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ABSTRACT

Rapidly rotating newborn magnetars, which originate from binary neutron star (NS) mergers and serve as the central engines
of short gamma-ray bursts (GRBs), may leave some imprints on their prompt gamma-ray light curves even though they are far
from their radiating fireballs. A high-frequency quasi-periodic oscillation (QPO) would be a unique feature for the magnetar
central engine, especially a hypermassive magnetar. By conducting a systematic analysis of the prompt gamma-ray light curves
from 605 short GRBs observed by Fermi/Gamma-ray Burst Monitor, we have identified such QPO signals in three GRBs (e.g.
GRB 120323A, GRB 181222B, and GRB 190606A). The QPOs that peaked at 1258 Hz for GRB 120323A, 623"} Hz for
GRB 181222B, and 14101”;1 Hz for GRB 190606A are all with a confidence level above 5.2¢. The high-frequency QPO signals
of those three short GRBs may be caused by a hypermassive magnetar acting as the central engine in a binary NS merger of a

binary NS.

Key words: gamma-ray burst: general.

1 INTRODUCTION

Since the discovery of gamma-ray bursts (GRBs) in 1963, several
lines of observational evidence suggest that the progenitors of short-
duration GRBs (Kumar & Zhang 2015) or nearby short-duration
GRBs with extended emission (Lii et al. 2022; Rastinejad et al.
2022; Troja et al. 2022; Yang et al. 2022; Chang et al. 2023; Ferro
et al. 2023; Gompertz et al. 2023; Du et al. 2024a, b) originate in the
mergers of two compact stellar objects. The leading model is neutron
star—neutron star (NS-NS) mergers (Paczynski & Anderson 1986;
Eichler et al. 1989) or neutron star—black hole (NS-BH) mergers
(Paczynski 1991). The first direct detection of the NS-NS merger
event GW170817, which was associated with short GRB 170817A
and kilonova AT2017gfo, has firmly verified the NS—-NS merger
model at least for some short GRBs (Abbott et al. 2017; Goldstein
etal. 2017; Savchenko et al. 2017; Zhang et al. 2018; Lii et al. 2019).

Many groups have studied the mergers of two neutron stars
(NSs) in numerical relativity simulations (Rosswog, Ramirez-Ruiz &
Davies 2003; Rezzolla et al. 2011; Hotokezaka et al. 2013; Nagakura
etal. 2014), but the origin of the remnants of NS—NS mergers remains
an open question (Zhang 2011). Since both the NS equation of state
and the nascent NS mass are poorly constrained, there are four types
of merger remnants that may be formed under certain conditions
(Rosswog et al. 2000, 2014; Dai et al. 2006; Fan & Xu 2006; Rezzolla
et al. 2010; Giacomazzo & Perna 2013; Zhang 2013; Lasky et al.
2014; Gao, Zhang & Lii 2016; Li et al. 2016; Lii et al. 2018; Sarin &
Lasky 2021): (1) a black hole (BH) surrounded by a dense torus; (2)
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a differential-rotation-supported hypermassive NS (HMNS), which
may survive for ~300 ms before collapsing into a BH (Rosswog et al.
2003; Paschalidis, Etienne & Shapiro 2012); (3) a supramassive NS
(SMNS) supported by rigid rotation, which may survive for hundreds
of seconds before collapsing to a BH (Rowlinson et al. 2010; Lii et al.
2017, 2020); and (4) a stable NS with a much longer lifetime (Dai
et al. 2006; Zhang 2013; Lii et al. 2015; Gao et al. 2016). The
dynamical nature of the NS—NS merger suggests that quasi-periodic
signals and quasi-periodic oscillations (QPOs) are more probable if
the central engine is an HMNS (Chirenti et al. 2019), or if internal
plateau’ emission (or plateau emission) in X-rays could be shown at
a later time within the SMNS (or stable NS) as the central engine
(Dai & Lu 1998; Zhang & Mészéros 2001).

