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A B S T R A C T 

We report the evolution of the X-ray pulsations of EXO 2030 + 375 during its 2021 outburst using the observations from Insight - 
HXMT. Based on the accretion torque model, we study the correlation between the spin frequency deri v ati ves and the luminosity. 
Pulsations can be detected in the energy band of 1–160 keV. The pulse profile evolves significantly with luminosity during the 
outburst, leading to that the whole outburst can be divided into several parts with different characteristics. The evolution of the 
pulse profile reveals the transition between the supercritical (fan-beam dominated) and the subcritical accretion (pencil-beam 

dominated) mode. From the accretion torque model and the critical luminosity model, based on a distance of 7.1 kpc, the inferred 

magnetic fields are (0.41 − 0.74) × 10 

12 and (3.48 − 3.96) × 10 

12 G, respectively, or based on a distance of 3.6 kpc, the 
estimated magnetic fields are (2.4 − 4.3) × 10 

13 and (0.98 − 1.11) × 10 

12 G, respectively. Two different sets of magnetic fields 
both support the presence of multipole magnetic fields of the neutron star. 

Key words: accretion, accretion discs – stars: magnetic field – pulsars: individual (EXO 2030 + 375) – X-rays: binaries. 
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 I N T RO D U C T I O N  

 Be/X-ray binary (BeXRB) system consists of a neutron star (NS)
nd a Be stellar companion, and BeXRBs are among the brightest
-ray sources. The X-ray emission from a BeXRB is due to the

ccretion from the circumstellar disc on to the NS. Meanwhile, the 
ngular momentum carried by the accretion flow is also transferred to 
he NS. Thus, the properties of emission during an outburst provide 
 physical correlation between the spin-up rate and the accretion 
ate (e.g. Ghosh & Lamb 1979 ; Wang 1996 ; Zhang et al. 2019 ; Tuo
t al. 2020 ). BeXRB transient binaries exhibit two types of typical
utb ursts, i.e. type-I (normal) outb ursts and type-II (giant) outb ursts.
ype-I outbursts are characterized by lower X-ray luminosity of 
 X ∼ 10 36 erg s −1 and associated with the orbital period cycle, while 

ype-II outbursts are characterized by high X-ray luminosity of L X �
0 37 erg s −1 and generally last from several weeks to months (Stella, 
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inggq@xao.ac.cn (GQD) 

E  

a
l
t

2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whic
rovided the original work is properly cited. 
hite & Rosner 1986 ; Bildsten et al. 1997 ; Wilson-Hodge et al.
018 ; Ji et al. 2020 ). 
The transient accreting pulsar EXO 2030 + 375 is a BeXRB, with

 B0 Ve star as the optical companion (Coe et al. 1988 ). In the past
early 40 yr, the type-I outbursts of this source have been found
uring almost every periastron passage and the characteristics of 
hem have been analysed well. The X-ray pulsations were detected 
ith a NS spin period of ∼42 s (Parmar et al. 1989 ) and the orbital
eriod was determined at ∼46 d (Wilson, Finger & Camero-Arranz 
008 ). The distance was estimated as 7.1 ± 0.2 kpc from the optical
xtinction (Wilson et al. 2002 ), which has been adopted in most
re vious studies. Ho we ver, Arnason et al. ( 2021 ) updated the distance
o 3 . 6 + 0 . 9 

−1 . 3 kpc using Gaia . The difference between the two values will
ignificantly change the magnetic field measurements, so based on 
he two values of distance, the discussion will be given separately. 

Since it was disco v ered by EXOSAT in 1985 (Parmar et al. 1985 ),
XO 2030 + 375 had showed three giant outbursts in 1985, 2006,
nd 2021, respectively. During the 1985 giant outburst, the X-ray 
uminosity of the source reached L 1 –20 keV ∼ 2 × 10 38 erg s −1 , and 
he spin-up time-scale was determined at −P / Ṗ ∼ 30 yr (Parmar 
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Table 1. Insight -HXMT observations of EXO 2030 + 375. 

Observation a Date 
Observation 

time b Observation a Date 
Observation 

time b 

(MJD) (s) (MJD) (s) 

001 59423.20 18 001 036 59476.08 35 123 
002 59425.13 17 357 037 59477.37 35 084 
003 59427.30 17 360 038 59479.23 23 190 
004 59429.32 35 263 039 59481.34 35 078 
005 59430.88 35 249 040 59483.52 35 079 
006 59431.74 35 258 041 59486.33 34 903 
007 59432.73 35 102 042 59488.52 23 500 
008 59433.73 34 556 043 59489.68 40 634 
009 59435.06 35 260 044 59491.64 34 718 
010 59436.05 35 319 045 59493.51 34 858 
011 59437.11 35 263 046 59495.43 34 802 
012 59438.12 35 361 047 59497.43 35 244 
013 59439.18 35 310 048 59499.13 34 735 
016 59442.03 35 183 049 59501.40 35 325 
017 59443.82 35 252 050 59503.51 34 509 
018 59445.68 35 237 051 59506.42 35 205 
019 59447.85 35 212 052 59507.81 34 661 
020 59450.86 35 210 053 59509.53 34 661 
021 59451.95 40 930 054 59511.38 34 661 
022 59452.98 35 215 055 59513.40 40 389 
023 59453.71 35 202 056 59515.61 35 159 
024 59455.00 35 189 057 59517.43 34 524 
025 59458.24 35 016 058 59519.48 34 369 
026 59461.91 35 220 059 59521.51 40 651 
027 59464.13 63 844 060 59523.59 46 390 
028 59464.86 29 488 061 59525.54 40 637 
029 59466.12 58 116 062 59527.43 35 262 
030 59467.14 29 480 063 59529.38 41 030 
031 59468.20 35 157 064 59531.40 34 503 
032 59469.03 34 666 065 59533.45 34 332 
033 59470.12 35 147 066 59535.37 34 703 
034 59471.18 40 385 067 59539.34 35 510 
035 59473.43 35 126 – – –

a Observation ID, 001: P0304030NNN, NNN = 001. 
b The total duration of the observation on the target source, not the good time 
interval (GTI) after filtering. 
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t al. 1989 ). During the 2006 giant outburst, the X-ray luminosity of
he source reached L 1 –20 keV ∼ 1 . 2 × 10 38 erg s −1 , and the spin-up
ime-scale was confirmed at −P / Ṗ ∼ 40 yr (Klochkov et al. 2007 ).
n 2021 July, MAXI/GSC triggered on an X-ray activity from EXO
030 + 375 (Nakajima et al. 2021 ), and the source encountered the
hird giant outburst. The third outburst w as weak er than the previous
wo outbursts, with a peak flux of 550 mCrab (Thalhammer et al.
021b ).The NICER started monitoring on 2021 July 28 during the rise
f the outburst (Thalhammer et al. 2021a ). The X-ray luminosity of
he source reached L 0 . 7 −10 keV ∼ 0 . 4 × 10 38 erg s −1 from the analysis
f NICER data, and the spin-up time-scale was inferred at −P / Ṗ ∼
0 yr from the analysis of Fermi /GBM and Swift /BAT data (Tamang
t al. 2022 ). 

