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Abstract
We carry out timing and spectral studies of the Be/X-ray binary pulsar GX 304-1 using NuStar and XMM-Newton observations. We construct
the long-term spin period evolution of the pulsar which changes from a long-term spin-up (∼ 1.3 × 10–13 Hz s–1) to a long-term spin-down
(∼ –3.4 × 10–14 Hz s–1) trend during a low luminosity state (∼ 1034–35 erg s–1). A prolonged low luminosity regime (LX ∼ 1034–35 erg s–1)
was detected during 2005-2010 and spanning nearly five years since 2018 December. The XMM-Newton and NuStar spectra can be described
with a power law plus blackbody model having an estimated luminosity of ∼ 2.5 × 1033 erg s–1 and ∼ 3.6 × 1033 erg s–1 respectively. The
inferred radius of the blackbody emission is about 100-110 m which suggests a polar-cap origin of this component. From long-term ultraviolet
observations of the companion star, an increase in the ultraviolet signatures is detected preceding the X-ray outbursts. The spectral energy
distribution of the companion star is constructed which provides a clue of possible UV excess when X-ray outbursts were detected from
the neutron star compared to the quiescent phase. We explore plausible mechanisms to explain the long-term spin-down and extended low
luminosity manifestation in this pulsar. We find that sustained accretion from a cold disc may explain the prolonged low luminosity state of the
pulsar since December 2018 but the pulsar was undergoing normal accretion during the low luminosity period spanning 2005-2010.
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1. Introduction
The Be/X-ray binary (BeXRB) pulsar GX 304-1 was first de-
tected using balloon-borne observations in 1967 (McClintock
et al., 1971). It was subsequently detected using Uhuru observa-
tions and listed in the Uhuru catalogue (Giacconi et al., 1974).
X-ray pulsations having a periodicity of about 272 s were de-
tected from this source using SAS-3 observations (McClintock
et al., 1977). Similar pulsation period was inferred using Ariel
V observations of the source (Huckle et al., 1977). Spectral
investigations of the pulsar were performed using follow-up
observations (Maurer et al., 1982; White et al., 1983) and the
spectrum was found to be hard (Γ ∼ 2) and described using
an absorbed power law. The orbital period of the binary was
estimated to be about 132.5 d from modulations in the X-ray
outbursts from Vela 5B observations (Priedhorsky & Terrell,
1983). The optical companion of the binary pulsar was iden-
tified by Bradt et al. (1977). The companion star V850 Cen
was found to be of B2Vne type using optical observations (Ma-
son et al., 1978; Thomas et al., 1979; Parkes et al., 1980) and
photometric studies of the companion star were carried out
(Menzies, 1981). The distance of the source was estimated to
be 2.4±0.5 kpc by Parkes et al. (1980) and recent Gaia obser-
vations pin down the distance to 2.01±0.15 kpc (Treuz et al.,
2018). The pulsar was not detected using EXOSAT monitor-
ing observations in 1984 July/August which suggested that the
source was in an “off” state (Pietsch et al., 1986). The putative
cause of this intriguing “off” state was attributed to the loss in
the decretion disc around the companion star from long-term
optical observations (Pietsch et al., 1986; Corbet et al., 1986).

The pulsar lay dormant for about three decades until 2008
when it was detected using INTEGRAL (Manousakis et al.,
2008) and regular outbursts spaced by the orbital period were
detected until mid-2013 (Yamamoto et al., 2009; Mihara et al.,
2010; Krimm et al., 2010; Nakajima et al., 2010; Kühnel et al.,
2010; Yamamoto et al., 2011b,c, 2012). The orbital period
was refined to 132.1885±0.022 d using MAXI observations
of the recurrent outbursts (Sugizaki et al., 2015). The pulsa-
tion period detected during the 2010 August period was about
275.4 s which suggested that the pulsar had spun down by
about 3 s during the quiescent period lasting for about 28 yr
(Devasia et al., 2011; Yamamoto et al., 2011a). A cyclotron ab-
sorption feature at around 54 keV was detected in the spectrum
using RXTE observations during the 2010 August outburst
(Yamamoto et al., 2011a) which was confirmed using INTE-
GRAL observations of the source (Klochkov et al., 2012). The
pulsar remained quiescent until a weak X-ray brightening was
detected in 2016 January (Nakajima et al., 2016b) and then
in 2016 May (Nakajima et al., 2016a; Sguera & Sidoli, 2016;
Rouco Escorial & Wijnands, 2016). Thereafter, the pulsar lay
in a low luminosity state and accretion-induced pulsations
were detected from the pulsar using NuStar observations of
the source during a low luminosity state in 2018 June which
was suggested to occur from a cold disc (Escorial et al., 2018).
The pulsar lay in an enigmatic low luminosity state for almost
a year from around 2017 September, wherein the Swift/X-ray
Telescope (XRT) count rate varied by a factor of only ∼2-3
and was not tied to any particular orbital phase (Escorial et al.,
2018). This peculiar behaviour was not well understood and
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was surmised to be due to accretion from a cold disc (Escorial
et al., 2018).

In this paper, we investigate the long-term spin period
evolution and low luminosity regime of GX 304-1 using mul-
tiwavelength observations. The paper is organized as follows.
We describe observations from the NuStar, the XMM-Newton
and the Swift missions and their data analysis procedures in
Section 2. In section 3, we carry out timing and spectral studies
using NuStar and XMM-Newton observations and construct
the long-term spin evolution of the pulsar. This is followed by
exploring the X-ray activity of the pulsar during the period
when the spin evolution of the pulsar was surmised to have
changed from a long-term spin-up to a long-term spin-down
trend. The long-term photometric and ultraviolet observations
of the companion star are explored. Thereafter, we study the
long-term low-level X-ray activity of the pulsar using archival
Neil Gehrels Swift Observatory observations. In Section 4, we
discuss possible mechanisms that can lead to a long-term spin-
down in the pulsar and sustained low luminosity manifestation
of the pulsar. In addition, we also probe the origin of soft
X-ray excess in the low luminosity spectra of the neutron star
and explore the spectral energy distribution of the companion
star. We summarise our findings in Section 5.

2. Observations and data reduction
We analyse unpublished NuStar and XMM-Newton observa-
tions of GX 304-1 from 2022 January and 2023 July respec-
tively. The source was observed on several occasions during
regular outbursts and quiescent phases using the Neil Gehrels
Swift Observatory since 2005 April. The X-ray activity of the
pulsar during the period 2012 January 1 until 2018 October
30 was explored by Escorial et al. (2018) using the X-ray Tele-
scope (XRT) onboard the Neil Gehrels Swift Observatory. We
explore the X-ray activity of the pulsar using unpublished
Swift/XRT observations from 2005 April 6-2010 March 15
and 2018 December 17-2024 February 27.

2.1 NuStar observation
The Nuclear Spectroscopic Telescope Array (NuStar) is a hard X-
ray telescope consisting of two identical modules (FPMA and
FPMB) operating in the energy range 3-79 keV (Harrison
et al., 2013). NuStar observed GX 304-1 on 2022 January 29
(MJD 59608.5, ObsID 30701015002) for a total duration of
about 174 ks. Figure 1 shows the one-day averaged moni-
toring observations of GX 304-1 from the MAXI mission in
the 2-20 keV energy band and the epoch of the NuStar obser-
vation is marked with a vertical solid line. The orbital phase
of the NuStar observation was about 0.65 (using the orbital
parameters Porb=132.189 d and T0=MJD 55425.6 (Sugizaki
et al., 2015)). We have extracted data separately from both
the modules using the standard NuStar data analysis software
(NUSTARDAS V2.1.4) included in HEASOFT V6.34a along with the
calibration database CALDB version 20240826. The NUPIPELINE

ahttps://heasarc.gsfc.nasa.gov/docs/software/lheasoft/

task (version 0.4.12) was run with SAAMODE=strict and TEN-
TACLE=yes because the background event rates were high to
obtain clean event files.

The event files were barycentered using the FTOOLS task
“barycorr”. We used a circular region of radius 80′′ centred
on the source to extract the source events for both FPMA and
FPMB modules. The NUPRODUCTS task was used to generate
light curves binned in 1 s.
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Figure 1. MAXI one day averaged light curve of GX 304-1 in the 2-20 keV energy
band spanning the duration MJD 55054.5 (2009 August 11) until MJD 60545
(2024 August 23). The solid, dotted and dashed vertical lines indicate the
epochs of NuStar, Swift and XMM-Newton observations respectively. A few
epochs of Swift observations before 2009 August 11 are not shown here as
they precede the time since the MAXI mission became operational.

