25 counts per channel.

Some peaks were visible below 1 keV, likely associated with
the oxygen peak (0.56 keV), iron peak (0.71 keV), and neon peak
(0.87 keV).! In order to avoid the background-dominated part of
the spectra and the instrumental noise, we performed the spectral
analysis in the range 1-10 keV, which suits all the observations.

We also calculated the hardness ratio for each observation with
the xselect tool, adopting the 0.6-3 keV energy range for the soft
band, and the 6-10 keV energy range for the hard band.

2.1 Persistent emission
We fitted the persistent emission with four different models:

(i) Model I: absorbed Comptonized emission (TBabs* nth-
Comp);

Uhttps://heasarc.gsfc.nasa.gov/docs/nicer/data_analysis/workshops/RonR _s
pec_practices_20210511.pdf
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Table 1. List of the observations with relative date in UTC format and
exposure after filtering and type-I burst removal. Counts are the total counts.

OBSID Date Exposure (s) Counts
3201750101 2020-08-31T20:22:21 3903.0 97774
3201750102 2020-09-01T01:01:02 1290.0 32074
3201750103 2020-09-03T01:08:20 3586.0 87114
3201750104 2020-09-04T00:17:19 4176.0 105 645
3201750105 2020-09-05T02:37:21 5909.0 149798
3201750106 2020-09-06T06:37:00 1785.0 46743
3201750107 2020-09-07T13:41:00 2342.0 63 659
3201750108 2020-09-08T05:11:20 2313.0 66444
3201750109 2020-09-16T09:43:32 1791.7 72622
3201750110 2020-09-17T22:54:32 1079.0 44272
3201750111 2020-09-18T00:39:20 7294.0 296 877
3201750112 2020-09-19T05:53:52 1238.5 53461

3201750113 2020-09-22T11:21:09 3694.0 156 144
3201750114 2020-09-25T16:54:18 869.0 35467
3201750115 2020-09-26T02:12:38 2168.0 89425
3201750116 2020-09-27T15:24:16 1264.0 52987
3201750118 2020-10-06T09:07:45 561.0 16561

3201750119 2020-10-07T12:45:00 340.0 10546
3201750120 2020-10-11T23:54:00 150.0 5292

3201750126 2020-10-28T01:41:20 935.0 13571

3201750132 2020-11-07T15:24:20 300.0 3467

3201750133 2020-11-09T04:38:12 805.0 9398

(ii) Model 2: absorbed Comptonized emission with the addi-
tion of a blackbody component. We investigated two variations
of this model, one with the blackbody temperature free to vary
and the second with the blackbody temperature fixed at 0.1 keV
to account for an accretion disc emission. We rejected the first
version since the addition of the blackbody was not significant
(TBabsx* (bbodyrad + nthcomp));

(iii) Model 3: absorbed blackbody component and power law with
low-energy roll-off (TBabs* (bbodyrad + expabs* power-
law)).

In the first model, we used the nthComp component (Zdziarski,
Johnson & Magdziarz 1996; Zycki, Done & Smith 1999) to describe
the thermally Comptonized continuum due to the presence of the
electron corona. We set the inp_type parameter to 0, indicating a
blackbody distribution for the seed photons. To take into account
photoelectric absorption by the neutral matter in the interstellar
medium, we used the Tuebingen—Boulder model (TBabs in XSPEC)
with the value of the equivalent hydrogen column density ny free
to vary. The abundances were set to the values provided by Wilms,
Allen & McCray (2000). Since the lack of coverage above 10 keV
does not allow us to properly constrain the electronic temperature
kT., the latter was fixed to 30 keV for all the models, higher
than NICER upper energy limit and consistent with the typical
values reported for similar sources (e.g. Barret 2001; Wang et al.
2017; Marino et al. 2019). However, varying this parameter towards
higher or lower values does not significantly affect the fit result,
suggesting that the fit is insensitive to the electron temperature
changes.

We attempted to fit the data with a second model that considers the
presence of a soft component due to the NS emission. The model 2
did not result in a statistically significant improvement with respect
to model 1. In fact, the application of an F-test, calculated at the
5 per cent significance level, between the two models showed that
only 3 observations out of 22 (OBSID11, OBSID15, OBSID16) had a
significant improvement with the addition of a blackbody component,
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although the best-fitting values of the photon index could not be
constrained to physically reasonable values. We attempted to link
the blackbody temperature of the bbodyrad component with the
seed-photon temperature of the nthComp component, but the model
did not give any significant improvement with respect to model 1.
Therefore, we abandoned this version of model 2 and adopted a cold-
disc variation. In order to explicitly search for a direct NS emission
component, we kept the seed-photon temperature fixed at a very low
value (kTseq = 0.1 keV) with a disc-like distribution. Therefore, we
hypothesized the presence of a cold disc that is not directly detectable
but undergoes Comptonization. The blackbody component, which in
this case is significant for all the observations, can be identified with
direct emission from the NS.

