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Abstract

The milestone discovery of GW170817-GRB 170817A-AT 2017gfo has shown that gravitational waves (GWs)
could be produced during the merger of a neutron star—neutron star/black hole and that in electromagnetic (EM)
waves, a gamma-ray burst (GRB) and a kilonova (KN) are generated in sequence after the merger. Observationally,
however, EM properties before the merger phase are still unclear. Here we report a peculiar precursor in a KN-
associated long-duration GRB 211211A, providing evidence of the EM before the merger. This precursor lasts
~0.2's, and the waiting time between the precursor and the main burst is ~1s, comparable to that between
GW170817 and GRB 170817A. The spectrum of the precursor could be well fit with a nonthermal cutoff power-
law model instead of a blackbody. In particular, a ~22 Hz quasiperiodic oscillation candidate (~30) is detected in
the precursor. These temporal and spectral properties indicate that this precursor is probably produced by a
catastrophic flare accompanied with magnetoelastic or crustal oscillations of a magnetar in a binary compact
merger. The strong magnetic field of the magnetar can also account for the prolonged duration of GRB 211211A.
However, it poses a challenge to reconcile the rather short lifetime of a magnetar with the rather long spiraling time
of a binary neutron star system only by the GW radiation before the merger.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629)

1. Introduction observed owing to r-process nucleosynthesis (Li & Paczynski
1998; Wu et al. 2017).

About 10% of GRBs (mostly LGRBs) detected by Swift/
BAT have precursors, and no significant difference was found
between the precursor and the main emission, implying that the
precursor shares the same physical origin with the main burst

and directly originates from central engine activities (Hu et al.

As the most violent explosions in the Universe (Zhang 2018),
gamma-ray bursts (GRBs) are traditionally classified into long
GRBs (LGRBs) and short GRBs (SGRBs) based on their
durations separated at ~2s (Kouveliotou et al. 1993). Some
characteristics and empirical relationships, such as hardness ratio,

spectral lag, minimum variability timescale, and Amati relation
(Amati et al. 2002; Zhang et al. 2009) are also employed to
determine whether a GRB originates from massive star core
collapse, or from binary neutron star mergers (Woosley &
Bloom 2006; Abbott et al. 2017) where a kilonova may be
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2014; Li & Mao 2022). On the other hand, SGRBs with
precursors are very rare. Only about 2.7% of SGRBs detected
by Swift/Burst Alert Telescope (BAT) and Fermi/Gamma-ray
Burst Monitor (GBM) have precursors. As of 2020 April,
Fermi/GBM only detected about 16 precursors in SGRBs
(Wang et al. 2020).

The thermal-spectrum precursor of an SGRB is usually
attributed to shock breakout or photospheric radiation of a
fireball launched after the merger, whereas the nonthermal
precursor is mostly interpreted with magnetospheric interaction
between two neutron stars (Hansen & Lyutikov 2001;
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Figure 1. Left panels: lightcurves of GRB 211211A. The top panel is the summed Insight-HXMT /HE lightcurve in the 50-800 keV energy range (the incident energy
greater than ~100 keV). The second panel is the summed Swift/BAT mask-weighted and background-subtracted lightcurve in the 15-150 keV energy range. The
third panel is the summed Fermi/GBM lightcurve in the 50-300 energy range. Right panels: lightcurves of the precursor observed by Insight-HXMT /HE, Swift/
BAT, and Fermi/GBM, the time bin is 10 ms. The light travel time difference has been corrected. The Tj. and Ty, at 8-200 keV band are about 0.19 s and 0.93 s,
respectively. The shaded bars in the bottom panel show the lightcurve structure obtained by the BB algorithm. The black dashed lines in the top panel represent
logarithmic spectral lag behavior on a time-energy domain, #(E) = 0.006In(E) + C.

Troja et al. 2010; Palenzuela et al. 2013; Wang et al. 2018) or the
crust resonant shattering of a neutron star (Tsang et al. 2012)
prior to the merger. As shown in the spectral analysis of SGRB
precursors observed by Fermi/GBM (Wang et al. 2020), there is
no “decisive” evidence of a nonthermal spectrum (ABIC < 6)
for any precursor yet. In another study with Swift and Fermi/
GBM data (Zhong et al. 2019), some candidate precursors prefer
a nonthermal cutoff power-law (CPL) model with ABIC > 10,
but none of these events satisfies the precursor criteria strictly.
Indeed, it is very difficult to constrain the energy spectrum of
SGRB precursors because they are usually very weak with
limited statistics.

In this work, observations of GRB 211211A are briefly
described in Section 2, and the identification, and temporal and
spectral analyses of the precursor are presented in Section 3.
Finally, the discussion and conclusion are given in Sections 4
and 5, respectively.

2. Observations

GRB 211211A was detected at 2021-12-11 13:09:59.651
(UTC, denoted as Ty) by Fermi/GBM (Mangan et al. 2021),
Swift/BAT (D’Ai et al. 2021), and Insight-HXMT/HE

(Zhang et al. 2021). The full burst lightcurve can be divided
into three emission episodes: a precursor (PRE) with a duration
of ~0.2s in fast-rising exponential decay (FRED) shape (as
shown in Figure 1), a ~10s spiky hard main emission (ME),
and a soft long extended emission (EE) with >50s (Mangan
et al. 2021). This burst has a duration of Tgy~ 34.3s in
10-1000 keV by Fermi/GBM (Mangan et al. 2021).