In this work, using the data of Insight -HXMT for EXO 2030 + 375
uring its 2021 giant outburst, we perform the timing analysis of this
ource. The observations, as well as the reduction of Insight -HXMT
ata, are presented in Section 2 , the data analysis and results are
escribed in Section 3 , and finally, the discussions and conclusions
re given in Section 4 . 

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

XO 2030 + 375 was observed by Insight -HXMT from 2021 July
8 (MJD 59423) to 2021 No v ember 21 (59539). There are 65
bservations of the core proposal P0304030 with a total of 2292
s exposure time. Details of the observation info are presented in
able 1 . 
Insight -HXMT (Zhang et al. 2020 ), the first Chinese X-ray

stronomy mission, consists of three main payloads: the High Energy
-ray Telescope (HE/20–250 keV, Liu et al. 2020 ), the Medium
nergy X-ray Telescope (ME/5–30 keV, Cao et al. 2020 ) and the
ow Energy X-ray Telescope (LE/1–15 keV, Chen et al. 2020 ). The

ime-resolution of the HE, ME, and LE instruments are ∼ 25 μs,
276 μs, and ∼1 ms, respectively. The Insight -HXMT provides

ontinuous observations of EXO 2030 + 375, which can be used to
nvestigate the timing and spectral properties of this source. 

The Insight -HXMT Data Analysis Software 1 ( HXMTDAS ) v2.04
nd HXMTCALDB v2.05 are used to analyse the raw data. The pipeline
f data reduction for Insight -HXMT was introduced in previous
ublications (e.g. Chen et al. 2018 ; Huang et al. 2018 ; Bu et al.
021 ; Fu et al. 2022 ). We filter the data according to the following
riteria for the selection of GTIs: (1) ele v ation angle (ELV) > 10 ◦; (2)
he value of the geomagnetic cut-off rigidity > 8 GeV; (3) ELV abo v e
right Earth for LE detector > 30 ◦; (4) the time before and after the
outh Atlantic Anomaly passage > 100 s; (5) the offset angle from

he pointing direction < 0.1 ◦. Only small field of views are applied to
 v oid possible interference from the bright Earth and local particles.
he background estimations based on the emission detected by blind
etectors of the three instruments are performed with the PYTHON

cripts LEBKGMAP (Liao et al. 2020b ), MEBKGMAP (Guo et al.
020 ), and HEBKGMAP (Liao et al. 2020a ), respectively. 
The arri v al times of photons are corrected to the Solar system

arycentre using the HXMTDAS task hxbary. The events after the
orrection of the binary modulation are folded to obtain the pulse
rofile. The background counts are far less than the counts from the
ource, and there is no pulse in the background, so the background
oes not affect the pulse profile, thus the events without background
ubtraction are used to generate the pulse profile. 

In Fig. 1 , the evolution of the net count rate after data reduction
or the three instruments are shown in the top three panels and
NRAS 521, 893–901 (2023) 

 ht tp://hxmt web.ihep.ac.cn/software.jhtml 2
he hardness is shown in the bottom panel. The Insight -HXMT
bservations co v er the whole giant outburst. 

 ANALYSI S  A N D  RESULTS  

.1 Spectral analysis 

or all the Insight -HXMT observations under consideration for
nalysis, we obtain the fluxes and the luminosities. The fluxes are
stimated from the fitting of the broad-band Insight -HXMT spectra.
he spectra of EXO 2030 + 375 are dominated by the continuum
mission and can be fitted by a simple power law or cut-off power-
aw model without considering the absorption and emission features,
hich contribute to a negligible flux (Klochkov et al. 2007 ; Naik
 Jaisawal 2015 ; Tamang et al. 2022 ). The specific processes are

s follows: (1) Generating spectra, backgrounds, and response files;
2) With XSPEC v12.11.1 (Arnaud 1996 ), fitting each spectrum in
–150 keV with the model of TBabs ∗cutoffpl 2 (Wilms, Allen
 McCray 2000 ); (3) Freezing the best-fitting norm of the model;
 https:// heasarc.gsfc.nasa.gov/ docs/software/ lheasoft/ 

http://hxmtweb.ihep.ac.cn/software.jhtml
https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
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Figure 1. Insight -HXMT net light curves and hardness of EXO 2030 + 375 
of all observations from 2021 July 28 (MJD 59423) to 2021 No v ember 
21 (59539). Hardness is defined as the ratio of net count rate between the 
energy bands of 3–12 and 1–3 keV for Insight -HXMT/LE data. Each point 
corresponds to one observation. 
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Figure 2. The evolution of flux (1–150 keV) is estimated by fitting the 
Insight -HXMT spectra. The entire outburst is divided into six parts marked 
with P1–P6 to analyse the average pulse profile with a higher significance. 
F 1 = 1 . 03 × 10 −8 ergs cm 

−2 s −1 and F 2 = 1 . 40 × 10 −8 ergs cm 

−2 s −1 are 
the critical fluxes at the junctions of different parts. 
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4) Adding cflux component to the model and then using the 
odel of TBabs ∗cflux ∗cutoffpl to calculate the unabsorbed 
ux of cutoffpl . The obtained values of photon index ( �) and
-folding energy ( E cut ) are in the ranges of 0.79–1.73 and 14–
4 keV, respectively. The values of reduced chi-squared ( χ2 

ν ) for
 very observ ation are less than 1.16 with 1360 degrees of freedom.
he detailed spectral analysis with the Insight -HXMT data for this
ource is ongoing and the results will be published in another paper.