We could still see some residuals in the observations around
6.4 keV, therefore we searched for the presence of an iron emis-
sion line. We added a gaussian component to our models and
constrained the centroid value to vary in the range 6.4-6.97 keV. In
the case of model 1, the inclusion of the gaussian component was
found to be statistically significant only in 8 out of 22 observations.
For model 2, the addition of the Gaussian component was significant
for 10 observations out of 22. In order to improve the statistics, we
decided to simultaneously fit the observations in five groups (OBSIDs
01-06; OBSIDs 07 and 08; OBSIDs 09—16; OBSIDs 18-20; OBSIDs
26, 32, and 33), in accordance with their hardness ratio (see Fig. 1,
lower panel) and temporal vicinity. For statistically non-significant
detections, we derived the upper limit on the equivalent width by
fixing the values of the peak energy and line width to the values
derived from the fit conducted with the same parameters free to
vary.

To make a comparison with the previous study of XTE J1810—189,
we fitted the NICER data with a third model, composed by a
blackbody component and a power law in which the component
expabs accounts for the low-energy roll-off, and the cut energy
linked to the blackbody temperature. This model can be thought to
be geometrically equivalent to our cold-disc version of model 2.

2.2 Type-I X-ray bursts

We identified two occurrences of type-I X-ray burst, in OBSIDs 09
and 12, respectively, but the latter was not observed in its entirety
and it was not possible to fully observe the peak. Therefore, we
analysed only the type-I X-ray burst of OBSID09, whose light curve
is shown in Fig. 2. We conducted a time-resolved spectral analysis,
dividing the light curve in bins of ~2 s around the peak, and ~10
s on the tail, by using the XSELECT tool. Initially, we tried to fit
the type-1 X-ray burst without subtracting the persistent emission
but fitting simultaneously the continuum and the burst instead. With
such a strategy, we are taking into account the impact that the burst
onset has on the accretion flow, usually able to amplify the persistent
emission by a factor f, (Worpel, Galloway & Price 2013, 2015).
‘We modelled the burst spectrum with an absorbed blackbody model
(TBabs*bbodyrad) and used nthcomp (model 1) to describe
the continuum. We therefore fitted each spectrum with the model:
TBabs* (bbodyrad 4 constx* (nthcomp) ), with const as
the factor f,. When fitting the spectra with this model, we only
allowed f, to change while we kept frozen the parameters of the
continuum. Unfortunately, the poor statistics in the time-resolved
spectra did not allow to fit both components and left f, totally
unconstrained. Therefore, we adopted the persistent emission as
background for the observation (see e.g. Galloway et al. 2008). We
extracted 10 s of the persistent emission before the burst, to use as
background. We rebinned all spectra in order to have at least 20
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Figure 2. Lightcurve, of 1 s of binsize, of the type-1 X-ray burst of OBSID09.
Times are given with respect to MJD 59108.

counts per bin and we modelled the burst spectrum with an absorbed
blackbody model (TBabs#*bbodyrad).

We ran the initial fit leaving the hydrogen column density free to
vary, but we noticed a correlation between the ny and the blackbody
normalization parameters. Therefore, we kept ny fixed to the value
obtained from the persistent analysis with model 1 (see Table 2) for
OBSIDO9 in the final analysis of the burst.

2.3 Timing analysis

In order to conduct a timing analysis, we barycentred the event
files with respect to the barycentre of the Solar system with the
barycorr routine. We derived the Leahy-normalized power den-
sity spectra (PDS; Leahy et al. 1983) with the powspec command,
setting a Nyquist frequency of 4096 Hz. We considered time intervals
of 16s of exposure for each observation, and averaged the resulting
PDS accordingly. We estimated the Poissonian white noise with
an unweighted fit of the PDS beyond 500 Hz with a constant,
and subtracted it from the entire range. Fig. 3 shows the PDS for
OBSIDO1, as a reference. From each observation, we derived the
fractional root mean square (RMS) up to 100 Hz, following the
method described in Belloni & Hasinger (1990), and studied its
evolution with time. To take into account the decreasing number of
counts in the last observations, we merged the observations from
OBSID18 to OBSID33 in a single PDS.

3 RESULTS

Fig. 1 reports the evolution of the hardness ratio during the outburst.
We notice an initial hardening of the source as it approaches the
peak of the outburst, followed by a significant softening towards the
end of the outburst. This behaviour is supported also by the spectral
analysis of the continuum, reported in the following section.

3.1 Persistent emission

The results of the fit with model 1 show a variation of the photon
index between 1.671007 and 2.19%03) (errors at 90 percent c.l.),
during the outburst evolution, reaching the highest value in OBSID32
and never fully entering the high/soft state (same behaviour reported
by Weng et al. 2015). The unabsorbed flux in the 1-10keV energy
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range is around 107' ergecm=2 s~!, which, with the upper limit

on the distance of 11.5 kpc obtained by Markwardt, Strohmayer &
Swank (2008), leads to a luminosity upper limit of ~5 x 10% erg
s~! on average, showing that the source did not reach very high
luminosities in this phase (i.e. of the order of 1 percent of the
Eddington luminosity for an NS of 1.4 Mg). The obtained results
are in satisfying agreement with the data, with reduced x> ~ 1 for
all observations (Table 2). Fig. 4 shows the comparison between the
spectra of the first observation and of the one with highest photon
index value (OBSID32).