With detailed analysis of the prompt emission, we find that
the spectral and temporal properties, which include a small
minimum variability timescale (8.5 + 0.8 ms) calculated by the
Bayesian Blocks (BB) algorithm (Scargle et al. 2013; Xiao
et al. 2023), small spectral lag (3.6 £ 1.6ms between
200-250keV and 100-150 keV) calculated by the Li-cross-
correlation function (CCF) method (Li et al. 2004; Xiao et al.
2022a), as well as the positions in Tyy — Epeqc and Amati
correlation diagrams (Mei et al. 2022; Troja et al. 2022; Yang
et al. 2022; Gompertz et al. 2023), confirm that GRB 211211A
originates from a compact binary merger.

On the other hand, no accompanied supernovae but an AT
2017gfo-like kilonova was reported for this burst (Rastinejad
et al. 2022), which was also confirmed by the Nanshan/NEXT
0.6m telescope. Optical follow-ups at the Nanshan/NEXT
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Table 1
Identification of the Precursor of GRB 211211A
Instrument Tyre Tyt by* b* X2 /dof p-value A%/n Significance
(s) (s) (counts s 1) (counts s2)

Insight-HXMT /HE 0.08 (0.00:0.08) 1.28 (0.08:1.35) 2610.40 £ 135.23 61.45 + 101.37 74.69/86 0.80 0.30/88 >150
Swift/BAT 0.22 (0.00:0.22) 0.88 (0.22:1.10) 3985.38 £+ 165.82 17.21 £ 135.69 73.48/86 0.83 0.27/88 >15¢0
Fermi/GBM 0.19 (-0.01:0.17) 0.93 (0.17:1.10) 5651.43 £ 174.77 62.74 £+ 136.93 90.18/86 0.36 0.31/88 >150
Note.

% by is the background rate at T, and b, is the background change rate.

0.6 m telescope localized the burst in a bright (r = 19.5) galaxy
SDSS J140910.47+275320.8, for which a spectroscopic red-
shift of z = 0.076 was reported by the Nordic Optical Telescope
(Malesani et al. 2021). The offset between the burst and the
nucleus of the galaxy of 5”11 +0723, corresponding to
7.61 £ 0.34 kpc in projection, indicates a very small probability
of chance coincidence of 1.1% (Bloom et al. 2002). Consider-
ing the measured distance, the isotropic equivalent energies Ej,
for PRE, ME, and EE of GRB 211211A are 6.97 x 10* erg,
9.02 x 10°" erg, and 2.60 x 10°" erg, respectively.

3. The Peculiar Precursor
3.1. Identification of Precursor

A precursor should satisfy the following requirements
(Wang et al. 2020): (1) it should be the first pulse in the
lightcurve; (2) the peak count rate is lower than that of the main
pulse; (3) the count rate during the waiting time period, i.e., the
time interval between the precursor and the main pulse, is
consistent with the background level; (4) it is significant
enough to be identified as a burst signal.

The BB algorithm (Scargle et al. 2013) is widely used to
identify the precursor (Hu et al. 2014; Wang et al. 2020) of
GRBs. Here we employ the same technique to confirm the
existence of the precursor of GRB 211211A. Table 1 lists the
results of the precursor and waiting time obtained from the BB
algorithm.

For the third criterion, two statistical schemes are adopted to
test whether the lightcurve during the waiting time period is
consistent with the background. We first calculate the
significance of the “possible weak signal” within T, by the
Li-Ma formula (Li & Ma 1983). After choosing the quiescent
period determined by the BB algorithm as #,, and the
confirmed background region from Ty — 1.1s to T — 0.1 s as
tofr, the Li-Ma formula gives a significance of 0.5¢ for GBM
and 1.70 for BAT, which are consistent with background
fluctuation.

To further investigate the lightcurve behavior during the
waiting time period, we fit the To—1.1s to T, —0.1s
background lightcurves of three instruments with a first-order
polynomial and interpolate over 7o — 0.5s to Ty + 1.25 s, then
the estimate of the background rate is obtained. The
significance of a potential signal relative to the background
noise level can be calculated by weighting the difference
between the lightcurve and estimated background, this quantity
is commonly referred to as y. We apply the x* and Anderson—
Darling test to examine the overall fluctuation and normality of
x within this period, respectively. As shown in Figure 1, the
large p-value of the x” test implies the overall fluctuation of y
is consistent with the background, and the high significance of
the Anderson—Darling test shows the good normality of Yy, i.e.,

the lightcurves behave like the background. All the statistical
evidence indicates that there exists no significant signal in the
quiescent period, thus the signal near T, should be identified as
the precursor of the GRB. The precursor is well separated from
the main burst by a quiescence period (7,) of about 1 s, during
which the lightcurve decreases to the background. We note that
this is the only quiescence time interval found throughout the
entire burst.

