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ABSTRACT

Cyclotron line scattering features are detected in a few tens of X-ray pulsars (XRPs) and used as direct

indicators of a strong magnetic field at the surface of accreting neutron stars (NSs). In a few cases, cyclotron

lines are known to be variable with accretion luminosity of XRPs. It is accepted that the observed variations

of cyclotron line scattering features are related to variations of geometry and dynamics of accretion flow above

the magnetic poles of a NS. A positive correlation between the line centroid energy and luminosity is typical

for sub-critical XRPs, where the accretion results in hot spots at the magnetic poles. The negative correlation

was proposed to be a specific feature of bright super-critical XRPs, where radiation pressure supports accretion

columns above the stellar surface. Cyclotron line in spectra of Be-transient X-ray pulsar GRO J1008-57 is

detected at energies from ∼ 75 − 90 keV, the highest observed energy of cyclotron line feature in XRPs. We

report the peculiar relation of cyclotron line centroid energies with luminosity in GRO J1008-57 during the

Type II outburst in August 2017 observed by Insight-HXMT. The cyclotron line energy was detected to be

negatively correlated with the luminosity at 3.2×1037 erg s−1 < L < 4.2×1037 erg s−1, and positively correlated

at L & 5 × 1037 erg s−1. We speculate that the observed peculiar behavior of a cyclotron line would be due to

variations of accretion channel geometry.

Keywords: X-rays: binaries – X-rays: stars – neutron stars – Be stars; stars: individual: GRO J1008-57

1. INTRODUCTION

Classical X-ray pulsars (XRPs) are accreting strongly magnetized neutron stars (NSs) in close binary systems (see Walter et al.

2015 for review). The magnetic field strength in these objects is known to be ∼ 1012 G. Strong field on a NSs in XRPs affects

the geometry of accretion flow. The accretion disc of stellar wind from a companion star is interrupted at certain distance from

a NS (see Lai 2014 for review), than the accretion flow is directed by magnetic field towards the small regions located close to

the magnetic poles of a NS. There the kinetic energy of the material turns into heat and is emitted in the form of X-ray radiation.

A strong magnetic field in the vicinity of the NS surface quantizes the energy of electrons (see, e.g., Harding & Lai 2006), and

because of that, the Compton scattering and free-free absorption become resonant at the cyclotron energy

Ecyc ≈ 11.6

(

B

1012 G

)

keV, (1)

and its harmonics, where B is the field strength (Daugherty & Harding 1986; Harding & Daugherty 1991; Mushtukov et al. 2016).

The resonances result in cyclotron scattering features in the energy spectra of XRPs. Because the cyclotron energy is proportional
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to the magnetic field strength in the line forming regions, the detection of cyclotron resonant scattering features (CRSFs) in XRPs

provides a unique opportunity to measure magnetic field strength of accreting NSs (Truemper et al. 1978). At present, there are

more than 30 XRPs with detected cyclotron scattering features (see Staubert et al. 2019 for review). The X-ray spectrum of GRO

J1008-57 shows the highest fundamental cyclotron absorption line centroid energy among all known XRPs: the line centroid

energy is at ∼ 74 − 90 keV, which points to the B-field strength ∼ 8 × 1012 G (Wang 2014a; Yamamoto et al. 2014; Bellm et al.

2014; Ge et al. 2020).

Since the discovery of the cyclotron resonant scattering features in XRPs (Truemper et al. 1978), it has been found that the

centroid energy of the cyclotron features could vary with the accretion luminosity, pulsation phase and on long (years) time-scales.

In particular, the long-time scale reduction and evolution of the line centroid energy was detected in Her X-1 (Staubert et al. 2017;

Xiao et al. 2019).