The seed-photons temperature for the Comptonized spectrum is
estimated between 0.471011 and 0.79 = 0.05 keV, consistent with the
temperatures of the accretion disc reported in the literature for NS
LMXBs (see e.g. Gambino et al. 2019; Ludlam et al. 2020). Since
this model lacks a direct blackbody component, it is not obvious if
the observed seed photons source for the Comptonization component
is the disc or the NS. In order to search for a direct, non-Comptonized
component from the NS, we added a blackbody component to model
1, obtaining model 2. The temperature of this second component,
when left free to vary, returned best-fitting values around 2 keV for
several observations, but the photon index was not able to converge
to physically reasonable values.

To explain the lack of a direct blackbody component, we derived
the optical thickness t from the values of the photon index (for
the corresponding electron temperature, even if we fixed its value
to 30 keV), following the formula given by Zdziarski, Johnson &
Magdziarz (1996). The optical depth can be calculated in the
assumption of a spherical geometry and uniform density. In that
case, the energy photon index is equal to:

9 1 to3 |
4 + (kTe/mec?)T(1 + 7/3) 2’ M

where kT, is the temperature of the corona. Since our value of
the electron temperature was fixed at an arbitrary value, we cannot
exactly measure the optical depth in our system. We are only able
to determine upper limits on the optical depth, at 3o c.1., by setting
the electron temperature to the highest value (10 keV) in the range
of our analysis. The estimated values of 7 for each observation are
reported in the last column of Table 2. The upper limits for the
optical thickness vary in the range 3.42—4.55, with the highest value
in correspondence of OBSID16.

In the case of model 2, the photon index ranges from 1.23753 to
2. 19f(1):(5)(1’ in correspondence with OBSID20, after steadily increasing
from the beginning of the outburst. The blackbody temperature varies
from 0.70%013 to 1.4470- keV (with the exception of OBSID20, for
which the value of kT is completely unconstrained). Table 3 reports
the best-fitting values for the cold-disc version of model 2. We can use
the normalization of the blackbody component to give an estimate
of the size of the emitting region, as derived from the relation:

{‘i
5 (2)
10 kpe

norm =

where we assumed the upper limit of 11.5 kpc as a measure for the
distance. We obtain an average upper limit of 4 km of radius, without
any corrections applied. The small dimensions of the emitting region
suggest a possible association with a hotspot on the surface of the
NS (see e.g. Pintore et al. 2018).

Previous analyses of this source during the 2008 outburst (Weng
et al. 2015) revealed a softening of the spectra throughout the RXTE
observations. The range of the photon index values reported here
is similar to the one of Weng et al. (2015), even if the models
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Table 2. Fit results for model 1 (TBabs*nthcomp) calculated in the 1-10keV energy range. The reported flux is the

unabsorbed flux in units of 1071% ergcm™2 s~!. Errors are in the 90 per cent confidence level (c..).
OBSID ny (102 cm™2)  Photon index  kTeeq (keV)  Flux (10710 ergem=2 s~ 1) x2/dof T
3201750101 3.677011 1.95+0:06 0.6315:94 2.9910:06 709.88/691  <3.87
3201750102 372702 1997913 0.63+0:7 2.8910:10 542.21/497  <3.79
3201750103 3.687013 1.97+0:08 0.6200 2.9615:08 697.98/652  <3.83
3201750104 3547010 1.98+0:07 0.67+0:-03 3.08790 720.65/690  <3.81
3201750105 3.5410:08 2.0215:08 0.681003 3.071004 699.51/731  <3.71
3201750106 3757917 1937909 0.6210:0 3.2870:99 534.38/565  <3.90
3201750107 3.521012 2017058 0.701004 3.381003 681.10/621  <3.75
3201750108 3.567013 2.03%0%8 0.701004 3.581007 616.04/615  <3.71
3201750109 3421012 2.00+0:48 0.7970:9 4.997009 664.65/634  <3.76
3201750110 3431013 1.95%015 0751908 5191013 599.90/563  <3.87
3201750111 3467098 1.8710:04 0.72+0:02 5.241503 902.20/811  <4.03
3201750112 3374014 1957013 077190 5314012 556.75/572  <3.86
3201750113 3427008 1.7810:93 0.69+0-03 5.48+0:07 712447741 <424
3201750114 3527018 179450 0.6710.07 5200013 519.32/527  <4.24
3201750115 3387010 1.8310:07 0.7075:04 5.147507 724.93/673  <4.13
3201750116 3567018 1674007 0.5810:96 5367013 612.88/595  <4.55
3201750118 3257028 1.801013 0.59+09 3501016 422737395 <421
3201750119 323709 1.82+018 0.55+012 3531031 279.78/286  <4.16
3201750120 3.8170% 1.857018 <0.36 447700 181.69/151  <4.09
3201750126 3387033 2.007539 0.5970% 1.53+0:% 34117312 <376
3201750132 351706 2.1975%9 0.611518 1264013 127.96/107  <3.42
3201750133 3.9410-32 1967014 0.47%014 1.357004 217.60247  <3.85
Power density spectrum Unfolded spectra
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Figure 3. PDS of the observation OBSIDO1, with bin size 250 ps and

