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A B S T R A C T 

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 

+ 6 
−6 Hz for GRB 120323A, 623 

+ 4 
−4 Hz for 

GRB 181222B, and 1410 

+ 4 
−5 Hz for GRB 190606A are all with a confidence level above 5 . 2 σ . 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. 
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 I N T RO D U C T I O N  

ince the disco v ery of gamma-ray bursts (GRBs) in 1963, several
ines of observational evidence suggest that the progenitors of short- 
uration GRBs (Kumar & Zhang 2015 ) or nearby short-duration 
RBs with extended emission (L ̈u et al. 2022 ; Rastinejad et al.
022 ; Troja et al. 2022 ; Yang et al. 2022 ; Chang et al. 2023 ; Ferro
t al. 2023 ; Gompertz et al. 2023 ; Du et al. 2024a , b ) originate in the
ergers of two compact stellar objects. The leading model is neutron 

tar–neutron star (NS–NS) mergers (Paczynski & Anderson 1986 ; 
ichler et al. 1989 ) or neutron star–black hole (NS–BH) mergers 

Paczynski 1991 ). The first direct detection of the NS–NS merger 
vent GW170817, which was associated with short GRB 170817A 

nd kilonova AT2017gfo, has firmly verified the NS–NS merger 
odel at least for some short GRBs (Abbott et al. 2017 ; Goldstein

t al. 2017 ; Savchenko et al. 2017 ; Zhang et al. 2018 ; L ̈u et al. 2019 ).
Man y groups hav e studied the mergers of two neutron stars

NSs) in numerical relativity simulations (Rosswog, Ramirez-Ruiz & 

avies 2003 ; Rezzolla et al. 2011 ; Hotokezaka et al. 2013 ; Nagakura
t al. 2014 ), but the origin of the remnants of NS–NS mergers remains
n open question (Zhang 2011 ). Since both the NS equation of state
nd the nascent NS mass are poorly constrained, there are four types
f merger remnants that may be formed under certain conditions 
Rosswog et al. 2000 , 2014 ; Dai et al. 2006 ; Fan & Xu 2006 ; Rezzolla
t al. 2010 ; Giacomazzo & Perna 2013 ; Zhang 2013 ; Lasky et al.
014 ; Gao, Zhang & L ̈u 2016 ; Li et al. 2016 ; L ̈u et al. 2018 ; Sarin &
asky 2021 ): (1) a black hole (BH) surrounded by a dense torus; (2)
 E-mail: lhj@gxu.edu.cn 1

2025 The Author(s). 
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 differential-rotation-supported hypermassive NS (HMNS), which 
ay survive for ∼300 ms before collapsing into a BH (Rosswog et al.

003 ; Paschalidis, Etienne & Shapiro 2012 ); (3) a supramassive NS
SMNS) supported by rigid rotation, which may survive for hundreds 
f seconds before collapsing to a BH (Rowlinson et al. 2010 ; L ̈u et al.
017 , 2020 ); and (4) a stable NS with a much longer lifetime (Dai
t al. 2006 ; Zhang 2013 ; L ̈u et al. 2015 ; Gao et al. 2016 ). The
ynamical nature of the NS–NS merger suggests that quasi-periodic 
ignals and quasi-periodic oscillations (QPOs) are more probable if 
he central engine is an HMNS (Chirenti et al. 2019 ), or if internal
lateau 1 emission (or plateau emission) in X-rays could be shown at
 later time within the SMNS (or stable NS) as the central engine
Dai & Lu 1998 ; Zhang & M ́esz ́aros 2001 ). 

From an observational point of view, a small fraction of short
RBs that have plateau (or internal plateau) emission in X-rays point

owards a stable NS (or a SMNS) as the central engine of short GRBs
Dai & Lu 1998 ; Zhang & M ́esz ́aros 2001 ; Rowlinson et al. 2010 ,
013 ; L ̈u et al. 2015 , 2017 ). Ho we ver, due to their short lifetimes, it is
ifficult to observe definite clues for the HMNS as the central engine
f short GRBs. Recently, Chirenti et al. ( 2023 ) disco v ered kilohertz
POs in two short GRBs with a confidence level of about 5 σ from

rchi v al Burst And Transient Source Experiment (BATSE) data, and
uggest that these are evidence for a shortly surviving HMNS before
he final collapse into a BH. 

