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ABSTRACT

GX 301-2 provides a rare opportunity to study both disc and wind accretion in a same target. We report Insight-Hard X-ray
Modulation Telescope observations of the spin-up event of GX 301-2 that happened in 2019 and compare with those of wind-fed
state. The pulse profiles of the initial rapid spin-up period are dominated by one main peak, while those of the later slow spin-up
period are composed of two similar peaks, as those of wind-fed state. These behaviours are confirmed by Fermi/Gamma-ray
Burst Monitor data, which also show that during the rapid spin-up period, the main peak increases with luminosity up to
8 x 10%7 ergs™!, but the faint peak remains almost constant. The absorption column densities during the spin-up period are
~1.5 x 10% cm™2, much less than those of wind-fed state at similar luminosity (~9 x 10} cm™2), supporting the scenario that
most of material is condensed into a disc during the spin-up period. We discuss possible differences between disc and wind
accretion that may explain the observed different trends of pulse profiles.
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1 INTRODUCTION

X-ray pulsars are powered by accretion of material from a normal
companion star on to a rotating magnetized neutron star. The mass
transfer process could be through either a stellar wind or a Roche lobe
overflow (RLOF). For RLOF, the transferred material has sufficient
angular momentum to form a rotating disc, through which the matter
spirals towards the neutron star (Pringle & Rees 1972). On the
other hand, the transfer of stellar wind resembles Bondi—Hoyle
accretion with a quasi-spherical distribution (Davidson & Ostriker
1973), although formation of short-lived transient accretion discs is
also possible (Fryxell & Taam 1988; Blondin & Pope 2009; Xu &
Stone 2019). The disc accretion transfers angular momentum to the
neutron star and leads to variations of spin frequency of the neutron
star measurable on days time-scale, while wind accretion results in
stochastic spin frequency changes on shorter time-scales. Both the
disc and wind flow will be dominated by the magnetic field within
the magnetosphere and will be channelled along the magnetic field
lines to the surface of the neutron star (e.g. Davidson 1973; Basko &
Sunyaev 1976).

Generally, mass transfer in X-ray pulsars is dominated by one of
the mechanisms, either wind or disc accretion, but there are a few X-
ray pulsars showing both wind and disc accretion alternately. These
sources are ideal targets to study the differences between different
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accretion processes, since the major parameters of the system, such
as the magnetic field and inclination angle, are not changed. The
classical wind-fed X-ray pulsar, GX 301-2, is such a source.

GX 301-2 is a slow rotator with a pulse period of ~680 s (White
et al. 1971), an orbital period of ~41.5 d and an orbital eccentricity
of ~0.46 (Sato et al. 1986; Koh, Bildsten & Chakrabarty 1997).
Its optical companion, Wray 977, has a mass of 39-53 Mg and
a radius of 62 R, close to the Roche lobe radius near periastron
(Kaper, van der Meer & Najarro 2006). Its spin history monitored
by BATSE on Compton observatory and Gamma-ray Burst Monitor
(GBM) on Fermi spacecraft is composed of long period of small
frequency variability and several rapid spin-up events lasting for
tens of days (Koh et al. 1997). The long periods of small stochastic
spin frequency changes indicate wind accretion, while the spin-up
events imply transient disc accretion. Indeed, during the spin-up
events, its spin derivatives were found to be correlated with fluxes
(v o FO73+0.05) " consistent with a scenario of disc accretion (Liu
2020). There may be also some correlations between fluxes and spin
derivatives during wind state (Doroshenko et al. 2010).

A strong spin-up event of GX 301-2 happened between 2018
December and 2019 March. Nabizadeh et al. (2019) reported NuS-
TAR observations of GX 301-2 near the end of this spin-up event
(2019 March 3, MJD 58545) and found no significant differences
in spectral and temporal properties compared with normal wind-
fed state. In contrast, with X-Calibur polarimeter, NICER, and Swift
observations of GX 301-2 during the initial spin-up period (around
2018 December 31, MJD 58483), Abarr et al. (2020) found that
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Figure 1. The 2019 spin-up event of GX 301-2 monitored by Fermi/GBM
(top panel), together with the spin derivatives (circles in bottom panel).
The corresponding Swift/BAT 15-50 keV fluxes (multiplied by a factor of
5 x 107!, red pluses) are overplotted. Vertical dotted lines indicate the time
of periastron, and vertical solid lines indicate dates of HXMT observations
analysed.

its pulse profiles are strongly dominated by one main peak, quite
different from two approximately equal peaks in normal wind-fed
state. In this paper, we analyse Insight-Hard X-ray Modulation
Telescope (HXMT) observations of GX 301-2 during the spin-up
episode performed around 2019 January 11-12, i.e. right in the
middle of this event with the aim to study the differences between
wind and disc accretion of GX 301-2.