From an observational point of view, a small fraction of short
GRBs that have plateau (or internal plateau) emission in X-rays point
towards a stable NS (or a SMNS) as the central engine of short GRBs
(Dai & Lu 1998; Zhang & Mészéaros 2001; Rowlinson et al. 2010,
2013; Liietal. 2015, 2017). However, due to their short lifetimes, it is
difficult to observe definite clues for the HMNS as the central engine
of short GRBs. Recently, Chirenti et al. (2023) discovered kilohertz
QPOs in two short GRBs with a confidence level of about 5o from
archival Burst And Transient Source Experiment (BATSE) data, and
suggest that these are evidence for a shortly surviving HMNS before
the final collapse into a BH.

Motivated by the above-described search in the BATSE data
for a QPO that is the signature of an HMNS, this paper presents
a systematic analysis of the short-duration GRBs observed with

VA fairly constant emission followed by a steep decay (Troja et al. 2007).
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Fermi/Gamma-ray Burst Monitor (GBM) since its inception in 2008
and investigates whether such QPOs are also hidden in the light
curves of those short GRBs. We systematically searched more than
3674 GRBs observed by Fermi/GBM and found 605 short-duration
GRBs. We focused on analysing the 605 short-duration GRBs
and found that three short-duration GRBs (e.g. GRBs 120323A,
181222B, and 190606A) with a high-frequency quasi-periodic signal
can be identified with a confidence level above 5.20. Our data
reduction and QPO search method are shown in Section 2. The
observations and results of our QPO search for those three GRBs
are presented in Section 3. Conclusions are drawn in Section 4 with
some additional discussions.

2 DATA REDUCTION AND QPO SEARCH

2.1 Fermi/GBM data reduction

The Fermi satellite was launched in 2008 June and has been in
operation for 16 yr. There are two instruments onboard the Fermi
satellite. One is the GBM (Meegan et al. 2009), which has 12 sodium
iodide (Nal) and two bismuth germanate scintillation detectors
covering the 8 keV—40 MeV energy band. The other is the Large
Area Telescope (Atwood et al. 2009), which has an energy coverage
from 20 MeV to 300 GeV.

In order to test how many short GRBs contain high-frequency
quasi-periodic signals, as of 2024 June, we download the GBM
data for all GRBs from the public science support centre at the
official Fermi website.> A PYTHON code based on FermiGBM DATA
TOOLS (v1.1.1)? was developed to extract the light curves for different
detectors. We find that the light curves of more than 3674 GRBs can
be identified for extraction. More details of light curve extraction can
be found in Zhang et al. (2011).

We find that the Ty of 605 GRBs out of 3674 GRBs are less
than 2 s at the official Fermi website. Here, we focus on studying
the 605 short-duration GRBs and extract the light curves of those
short-duration GRBs from 12 Nal detectors by adopting a 128 ps
time bin.

2.2 QPO search method in short GRB samples

The data that we adopted consist of a flux time series of 605
short GRBs, and it includes 12 simultaneous light curves from
the 12 Nal detectors in the GBM TTE (time-tagged event) data for
each short GRB. We extracted the Nal detector light curve with
a time bin of 128 ps in the energy range of 50-900 keV. Each
Nal detector points to a slightly different position on the sky, the
light curves of each GRB are ranked in order of increasing angular
distance between the GRB position and detector pointing. They are
designated as LC;, wherei = 1,2..., 12 from closest to farthest. 12
summed light curves are constructed by successively adding one
more light curve to the sum in order of the ranking. These are
designated as

LCum() =» LCin=1,2,...,12. 1)
i=1

These summed light curves are not statistically independent. Next,
we applied to LCyyn(n) and cut down the light curves to a duration

2ftp://legacy.gsfc.nasa.gov/fermi/data/gbm/bursts.
3https://fermi.gsfc.nasa.gov/ssc/data/analysis/gbm/
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of 2.048 s, which consists of 16 000 bins. Our selection of the start
and end times of the light curves can be expressed as

Tslarl = T90—mid - 1~0247 (2)

Tend = Too.mia + 1.024, 3)
To0-start + T90-en

Toomia = 90-start -2*— 90-end @)

Here, the Ty is the duration in which 90 per cent of the burst flux was
accumulated, the Tog gy i defined as the time at which 5 per cent of
the total GRB’s flux has been detected, and the To.cnq is defined as
the time at which 95 per cent of the GRB’s flux has been detected.