Moti v ated by the abo v e-described search in the BATSE data
or a QPO that is the signature of an HMNS, this paper presents
 systematic analysis of the short-duration GRBs observed with 
 A fairly constant emission followed by a steep decay (Troja et al. 2007 ). 
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ermi /Gamma-ray Burst Monitor (GBM) since its inception in 2008
nd investigates whether such QPOs are also hidden in the light
urves of those short GRBs. We systematically searched more than
674 GRBs observed by Fermi /GBM and found 605 short-duration
RBs. We focused on analysing the 605 short-duration GRBs

nd found that three short-duration GRBs (e.g. GRBs 120323A,
81222B, and 190606A) with a high-frequency quasi-periodic signal
an be identified with a confidence level above 5 . 2 σ . Our data
eduction and QPO search method are shown in Section 2 . The
bservations and results of our QPO search for those three GRBs
re presented in Section 3 . Conclusions are drawn in Section 4 with
ome additional discussions. 

 DATA  R E D U C T I O N  A N D  Q P O  SEARCH  

.1 Fermi /GBM data reduction 

he Fermi satellite was launched in 2008 June and has been in
peration for 16 yr. There are two instruments onboard the Fermi
atellite. One is the GBM (Meegan et al. 2009 ), which has 12 sodium
odide (NaI) and two bismuth germanate scintillation detectors
o v ering the 8 keV–40 MeV energy band. The other is the Large
rea Telescope (Atwood et al. 2009 ), which has an energy co v erage

rom 20 MeV to 300 GeV. 
In order to test how many short GRBs contain high-frequency

uasi-periodic signals, as of 2024 June, we download the GBM
ata for all GRBs from the public science support centre at the
fficial Fermi website. 2 A PYTHON code based on Fermi GBM DATA

OOLS (v1.1.1) 3 was developed to extract the light curves for different
etectors. We find that the light curves of more than 3674 GRBs can
e identified for extraction. More details of light curv e e xtraction can
e found in Zhang et al. ( 2011 ). 
We find that the T 90 of 605 GRBs out of 3674 GRBs are less

han 2 s at the official Fermi website. Here, we focus on studying
he 605 short-duration GRBs and extract the light curves of those
hort-duration GRBs from 12 NaI detectors by adopting a 128 μs
ime bin. 

.2 QPO search method in short GRB samples 

he data that we adopted consist of a flux time series of 605
hort GRBs, and it includes 12 simultaneous light curves from
he 12 NaI detectors in the GBM TTE (time-tagged event) data for
ach short GRB. We extracted the NaI detector light curve with
 time bin of 128 μs in the energy range of 50–900 keV. Each
aI detector points to a slightly different position on the sky, the

ight curves of each GRB are ranked in order of increasing angular
istance between the GRB position and detector pointing. They are
esignated as LC i , where i = 1 , 2 . . . , 12 from closest to farthest. 12
ummed light curves are constructed by successively adding one
ore light curve to the sum in order of the ranking. These are

esignated as 

C sum 

( n ) = 

n ∑ 

i= 1 

LC i , n = 1 , 2 , . . . , 12 . (1) 

hese summed light curves are not statistically independent. Next,
e applied to LC sum 

( n ) and cut down the light curves to a duration
NRAS 537, 2313–2322 (2025) 

 ftp://le gac y.gsfc.nasa.go v/fermi/data/gbm/bursts . 
 https:// fermi.gsfc.nasa.gov/ ssc/ data/ analysis/ gbm/ 

R

w  

G  
f 2.048 s, which consists of 16 000 bins. Our selection of the start
nd end times of the light curves can be expressed as 

 start = T 90 - mid − 1 . 024 , (2) 

 end = T 90-mid + 1 . 024 , (3) 

 90-mid = 

T 90-start + T 90-end 

2 
. (4) 

ere, the T 90 is the duration in which 90 per cent of the burst flux was
ccumulated, the T 90-start is defined as the time at which 5 per cent of
he total GRB’s flux has been detected, and the T 90-end is defined as
he 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
alculating 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 I j can be
xpressed as 

 j = 

1 

N 

| a j | 2 , j = 1 , . . . , N/ 2 . (5) 

ere, the a j is the result of the DFT, and N is the number of bins in a
ight curve. Each power spectrum I j is fitted with a broken power law
lus constant using the maximum likelihood method (Vaughan 2010 )
y assuming that the powers are exponentially ( χ2 

v with 2 degrees
f freedom) distributed. The broken power-law function can be
xpressed as 

 j = 

{
β j −α1 + C j ≤ j b , 

β j 
α2 −α1 
b j −α2 + C j > j b , 

(6) 

here α1 and α2 are the exponential slopes, respectively, j b is the
reak point between the two slopes, and C is the white noise com-
onent of the power spectrum. The likelihood function is equi v alent
o minimizing the function D which is expressed as 