The variation of the flux during the outburst has been shown in
ig. 2 . Based on the distance of 7.1 kpc (Wilson et al. 2002 ), the

uminosity increases from 0 . 33 × 10 38 erg s −1 on MJD 59523.20 to 
he maximum value of 1 . 10 × 10 38 erg s −1 on MJD 59468.20, and
hen falls back to 0 . 31 × 10 38 erg s −1 on MJD 59539.34. Based on
he distance of 3.6 kpc (Arnason et al. 2021 ), the luminosity increases
rom 0 . 85 × 10 37 erg s −1 on MJD 59523.20 to the maximum value
f 2 . 82 × 10 37 erg s −1 on MJD 59468.20, and then falls back to
 . 79 × 10 37 erg s −1 on MJD 59539.34. 
According to the variation of pulse profile, the entire outburst 

s divided into six parts as shown in Fig. 2 (see description in
ection 3.3 ). P1–P3 are in the rising parts of the outburst, and P4–P6
re in the falling parts. At the junction of different parts, the two
ritical fluxes are defined as F 1 = 1 . 03 × 10 −8 ergs cm 

−2 s −1 (red
ine) and F 2 = 1 . 40 × 10 −8 ergs cm 

−2 s −1 (blue line). 

.2 Evolution of spin frequency 

he observed spin frequency is calculated from each observation by 
sing the epoch-folding technique (Leahy 1987 ). Uncertainties for 
he spin frequency are estimated from the width of χ2 distribution 
or the trial periods. Ho we v er, the observ ed frequencies combine the
ntrinsic spin frequency of the NS and the effect of the Doppler shift
ue to the binary motion. To obtain the intrinsic spin frequency of
he pulsar, the orbital motion of the binary must be corrected (e.g.
i, Wang & Zhao 2012 ; Weng et al. 2017 ). The method described

n Galloway, Wang & Morgan ( 2005 ) is applied to fit the evolution
f spin frequency. We use the orbital parameters of EXO 2030 + 375
rom Wilson et al. ( 2008 ) as the starting values of our fitting with the
nsight -HXMT results. 

The observed spin frequencies could be written as 

 ( t) = f spin ( t) − 2 πf a a X sin i 

P orb 
( cos l + g sin 2 l + h cos 2 l) , (1) 

here f spin ( t ) is the time-dependent NS intrinsic spin frequency, f a 
s a constant approximating f spin ( t ), a X sin i is the projected orbital
emimajor axis in units of light-travel seconds, i is the system
nclination, and P orb (d) is the orbital period. The coefficients 
 = e sin ω and h = e cos ω are the functions of eccentricity e and
he longitude of periastron ω. And l = 2 π ( t − T ( π /2) )/ P orb + π /2
s the mean longitude, where the T ( π /2) is the epoch when the mean
ongitude l = π /2. 

The intrinsic spin frequency evolution is described by a fourth- 
rder polynomial function, 

 spin ( t) = f 0 + ḟ ( t − t 0 ) + 

1 

2 
f̈ ( t − t 0 ) 

2 

+ 

1 

6 

... 
f ( t − t 0 ) 

3 + 

1 

24 

.... 
f ( t − t 0 ) 

4 , (2) 

here f 0 is the frequency at the reference time t 0 of the first frequency
easurement, ḟ , f̈ , 

... 
f , and 

.... 
f are the first, second, third, and fourth

eri v ati ves of the intrinsic spin frequency, respectively. 
We fit the Insight -HXMT results with equation ( 1 ) and show the

volution of the observed spin frequency with the black circles in
ig. 3 . After correcting the Doppler modulation due to the binary
otion, we get the evolution of the intrinsic spin frequency as shown

y the blue solid line. The intrinsic spin frequency evolves from
4.217 mHz on MJD 59423.20 to 24.274 mHz on MJD 59539.34
ith an average spin deri v ati ve of 5 . 75 × 10 −12 Hz s −1 . The bottom
anel shows the residuals between the fitting model and the data. In
ddition, the Fermi /GBM spin frequencies are also shown here with
he red squares for comparison. The errors of the spin frequency of
MNRAS 521, 893–901 (2023) 
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M

Figure 3. The spin frequencies of EXO 2030 + 375 obtained from Insight - 
HXMT data are shown in the upper panel. The observed frequencies for 
Insight -HXMT data are presented with black circles. The intrinsic frequencies 
for the Insight -HXMT data are shown with the blue line. The residuals 
between the best-fitting model and data are presented in the bottom panel. The 
frequencies for Fermi /GBM data are shown with red squares for comparison. 

Table 2. Orbital and temporal parameters of EXO 2030 + 375 from Insight - 
HXMT observations. 

Parameter Result (error) 

P orb (d) 46.02217(35) 
e 0.4102(8) 
ω (degree) 211.982(11) 
a X sin i (lt s) 243.9(3) 
T 0 (MJD) 59423.20 
f 0 (Hz) 0.024217 
T π /2 (MJD) 52831.88(8) 
ḟ (Hz s −1 ) 2.5432(23) × 10 −12 

f̈ (Hz s −2 ) 3.227(5) × 10 −13 
... 
f (Hz s −3 ) −1.038(11) × 10 −14 
.... 
f (Hz s −4 ) 1.19(13) × 10 −16 

χ2 (dof) 199/169 
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nsight -HXMT results are about 10 −6 Hz, which are larger than the
tatistical fluctuation of the data. The best-fitting results are listed in
able 2 , and the reduced chi-squared ( χ2 

ν ) is 1.18 for 169 degrees
f freedom. The errors in parentheses are calculated with 1- σ level
ncertainties. 

.3 Pulse profile 

or each observation, the obtained spin frequencies of the NS are used
o produce the pulse profiles. The profiles of different observations
re aligned together using the cross-correlation function, and phase
ero is defined as the minimum value of the pulse profile. Then,
ll the profiles are plotted in a heatmap to show the evolution of
he pulse profiles during the whole outburst. As shown in Fig. 4 , a
ouble-peaked structure of the pulse profile appears in all the three
nstruments, and the phase of peaks remains unchanged during the
utburst. Depending on the apparent difference in intensities, the
eak on the right ( ∼0.60 phase) is considered the main peak, and the
eak on the left ( ∼0.35 phase) is considered the secondary peak. The
ntensity of the main peak evolves significantly, while the evolution
f the secondary peak is more complex and has a different trend from
NRAS 521, 893–901 (2023) 
he main peak. Besides, at about 0.10 and 0.95 phase, there are two
eak peaks in LE and ME, and their phases are almost unchanged. 
To study the evolution of the pulse profiles for a higher signifi-

ance, according to the relative magnitude of the intensities of the
ain and secondary peaks in LE as shown in Fig. 4 , the entire outburst

s divided into six parts as follows: MJD 59423–59431 (P1, the main
eak is smaller than the secondary peak), MJD 59431–59440 (P2,
he main peak is close to or higher than the secondary peak), MJD
9440–59468 (P3, the main peak is much higher than the secondary
eak), MJD 59468–59490 (P4, same as P3), MJD 59490–59506 (P5,
ame as P2), and MJD 59506–59540 (P6, same as P1). For each part,
he average pulse profiles obtained using the data from all the three
nstruments of Insight -HXMT are shown in Fig. 5 . 