Nyquist frequency 4096 Hz.

are different. The authors used a model composed by a blackbody
and a power-law component (without the energy cut-off), which we
reproduced in model 3. In our model, the blackbody temperature,
kTgg, varies between 0.697073 and 2.10*] %) keV, while the photon
index ranges between 1.24702 and 2.32*0 2, reaching lower values
than model 1 for most of the observations. The photon index slowly
evolves from 1.6710}3 in OBSIDOLI to its highest value of 2.32¥2)
in OBSID19. Table 4 reports the best-fitting parameters for model
3. Following the same procedure as before, we find the size of the
emitting region to be ~3 km. However, it should be noted that the
normalization of the blackbody component of model 3 is not well
constrained.

MNRAS 526, 1154-1164 (2023)

(doto—rodel}/error

Energy (keV)

Figure 4. Unfolded spectra fitted with model 1. The black data belong to the
OBSIDO1, while the red data are OBSID32.

Fig. 5 compares the temporal evolution of the photon index (in red,
the parameter from the nthComp component of model 1; in blue, the
photon index relative to the cold-disc model (model 2); in black, the
index of the power law of model 3; and the blackbody temperature
(temperature of the seed photons for the model 1). The figure shows
a similar photon index evolution for models 2 and 3, which both
imply a cold disc, contrary to model 1 in which the disc is relatively
hot. The two different hypotheses lead to a slight difference in values
between the two interpretations (model 1 for the hot disc hypothesis,
models 2 and 3 for the cold-disc hypothesis). In the case of the cold-
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Table 3. Fit results for model 2 in the cold-disc version (TBabs* (bbodyrad + nthComp)), where the seed-photons
temperature is fixed at 0.1 keV. The reported flux is the unabsorbed flux in the energy range 1-10 keV, in units of 10~'% erg cm™2

s~1. Errors are at 90 per cent c.l.

OBSID ng (102 cm™2)  Photonindex  kTgg (keV) normgg  Flux (1079 ergem™2 s~ 1) x2/dof

3201750 101 42702 1.52%012 0.9210:97 9.0135 3.807004 717.14/690
3201750102 4.5%03 1.671029 0.10924 56137 3387004 541.78/496
3201750103 43102 L5740 0.9310:08 82737 347100 703.82/651
3201750104 41403 150019 0.97+5:9 84727 3.6075:03 723.28/689
3201750105 41703 1507519 097095 89123 3.631002 714.49/730
3201750106 4.5103 1.631013 0.99+019 6.1+48 3.81+0:09 534.97/564
3201750107 4.2%02 1.514013 1.02+0%9 79433 3.9575:06 687.66/620
3201750108 42403 1514013 1.01+5:% 89730 4.2210:96 625.03/614
3201750109 4.1%02 1.43%014 1127049 9.6136 5.82+0:08 670.06/633
3201750110 41703 147157 L1158 9.1739 6.017043 609.88/562
3201750111 4210 1.4870:06 111759 81719 6.0075:03 925.53/810
3201750112 417103 1527917 119707 7.5153 6.1310:08 556.87/571
3201750113 4210 1501008 L15%5 0 6.1729 6.187007 727.29/740
3201750114 4.0103 1.36+07 1.00+0:43 117135 5911012 518.66/526
3201750115 41+02 147801 L11H3 75437 5.8410.08 735.25/672
3201750116 4.3%0:1 1.59%012 1.267032 24178 592104 612.30/594
3201750118 4.0108 1.691038 1217531 23184 3.93+04 423.14/394
3201750119 41503 1874098 1444045 16t 407194 274.30/285
3201750120 4.010% 2.1973% L6755 <3.1 4284033 180.58/150
3201750126 35703 1.23%0% 0.8210:07 11.1743 1.827008 338.96/311
3201750132 3.8%59 1387058 0.81703% 9.67%9 1554010 127.36/106

0.6 0.36 0.10 8.9 0.11
3201750133 42702 1501039 0.711919 11975 158108 216.40/246

disc models, the photon index reaches its highest value earlier in time
with respect to model 1. Moreover, the parameters of the model 3
(and of the observation OBSID20 with the model 2) have much larger
uncertainties. The errors are particularly large in correspondence of
OBSID20, which is also one of the observations with lower counts.
The best-fitting value of the temperature parameter of model 1 is ~1o
lower than the values of the other observations, and the low statistics
of OBSID20 may be a reason for this poor estimation. In model
2, the highest temperature (corresponding precisely to OBSID20) is
1.677055 keV, still loosely constrained. It is worth to remind that
the reported temperature for model 1 is the seed-photon temperature
from a component that we cannot directly see, while for models
2 and 3 the reported temperature is the direct blackbody emission.
Fig. 5 reports the temporal evolution of the unabsorbed flux in the
range 1-10 keV for the different models and, while the evolution
follows the same track, in the case of model 2 the unabsorbed flux
reaches higher values, due to a higher estimation of the hydrogen
column density in this model. Because of the similar behaviour of
models 2 and 3 and since model 2 is an alternative, more sophisticated
formulation of model 3, we reduce the rest of the analysis to models 1
and 2.