The power spectrum of each summed light curve is obtained by
calculating the square modulus of the discrete Fourier transform
(DFT; Bluestein 1970). More details can be found in van der Klis
(1989), Uttley, McHardy & Papadakis (2002), Barret & Vaughan
(2012), and Leahy et al. (1983). The power spectrum /; can be
expressed as

1 .
I = N|aj|2, j=1,...,N/2. 5)

Here, the a; is the result of the DFT, and N is the number of bins in a
light curve. Each power spectrum /; is fitted with a broken power law
plus constant using the maximum likelihood method (Vaughan 2010)
by assuming that the powers are exponentially (x> with 2 degrees
of freedom) distributed. The broken power-law function can be
expressed as

Bi ™ +C <
S; = s L, 6
! {5152“‘1‘”2+C1>Jb, ©
where «; and o, are the exponential slopes, respectively, j, is the
break point between the two slopes, and C is the white noise com-
ponent of the power spectrum. The likelihood function is equivalent
to minimizing the function D which is expressed as

N/2 Iz
D=2zs—i+1nsj. @)
j=1

Each power spectrum is divided by its best fit S;, and the renormal-
ization powers are designated as

Rj:2i,j:1,2,...,8000. ®)
Sj

Given the evolution and power spectral leakage of quasi-periodic
signals, the signal power may exceed the background noise level
at several consecutive Fourier frequencies. Therefore, each power
spectrum is searched for excesses in power summed over k consec-
utive frequency bins for values of k£ from 1 to 10. This search is
performed using the summed power of 8000 — k + 1 maximally
overlapping groups of powers so these summed powers are not
statistically independent. The summed power spectrum R, can be
expressed as

j+k—1

R(j)= Y Rj. j=1.2,...,8000 k. ©)
J

If there are quasi-periodic signals in the power spectrum Ry(j),
the power of the quasi-periodic signal is likely to be the largest value.
This process can be represented as

Rimax = MaX(Rk(j))s (]O)

where Ry-max is the largest value in the power spectrum Ry (j). Each
GRB contains 12 light curves, and we search each power spectrum
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for 10 values of k and, therefore, obtain 120 R;_.x values for each
GRB. In order to evaluate whether or not Ry.max is generated by
quasi-periodic signals, one can calculate the probability that Ry max
is not produced by noise. A simulation is performed generating 10'°
power spectra from 10'” simulated Poisson noise light curves. For
each simulated power spectrum, 10 Ry ax (kK = 1,...,10) values are
generated by the method described above. To estimate a confidence
level associated with a given Ry max, the number of times Ny max
that this Ry max is exceeded in the 10'° simulated power spectra is
counted. The probability G, of a given Ry ax value is then calculated
as

an

where Gy is the probability that Ry .y is not generated by random
noise. Therefore, for each GRB, we can obtain 120 different G
values. If there is a quasi-periodic signal in a GRB, the maximum
G value is the value that is most likely to be produced by the quasi-
periodic signal. This procedure can be represented as

G nax = max(Gy). (12)

However, we note that this maximum probability G .y is not the
confidence at which any QPO is detected, because the procedure
we followed entails searching for the most significant power excess
among many statistically dependent trials. The true detection con-
fidence is estimated below in Section 3. We define the probability
into four confidence levels, namely 3o (0.997), 40 (0.99936), 50
(0.9999994), and 60 (0.999999998).