First of all, the shape of the profiles evolves with energy. There
re four peaks at LE (1–12 keV) and ME (10–30 keV) as shown in
anels (a1), (a2), (b1), and (b2) of Fig. 5 , among which the main
eak is at ∼0.60 phase, the secondary peak at ∼0.35 phase, and the
thers are minor peaks. In the hard X-ray energy band of 30–160 keV
o v ered by HE, only the main peak is more significant. The evolution
f the pulse profiles can be identified in the harder energy band of
0–100 keV as shown in panels (d1) and (d2). In the energy band of
00–160 keV, the shape of the pulse profiles is not significant and the
volution of the pulse profiles is not obvious, but pulsations can still
e detected abo v e 100 keV as shown in panels (e1) and (e2). Then, the
rofiles also depend on the luminosity. The three parts of the rising
nd falling parts are symmetrical (P1 ∼ P6, P2 ∼ P5, and P3 ∼ P4),
nd the flux at the boundaries are F 1 = 1 . 03 × 10 −8 erg cm 

−2 s −1 

nd F 2 = 1 . 40 × 10 −8 erg cm 

−2 s −1 . In all parts, we see a double-
eaked shape (the main and secondary peaks) for LE and ME, but
or HE, the secondary peak becomes weaker at 30–80 keV, while
bo v e 80 keV, only the main peak is prominent and the secondary
eak is not visible. The evolution trend of the main peak is different
rom that of the secondary peak. In the energy band below 80 keV,
s shown in panels (a1) to (c2), the main peak becomes stronger
ith the increase of luminosity, while the secondary peak has no
bvious correlation with luminosity in both rising and falling parts.
t is worth noting that the intensity of the secondary peak is higher
han that of the main peak during the part of lowest luminosity (P1
nd P6, F < F 1 = 1 . 03 × 10 −8 erg cm 

−2 s −1 ). As the luminosity
ncreases, the main peak increases close to the secondary peak and
hen exceeds it (P2 and P5, F 1 < F < F 2 ). When the luminosity
eaches its peak, the main peak is much higher than the secondary
eak (P3 and P4, F > F 2 = 1 . 40 × 10 −8 erg cm 

−2 s −1 ). 
In Fig. 6 , F 1 and F 2 divide the hardness intensity diagram (HID)

nto three regions. The lower right area corresponds to P1 and P6,
here the main peak is smaller than the secondary peak, the count

ate is kept at a low level, and the hardness is continuously reduced.
he lower left area corresponds to P2 and P5, where the main peak

s close to the secondary peak and then higher than it. The upper
eft area corresponds to P3 and P4, where the main peak is much
igher than the secondary peak, the count rate rises rapidly, and the
ardness remains approximately unchanged at ∼2.3. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

n this work, using the observation data from Insight -HXMT, we
nvestigate the temporal evolution of the X-ray pulsations of EXO
030 + 375 during its 2021 outburst. The variation of luminosity
uring the outburst is shown in Fig. 2 . The obtained orbital parameters
nd the intrinsic spin frequency parameters are listed in Table 2 .
he evolutions of the pulse profiles with luminosity and energy are
resented in Figs 4 and 5 , respectiv ely. Ne xt, we estimate the NS
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Figure 4. The two-dimensional maps describe the evolution of the pulse profile with time for three instruments LE (1–12 keV), ME (10–30 keV), and HE 

(25–150 keV). The colours representing the values of the pulse profile, which are normalized by pulse/average count rate. The main peak at ∼0.60 phase and 
the secondary peak at ∼0.35 phase are abo v e the mean count rate, the minor peaks at ∼0.10 and ∼0.95 phase are close to or lower than the average count rate. 
64 bins within a phase are used to generate the pulse profiles, and the plots are smoothed for clarity. Phase zero is defined as the minimum value of the pulse 
profile. 
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agnetic field strength with two different models, i.e. the accretion 
orque model and the critical luminosity model. 

.1 Accr etion tor que model 

ased on the model of Ghosh & Lamb 1979 (GL model), the
orrelation between the spin frequency deri v ati ves and the luminosity 
s used to investigate the accretion torque behaviour during the 
utb urst. The spin ev olution of X-ray pulsars driven by accretion
orque during the outburst can be written as follow (Ghosh, Lamb &
ethick 1977 ) 

− Ṗ = 

NP 

2 

2 πI 
, (3) 

here N is the total torque, and I is the ef fecti ve moment of inertia
f the NS. The torque can be written by 

 = n ( ω s ) N 0 = n ( ω s ) Ṁ ( GMr 0 ) 
1 / 2 , (4) 

here n ( ω s ) is the dimensionless accretion torque, Ṁ is the mass
ccretion rate, M is the mass of the NS, and r 0 is the magnetospheric
adius. From the GL model, the correlation between the spin 
requency deri v ati ve ( ḟ ) of the pulsar and the X-ray luminosity can
e written in the following form 

 ̇= − Ṗ 

P 

2 

= 5 . 0 × 10 −5 μ
2 / 7 
30 n ( ω s ) R 

6 / 7 
6 I −1 

45 

(
M 

M �

)−3 / 7 

L 

6 / 7 
37 Hz yr −1 , (5) 

here μ30 is the NS magnetic dipole moment μ ( μ = 

1 
2 BR 

3 ) in the
isc plane in units of 10 30 G cm 

3 , B is the magnetic field strength at
he pole, L 37 is the accretion luminosity in units of 10 37 ergs s −1 , R 6 

s the NS radius in units of 10 6 cm, I 45 is the moment of inertia of the
S in units of 10 45 g cm 

2 , and M 

M � is the mass of the NS in units of
he solar mass. The dimensionless torque n ( ω s ) can be estimated as 

 ( ω s ) ≈ 1 . 39 × 1 − ω s [4 . 03(1 − ω s ) 0 . 173 − 0 . 878] 

