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Abstract

The magnetar SGR J1935+2154 entered a new active episode on 2022 October 10, with X-ray bursts and
enhanced persistent emission. At the tail of a high burst rate interval, lasting several hours, radio bursts were
detected, revealing the connection between the X-ray activities and radio emissions. We analyzed observations of
SGR J1935+2154 for nearly 3 months, using data from the Neutron Star Interior Composition Explorer. We report
the timing and spectral results following the onset of this outburst. In general, the X-ray flux of the persistent
emission decays exponentially. While a flare is evident on the light curve, a fast radio burst (FRB) was detected
immediately following the peak of this flare. We found a phase jump in the pulse profile, with a deviation of a
0.16 ± 0.03 phase, which is related to the glitch. The spectra are well fit with the combination of a blackbody and a
power-law (PL) model. The decay of the outburst is dominated by the drop in the nonthermal component, which
also leads to an increase in thermal proportion. The photon index of the PL is inversely correlated with both the
unabsorbed flux and the burst rate. We find that unlike the large variety of the persistent emission around
FRB 221014, the X-ray properties are very stable when FRBs 221021 and 221201 happened. These results
manifest the connection between the glitch, phase jump, X-ray burst, and radio burst, crucial for studying the
mutation in twisted magnetic fields and constraining the trigger mechanism of radio bursts.

Unified Astronomy Thesaurus concepts: Neutron stars (1108); Magnetars (992); X-ray transient sources (1852)

1. Introduction

Magnetars are a special type of isolated neutron stars (NSs),
with distinctive phenomenons in X-ray and radio bands, which
are mainly powered by their immense (up to ∼1015 G)
magnetic fields (e.g., C. Kouveliotou et al. 1998; S. A. Olausen
& V. M. Kaspi 2014; V. M. Kaspi & A. M. Beloborodov
2017). During the active period, the brightening of X-ray
emission from magnetars is often accompanied by bursts. The
bursts can occur sporadically with a few bursts, or massive
bursts are concentrated within a few hours (e.g., G. L. Israel
et al. 2008; L. Lin et al. 2011; H. An et al. 2015; C. Cai et al.
2022). The persistent emission level also increases rapidly,
accompanied by the variability of spectral and timing proper-
ties (e.g., P. M. Woods et al. 2004; G. Younes et al. 2017a;
A. Borghese et al. 2022). Discovered for the first time in 2007
(D. R. Lorimer et al. 2007), fast radio bursts (FRBs) are short
pulses observed in the radio sky, and the explanation of their
origin has become a central unresolved problem in astronomy
(J. M. Cordes & S. Chatterjee 2019; E. Petroff et al. 2019).
Although the physical mechanism of FRBs is not yet clear
(B. Zhang 2020; D. Xiao et al. 2021), the connection between
the magnetars and the origin of some FRBs has been

established (E. Petroff et al. 2019; C. D. Bochenek et al.
2020; L. Lin et al. 2020c; M. Y. Ge et al. 2023; M.-Y. Ge et al.
2024).
SGR J1935+2154 was discovered during its outburst in

2014 (M. Stamatikos et al. 2014). Then, the spin period of the
NS was calculated as about 3.24 s with a spin-down rate of
P 1.4 10 s s11 1~ ´ - - , which implies a surface dipolar magn-
etic field strength of B ∼ 2.2 × 1014 G (G. L. Israel et al. 2016).
Since then, as one of the most active magnetars, SGR J1935
+2154 has shown outbursts in 2014, 2015, 2016, 2019, and
2020, which exhibit the different properties of persistent
emission of the source (e.g., G. Younes et al. 2017b; L. Lin
et al. 2020a, 2020b; G. Younes et al. 2020; A. Borghese et al.
2022). The X-ray spectra below 10 keV are described well with
a blackbody+powerlaw (BB+PL) or BB+BB model, and the
cool BB temperature kTBB is about 0.47 keV (G. Younes et al.
2017b). In the 2020 outburst, with the decay in the luminosity,
the contribution of the PL component was observed to decrease
from ∼75% to ∼45% (G. Younes et al. 2017b; A. Borghese
et al. 2022). An X-ray burst and FRB 200428 are both observed
in the 2020 outburst, suggesting that they originate from the
same source (C. D. Bochenek et al. 2020; CHIME/FRB
Collaboration et al. 2020; C. K. Li et al. 2021; A. Ridnaia et al.
2021).
In 2022 October, SGR J1935+2154 entered a new active

period, with several instruments triggered on the bursts
(T. Enoto et al. 2022; C. K. Li et al. 2022; D. M. Palm 2022;
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O. J. Roberts et al. 2022). During the peak of the active period,
many bursts tend to cluster together, resulting in a high burst rate
interval (G. Younes et al. 2022). After this interval, several FRB-
like bursts were detected by the Green Bank Telescope (Y. Maan
et al. 2022), CHIME (F. A. Dong & Chime/FRB Collabora-
tion 2022; A. B. Pearlman & Chime/FRB Collaboration 2022),
and Yunnan 40m radio telescope (Y. X. Huang et al. 2022). The
details of the FRBs are outlined as follows:

1. FRB 221014, detected by CHIME/FRB on 2022 October
14, at 19:21:39.130 UTC (∼MJD 59866.82), with a
fluence of 9.7 ± 6.7 kJy ms (F. A. Dong & Chime/
FRB Collaboration 2022; U. Giri et al. 2023), was
accompanied by X-ray bursts captured by Konus-Wind
(D. Frederiks et al. 2022) and GECAM (C. W. Wang
et al. 2022).

2. FRB 221021, detected by Yunnan 40m radio telescope on
2022 October 21, at 10:01:45.84215UT (∼MJD 59873.42)
(Y. X. Huang et al. 2022), was accompanied by an X-ray
burst captured by Insight-HXMT (X. B. Li et al.
2022a, 2022b).