2.2 XMM-Newton observation
XMM-Newton (Jansen et al., 2001) observations of GX 304-
1 were carried out on 2023 July 11 (MJD 60137, ObsID
0931790601) for a total duration of about 8 ks at an orbital
phase of about 0.65 (using the orbital parameters Porb=132.189
d and T0=MJD 55425.6 (Sugizaki et al., 2015)) which is similar
to the orbital phase of the NuStar 2022 observation. XMM-
Newton has three European Photon Imaging Camera (EPIC)
cameras viz. one pn and two Metal Oxide Semi-conductor
(MOS) cameras (Strüder et al., 2001; Turner et al., 2001). The
EPIC cameras were operated in the large window mode dur-
ing this observation. The time resolution for the pn camera
and the two MOS cameras used during this observation was
48 ms and 0.9 s respectively. Observation Data Files (ODFs)
were processed using version 21.0.0 of the XMM-Newton Sci-
ence Analysis System (SAS)b and the Current Calibration Files
(CCF)c released on 2024 April 29. We searched for possible
intervals of high instrumental background which yielded a
negative result. The effective source exposures were about 5
ks and 7 ks for the pn and MOS cameras respectively. We

bhttps://www.cosmos.esa.int/web/xmm-newton/sas
chttps://www.cosmos.esa.int/web/xmm-newton/

current-calibration-files
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corrected the event arrival times to the solar system barycenter
using SAS’s “barycen” task. A circular region of radius 30′′
and 40′′ was used to extract the source events for the pn and
the MOS cameras. Background events were extracted using
circular regions away from the source with radii of 70′′, 60′′,
and 50′′ for the pn, MOS1, and MOS2 cameras, respectively.
We selected all the events in the energy range 0.3-10 keV,
with pattern range 0-4 for the pn camera and 0-12 for the two
MOS cameras. The averaged count rate for the pn and MOS
cameras was about 1 counts s–1 and 0.4 counts s–1 respectively.
The background contribution to the total count rate was neg-
ligible for EPIC cameras (averaged count rate of about 0.01
counts s–1).

2.3 Swift observations
The Neil Gehrels Swift Observatory (Gehrels et al., 2004) ob-
served GX 304-1 for various durations spanning the period
from 2005 April 6 (MJD 53466) until 2024 February 27 (MJD
60367.8). Swift has three onboard instruments viz. the Burst
Alert Telescope (BAT, Krimm et al. (2013)), the X-Ray Tele-
scope (XRT, Burrows et al. (2005)) and the Ultraviolet/Optical
Telescope (UVOT, Roming et al. (2005)). We have used the
data from only the XRT and the UVOT instruments in this
work. The log of Swift/XRT observations used in this study
before regular outbursts were detected from the pulsar around
2010 April is given in Table 1. The pulsar entered a low lu-
minosity state around 2017 September and was found to be
in the same state until around 2018 October (Escorial et al.,
2018). We have analysed all available Swift observations since
2018 October to probe if the pulsar continues to remain in a
similar low accretion regime and these observations are listed
in Table 2. Swift/XRT observations were mostly carried out in
the photon counting (PC) mode having a time resolution of
about 2.5 s. The Swift/XRT light curves for each epoch were
extracted using the online tools (Evans et al., 2009) d hosted
by the UK Swift Science Data Centre. The typical on-source
effective exposures are about 1 ks for each Swift/XRT pointing.

Swift/UVOT archival observations of GX 304-1 are avail-
able from 2006 September 20 (MJD 53998.1) until 2024 Febru-
ary 27 (MJD 60367.8), having typical exposure times of about
a few tens of seconds to a few hundreds of seconds at different
epochs. UVOT observations were performed with the filters
V (λ=546.8 nm, δλ=76.9 nm), B (λ=439.2 nm, δλ=97.5 nm),
U (λ=346.5 nm, δλ=78.5 nm), UVW1 (λ=260.0 nm, δλ=69.3
nm), UVM2 (λ=224.6 nm, δλ=49.8 nm) and UVW2 (λ=192.8
nm, δλ=65.7 nm)e. The Level2 UVOT data were analysed
using the UVOTSOURCE tool from HEASOFT v6.34 to determine
magnitudes and fluxes. A circular region of radius 5′′ and
20′′ were used to select the source region and background
region respectively. The source was detected in the UVOT
filters V, B, U, UVW1, UVM2 and UVW2 having an aver-
aged magnitude of about 14, 15.7, 16.6, 17.9, 20.9 and 19.2
respectively.

dhttps://www.swift.ac.uk/user_objects/
ehttps://www.mssl.ucl.ac.uk/www_astro/uvot/uvot_instrument/

filterwheel/filterwheel.html

3. Analysis and results
3.1 Timing analysis
We used the NuStar combined FPMA and FPMB light
curves in the 3-30 keV energy band for timing analysis.
The FTOOLSf subroutine EFSEARCH was used to search for
pulsations using the chi-squared maximization method (Leahy
et al., 1983). The inferred spin period from NuStar 2022
January (MJD 59608.5) observations is 275.425±0.003 s. The
error on the measured spin period is estimated by fitting a
Gaussian to the chi-square versus spin period plot obtained
by EFSEARCH. The 1-σ error on the Gaussian centre estimate
is taken as the error on the spin period. The estimated spin
period is consistent with the known spin period of GX 304-1.
The previous measured spin period of the source was about
275.12 s on 2018 June 3 (MJD 58272.25) (Escorial et al., 2018),
which suggests that the source has spun down by about 0.3 s.
The folded pulse profile in the 3-30 keV energy band using
NuStar observations is shown in Figure 2.
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Figure 2. NuStar folded profile in the energy band of 3-30 keV obtained from
the combined FPMA and FPMB light curve.

The estimated pulsed fraction (PF = (Imax – Imin)/(Imax +
Imin), where Imax and Imin are the maximum and minimum
intensities in the folded profile respectively) in the 3-30 keV
energy band is about 21 per cent. A similar folded pulse pro-
file and PF in the 3-30 keV energy band was obtained from
the NuStar observations of the pulsar carried on 2018 June
3 (Escorial et al., 2018) which suggests that the profile shape
has not changed during this period. Similar PF of about 20
per cent in the 3-20 keV energy band was obtained during
the February-January 2012 INTEGRAL observations of the
pulsar (Klochkov et al., 2012).

We have used theXMM-Newton pn data for timing analysis
as the pulsar is relatively fainter in the MOS data. We used the
pn 0.3-10 keV light curve binned in 10 s for timing analysis.
The spin period estimated using EFSEARCH is 275.5±0.3 s. The
error on the estimated spin period is obtained by the method
described earlier. The folded profile in the 0.3-10 keV band

fhttps://heasarc.gsfc.nasa.gov/ftools/ftools_menu.html
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Figure 3. XMM-Newton folded profile of GX 304-1 in the energy band of 0.3-10
keV using data from EPIC pn observations.

using the pn light curve is shown in Figure 3 which shows
the presence of two peaks at low energies. Similar folded pulse
profiles having two dominant peaks in soft X-rays (< 10 keV)
have been detected during outbursts of the pulsar in 2010
August (Devasia et al., 2011). The estimated PF from EPIC pn
observations of the pulsar is about 25 per cent.

3.2 Spectral analysis
The NuStar spectra were extracted from the same extraction
parameters used for the light curves. We have done a combined
fit of NuStar’s FPMA and FPMB data using XSPEC 12.14.1. The
data have been binned using a minimum of 30 counts per bin.
We have used a multiplicative model constant CONST to account
for cross-instrument calibration uncertainties. The value of
this constant was frozen at 1 for FPMA and was kept free
for FPMB. The spectral fitting using XSPEC 12.14.1 (Arnaud,
1996) was limited to 3-20 keV as the background dominates
at higher energies. We fitted the combined spectra using an
absorbed PL+BB model as shown in Figure 4. We have used
the tbabs model (Wilms et al., 2000) to take care of absorption
in the spectrum during spectral fitting. As keeping the NH free
did not allow us to constrain the absorption, we kept it fixed at
9.6 × 1021 cm–2 which is the interstellar Galactic absorption
along the direction of this source (HI4PI Collaboration et al.,
2016) g. The best-fit parameters obtained using this model
were Γ = 2.21+0.12

–0.14, kTBB = 1.17+0.03
–0.02 keV, with χ2

ν/d.o.f =
1.02/476. Using a source distance of 2.01 kpc, we obtained a
BB radius RBB = 100+7

–8 m. The unabsorbed flux in the energy
range 3-20 keV is ∼ 7.5 ± 0.1 × 10–12 erg cm–2 s–1 , which
implies a source luminosity of about 3.6 × 1033 erg s–1 for a
distance of 2.01 kpc. The estimated luminosity in the 0.5-100
keV energy range is ∼ 1×1034 erg s–1 using the WebPIMMS
toolh.

ghttps://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
hhttps://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Figure 4. Spectrum of GX 304-1 obtained from NuStar’s FPMA (black) and
FPMB (red), along with the best-fitting PL+BB model. The residuals between
the data and the model are shown in the lower panel.