2 OBSERVATION DATA

Insight-HXMT is a Chinese X-ray satellite launched in 2017 June.
It carries three collimated instruments sensitive to different energy
bands: low-energy telescope (LE; 1-15 keV), medium-energy tele-
scope (ME; 5-30 keV), and high-energy telescope (HE; 20-250
keV). The corresponding effective areas are 384, 952, and 5100 cm?,
respectively. For details of HXMT, we refer to Zhang et al. (2020),
and references therein.

The GBM (Meegan et al. 2009) on the Fermi spacecraft is
continuously monitoring the spin histories of X-ray pulsars' (Finger
et al. 2009; Malacaria et al. 2020). Fermi/GBM detected one strong
spin-up event of GX 301-2 around 2019 January, which is presented
in Fig. 1. The spin-up event started around an orbital phase 0.22
(2018 December 23, MJD 58475) and reached a rapid spin-up rate
of ~6 x 107'2 Hzs~!. The spin-up rate was further increased a little
bit (~1 x 10~'" Hzs™") just prior to periastron. After periastron,
the spin-up rate slowed down to about 2 x 107'2 Hzs™!, and then
increased to ~4 x 10~'2 Hzs~! near the second periastron. After the
second periastron, the spin-up event ended. Good correspondence
between the spin-up rates and the Swift/BAT fluxes can be seen
during the spin-up episode (see Liu 2020, for more details).

HXMT observed GX 301-2 twice during the initial rapid spin-up
period on 2019 January 11 and 12 (MJD 58494 and 58495), and once
during the later slow spin-up phase (2019 March 3, MJD 58545).
The later observation was taken on the same day with NuSTAR
discussed by Nabizadeh et al. (2019). These HXMT observations are
complementary to X-Calibur, Swift/XRT, and NICER observations

Uhttps://gammaray.msfc.nasa.gov/gbm/science/pulsars/
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Table 1. List of HXMT observations.

ObsID lexp (ks)  Obs. date MID Note
P0101309019 1.6 2019-01-11 58494 Rapid spin-up (D)
P0101309020 2.9 2019-01-12 58495 Rapid spin-up (D)
P0101309021 142 2019-03-03 58545 Slow spin-up (SD)
P0101309015 10.2  2018-04-09 58217 Wind state (W)

Note. texp refers to the effective exposure of the ME telescope.

reported previously, since HXMT provides simultaneous broad-band
data during the middle of the rapid spin-up period. For comparison,
we also analysed other HXMT observations of GX 301-2 before
the 2019 spin-up event. The observation details are listed in Table 1.
The data are processed using HXMTDAS?2.03 following the analysis
guide. Both barycentric and binary orbital corrections are applied to
the light curves, and the ephemeris parameters from Doroshenko
et al. (2010) are adopted.

3 TIMING ANALYSIS

To study the energy dependences of the pulse profile, we adopted
four energy bands: 2-7, 8-15, 15-30, and 30-50 keV. The photons
within 2-7 keV are from LE detectors, 8-30 keV from ME detectors,
and 30-50 keV from HE detectors. We extracted the pulse profiles
of different energies from initial rapid spin-up periods, MJD 58494
and 58495, which we refer as ‘D’ (disc state). To compare with
those observed during the wind-fed state, we also extracted the pulse
profiles from the observation taken on MJD 58217, when the source
was observed during the so-called pre-periastron flare at flux level
comparable to that during the rapid spin-up episode. At this time,
the spin evolution observed by GBM indicates no apparent spin-up
trend, which we refer as ‘W’ (wind state). We also extracted the
profiles from the observation on MJD 58545, which is referred as
‘SD’ (slow spin-up state). The pulse periods are calculated from the
spin measurement by Fermi/GBM. While the phases of MJD 58494
and 58495 are calculated assuming a constant spin-up rate, those
of MJD 58217 and 58545 are shifted to match the profiles of MJD
58494 and 58495. The extracted pulse profiles for all four energy
bands and four observations are presented in Fig. 2.