The variations of cyclotron line energy with accretion luminosity has been detected in a number of X-ray transients including

V0332+53 (Tsygankov et al. 2006, 2010), A0535+26 (Caballero et al. 2007), Vela X-1 (Fürst et al. 2014; Wang 2014b), GX

304-1 (Klochkov et al. 2012; Rothschild et al. 2017), Cep X-4 (Vybornov et al. 2017), and 4U 0115+63 (Mihara et al. 2004;

Tsygankov et al. 2007; Li et al. 2012). It is remarkable, that the sources of relatively low mass accretion rates show positive

correlation between the line centroid energy and luminosity, while the sources of relatively high mass accretion rates show the

negative correlation. In one source - V0332+53 (Doroshenko et al. 2017) - both correlations were reported. In both transients the

positive correlation was detected at low luminosities and the negative one at high luminosity state. Cusumano et al. (2016) shows

that the relation between the line centroid energy and accretion luminosity is not always strict and the same source can show

different line centroid energies at the same apparent luminosity (this phenomenon was detected only in one source V0332+53 at

present).

Cyclotron lines were shown to be variable with the phase of pulsations in a few XRPs (Lutovinov et al. 2015, 2017;

Tsygankov et al. 2016, 2019). Recently, it has been found that the cyclotron line can be pulse-phase-transient and appear only at

some phase of pulsations in XRPs (Molkov et al. 2019).

The variability of the cyclotron line centroid energy in the spectra of XRPs is considered to be related to the geometry of

accretion flow in close proximity to the surface of a NS. The geometry of the emitting region is related to the mass accretion rate.

At low mass accretion rates, the radiation pressure is small, and one expects hot spots at the NS surface. At high mass accretion

rates, the radiation pressure is high enough to stop accreting material above the NS surface. In this case, the accretion column

supported by radiation pressure and confined by a strong magnetic field arises above the stellar surface (Basko & Sunyaev 1976;

Wang & Frank 1981; Mushtukov et al. 2015a). The luminosity separating these two accretion regimes is called the “critical”

luminosity Lcrit. The critical luminosity was shown to be dependent on the magnetic field strength (Mushtukov et al. 2015b). The

dynamics of the cyclotron line was shown to be dependent on the luminosity state of XRPs (see Staubert et al. 2019 for review).

In particular, the positive correlation between the cyclotron line centroid energy and accretion luminosity is considered to be

typical for sub-critical XRPs (Staubert et al. 2007; Klochkov et al. 2012; Fürst et al. 2014), while the negative correlation was

detected in bright super-critical sources (Mihara et al. 2004; Tsygankov et al. 2006; Boldin et al. 2013). At the same time, there

are some sources without any observed correlation between the cyclotron line energy and luminosity (Caballero et al. 2007).

Several theoretical models are aiming to explain the variability of a cyclotron line. The positive correlation was explained by

the Doppler effect in accretion channel (Mushtukov et al. 2015c) and alternatively by the onset of collisionless shock above hot

spots at low mass accretion rates (Shapiro & Salpeter 1975; Rothschild et al. 2017). The negative correlation was explained by the

variations of accretion column height above the NS surface. Different models consider different locations of a line forming region

at super-critical mass accretion rates, which might be a radiation dominated shock on top of accretion column (Becker et al. 2012)

or NS surface (see e.g., Poutanen et al. 2013; Lutovinov et al. 2015; Mushtukov et al. 2018), which reprocesses a large fraction

of beamed radiation from the accretion column. Alternatively, Nishimura (2014) argued that some variations of cyclotron line

centroid energy could be related to the changes of a beam pattern. By considering the structure of an accretion column in two

dimensions, Nishimura (2019) suggested that the line-forming region is a region around an accretion mound in which the bulk

velocity in the line-forming region can be considerably different from that in the continuum-forming region which is assumed

to be inside an accretion mound, so that the variation of Ecyc results from the motion of the accretion mound in the different

luminosity ranges.

The Chinese X-ray telescope Insight-HXMT observed the Be/X-ray pulsar GRO J1008-57 during the Type II outburst in August

2017. So that we can study the spectral variations of the X-ray pulsar with different luminosities. In §2, The observations of

Insight-HXMT on the source GRO J1008-57 was presented in §2, and the data and spectral analysis were shown in §3. Based on

the spectral analysis, the relation between the cyclotron line energy and X-ray luminosity in GRO J1008-57 was studied in §4. In
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Table 1. The Insight-HXMT data information used in the analysis taken from the HXMT website: http://www.hxmt.org .