3. FRB 221201 detected by CHIME/FRB on 2022 Decem-
ber 1, at 22:06:59.0762 UTC (∼MJD 59914.92), with a
fluence of 23.7 ± 18.0 kJy ms (A. B. Pearlman & Chime/
FRB Collaboration 2022; U. Giri et al. 2023).

During the 2022 outburst, the spectrum of the persistent
emission observed with XMM-Newton and NuSTAR is also
well described by the BB+PL model below ∼25 keV, and
there are no significant changes in the BB temperature
(kTBB ∼ 0.4 keV) between the two epochs on 2022 October
15–18 and October 22 (A. Y. Ibrahim et al. 2024). C.-P. Hu
et al. (2024) analyzed the data observed with the Neutron Star
Interior Composition Explorer (NICER) and NuSTAR during a
month following the outburst, and discovered an unprecedented
double glitch10 associated with FRB 221014.

In this study, using NICER data of SGR J1935+2154 during
its 2022 outburst, spanning nearly 3 months, we report the
long-term evolution of the timing and spectral properties of this
source. The observations and data reduction are presented in
Section 2, the data analysis and results are described in
Section 3, and finally, a discussion and conclusions are given in
Section 4.

2. Observations and Data Reduction

NICER is an X-ray timing and spectral instrument, which
was successfully launched in 2017 and installed on the
International Space Station (K. Gendreau & Z. Arzouman-
ian 2017). NICER consists of 56 X-ray concentrator optics, 52
of which are currently operating. It covers the 0.2–12 keV
energy range and provides a collecting area of 1900 cm2 at
1.5 keV (K. C. Gendreau et al. 2016).

NICER started monitoring SGR J1935+2154 on 2022
October 12, at 17:32:40 UTC, during its 2022 active episode,
with the detection of over 100 bursts and enhanced persistent
emission (G. Younes et al. 2022). In this work, we analyzed the
data from 2022 October 12 to December 21, with a total of 38
observations, as shown in Table 1. Each observation consists of
several good time intervals (GTIs). For observations with high
emission levels within the first 3 days, we divide them into
smaller segments based on GTIs for further analysis.

We processed the NICER observations using NICERDAS
v10 as part of HEASoft v6.31.1, along with the calibration
database (CALDB) v20221001. The standard calibration and
filtering processes are performed by the task nicerl211 with
the default parameters. The spectra, background, and associated
responses in the NICER-recommended way12 are generated by
the task nicerl3-spect13 with the SCORPEON background
model. The light curves and associated background estimation
are generated using a pipeline task nicerl3-lc14 with the
Space Weather background model.
To study the evolution of the persistent emission, we

excluded all the identified bursts. We apply a Poissonian
procedure to identify the bursts (e.g., F. P. Gavriil et al. 2004)
with a significance higher than 3σ, as described in G. Younes
et al. (2020). To avoid interference from burst tails, we
carefully remove the nearby bases of the bursts as much as
possible, ensuring a clear analysis of the persistent emission.
Figure 1 shows an example of burst subtraction, where the
initial light curve of ObsID 5020560107 with a 4 ms resolution
is displayed in the top panel, which is divided into 11 GTIs.
The middle panel of Figure 1 presents a zoomed-in view of the
GTI between two blue dashed vertical lines. After removing all
the identified bursts, the light curve with 3.2 s resolution is
shown in the bottom panel.
The events in the energy range of 0.8–4 keV after the

barycenter correction are used for timing analysis because the
effective area within this range is larger. We use the epoch-
folding technique (D. A. Leahy 1987) to search the initial
period of the NS (e.g., A. Borghese et al. 2020; Y. L. Tuo et al.
2020; Y.-C. Fu et al. 2023), and use TEMPO2 (R. T. Edwards
et al. 2006) v2022.05.1 to update the more accurate ephemeris
of the source. Times of arrival (ToAs) are acquired through Z1

2

searching, and the minimum phase in each profile is used as the
ToA for that specific observation (M. Y. Ge et al. 2012, 2019;
G. Younes et al. 2020). For the spectral analysis, we fit all the
spectra using XSPEC (K. A. Arnaud 1996) v12.13.0c. A
photoelectric absorption model wabs (E. Anders & M. Ebihara
1982; R. Morrison & D. McCammon 1983) is used to calculate
the interstellar absorption of SGR J1935+2154. The errors of
the parameters are given at the level of 1σ uncertainty.

3. Results

3.1. Timing Analysis

According to the study by C.-P. Hu et al. (2024), there are
double glitches around the high burst rate interval. The timing
parameter f between glitches jumps significantly, and the order
of magnitude of f before the first and after the second glitches
is consistent. Therefore, we deducted the data between the two
glitches (MJD 59866.63–59866.99) to reduce their impact on
the long-term evolution of the timing solution. As shown in
Table 2, from the best-fitting of long-term data over a period
of MJD 59864–59934, the spin frequency and the spin-down
rate are calculated as f = 0.30752804(6)Hz and f =

( )4.82 3 10 12- ´ - Hz s−1, respectively. This is slower than
the spin measurement of 0.30789626(2) from the 2020 October
outburst (G. Younes et al. 2023), with a difference of

10 The glitch means a sudden spin-up of the NS.

11 https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/nicerl2.html
12 https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/cal-
recommend/
13 https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/nicerl3-spect.html
14 https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/nicerl3-lc/
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Table 1
NICER Observations of SGR J1935+2154 Analyzed in This Work

ObsID GTIa Timeb Exposure Burstc Count Rated Index Fluxe Partf

(MJD) (s)