Interestingly, we find that none of the GRBs with confirmed
or candidate kilonova reported earlier (Jin et al. 2020), including
GRB 050709, GRB 060614, GRB 061201, GRB 070809, GRB
130603B, GRB 150101B, GRB 160621B, and GRB 170817A,
have a precursor (Zhong et al. 2019; Wang et al. 2020).
Recently, GRB 200522A has been reported to have a precursor
but the kilonova is not confirmed (O’Connor et al. 2021). GRB
230307A has a confirmed kilonova (Gillanders et al. 2023;
Levan et al. 2024; Yang et al. 2024) but the suggested precursor
candidate (Dichiara et al. 2023) does not strictly meet the criteria
of quiescence period between the precursor and main burst.
Therefore, the precursor of GRB 211211A seems to be the only
one in the GRBs with confirmed kilonova so far.

3.2. Temporal and Spectrum Analysis

The overall shape of the precursor lightcurve can be fitted well
with the FRED model, with the rising time of 8.073% ms,
10.0721 ms, and 10.47}%% ms and the decay time of 84.07 103 ms,
99.2789 ms, and 43.17}29 ms for Fermi/GBM, Swift/BAT, and
HXMT/HE data, respectively. With the BB algorithm, we
calculate the duration of the precursor as Ty ~ 0.19 s (T-0.017
to To+0.17s) for GBM (8-200keV), ~0.2s for BAT
(15-200keV), and ~0.1 s for HXMT/HE (50-200 keV), and
the waiting time between the precursor and the main burst as
Twi~0.93s (Tp+0.17 to To+1.10s) for GBM, ~0.88 s (BAT),
and ~1.28 s (HXMT/HE). Interestingly, this precursor follows
well the relation between the waiting time and precursor duration
of SGRBs (see Figure 2), lending additional support to the
merger origin despite the prolonged main burst. However, this
precursor is the outlier in Tgu,—Tyw and Ty—Tpre relationships
(see Figure 2) owing to the prolonged main burst.

Spectrum fitting for the precursor has been performed with
Fermi/GBM and Insight- HXMT data. The Bayesian informa-
tion criterion (BIC; Schwarz 1978) is used to measure the
goodness of fit and determine the best model. CPL, blackbody,
and CPL + blackbody models are used (see Table 2). Since the
CPL-only model compared to the CPL + blackbody model
yields ABIC >8, and the CPL model compared to the
blackbody model (Figure (3)) yields ABIC > 155, we find
that the best model of the precursors is the nonthermal
spectrum (CPL), which displays “decisive” evidence
(Liddle 2007) against the models with higher criterion values.



THE ASTROPHYSICAL JOURNAL, 970:6 (12pp), 2024 July 20 Xiao et al.
102{ W GRB211211A % Y GRB211211A ° Y GRB211211A L
® LGRBs e o ", 1077 o LGRBs ] > 107 ¢ LGRBs 3“. .
+ SGRBs g oo + SGRBs * .. 4 + SGRBs * . o
e °% o8 s o o ',.‘ L4
10t e 10 . ° 10t e
i & o
e e ’
_ 10 _ . _ .
2 1 2 . 25 2 e
o b A% e > ¢ R ==
> 1 .
107 A L 10 -
— e Lo -
i 1072 e o
107 - - (b) 10 o ©
s ’ C|
/'/ (a) 10 e e
e -~ 1034 -7
103 i v v . v v v
1073 1072 107! 100 10! 102 1073 102 107! 100 10! 102 1072 1072 107! 10° 10! 102
Tue (5) Tut (5) Tore (5)

Figure 2. (a) The waiting time T\, vs. the full duration of the precursor emission Tye. (b) Ty, vs. the full duration of the GRB Tg,. (¢) Tpre VS. Tgrp. The GRB sample is

obtained from the literature (Hu et al. 2014; Wang et al. 2020).

Joint Fit HXMT and GBM with cutoffpl model Joint Fit HXMT and GBM with BB model
e - T T T = T T T
. 3 - 4+ HXMT S — 4+ HxMT

10' - i t + GBMnz ] 10' - h}“‘L._AhH_ + + GBMnz]
= = ﬁ } G8M na T & l,L T 1 GBM na
= h_|_ + GBM b0 > T + GBM b0
; 1071 | — — GBM b1 et Uy = - b i GBM bl |
n =1 i ' — A
2 10 b 8 e 2 1073+ 1 e
! ‘
S ]

107 g 10-5 8
Low0E t f 3 L 1 ! } " |
2 3 ger Tty t
3 |‘ 3 +izoyt J
L o) i T Al { 1w i e o S 1

i I
i Emeptt et b 1 T b
5 100 F T ———F = g Q0 4
g wi 1 § wt ]
] 2
& " &
= 10%f 1 = 107§ 1
2 2

(data — model)/error

model)ferror

10°
Energy [keV]

107 10° 104

Energy (keV]

Figure 3. The spectral fitting with the CPL model (left panel) and blackbody model (right panel) of the precursor with Fermi/GBM and Insight-HXMT/HE for GRB

211211A.
Table 2
The Spectral Fitting with Different Models of the Precursor with Fermi/GBM and Insight-HXMT/HE for GRB 211211A
Model «a E.. KT Flux pgstat/dof BIC
(keV) (keV) (ergecm 257"

CPL —1.037913 70.74H152 1767908 x 107° 376/200 397.36
CPL+blackbody —0.81+939 71.8874%16 7734372 1.8079% x 107° 373/198 404.95
Blackbody 13.321049 151500 % 1070 536,201 551.84