As can be seen, most of the profiles within one spin period are
composed of two peaks, which are separated by half period. During
the rapid spin-up periods (MJD 58494-58495, D) one of the peaks
of the pulse profile is significantly higher than the other one, and we
refer the higher peak as main peak (phase —0.08-0.42) and the fainter
one as faint peak (phase 0.42-0.92). We define the peak fluence as the
pulsed flux integrated over time, and the pulsed flux means the flux
minus the minimum flux during the whole spin period. The fluence
ratio between the main and faint peaks (fyr) is about 1.6 for photons
within 8-30 keV for MJD 58494 and is about 2.0 for MJD 58495.
This behaviour is similar to X-Calibur result observed around MJD
58483 (Abarr et al. 2020). For 30-50 keV, the main-to-faint contrast
is higher, and fyr is 2.3 for MJD 58494 and 2.8 for MJD 58495.

In contrast, the profiles of the slow spin-up period (MJD 58545,
SD) show two similar peaks, similar to the NuSTAR results observed
on the same day (Nabizadeh et al. 2019). The corresponding fyir of
MIJD 58545 are about 1.2—-1.3 for photons within 8-30 keV and has
a similar value within 30-50 keV. We note that for photons above
15 keV, the higher fluence ratio of MJD 58494 and 58495 (D) are
mainly due to the higher fluxes of the main peak. That is, the fluxes
of the main peak of the rapid spin-up periods increase significantly
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Figure 2. Pulse profiles of GX 301-2 observed by HXMT around MJD 58494, 59495, 58545, and 58217 at four different energy bands. The profiles of the rapid
spin-up period (MJD 58494 and 59495) are dominated by one main peak, while others are composed of two similar peaks. MJD 58217 represents a typical
wind-fed state with a flux similar to those of the rapid spin-up period (MJD 58494 and 59495).

compared with those of the slow spin-up period, while the fluxes of
the faint peak do not increase that much.

For the wind-fed state (MJD 58217, W), the two peaks have similar
fluxes for all energies, except for the lowest energies (2-7 keV),
where the pulse profile becomes flat. The corresponding fyir of MID
58217 are about 1.2-1.3 for photons within both 8-30 keV and 30—
50 keV, similar to those of the slow spin-up period. The pulse faction
(defined as %) of the wind-fed state is apparently smaller
than those of the spin-up periods. While the fluxes of the wind-fed
state (MJD 58217) is similar to those of MJD 58494 and 58495 (D)
for energies within 8-15 keV and 30-50 keV, they are higher than
those of MJD 58494 and 58495 within 15-30 keV, as shown by the
apparent higher faint peak of the wind state.

Another feature of the pulse profiles observed during the spin-up
period is that the lower the energy, the broader the main peak width.
The plateau of the 2-7 keV main peak occupies almost half spin
period, and it seems to be composed of two separate spikes. There
are also two spikes in the main peaks of 8—15, but is not as apparent
as those of the 2—7 keV main peak.

Considering that the effective exposure of HXMT observations of
the spin-up event of GX 301-2 lasts only a few ks, and thus only in-
cludes a few pulse cycles and can be biased by stochastical variations,
we also investigated pulse profile evolution using Fermi/GBM data.

As Fermi/GBM data are dominated by the background, the constant
component of the light curve is subtracted and only the pulsed profile
is obtained (e.g. Finger et al. 2009). Since the orbital light curves of
GX 301-2 show flares near periastron, for non-spin-up periods (MJD
55400-58400, 3000 d in total) we divided the orbital phase into two
intervals of 0.1-0.9 and 0.9-0.1. There are three continuous data type
for GBM: CTIME data with 8 energy channels and 0.256 s time bin,
CSPEC data with 128 channels and 4.096 s bin, and CTTE photon
events data. Fermi/GBM made a measurement of pulse profile and
spin period of GX 301-2 for every ~2 d interval using CTIME data.
All the 12-25 keV profiles within the corresponding periods are
presented in Fig. 3, with different colours indicating measurements
at different intervals.

