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Abstract

The detection of quasi-periodic oscillations (QPOs) in magnetar giant flares (GFs) has brought a new perspective to
studies of the mechanism of magnetar bursts. Due to the scarcity of GFs, searching for QPOs in magnetar short
bursts is reasonable. Here we report the detection of a narrow QPO at approximately 110 Hz and a wide QPO at
approximately 60 Hz in the short magnetar burst SGR 150228213, with a confidence level of 3.35σ. This burst was
initially attributed to 4U 0142+61 by Fermi/GBM on location, but we have not detected such QPOs in other bursts
from this magnetar. We also found that there was a repeating fast radio burst associated with SGR 150228213 on
location. Finally, we discuss the possible origins of SGR 150228213.
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1. Introduction

Magnetars are a class of young neutron stars that have the
strongest magnetic fields in the universe found so far. They
have typical magnetic fields B∼ 1014 G, spin period
P∼ 2–12 s, and spin-down rate  ~ -P 10 13–10−11 s s−1

(Turolla et al. 2015). These isolated neutron stars emit a wide
array of electromagnetic radiation in radio, optical, X-ray, and
gamma-ray bands by the decay of their enormous internal
magnetic fields, which also yields the name “magnetar”
(Duncan & Thompson 1992; Kaspi & Beloborodov 2017).
Magnetars can be divided into soft gamma repeaters (SGRs)
and anomalous X-ray pulsars (AXPs) judging from burst
activities and other aspects.

Bursts from magnetars can be divided into three categories:
short bursts are the most common type and have typical
duration ∼0.1 s and peak luminosities ∼1039–1041 erg s−1;
intermediate flares are rare events that usually last 1–40 s with
peak luminosities ∼1041–1043 erg s−1; giant flares (GFs) are
the most violent and unusual activities in magnetars and have
an extremely bright hard peak lasting 0.1–0.2 s with a
luminosity of 1044–1047 erg s−1, which is usually followed
by a long pulsating tail lasting a few hundred seconds and
modulated by the magnetar spin period (Turolla et al. 2015).
Only four such GFs have been confirmed: GRB 790 305 from
SGR 0526-66 (Mazets et al. 1979; Cline et al. 1980), GRB
980827 from SGR 1900+14 (Feroci et al. 1999; Hurley et al.
1999; Mazets et al. 1999), GRB 041227 from SGR 1806-20
(Cameron et al. 2005; Gaensler et al. 2005; Hurley et al. 2005;
Palmer et al. 2005), and GRB 200415A (Yang et al. 2020;
Zhang et al. 2020; Roberts et al. 2021; Svinkin et al. 2021).

The associated events of SGR 1935+2154 and FRB 200428
on 2020 April 28 (Lin et al. 2020b; Bochenek et al. 2020;

CHIME/FRB Collaboration et al. 2020; Mereghetti et al. 2020;
Li et al. 2021; Ridnaia et al. 2021) had established that at least
some fast radio bursts (FRBs) are produced during magnetar
bursts (Lyubarsky 2014, 2021; Katz 2016; Yang & Zhang
2018; Yu et al. 2021), but the mechanism behind these
phenomena is unclear. Starquakes have been invoked to
explain the occurrence of hard X-ray bursts and FRBs from
magnetars (Thompson & Duncan 1995; Wang et al. 2018a).
This kind of crustal oscillation would leave imprints in the form
of quasi-periodic oscillations (QPOs) in the temporal profiles of
magnetar bursts (Huppenkothen et al. 2014b; Miller
et al. 2019).
QPOs have been found during the pulsating tails and the

main peak of magnetar GFs (Barat et al. 1983; Israel et al.
2005; Strohmayer & Watts 2005, 2006; Castro-Tirado et al.
2021), and have also been found in some short bursts from
SGRs (Huppenkothen et al. 2014a, 2014c; Li et al. 2022).
These investigations have opened up the possibility of studying
magnetars using asteroseismology (Huppenkothen et al. 2013).
At present, due to the scarcity of GFs, searching for QPOs from
short bursts is reasonable, although the duration of short bursts
would limit the minimum frequency for such a search
(Huppenkothen et al. 2013). In this paper we conduct a
comprehensive analysis of SGR 150228213 and report the
detection of a (quasi-)periodic signal in this burst. The structure
of this paper is as follows. In Section 2 we describe the
Bayesian framework for searching for (quasi-)periodic signals
in the observed periodogram of magnetar bursts and estimating
the significance. Section 3 is the periodogram analysis of SGR
150228213. We describe how to select samples and choose the
appropriate time interval to conduct such analysis. We also
discuss the results of (quasi-)periodic research in this section.
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In Section 4 we discuss possible origins of SGR 150228213
and Section 5 is a summary of this work.

2. Methods for Periodogram Analysis

2.1. Generate the Periodogram

The observed periodogram analyzed in this work is based on
the fast Fourier transform (FFT) of the light-curve data from the
selected time interval. Powers in observed periodogram
correspond to the squared Fourier transform of the data, and
we make use of the stingray Python package (Huppenkothen
et al. 2019) to perform this conversion to get the Leahy-
normalized periodograms.