5020560106-01 59864.7364 532.97 5 2.15 ± 0.08 2.42 ± 0.12 2.30 ± 0.12 I
5020560106-02 59864.8011 655.96 2 2.27 ± 0.06 2.31 ± 0.13 1.75 ± 0.14 I
5020560106-03 59864.8667 75.00 0 2.03 ± 0.16 2.40 ± 0.61 1.70 ± 0.44 I
5020560107-01 59865.0068 212.98 2 2.48 ± 0.11 2.25 ± 0.27 1.62 ± 0.18 I
5020560107-02 59865.0555 1320.92 11 2.71 ± 0.05 2.63 ± 0.08 2.10 ± 0.06 I
5020560107-03 59865.1193 1391.92 6 2.68 ± 0.05 2.29 ± 0.08 2.05 ± 0.06 I
5020560107-04 59865.1838 1515.91 9 2.62 ± 0.04 2.59 ± 0.07 2.03 ± 0.06 I
5020560107-05 59865.2482 1574.90 7 2.29 ± 0.04 2.63 ± 0.09 1.77 ± 0.05 I
5020560107-06 59865.3128 1581.90 7 2.37 ± 0.04 2.68 ± 0.08 1.87 ± 0.06 I
5020560107-07 59865.3846 1027.93 7 2.29 ± 0.05 2.49 ± 0.10 1.75 ± 0.07 I
5020560107-08 59865.4419 1631.90 6 2.23 ± 0.04 2.78 ± 0.08 1.68 ± 0.05 I
5020560107-09 59865.5145 1764.86 2 1.71 ± 0.03 2.59 ± 0.09 1.31 ± 0.04 I
5020560107-10 59865.5814 1569.87 2 1.86 ± 0.04 2.55 ± 0.10 1.30 ± 0.05 I
5020560107-11 59865.6396 1310.91 3 1.98 ± 0.04 2.77 ± 0.10 1.56 ± 0.06 I
5576010101-01 59865.7016 1951.87 2 2.00 ± 0.03 2.74 ± 0.09 1.17 ± 0.04 I
5576010101-02 59865.7676 1160.93 2 1.97 ± 0.04 2.59 ± 0.13 1.14 ± 0.06 I
5576010102-01 59866.1514 1892.87 10 2.41 ± 0.04 2.74 ± 0.09 1.17 ± 0.04 I
5576010102-02 59866.2160 1889.87 5 2.67 ± 0.04 2.58 ± 0.08 1.79 ± 0.26 I
5576010102-03 59866.4094 1289.92 6 5.14 ± 0.06 1.79 ± 0.10 3.06 ± 0.35 I
5576010102-04 59866.4813 1303.90 10 5.54 ± 0.07 2.07 ± 0.06 4.35 ± 0.10 I
5576010102-05 59866.6097 877.94 1 3.87 ± 0.07 2.15 ± 0.12 1.95 ± 0.08 I

5576010102-06 59866.7331 1535.90 36 12.28 ± 0.09 1.31 ± 0.02 19.29 ± 0.18 II
5576010102-07 59866.8676 807.95 5 6.02 ± 0.09 2.01 ± 0.06 4.97 ± 0.13 II
5576010102-08 59866.9279 378.98 0 6.77 ± 0.13 1.96 ± 0.12 4.19 ± 0.20 II
5576010103-01 59867.0008 867.93 1 4.83 ± 0.07 2.14 ± 0.11 3.73 ± 0.17 II
5576010103-02 59867.0680 1311.89 0 5.97 ± 0.07 2.07 ± 0.10 3.59 ± 0.15 II
5576010103-03 59867.1835 1973.87 0 4.12 ± 0.05 2.37 ± 0.08 2.81 ± 0.09 II
5576010103-04 59867.3236 998.92 0 3.98 ± 0.06 2.24 ± 0.14 2.37 ± 0.14 II
5576010103-05 59867.3880 999.92 0 3.24 ± 0.06 2.56 ± 0.14 2.20 ± 0.10 II
5576010103-06 59867.5167 1019.92 0 2.40 ± 0.06 2.32 ± 0.14 2.03 ± 0.12 II
5576010103-07 59867.7805 584.95 0 1.41 ± 0.06 2.49 ± 0.21 1.13 ± 0.15 II
5576010104 59868.0968 9993 2 1.99 ± 0.02 2.62 ± 0.03 1.80 ± 0.04 II
5576010105 59869.0539 2609 4 1.83 ± 0.03 2.61 ± 0.07 1.94 ± 0.05 II
5576010106 59870.1655 2474 0 1.28 ± 0.03 2.97 ± 0.06 1.43 ± 0.05 II
5576010108 59872.2922 1693 0 1.23 ± 0.04 3.22 ± 0.10 1.27 ± 0.07 II
5576010109 59873.0013 3021 0 0.98 ± 0.03 3.05 ± 0.20 0.92 ± 0.06 II