The XMM-Newton spectra for the pn and MOS cameras
were extracted using the same extraction parameters used to
extract the source and background light curves. The response
matrices and ancillary files were generated using the tasks
rmfgen and arfgen. The pn and MOS spectra were rebinned
with a minimum of 25 counts per bin to ensure the applicabil-
ity of the χ2 statistics. We have used XSPEC 12.14.1 (Arnaud,
1996) for spectral fitting in the energy band of 0.5-10 keV. All
spectral uncertainties are given at the 90% confidence level for
each parameter. We checked that the separate fits of the pn
and the MOS data gave similar results and then fitted them
simultaneously to improve the statistics. The inter-calibration
among the three instruments was accounted for using CONST.

We first fitted the spectra using an absorbed power-law
(PL) model. We obtained hydrogen column density NH =
(2.36 ± 0.14) × 1022 cm–2 and a photon-index Γ = 1.83±0.06,
with χ2

ν/d.o.f. = 1.47/249. The fit using the absorbed-PL
model was unacceptable and so we fitted the spectra using an
absorbed blackbody (BB) model (Figure 5(i)) which resulted
in NH = (7.14 ± 0.06) × 1021 cm–2, a BB temperature kTBB =
1.16 ± 0.02 keV, with χ2

ν/d.o.f. = 1.12/245. It should be
noted that the fitted NH in this model is slightly less than the
interstellar absorption (NH ∼ 9.6 × 1021 cm–2) along the
direction of this source. Using a source distance of 2.01 kpc,
we obtained a BB radius RBB = 132 ± 5 m. The unabsorbed
flux is 8.0±0.2×10–12 erg cm–2 s–1 in the energy range of 0.5-
10 keV, which implies a source luminosity of 3.9 ± 0.1 × 1033

erg s–1 for a distance of 2.01 kpc.
We also tried fitting the PL+BB model as shown in Figure

5(ii) and the best-fit parameters obtained using this model were
NH = (1.48+0.29

–0.31)× 1022 cm–2, Γ = 1.65+0.44
–0.43, kTBB = 1.10+0.10

–0.09
keV, with χ2

ν/d.o.f = 0.91/243. Using the F-test analysis, the
probability that the improvement in the fit occurs by chance
was found to be 1 × 10–24 and 1 × 10–11 in comparison with
the single PL and BB models respectively. Using a source
distance of 2.01 kpc, we obtained a BB radius RBB = 113+21

–15
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Figure 5. (i) Spectrum of GX 304-1 fitted with the absorbed blackbody model. The spectra of the pn, MOS1 and MOS2 cameras are shown in black, red, and
green, respectively. The residuals between the data and the model are shown in the lower panel. (ii) The same spectra shown in (i) fitted with the absorbed
powerlaw+blackbody model with the residuals between the data and the model shown in the lower panel.

m. The unabsorbed flux in the energy range 0.5-10 keV
is 5.2 ± 1.3 × 10–12 erg cm–2 s–1 , which implies a source
luminosity of about 2.5 ± 0.6 × 1033 erg s–1 for a distance of
2.01 kpc. The estimated luminosity in the 0.5-100 keV energy
range is ∼ 7 × 1033 erg s–1 using the WebPIMMS tool.

3.3 Long-term spin evolution in GX 304-1
We use all the spin period measurements reported in the lit-
erature, those measured by the FERMI/GBM observations
and the spin periods estimated in this work from NuStar and
XMM-Newton observations to construct the long-term spin
history of GX 304-1, which is shown in Figure 6. The spin
evolution of this pulsar spans nearly five decades (February
1977 until July 2023). 272 s pulsations from the source were
detected by McClintock et al. (1977) using SAS-3 observations,
which were also detected by Huckle et al. (1977) using Ariel
V observations. Thereafter, the source became quiescent for
almost three decades when it was detected using INTEGRAL
observations (Manousakis et al., 2008). Pulsations having a
periodicity of about 275.5 s was detected by FERMI/GBM
during the onset of an outburst in 2010 April which suggests
that the pulsar spun down by about 3.3 s during the long
dormant period. The estimated spin-down rate during this
quiescent period is ∼ –4.3 × 10–14 Hz s–1 which is similar
to those detected in other BeXRB pulsars during long (∼yr)
dormant periods (Malacaria et al., 2020; Chandra et al., 2023).
During the active period since 2010, the pulsar underwent
a series of regular outbursts until 2013 before the outburst
decayed. The pulsar exhibited spin-up during outbursts at a
rate of ∼ 1 × 10–12 Hz s–1 (Sugizaki et al., 2017; Malacaria
et al., 2020) and spin-down between outbursts at a rate of
∼ –5 × 10–14 Hz s–1 Malacaria et al. (2020). The long-term
spin-up rate during this active episode of the pulsar was esti-
mated to be ∼ 1.3 × 10–13 Hz s–1 (Malacaria et al., 2020).

The pulsar was detected by FERMI/GBM around MJD
57005 (2014 December 14) and MJD 57008 (2014 December

17) having spin period of about 274.8 s suggesting that the
pulsar had undergone a change from a long-term spin-up to a
spin-down trend during the preceding quiescent episode of the
pulsar. Interestingly, the pulsar was again detected after one
orbital period (about 132 d) around MJD 57140 (2015 April 28)
and MJD 57143 (2015 May 1) having a similar spin period of
about 274.8 s which confirms the onset of spin-down episode of
the pulsar. The spin period measured using NuStar observation
during the low X-ray luminosity state of the pulsar around
MJD 58272 (2018 June 3) was 275.12±0.02 s (Escorial et al.,
2018). Spin periods estimated in this work using the NuStar
and the XMM-Newton observations from 2022 January and
2023 July corroborates the detection of a long-term spin-down
manifestation in this pulsar. The estimated long-term spin-
down rate is ∼ –3.4 × 10–14 Hz s–1 which is similar to those
detected during spin-down periods between X-ray outbursts
in this source. This suggests that the underlying mechanism of
spin-down between regular outbursts observed in this source
during 2010-2013 and that during the ongoing quiescent
period since 2015 might be the same. Spin variations on long
time-scales have been detected in several accretion-powered
pulsars (Makishima et al., 1988; Nagase, 1989; Bildsten et al.,
1997; Chakrabarty et al., 1997; Fritz et al., 2006; Camero-
Arranz et al., 2009; Inam et al., 2009; González-Galán et al.,
2012; Chandra et al., 2021).

3.4 X-ray activity during change in long-term spin trend

The X-ray light curves in the 2-20 keV and 15-50 keV energy
bands from the MAXI and Swift/BAT monitoring observations
of the source are shown in Figure 7. The light curves are plot-
ted for the period spanning MJD 56380-57000 (2013 March
29-2014 December 9) when the source underwent spin evo-
lution from a long-term spin-up to spin-down trend and was
undetected by FERMI/GBM observations. The dotted vertical

https://doi.org/10.1017/pasa.2025.12 Published online by Cambridge University Press

https://doi.org/10.1017/pasa.2025.12


6 Amar Deo Chandra et al.

42500 45000 47500 50000 52500 55000 57500 60000

MJD

271.5

272.0

272.5

273.0

273.5

274.0

274.5

275.0

275.5

S
p
in

p
er

io
d

(s
)

FERMI

INTEGRAL

RXTE

Ariel V

NuStar

SAS 3

XMM-Newton

1980 1990 2000 2010 2020
Year

Figure 6. Long-term spin history of GX 304-1 from 1977 February until 2023
July. The reversal in trend from long-term spin-up to long-term spin-down
of the X-ray pulsar is discernible between the period 2010-2023.

lines in the figures show the epochs of periastron passages using
the orbital parameters Porb=132.189 d and T0=MJD 55425.6
(Sugizaki et al., 2015). There is an indication of a weak X-ray
brightening of the source during periastron passages around
MJD 56482 (2013 July 9), MJD 56614 (2013 November 18),
MJD 56746 (2014 March 30), and MJD 56879 (2014 August 10)
which is seen in both MAXI and Swift/BAT observations. The
estimated X-ray luminosities during these periastron passages
are about 2×1035 erg s–1, 7×1034 erg s–1, 6×1034 erg s–1 and
2× 1034 erg s–1 which suggests that accretion is not quenched
during this period. The luminosities are inferred using the
luminosities given in Tsygankov et al. (2019) when the source
was in a low luminosity state and then scaling the luminos-
ity using the MAXI count rate for a given epoch (assuming
that there is no spectral evolution at low luminosities which is
confirmed by Escorial et al. (2018)).

