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ABSTRACT

We present a timing study of the gamma and X-ray observations and analysis of a sample of bright gamma-ray bursts (GRBs;
i.e. GRB 180720B, GRB 181222B, GRB 211211A, and GRB 220910A), including the very bright and long GRB 211211A
(a.k.a. kilonova candidate). They have been detected and observed by the Atmosphere—Space Interactions Monitor (ASIM)
installed on the International Space Station (ISS) and the Gamma-ray Burst Monitor (GBM) onboard the Fermi mission. The
early (T — To~& s) and high-energy (0.3-20 MeV) ASIM High Energy Detector (HED) and (150keV-30MeV) Fermi (BGO)
light curves show well-defined peaks with a low quasi-periodic oscillation (QPO) frequency between 2.5 and 3.5 Hz that could
be identified with the spin of the neutron star (NS) in the binary mergers originating these GRBs. These QPOs consist on the first
detection of low-frequency QPOs (<10 Hz) detected in magnetars so far. We also detect a strong QPO at 21.8 — 22 Hz in GRB
181222B together with its (less significant) harmonics. The low-frequency QPO would correspond to the signal of the orbiting
NS previous to the final coalescence giving rise to the gravitational wave (GW) signal.

Key words: methods: data analysis — gamma-ray burst: general — gamma-ray burst: individual: GRB 180720B, GRB 181222B,

GRB 211211A, and GRB 220910A.

1 INTRODUCTION

Gamma-ray bursts (GRBs) are the most energetic and catastrophic
explosions in the Universe after the Big Bang. They are classified
into two categories depending on their duration, i.e. short and long
GRBs (sGRB and IGRB) with durations of < and >2 s, respectively.
The 1IGRBs have been associated with the collapse of massive stars.
Otherwise the sGRBs are commonly believed to be powered by the
accretion of a massive remnant disc on to the compact black hole
(BH) or neutron star (NS) remnant following the compact binary
merger. The consequent thermal, novae-like transient (kilonova)
gives rise to the radioactive decay of heavy, neutron-rich elements
synthesized in the expanding merger ejecta (Troja et al. 2019).

* E-mail: mcaballe.caballerogarcia@ gmail.com

The GRB-associated gravitational wave event GRB
170817A/GW170817 (Abbott et al. 2017) and a few kilonovae-
associated GRBs (Tanvir et al. 2013; Yang et al. 2015) have added
new clues to the origin of GRBs. Nevertheless the study of the
electromagnetic (EM) counterpart of GW events is necessary for
their understanding. Of particular importance is the study of their
precursors, i.e. the EM emission from the astrophysical merger
before its collapse. Currently the association between sGRBs
and kilonovae has extended to IGRBs as well. Some studies of
a collection of sGRBs and IGRBs (Pandey et al. 2019; Lii et al.
2022) concluded that some IGRBs have signatures of kilonovae-like
progenitor contrary to any previous expectation from this kind of
sources.

GRB 211211A is a kilonova-associated GRB whose light curve
consists of a precursor, a hard spiky emission and a soft long
extended emission (with a duration of ~0.2, 10, 40 s, respectively)
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which has attracted great attention. Rastinejad et al. (2022) reported
the discovery of a kilonova associated with this nearby (350 Mpc)
minute-duration GRB 211211A confirmed later by Troja et al.
(2022). Kilonova association could prove its merger origin, while
the detection of the precursor could be used to infer at least one
highly magnetized neutron star (NS) being involved in the merger.
Gao, Lei & Zhu (2022) report that the special behaviour of GRB
211211A is mainly due to the strong magnetic field of its progenitor
star.

It has been proposed that in the late in-spiral phase of a NS-NS
or NS-BH system in which one of the components is a magnetar
(NS), the tidal force on the magnetar due to its companion would
increase dramatically as the components of the binary approach. The
tidal-induced deformation may surpass the maximum that the crust
of the magnetar could sustain just seconds or sub-seconds before
the coalescence. A catastrophic global crust destruction could then
occur, and the magnetic energy stored in the interior of the magnetar
would be released thus being observed as a superflare with energy
hundreds of times larger than the giant flares of magnetars, thus an
SGRB (Zhang et al. 2022).