The search for the iron line in the fits with models 1 and 2
revealed the presence of similar features but often in correspondence
of different OBSIDs. With the exception of a few cases, the iron
line appears broad, with ¢ ~ 0.6 keV and energies in the range
6.4-6.7 keV, but the parameters are loosely constrained. In order to
constrain better the parameters, we simultaneously fitted the contigu-
ous observations (see Section 2.1). We observe an improvement in
the determination of the bounds of the equivalent width with respect

to the single observations. In Table 5, we report the best-fitting values
and equivalent widths in the case of the two analysed models. When
the component did not bring a significant improvement to the fit, we
reported the upper limits on the equivalent width calculated with
the values of energy and line width reported in Table 5. Fig. 6
shows the unfolded spectra in the case of the simultaneous fitting
of observations 07 and 08, which gives the narrowest iron line
component and better constrained parameters.

3.2 Type-I X-ray burst

The time-resolved spectral analysis did not reveal the typical be-
haviour of PRE type-I bursts. Fig. 7 shows the temporal evolution
of the unabsorbed bolometric (0.1-30keV) flux and the blackbody
temperature. The coloured area of the third panel identifies the region
of possible values for the radius, as derived from the interval of
distances measured by Weng et al. (2015). The blue line instead
identifies the upper limit on the radius as derived from the upper
limit on the distance calculated by Markwardt, Strohmayer & Swank
(2008). We do not observe the local minimum in the temperature
and the following peak, sign of the touchdown of the NS atmosphere
after the expansion. The peak temperature is reached at the beginning,
equal to 3.4703 keV (errors at 68 per cent c..). It must be considered
that the best-fitting values obtained for the temperature (and con-
sequently for the radius) from the spectral fitting return values that
are larger with respect to the real effective temperature at the NS
surface, with a factor depending on the chemical composition and
luminosity (see Suleimanov, Poutanen & Werner 2011 for details).
Table 6 reports the best-fitting values for the temporally resolved

MNRAS 526, 1154-1164 (2023)
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Table 4. Fit results for model 3 (TBabsx* (bbodyrad + expabsspowerlaw)). The reported flux is the unabsorbed flux

in the energy range 1-10keV, in units of 10~'0 ergcm™2 s~!. Errors are at 90 per cent c.1.

OBSID ny (1022 cm™2)  Photon index  kTgp (keV) normpg  Flux (1070 ergem=2 s~ 1) x2/dof
3201750101 3.99709 1671013 0.897008 8.7 %4 2771048 715.49/690
3201750102 4201027 1861034 0991042 47+79 279495 541.65/496
3201750103 4.0510:19 1734016 0.90+0:19 7.9+43 2784047 702.03/651
3201750104 3.887010 16570 1¢ 0.957507 79733 2871041 722.64/689
3201750105 3.9870:9 1.76+091 0.9910:22 6.2+5:1 2.82+0:10 714.74/730
3201750106 4224022 1.82+02 0.98+0:33 51754 3201020 534.67/564
3201750107 3.90102 1.6810-19 1015083 7.3+ 3137012 685.95/620
3201750108 3.93102 1.687018 1007042 8.37%3 3327013 622.64/614
3201750109 3801020 1.627929 L1100 8.373% 4617011 668.66/633
3201750110 4.041097 1.90+% 1.3370%8 3.5+06 4.801022 609.36/562
3201750111 3.8870% 1687010 L11+% 6.572% 4.951009 925.54/810
3201750112 3.957019 1917543 1371033 370 4971035 557.71/571
3201750113 3.87H0-11 1734028 118704 4.0%32 5274014 719.52/740
3201750114 3771538 151703 0.967060 11.0%95 4.841031 518.81/526
3201750115 3791016 1.687923 L1143 5754 4.881017 731.37/672
3201750116 3.807023 212+ 2.10115 04107 5471018 609.95/594
3201750118 3.6870:32 214793 1661507 0.7+38 3461704 421.87/394
3201750119 3.667% 2.3270% 1701558 0978 374704 275.17/285
3201750120 3487010 205708 0.957274 L6t 4.1870% 181.73/150
3201750126 3.3210:2 1.2410-33 0.8010:07 122454 1.324018 347.31/311
3201750132 3731089 1.47+08] 0.807938 10.099 1337007 127.44/106

0.61 0.44 0.09 9.7 0.22
3201750133 3.9770:2) 156703 0.697013 134177, 120101 220.25/246

spectroscopy of the burst. The type-I burst lasts ~80s, typical
duration of H/He bursts (Galloway & Keek 2021). The peak flux
is reached in the third segment of the time-resolved spectra, at a
value of 3.3703 x 107 ergcm™2 5™, which corresponds to a fraction
of the flux at the Eddington limit in the range 12.3-76 per cent,
calculated from the Eddington luminosity of 3.8 x 103 erg s~!
(Kuulkers et al. 2003) and for a mass of 1.4 M, for the interval of
distances of 3.5-8.7 kpc from Weng et al. (2015). The best-fitting
values for the temporally resolved spectral analysis are reported in
Table 6.