Obs. ID Obs. date Start(UTC) Obs. date End(UTC) Duration (s) MJD

P0114520001 2017-08-11 21:58:37 2017-08-12 20:25:06 80789 57976-57977

P0114520003 2017-08-18 11:30:22 2017-08-20 22:32:32 212530 57983-57985

57960 57970 57980 57990 58000
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Figure 1. The X-ray light curves of GRO J1008-57 in August 2017. The solid curves obtained from the monitoring data of Fermi/GBM,

showed the X-ray outburst lasting about one month. Insight-HXMT has carried out the pointing observations for the outburst, the light curves

were presented in three energy bands: 3 - 10 keV, 10 - 26 keV, 26 - 100 keV.

§5, we presented possible scenarios like the variation of the accretion flow geometry to explain the relationship. Finally, a brief

summary was given in §6.

2. OBSERVATIONS OF INSIGHT-HXMT

Insight-HXMT consists of three main instruments: High Energy X-ray Telescope (HE, Liu et al. 2020) covering the energy

range of 20 - 250 keV with the detection area of 5000 cm2, Medium Energy X-ray Telescope (ME, Cao et al. 2020) covering the

energies of 5 - 30 keV with a total detection area of 952 cm2, and Low Energy X-ray Telescope (LE, Chen et al. 2020) covering

1 - 15 keV with the detection area of 384 cm2. There are three types of Field of View (FoV): 1◦ × 6◦ (FWHM, the small FoV),

6◦ × 6◦ (the large FoV), and the blind FoV used to estimate the particle induced instrumental background. Since its launch,

Insight-HXMT went through a series of performance verification tests by observing blank sky, standard sources and sources

of interest. These tests showed that the entire satellite works smoothly and healthily, and have allowed for the calibration and

estimation of the instruments background (Li et al. 2020). The Insight-HXMT Data Analysis Software Package (HXMTDAS)

V2.02 was used in this work.

GRO J1008-57 was observed during the outburst in August 2017 with the observation time of 292 ks (see Table 1). For the

science analysis, we used the following data selection criteria: (1) pointing offset angle < 0.1◦; (2) pointing direction above Earth

> 10◦; (3) geomagnetic cut-off rigidity value > 8; (4) time since SAA passage > 300 s and time to next SAA passage > 300 s; (5)

for LE observations, pointing direction above bright Earth > 30◦. Then we performed the standard data analysis following the

official user guide (see Ge et al. 2020). The observational information of the Insight-HXMT for the outburst is shown in Table 1.

In Fig. 1, the X-ray light curves of GRO J1008-57 monitored by Insight-HXMT and Fermi/GBM are presented. The GBM

light curves show the type II outburst lasting about one month, the pointing observations performed by Insight-HXMT cover the

decay phase of the outburst from the peak luminosity range to about the half of the peak. Thus, the good spectral analysis ability

of the Insight-HXMT data covering 1 - 200 keV can for the first time help us to study the spectral variations of GRO J1008-57,

including the 90 keV absorption line feature with the decay of the X-ray luminosity, especially probe the variation patterns of the

cyclotron line centroid energy with X-ray luminosity. In the spectral analysis, we have used the energy bands 3 - 10 keV (LE),

10 -26 keV (ME), and 26 - 110 keV (HE), with a systematic error of 1.5% for LE/ME/HE data.

3. SPECTRAL ANALYSIS
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Figure 2. The spectrum examples of GRO J1008-57 from 3 - 110 keV obtained by Insight-HXMT from the peak to decay phase of the outburst.

The left panel showed the spectrum around the peak of the outbursts noted with Obs ID 101 in Table 2; the right panel was the spectrum during

the decay phase noted with Obs ID 34 in Table 2. For both spectra we have showed the residuals based on the spectral fitting without the

cyclotron line component (central panel) and with the cyclotron line (bottom panel), respectively. The spectra were fitted by the Xspec model

of power*highecutoff*gabs+bbody+gaussian.