A standard analysis to calculate the frequency and error of a quasi-
periodic signal is to adopt a Lorentzian function to fit the power
spectrum /; (Chirenti et al. 2023), with the Lorentzian function (LF;)
being expressed as

LF_,-:S_,'-FL]‘:S]*-F (13)

——-.
1 ((]Avv))2
Here, S; is the best fit with a broken power-law function, and it is not
a free parameter in the fits. A is the power density of the Lorentzian
at its centre, v is the central frequency of the Lorentzian, and Av
is the full width at half-maximum of the Lorentzian. We adopt the
central frequency v as the representative frequency of the quasi-
periodic signal. By considering the frequency of the quasi-periodic
signal which is distributed within a range, we use the 90 per cent
integral area of the L; function within the Fourier frequency as
the representative frequency range of the quasi-periodic signal. The
lower limit and upper limit of the frequency correspond to the integral
area 5 and 95 per cent, respectively.

3 QPO SEARCH RESULTS IN SHORT GRB
SAMPLES

Based on the statistical analysis above, one can calculate the power
spectrum of each light curve observed by the 12 detectors for a given
short GRB. Then we can obtain the G, values for each GRB. Fig. 1
shows the G .« distribution of 605 short GRBs. We find that there are
three short GRBs with G,,,x more than 60, namely GRBs 120323A,
181222B, and 190606A. The light curves of prompt emission for
the three short GRBs are shown in Fig. 2(A). Fig. 2(E) shows the
power spectra of the three short GRBs, and the horizontal lines are
the Ri.max Values from the 10'° simulated power spectra (mentioned
in Section 2.2) for which G, values is equal to the probability of 30,
40,50, and 60.

2315

We list the fitting results of the Lorentzian function for
GRBs 120323A, 181222B, and 190606A in Table 1. The central
frequency v is 125878 Hz for GRB 120323A, 6237 Hz for
GRB 181222B, and 1410f§ Hz for GRB 190606A, respectively.
One question is whether or not such high-frequency QPOs in those
three short GRBs are caused by random noise or the instrumental
response of the detector. In order to test the possibility of the above
effects on the QPO signal, we adopt the simulations to perform the
test, and the details are described as follows.

3.1 The effect of random noise

First, we adopt random Poisson noise to simulate 12 light curves
to represent one GRB with 12 detectors. Each of the simulated 12
light curves is generated and successively added together to produce
12 statistically dependent summed light curves. Then, we calculate
the power spectra for each summed light curve. One can obtain 120
Ry.max values whose G values are evaluated by using the results from
the earlier 10'° simulated power spectra. Out of the 120 G values,
the overall G,y is selected. Finally, by adopting the same method
above, we repeat the simulations 108 times and obtain the distribution
of Gx of the Poisson noise in this way. The G,y distribution of
the simulated light curves is shown in Fig. 1. We find that the G .
of 13 of the simulations are larger than 60, which means that there is
1.3 x 1077 probability of getting a G ., above 60 in each simulation.
Therefore, the confidence level of the three quasi-periodic signals
exceeds 5.20 (1.3 x 1077). Then, we adopt a binomial distribution
to calculate the probability of obtaining more than three events in
our 605 simulations, and the probability is 8.06 x 10~'4. If this is the
case, the high-frequency QPO that we detected in those short GRBs
is not likely to be caused by random noise.

3.2 The effect of instrumental response

There are several effects that could result in quasi-periodic signals
in the light curve of GRBs such as dead time of detectors, spectral
leakage, detection method, and the GRB itself. If the detected quasi-
periodic signal in the light curve of a short GRB is not from the burst
itself but is caused by the dead time of detectors, then the quasi-
periodic signal should exist in other GBM light curves of GRBs as
well. In order to test this possibility, we select the 3069 long GRBs
Tyo > 2 s observed by Fermi/GBM until 2024 June and search for
quasi-periodic signals in the light curves of long GRBs to compare
with that of short GRBs. We adopt 3069 long GRBs as the sample to
extract light curves of 12 detectors ranging from —20.48 to 307.2 s.
Because the time window of short GRBs is 2.048 s, we separate
each extracted long GRB light curve into 160 time segments with a
time window of 2.048 s. If this is the case, the total number of time
windows is 470 984 for the 3069 long GRBs.