3.3 Timing results

The PDS for each observation do not show strong peaked features,
such as quasi-periodic oscillations, but are characterized by a red
noise in the entire range of observed frequencies. Fig. 8 shows
the temporal evolution of the fractional RMS in the 0.1-100 Hz
frequency range, reported also in Table 7. The fractional RMS varies
between ~20 per cent and ~30 per cent, with some observations
giving only upper limits. In these cases, the absence of a strong signal
in the PDS does not allow for a better estimation of the fractional
RMS.

4 DISCUSSION

4.1 The continuum model

XTE J1810—189 is an NS LMXB system that, during the 2020
outburst, reached luminosities of the order of 10% erg s~!. We
identified three different models that fit the data well: model 1,

MNRAS 526, 1154-1164 (2023)

a single Comptonized component; model 2, a cold, seed-photons
Comptonization and a blackbody; model 3, a blackbody plus a power-
law component.

Our analysis revealed that all 22 observations of XTE J1810—189
collected by NICER can be well fitted by an absorbed, thermally
Comptonized component (model 1) whose photon index slightly
varies in time, reaching its highest value towards the end of the
outburst. We could not identify the direct blackbody component,
which must provide the seed photons required to generate the
Comptonized component. The temperature of the Comptonized
blackbody is found to be ~0.6 keV, which can either be a hot disc or
the NS surface.

In his overview, Barret (2001) justifies the absence of a direct emis-
sion component in the hard states of LMXB with three main reasons:
the direct component is absent, too faint, or outside the observed
energy range. In order to test whether the component is present but
obscured, we derived the optical depth of the Comptonizing region.
The energy range in which the study was conducted does not allow
to determine a best-fitting value of the electron temperature of the
Comptonizing region, therefore we have to base our reasoning on an
upper limit for the optical depth of the Comptonizing corona. The
values reported in the last column of Table 2 are compatible with
the presence of a thick region, with at least 2 per cent of detectable
direct emission. The values in the table represent an upper limit, but
even for kT, values of 30 keV, we get a moderately thick corona with
T between 1.7 and 2 (~15 per cent of detectable direct emission). It
is therefore possible that our difficulty in determining a significant
direct component derives from the presence of an absorbing region.

A similar situation has been reported by in’t Zand et al. (1999)
in the case of the NS LMXB SAX J1748.9—2021 during the
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Figure 5. Temporal evolution of the photon index, the blackbody temperature, and the unabsorbed flux in the 1-10keV energy range, for each observation.
The red series indicates model 1 (TBabs* (nthComp) ); the blue series indicates model 2 in the cold-disc version (TBabsx* (bbodyrad + nthComp));
the black series indicates model 3 (TBabsx* (bbodyrad + expabsspowerlaw)). The error bars are at a 90 per cent c.1.

Table 5. Best-fitting parameters of the iron line component with simultaneous fitting of spectrally similar observations. The
asterisks denote the group of observations where the addition was not significant and the equivalent width is reported with upper

limits. Errors are at the 90 per cent c.l.

Model 1 Model 2
OBSIDs Energy (keV) o (keV) EW (eV)  Energy (keV) o (keV) EW (eV) Total counts (cts)
01-06 <6.63 >0.52 9613 <6.53 >0.54 1991134 472405
0.11 0.12 54 0.11 0.24 74
07-08 6.557011 0.237008 8272 6.557010 0.2710%9 109772 110402
09-16 <659 >0.52 159438 <6.55 >0.58 199778 867 699
18-20x 6.41 (fixed)  0.60 (fixed) <266 6.41 (fixed)  0.60 (fixed) <1684 32399
26-32-33% 641 (fixed)  0.60 (fixed) <570 6.77 (fixed) ~ 0.60 (fixed) <1905 26436

1998 outburst, in which it was found to be in a hard, low-
luminosity state. The source could be well fitted by both models
composed by a blackbody component and a broken power law
(similar to our model 3), and a single Comptonized component,
with no direct emission detected. Their energy range was larger
and they could properly constrain the electron temperature and
derive the optical depth of the Comptonizing region, which was

~6 for a spherical geometry (as in our case) and ~2.7 for a disc
geometry.