As can be seen, the pulse profiles outside of the spin-up periods
show two similar peaks, although with different pulsed amplitude
for phase intervals of 0.1-0.9 and 0.9-0.1. The main-to-faint fluence
ratios are around 1.2—1.3 estimated from the pulsed fluxes. For the
2019 spin-up event, the main peaks during the initial rapid spin-up
period (MJD 58485-58508) are much higher than the faint peaks,
similar to the HXMT results around MJD 58494 and 58495. While
those during the slow spin-up period (MJD 58529-58551) show
two similar peaks, similar to the HXMT and NuSTAR results on
MID 58545.
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Figure 3. 12-25 keV pulse profile of GX 301-2 extracted from Fermi/GBM data during non-spin-up periods and 2019 spin-up episode. The non-spin-up periods
are divided into orbital phase intervals of 0.1-0.9 and 0.9-0.1, while the spin-up episode is divided into initial rapid spin-up and later slow spin-up phase. The
inset circles represent mean errors of the relative fluxes. Different colours correspond to measurements at different intervals.

The high fluxes of GX 301-2 during the initial rapid spin-up
period also allow us to extract background un-subtracted individual
pulse profiles of GX 301-2 from the Fermi/GBM data, and to
study the temporal behaviour at fluxes higher than those of HXMT
observations. We used GBM CSPEC data from NO detector, which
has the best viewing angle for GX 301-2 during these time. The time
periods are picked up by eyes to have clear pulsations around 680 s,
and the effective area is required to be larger than 80 per cent of the
maximum value during that day. The extracted 15-30 keV profiles
ondate January 1, 2, 3,7, 8,9, 10, and 12 are plotted in Fig. 4. As can
be seen, the fluence of the main peak decrease with the increasing
date, while the fluence of the faint peak show less changes. In Fig. 5,
we plot the GBM mean pulsed fluxes of the main and faint peaks
versus the daily Swift/BAT 15-50 keV fluxes. It shows clearly that
the main peak fluxes increase with the Swift fluxes, while the faint
peak fluxes not. The fluence ratio fyr is about 4 for the largest fluxes
on MJD 58484.

To check the behaviour of pulse profile of wind-fed state with
luminosity, we also analysed HXMT observations of GX 301-2 with
good signal and good pulse detection. These observations are on MJID
57968, 57969, 58121, 58138, 58148, and 58217. The measured mean
pulsed fluxes of the main and faint peaks are overplotted in Fig. 5. The
uncertainties of these measurements are dominated by flux variations
of GX 301-2 on time-scale of hours for wind-fed state, which
are hard to estimate due to the limited HXMT effective exposures.
Nevertheless, the main-to-faint ratios are generally much stable, and
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Figure 4. 15-30 keV pulse profile of GX 301-2 extracted from Fermi/GBM
data based on individual daily extractions. For clarity, only the errors of MJID
58484 are plotted.

we have assumed 5 percent uncertainties of the measured fluxes.
Both fluxes of the main and faint peaks increase with luminosity for
wind-fed state, and no significant increase of the main-to-faint ratio
is found for the observed luminosity.
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against the Swift daily 15-50 keV fluxes for disc (extracted from Fermi/GBM)
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data. The two data points of disc state around 0.06—0.07 are the HXMT results
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4 SPECTRAL ANALYSIS

As illustrated in Fig. 2, the pulse profiles during the spin-up episode
are energy dependent. To study the energy spectrum of the main and
faint peaks, we extracted the spectrum of the main and faint peaks
from both MJD 58494 and 58495 (D) observations, separately. They
are plotted in the top panel of Fig. 6. To help the comparison, the
spectra of faint peaks are multiplied by a factor to make the fluxes
of faint peaks around 15 keV similar to those of main peaks. The
spectra of main peaks and normalized faint peaks are quite similar,
although show a slightly different curvature, for both MJD 58494
and 58495.

To model the observed spectra, following Kreykenbohm et al.
(2004), we fit an absorbed power-law model with a Fermi—Dirac
cutoff (Tanaka 1986): 1/{exp [(E — Ecu)/Etoia] + 1}, where Ey and
Ejo1q are the cutoff and folding energy. We add a Gaussian absorption
line around 30-35 keV to model the cyclotron resonant scattering
feature (CRSF). We also add a Gaussian emission line around 6.4
keV to represent the Fe Ka line, and its width is fixed as 0.01 keV.
The low energy absorption is modelled with tbabs (Wilms, Allen &
McCray 2000). Thus, the adopted model is as follows:

F(E) = FDcut x Gabs * tbabs * powerlaw + gauss. (D

The fitting results are plotted in Fig. 6 and listed in Table 2.
The absorption-corrected luminosities within 1-50 keV, assuming
a distance of 3.5 kpc (Nabizadeh et al. 2019), are also listed.