We obtained 21 events with G,y values larger than 60 in 470 984
time windows. These 21 events all originate in two GRBs, namely
GRB 130427A and GRB 221009A. Fig. 3 shows the two quasi-
periodic signals from GRB 130427A and GRB 221009A. They
are extremely bright GRBs that reached the maximum flux limit
of the GBM detectors and are reported to be supersaturated in the
Fermi/GBM (Ackermann et al. 2014; Williams et al. 2023). This
means that the prompt emission data of those two GRBs are not
intrinsic, so we infer that the detected quasi-periodic signal possibly
originated from the detector. The detected fluxes of the three short
GRBs (e.g. GRBs 190606A, 120323A, and 181222B) are not super-
saturated in the Fermi/GBM, which indicates that the detected quasi-
periodic signals in the three short GRBs are not likely to be caused

MNRAS 537, 2313-2322 (2025)
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Figure 1. The confidence probability distribution of 605 short GRBs (red line), 10® times of simulations by adopting random Poisson noise (green line), and
470984 time windows in 3069 long GRBs (blue line) with normalization in both linear scale (top) and logarithmic scale (bottom). Different vertical lines

correspond to 30, 40, 50, and 60 of Gax values, respectively.

by flux supersaturation. The short GRB 181222B maximum flux rate
of the second pulse may be nearing supersaturation. However, the
quasi-periodic signal of GRB 181222B during the first pulse and
the rising segment of the second pulse (see Section 3.4). Therefore,
the quasi-periodic signal in GRB 181222B is not likely caused by
flux supersaturation. Moreover, we do not detect other quasi-periodic
signals which G, values exceed 60 in the 470984 time windows.
We believe that the probability of other effects causing quasi-periodic
signals in the three short GRBs is relatively low. It suggests that the
quasi-periodic signal detected in 605 time series is not caused by the
dead time of detectors, but is likely to be a unique phenomenon of
short GRBs.

On the other hand, we note that there are 13 short GRBs out of 605
with signals which are existence with G,,,x between 40 and 60 (see
Fig. 1). The reason for such signals with high confidence levels that
are caused by random noise can be ruled out. It indicates that several
short GRBs with quasi-periodic signals out of 13 remain possible
from the short GRB itself. In order to find out which short GRB with
a quasi-periodic signal out of 13 is from the short GRB itself, one
needs to find out the quasi-periodic signal in those long GRBs with
values of G« between 40 and 60. However, we cannot determine
the origin of quasi-periodic signals in those long GRBs with a value
of G between 40 and 60 . Therefore, we cannot confirm whether

MNRAS 537, 2313-2322 (2025)

the quasi-periodic signals in short GRBs are different from those in
long GRBs. So, we only discuss those short GRBs with G, values
exceeding 60 in this paper.

3.3 The effect of detected method

Excepting the effects from the random noise and instrumental
response, the detection method of a quasi-periodic signal can also
affect the confidence level of the quasi-periodic signal (such as
spectral leakage). The ratio R; will only follow the chi-squared
distribution with 2 degrees of freedom expected from a random
process time series if the denominator S; correctly describes the
mean of the parent distribution from which the I; was drawn (see
Fig. 2B). This is due to the fact that small deviations in §; from the
correct value strongly affect the statistics of any power. One needs
to check whether the photon noise in the light curve is Poisson noise
or not, and provide the best S; fitting results.

In Fig. 4, we show the R; distributions of all power spectra for
short GRBs and long GRBs, respectively. The distributions of R; for
both short GRBs and long GRBs are almost consistent with the chi-
square distribution. If the denominator S; does not correctly describe
the mean of the parent distribution from which the /; were drawn,
the maximum R; values of both short GRBs and long GRBs in the
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Table 1. The best-fitting parameters of the Lorentzian function.