5576010110 59874.0871 2034 1 1.46 ± 0.04 2.88 ± 0.11 1.38 ± 0.05 III
5020560108 59875.9127 260 0 2.07 ± 0.22 2.39 ± 0.84 0.76 ± 0.18 III
5020560109 59877.2640 670 0 0.99 ± 0.07 3.04 ± 0.18 0.89 ± 0.06 III
5576010111 59878.3503 6596 0 1.04 ± 0.02 2.90 ± 0.06 1.17 ± 0.03 III
5576010112 59886.5579 753 0 1.02 ± 0.08 2.82 ± 0.28 1.24 ± 0.18 III
5020560110 59888.3810 1194 0 0.96 ± 0.04 3.55 ± 0.24 0.80 ± 0.06 III
5020560111 59889.0319 728 0 0.89 ± 0.05 2.81 ± 0.19 0.76 ± 0.05 III
5576010113 59889.3457 1094 0 0.90 ± 0.03 3.21 ± 0.17 0.77 ± 0.03 III
5020560112 59892.9453 1161 2 1.03 ± 0.04 2.68 ± 0.12 1.38 ± 0.05 III
5576010114 59893.0096 1134 0 1.27 ± 0.05 2.82 ± 0.13 1.19 ± 0.06 III
5020560113 59893.9125 1717 1 1.04 ± 0.03 3.35 ± 0.15 1.06 ± 0.04 III
5020560114 59894.1060 8347 1 1.41 ± 0.13 3.01 ± 0.05 1.38 ± 0.02 III
5020560115 59895.0090 10778 2 1.42 ± 0.07 2.72 ± 0.03 1.28 ± 0.03 III
5576010115 59895.7272 437 0 0.89 ± 0.05 3.03 ± 0.51 0.78 ± 0.12 III
5020560116 59896.0497 7068 0 0.92 ± 0.03 3.08 ± 0.05 1.24 ± 0.03 III
5020560117 59897.0086 10996 2 0.87 ± 0.02 3.02 ± 0.04 1.31 ± 0.02 III
5576010116 59898.4921 779 0 0.79 ± 0.06 3.11 ± 0.22 1.03 ± 0.14 III
5576010117 59901.3300 1209 0 0.77 ± 0.03 3.87 ± 0.25 0.93 ± 0.07 III
5020560118 59902.4340 375 0 0.85 ± 0.05 2.70 ± 0.42 1.01 ± 0.18 III
5576010121 59913.4562 909 0 0.84 ± 0.03 3.19 ± 0.27 0.62 ± 0.06 III
5020560122 59924.0454 760 0 0.91 ± 0.07 3.62 ± 0.26 0.93 ± 0.09 III
5576010122 59925.2061 2078 0 0.80 ± 0.03 2.95 ± 0.12 0.82 ± 0.06 III
5576010123 59929.9123 7 0 0.49 ± 0.23 2.89 ± 0.57 < 0.69 III
5576010124 59930.9444 37 0 0.53 ± 0.19 3.55 ± 0.46 < 0.57 III
5576010125 59931.0090 36 0 0.67 ± 0.14 3.78 ± 0.56 < 0.25 III
5576010126 59932.9440 42 0 0.74 ± 0.21 2.69 ± 0.49 < 0.38 III
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Table 1
(Continued)

ObsID GTIa Timeb Exposure Burstc Count Rated Index Fluxe Partf

(MJD) (s)

5576010127 59933.0087 31 0 0.61 ± 0.16 2.50 ± 0.47 < 0.71 III
5576010128 59934.2338 64 0 0.81 ± 0.17 2.67 ± 0.50 < 0.83 III

Notes. The errors are calculated with 1σ level uncertainties.
a ObsID-NN, NN represents the serial number of the good time intervals (GTIs).
b The start time of each observation or GTI.
c The number of the bursts with a significance higher than 3σ.
d The 0.3–12 keV net count rate after removing bursts.
e The 0.8–12 keV unabsorbed flux in units of 10−11 erg s−1 cm−2.
f The three temporal parts are defined from the pulse profiles analysis in Section 3.1.

Figure 1. NICER light curve in the 0.3–12 keV energy range. Top panel: the light curve of ObsID 5020560107 with a 4 ms resolution. The GTI between two blue
dashed vertical lines is enlarged and displayed in the middle panel. Middle panel: the zoomed-in light curve of a GTI with a 4 ms resolution. Bottom panel: the
zoomed-in light curve with a 3.2 s resolution is calculated after removing all the identified bursts.
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0.00036822(6)Hz. The difference is consistent with a straight-
forward estimate; considering a 2 yr interval and only f , the
difference is calculated as ∼0.0003 Hz, which is consistent
with the above values in terms of magnitude.

The pulse profiles exhibit a single-peaked shape in the
0.8–4 keV energy range, consistent with the result in X.-F. Lu
et al. (2024). As shown in Figure 2(a), the colors representing
the values of the pulse profile are normalized by pulse/average
count rate, the red represents pulse on, and the blue represents
pulse off. During the outburst, the shape of single-peaked
profiles shows no significant change, the gradual broadening of
the pulse in the green area in Figure 2(a) is caused by a
decrease in signal-to-noise ratio (SNR), and it cannot indicate
that the profile has evolved. However, the phase of the pulse
profile changes significantly. The phase of the main peak

remains at ∼0.65 before MJD 59866.62, while the phase of the
main peak remains at ∼0.50 after MJD 59866.73. Between the
MJD 59866.62 and MJD 59866.73, a phase jump seems to
occur, with a deviation of ∼0.15, which is consistent with
Extended Data Figure 3 of C.-P. Hu et al. (2024). For the
convenience of representation, we use the midpoint of this time
interval (MJD 59866.68) as the time when the phase jump
occurs marked with the black dashed–dotted line. The gray
solid, dashed, and dotted lines mark the positions of the
FRB 221014, FRB 221021, and FRB 221201, respectively. The
phase jump and FRB 221021 divide the data into three parts:
Part I, Part II, and Part III.
As shown in Figure 2(b), the average pulse profiles of three

parts are displayed. Part I represents the pulse profile from the
start (∼MJD 59864.73) to the phase jump (∼MJD 59866.68),
Part II represents the pulse profile from the phase jump to
FRB 221021 (∼MJD 59873.42), and Part III represents the
pulse profile from FRB 221021 to the end (∼MJD 59934.24).
The intensity of the pulse profiles is normalized by their
average counts. Phase zero is defined as the reference epoch of
the ephemeris, as shown in Table 2. The pulse profiles of Part I
and Part II are similar in shape, but there is a significant
deviation in phase, and the main peak phase of Part II shifts
0.16 ± 0.03 to the left. After ignoring statistical fluctuations,
the pulse profiles of Part II and Part III are basically consistent.
The position of the radio bursts on the 0.8–4 keV X-ray

pulse profile of persistent emission is also marked in
Figure 2(b). The phase of radio bursts is calculated using the
timing solution obtained from X-ray. Consistent with the result
from C.-P. Hu et al. (2024), FRB 221014 appears at the
position of pulse off after the peak (Part II), which seems to be
consistent with the radio burst B1 in Figure 5 by G. Younes
et al. (2020). FRB 221201 appears in the rising phase before

Figure 2. The evolution of the pulse profiles. (a): The two-dimensional (2D) maps describe the evolution of the pulse profiles with time for NICER (0.8–4 keV). The
colors representing the values of the pulse profile are normalized by pulse/average count rate: red represents the pulse-on phase, and blue represents the pulse-off
phase. 20 bins within a phase are used to generate the pulse profiles, and the plot is smoothed through interpolation and Gaussian filtering for clarity. Phase zero is
defined as the reference epoch MJD 59865 as shown in Table 2. The black dashed–dotted line marks the position of the phase jump. The gray solid, dashed, and dotted
lines mark FRB 221014, FRB 221021, and FRB 221201, respectively. Two cycles are shown for clarity. (b): The average pulse profiles of SGR J1935+2154. As
shown in Table 1, Part I represents the pulse profile from the start to the phase jump. Part II represents the pulse profile from the phase jump to FRB 221021. Part III
represents the pulse profile from FRB 221021 to the end. The errors are calculated with 1σ level uncertainties.