A few studies of the fast X-ray variability in GRBs have been
performed in order to reveal the so elusive quasi-periodic oscillations
(QPOs) in GRBs (Tarnopolski & Marchenko 2021; Liu & Zou 2024).
Since QPOs are associated to the innermost regions around compact
objects any significant detection of them has the potential to give
important insights into their physical origin.

In this paper, we give further clues on the nature of a sample
of bright GRBs (GRB 180720B, GRB 181222B, GRB 211211A,
and GRB 220910A) through the analysis of their fast-time X-
ray and gamma-ray variability observed with Atmosphere—Space
Interactions Monitor (ASIM; Neubert et al. 2019) and Fermi.!
We first start putting these GRBs in context in Section 1.1. In
Section 2, we report on the timing observations and analysis made
with ASIM and Fermi where we detect significant and simultaneous
QPOs. Finally in Section 3, we discuss the results obtained and the
implications of the discovery of such QPOs.

1.1 Minimum variability time-scale and spectral lag

Minimum variability time-scale (MTS/MVTS) is the smallest tem-
poral feature in the light curve that is consistent with a fluctuation
above the Poisson noise level and potentially provides a quantitative
means of probing the regional size of the emission location involved.
Methods for extracting such variabilities using a technique based
on wavelets are well described (MacLachlan et al. 2012, 2013a,
b; Golkhou & Butler 2014; Golkhou, Butler & Littlejohns 2015).
The MTS has been shown to follow several correlations involving
temporal and spectral features (MacLachlan et al. 2012; Sonbas et al.
2015; Camisasca et al. 2023). Here, we extracted the time variability
following the work of MacLachlan et al. (2013a) using GBM light
curves in a time range that covers the frequencies in and around the
QPO signals. The extracted MTS in the QPO range is found to be
systematically smaller than that found in the continuum sections of
the Power density spectra (PDS) for all GRBs (Fig. 1). This suggests
a smaller source emission size for the QPO process compared to the
process that produces the continuum).

Spectral lags are defined as the arrival time differences between
high- and low-energy photons and are seen in significant fraction of
long duration GRBs. Hard-to-soft evolution of the spectrum produces

Uhttps://fermi.gsfc.nasa.gov
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Figure 1. (Upper) Minimum variability time-scale for each burst using the
Bayesian blocks binding method (together with data from Golkhou et al.
2015). The probabilities of each GRB originating from the merger (by fitting
a Gaussian mixture model to the minimum variability time scale) versus T90
distribution are also shown. (Lower) Spectral lag as a function of energy for
various observes frame energy bands extracted using GBM light curves in
QPO signal.

positive spectral lags, while soft-to-hard evolution leads to negative
lags. We extracted spectral lags for various observer-frame energy
bands in QPO signal using the CCF method (Norris 2002; Gehrels
et al. 2006; Hakkila et al. 2008; Ukwatta et al. 2010, 2012). The
spectral lags as a function of energy are shown in Fig. 1.

2 ANALYSIS AND RESULTS

The (1 ms and 10 ms-binned) light curves from these GRBs are highly
variable with quasi-periodic behaviour from approximately the mid-
time to the end of the ASIM and Fermi observations. We checked
for this kind of variability building the power density spectra (PDS)
for different time intervals and found that only for certain times
onwards and during the period of activity of these GRBs the PDSs
were showing significant noise in the form of QPOs. We checked the
Fermi (b1) light curves as well and found the same kind of behaviour,
with QPOs appearing only at the same times? (see Figs 2, 3, 4, and
5 showing the PDSs built at these referred time-periods).

2Note that the ASIM and Fermi times were barycentred and referred to the
Fermi BAT trigger time (i.e. T time).

MNRASL 538, L100-L108 (2025)

G202 1990100 /| U0 1sanb Aq £8/6108/00}71/1/8EG/2I0E/|SEIUW/WOD dNO"lWSPEDE//:SARY WOI) POPEOJUMOQ


https://fermi.gsfc.nasa.gov

L102 M. D. Caballero-Garcia et al.