The energy spectra of all SGRB precursors observed by the For this precursor, the average flux is 1.7670:08 x 107 erg
GBM have been stringently searched and studied in the ecm™? s7!, the time-averaged isotropic luminosity is

literature (Wang et al. 2020), but none of them has “decisive”
evidence of a nonthermal spectrum (ABIC < 6). On the other
hand, the precursors of SGRBs observed by Swift and GBM
are investigated in the literature (Zhong et al. 2019), and
although several of them prefer CPL with ABIC > 10, none of
these strictly satisfies the precursor criteria, i.e., the count rate
during the waiting time period is consistent with the back-
ground level (e.g., GRB 160726A) or a significance high
enough to be identified as signal (e.g., GRB 180402A and bn
160818198), or it should be an LGRB (e.g., GRB 140209A).
Therefore, the precursor of GRB 211211A is a rare burst
confirmed with a nonthermal spectrum in the SGRB precursors
(merger origin) thanks to its high brightness.

253709 x 10¥ ergs ', the 64 ms peak isotropic luminosity
is 7.667938 x 10%ergs™" and the total isotropic energy is
6.977015 x 10*8 erg, considering the distance of 346.1 Mpc,
which is derived from the redshift measurement.

In addition, we find that spectral analysis jointly with Fermi/
GBM and HXMT/HE data show significant spectral evolution
in PRE, ME, and EE episodes (Table 3). As shown in Figure 3,
the spectrum of the precursor is significantly softer than ME.
The spectral lags (100-300keV compared to 8-50keV) in
different time ranges observed by Fermi/GBM are shown in
Figure 4. The spectral lag of the precursor is slightly larger than
that of the main pulses during the ME, which is confirmed by
an independent study (Troja et al. 2022). We further investigate
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Table 3
Spectral Fitting with Fermi/GBM and Insight-HXMT /HE for GRB 211211A
Episode Model EX a; B Eeu 2" fe%3 Eiso E) pgstat/dof
(keV) (keV) (erg) (erg)
Precursor CPL 71+£15 —1.03+0.16 6974915 x 10* 376,200
Main emission Band+CPL 97+ 14 —0414+0.14 —20440.02 1377456 —1.0140.04 9.0270% x 105" 4.06 x 10*®  852/438
Extended emission ~ Band+CPL 32+ 38 —038+0.33 —2.16 £0.04 434+82  —12540.16 2.60704 x 1051 126 x 10% 840/807
Full burst Band+CPL 63410 —056+0.14 —196+0.02 1229481 —1.18+0.05 115733 x 10* 1096/388
Notes.
Y B = Epeax/(240). The subscripts 1 and 2 in EJ, | and E,, represent the parameters of Band and CPL, respectively.
Corrected for beaming effect with a jet half-opening angle of 0.05 rad.
€ HXMT data are only used for spectral fitting in the precursor and extended emission.
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Figure 4. Spectral lag (100-300 keV compared to 8-50 keV) evolution in
GRB 211211A. The detector n2 with the optimal incidence angle is used.

the relationship between spectral lags and energy bands and
obtain similar results, as shown in Figure 5. Besides, we find
the minimum variability timescale of the precursor is
15 £ 2 ms, which is slightly larger compared to that of the
main emission (8.5 + 0.8 ms). These temporal and spectral
characteristics also indicate that the origin of this precursor
should be different from the main burst.

3.3. Quasiperiodic Oscillation Candidate

More interestingly, we find that there are several regularly
spaced pulses superimposed on the FRED trend in the
precursor lightcurves (from Tp—0.1s to To+0.3s) of Fermi/
GBM and Swift/BAT, which inspired us to search for
quasiperiodic oscillation (QPO; see Figure 6). We estimate
the significance of QPO using Gaussian processes (GP), Z7, fast
Fourier transform, weighted wavelet Z-transform (WWZ), and
the Lomb-Scargle Periodogram (LSP) methods, respectively.
Note that we do not consider the trial numbers of QPO search
in other SGRBs with precursors in the estimation of QPO
significance, because this GRB 211211A is unique as a long-
duration kilonova-associated merger-origin SGRB.

3.3.1. Gaussian Processes Method

Time-series data can be used to investigate QPO directly in
the time domain using GP regression (Hiibner et al. 2022b).
We model QPOs as a stochastic process on top of a
deterministic shape and perform model selection between
QPOs and red noise (see Hiibner et al. 2022b for details). We
obtain that In BFy,, for GBM data is 2.5. The Bayes factor

Figure 5. Energy-dependent spectral lag between the lowest energy band
(8-12keV) and any higher energy band. The detectors n2 and b0 with the
optimal incidence angles are used. From top to bottom panels are the spectral
lags of Precursor, ME, and EE, which can be fitted with #(E)=
0.006(£0.002)In(E) — 0.013 s, t(E) ~ 0.0002(£0.0003)In(E) — 0.0001 s,
and #(E) =~ 0.002(£0.002)In(E) — 0.007 s, respectively.

BF,

qpo 18 defined as

Z(dlkqpo+rn» ,u)

Qo — T 5 . < (1)

Z(dlkwm, p)

where the numerator (i.e., QPO and red noise) and denominator

(i.e., red noise) are the respective evidence in the different
models.