3.5 Long term photometric observations of the companion
star
The long-term photometric observations of the companion
star V850 Cen is shown in Figure 8. We have plotted the
V-band magnitudes reported in the literature (Corbet et al.,
1986; Haefner, 1988) during the period MJD 44285.5 (1980
February 16) until MJD 46121.5 (1985 February 25) along
with those obtained from the ASAS-SN optical observations
(https://asas-sn.osu.edu/), AAVSO (https://www.aavso.org/)
and Swift/UVOT. The averaged V-band magnitude during
the period spanning almost five years from 1980-85 was ∼13.6,
while that during the period MJD 57423.7 (2016 February
5) to MJD 60367.8 (2024 February 27) was ∼13.9. Optical
brightening of the companion star in BeXRBs has been associ-
ated with X-ray outbursts in these systems (Corbet et al., 1985;
Negueruela et al., 1997; Reig et al., 2007; Caballero-García
et al., 2016; Coe et al., 2024).

The increase in averaged V-band magnitude by about 0.3
suggests that the companion star has become relatively less
active recently due to which there have likely been no episodes
of mass ejection from the companion star that feeds the rel-
atively bright X-ray outbursts in this binary pulsar. This is
confirmed by the weak X-ray detection of the pulsar on MJD
57411 (2016 January 24) and MJD 57525 (2016 May 17) at a
flux level of 23±4 mCrab and 22±14 mCrab respectively using
MAXI observations (Nakajima et al., 2016b,a) after which the
pulsar has remained dormant. Unfortunately, no regular opti-
cal monitoring observations of the source is available during
the period when the pulsar switched from a long-term spin-
up trend to spin-down except for one optical spectroscopic
observation (around MJD 56763 (2014 April 16)) using the
the 3.9 m Anglo Australian Telescope (AAT) which suggested
that the radius of the decretion disc around the companion star
had shrunk significantly (by almost a factor of 2) compared to
the epochs when the pulsar was moderately active in X-rays
(Malacaria et al., 2017).

3.6 Long term ultraviolet observations of the companion
star
The X-ray (2-20 keV) and ultraviolet light curves for GX
304-1 obtained from MAXI and Swift/UVOT observations
are shown in Figure 9. The Swift/UVOT light curves show the
inferred fluxes in the U, UVW1 and the UVW2 filters. The
ultraviolet fluxes of the source show a marked gradual increase
around MJD 55300 (2010 April) until around MJD 56000 (2012
March) in all three filters (U, UVW1 and UVW2) which inter-
estingly coincides with the re-kindling of the X-ray outbursts
detected in this pulsar as observed from simultaneous MAXI
X-ray light curve. The increase in the ultraviolet fluxes in
the U, UVW1 and the UVW2 filters are about a factor of 2.3,
2 and 1.5 during the dormant period (around MJD 55268)
compared to that during the beginning of X-ray outbursts
(around MJD 55550). It also seems that the increase in the
ultraviolet activity of the companion star preceded the onset of
bright X-ray outbursts by about half a year. A similar increase
in the ultraviolet flux in the UVW1 band preceded the onset
of X-ray outbursts in the BeXRB Swift J004516.6-734703 by
about a year (Kennea et al., 2020). The increase in UV flux
was attributed to the formation of a circumstellar disc around
the companion star in Swift J004516.6-734703 (Kennea et al.,
2020). It is likely that the increase in the UV signatures in
GX 304-1 might also indicate the resurgence of the formation
of a decretion disc around the companion star which was big
enough to trigger bright X-ray outbursts in the binary after
about half a year. After the regular X-ray outbursts ceased
in GX 304-1, the ultraviolet fluxes in the three bands have
shown little long-term variation with no indication of return-
ing to the pre-outburst level. However, there is suggestion of
a decrease in the ultraviolet fluxes around MJD 60300 (2023
December) on short timescales.
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Figure 7. (i) MAXI one day averaged light curve of GX 304-1 in the 2-20 keV energy band spanning the duration when the change in long-term spin trend occurred
in this pulsar. The dotted vertical lines indicate the epochs of periastron passages of the neutron star. (ii) Swift/BAT one day averaged light curve of GX 304-1 in
the 15-50 keV energy band shown during the same duration with times of periastron passages marked with vertical dotted lines.
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Figure 8. Long-term photometric observations of the companion star of
GX 304-1 using observations reported in the literature (Corbet et al., 1986;
Haefner, 1988) spanning the duration MJD 44285.5 until MJD 46121.5 and
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Figure 9. Long-term X-ray and ultraviolet observations of GX 304-1 as ob-
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3.7 Long-term quiescent X-ray activity of GX 304-1 using
Swift/XRT

The long-term Swift/XRT light curve of GX 304-1 in the
0.3-10 keV band is shown in Figure 10(i) for the duration span-
ning 2005 April 6 (MJD 53466) until 2010 March 15 (MJD
55270.86) and in Figure 10(ii) for the period from 2018 Decem-
ber 17 (MJD 58469) until 2024 February 27 (MJD 60367.8).
The count rates have been averaged for a given epoch. It is
observed that the XRT count rate during the period between
MJD 53466-55270.86 varied from about ∼0.4 counts s–1 to
∼1.2 counts s–1 showing a dynamic range of about 3. The av-
eraged count rate during this period was about 0.7 counts s–1.
This suggests that the pulsar was moderately active in X-rays
but did not undergo an outburst as the peak XRT count rates
even during weak outbursts in 2016 February was about 2-4
counts s–1 (Escorial et al., 2018).

The XRT count rate spanning the duration 2018 Decem-
ber 17 until 2024 February 27 varied from about 0.06-0.3
counts s–1 (having a dynamic range of about 5) which sug-
gests that the pulsar was in a low X-ray activity state. This
quiescent behaviour of the pulsar is similar to that observed
from 2016 June until 2018 October when the XRT count rate
varied in the range of about 0.1-0.25 counts s–1 (Escorial et al.,
2018). The averaged count rate during this period was about
0.2 counts s–1. As seen in Figure 10(ii), the pulsar also did not
exhibit any clear enhancement in X-ray activity at periastron
passages. This intriguing low luminosity state of the source has
now lasted for about seven years since September 2017. Similar
long-term quiescent episodes on nearly decadal timescales has
been detected in other Be/X-ray binaries such as 1A 0535+262
, GS 0834-430, RX J0209.6-7427, XTE J1946+274, 2S 1417-
624, KS 1947+300, and RX J0440.9+4431 (Usui et al., 2012;
Miyasaka et al., 2013; Gupta et al., 2019; Chandra et al., 2020,
2023; Liu et al., 2023).

4. Discussions
In the following section, we discuss plausible mechanisms that
can lead to a long-term spin-down and low luminosity state
in this pulsar.

4.1 Quasi-spherical accretion in GX 304-1
The long-term spin-down in this pulsar can be explained using
the theory of quasi-spherical accretion from the stellar wind of
the companion star (Shakura et al., 2012, 2014). The conditions
for the applicability of this model such as slow spin period and
X-ray luminosity < 4 × 1036 erg s–1 are fulfilled by GX 304-1
observations. The spin period of this pulsar is about 275 s
and the inferred X-ray luminosity during the period when
the spin evolution changed from a long-term spin-up to the
spin-down regime is about 2 × 1035 erg s–1 except during
bright outbursts of the source when the luminosity reaches
about 1037 erg s–1 (Yamamoto et al., 2011a; Klochkov et al.,
2012; Malacaria et al., 2015; Sugizaki et al., 2015; Jaisawal et al.,
2016). The inferred luminosity during the low state of the
pulsar from XMM-Newton observations (when the pulsar was

spinning down) is about 2.5 × 1033 erg s–1 in the 0.5-10 keV
energy band. The spin-up during outbursts and spin-down
on short time-scales in between regular outbursts have been
explained using this model by Postnov et al. (2015). Using the
quasi-settling accretion theory, the estimated spin-down rate
is given by (Postnov et al., 2015),

ω̇∗
sd ∼ 10–8Hz

d
Πsdµ

13/11
30 Ṁ3/11

16

(
P∗

100 s

)–1
, (1)

where µ30 = µ/1030[G cm3] is the dipole magnetic mo-
ment given by µ = BR3/2 where R is the radius of the neutron
star having a typical value of 10 km, Ṁ16 = Ṁ/1016[g s–1]
is the mass accretion rate onto the neutron star and P∗ is
the equilibrium spin period of the neutron star. We obtain
ω̇∗

sd ∼ –3.1×10–8 Hz/d (usingΠsd ∼ 4.6 (Shakura et al., 2012,
2014; Postnov et al., 2015), Ṁ16 = 0.22 using LX = 0.1Ṁc2

and LX = 2×1035 erg s–1, µ30 = 2.35 and P∗eq = 275 s) which is
slightly larger than the estimated long-term spin-down rate by
a factor of ∼1.7. Figure 11 shows the observed spin-up/down
rates obtained from a linear fit of spin evolution of the pulsar
during spin-up/down episodes.