Table 2
Best Fits of the Spin Parameters of SGR J1935+2154 from the 2022 October

12 to December 21 Outburst (Excluding glitch time interval)

Parameter Value

R.A. (J2000) 19:34:55.68
Decl. (J2000) 21:53:48.2
Solar ephemeris DE405
Start (MJD) 59864
Finish (MJD) 59934
Reference epoch (MJD) 59865
Spin frequency f (Hz) 0.30752804(6)
Spin-down rate ( )f Hz s 1- −4.82(3) × 10−12

Second derivative ̈ ( )f Hz s 2- −4.9(7) × 10−21

χ2/dof 56/43

Note. The reference epoch is designated as the phase zero of the pulse profile.
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the peak (Part III), which seems to be consistent with the radio
burst B2 in Figure 5 by G. Younes et al. (2020). It should be
noted that the position of FRB 221201 is greatly influenced by
the ephemeris f or ̈f , as it spans a large time interval from the
reference epoch.

3.2. Spectral Analysis

3.2.1. Phase-averaged Spectral Analysis

The selection of spectral models has been systematically
studied during the previous outbursts; the spectra below 10 keV
are described by the combination of bbody and powerlaw
(G. Younes et al. 2017b, 2020; A. Borghese et al. 2022).
Y.-X. Shao et al. (2024) also reported that most of the spectra (in
the range of 1–5 keV) could be better described with an absorbed
bbody plus powerlaw model during 2022 outburst. We
attempted to fit the spectra in 0.8–12 keV energy range using
different model combinations of bbody and powerlaw. Based
on the selection criteria of residual showing no significant
structure, combined with χ2/dof values less than 1.3 and the null
hypothesis probability for the improvement from F-test less than
0.05, we determined that wabs*powerlaw (abbreviated as
Model I) and wabs*(bbody+powerlaw) (Model II) were the
best choices for fitting spectra. The hydrogen column density of
wabs is fixed at NH = 2.3 ×1022 cm−2 according to previous
studies (e.g., G. Younes et al. 2017b; F. Coti Zelati et al. 2018;
A. Borghese et al. 2022).

In Figure 3, the average spectra of Part I, Part II, and Part III
fitted with these two model combinations are displayed. The
reason why the residuals are higher on the high energy side is
probably because the hard PL above 10 keV is contaminating
the data. The Chi-squared test indicates that there is no
significant difference between the two combinations for Part I
and Part II.

For Part I, the χ2/dof of Model I and Model II are 1596/
1418 ≈ 1.126 and 1591/1416 ≈ 1.124, respectively, as shown
in Figures 3(a1) and (b1). The Chi-squared statistics of Model I
and Model II are almost equivalent, thus making it impossible
to distinguish which model is the best fit based on this criterion.
The F-test gives a null hypothesis probability for the
improvement of the fit of 0.11. Considering the inclusion of
bbody, it is not statistically necessary, but is needed in the fit.
This is because bbody has been observed in previous
outbursts (G. Younes et al. 2017b, 2020; A. Borghese et al.
2022) and at other temporal parts within this outburst,
indicating its possible physical presence. However, due to
spectral variability, its statistical significance may not be
prominent. The flux of bbody (red line) is 1 order of
magnitude smaller than the flux of powerlaw (sky-blue line);
thus, bbody does not have a significant impact on the residual
spectra

For Part II, the χ2/dof of Model I and Model II are 1395/
1418 ≈ 0.983 and 1363/1416 ≈ 0.960, respectively, as shown
in Figures 3(a2) and (b2). The F-test gives a null hypothesis
probability for the improvement of the fit of 7.32 × 10−8,
indicating that the inclusion of the bbody component is
statistically significant and thus necessary in the model.

For Part III, the χ2/dof of Model I and Model II are 1270/
1099 ≈ 1.16 and 1127/1097 ≈ 1.03, respectively. The obvious
residual structure in Figures 3(a3) and (b3) demonstrates the
significance of the bbody component. Additionally, the flux of
bbody accounts for 42.9% ± 1.1% of the total flux.

As shown in Table 3, the decrease in the total flux of Part III
relative to Part I and Part II is mainly contributed by the
decrease in powerlaw, while accompanied by a slight
increase in bbody. The temperature of bbody slightly
decreases, while its radius grows from ∼2 km to ∼4 km. The
proportion of bbody component increases from ∼10% to
∼40% (powerlaw component proportion decreases from
∼90% to ∼60%), which is consistent with the results of the
2020 outburst by A. Borghese et al. (2022), where the
powerlaw component proportion decreased from ∼75%
to ∼45%.