Here we have used the Xspec package version 12.10.1 in the spectral analysis work of GRO J1008-57. The spectra of an

accreting XRP can be generally described by a power-low model plus the high energy cutoff. Thus, for the X-ray continuum

spectral fitting from 3 – 110 keV, we have used a power-law model plus the high energy cutoff (power*highecutoff) for the first

fit. There existed the count excesses below ∼ 5 keV, we added the thermal component (bbody) to fit the soft X-ray band. After

the fittings, the Fe Kα emission line around 6.4 keV and the absorption feature around 70 -90 keV appeared in the residuals. We

could add the gaussian emission line to fit the Fe Kα line (∼ 6.4 keV). For the absorption feature above 70 keV, we attributed

it to the cyclotron resonant scattering feature, then the model gabs was applied to fit the absorption line features in all observed

spectra.

We adopted Monte Carlo Markov Chain (MCMC) method to estimate the errors of the spectral parameters. During the primary

run, each chain was generated using 200000 steps (20 walkers) with the first 10000 steps being burnt. During the peak of the

outburst, the line width of the cyclotron absorption line was constrained to be around ∼ 14 − 16 keV which is still consistent

with the early HXMT-Insight result by Ge et al. (2020). In the decay phase, the flux became lower, so that the line width can be

constrained only for one or two pointing observations, and for the other observations, the line width could not be well constrained.

Then to improve the statistics of the spectral fitting in low luminosity range, we combined two neighboring observation IDs into

one group for the decay phase, and carried out the spectral fitting again. The cyclotron lines were also detected in the combined

spectral analysis, and the line width could be constrained at ∼ 8 − 11 keV. All the spectral parameters with the cyclotron line

detection for our observations are collected and presented in the Table 2.

In Fig. 2, we have shown two spectra as the examples of the spectral fitting results. From the left panel to the right one of

Fig. 2, the spectra of GRO J1008-57 at the peak and the decay phases of the outburst are presented separately. The residuals

are shown for both the cases without the cyclotron line and with the absorption line component. We also check the possible

effect of the different continuum models on the cyclotron line fitting. The NPEX model which is a sum of positive and negative

cutoff power-law spectral models (Mihara 1995) could fit the continuum, the cyclotron absorption features also appeared in the

residuals (also see Ge et al. 2020), and the determined line energy was consistent with that by the high energy cutoff model. The

other continuum models, like BMC, CompTT models cannot fit the continuum well, thus we did not consider them in this work.

4. CYCLOTRON LINE ENERGY VERSUS X-RAY LUMINOSITY IN GRO J1008-57

The possible variation of the cyclotron line centroid energy in GRO J1008-57 was also reported by Suzaku observations during

the 2012 outburst (Yamamoto et al. 2014), the line energy decreased toward higher X-ray luminosity, however, only three data

points were very limited. Based on the spectral analysis results in §3, we can collect the fitted line centroid energy and obtained

X-ray flux from 3- 100 keV, then study the variation of the cyclotron line energy with X-ray luminosity. In Fig. 3, we presented

the relation of the fundamental line centroid energy (Ecyc) versus the X-ray luminosity (Lx) of GRO J1008-57, where the X-ray

luminosity was calculated based on the estimated distance of 5.8 kpc (Riquelme et al. 2012) and the determined X-ray flux from

3 - 100 keV during the outburst (also see Table 2). The relationships between Ecyc and X-ray luminosity are complicated and
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Table 2. The spectral parameters for the spectra with the cyclotron line detections in GRO J1008-57. During the decay phase, the combined

spectra (two pointing observations combined into one Obs ID, i.e., 303 plus 304 as 34, 311 plus 312 as 1122) are fitted. Flux is given in range

of 3-100 keV, the corresponding luminosity is also presented with the distance of 5.8 kpc.