The spin-up rate estimated during outbursts using the
quasi-settling accretion theory is ∼ 2.5 × 10–7 Hz/d (Postnov
et al., 2015). The dotted horizontal lines in Figure 11 show the
estimated spin-up/spin-down rates using the quasi-spherical
settling accretion theory. The long-term spin-down rates are
remarkably similar to the short time-scale spin-down rates
estimated between outbursts in this source which suggests
that both the short-term and long-term spin-down might be
caused by the same mechanism in this pulsar. The long-term
spin-up rate is about a factor of 4 smaller than the spin-up
rates estimated during X-ray outbursts detected in this pulsar.
Thus, this model can estimate the spin-down rate within a
factor of ∼1.7 and may qualitatively explain the long-term
spin-down in this pulsar. Quasi-spherical accretion has been
used to explain the long-term spin-down episodes in GX 1+4
and Vela X-1 (Shakura et al., 2012; Chandra et al., 2021).

4.2 Tug of war between spin-up and spin-down torques
It is observed around MJD 56000 (ref. Fig. 11) that the spin-up
rates estimated during outbursts seem to diminish systemati-
cally with time (except for one instance of rapid spin-up during
a giant outburst detected in this pulsar) by a factor of about 2
as the pulsar changes trend from a long-term spin-up to spin-
down. However, the spin-down rates inferred in between
the outbursts remain nearly the same during this period (Fig.
11). The estimated peak X-ray flux in the 2-10 keV energy
band during the spin-down episodes in between the outbursts
diminished by a factor of about 1000 compared to the flux dur-
ing the spin-up regimes (ref. Table 1 in Postnov et al. (2015))
which suggests that the accretion rate onto the neutron star
(Ṁ) decreased by the same factor during spin-down phases.
The spin-up torque (Ksu) acting on the neutron star is given
by (Pringle & Rees, 1972),

https://doi.org/10.1017/pasa.2025.12 Published online by Cambridge University Press

https://doi.org/10.1017/pasa.2025.12


Publications of the Astronomical Society of Australia 9

53500 54000 54500 55000
MJD

0.4

0.6

0.8

1.0

1.2

X
R

T
in

te
n
si

ty
(c

ou
nt

s
s−

1
)

(i)

58500 59000 59500 60000 60500
MJD

0.05

0.10

0.15

0.20

0.25

0.30

X
R

T
in

te
n
si

ty
(c

ou
nt

s
s−

1
)

(ii)

Figure 10. (i) Swift/XRT light curve (0.3-10 keV energy band) of GX 304-1 spanning the quiescent phase for the duration 2005 April 6 (MJD 53466) until 2010
March 15 (MJD 55270.86). The vertical dotted lines indicate the epochs of periastron passages of the neutron star. The averaged XRT count rate during this
duration is about 0.7 counts s–1. (ii) Same as (i) for the duration spanning nearly five years from 2018 December 17 (MJD 58469) until 2024 February 27 (MJD
60367.8). The averaged XRT count rate during this duration is about 0.2 counts s–1.
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Figure 11. Plot showing estimated spin-up and spin-down rates spanning
the duration of about five decades. The estimated spin-up and spin-down
rates using the quasi-spherical settling accretion theory are shown using
horizontal dotted lines (Shakura et al., 2012, 2014; Postnov et al., 2015).

Ksu = Ṁ(GMnsrm)1/2, (2)

where G is the gravitational constant, Mns is the mass of
the neutron star and rm is the radius at which the effective
pressure in the accretion disc equals the magnetic pressure.
As the accretion rate drops during the spin-down regimes,
consequently the spin-up torque also decreases significantly
during this period. The spin evolution of an accretion-powered
pulsar is given by,

2πIν̇ = Ksu – Ksd, (3)

where I is the moment of inertia of the neutron star andKsd
is the spin-down torque acting on the neutron star. Assuming
that the spin-down torque acting on the neutron star is nearly
constant (which is observed in Fig. 11 that the estimated spin-
down torques in between outbursts are almost the same), the
spin-down torque would eventually overtake the decreasing
spin-up torque (after around MJD 56200) leading to a long-
term spin-down in the pulsar.

The estimated averaged X-ray luminosities (in the 0.5-100
keV energy range using the method described earlier) during
the period MJD 57005-57008 and MJD 57140-57143 when
the pulsar was already spinning down was ∼ 4.4×1035 erg s–1

and ∼ 9.6 × 1035 erg s–1 respectively. These luminosities are
about a factor of 10-100 smaller than those detected during
bright X-ray outbursts in this pulsar which suggests that the
increase in accretion rate during this period did not lead to a
sufficient increase in the spin-up torque to change the long-
term spin-down trend of the pulsar. The estimated luminosities
after about a year around MJD 57423 and MJD 57506 were
about 1.2 × 1035 erg s–1 and 2.8 × 1034 erg s–1 respectively
(Rouco Escorial & Wijnands, 2016). From long-term X-ray
monitoring observations of the source spanning the duration
around MJD 58000-58420, the estimated luminosities were
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found to lie in the range ∼ 0.8 – 1.9 × 1034 erg s–1 (Rouco Es-
corial & Wijnands, 2016). Recent Swift/XRT, XMM-Newton
and NuStar observations analysed in this work confirm the
prolonged low state of the pulsar. The relatively low lumi-
nosity of the pulsar since the last bright outburst detected in
2013 suggests relatively weak spin-up torque acting on the
pulsar and the continued dominance of the spin-down torque
over the spin-up torque. The estimated spin period of the
source (275.12±0.02 s) around MJD 58272 (Rouco Escorial
& Wijnands, 2016) and those obtained from NuStar and the
XMM-Newton observations in this work confirms this proposi-
tion as the pulsar continues to spin-down on long time-scales.

The long-term spin-down of the pulsar (∼ –4.3 ×
10–14 Hz s–1) changed to a short-term spin-up trend after
the onset of outbursts in 2010 (∼ 1.3 × 10–13 Hz s–1) with the
averaged spin-up rate being an order of magnitude higher
than the long-term spin-down rate. This suggests that the
average momentum imparted by the accreted material during
the spin-up phase was greater than the momentum lost due
to magnetic breaking over the long-term spin-down phase
lasting about 28 years which is also observed in SMC X-3
(Townsend et al., 2017). We now discuss possible mechanisms
to explain the enigmatic long-term low luminosity state of
the pulsar since 2018 December.

4.3 Propeller effect

The XRT count rates shown in Figure 10 are converted into
the corresponding 0.5-100 keV luminosities (Fig. 12) using the
spectral study and luminosities from Tsygankov et al. (2019)
(when the source was faint having an XRT count rate of about
0.13 counts s–1) and then scaling our observed XRT count
rates which are listed in Tables 1 and 2. An assumption is
made during this conversion that the spectrum of the pul-
sar does not change during faint state which is confirmed
by Escorial et al. (2018). The estimated luminosities shown
in Figure 12(i) for the duration 2005 April 6 (MJD 53466)
until 2010 March 15 (MJD 55270.9) varied in the range of
∼ 3.7 – 11.2 × 1034 erg s–1 showing variation by a factor of
about 3. The luminosities for the duration spanning 2018 De-
cember 17 (MJD 58469) until 2024 February 27 (MJD 60367.8)
is shown in Figure 12(ii) showing luminosities in the range
of ∼ 0.6 – 2.9 × 1034 erg s–1, which suggests that the source
has been quasi-stable in a low luminosity state for the last
five years. The pulsar was in a slightly higher low luminosity
regime during 2005 April 6-2010 March 15. Accreting pulsars
may switch to the propeller regime at low mass accretion rates
caused by the centrifugal barrier if the velocity of the rotating
magnetosphere exceeds the local Keplerian velocity (Illarionov
& Sunyaev, 1975). The critical luminosity for the onset of the
propeller effect (Lprop) is given by (Tsygankov et al., 2017),

Lprop ≃
GMṀprop

R
≃ 4 × 1037k7/2B2

12P
–7/3
s M–2/3

1.4 R5
6 erg s–1,

(4)

where M, R, Ps and B are the mass, radius, spin period and
magnetic field of the neutron star respectively. Ṁprop is the
mass-accretion rate onto the neutron star. The factor k is the
ratio of the magnetospheric radius and the Alfvén radius which
in the case of disc accretion is taken to be k = 0.5 (Ghosh &
Lamb, 1978). Using M = 1.4 M⊙, R=10 km, Ps ∼ 275.4 s,
B=4.7× 1012 G (Yamamoto et al., 2011a) and k=0.5 (assuming
disc accretion), the estimated Lprop is ∼ 3.2 × 1032 erg s–1

which is shown by a dashed horizontal line in Figure 12(i) and
(ii).