3.2.2. Spectral Evolution

We perform the spectral fitting of each observation, and the
results are shown in Table 1. In Figure 4, the evolution of the
flux, burst rate, photon index (Γ), and the ratio of the bbody
flux to the total flux with time are displayed from top to bottom
panels.
In Figure 4(a), the unabsorbed total flux initially remains at

∼(1–2) × 10−11 erg s−1 cm−2. Then, there is a flare around the
phase jump, which is marked with the black dashed–dotted
line, and the flux increases more than 10 times at the peak of
the flare, reaching ∼19 × 10−11 erg s−1 cm−2. The phase jump
is close to the peak of the flare, and it can be discerned that it
precedes the peak. The flare starts on ∼MJD 59866.4 and ends
on ∼MJD 59867.2, lasting for less than a day. The blue line fits
the exponential decay of the flux, with the fitting result being
Flux(10−11) = 2.5(2)e−0.025(5) T(days), based on data after
MJD 59867.068. The characteristic time of the decay is
∼40 days. The pink dashed line represents the quiescent flux
level as reported by Y.-X. Shao et al. (2024). It is worth noting
that FRB 221014 (F. A. Dong & Chime/FRB Collabora-
tion 2022; Y. Maan et al. 2022) appears slightly behind the
peak of the flare, marked with the gray solid line. The gray
dashed and gray dotted lines also mark the FRB 221021 and
FRB 221201, respectively.
In Figure 4(b), the burst rate is defined as the number of

bursts divided by the exposure time per observation or GTI.
From the start of the outburst, the burst rate decreases until the
beginning of the flare, during which the burst rate significantly
increases, and there is a high burst rate interval at the peak of
the flare. Higher energy bursts from Fermi/GBM are marked
with orange arrows. The orange arrows gather more densely
just behind the black dashed–dotted line, which also indicates
that there is a high burst rate interval. After the flare, the burst
rate rapidly decreases to zero, and there are also almost no
higher energy bursts. There is a positive correlation between
the burst rate and the flux as shown in Figure 5(b). The P-value
of the Pearson correlation test is 2 × 10−14, indicating a
statistically significant positive correlation, with a correlation
coefficient of 0.79.
In Figure 4(c), the evolution of the photon index from Model

I and II is displayed. The red data points come from Model I
(PL). When the outburst decays normally, the photon index is
∼2.5 and slowly increases, but decreases to ∼1.3 during the
flare. After the flare, the photon index gradually increases and
remains at ∼3. The gray points come from Model II (BB+PL).
When the proportion of BB is small (30%), it is consistent
with the results of Model I. And when the proportion of BB
increases (30%), the photon index remains at ∼2, which is
smaller than the results of Model I. After MJD 59875, the
decrease in data SNR leads to the dispersion of the photon
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index and larger errors. As shown in Figures 5(a) and (c), the
evolution of the photon index (Model II) is inversely
proportional to the flux and the burst rate. The Pearson
correlation test yields a P-value of 8 × 10−8 with a correlation
coefficient of −0.61 for the flux, and a P-value of 4 × 10−6

with a correlation coefficient of −0.54 for the burst rate,
respectively.

In Figure 4(d), the temperature of bbody varies between
∼0.3 keV and ∼0.5 keV, which is roughly consistent with the
results from Y.-X. Shao et al. (2024). There is no significant
evolution in temperature, with an average value of 0.38 keV.
In Figure 4(e), the ratio of the bbody flux to the total flux

increases from ∼10% at the beginning to ∼60% at the end,
with a maximum value of 75% ± 7%. A linear model is used to

Figure 3. Spectra and residual of Part I (top figures), Part II (middle figures), and Part III (bottom figures). Left figures: the total model (orange line) is plotted together
with powerlaw (blue line) and the background model (gray line). Right figures: the total model (orange line) is plotted together with powerlaw (sky-blue line),
bbody (red line), and the background model (gray line). The spectra are rebinned to display clarity. The errors are calculated with 1σ level uncertainties.
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fit this growth trend, and the fitting result is ratio(%) = 0.90(6)
T(days) + 12(2), which means that the bbody ratio is growing
at a rate of ∼1% per day. Some missing data points are due to
the poor data quality of these observations, which is not
sufficient to limit the complexity of Model II.

3.2.3. Phase-resolved Spectral Analysis

In order to analyze the possible transition of the spectral
property before and after the phase jump, we study the phase-
resolved spectral analysis on the average spectra of Part I, Part
II, and Part III, respectively.

For Model I, the entire cycle is divided into 10 phase
intervals. In Figure 6, the photon index and the normalization
of the PL of three parts are presented, respectively. For Part I,
there is an inverse correlation between the photon index and the
pulse profile, with a correlation coefficient of −0.53. The
photon index varies between 2.34 and 2.55, with the minimum
pulse (∼0.3) corresponding to 2.52 ± 0.06 and the maximum
pulse (∼0.7) corresponding to 2.35 ± 0.04. The normalization
is proportional to the pulse profile, with a correlation coefficient
of 0.87. For Part II, there is also an inverse correlation between
the photon index and the pulse profile, with a correlation
coefficient of −0.52. The photon index varies between 2.03
and 2.28, with the minimum pulse (∼0.9) corresponding to
2.22 ± 0.05 and the maximum pulse (∼0.6) corresponding to
2.05 ± 0.03. The normalization is proportional to the pulse
profile, with a correlation coefficient of 0.67. For Part III, the
evolution is similar to Part II, and the correlation coefficient
between the photon index and the pulse is −0.47. The
normalization is proportional to the pulse profile, with a
correlation coefficient of 0.48.

In brief, when the phase jump occurs (Part I and Part II), the
spectral parameters also correspondingly change. When the
pulse phase remains constant (Part II and Part III), the spectral
parameters also approximately remain constant. The evolution
of spectral parameters with phase does not change.

For Model II, the entire cycle is divided into two phase
segments: pulse on and pulse off. As shown in Figure 7, there
is no significant change in kTBB and Γ between pulse on and
pulse off for all three parts, which is consistent with the result
from A. Y. Ibrahim et al. (2024). The source radius RBB

remains consistent across the different phase segments for Parts

I and II, but for Part III, the RBB of pulse off is larger than that
of pulse on, increasing by ∼15%. Meanwhile, for three parts,
from pulse on to pulse off, the PL normalization is decreasing.