As can be seen, the model provides a reasonable fit to the observed
spectra. From Table 2, we see that the most apparent difference
between the main and faint peaks is the normalizations of the power-
law model. The differences of fitted cutoff energy and folding energy
between the main and faint peaks explain their spectral differences
above 30 keV. The absorption column densities of the faint peaks are
a little larger than that of the main peak, which explain the relatively
lower continua of the faint peaks at low energy. We note that the
differences of absorption between different peaks cannot be due to
variations far away from GX 301-2, but should originate in vicinity
of the neutron star. While the inclusion of CRSF model improves the
fitting results, some CRSF parameters are not well constrained and
are fixed as values of the other peak.

Disc versus wind accretion in GX 301-2 2497

On the other hand, the fluxes of the Fe K« line are similar between
the main and faint peaks for both MJD 58494 and 58495. It implies
that the illumination of the Fe Ka-emitting gas is similar during the
main and faint peaks. This could be obtained if the Fe Ko-emitting
gas is quasi-symmetric with respect to the rotation direction of the
neutron star.

The spectra of the main and faint peaks of the slow spin-up period
(MIJD 58545, SD) are plotted in the bottom left panel of Fig. 6. They
show similar behaviours as those of MJD 58494 and 58495 (D). The
fitting residuals around 10 keV are large for MJID 58545 (SD). Such
residuals could be due to instrument. Because different temperatures
of ME detectors could affect the response of low energy part and are
not modelled in current version of data reduction pipeline, we have
used LE data for 8—10 keV. The 10-11 keV band of ME could still
be affected. On the other hand, the particle background of LE starts
to become significant around 7-10 keV (Liao et al. 2020). These two
instrument effects could lead to the residual around 10 keV of MJD
58545 (SD), when the fluxes are lower than those of MJD 58494—
58495 (D). Although with these caveats, the spectral shape of MID
58545 (SD) is quite similar to those of MJID 58494 and 58495 (D).

The spectra of wind-fed state observation (MJD 58217, W) are
plotted in the bottom right panel of Fig. 6. For comparison, the main
peak spectrum of MJD 58495 (D) is overplotted. As can be seen, the
spectra of the two peaks of MJD 58217 are quite similar. They are
also similar to that of the main peak of MJD 58495 above 30 keV.
The 6.4 keV Fe Ko line of MJD 58217 is very prominent, together
with a sharp absorption edge around 7 keV. These spectral features
of MJD 58217 are typical of Compton reprocessed emission from
neutral-like gas. We also fit the wind-fed state spectra with the model
of equation (1), and the results are plotted with the observed spectra
and listed in Table 2. The best-fitted absorption column densities
are around 8.5 x 10 cm™2, much larger than those of the spin-up
period. The equivalent widths (EW) of the Fe Ko line are about
0.7 keV, also much larger than those of the spin-up period (~0.15
keV). The residuals around 7 keV are the Fe Kf line, which is not
modelled in equation (1). The residuals around 23 keV could be due
to phase-dependent features of high energy cutoff (e.g. Fiirst et al.
2018), and here the phases are only divided into main and faint peaks.
The residuals around 10 keV could be due to instrument as discussed
above. It is interesting to note that 10 keV bumps have been observed
on the spectrum of many X-ray pulsars (e.g. Coburn et al. 2002) and
could be due to imperfect model of the continuum of X-ray pulsars.

5 DISCUSSION AND CONCLUSION

We studied the temporal and spectral differences of GX 301-2
between the spin-up state and the wind-fed non-spin-up state. During
the initial rapid spin-up period of the 2019 spin-up event of GX
301-2, the main peak is higher than the faint peak. During the late
slow spin-up period, the pulse profiles are composed of two similar
peaks, similar to those of wind-fed state. The line-of-sight absorption
column densities are about 1.5 x 10** cm~? for spin-up periods and
~9 x 10?* cm~2 for wind-fed state of similar fluxes. The EWs of Fe
Ko line are about 0.15 keV for spin-up periods and ~0.7 keV for
wind-fed state of similar fluxes.