 = 2 
N/ 2 ∑ 

j= 1 

I j 

S j 
+ ln S j . (7) 

ach power spectrum is divided by its best fit S j , and the renormal-
zation powers are designated as 

 j = 2 
I j 

S j 
, j = 1 , 2 , . . . , 8000 . (8) 

Given the evolution and power spectral leakage of quasi-periodic
ignals, the signal power may exceed the background noise level
t se veral consecuti ve Fourier frequencies. Therefore, each power
pectrum is searched for excesses in power summed o v er k consec-
tiv e frequenc y bins for values of k from 1 to 10. This search is
erformed using the summed power of 8000 − k + 1 maximally
 v erlapping groups of powers so these summed powers are not
tatistically independent. The summed power spectrum R k can be
xpressed as 

 k ( j ) = 

j+ k−1 ∑ 

j 

R j , j = 1 , 2 , . . . , 8000 − k. (9) 

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

 k -max = Max ( R k ( j )) , (10) 

here R k - max is the largest value in the power spectrum R k ( j ). Each
RB contains 12 light curves, and we search each power spectrum

https://legacy.gsfc.nasa.gov/fermi/data/gbm/bursts
https://fermi.gsfc.nasa.gov/ssc/data/analysis/gbm/
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or 10 values of k and, therefore, obtain 120 R k -max values for each
RB. In order to e v aluate whether or not R k -max is generated by
uasi-periodic signals, one can calculate the probability that R k -max 

s not produced by noise. A simulation is performed generating 10 10 

ower spectra from 10 10 simulated Poisson noise light curv es. F or
ach simulated power spectrum, 10 R k -max ( k = 1,...,10) values are
enerated by the method described abo v e. To estimate a confidence
evel associated with a given R k -max , the number of times N k -max 

hat this R k -max is exceeded in the 10 10 simulated power spectra is
ounted. The probability G k of a given R k -max value is then calculated
s 

 k = 1 − N k -max 

10 10 
, (11) 

here G k is the probability that R k -max is not generated by random
oise. Therefore, for each GRB, we can obtain 120 different G k 

alues. If there is a quasi-periodic signal in a GRB, the maximum
 k value is the value that is most likely to be produced by the quasi-

eriodic signal. This procedure can be represented as 

 max = max ( G k ) . (12) 

Ho we ver, we note that this maximum probability G max is not the
onfidence at which any QPO is detected, because the procedure 
e followed entails searching for the most significant power excess 

mong many statistically dependent trials. The true detection con- 
dence is estimated below in Section 3 . We define the probability

nto four confidence levels, namely 3 σ (0.997), 4 σ (0.99936), 5 σ
0.9999994), and 6 σ (0.999999998). 

A standard analysis to calculate the frequency and error of a quasi-
eriodic signal is to adopt a Lorentzian function to fit the power
pectrum I j (Chirenti et al. 2023 ), with the Lorentzian function ( LF j )
eing expressed as 

F j = S j + L j = S j + 

A 

1 + 

( j−v) 2 

( �v) 2 

. (13) 

ere, S j is the best fit with a broken power-law function, and it is not
 free parameter in the fits. A is the power density of the Lorentzian
t its centre, v is the central frequency of the Lorentzian, and �v 

s the full width at half-maximum of the Lorentzian. We adopt the
entral frequency v as the representative frequency of the quasi- 
eriodic signal. By considering the frequency of the quasi-periodic 
ignal which is distributed within a range, we use the 90 per cent
ntegral area of the L j function within the F ourier frequenc y as
he representative frequency range of the quasi-periodic signal. The 
ower limit and upper limit of the frequency correspond to the integral
rea 5 and 95 per cent, respectively. 