Obs ID kT (keV) Γ Ecut (keV) Efold(keV) Ecyc(keV) σ (keV) Strength EFe (keV) σFe (keV) Flux (erg cm−2 s−1) Lx(erg s−1) reduced χ2

101 1.9 ± 0.1 0.4 ± 0.1 10.8 ± 0.3 14.6 ± 0.4 84.8 ± 1.9 13.9 ± 2.9 49.6 ± 6.1 6.51 ± 0.04 0.25 ± 0.05 (1.38 ± 0.02) × 10−8 (5.52 ± 0.04) × 1037 0.905

102 2.0 ± 0.1 0.6 ± 0.1 11.1 ± 0.4 16.9 ± 0.4 86.1 ± 2.4 15.1 ± 3.3 47.5 ± 10.5 6.52 ± 0.04 0.21 ± 0.05 (1.38 ± 0.02) × 10−8 (5.52 ± 0.04) × 1037 0.996

103 1.9 ± 0.1 0.5 ± 0.1 13.1 ± 0.4 15.6 ± 0.4 91.8 ± 4.9 15.8 ± 3.3 66.1 ± 11.9 6.48 ± 0.04 0.23 ± 0.05 (1.49 ± 0.02) × 10−8 (5.96 ± 0.04) × 1037 0.933

104 1.9 ± 0.1 0.5 ± 0.1 10.9 ± 0.4 16.6 ± 0.4 93.5 ± 5.8 15.5 ± 3.9 85.6 ± 21.5 6.50 ± 0.04 0.21 ± 0.04 (1.44 ± 0.02) × 10−8 (5.76 ± 0.04) × 1037 1.012

105 2.1 ± 0.1 0.7 ± 0.1 17.1 ± 0.6 19.2 ± 0.8 86.6 ± 2.5 15.3 ± 3.7 73.3 ± 10.1 6.55 ± 0.05 0.23 ± 0.06 (1.42 ± 0.02) × 10−8 (5.68 ± 0.04) × 1037 0.947

106 2.0 ± 0.1 0.5 ± 0.1 13.1 ± 0.6 16.9 ± 1.1 82.5 ± 3.4 14.3 ± 3.9 68.5 ± 20.2 6.59 ± 0.05 0.13 ± 0.06 (1.33 ± 0.02) × 10−8 (5.31 ± 0.04) × 1037 0.959

12 1.6 ± 0.1 0.6 ± 0.1 11.9 ± 0.5 15.8 ± 0.5 76.1 ± 2.6 8.1 ± 3.1 16.6 ± 7.2 6.42 ± 0.07 0.16 ± 0.08 (1.03 ± 0.02) × 10−9 (4.15 ± 0.04) × 1037 1.185

34 1.7 ± 0.1 0.7 ± 0.1 11.2 ± 0.5 17.1 ± 0.6 78.9 ± 2.9 8.9 ± 2.9 26.1 ± 8.2 6.62 ± 0.07 0.28 ± 0.09 (1.00 ± 0.02) × 10−9 (4.01 ± 0.04) × 1037 1.091

56 1.6 ± 0.1 0.7 ± 0.1 11.0 ± 0.4 16.3 ± 0.7 80.7 ± 3.1 9.5 ± 2.9 43.5 ± 14.4 6.66 ± 0.07 0.33 ± 0.09 (9.8 ± 0.2) × 10−9 (3.89 ± 0.04) × 1037 1.203

78 1.8 ± 0.1 0.5 ± 0.1 13.7 ± 0.9 15.4 ± 0.7 85.9 ± 3.8 10.2 ± 3.1 51.4 ± 12.8 6.46 ± 0.07 0.15 ± 0.08 9.3 ± 0.2) × 10−9 (3.77 ± 0.04) × 1037 1.118

910 1.5 ± 0.1 0.5 ± 0.1 7.9 ± 1.4 14.9 ± 1.3 84.2 ± 4.2 10.1 ± 3.5 21.2 ± 10.9 6.51 ± 0.07 0.14 ± 0.07 9.4 ± 0.2) × 10−9 (3.81 ± 0.04) × 1037 1.147

1112 1.6 ± 0.1 0.6 ± 0.1 10.9 ± 0.9 15.6 ± 1.4 83.6 ± 4.6 9.7 ± 3.5 50.9 ± 12.3 6.47 ± 0.09 0.18 ± 0.07 (9.3 ± 0.2) × 10−9 (3.77 ± 0.04) × 1037 1.164

1314 1.7 ± 0.1 0.8 ± 0.1 10.9 ± 0.4 15.6 ± 0.4 88.2 ± 3.9 10.1 ± 3.2 57.5 ± 14.6 6.60 ± 0.11 0.33 ± 0.11 (8.4 ± 0.2) × 10−9 (3.39 ± 0.04) × 1037 1.232