4. Discussion

We analyzed the NICER observations of SGR J1935+2154
during its 2022 active period and performed the timing and
spectral analysis of the X-ray persistent emission. During the
decay of the outburst, we found a phenomenon of the phase
jump of the pulse profile, with a deviation of 0.16 ± 0.03, as
shown in Figure 2. Before and after the phase jump, the phase-
resolved spectral properties also changed correspondingly, as
shown in Figure 6. Around the phase jump, a flare appeared on
the light curve accompanied by changes in spectral properties.
The phase jump is slightly earlier than the flare, and
FRB 221014 is closely following the flare, as shown in
Figure 4. Furthermore, there are no significant changes in the
properties of X-ray persistent emission near FRB 221021 and
FRB 221201.
The increase of the persistent X-ray flux is quite common in

magnetars, accompanied by spectral hardening, manifested as a
decrease in the PL index or an increase in the BB temperature
(e.g., G. L. Israel et al. 2010; F. Coti Zelati et al. 2018). This
spectral evolution is also ubiquitous in the previous active
period of SGR J1935+2154 (G. L. Israel et al. 2016;
G. Younes et al. 2017b, 2020), as well as other sources such
as 1E 1547–5408 (P. Scholz & V. M. Kaspi 2011) and 1E 2259
+586 (V. M. Kaspi et al. 2003). In this study, the spectra are
well modeled by a single PL with a photon index
Γ ∼ (1.3–3.0). The Chi-squared statistics and the insensitive
fitting of the BB indicate that the thermal component is not
important. These characteristics are slightly different from the
2020 outburst of SGR J1935+2154, where a thermal comp-
onent is required to model the spectra (G. Younes et al. 2020;
A. Borghese et al. 2022). In the early observation of the 2020
outburst, the proportion of PL accounting for ∼75% (A. Bor-
ghese et al. 2022) is less than ∼90% of the 2022 outburst,
which could explain the insensitivity of the BB component in
the spectral fitting in this study. In Figure 4, the PL photon
index fitting results of Model I and Model II show that when
the proportion of BB is greater than ∼30%, the thermal
component will affect the fitting of the photon index. When the

Table 3
Results of the Spectral Parameters Presented in Section 3.2

Model Model I, wabs*powerlaw Model II, wabs*(bbody+powerlaw)

Epoch Part I Part II Part III Part I Part II Part III

kTBB (keV) L L L 0.43 ± 0.02 0.37 ± 0.02 0.35 ± 0.01
RBB
a (km) L L L 1.9 ± 0.1 2.9 ± 0.2 4.2 ± 0.2

Γ 2.30 ± 0.01 2.09 ± 0.01 2.95 ± 0.02 2.08 ± 0.06 1.81 ± 0.07 2.00 ± 0.14
Normb PL 6.7 ± 0.1 6.1 ± 0.1 6.9 ± 0.1 4.5 ± 0.4 3.7 ± 0.3 1.6 ± 0.2
Total Fluxc 2.12 ± 0.01 2.26 ± 0.01 1.32 ± 0.01 2.06 ± 0.01 2.23 ± 0.01 1.19 ± 0.02
BB Fluxc L L L 0.22 ± 0.02 0.28 ± 0.01 0.51 ± 0.01
PL Fluxc L L L 1.85 ± 0.02 1.94 ± 0.02 0.68 ± 0.02
Ratiod (%) L L L 10.7 ± 0.9 12.6 ± 0.5 42.9 ± 1.1
χ2/dof 1596/1418 1395/1418 1270/1099 1591/1416 1363/1416 1127/1097

Notes. The errors are calculated with 1σ level uncertainties.
a The source radius in kilometers at the distance of 6.6 kpc (P. Zhou et al. 2020).
b The normalization of the PL in units of ×10−3 photons keV−1 cm−2 s−1.
c The 0.8–12 keV unabsorbed total, BB and PL flux in units of ×10−11 erg s−1 cm−2.
d The ratio of the bbody flux to total flux.
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proportion of BB is less than ∼30%, the influence of thermal
components on the photon index is negligible. The proportion
of BB seems to have a potential relationship with the burst rate.

On the ∼MJD 59895, where the burst rate increases, the BB
ratio decreases, with a slight increase in flux, indicating the
possible existence of a small flare here.

Figure 4. Evolution of the flux, burst rate, photon index (Γ), and the ratio of the bbody flux to the total flux with time. Panel (a): the evolution of the unabsorbed flux
in units of 10−11 erg s−1 cm−2. The fluxes are computed in the energy range 0.8–12 keV. The blue line fits the exponential decay of the flux, with the result of y = 2.5
(2)e−0.025(5) x. The pink dashed line represents the quiescent flux level as reported by Y.-X. Shao et al. (2024). Panel (b): the evolution of the burst rate. Bursts are
identified with a significance higher than 3σ. Black hollow points represent zero. The orange arrows represent the identified bursts from Fermi/GBM. Panel (c): the
evolution of the photon index of the PL. The red data points come from Model I (PL), and the gray points come from Model II (BB+PL). Panel (d): the evolution of
the temperature of BB. Panel (e): the evolution of the ratio of the bbody flux to the total flux. The errors are calculated with 1σ level uncertainties. The black dashed–
dotted line marks the phase jump time of the pulse profile, which is ∼MJD 59866.68, and gray solid, dashed, and dotted lines mark the FRB 221014, FRB 221021,
and FRB 221201, respectively.
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The combination of a BB and a PL component is generally
interpreted as the thermal emission from the surface of an NS,
and the scattering of seed photons by physical mechanisms
taking place in the magnetosphere, such as the resonant

cyclotron scattering (L. Nobili et al. 2008) and the currents
scattering in the twisted magnetosphere model (C. Thompson
et al. 2002). The degree of scattering increases with the
increasing magnetic twist, which could be localized to a

Figure 5. The correlation between the 0.8–12 keV flux, the photon index Γ, and the burst rate in Figure 4. In Panels (b) and (c), the black hollow square points
represent the burst rate of zero. The errors are calculated with 1σ level uncertainties.