1 − ω s 
, (6) 

here ω s is the fastness parameter (Elsner & Lamb 1977 ). For the
low rotator NS in EXO 2030 + 375 ( ω s � 1), n ( ω s ) ≈ 1.4. To analyse
he accretion spin-up behaviour of EXO 2030 + 375, we calculate the
requency deri v ati ves ḟ using Insight -HXMT results after correcting
he Doppler modulation. The ḟ are obtained by 	 f / 	 t for the time
ntervals between every two observations (Doroshenk o, Tsygank ov 
 Santangelo 2018 ; Tuo et al. 2020 ), 	 t is the time interval between

he two adjacent observations. Since the corresponding time of ḟ is 
he mid-point of 	 t , which is inconsistent with the corresponding
ime of flux measurement, we interpolate the ḟ using the linear 
nterpolation method to match the times corresponding to through 
ux. The errors of ḟ are obtained from that of f by the error
ropagation. The correlation between ḟ and the flux (1–150 keV) 
bserved by Insight -HXMT is shown in Fig. 7 . The ḟ presents a
ositive correlation with the luminosity. The data points are well 
tted with the GL model according to equation ( 5 ). The fitting result
eveals a correlation as follow 

 ≈ 6 . 11 × B 

−1 / 6 
12 [ kpc ] , (7) 

here D is the distance of the NS, B 12 is the magnetic field strength
n units of 10 12 G. Considering the distance of 7.1 ± 0.2 kpc
Wilson et al. 2002 ), the magnetic field is ∼0.41 × 10 12 G. Ho we ver,
onsidering the distance of 3 . 6 + 0 . 9 

−1 . 3 kpc (Arnason et al. 2021 ), the
agnetic field is ∼2.4 × 10 13 G. Never the less, for a slow rotator,
ang ( 1995 ) model gave n ( ω s ) = 7/6, which results in that the

stimated magnetic field strength will be a factor of 1.8 larger than
hat inferred from the GL model. Thus, based on the two values of
he distance, the dipole magnetic field strengths inferred from the 
MNRAS 521, 893–901 (2023) 
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M

Figure 5. The evolution of the pulse profiles of EXO 2030 + 375 from Insight -HXMT data. All the observations are split into six time intervals, which are 
described in detail in Section 3.3 . Different parts are marked with different colour symbols. The intensity of the pulse profiles are normalized by (pulse- 
pulsemin)/(average count rate), where pulsemin is the minimum value of the pulse profile. The left or right five panels from top to bottom show the results with 
energy bands of LE/1–12 keV, ME/10–30 keV, HE/30–80 keV, HE/80–100 keV, and HE/100–160 keV, respectively. 
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ifferent torque models are (0.41 − 0.74) × 10 12 G (for 7.1 kpc) and
2.4 − 4.3) × 10 13 G (for 3.6 kpc), respectively. 

.2 Critical luminosity and CRSF 

ombining the evolution of luminosity and hardness, we analyse the
ariability of the pulse profile and try to give the critical luminosity
t the transition of the emission mode. The evolution of the pulse
rofiles during the outburst can be explained in the context of the
ritical luminosity (Basko & Sunyaev 1975 , 1976 ; Becker & Wolff
007 ; Becker et al. 2012 ; Weng, Ge & Zhao 2019 ; Ji et al. 2020 ;
ang et al. 2022 ). The emission mode transfers from the pencil-

eam geometry at low luminosity level to the fan-beam emission
NRAS 521, 893–901 (2023) 
eometry at high luminosity. At lower luminosity, the deceleration
f the accretion flow may occur via Coulomb breaking in a plasma
loud, the stopping region of the flow is just above the NS surface,
nd the emission from the stopping region escapes from the top
f the column, forming a pencil beam (Basko & Sunyaev 1975 ;
elson, Salpeter & Wasserman 1993 ; Becker et al. 2012 ). At
igher luminosity abo v e L crit , the deceleration is dominated by the
adiation pressure, and the emission primarily escapes through the
olumn walls, forming a fan beam (Basko & Sunyaev 1976 ; Becker
t al. 2012 ; Mushtukov et al. 2015 ). The transition of the emission
ode from the fan-beam to the pencil-beam geometry is usually

ccompanied by a transition of the pulse profile shape in the lower
nergy band, such as a transition from a double-peak pattern to a one-
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Figure 6. The HID extracted from Insight -HXMT/LE data. The hardness is 
defined as the count rate ratio between 3–12 and 1–3 keV energy bands. We 
use the observations in the rising part that correspond to a flux F 1 and F 2 in 
Fig. 2 to draw the two lines. The red (hardness = 2.7) and blue (count rate 
= 210 ctss −1 ) lines correspond to F 1 and F 2 , respectively, and they divide 
the HID into three regions. The lower right area corresponds to P1 and P6, 
where the main peak is smaller than the secondary peak; the lower left area 
corresponds to P2 and P5, where the main peak is close to or higher than the 
secondary peak; the upper left area corresponds to P3 and P4, where the main 
peak is obviously much higher than the secondary peak. 

Figure 7. The correlation between the spin frequency deri v ati ves and the 
flux (1–150 keV) observed by Insight -HXMT. The orange solid line is fitted 
with the GL model. 
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eak pattern (Chen et al. 2008 ), which is observed in some sources.
or 4U 1901 + 03 (Tuo et al. 2020 ), the transition from the fan beam

o the pencil beam is accompanied by a change in pulse profile from
he double-peak to the one-peak patterns at 2–30 keV, while abo v e
0 keV, the pulse profile remains a one-peak pattern. As for Swift
0243.6 + 6124 (Wilson-Hodge et al. 2018 ), the same change in pulse
rofile from the double-peak to the one-peak patterns appeared in the 
nergy range 0.2–12 keV ( NICER ) and 12–100 keV ( Fermi /GBM).
he critical luminosity at which the emission mode changes depends 
n the NS magnetic field strength and it can be written as follow
Becker et al. 2012 ) 

 crit = 1 . 49 × 10 37 B 

16 / 15 
12 erg s −1 . (8) 
To study the fan-beamed X-ray emission for RX J0209.6 −7427, 
ou et al. ( 2022 ) considered the dependence of emission properties
n energy , luminosity , and emission geometry together. They demon-
trated that the lower energy photons (e.g. 1–40 keV) can contribute
o both the fan- and pencil-beam patterns, and the higher energy
hotons (e.g. from about 50 to abo v e 130 keV) will preferentially
scape in the fan-beam pattern. Thus, the pulse profiles in the higher
nergy bands can be used to identify the fan-beam pattern. At
he subcritical accretion, the main emission escapes in the pencil 
eam and thus the main peak at low energies will be significantly
isaligned from the main peak of the high energy emission, which is