We perform this analysis for 1000 simulated lightcurves
produced for each set of parameters and find that the p-value is
0.006, corresponding to 2.50. In this work, we adopt the
publicly available code of GP released by Hiibner et al.
(2022b).

3.3.2. The Z? Method

We also use the GBM data to search for periodic signals with
7 (the harmonic =1) around 25Hz in the precursor via
stingray (Bachetti et al. 2022) and find QPOs of ~23.49 Hz
with a significance of about 6.60. The same analyses were
applied to the BAT data that revealed QPOs at 21.87 Hz with a
significance of 4.00. It is worth noting that the number of trials
of frequencies searched is considered throughout this work.
The QPO significance is 8.30 by combining the data of GBM
and BAT. However, we note here that the significance of
the Z*> method may be overestimated (Hiibner et al. 2022a)



THE ASTROPHYSICAL JOURNAL, 970:6 (12pp), 2024 July 20 Xiao et al.

1754 Prediction ¢ data Prediction
—— Mean 40 - ¢ data
150 1
1254
20 A
100 A } \ | l
e | l| | i l} L
5 75 3 | | f l I
o o -
© g ° H‘ l| | [ || I T' "ll |T
50 L i | r ‘ ” i ' I | ‘
251 ~20 1 ' |
04
-25 1 —401
-0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time (s) Time (s)
T T T T T T T oo
—_— +
103 4 --- 22.5Hz
251 B
102 4
@ 201 B
=
&
1] o
10 ¥
@ = 150 7
H E
g 1yl 5
£ 104 N -
©
s
1071 5 !
5k ! N
i
|
i
1072 4 ok 1 4
L Ll 1 | | L L 1 |
. . . 0 20 40 60 80 100 120 140 160
100 101 102 Frequency(Hz)
Frequency (Hz)
10 - 1 e Z? det. lev(8 sigma).
! — GBM h —— 72 statistics of GBM+BAT(8~200keV)
BAT QPO Candidate frequency=22Hz
84 ——- 22Hz 200

._.
&
g
=
—
—

-
S
3

Z} Statistics - d.o.f.

LSP power

} m
A

V / i\
]”AML‘L L‘p\j R

10 20 30 40 50 60 70
Frequency (Hz)

™y et
L\/‘J "\/‘“\v/’ \J\k\ i

Freq (Hz)

Figure 6. Top panels: the lightcurve of GBM and the maximum likelihood fit (top left), and the residual lightcurve minus and the maximum likelihood prediction (top
right), the time bin is 8 ms. The significance level is 2.5¢0. Middle panels: the Leahy normalized power of Fermi/GBM and Swift/BAT with the lightcurves (middle
left) and FRED-model-subtracted lightcurves (middle right). The QPO significance is 3.80 by combining the lightcurves of GBM and BAT. Bottom left panel: LSP
power of GRB 211211A in 8-200 keV at —0.1 s to 0.3 s. The black and blue solid lines represent LSP power of GBM and BAT, respectively. The red dashed line
(22 Hz) represents QPO frequency obtained from WWZ. Bottom right panel: Z? Periodograms for GBM and BAT observations using event-by-event data, the QPO
significance is 8.30 by combining the data of GBM and BAT. The trials of frequencies searched are considered here.

due to the deviation from the standard x* — distribution at each for this precursor, we adopt the FRED function to fit the GBM
frequency. and BAT lightcurves and then utilize the Markov Chain Monte
Carlo simulations to generate many sets of FRED parameters of

3.3.3. The Fast Fourier Transform Method posterior probabilities. With each set of parameters, a FRED

We perform Fast Fourier analysis on the GBM and BAT p.roﬁle between —0.1s and 0.3s can be g§nerated a9d a
lightcurves with FRED subtracted, respectively. In order to simulated lightcurve can be produced by adding the Poisson

estimate the significance of the 22.5 Hz QPOs, we use Monte phqton counting noise. Each simulated light.cur've Wﬂl give a
Carlo simulations, a widely used tool to evaluate the timing peqodogram, and. thus one (.:an get the. distribution of the
results on a transient event whose profile is known. Specifically, periodograms at different Fourier frequencies.



THE ASTROPHYSICAL JOURNAL, 970:6 (12pp), 2024 July 20

I
15 — GBM ighttuve

Bx 10’

freg=natie 1%

:

a1 0 2 4 6 8
Teme (5} WWZ power

00 105 210 305 420 525 630 135 B4 84S
WNZ pamer

— BAT LghtCurve

Freq=22Hz [ 4%

-2 -01 a1 0 (5] 04
Teme {5) WWZ power

00 05 10 15 20 25 30 35 40 45
WWZ powes
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BAT (lower panel) in 8-200 keV and the 2D-contour plots of WWZ power.
The blue solid lines represent the time-averaged WWZ power, respectively.
The significance levels for GBM and BAT are 3.00 and 2.0o, respectively.

The probability value of the QPOs can be obtained by
comparing the Leahy power (Van der Klis 1989) at 22.5 Hz of
the observed lightcurve to those from the above simulations,
which is 0.0016 for GBM and 0.086 for BAT, corresponding to
2.90 and 1.30, respectively. The QPO significance is 3.80 by
combining the lightcurves of GBM and BAT. The number of
trials of frequencies searched is considered here.