Figure 6. Fitting results of the phase-resolved spectral analysis of Model I. Solid lines represent the pulse profiles as shown in Figure 2(b). The errors are calculated
with 1σ level uncertainties. The values in parentheses represent the correlation coefficient between the pulse and parameters, with positive numbers indicating positive
correlation and negative numbers indicating negative correlation.

Figure 7. Fitting results of the phase-resolved spectral analysis of Model II. Solid lines represent the pulse profiles, as shown in Figure 2(b). The errors are calculated
with 1σ level uncertainties. The source radius in kilometers at the distance of 6.6 kpc (P. Zhou et al. 2020). The normalization of the PL in units of 10−3 photons
keV−1 cm−2 s−1.
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restricted portion of the magnetosphere (e.g., F. Özel &
T. Güver 2007; A. M. Beloborodov 2009). The persistent
emission during the SGR J1935+2154 outburst dominated by
the PL component (∼90%) indicates that the twisted magnetic
field plays an important role in the outburst. During the decay
of the outburst, the temperature and flux of BB do not show a
significant evolution, while the flux of PL shows a decreasing
trend. This similar phenomenon also has been observed in
2014, 2015, and 2016 outbursts; the flux of BB remains at
∼1.5 × 10−12 erg s−1 cm−2, and the flux of PL decreases from
∼(3–8) × 10−12 erg s−1 cm−2 to ∼1 × 10−12 erg s−1 cm−2

(G. Younes et al. 2017b). According to the spectral results
obtained by C.-P. Hu et al. (2024), during the early stage of
outburst decay, the BB temperature first increases and then
decreases with the flare, with this rapid decline terminating
approximately 10 hr after the FRB. This rapid decrease is
consistent with the result of the 2020 outburst, where BB
temperature rapidly decreased within 3 days after the outburst,
then entered a slow decrease stage lasting for several tens of
days (G. Younes et al. 2020).

The pulse profile exhibits a single-peaked shape without a
significant variability in the 0.8–4 keV energy band, consistent
with the previous observations (A. Borghese et al. 2022;
G. Younes et al. 2023). However, particularly, a phase jump
was discovered around the peak of a flare during this outburst.
Continuous observations indicate that the phase jump occurs
between MJD 59866.62 and MJD 59866.73, which coincides
with the first glitch time (MJD 59866.63) from NICER and
NuSTAR data (C.-P. Hu et al. 2024). Figure 2(b) shows that
the overall left shift of the pulse profile is 0.16(3) phase,
including the pulse on and the pulse off. The phase-resolved
spectral analysis also supports the phase jump. Before and after
the phase jump, the fitting parameters of phase-resolved spectra
always maintain a constant correlation with the pulse profile. In
other words, the spectral properties also shift 0.16(3) phases to
the left after the phase jump. The consistency between phase
jump and glitch time indicates that this is due to the glitch in
the timing solution, which is caused by magnetospheric wind
(G. Younes et al. 2023; C.-P. Hu et al. 2024). However, at the
second glitch time (MJD 59866.99), there is no obvious phase
jump here, which may be due to data quality blurring possible
phase jumps, but it may also indicate that only a few special
glitches are associated with the phase jumps, indicating that
there may be other physical mechanisms that cause this
phase jump.

Figure 4 shows the long-term evolution of the unabsorbed
flux, burst rate, and photon index of PL, with strong
correlations between each parameter. Around the phase jump,
a brief high burst rate interval appears at the peak of the flare,
and the phase jump occurs just before this interval, which
seems to suggest a connection between the phase jump and the
X-ray burst. The high burst rate interval accompanied by the
enhancement of persistent emission has been observed in
previous studies (e.g., G. Younes et al. 2020; A. Borghese et al.
2022), and the spectrum becomes harder and the photon index
decreases (S. Mereghetti et al. 2009), which are consistent with
the results in this study. The burst rate rapidly decreases to zero
within a few hours after the flare, and almost no bursts are
detected thereafter. The connections with the bursts and the
hardness are related to the evolution of a twisted magnetic field
(C. Thompson et al. 2002; G. L. Israel et al. 2010). After the
flare, the photon index tends to recover to the preflare level.

The recovery process is relatively slow and does not reach the
previous level in a short period of days. This may indicate a
certain degree of lag in the evolution of the system
(P. M. Woods et al. 2007). The simultaneous occurrence of
phase jump, glitch, high burst rate interval, and spectral
evolution may indicate more complex scenarios, which may be
caused by the mutation in twisted magnetic fields.
We also noted the appearance of FRB 221014 just behind the

flare, as marked by the black dashed–dotted line in Figure 4,
and this temporal consistency indicated a potential physical
connection between FRBs and the twisted magnetic fields.
However, The triggering mechanism of FRBs is still unclear. It
is generally suggested that FRBs are generated by the
magnetospheric activity of the magnetars, including internal
(e.g., Y.-P. Yang & B. Zhang 2018; W. Lu et al. 2020) and
external (e.g., B. Zhang 2017; Z. G. Dai 2020) triggering. From
the study of FRB 200428, FRBs preferably occur after the most
active episodes triggered by giant glitches, which points to an
active magnetic field, as the magnetic field rearrangement is
completed, magnetic activity becomes less frequent and FRBs
become more difficult to generate (M.-Y. Ge et al. 2024). This
supports the conjecture that a significant change in twisted
magnetic fields leads to the phase jump, while the change in the
magnetospheric structure results in the gradual appearance of
the high burst rate interval and the FRB. Following
FRB 200428, several radio bursts emerge at different phases
without significant X-ray variability (G. Younes et al. 2020).
Similarly, subsequent to FRB 221014, there are also several
radio bursts detected, with no significant changes observed in
the timing or spectral properties of the persistent X-ray
emission near FRB 221021 and FRB 221201 (M.-Y. Ge et al.
2024). The outburst decays by 50%, and lower data quality
may make small changes invisible, which also indicates the
diversity and potential differences of FRBs.
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