onfirmed by this study. As shown in panels (a1) and (c1) of Fig. 5 in
his study, the main peak at ∼0.35 phase in panel (a1) is misaligned
rom that at ∼0.60 phase in panel (c1) for the P1 part. Once in the
upercritical regime, the main peak of the low energy emission will
e aligned with that at the high energy. Based on the analysis by
ou et al. ( 2022 ), we discuss the pulse profiles of EXO 2030 + 375

o determine the transition of the emission mode. 
As shown in Fig. 5 , the pulse profile in the higher energy

and abo v e 80 keV has only one peak, which is considered to be
ontributed by the fan-beamed emission. In the lower energy band 
elow 80 keV, this peak ( ∼0.60 phase) still exists and the phase is
onsistent. In addition, another peak appears at ∼0.35 phase. The 
wo peaks are consistent with the results of Hou et al. ( 2022 ) that
he lower energy photons can contribute to both the fan- and pencil-
eam patterns, and thus the peak at ∼0.35 phase is considered to be
ontributed mostly by the pencil-beamed emission. It is noted that 
n the energy bands 1–12 keV or 10–30 keV, the amplitude of the
ain peak and the secondary peak changes. In parts P1 and P6, the

mplitude of the peaks at ∼0.35 phase is greater than that at ∼0.60
hase, which indicates that the emission mode is dominated by the
encil beam. In other parts P2–P5, the amplitude of the peaks at
0.35 phase is smaller than that at ∼0.60 phase, which indicates

hat the emission mode is dominated by the fan beam. Therefore, the
ransition from the pencil beam to the fan beam occurs between P1
nd P2, and the transition from the fan beam to the pencil beam occurs
etween P5 and P6. The flux corresponding to the critical luminosity
s thus around F 1 = 1 . 03 × 10 −8 erg cm 

−2 s −1 . Considering that
he transition should occur between the two observations, this flux 
hould be in a range of (0 . 93 –1 . 07) × 10 −8 erg cm 

−2 s −1 . Taking this
alue into equation ( 8 ), the correlation between the distance and the
agnetic field strength can be written by 

 = (3 . 41 − 3 . 65) × B 

8 / 15 
12 [ kpc ] . (9) 

or the two different values of the source distance, the magnetic
eld strengths inferred from the critical luminosity model are 
3.48 − 3.96) × 10 12 G (for 7.1 kpc) and (0.98 − 1.11) × 10 12 

 (for 3.6 kpc), respectively. 
The detection of cyclotron resonance scattering features (CRSFs) 

s the only way to directly and reliably measure the NS surface
agnetic field strength (e.g. Xiao et al. 2019 ; Ge et al. 2020 ; Kong

t al. 2022 ). Ho we ver, there has not been significant detection of
RSFs for EXO 2030 + 375. The suspected absorbing structures 
ere found at different energies. For simplicity, Tamang et al. ( 2022 )

nterpreted the absorption feature at 10.12 keV (Wilson et al. 2008 )
ound using the NuSTAR data as a CRSF. If this does be a CRSF,
he corresponding magnetic field is ∼1.13 × 10 12 G. Klochkov 
t al. ( 2008 ) also reported an absorption structure at about 63 keV
nd interpreted it as the first harmonic of about 36 keV (Reig
 Coe 1999 ). The corresponding magnetic field strength will be
4.03 × 10 12 G. In addition to using CRSF, Jaisawal et al. ( 2021 )

nferred the NS magnetic field strength of this source from the
MNRAS 521, 893–901 (2023) 
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ropeller effect and reported it to be in the range of (3–15) × 10 12 G.
oreo v er, Epili et al. ( 2017 ) constrained the magnetic field strength

n the range of (4–6) × 10 12 G, inferred from the BW model (Becker
 Wolff 2007 ; Ferrigno et al. 2009 ). 
If the distance of EXO 2030 + 375 is 7.1 kpc (Wilson et al.

002 ), the magnetic field strength estimated from the torque models
s (0.41 − 0.74) × 10 12 G, which is close to the result inferred
rom the CRSF of 10.12 keV. Ho we ver, the magnetic field strength
nferred from the critical luminosity model is (3.48 − 3.96) × 10 12 G,
hich is in approximate agreement with the results estimated from

he possible CRSF at ∼36 keV, or the propeller effect, or the BW
odel. 
We note that different magnetic field measurements have also been

eported in other sources. From a CRSF at ∼146 keV, Kong et al.
 2022 ) estimated the NS surface magnetic field strength of Swift
0243.6 + 6124 and gave it to be ∼1.6 × 10 13 G, and its critical
uminosity was also consistent with a strong NS surface magnetic
eld strength of ∼10 13 G (Kong et al. 2020 ; Liu et al. 2022 ). Ho we ver,

he magnetic field strength of the NS given by the GL model is only
6 × 10 12 G (Zhang et al. 2019 ). Moreo v er, Doroshenko et al. ( 2020 )

stimated a dipole component of the magnetic field strength, being
10 12 G. This difference is explained by the presence of multipole
agnetic field components, which dominates the magnetic field in

he vicinity of the surface of the NS. For RX J0209.6 −7427 (Hou
t al. 2022 ), the magnetic fields given by the torque models and the
ritical luminosity method are (4.8 − 8.6) × 10 12 and (1.7 − 2.2) ×
0 13 G, respectively, taking into account of the uncertainties from the
ifferent torque models and L crit estimation method. The two values
re also interpreted as the dipole and multipole magnetic fields of
he NS, as suggested for Swift J0243.6 + 6124 (Kong et al. 2022 )
nd SMC X-3 (Tsygankov et al. 2017 ). Similarly, we interpret the
wo values of the NS magnetic field strength estimated for EXO
030 + 375 in this work as the dipole magnetic field strength ( B 12 

0.41 − 0.74) and the multipole magnetic field strength ( B 12 ∼
.48 − 3.96), respectively. Although there are great differences
mong different NS binary systems, the similarity of magnetic field
easurements may support the existence of the multipole magnetic
eld components. 
Alternatively, if the distance of EXO 2030 + 375 is 3.6 kpc