 Q P O  SEA R C H  RESULTS  IN  S H O RT  G R B  

AMPLES  

ased on the statistical analysis abo v e, one can calculate the power
pectrum of each light curve observed by the 12 detectors for a given
hort GRB. Then we can obtain the G max values for each GRB. Fig. 1
hows the G max distribution of 605 short GRBs. We find that there are
hree short GRBs with G max more than 6 σ , namely GRBs 120323A,
81222B, and 190606A. The light curves of prompt emission for 
he three short GRBs are shown in Fig. 2 (A). Fig. 2 (E) shows the
ower spectra of the three short GRBs, and the horizontal lines are
he R k -max values from the 10 10 simulated power spectra (mentioned 
n Section 2.2 ) for which G k values is equal to the probability of 3 σ ,
 σ , 5 σ , and 6 σ . 
We list the fitting results of the Lorentzian function for 
RBs 120323A, 181222B, and 190606A in Table 1 . The central

requency v is 1258 + 6 
−6 Hz for GRB 120323A, 623 + 4 

−4 Hz for
RB 181222B, and 1410 + 4 

−5 Hz for GRB 190606A, respectively. 
ne question is whether or not such high-frequency QPOs in those

hree short GRBs are caused by random noise or the instrumental
esponse of the detector. In order to test the possibility of the abo v e
ffects on the QPO signal, we adopt the simulations to perform the
est, and the details are described as follows. 

.1 The effect of random noise 

irst, we adopt random Poisson noise to simulate 12 light curves
o represent one GRB with 12 detectors. Each of the simulated 12
ight curves is generated and successively added together to produce 
2 statistically dependent summed light curves. Then, we calculate 
he power spectra for each summed light curve. One can obtain 120
 k -max v alues whose G k v alues are e v aluated by using the results from

he earlier 10 10 simulated power spectra. Out of the 120 G k values,
he o v erall G max is selected. Finally, by adopting the same method
bo v e, we repeat the simulations 10 8 times and obtain the distribution
f G max of the Poisson noise in this way. The G max distribution of
he simulated light curves is shown in Fig. 1 . We find that the G max 

f 13 of the simulations are larger than 6 σ , which means that there is
 . 3 × 10 −7 probability of getting a G max abo v e 6 σ in each simulation.
herefore, the confidence level of the three quasi-periodic signals 
xceeds 5.2 σ (1 . 3 × 10 −7 ). Then, we adopt a binomial distribution
o calculate the probability of obtaining more than three events in
ur 605 simulations, and the probability is 8 . 06 × 10 −14 . If this is the
ase, the high-frequency QPO that we detected in those short GRBs
s not likely to be caused by random noise. 

.2 The effect of instrumental response 

here are several effects that could result in quasi-periodic signals 
n the light curve of GRBs such as dead time of detectors, spectral
eakage, detection method, and the GRB itself. If the detected quasi-
eriodic signal in the light curve of a short GRB is not from the burst
tself but is caused by the dead time of detectors, then the quasi-
eriodic signal should exist in other GBM light curves of GRBs as
ell. In order to test this possibility, we select the 3069 long GRBs
 90 > 2 s observed by Fermi /GBM until 2024 June and search for
uasi-periodic signals in the light curves of long GRBs to compare
ith that of short GRBs. We adopt 3069 long GRBs as the sample to

xtract light curves of 12 detectors ranging from −20 . 48 to 307.2 s.
ecause the time window of short GRBs is 2.048 s, we separate
ach extracted long GRB light curve into 160 time segments with a
ime window of 2.048 s. If this is the case, the total number of time
indows is 470 984 for the 3069 long GRBs. 
We obtained 21 events with G max values larger than 6 σ in 470 984

ime windows. These 21 events all originate in two GRBs, namely
RB 130427A and GRB 221009A. Fig. 3 shows the two quasi-
eriodic signals from GRB 130427A and GRB 221009A. They 
re extremely bright GRBs that reached the maximum flux limit 
f the GBM detectors and are reported to be supersaturated in the
ermi /GBM (Ackermann et al. 2014 ; Williams et al. 2023 ). This
eans that the prompt emission data of those two GRBs are not

ntrinsic, so we infer that the detected quasi-periodic signal possibly 
riginated from the detector. The detected fluxes of the three short
RBs (e.g. GRBs 190606A, 120323A, and 181222B) are not super- 