3.3.4. The Weighted Wavelet Z-transform Method and the Lomb—
Scargle Periodogram Method

We first employ one of the most widely used methods, the
WWZ (Foster 1996), to obtain the power spectra of GBM and
BAT lightcurves with FRED subtracted. Strong peaks at
2273 Hz (GBM) and 2273 Hz (BAT) (with the period cycle of
45%3 ms (GBM) and 4573 ms (BAT); Figure (7)) are found in the
WWZ power spectra, suggesting the existence of QPOs. The
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Figure 8. Upper panel: the power significance at different frequencies of the
other SGRB precursors with FRED-model subtracted. Lower panel: plot all the
histograms in the upper panel into a single histogram; the black line represents
the result of fitting a Gaussian function.

uncertainty of the QPO frequency is the full width at half
maximum of the peak. We also use another widely used method,
the generalized Lomb-Scargle periodogram (Lomb 1976;
Scargle 1982; Zechmeister & Kiirster 2009) to obtain the power
spectra of GBM and BAT lightcurves, which also show strong
peaks at 21.937252 Hz (GBM) and 21.62723} Hz (BAT) (with
the period cycle of 45.6°2% ms (GBM) and 41.571% ms (BAT);
Figure 6). The consistency of the two results also shows the
reliability of the analysis.

To estimate the confidence level of the above QPO signature
found with WWZ, we simulate 2 x 10* artificial lightcurves
based on GBM and BAT data using the REDFIT method
(Schulz & Mudelsee 2002). The GBM simulation results show
that the signal has a 3.00 confidence level, and the BAT
simulation results show that the signal has a 2.00 confidence
level at ~22 Hz. It is worth noting that the REDFIT method
needs to satisfy the a of the power-law model for the power
spectrum is 2. We find a =2.1 £ 0.1 (1o) for the precursor of
GRB 211211A.

3.3.5. The Power Spectrum of Other SGRB Precursors with FRED-
model Subtracted

To test the validity of using FRED-subtracted precursor
lightcurves in the fast Fourier transform, we collect the SGRB
precursors (Wang et al. 2020) observed in GBM and use the
same procedure to analyze them.

First, we find that the SGRB precursors can be fitted with a
single FRED (Xiao et al. 2022b). Then we use the same
procedure to obtain their power spectra and then obtain the p-
values at different frequencies according to a chi-squared
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Figure 9. Left panel: a simulated lightcurve of the QPO plus the background based on the duration of the precursor in 211211A and the amplitude and frequency of
QPO candidate. Right panel: the distribution of QPO significance calculated from the lightcurves for 1000 simulated observations, there are only two greater than 5o.

distribution with degrees of freedom (dof) of 2. The corresp-
onding Gaussian significance is obtained and plotted in the
histogram (see top panel of Figure 8). We find that they follow a
Gaussian distribution well, that is, the SGRB precursors do not
have significant red noise after subtracting FRED.

3.3.6. Significance of Simulated Lightcurves

To understand the significance of this QPO, we perform a
simulation. As shown in the top right panel in Figure 6, the
maximum amplitude of the QPO obtained by the GP is about
20 counts per 8 ms (i.e., 2500 counts per second), and we
simulate four half-cycle QPO signals with 22 Hz based on the
duration (~0.2 s) of the precursor, and we use 5700 per second
as the background of GBM. It is worth noting here that due to
statistical fluctuations, the lightcurves may be different for
different observations, thus we simulate 1000 lightcurves and
calculate the QPO significance, respectively, using the fast
Fourier transform method. The left panel of Figure 9 shows the
simulated lightcurve for a single observation, and the right
panel is the distribution of significance of QPO, among which
there are only two cases greater than 5o. Besides, the 68%
confidence interval for this distribution (corresponding to the
lo of the Gaussian distribution) is 1.67:30, and the QPO
significance of the precursor in GRB 211211A observed by
GBM is 2.90, which is within ~1.2¢0 of the distribution. This
simulation demonstrates that, even for a real QPO in the
observed data, the detection significance of this QPO will not
be high in such a short-duration precursor and in such a low-
frequency regime as predicted by some magnetar theories (e.g.,
Sotani et al. 2007; Tews 2017).

We further investigate the significance of QPO with different
amplitudes, and repeat the above steps but change the
amplitude of QPO. As shown in Figure 10, the value in the
horizontal coordinate represents the QPO amplitude, and a
value of 1 represents the amplitude of the above simulation
based on the precursor of GRB 211211A. The value in vertical
coordinate is the QPO significance, and the error bars are lo
range. Therefore, we can estimate that the QPO observed with
significance above 5o is typically more than twice the
amplitude of the precursor of GRB 211211A. Note that for
simplicity, the simulation here does not take into account the

| i

Observed QPO significance

. j‘ * }

O .

0.5 1.0 1.5 2.0 2.5 3.0 3.5
Amplitude of QPO compared to PRE of GRB 211211A

Figure 10. The significance of simulated QPO with different amplitudes. The
horizontal coordinate represents the QPO amplitude, 1 represents the amplitude
of the simulation based on the precursor of GRB 211211A, and the vertical
coordinate is the QPO significance; the error bars are 1o range.

possible FRED trend or the evolution of the QPO amplitude
with time, which may reduce the significance of QPO.