300 —T
g | |HED light curve } 1
S 200 TR -
hay [y [ L.
2 T . 4n I 3r ";_ |
5100 Yy FEARELE .
o d s} FE AN
O 1 imurd T ¥ LR 1
400 ; - —1 T -
g | Fermi light curve ‘ }: ‘ p
Es00F = i P 1
= | . _
2 '3
g lg= 2 1
Q ! B
O J

Fermi

1000

100

Power(RMS*2/Hz)

10

Frequency (Hz)

ASIM/HED

Power(RMS"2/Hz)

Frequency (Hz)

Figure 2. (Top) Barycentred Fermi (BGO; 150keV-30MeV) and ASIM
(HED; 0.3-20MeV) light curves of GRB 211211A (To =13:09:59 UT)
showing the time-interval where the QPOs were the PDS was built. (Bottom)
The PDS of the Fermi/b1 (8-800 keV; upper) and ASIM/HED (0.3-20 MeV;
lower) light curves of GRB 211211A built at times > 5.8s.

2.1 Fermi and ASIM timing analysis of GRB 211211A

The PDSs of both Fermi and ASIM data sets showed the same kind
of noise in the form of two low-frequency QPOs. To obtain the exact
value of the peak frequency of these QPO features, the PDS was
fit with four continuum components, i.e. two power laws, and two
Lorentzians (one for each QPO). The Lorentzian components were
used to fit the QPO features (at 2.8, 5.2 Hz for the first and second
QPOs, respectively). One of the power laws was used to fit the low
frequency red noise (as done in e.g. Belloni & Hasinger 1990). All

MNRASL 538, L100-L108 (2025)
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Figure 3. (Top) Barycentred Fermi (Nal; 8-900 keV) and ASIM Low
Energy Detector (LED; 50-400keV) light curves of GRB 220910A
(Tp =05:48:21.55UT) showing the time-interval where the PDS was built.
(Bottom) The PDS of the Fermi/nb (150 keV-30 MeV; upper) and ASIM/LED
(50400 keV; lower) light curves of GRB 220910A built at times > 7.3 s.

these components are shown as dotted lines in Figs 2-5 for all the
GRBs.

The best PDS fit obtained had reduced x2 of 0.5, 0.8 for 40,
40 degrees of freedom for the Fermi and ASIM observations,
respectively. The PDS were normalized in the Leahy Normalization
(Leahy et al. 1983). The frequency of the QPOs was the same
for Fermi and ASIM observations (during the same time period).
The significance of these peaks is high, i.e. significance of 5,4 ¢
and 4, 3 o (single trial and considering trials, respectively) for both
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Figure 4. (Top) Barycentred Fermi (BGO; 150keV-30MeV) and ASIM
(HED; 0.3-20 MeV) light curves of GRB 180720B (Ty =14:21:39.65UT)
showing the time-interval where the PDS was built. (Bottom) The PDS of the
Fermi/nb (8-800keV; left) and ASIM/HED (0.3-20 MeV; right) light curves
of GRB 180720B built at times >13s and > — 9 — 13 s for ASIM and Fermi,
respectively.

ASIM/HED and Fermi. The quality factor (i.e. QPO frequency/Full-
Width at Half Maximum (FWHM)) was of Q = 10 — 500, 5 — 500
for the first and second peaks, respectively. The characteristics of the
QPOs observed in the PDS of the observations are listed in Table 1.
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Figure 5. (Top) Barycentred Fermi (BGO; 150keV-30MeV) and ASIM
(HED; 0.3-20 MeV) light curves of GRB 181222B (T¢ =20:11:37.438 UT)
showing the time-interval where the PDS was built. (Bottom) The PDS of the
Fermi/nb (8-800 keV; left) and ASIM/HED (0.3-20 MeV; right) light curves
of GRB 181222B built at times > 0.15s.

2.2 Fermi and ASIM timing analysis of GRB 220910A

As done in the case of GRB 211211A to obtain the exact value of
the peak frequency of these QPO features, the PDS was fit with four
continuum components, i.e. two power laws, and two Lorentzians
(one for each QPO). The Lorentzian components were used to fit
the QPO features (at 3.1, 7.1 Hz for the first and second QPOs,
respectively). As done in GRB 211211A one of the power laws was
used to fit the low frequency red noise.