1516 1.7 ± 0.1 0.4 ± 0.1 11.0 ± 0.4 14.4 ± 0.4 86.7 ± 3.8 10.0 ± 3.2 20.4 ± 5.6 6.53 ± 0.10 0.19 ± 0.08 (8.7 ± 0.2) × 10−9 (3.53 ± 0.04) × 1037 1.203

1718 1.6 ± 0.1 0.7 ± 0.1 11.4 ± 0.4 16.4 ± 0.5 80.2 ± 3.5 9.1 ± 3.3 21.0 ± 5.9 6.43 ± 0.11 0.13 ± 0.06 (8.9 ± 0.2) × 10−9 (3.60 ± 0.04) × 1037 1.215

different from the relations found in other accreting XRPs. In Fig. 3, the line centroid energy increases from 80 keV to 90 keV in

X-ray luminosity range above∼ 5×1037 erg/s; but in the lower X-ray luminosity range of (3.2−4.2)×1037 erg/s, the fundamental

line centroid energy varies from ∼ 90 to 75 keV.

From the Insight-HXMT observations, the fundamental cyclotron line energy of GRO J1008-57 was determined to be ∼ 75−90

keV, and the magnetic field value higher than ∼ 7 × 1012 G, which suggests a critical luminosity of Lcrit > 9 × 1037 erg s−1. The

observed X-ray luminosity ranges of GRO J1008-57 during the outburst were below the critical luminosity. Generally for known

XRPs, the variation patterns of the cyclotron line energy show the positive correlation with X-ray luminosity below Lcrit. Thus

we would expect a positive correlation of Ecyc − Lx in case of GRO J1008-57 using our observations. Thus, we at first used the

single power-law function to fit the data points to check the validity of a positive correlation in this source.

For the cyclotron line detection results by the Insight-HXMT observations, we can first fit all the available data points with

a function of the single power law form (see Fig. 3). The best fitted function is given by Ecyc ∝ L0.09±0.06
x with the Pearson

coefficient of 0.407, and reduce χ2 of 1.893 (13 degrees of freedom, hereafter d.o.f). If we consider it as a positive correlation,

then the relation should be very weak.

For further analyzing the Ecyc − Lx relationship in GRO J1008-57, we then fit the data points in two X-ray luminosity ranges.

From the X-ray luminosity range of (3 − 5) × 1037 erg/s (see the left panel of Fig. 4), we fitted the data points with a single

power-law function, and obtained a best fitted function of Ecyc ∝ L−0.67±0.15
x with the Pearson coefficient of −0.856, and reduce χ2

of 1.326 (7 d.o.f). This best fit suggests a negative correlation between Ecyc−Lx when Lx ∼ (3.2−4.2)×1037 erg/s. For the higher

X-ray luminosity ranges of > 5 × 1037 erg/s (see the right panel of Fig. 4), the best fitted function is given by Ecyc ∝ L0.96±0.25
x

with the Pearson coefficient of 0.885, and reduce χ2 of 1.126 (4 d.o.f). This positive correlation is much more significant than

that with all observed data covering both low and high luminosity ranges.

Thus as a summary, from the X-ray luminosity range of (3.2 − 4.2) × 1037 erg/s, the fundamental line centroid energy varies

from 90 to 75 keV, showing a negative correlation of Ecyc−Lx, which also confirmed the marginal result found in Yamamoto et al.

(2014). While in higher luminosity range above ∼ 5 × 1037 erg/s, the line centroid energy increases from 80 keV to 90 keV, thus

showing a positive correlation of Ecyc − Lx.