GRB v (Hz) Av (Hz) Power density of Lorentzian A Frequency range (Hz)
120323A 1258 1 14.44 1252—1264(1258f2)
181222B 623 0.6 37.04 619—627(623f1)

190606A 1410 0.7 7.09 1405—1414(1410f§)
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power spectrum should be overestimated. We show the distributions
of the maximum R; values of both short GRBs and long GRBs and
then compare them with the simulated 103 GRBs in Fig. 5. The
maximum R; of short GRBs 120323A, 181222B, and 190606A are
also shown in Fig. 5. It is found that the distributions of the maximum
R; values of both short GRBs and long GRBs are similar to that of
simulated results, and the confidence level of short GRBs and long
GRBs within 30 completely overlap with that of the simulated GRBs.
This indicates that the majority of the fitting results of short GRBs
and long GRBs follow a chi-square distribution with 2 degrees of
freedom.

On the other hand, in order to check whether the R; distributions
of short GRBs and long GRBs are dependent on frequency or not,
we show the average and variance of R; as a function of frequency
in Fig. 6. The average and variance of the chi-square distribution
with 2 degrees of freedom are 2 and 4, respectively. We find that the
average and variance values of R; at frequencies above 200 Hz do not
significantly deviate from the results of the chi-square distribution
with 2 degrees of freedom (see Fig. 6). However, the average and
variance values of R; are underestimated at frequencies below 200 Hz
by comparing with the chi-square distribution with 2 degrees of
freedom (see Fig. 6). The underestimated R; values may result in a
lower confidence level, but it does not affect a signal with a higher
confidence level.

MNRAS 537, 2313-2322 (2025)

Finally, based on Fig. 2(B) and equation (8), one can plot the power
spectrum of R in Fig. 2(C). Moreover, one needs to examine whether
R; is overestimated in GRBs 190606A, 120323A, and 181222B, so
we add the distribution of R; in Fig. 2(D). It is found that the R;
distributions in GRBs 190606A, 120323A, and 181222B are similar
to that of the chi-square distribution with 2 degrees of freedom,
and the 1o and 20 lines are coincident with that of the chi-square
distribution. Therefore, the quasi-periodic signals in the three short
GRBs are not overestimated.

3.4 The duration of the quasi-periodic signal

Another important question is whether the quasi-periodic signal
exists during the prompt emission of those three short GRBs. One
needs to understand the duration of the quasi-periodic signal with
a high confidence probability. Fig. 7 shows the light curves of
prompt emission (A) and a two-dimensional image-style graph of the
power spectrum (B). The image-style graph of the power spectrum
in Fig. 7(B) is composed of a time window of 0.256 s with a step size
of 0.0512 s. It indicates that at least five time windows are shared
data for any length of the signal, so we only focus on the duration of
the signal which is more than five consecutive time windows. One
can obtain the minimum (7,,;,) and maximum (7, ) duration of the
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signal when the number of consecutive time windows of the signal
(Nsgg) exceeds five, namely,

Tmin = (NSEG — 6) X 00512,

Tmax = (NSEG - 5) x 0.0512.

For example, the first time windows do not overlap exactly with that

(14)

15)

of the last time series if the number of consecutive time windows in

which the signal is detected is equal to six, namely, six time-steps of
0.0512s.

Next, we consider the power spectrum R; to be greater than 6
as the standard for the existence of a signal. The probability of
exceeding a value of 6 for a chi-squared distribution with 2 degrees
of freedom is 0.05, which is approximately 2o . Based on the results
of the analysis, we find that there are seven time windows in both
GRB 181222B and GRB 190606A that detected the signal, and six
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time windows in GRB 120323A with a signal detection. The first
and last time windows of those three short GRBs are included in
their prompt emission (see Fig. 7A). Therefore, we believe that the
detected high-frequency quasi-periodic signals are likely to originate
in the prompt emission of the short GRBs themselves.