The magnetic field (B=4.7 × 1012 G (Yamamoto et al.,
2011a)) used in estimating the limiting luminosity due to the
onset of the propeller effect using equation (4) was obtained
from the detection of cyclotron resonance scattering feature
(CRSF) in the spectra. The magnetic field can also be estimated
independently by using (Christodoulou et al., 2016),

B =
(

2π2ξ7
)–1/4

√
GMI
R6 |ṖS | , (5)

where ξ is a dimensionless parameter which is the ratio of
the inner edge of the accretion disc and the magnetospheric
radius (Ghosh & Lamb, 1979; Wang, 1996; Christodoulou et al.,
2016), M and R are the mass and the radius of the neutron
star respectively, I is the moment of inertia of the neutron
star given by I = 2MR2

5 and ṖS is the rate of spin change
of the pulsar during outbursts. Using ξ=1, M = 1.4 M⊙,
R=10 km, ṖS ∼ 3.1 × 10–8 s s–1 (Postnov et al., 2015) and
G = 6.67 × 10–8 cm3 g–1 s–2, the estimated magnetic field
of the neutron star is ∼ 3.8 × 1013 G, which is higher by
a factor of about 8 than that inferred from the detection of
cyclotron line in the spectra. Using B∼ 3.8 × 1013 G, the
estimated luminosity for the onset of the propeller effect is ∼
2.6×1033 erg s–1, which is about an order of magnitude higher
than that estimated earlier. The magnetic field of the neutron
star can also be estimated independently using the models
given by Ghosh & Lamb (1979) and Kluźniak & Rappaport
(2007) which are applicable to disc-fed systems. The Ghosh
and Lamb model (Ghosh & Lamb, 1979) is applicable to systems
irrespective of whether they have achieved spin equilibrium
and the model predicts (Klus et al., 2014)

–Ṗ = 5.0 × 10–5µ2/7
30 n(ωs)R6/7

6

(
M
M⊙

)–3/7
I–1
45 (PL3/7

37 )2, (6)

where Ṗ is the long-term spin derivative of the neutron star
(in s yr–1), I is the moment of inertia of the neutron star and
n(ωs) is the dimensionless accretion torque and depends on the
fastness parameter ωs (Ghosh & Lamb, 1979; Klus et al., 2014).
Using Ṗ ∼ 0.08 s yr–1, n(ωs) ∼1, R = 106 cm, M = 1.4 M⊙,
I45=1.92 g cm3, P=275 s and L ∼ 2×1037 erg s–1, the magnetic
field is estimated to be ∼ 5.5×106 G, which is lower by a factor
of about 106 than that inferred from the detection of cyclotron
line in the spectra. Using the Kluzniak and Rappaport model
(Kluźniak & Rappaport, 2007)
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Figure 12. (i) Plot showing estimated X-ray luminosity (0.5-100 keV) of GX 304-1 spanning the duration 2005 April 6 (MJD 53466) until 2010 March 15 (MJD
55270.9). The horizontal dashed line shows the estimated limiting luminosity for the propeller effect to set in. The dotted and dash-dotted horizontal lines
show the limiting luminosity for accretion to occur from a cold disc. The averaged X-ray luminosity (0.5-100 keV) during this duration is about 6.3 × 1034 erg s–1.
(ii) Same as (i) for the duration spanning from 2018 December 17 (MJD 58469) until 2024 February 27 (MJD 60367.8). The averaged X-ray luminosity (0.5-100
keV) during this duration is about 1.5 × 1034 erg s–1. The downward arrows show the epoch of the NuStar and the XMM-Newton observations used in this study
and the estimated 0.5-100 keV unabsorbed luminosities for these epochs are shown by stars.

–Ṗ = 8.2 × 10–5µ2/7
30 g(ωs)R6/7

6

(
M
M⊙

)–3/7
I–1
45 (PL3/7

37 )2, (7)

where g(ωs) depends on the fastness parameter ωs and
is nearly equal to unity. Using Ṗ ∼ 0.08 s yr–1, g(ωs) ∼1,
R = 106 cm, M = 1.4 M⊙, I45=1.92 g cm3, P=275 s and
L ∼ 2 × 1037 erg s–1, the magnetic field estimated using this
model is ∼ 9.8×105 G, which is similar to that estimated using
the Kluzniak and Rappaport model by within a factor of about
6. Similar lower magnetic field estimates compared to that
inferred from cyclotron lines were obtained for accreting pul-
sars (not near spin equilibrium) by Klus et al. (2014) using the
Ghosh and Lamb model (Ghosh & Lamb, 1979) as well as the
Kluzniak and Rappaport model (Kluźniak & Rappaport, 2007).
The magnetic field estimates obtained using the Ghosh and
Lamb model and the Kluzniak and Rappaport model would
reduce the threshold luminosity for the onset of the propeller
effect by a factor of about 106 compared to that obtained using
the magnetic field estimated using the cyclotron line.

The estimated luminosities of the pulsar during the faint
state (Figure 12) are well above the threshold luminosity (at
least by a factor of about 19 for Lprop ∼ 3.2× 1032 erg s–1 and
by a factor of about 3 for Lprop ∼ 2.6 × 1033 erg s–1) for the
propeller effect to set in. Another telltale manifestation of the
onset of the propeller effect is the sudden decrease in the lumi-
nosity of the pulsar as observed in 4U 0115+63 and V0332+53
(Campana et al., 2001; Tsygankov et al., 2016) which is not
observed in GX 304-1. In addition, the detection of pulsations
from the source using NuStar and XMM-Newton observations
indicates that accretion is still continuing at low luminosities.
Hence, the long-term low luminosity regime of the pulsar
cannot be explained using the propeller effect.

4.4 Sustained accretion from a cold disc?
The observed long-term low luminosity regime of the pulsar
may be explained using accretion from a “cold disc” wherein
for low accretion rates well above the propeller regime, the
temperature of the disc may fall below the Hydrogen ionization
temperature of about 6500 K (Tsygankov et al., 2017). In
this case, the matter in the disc is non-ionized (referred to
as “cold disc”) and accretion can proceed through the cold
disc (Tsygankov et al., 2017). Two criteria need to be satisfied
for accretion from the cold disc. Firstly, the accretion rate
has to be sufficiently high to overcome the centrifugal barrier
which implies that the luminosity of the source should be
higher than the threshold luminosity for the propeller effect
to take over which is satisfied during the Swift/XRT, NuStar
and XMM-Newton observations of GX 304-1 (ref. Fig. 12).
Secondly, the luminosity of the source should be lower than
the luminosity for stable accretion from a cold disc (Lcold)
given by (Tsygankov et al., 2017),

Lcold = 9 × 1033 k1.5 M0.28
1.4 R1.57

6 B0.86
12 erg s–1. (8)

The above threshold for Lcold assumes that the disc tem-
perature is highest at the magnetospheric radius and as a result
the disc temperature for any radius lesser than the magneto-
spheric radius is less than 6500 K (Tsygankov et al., 2017).
Using M = 1.4 M⊙, R=10 km, B=4.7 × 1012 G (Yamamoto
et al., 2011a) and k=0.5 (assuming disc accretion), the estimated
Lcold is ∼ 1.2 × 1034 erg s–1 which is shown by a dash-dotted
horizontal line in Figure 12(i) and (ii).