3.4. Comparison with Other Special Bursts

We compared this precursor of GRB 211211A to the first
pulse of other bright GRBs (GRB 130427A, GRB 221009A,
and GRB 230307A) to assess whether they share common
properties. As shown in Table 4, only GRB 211211A has a
precursor that fully satisfies the precursor criteria. For the
spectral properties, the precursor of GRB 211211A is softer
than the first pulse of GRB 230307A (see Dichiara et al. 2023
for a detailed analysis of the precursor in GRB 230307A.). For
the temporal properties, the spectral lag of the precursor of
GRB 211211A is similar to the first pulse of GRB 230307A,
while the minimum variability timescale of the precursor of
GRB 211211A is slightly larger than that of GRB 230307A.
This could be the intrinsic difference between them, but we
also note that the minimum variability timescale may be
dependent on the signal-to-noise ratio (Golkhou et al. 2015).



Table 4
Comparison of the First Episodes of Bright GRBs 211211A, 130427A, 221009A, and 230307A

Spectral Lag (between 8-50

Minimum Variability Time-

Satisfy the Precursor

GRM Name Energy Spectrum and 100-300 keV) scale (8-1000 keV) Criteria
(ms) (ms)

GRB 211211A CPL, Epeax = 54 £ 6 keV, a = —0.93 +0.28 10+ 13 15+£2 Yes

GRB 130427A  SBPL, Epgeax =291 £ 23 keV, \; = —0.334 £ 0.025, A, = —3.394 £ 0.072 (Ackermann et al. 2014) 224+ 15 26 £ 15 No (no quiescence
period)

GRB 221009A CPL, Eycax = 3980 4 366 keV, o = —1.69 & 0.01 (Lesage et al. 2023) 170 + 87 137 + 108 No (no quiescence
period)

GRB 230307A Band, Ejc = 170.3 £ 4.7 keV, a = —0.63 £ 0.04, 8= —2.95 4 0.09 (Dichiara et al. 2023) 12£2 5+1 No (no quiescence
period)
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Figure 11. Estimation of neutron star magnetic fields using the premerger
magnetosphere interaction model (Hansen & Lyutikov 2001; Abbott
et al. 2017) based on the precursors for GRBs with kilonova; the upper limits
are calculated based on the sensitivity of the instrument for which no precursors
are observed. The magnetic field of GRB 211211A is consistent with the dipole
magnetic fields of most known magnetars estimated from their spin-down
properties (Olausen & Kaspi 2014).

Besides, a candidate QPO is only found in the precursor of
GRB 211211A.

4. Discussion

Considering a binary compact star merger for GRB
211211A, it is difficult to produce strong nonthermal emission
in the initial stage of the postmerger phase due to the shielding
of ejected material. Indeed, the nonthermal precursors are
usually explained by magnetospheric interaction between two
neutron stars prior to the merger or the resonant shattering of
the crusts of magnetar. Besides, the waiting time between the
precursor and main burst (~1s) is consistent with the time
interval between the binary neutron star merger (ending of the
GW signal) and the GRB in GW170817 (Abbott et al. 2017).
We therefore suggest that this precursor is most likely produced
before the merger.

Interestingly, if invoking the premerger magnetosphere
interaction model to explain the luminosity of this precursor,
the estimated neutron star magnetic field (using the formula in
Hansen & Lyutikov 2001) is ~10'> G (Figure 11), which is
well consistent with a magnetar. In contrast, the upper limits for
most other GRBs with kilonova (but without a precursor) are
lower than the dipole magnetic fields of most known magnetars
(Olausen & Kaspi 2014), making this precursor very special.
However, this premerger magnetosphere interaction model
seems difficult to give rise to the QPO signal found here.

Despite many efforts to search for QPOs in GRBs, there are
only rare bursts reported before the present work (Chirenti et al.
2023). By contrast, QPOs of 10-1000 Hz have been found in
several soft gamma-ray repeaters (SGRs), e.g., giant flares of
SGR 1806—20 (Watts & Strohmayer 2006) and SGR 1900+14
(Strohmayer & Watts 2005), and an X-ray burst from SGR
J1935+4-2154 and associated with a fast radio burst (FRB200428;
Li et al. 2022). They are usually interpreted as the magnetoe-
lastic or crustal oscillations (Samuelsson & Andersson 2007;
Gabler et al. 2011; Link & Van Eysden 2016) of a neutron star
with an extremely strong magnetic field of ~10""°G (i.e.,
magnetar). From this point of view, the 22 Hz QPO candidate
signal reported here may not be a knotty problem, as long as a
magnetar is involved in the progenitor system.
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In the magnetar flare scenario, the precursor could be
produced by a catastrophic flare accompanied by magnetoe-
lastic or crustal oscillations of the magnetar (Zhang et al. 2022).
For this precursor, the flare might be produced ~0.2 s before
the coalescence, when the orbital period (Py) is ~8 ms and the
orbital distance is ~80km. Since flares and bursts from
magnetars are generally considered to be nearly isotropic, or at
least not obviously beamed, it is interesting to note that the
precursor’s total energy output Ei, ~ 7.7 x 10*® erg is com-
parable to the jet-corrected energies E., for ME and EE, which
are 6.6 x 10" erg and 2.8 x 10*® erg, respectively. Therefore
this precursor of GRB 211211A is energetically very important
for this event.