aturated in the Fermi /GBM, which indicates that the detected quasi-
eriodic 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 8 times of simulations by adopting random Poisson noise (green line), and 
470 984 time windows in 3069 long GRBs (blue line) with normalization in both linear scale (top) and logarithmic scale (bottom). Different vertical lines 
correspond to 3 σ , 4 σ , 5 σ , and 6 σ of G max values, respectively. 
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y flux supersaturation. The short GRB 181222B maximum flux rate
f the second pulse may be nearing supersaturation. Ho we ver, the
uasi-periodic signal of GRB 181222B during the first pulse and
he rising segment of the second pulse (see Section 3.4 ). Therefore,
he quasi-periodic signal in GRB 181222B is not likely caused by
ux supersaturation. Moreo v er, we do not detect other quasi-periodic
ignals which G max values exceed 6 σ in the 470 984 time windows.
e believe that the probability of other effects causing quasi-periodic

ignals in the three short GRBs is relatively low. It suggests that the
uasi-periodic signal detected in 605 time series is not caused by the
ead time of detectors, but is likely to be a unique phenomenon of
hort GRBs. 

On the other hand, we note that there are 13 short GRBs out of 605
ith signals which are existence with G max between 4 σ and 6 σ (see
ig. 1 ). The reason for such signals with high confidence levels that
re caused by random noise can be ruled out. It indicates that several
hort GRBs with quasi-periodic signals out of 13 remain possible
rom the short GRB itself. In order to find out which short GRB with
 quasi-periodic signal out of 13 is from the short GRB itself, one
eeds to find out the quasi-periodic signal in those long GRBs with
alues of G max between 4 σ and 6 σ . Ho we ver, we cannot determine
he origin of quasi-periodic signals in those long GRBs with a value
f G max between 4 σ and 6 σ . Therefore, we cannot confirm whether
NRAS 537, 2313–2322 (2025) 
he quasi-periodic signals in short GRBs are different from those in
ong GRBs. So, we only discuss those short GRBs with G max values
xceeding 6 σ in this paper. 

.3 The effect of detected method 

xcepting the effects from the random noise and instrumental
esponse, the detection method of a quasi-periodic signal can also
ffect the confidence level of the quasi-periodic signal (such as
pectral leakage). The ratio R j will only follow the chi-squared
istribution with 2 degrees of freedom expected from a random
rocess time series if the denominator S j correctly describes the
ean of the parent distribution from which the I j was drawn (see
ig. 2 B). This is due to the fact that small deviations in S j from the
orrect value strongly affect the statistics of any power. One needs
o check whether the photon noise in the light curve is Poisson noise
r not, and provide the best S j fitting results. 
In Fig. 4 , we show the R j distributions of all power spectra for

hort GRBs and long GRBs, respectively. The distributions of R j for
oth short GRBs and long GRBs are almost consistent with the chi-
quare distribution. If the denominator S j does not correctly describe
he mean of the parent distribution from which the I j were drawn,
he maximum R j values of both short GRBs and long GRBs in the
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Figure 2. The merged light curves of prompt emission of short GRBs 120323A, 181222B, and 190606A (A). Power spectrum I j and S j with broken power-law 

fit (B) and Lorentzian function in the inset window. The ratio R j between I j to S j (C). Distributions of R j and χ2 
2 (D), and R k ( j ) (E). Confidence levels shown 

are for the value of k indicated in each panel, as determined from simulations (see Section 3 ). 
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Table 1. The best-fitting parameters of the Lorentzian function. 

GRB v (Hz) �v (Hz) Power density of Lorentzian A Frequency range (Hz) 

120323A 1258 1 14.44 1252 –1264(1258 + 6 −6 ) 
181222B 623 0.6 37.04 619 –627(623 + 4 −4 ) 
190606A 1410 0.7 7.09 1405 –1414(1410 + 4 −5 ) 

Figure 3. The same as Fig. 2 , but for GRB 130427A (left) and GRB 221009A (right). 
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ower spectrum should be o v erestimated. We show the distributions
f the maximum R j values of both short GRBs and long GRBs and
hen compare them with the simulated 10 8 GRBs in Fig. 5 . The

aximum R j of short GRBs 120323A, 181222B, and 190606A are
lso shown in Fig. 5 . It is found that the distributions of the maximum
 j values of both short GRBs and long GRBs are similar to that of

imulated results, and the confidence level of short GRBs and long
RBs within 3 σ completely o v erlap with that of the simulated GRBs.
his indicates that the majority of the fitting results of short GRBs
nd long GRBs follow a chi-square distribution with 2 degrees of
reedom. 