MNRASL 538, L100-L108 (2025)
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FWHM, N, I'p P x2 (d.o.f.)
(Hz)
0.9799 3704170 0(H 1.60£0.10  20(40)

*“—0.8

Vy
(Hz)
5 2+0 5
(40, 20)

N() VQPO FWHMQPO NQPO
(Hz) (Hz)
2004100  2.840.3  (5T)E—-3  500£300

Iy
0.14
1.297053

Tstop
(s)
8.8

Table 1. Power Density Spectra (PDS) timing analysis results of the light curve from GRB 211211A using the powerlaw+lorentzian+lorentzian+powerlaw function for Fermi (upper) and ASIM

(lower) data. (Tsare and Top have been referred with respect to the Fermi reference time (To, rgrmr). The errors given are 1o.

TS[al‘l
(s)
5.8
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(50,20)

QPO S/N (w. trials, Bayes.)

240£140 52410  0.013790%  110£60 0(f 1.68£0.15  32(40)
(4o, 10)

0.9
0‘25t0.24

60430 2.91+0.4
(50, 10)

1.0+0.3

8.8

5.8

QPO S/N (w. trials, Bayes.)

The best PDS fit obtained had reduced x? of 0.9, 1.2 for 19, 8
degrees of freedom for the Fermi and ASIM observations, respec-
tively. The QPOs frequencies were measured to be 3.1, 7.1 Hz for
both QPOs, respectively. This means that the frequency of the QPOs
was the same for Fermi and ASIM observations, respectively (during
the same time period). The ratio between these QPOs frequencies is
also very similar to the one measured from GRB 211211A (i.e. &2).
The significance (without and with trials®) of these peaks is high, i.e.
8,50 and 8, 80 (ASIM/LED) and 4, 30 and 5, 4 o (Fermi) for the
first and second QPOs, respectively. The characteristics of the QPOs
observed in the PDS of the observations are listed in Table 2.

2.3 Fermi and ASIM timing analysis of GRB 180720B

As done previously to obtain the exact value of the peak frequency
of these QPO features, the PDS was fit with three/four continuum
components, i.e. two power laws, and one/two Lorentzians (one for
each QPO for Fermi/ASIM, respectively). The Lorentzian compo-
nents were used to fit the QPO features (at 2.3040.03, 2.0%, Hz
for the ASIM and Fermi, respectively). The component fitted by a
Lorentzian in the ASIM PDS with a centroid at 0.81£0.15Hz is
attributed to low-frequency noise. This component is much broader
(0.3740.15 Hz) than the QPO [(1 — 3)x 1073 Hz] in both Fermi and
ASIM data sets.

The best PDS fit obtained had reduced x? of 41.8, 43.6 for
40, 32 degrees of freedom for the Fermi and ASIM observa-
tions, respectively. The QPOs frequencies were measured to be
2.304:0.03, 2.0193, Hz for for Fermi and ASIM, respectively.* These
QPOs frequencies are also very similar to the one measured from
GRB 211211A and GRB 220910A (i.e. 2.5-4.3 Hz), respectively.
The significance of these peaks is high, i.e. (single trial) significance
of 80 (ASIM/HED) and 5o (Fermi). The quality factor of the
QPO was of Q =92,2000 for the Fermi and ASIM data sets,
respectively. The characteristics of the QPOs observed in the PDS of
the observations are listed in Table 3.

2.4 Fermi and ASIM timing analysis of GRB 181222B

The PDSs of both Fermi and ASIM data sets showed the same
kind of noise in the form of three low-frequency QPOs. To ob-
tain the exact value of the peak frequency of these QPO fea-
tures, the PDS was fit with five continuum components, i.e. two
power laws, and three Lorentzians (one for each QPO) in both
Fermi and ASIM data sets. The Lorentzian components were
used to fit the QPO features (at 22.11], 40.379%,59.3)2 Hz and
11.940.5, 21.8+0.3, 34.640.7 Hz for the ASIM and Fermi, respec-
tively). There is an additional component fitted by a power law
at low-frequencies that we attribute to low-frequency noise. This
component has a steep power law (I" = 2) in both Fermi and ASIM
data sets.