The involvement of magnetar in the merger system may also
be supported by the prolonged burst time of GRB 211211A.
Numerical relativity simulations show that for the binary
merger of highly magnetized neutron stars, the central engine
of a GRB would be modeled by a magnetized accretion torus
with saturated magnetic field strength (Kiuchi et al. 2014).
With the magnetic barrier effect, radial angular momentum
transfer may significantly prolong the lifetime of the accretion
process (Proga & Zhang 2006; Liu et al. 2012), consistent with
the long duration of GRB 211211A.

However, there appears to be a challenge between the
relatively short lifetime of a magnetar and the much longer
spiraling time (> 86 Myr) of a binary neutron star system due
to the GW radiation (Tauris et al. 2017). If the former is much
smaller than the latter, it implies that the previous magnetar will
no longer be highly magnetized in the late inspiral phase.
However, estimating the lifespan of a magnetar and the
spiraling time of a binary neutron star system involves many
uncertainties. Magnetar age is usually < ~ 10%yr estimated
from their observed period and period derivative as well as the
decay of the magnetic field (Kaspi & Beloborodov 2017). If
only considering the decay of the magnetic field, it is usually
< ~10"yr (Kaspi & Beloborodov 2017; Beniamini et al.
2019). One potentially relevant object is SGR 041845729 (Rea
et al. 2013), which is apparently much older (~3.6 x 10’ yr;
Beniamini et al. 2019), but it may still not be old enough to
explain GRB 211211A. However, there is no consensus on the
timescale of magnetic field decay. Additionally, the spiraling
time is heavily influenced by the initial orbit of the inspiral
during its formation and the environment surrounding the
binary system. Another possibility is that the weak magnetic
field of a neutron star can be amplified up to a strength of
~10"° G during the late spiraling phase, which means that an
old neutron star may be recycled into a magnetar in this process
(Dall’Osso & Rossi 2013).

In addition, as the binary period decreases, crust oscillations
could become stronger and stronger. From the top right panel in
Figure 6, the QPO amplitude seems to first increase slightly and
then decrease slowly (similar to the QPO in another magnetar
burst; Li et al. 2022); this is not fully consistent with the
aforementioned expectation if the observed QPO amplitude is
positively correlated with the strength of the crust oscillations.
On the other hand, it is unclear how the QPO amplitude in
X-ray/Gamma-ray flux is related to the strength of the crust
oscillations, which also requires more theoretical calculations.

5. Summary

In this work, we report a peculiar precursor in the GRB
211211A, whose temporal and spectral characteristics are
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different from that of the main emission and extended emission
of GRB 211211A. We find that this precursor is a rare case
with a high-confident nonthermal spectrum in a GRB
originating from a binary merger.

In particular, we find that there is a QPO candidate in the
precursor. We utilize a series of temporal and frequency domain
QPO search methods, including GP, 72, fast Fourier transform,
and WWZ methods, to calculate the significance, and obtain
2.50, 6.60, 290, and 3.00 observed by GBM, respectively.
Considering all these results, we summarize that the significance
of the QPO candidate should be ~30. We note that the QPO
significance (~70) found in GRB 200415A using the Z* method
(Castro-Tirado et al. 2021) is close to that (6.60) of this precursor
in GRB 211211A. In addition, we searched for a QPO in the
precursors of the other SGRBs using the same methods but did
not find any significant signal; that is, the significance of the QPO
candidate in the precursor of GRB 211211A is the highest among
all precursors of SGRBs. Moreover, our simulations illustrate that
it is difficult to obtain highly significant low-frequency QPO in
such a short precursor, lending additional support to the QPO
signal found in GRB 211211A.

We suggest that this peculiar precursor could be explained
either by the premerger magnetosphere interaction model or the
magnetar crustal oscillations model. For the former, the
magnetic field of the neutron star is estimated to be ~10'° G,
which is well consistent with a magnetar. For the latter, a
magnetar catastrophic flare (or called superflare) can also well
explain the characteristics of the precursor, especially the QPO
feature (Zhang et al. 2022). Thus, we conclude that both
models point toward the magnetar involvement in the merger.
Interestingly, the strong magnetic field of the magnetar can
naturally lead to the prolonged duration of GRB 211211A,
which is otherwise difficult to explain. Meanwhile, more
theoretical discussions have been proposed to interpret the
observation features of this peculiar precursor (Suvorov et al.
2022; Zhang et al. 2022; Sullivan et al. 2024).

Finally, gravitational waveforms of magnetized and non-
magnetized neutron star binaries could be well distinguished as
long as the neutron star magnetic field is strong enough
(Giacomazzo et al. 2009). Future multimessenger observations
have the potential to confirm the presence of highly magnetized
neutron stars as progenitors of bursts similar to GRB 211211A
and to determine if their precursors are produced by magnetar
flares. Furthermore, these observations could provide valuable
insights into the physical mechanism underlying the precursors
and their intriguing behaviors, including possible QPOs.
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