On the other hand, in order to check whether the R j distributions
f short GRBs and long GRBs are dependent on frequency or not,
e show the average and variance of R j as a function of frequency

n Fig. 6 . The average and variance of the chi-square distribution
ith 2 degrees of freedom are 2 and 4, respectively. We find that the

verage and variance values of R j at frequencies abo v e 200 Hz do not
ignificantly deviate from the results of the chi-square distribution
ith 2 degrees of freedom (see Fig. 6 ). Ho we v er, the av erage and
 ariance v alues of R j are underestimated at frequencies below 200 Hz
y comparing with the chi-square distribution with 2 degrees of
reedom (see Fig. 6 ). The underestimated R j values may result in a
o wer confidence le vel, but it does not af fect a signal with a higher
onfidence level. 
NRAS 537, 2313–2322 (2025) 
Finally, based on Fig. 2 (B) and equation ( 8 ), one can plot the power
pectrum of R j in Fig. 2 (C). Moreo v er, one needs to examine whether
 j is o v erestimated in GRBs 190606A, 120323A, and 181222B, so
e add the distribution of R j in Fig. 2 (D). It is found that the R j 

istributions in GRBs 190606A, 120323A, and 181222B are similar
o that of the chi-square distribution with 2 degrees of freedom,
nd the 1 σ and 2 σ lines are coincident with that of the chi-square
istribution. Therefore, the quasi-periodic signals in the three short
RBs are not o v erestimated. 

.4 The duration of the quasi-periodic signal 

nother important question is whether the quasi-periodic signal
xists during the prompt emission of those three short GRBs. One
eeds to understand the duration of the quasi-periodic signal with
 high confidence probability. Fig. 7 shows the light curves of
rompt emission (A) and a two-dimensional image-style graph of the
ower spectrum (B). The image-style graph of the power spectrum
n Fig. 7 (B) is composed of a time window of 0.256 s with a step size
f 0.0512 s. It indicates that at least five time windows are shared
ata for any length of the signal, so we only focus on the duration of
he signal which is more than five consecutive time windows. One
an obtain the minimum ( T min ) and maximum ( T max ) duration of the
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Figure 4. Distributions of all R j values of short GRBs (left) and long GRBs (right) in both linear scale (top) and logarithmic scale (bottom), and χ2 
2 distribution. 

Figure 5. Distributions of max ( R j ) values of short GRBs (top) and long GRBs (bottom), and 10 8 simulated GRBs. 
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ignal when the number of consecutive time windows of the signal 
 N SEG ) exceeds five, namely, 

 min = ( N SEG − 6) × 0 . 0512 , (14) 

 max = ( N SEG − 5) × 0 . 0512 . (15) 

 or e xample, the first time windows do not o v erlap e xactly with that
f the last time series if the number of consecutive time windows in
hich the signal is detected is equal to six, namely, six time-steps of
.0512 s. 
Next, we consider the power spectrum R j to be greater than 6

s the standard for the existence of a signal. The probability of
xceeding a value of 6 for a chi-squared distribution with 2 degrees
f freedom is 0.05, which is approximately 2 σ . Based on the results
f the analysis, we find that there are seven time windows in both
RB 181222B and GRB 190606A that detected the signal, and six
MNRAS 537, 2313–2322 (2025) 
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M

Figure 6. The average and variance of R j values of each Fourier frequency for short GRBs (left) and long GRBs (right). The blue dashed lines are average and 
variance of χ2 

2 distribution. 

Figure 7. Light curves of prompt emission of short GRBs 120323A, 181222B, and 190606A (A). 2D image-style graph of the power spectrum in a 0.256 time 
window with a step size of 0.0512 s (B). The red dashed and purple dashed lines are the first and last time segments where the signal exceeds 2 σ , respectively. 
The powers corresponding to each 0.256 s time window are plotted in the first 0.0512 s of that window. 
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ime windows in GRB 120323A with a signal detection. The first
nd last time windows of those three short GRBs are included in
heir prompt emission (see Fig. 7 A). Therefore, we believe that the
etected high-frequency quasi-periodic signals are likely to originate
n the prompt emission of the short GRBs themselves. 