We tested a more sophisticated model where we assume the
Comptonized seed photons come from the accretion disc, but its
temperature is too cold to be directly observed (fixed to 0.1 keV).
The additional blackbody component represents the direct emission
from the NS, as confirmed by the estimated size of the blackbody

MNRAS 526, 1154-1164 (2023)
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Figure 6. Unfolded spectrum of the OBSIDs 07 (black) and 08 (red)
fitted simultaneously with model 2 and a Gaussian component, showing the
narrowest iron line component we could identify, with o ~ 0.2keV.
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Figure 7. Temporal evolution of the parameters of the type-I X-ray burst:
the green series is the unabsorbed bolometric flux; the violet series is the
blackbody temperature. The navy blue line is the upper limit on the blackbody
radius as derived from the upper limit on the distance by Markwardt,
Strohmayer & Swank (2008). The light blue band is the region of possible
values derived from the interval of distances calculated by Weng et al. (2015).
All times are referred to MJD 59108. The errors are at a 68 per cent c.1.

emitting region, i.e. a few km, compatible with a hotspot on the NS
surface. Fig. 5 shows a similar temporal evolution of the seed-photon
temperature of the Comptonized component of model 1 and the direct
component of model 2 (which we hypothesize to be the NS).

The detection of an emission line at ~6.4 keV can be linked to
the Fe K-shell emission line, arising from the fluorescence of iron in
the inner parts of the accretion disc. It has been detected in several
single observations with both models 1 and 2, but not always in
the same OBSIDs. We grouped the observations according to their
spectral properties and the results are similar between the models
1 and 2. The addition of the iron line component was significant

MNRAS 526, 1154-1164 (2023)

Table 6. Best-fitting values of the temporally resolved spectra of the type-I
burst. The bolometric flux is calculated in the 0.1-30 keV energy range. Errors
are at the 68 percent c.l.

Time since kTgg (keV) Unabsorbed bolometric Normgg
MID 59108 (s) flux (10% ergem =2 s~ 1)
+0.13 -+0.65 +4.6
2082 15 529755 268240
0.19 2.44 4.5
2.841013 21.33557 328403
0.26 3.99 3.6
3.431033 33244575 265139
0.14 1.64 6.9
10 2.33105 15961162 517127
0.13 1.56 5.1
12.5 24175 17.071}35 482731
—+0.13 +1.06 +8.5
14.5 2.027015 9.521508 54.0152
0.10 0.78 5.8
17 2.0610:00 9.43177% 49.072%
—+0.18 +1.19 +8.3
19 2,067,012 7.847 000 40.9753
0.08 0.43 5.3
22.5 1.86% 008 571405 44633
—+0.05 +0.21 +7.2
26.5 1517002 3.7270% 66.0772
—+0.08 +0.30 +6.6
30.5 1657008 3.7450% 46.97¢%
+0.07 —+0.20 +8.6
345 1450007 2.757078 58.215:¢
—+0.07 +0.17 +6.4
385 1497007 2.357010 44.6727
+0.06 +0.12 +4.9
46.5 1471002 2.157013 42,9792
—+0.06 —+0.09 +5.0
54.5 1375000 1471008 382537
—+0.08 +0.09 +4.6
62.5 1421008 1234000 283730
32.5 A
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27.54
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Figure 8. Evolution in time of the fractional RMS in the 0.1-100 Hz
frequency range, expressed in percentage, throughout the outburst. The error
bars and upper limits are at 3o level.

for the observations at the beginning of the outburst, but we could
only set limits on the parameters, with o larger than 0.5keV. The
combined observations 07 and 08 show a much narrower line, which
derives mostly from the contribution of observation 07 where it
is significantly detected in the single observation. In this case, we
were able to properly constrain the parameters and we identified
a component with o ~ 0.25 keV. The equivalent width is loosely
constrained, and for the final observations, the iron line component
was found to be not significant. The final two groups of observations
are also the ones with lower statistics, which can be a cause for the
non-detection.

4.2 Spectral behaviour

If we consider the previous estimate of the upper limit for the distance
of the system of 11.5 kpc (Markwardt, Strohmayer & Swank 2008),
we obtain an upper limit on the luminosity of ~10°® erg s~!, similar
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Table 7. Fractional RMS values calculated in the 0.1-100 Hz
frequency range. Errors and upper limits are at the 3o c.l.

Frac. RMS
Time (MJD) (per cent)
59092.85 264 + 7.1
59093.04 <314
59095.05 <28.5
59096.01 <29.6
59097.11 <28.9
59098.28 <28.3
59099.57 189+94
59100.22 <27.2
59108.41 277+49
59109.95 245+5.0
59110.03 24.6 +3.8
59111.25 199 £5.8
59114.47 21.4+43
59117.70 20.8 £ 6.5
59118.09 257+4.4
59119.64 272+49

to what was obtained in some very-faint X-ray transients (VFXTs;
Wijnands et al. 2015). These systems are LMXBs in which the
X-ray luminosity in the 0.5-10 keV energy band ranges between
10**-10% erg s~!, and they show a softening of the spectra (higher
photon index) with decreasing luminosity. It is still not clear whether
the softening of the spectra arises from a soft component (the NS
surface or boundary layer) becoming more important due to low-level
accretion, or from the evolution of the Comptonized component.
This behaviour has been reported before for XTE J1810—189 (Weng
et al. 2015) and even in this work, we can notice that spectra have a
higher photon index towards the end of the outburst, when the flux
is decreasing. XTE J1810—189 fits into the category of hard X-ray
transients, LMXBs that remain into a hard state throughout their
outburst. The reason of such spectral evolution is still not completely
understood. It could either be an accretion disc truncated by the
magnetosphere at large distances or an intrinsic property of the mass
accretion rate.