Arnason et al. 2021 ), the magnetic field strength inferred by the
ritical luminosity method is (0.98 − 1.11) × 10 12 G, which is
onsistent with the result given by the possible CRSF at 10.12 keV.
o we ver, a larger magnetic field of (2.4 − 4.3) × 10 13 G is obtained

rom the torque models, which is an order of magnitude larger
han that of about 10 12 G for most accreting pulsars. It seems that
he strength of the dipole magnetic field is larger than that of the

ultipole field, which is opposite to the results for the distance of
.1 kpc. The same phenomenon has also been discussed in other
ources. F or e xample, Ji et al. ( 2020 ) also presented the difference in
he magnetic field strengths inferred between the GL model and the
ritical luminosity model for 2S 1417 −624. If the distance from the
ptical measurement (9.9 kpc) is adopted, the magnetic field strength
nferred from the GL model is much larger than that estimated
rom the critical luminosity model, as shown in fig. 4 of Ji et al.
 2020 ). They suggested that in addition to the uncertainty of the
easurement method, the quadrupolar magnetic field might also be

mportant. 
For EXO 2030 + 375, the calculation of the magnetic field depends

n the distance, which makes it necessary to have a reliable and
olid measurement of distance. Both the different sets of magnetic
eld strength inferred with dif ferent v alues of distance support the
resence of multipole magnetic fields of the NS. Ho we ver, we
NRAS 521, 893–901 (2023) 
lso could make a strong assumption that the dipole magnetic field
ominates the NS surface magnetic field, and therefore the result of
he torque model is the same as that of the critical luminosity model.
f so, by simultaneously solving equations ( 7 ) and ( 9 ), the distance
btained is (5.31 − 5.40) kpc, and the magnetic field strength of the
S is (2.09 − 2.30) × 10 12 G. On the other hand, a solid detection
f CRSFs in EXO 2030 + 375 would allow us to clarify the situation
ubstantially. In the meantime, finding the similar phenomenon in
ore sources may also help us understand the topology of the
agnetic fields of accreting NSs. 

C K N OW L E D G E M E N T S  

e are grateful for the anonymous referee’s constructive suggestions
nd comments. This work has made use of data from the Insight -
XMT mission, a project funded by China National Space Ad-
inistration (CNSA) and the Chinese Academy of Sciences (CAS),

nd data and software provided by the High Energy Astrophysics
cience Archive Research Center (HEASARC), a service of the
strophysics Science Division at NASA/GSFC. This work was

upported by the National Key Research and Development Program
f China (grant no. 2021YFA0718500), the Opening Foundation
f Xinjiang Key Laboratory (grant no. 2021D0416), the Open
rogram of the Key Laboratory of Xinjiang Uygur Autonomous
egion (grant no. 2020D04049), the National Natural Science
oundation of China (NSFC) under grant nos. U1838108, U1838201,
1838202, 11733009, 11673023, 12273100, U1938102, U2038104,

nd U2031205, the CAS Pioneer Hundred Talent Program (grant
o. Y8291130K2), and the Scientific and Technological innovation
roject of IHEP (grant no. Y7515570U1). This w ork w as also
artially supported by International Partnership Program of Chinese
cademy of Sciences (grant no. 113111KYSB20190020). 

ATA  AVAI LABI LI TY  

he data analysed in this work are available from the following
rchives: 

(i) Insight -HXMT – ht tp://hxmt web.ihep.ac.cn/
(ii) Fermi – https:// gammaray.nsstc.nasa.gov/ gbm 

EFERENCES  

rnason R. M., Papei H., Barmby P., Bahramian A., Gorski M. D., 2021,
MNRAS , 502, 5455 

rnaud K. A., 1996, in Jacoby G. H., Barnes J.eds, ASP Conf. Ser. Vol. 101,
Astronomical Data Analysis Software and Systems V. Astron. Soc. Pac.,
San Francisco, p. 17 

asko M. M., Sunyaev R. A., 1975, A&A, 42, 311 
asko M. M., Sunyaev R. A., 1976, MNRAS , 175, 395 
ecker P. A., Wolff M. T., 2007, ApJ , 654, 435 
ecker P. A. et al., 2012, A&A , 544, A123 
ildsten L. et al., 1997, ApJS , 113, 367 
u Q. C. et al., 2021, ApJ , 919, 92 
ao X. et al., 2020, Sci. China Phys. Mech. Astron. , 63, 249504 
hen W., Qu J.-l., Zhang S., Zhang F., Zhang G.-b., 2008, Chin. Astron.

Astrophys. , 32, 241 
hen Y. P. et al., 2018, ApJ , 864, L30 
hen Y. et al., 2020, Sci. China Phys. Mech. Astron. , 63, 249505 
oe M. J., Longmore A., Payne B. J., Hanson C. G., 1988, MNRAS , 232,

865 
oroshenko V., Tsygankov S., Santangelo A., 2018, A&A , 613, A19 
oroshenko V. et al., 2020, MNRAS , 491, 1857 

http://hxmtweb.ihep.ac.cn/
https://gammaray.nsstc.nasa.gov/gbm
http://dx.doi.org/10.1093/mnras/stab345
http://dx.doi.org/10.1093/mnras/175.2.395
http://dx.doi.org/10.1086/509108
http://dx.doi.org/10.1051/0004-6361/201219065
http://dx.doi.org/10.1086/313060
http://dx.doi.org/10.3847/1538-4357/ac11f5
http://dx.doi.org/10.1007/s11433-019-1506-1
http://dx.doi.org/10.1016/j.chinastron.2008.07.012
http://dx.doi.org/10.3847/2041-8213/aadc0e
http://dx.doi.org/10.1007/s11433-019-1469-5
http://dx.doi.org/10.1093/mnras/232.4.865
http://dx.doi.org/10.1051/0004-6361/201732208
http://dx.doi.org/10.1093/mnras/stz2879


Timing analysis of EXO 2030 + 375 901 

E
E
F  

F
G
G
G
G
G
H
H
J  

J
K
K  

K
K
L
L
L
L
L
L
M  

N
N

N

P  

P
R
S
T  

T
T
T  

T
W
W
W
W  

W
W
W
W  

W
X
Z
Z

T

8

lsner R. F., Lamb F. K., 1977, ApJ , 215, 897 
pili P., Naik S., Jaisawal G. K., Gupta S., 2017, MNRAS , 472, 3455 
errigno C., Becker P. A., Segreto A., Mineo T., Santangelo A., 2009, A&A ,