 C O N C L U S I O N S  

he remnants of NS–NS mergers remain an open question, and the
olution depends on the poorly constrained equation of state. One
ossible remnant for such a merger may be an HMNS which is
upported by differential rotation that may survive for about 300 ms
efore collapsing into a BH. If this is the case, it may leave a clue
ith a high-frequency QPO in the prompt emission of short GRBs.

n this work, by systematically searching for more than 3674 GRBs
including 605 short GRBs) observed by Fermi /GBM, we find three
hort GRBs (e.g. GRBs 120323A, 181222B, and 190606A) with
NRAS 537, 2313–2322 (2025) 
PO that peaked at 1258 + 6 
−6 , 623 + 4 

−4 , and 1410 + 4 
−5 Hz, respectively, all

ith a confidence level above 5.2 σ . 
Based on the data analysis of our QPO search for those three

hort GRBs, we find that the duration of a detected QPO is shorter
han that of the burst. For example, the start and end times of
he burst for GRBs 120323A, 181222B, and 190606A are [0,
.384], [0.032, 0.576], and [0, 0.224] s, respecti vely. Ho we ver,
he start and end time of the detected QPO for those three short
RBs are [0.0384 ± 0.0256, 0.0896 ± 0.0256], [0.064 ± 0.0256,
.1664 ± 0.0256], and [0.01 ± 0.0256, 0.112 ± 0.0256] s, respec-
ively. On the other hand, the light curves of those three short GRBs
eem to be composed of two pulses, and it is found that the QPO
ignals exist during the first pulse and the rising segment of the second
ulse, but disappear during the decay segment of the second pulse.
n general, two effects may result in such a situation. One is incorrect
ata analysis with the selected time-step, but we adopted a time-step
f duration 0.0512 s which is much less than the burst duration. This
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maller time-step is not likely to result in such a situation. The QPO
ignal disappearing during the decay segment of the second pulse 
ay arise in the intrinsic physics, but this remains debatable. 
From the theoretical point of view, an HMNS with ultrastrong 
agnetic fields induced by small-scale turbulent processes that 

ormed via NS mergers may be a potential source producing the 
igh-frequency QPO in short GRBs (Price & Rosswog 2006 ; Kiuchi 
t al. 2015 ; Chirenti et al. 2019 ; Most & Quataert 2023 ). After
he HMNS forms, the strong toroidal magnetic fields in the surface 
f the star induce buoyant instabilities (Acheson & Gibbons 1978 ) 
hich can then lead to a rise of poloidal loops in the surface

ayers (Kiuchi, Yoshida & Shibata 2011 ). If this is the case, a
trong differential rotation is naturally formed to inflate these loops 
Kastaun, Ciolfi & Giacomazzo 2016 ; Hanauske et al. 2017 ), and 
hen launch quasi-periodic emissions of powerful electromagnetic 
adiation (Beloborodov, Hasco ̈et & Vurm 2014 ). Recently, numerical 
elativity simulations suggest that the quasi-periodic electromagnetic 
ubstructure is dominated by magnetohydrodynamic shearing, which 
ay naturally explain the recently reported QPO in the short 
RB 910711 (Chirenti et al. 2023 ; Most & Quataert 2023 ). If an
MNS is indeed operating in some GRBs, searching for such high- 

requency QPO in the short GRBs is very important for understanding
he NS equation of state (Paschalidis et al. 2015 ; Breschi et al. 2022 ).

Ho we ver , in voking an HMNS to interpret the high-frequency
PO in the prompt emission of those three short GRBs (e.g. 
RBs 120323A, 181222B, and 190606A) imposes two curious 
uestions that are not clarified in either theory or numerical relativity 
imulations of NS mergers. One question regards the composition 
nd structure of an HMNS. Initially, the temperature should be high 
nough shortly after the formation of the HMNS, and the composition 
f the HMNS should be dominated by fluid instead of rigid structure
ecause there has not been enough time to cool down. If this is the
ase, the oscillation of fluid seems to have difficulty producing such 
igh-frequency quasi-periodic signals. The other question is how 

o produce the QPO signals only in the first pulse and the rising
egment of the second pulse. There remains a poor understanding of
his question. 

In order to investigate the remnants of those three short GRBs-like
vents and find evidence for an HMNS in a double NS merger, more
nformation from the simultaneous detection of both gravitational 
ave and multiband electromagnetic radiation is essential. We there- 

ore strongly encourage follo w-up observ ations when the LIGO–
irgo–KAGRA (LVK) Collaboration detects the gravitational wave 

ignal of those three short GRBs-like events in the future. 
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