5. DISCUSSION

5.1. Accretion flow geometry and cyclotron line centroid energy

The details of spectra formation and cyclotron line variability with the luminosity and pulsation phase are determined by the

accretion state of XRP. The critical luminosity Lcrit is the minimal luminosity which is sufficiently high to stop the accretion flow

above the stellar surface due to the radiation pressure (Basko & Sunyaev 1976; Mushtukov et al. 2015b). The critical luminosity

can be roughly estimated as

Lcrit = 4 × 1036 m

R6

(

l

2 × 105 cm

)

σT

σeff

erg s−1, (2)
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Figure 3. The fundamental line centroid energy versus X-ray luminosity (3 - 100 keV) of GRO J1008-57 in the outburst. The dashed line shows

the best fitting power-law function when we assume the positive relation between Ecyc and Lx. The data points are plotted in the logarithmic

scale for both X and Y axes.
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Figure 4. The fundamental line centroid energy versus X-ray luminosity (3 - 100 keV) of GRO J1008-57 for two luminosity ranges. The

dashed lines show the best fitting functions with a single power-law form. The left panel presents the negative relation between Ecyc − Lx below

the luminosity of ∼ 4.2 × 1037 erg s−1; the right panel presents the positive relation between Ecyc − Lx above the luminosity of 5 × 1037 erg s−1.

The data points are plotted in the logarithmic scale for both X and Y axes. See details in the text.

where m is a NS mass in unites of solar masses, R6 is the NS radius in units of 106 cm, l is the length of an accretion channel

base at the NS surface, σT is the cross section due to Thomson scattering and σeff as the function of the magnetic field is the

effective scattering cross section in a strong magnetic field (see e.g., Basko & Sunyaev 1976). Below the critical luminosity, the

accretion process results in formation of hot spots at the magnetic poles of a NS. Above the critical luminosity, the accretion

process results in formation of accretion columns confined by a strong magnetic field and supported by radiation pressure (Inoue

1975; Basko & Sunyaev 1976; Wang & Frank 1981). The critical luminosity is known to be dependent on the magnetic field

strength at the NS surface (Becker et al. 2012; Mushtukov et al. 2015b). The cyclotron line in GRO J1008-57 is detected at

E > 70 keV, which points to the surface magnetic field strength B & 7 × 1012 G. Because of that, the critical luminosity of this

source is expected to be Lcrit > 9× 1037 erg s−1 (see e.g., Becker et al. 2012; Mushtukov et al. 2015b). Thus, the luminosity range

of (3− 7)× 1037erg s−1 in GRO J1008-57 considered in our paper is expected to be below the critical luminosity, and one expects

hot spots in the magnetic pole regions.

The radiation pressure at sub-critical luminosity is not enough to stop the accretion flow above the stellar surface, but still it

affects the velocity of the accreting material reducing it down to a certain level below the free fall velocity. The resonant scattering
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Figure 5. The effectiveness of accretion flow braking is affected by the geometry of accretion flow. The smaller area of accretion channel

base at the fixed mass accretion rate results in larger X-ray energy flux in the vicinity of the stellar surface, and, therefore, in stronger radiation

pressure. Because the velocity of accreting material near the NS surface influences the cyclotron line centroid energy, the variations of accretion

channel geometry affects the displacement of the line in X-ray energy spectrum.

of X-ray photons by the accreting material results in formation of a cyclotron resonant scattering feature redshifted in respect to

the local cyclotron line energy. The shift of a cyclotron scattering feature depends on the accretion flow velocity and therefore

on the accretion luminosity of XRPs (Mushtukov et al. 2015c): the higher the luminosity, the stronger the radiation pressure, the

smaller the accretion flow velocity, the smaller the redshift, and the larger the observed line centroid energy. That is the basic

physical picture proposed by Mushtukov et al. (2015c) to explain observed positive correlation between the cyclotron energy and

luminosity in sub-critical XRPs.

The influence of the radiation pressure on the accretion flow dynamics is determined by the X-ray energy flux near the surface

of accreting NS and the braking distance (see Fig. 5). The braking distance is close to the geometrical thickness of accretion

channel d because at height h > d the X-ray energy flux along magnetic field lines drops sharply due to the delusion effect

(Lyubarskii & Syunyaev 1982; Becker 1998). The X-ray energy flux above the hot spots is determined by the total accretion

luminosity, hot spot area S = ld and height h above the surface (see Mushtukov et al. 2015c):

F(h) ≈
L

2 ld

1

1 + (h/d)2
. (3)