The observed 0.5-100 keV luminosities of the source lies
within a factor of about 2-3 times the Lcold estimated for the
source during the period since December 2018 and within a
factor of about 3-10 during the period spanning 2005 April 6
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(MJD 53466) until 2010 March 15 (MJD 55270.9). It should
be noted that the equation (8) does not take into account
the interaction between the pulsar magnetosphere and the
accretion disc and a more accurate threshold for Lcold,acc is
given by (Tsygankov et al., 2017),

Lcold,acc ≃ 7×1033A–7/13 k21/13 M3/13
1.4 R23/13

6 B12/13
12 T28/13

6500 erg s–1,
(9)

where A is given by,

A =

{
0.057β–6, if β ≥

√
3

2 ,
1 – β, if β <

√
3

2 ,
(10)

and T6500 = Teff /6500 K. The parameter β indicates the lo-
cation in the accretion disc where the viscous stress impacting
the temperature distribution of the disc disappears (Tsygankov
et al., 2017). For β of unity, the viscous stress disappears at the
magnetospheric radius while for β=0, the stress disappears at
a radius much smaller than the magnetospheric radius (Tsy-
gankov et al., 2017). Assuming that the viscous stress disappears
at the magnetospheric radius (i.e. β=1) and using Teff =6500 K,
the threshold Lcold,acc is estimated to be ∼ 4.4 × 1034 erg s–1

which is shown by a dotted horizontal line in Figure 12(i) and
(ii). Interestingly, Lcold,acc is higher by a factor of about 4 than
Lcold and using the more accurate threshold for accretion to
proceed from a cold (non-ionized) disc, the estimated lumi-
nosities of the source lie below this threshold suggesting that
accretion is likely mediated through a cold disc during the pro-
longed low luminosity period from 2018 December until 2024
February. However, it seems that during the period 2005 April
6 (MJD 53466) until 2010 March 15 (MJD 55270.9), the pulsar
was in a low luminosity state and likely not accreting from a
cold disc for most of the time. Accretion from a cold disc has
been suggested to occur during periods in between outbursts
in GRO J1008-57 (lasting for about 200 d (Tsygankov et al.,
2017)). In GX 304-1, this phenomenon has been observed
in between Type I outbursts (lasting a few tens of days) and
also after the cessation of regular outbursts (lasting for about
400 d (Escorial et al., 2018)). The prolonged low-luminosity
state (spanning a duration of about 5 yr as shown in Figure
12) powered by accretion from a cold disc in GX 304-1 might
be the longest manifestation of this phenomenon reported in
any accreting pulsar.

4.5 Accretion from stellar wind
The companion stars in BeXRB systems contain massive stars
and it is likely that accretion may proceed directly via the
stellar wind. The companion star in GX 304-1 belongs to
the B2V class (Mason et al., 1978; Thomas et al., 1979; Parkes
et al., 1980) which have typical terminal wind velocities (vw)
of ∼ 800 km s–1 and mass-loss rates of about 10–8M⊙ yr–1

(Prinja, 1989; Vink et al., 2000). Assuming that the gravita-
tional potential energy of the captured stellar wind by the
neutron star is entirely converted into X-rays, the X-ray lu-
minosity (Lwind) is given by (Reig & Zezas, 2018),

Lwind ≈ 4.7 × 1037M3
1.4 R

–1
6 M–2/3

∗ P–4/3
orb Ṁ–6 v–4

w,8 erg s–1,
(11)

where M∗ is the mass of the companion star in solar masses,
Porb is the orbital period of the binary in days while Ṁ and
vw are expressed in units of 10–6M⊙ yr–1 and 10–8cm s–1 re-
spectively. Using M∗=9.9 M⊙ (Sugizaki et al., 2015), vw ∼
800 km s–1, Ṁ ∼ 10–8M⊙ yr–1 for B2V type stars (Prinja,
1989; Vink et al., 2000), Porb ∼132.2 d (Sugizaki et al., 2015),
M = 10 M⊙ and R=10 km, the estimated X-ray luminosity
from the stellar wind is ∼ 4 × 1032 erg s–1. The estimated
Lwind is lower by about a factor of 15-70 than the range of lu-
minosities of the pulsar shown in Figure 12(ii). The estimated
X-ray luminosity during the low state from XMM-Newton
and NuStar observations is ∼ 2.5 × 1033 erg s–1 in the 0.5-10
keV energy band and ∼ 3.6 × 1033 erg s–1 in the 3-20 keV
energy band respectively, which are an order of magnitude
higher than that can be powered solely by wind accretion.
Thus, accretion from the stellar wind emanating from the Be
star alone cannot explain the observed long-term low luminos-
ity regime observed in this pulsar and it is possible that other
favourable accretion mechanisms such as accretion through a
cold (non-ionized) disc may operate simultaneously.

4.6 Origin of soft excess in the spectra
The hot BB excess (kTBB >∼ 1 keV) detected in GX 304-1 is
similar to those detected in other BeXRBs RX J0440.9+4431
(La Palombara et al., 2012), RX J0146.9+6121 (La Palom-
bara & Mereghetti, 2006), 4U 0352+309 (Coburn et al., 2001;
La Palombara & Mereghetti, 2007), RX J1037.5-5647 (Reig
& Roche, 1999; La Palombara et al., 2009), 3A 0535+262
(Mukherjee & Paul, 2005), 4U 2206+54 (Masetti et al., 2004;
Torrejón et al., 2004; Reig et al., 2009), SAX J2103.5+4545
(Inam et al., 2004),and SXP 1062 (Hénault-Brunet et al., 2012;
González-Galán et al., 2018). These BeXRBs have long pulse
periods (P > 100 s) and the hot BB excess were detected dur-
ing low luminosity states (≤ 5 × 1035 erg s–1) in these pulsars
(La Palombara et al., 2012). The spin period of GX 304-1 is
about 275 s and the inferred luminosity during low states is
∼ 2.5 × 1033 erg s–1 and ∼ 3.6 × 1033 erg s–1 from XMM-
Newton and NuStar observations respectively, which suggests
that GX 304-1 also belongs to this category of BeXRBs show-
ing a soft X-ray excess.

It has been shown that in the low luminosity accretion
powered pulsars (LX ≤ 1036 erg s–1), the thermal component
can be attributed to either emission by photo-ionized or colli-
sionally heated diffuse gas or thermal emission from the surface
of the neutron star (Hickox et al., 2004). Assuming that the
soft excess comes from the surface of the neutron star, the
size of the emission region can be estimated using Rcol ∼ RNS
(RNS/Rm)0.5 (Hickox et al., 2004), where Rcol is the radius of
the accretion column and Rm is the magnetospheric radius.
The magnetospheric radius is given by (Campana et al., 1998),

Rm = 2 × 107 Ṁ–2/7
15 B4/7

9 M–1/7
1.4 R12/7

6 cm, (12)
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where Ṁ is the accretion rate (in units of 1015 g s–1), B, M
and R are the magnetic field, mass and radius of the neutron
star respectively. Using LX ∼ 5 × 1033 erg s–1, M = 1.4 M⊙
and R=10 km, the accretion rate is estimated to be ∼ 2.7 ×
1013 g s–1. Using B ∼ 4.7 × 1012G (Yamamoto et al., 2011a),
the magnetospheric radius is estimated to ∼ 7 × 109cm. The
estimated radius of the accretion column (which is an estimate
of the expected size of the polar cap) is Rcol ∼ 120 m which is
remarkably similar to the estimated black body emitting radius
of about 100-110 m. This suggests that the observed blackbody
emission emanates from the polar cap of the neutron star.

4.7 Exploring spectral energy distribution of the companion
star
We searched the literature for photometric detection of the
companion star at other wavelengths using the catalogues
available in the VizieR database (Ochsenbein et al., 2000). The
catalogue entries using the Gaia (Prusti et al., 2016; Brown
et al., 2021) and TESS (Stassun et al., 2019) observations were
taken within 5′′ of the source position. The spectral energy
distribution (SED) of the companion star is shown in Figure
13 plotted along with the Swift/UVOT estimated fluxes in the
U, UW1 and UW2 filters. We have shown the UVOT fluxes
obtained during the quiescent state just before the regular X-
ray outbursts began from the source (around MJD 55268) and
that during the beginning of outbursts (around MJD 55550).
There is an indication of UV excess from the companion star
when X-ray outbursts were detected from the neutron star
compared to the time when the source was in a quiescent phase.
The detailed SED modelling of the companion star is beyond
the scope of this work.
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Figure 13. Spectral energy distribution for the companion star of GX 304-1.
The black-filled circles show data taken from literature using the Gaia (Prusti
et al., 2016; Brown et al., 2021) and TESS (Stassun et al., 2019) observations
and are obtained from the Vizier database (Ochsenbein et al., 2000). The
blue and red stars show data from the Swift/UVOT in U, UW1 and UW2 filters
obtained during the quiescent state just before the regular X-ray outbursts
began from the source (around MJD 55268) and that during the beginning of
outbursts (around MJD 55550) respectively.