X-ray faint and rather hard outbursts are also observed in accreting
millisecond X-ray pulsars (AMXPs), where the luminosity typically
does not exceed 10 percent of the Eddington luminosity in the
outburst. The similar behaviour of the two classes of objects was
compared by Wijnands et al. (2015) in order to verify a possible
common nature, but no final conclusion could be drawn. AMXPs
spectra are composed by a Comptonized component and one (or
two) blackbody components, with electron temperatures around
tens of keV (Di Salvo & Sanna 2020). There can also be iron
line components, broadened by relativistic effects, and reflection
components. The presence of these features is not always observed,
though (see Sanna et al. 2018a, b; Di Salvo & Sanna 2020, for details
and more examples). The spectral behaviour is similar to what we
observed in XTE J1810—189, however no pulsations have ever been
detected.

The duration of the type-I burst can give us some information
regarding the companion star of the system. The mixed H/He com-
position hint at a hydrogen-rich main-sequence star. Nevertheless,
there are sources, such as ultracompact X-ray binaries (UCXBs; see
for a recent review, Armas Padilla et al. 2023), that show bursts
of similar duration, along with shorter, He-fuelled bursts, although
primarily fuelled by H-poor material (in’t Zand, Jonker & Markwardt
2007). These systems are characterized by orbital periods of Py, &

1163

1 h, meaning that the donor star must be an evolved, hydrogen-
poor and helium-rich star. In fact, the small dimensions of the orbit
imply the presence of a small disc. UCXBs are characterized by
low luminosities and several of them are also VFTXs. Type-I bursts
in UCXBs are also likely to reach the Eddington limit and become
PRE due to the fact that the 3« processes for the burning of helium
are very rapid. LMXBs systems can be identified as UCXBs if their
persistent luminosity is ~1 per cent Lgqq, condition that our source
satisfies. No final conclusion can be done without a measurement of
the orbital period of the system or without direct information on the
composition of the companion star, since the duration of the type-I
burst does not offer an univocal answer.

4.3 Timing analysis

The PDS show a red noise component that is compatible with
Poisson noise. The values of the fractional RMS are typical of
systems in the low/hard state (Mufioz-Darias et al. 2014), in which
the Comptonizing region is contributing the most to the power.
This is in line with the results of the spectral analysis that imply
a predominance of the Comptonized component. The RMS does not
seem to vary appreciably during the outburst, even if our measures
are affected by large uncertainties. These results are in favour of the
VFTX interpretation, as these systems typically show RMS values
~20 per cent (see e.g. Armas Padilla et al. 2018).

4.4 The geometry of the system

To our two possible models correspond two possible system geome-
tries. In the case of model 1, we have a moderately thick region
that obscures the central NS and part of the inner regions of the
accretion disc. The outer regions are not directly detectable because
their temperatures are outside our energy range. In the case of model
2, the disc is colder and therefore not directly detectable. We still
detect an iron emission line and, even if it is unlikely for a low
luminosity/hard state, we cannot exclude that, in this case, it might
arise from recombination processes within the Comptonizing region.
The disc can be truncated by the magnetic field, or we might be in the
presence of an advection-dominated accretion flow. The radiatively
inefficient process, typical of system with low accretion rates, causes
the disc to swell in its innermost region. While the two models
are statistically equivalent, model 1 appears to be more physically
realistic.

5 CONCLUSIONS

In this paper, we studied the spectral evolution of the NS LMXB
XTE J1810—189 during its latest outburst. We analysed NICER
data in the 1-10keV energy range, modelling the emission with an
absorbed, thermally Comptonized component, and with a different
model composed by a cold, Comptonized disc and blackbody. The
photon index ranges from ~1.7 to ~2.2. We cannot tell yet whether
the seed photons for the Comptonization component are coming
from the accretion disc or the NS. The seed-photon temperature of
the Comptonized component varies between ~0.47 and ~0.79 keV.
Upper limits on the optical thickness suggest a moderately thick
Comptonizing region, which can hinder the detection of the direct
emission from the central object. During the three months, which
cover the entire outburst, we found that the source did not reach a
full high/soft state and the highest luminosity was found to be ~103°
erg s~'. We detected a broad iron K-shell emission line at ~6.4 keV
in a couple of observations and likely the low statistics hindered the
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detection in the final observations of the outburst. We analysed the
type-1 X-ray burst, whose duration suggest H/He accreting material.
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