The length of accretion channel at the stellar surface can be roughly estimated as

l ∼ ξ R3/2R−1/2
m cm, (4)

while its geometrical thickness

d ∼ 0.5 HmR3/2R−3/2
m cm, (5)

where

Rm ≈ 1.3 × 108B
4/7

12
L
−2/7

37
m1/7R

10/7

6
cm (6)

is the inner radius of accretion disc, L37 is the accretion luminosity in units of 1037 erg s−1, B12 is magnetic field strength at the

poles of a NS in units of 1012 G, Hm ≪ Rm is the geometrical thickness of the disc at the inner radius, and ξ ∈ (0; 2π] is the

azimutal angle from which magnetized NS in XRPs collects material from the disc at the inner radius (see, e.g., Frank et al.

2002).

The variations of the length l (if any) affect the area of hot spots and result in variations of X-ray energy flux (Eq. 3), the braking

effectiveness and the critical luminosity (Eq. 2). In particular, the decrease of accretion channel length leads to increase of the

energy flux and makes the braking of material more effective.
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We argue that the observed complicated behaviour of a cyclotron line centroid energy in GRO J1008-57 (see Fig. 3) can be

a result of variations of accretion channel geometry at luminosity L . 4.5 × 1037 erg s−1. Decrease of a factor ξ in (Eq. 4) can

result in increase of local X-ray energy flux even in the case of total luminosity reduction. Thus, the positive correlation typical

for sub-critical mass accretion rates can turn into the negative one. The observed switch of positive correlation into the negative

one at low mass accretion rates can be explained if the length of the accretion channel base drops by a factor of ∼ 1.7 with the

decrease of the accretion mass. Because the radius of the open rings at the NS surface is small, the variation of the ring’s length

will not significantly affect the beam pattern and the observed pulse profile (Ge et al. 2020; Wang et al. 2021).

5.2. Other possible scenarios

In the framework of the model in §5.1, where the cyclotron line forming in accretion channel shifts with the accretion luminosity

due to the variations of velocity of accreting material, the line centroid energy is always redshifted in respect to the actual

cyclotron line energy. However, one can expect that at extremely low mass accretion rates the optical thickness of accretion

channel is small even for photons experiencing resonant scattering. In this case, the cyclotron line forms in the atmosphere of a

NS and does not experience redshift. Therefore, the positive correlation between the line centroid energy and luminosity at sub-

critical mass accretion rates is expected to turn into the negative one at sufficiently low luminosity. The switch in the cyclotron

line behaviour is expected when the luminosity

L .

(

σT

σres

)

Lcrit < 10−4Lcrit, (7)

where σres is the scattering cross section at the resonance and taken to be σres > 104 σT (Mushtukov et al. 2016). In the particular

case of GRO J1008-57 the estimation (Eq. 7) shows that the switch of cyclotron line behaviour due to reduction of optical

thickness is expected at L < 1034 erg s−1. Therefore, we can exclude this scenario from consideration.

6. SUMMARY

We report both the negative and positive correlations between the cyclotron line centroid energies and X-ray luminosity in the

Be/X-ray pulsar GRO J1008-57 observed by Insight-HXMT during the outburst in 2017. Because of an extremely strong magnetic

field in GRO J1008-57, the XRP is likely in the sub-critical regime of accretion when the radiation pressure at the NS surface

is not sufficiently high to stop material above the magnetic poles of a star (Basko & Sunyaev 1976; Mushtukov et al. 2015b).

Positive correlation between the line centroid energy and X-ray energy flux detected in the luminosity range 5 × 1037 erg s−1 <

L < 7 × 1037 erg s−1 is typical for sub-critical XRPs (see, e.g., Staubert et al. 2007; Mushtukov et al. 2015c; Rothschild et al.

2017). However, the negative correlation observed in GRO J1008-57 in the range 3.2 × 1037 erg s−1 < L < 4.2 × 1037 erg s−1

is peculiar for low-luminosity states of accreting strongly magnetized NSs and observed at sub-critical luminosities for the first

time. GRO J1008-57 shows the positive correlation turning into the negative one with the decrease of the mass accretion rate.

More observational and theoretical work are needed in future.
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