For wind accretion, after passing through a bow shock, the
wind material is supposed to fall down quasi-spherically to the
magnetosphere of the neutron star (Davidson & Ostriker 1973). As
a result, the line-of-sight direction traces a typical column density
of the material around the neutron star. In contrast, if the material
is accreted through a disc, most of the material is condensed into a
disc, and the line-of-sight direction could trace a much less column
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120Z KB\ €1 uo Jasn (81Sall] Ip 0OIWIOUOSY OLIOJBAISSSQ) 81Salll VNI A9 0001 L 29/€6+2/2/¥0S/81o11e/Seluw/wod dno-olwspese//:sdny woJj papeojumoq



2498  J. Liu et al.

g F T

>

23k ;

[l

E MJD 58494

P Black: main peak

gL Green: faint peak X 1.35 i

S =F 3

&
L ]
a ]

=o f ]
o 4
i ]
<« ]
I

Energy (keV)

g F T

> e

o O -

=4 3

t

b

g

Q

12}

§ ? MJD 58545

=3 Black: main peak E

ETf Green: faint peak E
N 1
by 7

RO ]
o ]
i ]
< ]
i

Energy (keV)

S T
T
25 3
1
] MJD 58495
a Black: main peak
g3L Green: faint peak X 1.5 |
S =F 3
£
Y ]
o 7
Rof ]
~ b
\ ]
< b
]
S T
> =
R E
23 f
n i ]
; L
a MJD 58217 - '
gy Black: main peak H‘;bt d
Q N
g Green: faint peak ]
Cyan: 58495 main peak *
N E
« ]
B =) ]
~ b
) b
<
i

Energy (keV)

Figure 6. HXMT broad-band spectra of the main and faint peaks during the rapid spin-up period MJD 58494 and 58495, the slow spin-up period MJD 58545,
and the wind-fed state MJD 58217. For comparison, the spectra of faint peaks of MJD 58494 and 58495 are multiplied by a factor to make their fluxes similar

as the main peaks around 15 keV.

Table 2. Fitting results of the model of equation (1).

Peak Ny A(PL) [ (PL) Ecut Efola Ecyc Ocyc Dcyc Norm(Fe) X&(d()f) L1 — 50 kev
10?2 cm—2 keV keV keV keV 1037 ergs™!
58494 main  15.1 £0.7 024 +0.03 083+0.05 269+10 59+03 327+£19 44+15 22+15 35+£06 0.98(548) 4.4
58494 faint  159+1.0 0.14+0.02 0.70£0.06 23.6+1.0 58402 308+£34 38+23 13£13 41+£05 0.99(456) 2.4
58495 main 153 +0.7 0224+0.02 0.79+0.04 263+08 58+02 321+£20 33+22 08+08 32+06 092(573) 4.1
58495 faint  17.6 £1.3 0.12+0.02 0.72+£0.07 23.7+08 54+0.1 32.1 33 09+£05 34+0.5 1.10(400) 22
58545 main 185+ 0.7 0.13+0.01 0.77+0.05 263+09 59+0.1 32 49+10 13+£08 45=£03 1.41(640) 2.7
58545 faint 195+ 1.0 0.09+0.01 063£005 254+10 56+02 320£09 46+1.1 26+13 47£03 1.16(578) 22
58217 main 875 028+£0.09 0.72£0.12 243+£15 55+02 325+10 58+1.1 3.0+19 94+04 1.28(483) 5.1
58217 faint 84 £5 0.17£0.05 054+0.12 236£1.1 52+01 322410 5.8 30£06 9.0x+04 1.46(468) 43

Note. A(PL) is in units of photonskeV~' cm~2s~! at 1 keV, Norm(Fe) is in units of 10~ photons cm~2s~!, and some CRSF energies and widths are not well

constrained and they are fixed as those of the other peak.

density if the disc plane is not in the line-of-sight direction. Since
similar fluxes between the spin-up period and the wind-fed state
indicate similar mass accretion rates, the much less absorption
column densities during the spin-up period support the scenario that
the material is accreted through a disc-like structure, which spins up
the neutron star.