5. Conclusions
We presented the timing and spectral studies of GX 304-1
using NuStar and XMM-Newton observations during low state.
Pulsations are detected during the low state indicating that the
low X-ray luminosity is powered by accretion onto the surface
of the neutron star. We construct the long-term spin history of
the pulsar and find that the pulsar switched from a long-term
spin-up to a spin-down trend during a low luminosity state
of the pulsar. The long-term photometric observations of the
companion star suggest a possible decrease in its recent activity
and lack of mass ejection events which trigger X-ray outbursts
in this binary. The pulsar shows a prolonged low luminosity
regime (LX ∼ 1034 erg s–1) spanning nearly five years since
2018 December. The ultraviolet signatures of the companion
star precedes the onset of X-ray outbursts in this source by
about half a year and does not show any marked variation
during the prolonged long-term quiescent state. We explore
plausible mechanisms to explain the long-term spin-down and
low luminosity manifestation in this pulsar. We detect soft
X-ray excess in the spectra which can be attributed to thermal
emission from the polar cap of the neutron star. Simultaneous
X-ray, optical and ultraviolet monitoring observations of the
binary are required to better understand the mechanisms of
long-term spin-down, mass-loss dynamics from the compan-
ion star and accretion vagaries in this pulsar.
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Appendix 1. Additional tables

Table 1. Swift/XRT observations of GX 304-1 spanning the duration 2005 April 6 (MJD 53466) until 2010 March 15 (MJD 55270.9).

S. no. Obs Id Date Exposure XRT count rate (XCR) XCR
XCRfixed

a Luminosityb

MJD ks counts s–1 1034 erg s–1

1 35072001 53466.01 3.50 0.552 ± 0.021 4.18 5.20 ± 0.2
2 35072002 53998.05 4.14 1.229 ± 0.023 9.31 11.57 ± 0.22
3 35072003 53999.05 8.02 1.093 ± 0.016 8.28 10.29 ± 0.15
4 35072004 54091.85 4.56 0.885 ± 0.019 6.70 8.33 ± 0.18
5 35072005 55263.23 1.14 1.19 ± 0.06 9.02 11.20 ± 0.56
6 35072006 55263.69 1.16 0.537 ± 0.024 4.07 5.06 ± 0.23
7 35072007 55264.23 1.17 0.541 ± 0.024 4.10 5.09 ± 0.23
8 35072008 55264.70 1.16 0.546 ± 0.024 4.14 5.14 ± 0.23
9 35072009 55265.25 0.88 0.85 ± 0.03 6.44 8.00 ± 0.28

10 35072010 55265.78 1.00 0.593 ± 0.027 4.49 5.58 ± 0.25
11 35072011 55266.24 1.40 0.543 ± 0.025 4.11 5.11 ± 0.24
12 35072012 55266.78 1.28 0.392 ± 0.02 2.97 3.69 ± 0.19
13 35072013 55267.12 0.85 0.47 ± 0.026 3.56 4.42 ± 0.24
14 35072014 55267.78 1.27 0.551 ± 0.023 4.17 5.19 ± 0.22
15 35072015 55268.25 1.42 0.63 ± 0.023 4.77 5.93 ± 0.22
16 35072016 55268.78 1.27 0.528 ± 0.022 4.00 4.97 ± 0.21
17 35072017 55269.18 1.32 0.491 ± 0.021 3.72 4.62 ± 0.2
18 35072018 55269.93 0.98 0.52 ± 0.026 3.94 4.90 ± 0.24
19 35072019 55270.39 1.21 0.64 ± 0.025 4.85 6.02 ± 0.24
20 35072020 55270.86 1.27 0.613 ± 0.024 4.64 5.77 ± 0.23

Notes. a XCR and XCRfixed=0.13 are the XRT count rates for the given epoch in the table and MJD 58272.3 (2018 June 3)
respectively.
b Luminosity in the 0.5-100 keV energy range from Tsygankov et al. (2019) using a distance of 2.01 kpc (Treuz et al., 2018)
scaled using XCR

XCRfixed
.
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Table 2. Swift/XRT observations of GX 304-1 spanning the period from 2018 December 17 (MJD 58469) until 2024 February 27 (MJD 60367.8).

S. no. Obs Id Date Exposure XRT count rate (XCR) XCR
XCRfixed

a Luminosityb

MJD ks counts s–1 1034 erg s–1

1 00035072138 58469.00 0.78 0.176 ± 0.017 1.33 1.66 ± 0.16
2 00035072139 58483.41 0.66 0.209 ± 0.02 1.58 1.97 ± 0.19
3 00035072140 58497.62 0.99 0.219 ± 0.016 1.66 2.06 ± 0.15
4 00035072142 58514.96 0.98 0.151 ± 0.015 1.14 1.42 ± 0.14
5 00035072144 58528.55 0.58 0.16 ± 0.02 1.21 1.51 ± 0.19
6 00035072145 58539.38 0.91 0.116 ± 0.015 0.88 1.09 ± 0.14
7 00035072146 58553.27 1.09 0.23 ± 0.017 1.74 2.17 ± 0.16
8 00035072147 58567.42 1.04 0.139 ± 0.013 1.05 1.31 ± 0.12
9 00035072148 58581.14 1.12 0.136 ± 0.017 1.03 1.28 ± 0.16

10 00035072150 58643.04 0.90 0.171 ± 0.015 1.30 1.61 ± 0.14
11 00035072151 58650.97 0.80 0.161 ± 0.017 1.22 1.52 ± 0.16
12 00035072152 58657.92 0.90 0.118 ± 0.014 0.89 1.11 ± 0.13
13 00035072153 58664.63 0.47 0.118 ± 0.019 0.89 1.11 ± 0.18
14 00035072154 58671.14 0.91 0.125 ± 0.014 0.95 1.18 ± 0.13
15 00035072155 58678.04 0.94 0.089 ± 0.012 0.67 0.84 ± 0.01
16 00035072156 58685.08 0.92 0.162 ± 0.015 1.23 1.52 ± 0.14
17 00035072157 58691.51 0.81 0.194 ± 0.022 1.47 1.83 ± 0.21
18 00035072158 58700.16 0.76 0.277 ± 0.022 2.10 2.61 ± 0.21
19 00035072159 58706.47 1.01 0.209 ± 0.016 1.58 1.97 ± 0.15
20 00035072161 58845.96 0.91 0.215 ± 0.017 1.63 2.02 ± 0.16
21 00035072162 58855.47 0.61 0.177 ± 0.02 1.34 1.67 ± 0.19
22 00035072163 58860.24 0.99 0.104 ± 0.015 0.79 0.98 ± 0.01
23 00035072164 58865.95 0.86 0.148 ± 0.016 1.12 1.39 ± 0.15
24 00035072166 58875.98 0.60 0.194 ± 0.022 1.47 1.83 ± 0.21
25 00035072167 58880.03 0.33 0.085 ± 0.029 0.64 0.08 ± 0.03
26 00035072168 58885.22 0.67 0.153 ± 0.021 1.16 1.44 ± 0.2
27 00035072169 59091.29 4.78 0.139 ± 0.006 1.05 1.31 ± 0.06
28 00035072170 59436.08 2.64 0.12 ± 0.009 0.91 1.13 ± 0.08
29 00035072171 60135.96 4.60 0.14 ± 0.006 1.06 1.32 ± 0.06
30 00035072172 60188.77 1.09 0.163 ± 0.026 1.23 1.53 ± 0.24
31 00035072173 60195.64 0.76 0.134 ± 0.015 1.02 1.26 ± 0.14
32 00035072174 60202.44 0.90 0.164 ± 0.015 1.24 1.54 ± 0.14
33 00035072175 60209.11 0.94 0.122 ± 0.014 0.92 1.15 ± 0.13
34 00035072176 60216.11 1.01 0.18 ± 0.024 1.36 1.69 ± 0.23
35 00035072177 60223.97 0.59 0.227 ± 0.028 1.72 2.14 ± 0.26
36 00035072178 60230.17 0.94 0.103 ± 0.013 0.78 0.97 ± 0.01
37 00035072179 60244.51 0.93 0.308 ± 0.026 2.33 2.9 ± 0.24
38 00035072180 60251.84 0.86 0.064 ± 0.011 0.48 0.6 ± 0.01
39 00035072181 60313.84 0.78 0.115 ± 0.015 0.87 1.08 ± 0.14
40 00035072184 60331.45 0.91 0.182 ± 0.017 1.38 1.71 ± 0.16
41 00035072186 60347.88 0.92 0.253 ± 0.019 1.92 2.38 ± 0.18
42 00035072187 60349.99 0.97 0.132 ± 0.019 1.00 1.24 ± 0.18
43 00035072188 60355.13 0.71 0.143 ± 0.017 1.08 1.35 ± 0.16
44 00035072189 60361.38 1.08 0.128 ± 0.014 0.97 1.2 ± 0.13
45 00035072190 60367.84 0.86 0.145 ± 0.015 1.10 1.36 ± 0.14

Notes. a XCR and XCRfixed=0.13 are the XRT count rates for the given epoch in the table and MJD 58272.3 (2018 June 3)
respectively.
b Luminosity in the 0.5-100 keV energy range from Tsygankov et al. (2019) using a distance of 2.01 kpc (Treuz et al., 2018)
scaled using XCR

XCRfixed
.
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