498, 825 
u Y.-C. et al., 2022, Res. Astron. Astrophys. , 22, 115002 
alloway D. K., Wang Z., Morgan E. H., 2005, ApJ , 635, 1217 
e M. Y. et al., 2020, ApJ , 899, L19 
hosh P., Lamb F. K., 1979, ApJ , 234, 296 
hosh P., Lamb F. K., Pethick C. J., 1977, ApJ , 217, 578 
uo C.-C. et al., 2020, J. High Ener. Astrophys. , 27, 44 
ou X. et al., 2022, ApJ, 938, 149 
uang Y. et al., 2018, ApJ , 866, 122 

aisawal G. K., Naik S., Gupta S., Agrawal P. C., Jana A., Chhotaray B., Epili
P. R., 2021, J. Astrophys. Astron. , 42, 33 

i L. et al., 2020, MNRAS , 491, 1851 
lochkov D. et al., 2007, A&A , 464, L45 
lochkov D., Santangelo A., Staubert R., Ferrigno C., 2008, A&A , 491,

833 
ong L. D. et al., 2020, ApJ , 902, 18 
ong L.-D. et al., 2022, ApJ , 933, L3 
eahy D. A., 1987, A&A, 180, 275 
i J., Wang W., Zhao Y., 2012, MNRAS , 423, 2854 
iao J.-Y. et al., 2020a, J. High Ener. Astrophys. , 27, 14 
iao J.-Y. et al., 2020b, J. High Ener. Astrophys. , 27, 24 
iu C. et al., 2020, Sci. China Phys. Mech. Astron. , 63, 249503 
iu J. et al., 2022, MNRAS , 512, 5686 
ushtukov A. A., Suleimanov V. F., Tsygankov S. S., Poutanen J., 2015,

MNRAS , 447, 1847 
aik S., Jaisawal G. K., 2015, Res. Astron. Astrophys. , 15, 537 
akajima M. et al., 2021, Astron. Telegram, 14809, 1 
elson R. W., Salpeter E. E., Wasserman I., 1993, ApJ , 418, 874 

armar A. N., Stella L., Ferri P., White N. E., 1985, Int. Astron. Union Circ.,
4066, 1 

armar A. N., White N. E., Stella L., Izzo C., Ferri P., 1989, ApJ , 338, 359 
eig P., Coe M. J., 1999, MNRAS , 302, 700 
tella L., White N. E., Rosner R., 1986, ApJ , 308, 669 
 amang R., Ghising M., T obrej M., Rai B., Paul B. C., 2022, MNRAS , 515,

5407 
halhammer P. et al., 2021a, Astron. Telegram, 14911, 1 
halhammer P. et al., 2021b, Astron. Telegram, 15006, 1 
sygank ov S. S., Doroshenk o V., Luto vino v A. A., Mushtuko v A. A.,

Poutanen J., 2017, A&A , 605, A39 
uo Y. L. et al., 2020, J. High Ener. Astrophys. , 27, 38 
ang Y. M., 1995, ApJ , 449, L153 
ang Y.-M., 1996, ApJ , 465, L111 
ang P. J. et al., 2022, ApJ , 935, 125 
eng S.-S., Ge M.-Y., Zhao H.-H., Wang W., Zhang S.-N., Bian W.-H., Yuan

Q.-R., 2017, ApJ , 843, 69 
eng S.-S., Ge M.-Y., Zhao H.-H., 2019, MNRAS , 489, 1000 
ilms J., Allen A., McCray R., 2000, ApJ , 542, 914 
ilson-Hodge C. A. et al., 2018, ApJ , 863, 9 
ilson C. A., Finger M. H., Coe M. J., Laycock S., F abre gat J., 2002, ApJ ,

570, 287 
ilson C. A., Finger M. H., Camero-Arranz A., 2008, ApJ , 678, 1263 
iao G. C. et al., 2019, J. High Ener. Astrophys. , 23, 29 
hang Y. et al., 2019, ApJ , 879, 61 
hang S.-N. et al., 2020, Sci. China Phys. Mech. Astron. , 63, 249502 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 521, 893–901 (2023) 
D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/

93/7059220 by D

eutsches Elektronen Synchrotron D
ESY user on 17 M

arch 2023

http://dx.doi.org/10.1086/155427
http://dx.doi.org/10.1093/mnras/stx2247
http://dx.doi.org/10.1051/0004-6361/200809373
http://dx.doi.org/10.1088/1674-4527/ac8d80
http://dx.doi.org/10.1086/497573
http://dx.doi.org/10.3847/2041-8213/abac05
http://dx.doi.org/10.1086/157498
http://dx.doi.org/10.1086/155606
http://dx.doi.org/10.1016/j.jheap.2020.02.008
http://dx.doi.org/10.3847/1538-4357/aade4c
http://dx.doi.org/10.1007/s12036-021-09699-2
http://dx.doi.org/10.1093/mnras/stz2745
http://dx.doi.org/10.1051/0004-6361:20066801
http://dx.doi.org/10.1051/0004-6361:200810673
http://dx.doi.org/10.3847/1538-4357/abb241
http://dx.doi.org/10.3847/2041-8213/ac7711
http://dx.doi.org/10.1111/j.1365-2966.2012.21096.x
http://dx.doi.org/10.1016/j.jheap.2020.04.002
http://dx.doi.org/10.1016/j.jheap.2020.02.010
http://dx.doi.org/10.1007/s11433-019-1486-x
http://dx.doi.org/10.1093/mnras/stac836
http://dx.doi.org/10.1093/mnras/stu2484
http://dx.doi.org/10.1088/1674-4527/15/4/007
http://dx.doi.org/10.1086/173445
http://dx.doi.org/10.1086/167204
http://dx.doi.org/10.1046/j.1365-8711.1999.02179.x
http://dx.doi.org/10.1086/164538
http://dx.doi.org/10.1093/mnras/stac2135
http://dx.doi.org/10.1051/0004-6361/201730553
http://dx.doi.org/10.1016/j.jheap.2020.03.003
http://dx.doi.org/10.1086/309649
http://dx.doi.org/10.1086/310150
http://dx.doi.org/10.3847/1538-4357/ac8230
http://dx.doi.org/10.3847/1538-4357/aa76ec
http://dx.doi.org/10.1093/mnras/stz2267
http://dx.doi.org/10.1086/317016
http://dx.doi.org/10.3847/1538-4357/aace60
http://dx.doi.org/10.1086/339739
http://dx.doi.org/10.1086/587134
http://dx.doi.org/10.1016/j.jheap.2019.09.002
http://dx.doi.org/10.3847/1538-4357/ab22b1
http://dx.doi.org/10.1007/s11433-019-1432-6

	1 INTRODUCTION
	2 OBSERVATIONS AND DATA REDUCTION
	3 ANALYSIS AND RESULTS
	4 DISCUSSION AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