The pulse profiles of GX 301-2 during the spin-up period show
an interesting trend with luminosity: the main peak is similar to
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the faint peak during the slow spin-up period (with a luminosity of
~2 x 10%7 ergs™!), but the main peak increases with the observed
fluxes during the rapid spin-up period (with a luminosity of ~4 x 103
ergs~'), while the faint peak remains almost constant. Such a
trend is confirmed by Fermi/GBM data at even higher luminosities
(~8 x 10%7 ergs!). However, the pulse profiles of the wind-fed
state show no such trend. These behaviours could be related to the
emitting region/pattern at different luminosities.
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For X-ray pulsars with low luminosity, the radiation is generally
supposed to have a pencil beam due to anisotropic scattering cross-
section of photons in a strong magnetic field. However, above certain
luminosity, an accretion column is formed, and the radiation is
supposed to have a fan beam. The pulse profiles of GX 301-2 always
showed a two-peaked feature from the lowest to the highest observed
luminosities (e.g. La Barbera et al. 2005; Evangelista et al. 2010). The
simplest appropriate model is to assume that each peak represents
a pole, and each pole emits in a pencil beam (e.g. Wang & Welter
1981). The main peak corresponds to the pole close to the observer,
while the faint peak corresponds to the further pole. If both poles
produce a similar pencil-like beam, the observed increasing trend of
the main peak with increasing luminosity indicates that the emission
along the polar direction is increasing, while the little change of
the faint peak indicates that the emission perpendicular to the polar
direction is not changing much with increasing luminosity.

The pulse profiles of the neutron star could be related to luminosity
in several different ways. The magnetosphere radius of an accreting
neutron star depends on the B-field and luminosity as follows (e.g.
Frank, King & Raine 2002):

Ry =2.8 x 10°AB}} Ly, cm, )

where A = 1 for wind accretion and A < 1 for disc accretion, and we
have adopted a neutron star mass of 1.5 Mg and radius of 10 km. The
field line around the magnetosphere crosses the neutron star surface
with an angle B relative to the magnetic axis:

sin? B = @ sin® @, 3)
m

where « is the angle between the disc plane and the magnetic axis.
Therefore, the higher the luminosity, the larger the S. For wind
accretion, the accreted material fills the whole column centred around
the magnetic axis, and g is the radius of the column, while for disc
accretion, the accreted material is confined to a narrow wall, which is
away from the magnetic axis with an angle S (e.g. Basko & Sunyaev
1975, 1976). The changing direction of the hotspot with luminosity
for disc accretion will affect the observed pulse profiles.

Another effect of different luminosities is radiation feedback.
For X-ray pulsars with high luminosity, the accreted gas flow is
decelerated by the radiation pressure, and a radiative shock is formed,
below which the material is sinking down to the surface of neutron
star (Basko & Sunyaev 1976). The critical luminosity depends on
the accretion process and the magnetic field, and is suggested to be
around 1 x 10%7 erg s~ for a cyclotron energy around 30 keV, based
on the bimodal variation of the cyclotron energy with luminosity
(e.g. Becker et al. 2012; Mushtukov et al. 2015; Doroshenko et al.
2017). Therefore, it is possible that the emission pattern changes with
luminosity around the observed luminosities. Sudden transitions of
pulse profiles have been observed around 10°® ergs™! for several
sources (e.g. Wilson-Hodge et al. 2018; Doroshenko et al. 2020),
and the exact value of critical luminosity is not well understood.
We emphasize that feedback of radiation is expected to alter the
geometry of the accretion disc/flow and such changes have indeed
been observed (e.g. Wilson-Hodge et al. 2018; Doroshenko et al.
2020). Similar scenario could potentially apply also to GX 301-2.

On the other hand, the trend of only main peak changing with
luminosity is not observed for wind state at luminosities around
4-8 x 10%7 ergs™'. This could be due to the intrinsic differences
between disc and wind accretion. As mentioned above, the filled
column of wind accretion always lies along the magnetic axis, and
only the radius of the column changes with luminosity; therefore,
the inclination angle does not change with luminosity, different
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from disc accretion. At similar luminosity, the area of the hotspot
of wind accretion is generally larger than that of disc accretion, and
thus, the critical luminosity is different for disc and wind accretion
(e.g. Mushtukov et al. 2015). This could lead to different emission
pattern for disc and wind accretion at similar luminosity. We note
that the above discussions assumed a simplified dipolar geometry of
the magnetic field, and in reality, other effects, such as asymmetric
magnetic field and gravitational light bending, could also play a role
(e.g. Ftaclas, Kearney & Pechenick 1986; Bilous et al. 2019; Iwakiri
et al. 2019). Detailed calculations of the pulse profile shapes for
X-ray pulsars are required to reveal whether these processes can
explain the observed different trends of pulse profiles for disc and
wind accretion.
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