The best PDS fit obtained had reduced x> of 10.5,
19.7 for 7, 23 degrees of freedom for the Fermi and
ASIM observations, respectively. The QPOs frequencies
were measured to be 22.17}9,40.373% 593% Hz and
11.940.5,21.840.3,34.6+£0.7Hz for ASIM and Fermi,
respectively. This means that the frequency of the QPOs was
not the same for Fermi and ASIM observations (only one of the

3We consider for the trials the number of frequency bins in the PDS.
4We note that for GRB 180720B the time periods in which the QPO at ~-2 Hz
was found are not simultaneous but complementary.

G202 1990100 /| U0 1sanb Aq £8/6108/00}71/1/8EG/2I0E/|SEIUW/WOD dNO"lWSPEDE//:SARY WOI) POPEOJUMOQ



L105

X-ray and gamma-ray timing of GRBs

Downloaded from https://academic.oup.com/mnrasl/article/538/1/L100/8019783 by guest on 17 October 2025

(0g ‘o) (0g ‘08) ('sokeg ‘sfen "m) N/S OdO
@) 9er €OFET  OFFOIT  SIFTS Lvee 09F0sT p-01x((1T9) 00T 00CF00L  SI'OFLEO  SI'OFISO  Of €l
(ZH) (zH) (zH) (zH) (ZH) (ZH) () )

(yop) X N ‘N ‘WHMA *a 0dON OdONHM A 0d0a N OINHMA 0a dossy, uesy
(0g'€< *06) ('sakeg ‘sfetn 'm) N/S OO

0N g1y 80°0F68'1 - - - £F8 ST 0LST00 0L0ET - 91FEL POFL1 o€l 06—
(zH) (zH) (zH) (zH) - () ()

(Fop) X N N ‘WHMA Aa 0doN OdOHMA 0d0a - 0N 01 dorsy, HeIsy,
‘A[oanoadsar ‘(1omof) INISV pue (19ddn) 1,y 103 suonouny meTIsmod+UeTZ3USIOT+URTZIUSIOT+HURTZIUSIOT

pue melasmod+4uerziusiol+meTasmod oy Suisn  gOgZL08] YD wol  oAmd S oy)  Jo  synsar  sisAfeue  Sunwn  (SQd) emoadg Aisue  1omod € dIqBL
(0z *08) , (97 ‘08) (‘sofegq ‘sem 1) N/S 0dO

(®01 vOFS'T ®o el 09¢ 9'0F60 €OFI'L  00EF009 $0080 0 VAV TS 6F01 001 €L
(01T *08) (o1 ‘o) ('sofkeg ‘sfetn 'm) N/S OdO

(61) 81 0T0FLY'T ®»o 0TF0S S0F90 €O0FI'L 057011 §05S0 Lorle HileAct PFS 001 €L
(zH) (zH) (zH) (zH) () ()

(yop) X dN 41 ‘N ‘WHMA ra OdON OdOINHMA 0d0a ON 01 (s) 915, (s) "],
*(1mor)

A9 T/NISY pue (1oddn) 1uea,7 103 uonounj meTIomod+UeTZIUSIOT+ueTZ3usIoT+me TIramod oy SuIsn V() [ 607Z- YD Woj A0 Y31 9y} Jo synsai sisA[eue Jurumn (Sqd) enoads Aysusp 1omod *7 dqeL

MNRASL 538, L100-L108 (2025)



L106 M. D. Caballero-Garcia et al.

three coincided during the same time period, i.e. the one at ~20 Hz)
and might be due to the different energy ranges covered by both
instruments. The QPO frequency at ~20 Hz is very similar to the one
measured from GRB 211211A by Xiao et al. (2022) and Chirenti
et al. (2024). The significance of this peak is high (8, 8 o for single
and taking into account trials, respectively) for both ASIM/HED
and Fermi. The quality factor was of Q =5, 12, 10 (Fermi) and
Q =5, 22,20 (ASIM) for the first to third QPOs, respectively. The
characteristics of the QPOs observed in the PDS of the observations
are listed in Table 4.