4 CONCLUSIONS

The remnants of NS-NS mergers remain an open question, and the
solution depends on the poorly constrained equation of state. One
possible remnant for such a merger may be an HMNS which is
supported by differential rotation that may survive for about 300 ms
before collapsing into a BH. If this is the case, it may leave a clue
with a high-frequency QPO in the prompt emission of short GRBs.
In this work, by systematically searching for more than 3674 GRBs
(including 605 short GRBs) observed by Fermi/GBM, we find three
short GRBs (e.g. GRBs 120323A, 181222B, and 190606A) with
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QPO that peaked at 12587, 6237, and 141072 Hz, respectively, all
with a confidence level above 5.20.

Based on the data analysis of our QPO search for those three
short GRBs, we find that the duration of a detected QPO is shorter
than that of the burst. For example, the start and end times of
the burst for GRBs 120323A, 181222B, and 190606A are [0,
0.384], [0.032, 0.576], and [0, 0.224] s, respectively. However,
the start and end time of the detected QPO for those three short
GRBs are [0.0384 £ 0.0256, 0.0896 £ 0.0256], [0.064 £ 0.0256,
0.1664 £ 0.0256], and [0.01 % 0.0256, 0.112 £ 0.0256] s, respec-
tively. On the other hand, the light curves of those three short GRBs
seem to be composed of two pulses, and it is found that the QPO
signals exist during the first pulse and the rising segment of the second
pulse, but disappear during the decay segment of the second pulse.
In general, two effects may result in such a situation. One is incorrect
data analysis with the selected time-step, but we adopted a time-step
of duration 0.0512 s which is much less than the burst duration. This
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smaller time-step is not likely to result in such a situation. The QPO
signal disappearing during the decay segment of the second pulse
may arise in the intrinsic physics, but this remains debatable.

From the theoretical point of view, an HMNS with ultrastrong
magnetic fields induced by small-scale turbulent processes that
formed via NS mergers may be a potential source producing the
high-frequency QPO in short GRBs (Price & Rosswog 2006; Kiuchi
et al. 2015; Chirenti et al. 2019; Most & Quataert 2023). After
the HMNS forms, the strong toroidal magnetic fields in the surface
of the star induce buoyant instabilities (Acheson & Gibbons 1978)
which can then lead to a rise of poloidal loops in the surface
layers (Kiuchi, Yoshida & Shibata 2011). If this is the case, a
strong differential rotation is naturally formed to inflate these loops
(Kastaun, Ciolfi & Giacomazzo 2016; Hanauske et al. 2017), and
then launch quasi-periodic emissions of powerful electromagnetic
radiation (Beloborodov, Hascoét & Vurm 2014). Recently, numerical
relativity simulations suggest that the quasi-periodic electromagnetic
substructure is dominated by magnetohydrodynamic shearing, which
may naturally explain the recently reported QPO in the short
GRB 910711 (Chirenti et al. 2023; Most & Quataert 2023). If an
HMNS is indeed operating in some GRBs, searching for such high-
frequency QPO in the short GRBs is very important for understanding
the NS equation of state (Paschalidis et al. 2015; Breschi et al. 2022).

However, invoking an HMNS to interpret the high-frequency
QPO in the prompt emission of those three short GRBs (e.g.
GRBs 120323A, 181222B, and 190606A) imposes two curious
questions that are not clarified in either theory or numerical relativity
simulations of NS mergers. One question regards the composition
and structure of an HMNS. Initially, the temperature should be high
enough shortly after the formation of the HMNS, and the composition
of the HMNS should be dominated by fluid instead of rigid structure
because there has not been enough time to cool down. If this is the
case, the oscillation of fluid seems to have difficulty producing such
high-frequency quasi-periodic signals. The other question is how
to produce the QPO signals only in the first pulse and the rising
segment of the second pulse. There remains a poor understanding of
this question.

In order to investigate the remnants of those three short GRBs-like
events and find evidence for an HMNS in a double NS merger, more
information from the simultaneous detection of both gravitational
wave and multiband electromagnetic radiation is essential. We there-
fore strongly encourage follow-up observations when the LIGO—
Virgo—-KAGRA (LVK) Collaboration detects the gravitational wave
signal of those three short GRBs-like events in the future.
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