2.5 The Bayesian method

For estimating significances of the observed QPO peaks we used
a Bayesian approach as proposed in Vaughan (2010) (see also
Huppenkothen et al. 2013). In our case we fitted Lorentzians
complementing the standard method by Vaughan (2010).

The peak significance was obtained from the posterior predictive
P-values that are the tail area probability of the Bayesian analogue of
the Likelihood ratio test (LRT; Huppenkothen et al. 2013). The LRT
statistic assesses the improvement 7; gy = Dyyin(HO0) — Dyyin(H1)
that a more complicated model H1 (alternative hypothesis) gives with
respect to its simpler version HO (null-hypothesis), where D is twice
the minus log likelihood (equation 17 in Vaughan 2010). In the case
of two-QPO power spectra and testing for the significance of the low-
frequency peak, the H1 model was ‘continuum + two Lorentzians’
while HO was ‘continuum + a Lorentzian’ placed at the position of
the high-frequency peak. For the continuum we used the same model
as above. Fitting both models to the observed power spectrum, we
obtained ‘the observed” statistic T{%;, which was compared to the
values measured from simulated periodograms (Tjgr) in order to
derive the P-value. The data points of the latter were obtained from
the values of the parameters sampled from the posterior distributions
to the HO model and adding x? distributed noise to the resultant
smooth model periodogram. A number of 1000 spectra were used
for each model and each of these realizations was fitted 100 times
with a randomized start point.

In all the cases we analysed unbinned priodograms and used
the ‘whittle’ statistic in XSPEC. For the Bayesian calculation, we
employed the ‘BXA’ PYTHON package which uses the Nested Sam-
pling integration algorithm as a Bayesian engine (Buchner et al.
2014; Buchner 2016). At first we assigned non-informative (log-
uniform for normalizations and uniform for the rest parameters)
priors to all the model parameters, but we found that Lorentzian
components in many cases either fit high-frequency noise or became
too wide to fit low-frequency continuum. In order to solve this
issue, we redefined the Lorentzian model to took the quality factor
(Q) instead of the width in Hz, and restricted it to be higher than
2 according to the definition of QPO (van der Klis 1989). To
avoid moving the Lorentzian components to higher frequencies, we
changed the position parameter (v) from uniform to Gaussian priors,
with mean and sigma values taken from the standard fitting (i.e.
simple minimization of the fit statistic) in XSPEC. The results of this
procedure are shown in Tables 1-4.

Shttps://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/XSappendixStatistics.
html
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Table 4. Power Density Spectra (PDS) timing analysis results of the light curve from GRB 181222B using the powerlaw+lorentzian+lorentzian+lorentzian+powerlaw functions for Fermi

(upper) and ASIM (lower).

Ny Vi FWHM, Ni Np x2 (d.o.f)
(Hz) (Hz)

FWHM,
(Hz)

v
(Hz)

FWHM3 N3
(Hz)

%
(Hz)

(s)

Tstop
5.0

Tslarl
(s)

11.9£0.5 2.440.7 370+80 1.7£0.8 10.5(7)

(50, 1.50)

40
25073

+1.1
1.8753

21.84+0.3
80, 30)

5122 60420

3 5+2.2

34.64+0.7
(2.50, 10)

0.15

QPO S/N (w. trials, Bayes.)

x2 (d.o.f.)
19.7(23)

FWHM, N P
(Hz)
478, 1070400  1.5+0.3

V1
(Hz)
1.9
22.1779

(80, 20)

2
160
240110

FWHM,
(Hz)
6
8%,

v2
(Hz)
0.8
40.3%9
(40, 10)

FWHM;3 N
(Hz)
4
2815, 280110

v3
(Hz)
1.5
59.3%)3
(4.50,20)

Tstop
(s)
1.0

QPO S/N (w. trials, Bayes.)

Tstart
(s)
0.15
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3 DISCUSSION AND CONCLUSIONS

In this paper, we analysed the first seconds of the ASIM and Fermi
data for GRB 180720B, GRB 181222B, GRB 211211A, and GRB
220910A that correspond to the first period of their activity since
the Fermi trigger time. All of them are IGRBs with the exception
of GRB 181222B that is an sGRB (Fig. 1). As derived from the
timing analysis we infer the presence of a low-frequency Quasi-
Periodic Oscillation (QPO) with a frequency at 2.5-3 Hz in all these
GRBs. The significance of the low-frequency QPO signal is high
(i.e. significance 250) from both Fermi and ASIM periodograms
of our observations. This low-frequency QPO could be identified as
the orbital period of the binary merger (NS-BH or NS-NS) at the
previous stage before its collapse into a single compact object (BH or
NS) as previously proposed (Suvorov, Kuan & Kokkotas 2022; see
their table 1). Due to the short orbital period of the merger (0.3-0.4 s)
the system would be tidally locked (and synchronized) and this period
would correspond to the spin of the NS component (a magnetar).
The NS could produce the (also) observed QPOs at ~20 Hz in GRB
211211A and GRB 181222B through the star-quakes followed by
crustal vibrations occurring on its surface at the previous moments
to the coalescence/collapse of the merger. In the case of the kilonova
(GRB 211211A) that produced the high-energy emission in the form
of a GRB (Troja et al. 2022) the nature of the binary components is
under active discussion. We consider that our findings support that
the merger nature is very likely in GRB 211211A and the other GRB
similar events.

The 2.5-3Hz QPO reported in this paper is of low frequency
and its value could be the first detection of a low-frequency feature
compatible with the spin of the NS (magnetar) in a binary merger
(i.e. which would be equal to the orbital period of the binary merger)
in these GRBs before coalescence (compatible with the scenario
proposed by Suvorov et al. 2022). Our findings would be in line
of the fact that compact object ‘mergers’ may be a non-negligible
fraction of the IGRB population (as suggested by Lloyd-Ronning
et al. 2024).

The low-frequency QPO is compatible with the higher frequency
QPO at ~20Hz detected previously by Xiao et al. (2022) and
Chirenti et al. (2024) in the modulated Fermi (8-200)keV X-ray
emission from GRB 211211A. The latter would correspond to the
nodeless, torsional modes of the magnetized NS long before the
merger occurs (even though global or discrete Alfvén modes are also
viable explanations). Indeed we detect a significant ~20 Hz QPO
(together with its less-significant harmonics) in the case of the (short
duration) GRB 181222B. We do not detect the low-frequency 2.5-
3 Hz QPO in GRB 181222B because of its extremely short duration
(~0.3s) but we detect clearly the ~20 Hz QPO (and probably its
harmonics).

Even though rare the current work does not constitute the first
claim into the presence of low-frequency QPOs in GRBs neither in
magnetars. High frequency QPOs are known to happen in giant flares
from magnetars at the frequency range of 500-2000 Hz (Castro-
Tirado et al. 2021). At lower frequencies there are also claims of
lower frequency QPOs occurring during giant flares as well (150 Hz;
Li et al. 2024). In all these cases torsional oscillations caused by
star-quakes could explain the QPOs observed. Zou & Cheng (2024)
report the finding of a low-frequency QPO in the GRB 210514A
(with a 30 confidence) corresponding to a period of 11s. They
associate it as the precession frequency of an accretion disc around
a single magnetar before its collapse as a BH. This is opposite
to our claims that a companion is needed to produce the GRB
explosion.

X-ray and gamma-ray timing of GRBs  L107

Chen et al. (2024) is in line of our claims of a detection of
low-frequency quasi-periodic modulations (QPM) at a frequency
of <1 Hz in a sample of GRBs (GRB 230307A, GRB 060 614, and
211211A). They claim that in light of recent claims of WD-NS and/or
WD-BH mergers in the literature (Wang et al. 2024) the QPM would
be originated by the precession of the jet due to the non-negligible
residual orbital eccentricity of the WD-NS/BH merger. This scenario
is different to ours, in which the superflare originated by the crust in
the NS (necessarily a magnetar) would be the main responsible for
the X-ray and gamma-ray emission and modulation observed in the
light curves of these GRBs.
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