A periodogram generated from a pure noise process can be
seen as the conversion of a stochastic time series. It is well
known that the periodogram of any stochastic time series of
length N, denoted Ij= I( fj) at Fourier frequency fj= j/NΔT
(with j = 1, ..., N/2), is exponentially distributed about the true
spectral density Sj= S( fj):

/= -p I S
S

I S
1

exp 1j j
j

j j( ∣ ) ( ) ( )

(Groth 1975; Leahy et al. 1983; Timmer & Koenig 1995). Thus
we sampled the exponential distribution corresponding to the
model power to generate (see Vaughan 2010) the simulated
periodograms in this work.

2.2. Model the Periodogram

There are two alternative approaches to modeling the
periodogram: one relies on models of the original light curve
to generate the periodogram, the other uses the models of the
observed periodogram directly. Modeling the original light
curve is based on an accurate understanding of the burst
mechanism, otherwise artificial model selection would have an
immeasurable impact on potential QPO detection. Owing to the
unknown emission mechanism of magnetar bursts, we chose to
model the observed periodogram generated from the original
light curve to search for (quasi-)periodic signals in magnetar
bursts.

While modeling the observed periodogram, we made a
simple but conservative assumption that all broadband powers
in the periodogram are supplied by a noise process without
QPO, which is the combination of red noise at low frequencies
and white noise at high frequencies (Huppenkothen et al.
2013). Based on this assumption, searching for (quasi-)periodic
signals through periodogram research can be followed by the
Bayesian approach developed by Vaughan (2010); such a
method provides a statistically rigorous framework to test
whether additional model components (such as Lorentzian
QPOs) are required by the data. And as was stated in Castro-
Tirado et al. (2021), such an assumption will cause weak
signals at low frequencies to be buried in the higher variance of

the broadband noise but would yield a very low false-positive
detection rate in return.
A theoretical pure red-noise profile follows a broken power-

law model, but in many cases the break frequency is relatively
low, and the red-noise profile would be fitted better by the
power-law model (Belli 1992; Lazzati 2002). Therefore, we
need to select the preferred noise model of the observed
periodogram from these two nested models below. We defined
the PL model as a red-noise power-law function plus a white-
noise (Poisson noise) constant as

n n= +a-P A C, 2( ) ( )

where ν is the frequency, P(ν) is the power, A is the amplitude,
α is the power-law index, and C is the constant representing the
white-noise level. The BPL model is the combination of a
broken power law and a white-noise constant, which is
described as
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where N is the normalization value, νb is the break frequency,
and β is the power-law index after νb.
As for the model fitting, we obtained the optimum model

parameter set from the maximum a posteriori estimates, which
could be computed by minimizing the maximum likelihood
estimation (MLE) function (Vaughan 2010; Huppenkothen
et al. 2013)
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where q = Ip H p I S, j
N

j j
2( ∣ ) ( ∣ ) is the joint likelihood func-

tion, Ij is the individual power in the observed periodogram,
and Sj is the power in the noise model for a parameter set θ.
To select the preferred noise model, we make use of the

likelihood ratio test (LRT). The null hypothesis is that the
periodogram can be described by a simple model, PL (H0); then
we estimated whether the H0 model could be replaced by a
more complex model, BPL (the alternative hypothesis, H1)
through the LRT statistic
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We can generate n sets of simulated periodograms by sampling
the posterior distribution of H0 model parameters. We then
compute the corresponding TLRT by fitting each fake period-
ogram with both H0 and H1 models. The preferred noise model
can be judged from the tail area probability (p-value) of the
observed TLRT in the distribution of the simulated TLRT. It is
necessary to emphasize that this test cannot be seen as direct
evidence in favor of the H1 model (usually the more complex
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one), but only strictly as evidence against the H0 model
(Huppenkothen et al. 2014c).

2.3. Search for (Quasi-)periodic Signals

After the selection of the preferred noise model, we use it to
search for periodic signals or QPO candidates. We computed
residuals of the observed power to noise model power in the
logarithmic periodogram from the selected noise model with
the optimum parameter set. Such a residual is equivalent to Ij/
Sj, for which we can use the TR statistic to estimate the chance
probability of the candidates. TR is the maximum ratio of
observed to model power given by

=T Rmax , 6R j( ˆ ) ( )

where

=R I S2 . 7j j jˆ ( )

In this step, we generated n sets of simulated periodograms by
sampling the posterior distribution of the selected noise model
parameters; from each periodogram we could obtain the new
TR. These statistics would be distributed as χ2 and we can get
the p-value of TR by computing the tail area probability
(Vaughan 2010; Huppenkothen et al. 2013).

The search for QPOs in the observed periodogram is similar
to the selection of a noise model. In this step, the null
hypothesis, H0, becomes that the periodogram can be well
described by the selected noise model, and the alternative
hypothesis, H1, model is the superposition of the H0 noise
model and one or several Lorentz lines to account for QPOs
(Castro-Tirado et al. 2021). A Lorentz line is described by
(Arnaud 1996)

n s p n n s= - +P K 2 2 , 8p
2 2( ) ( ) [( ) ( ) ] ( )

where K is the normalization factor, σ is the FWHM of the line,
and νp is the centroid frequency of QPO. We can take the p-
value of the H1 model obtained by LRT statistics as the
significance of such QPO based on the establishment of H0.

3. Periodogram Analysis for SGR 150228213

3.1. Sample Selection

Fermi/GBM is an all-sky monitor for any burst event and
covers the energy range from 8 keV to 40MeV (Meegan et al.
2009), which is suitable for the detection of short bursts from
magnetars. After years of accumulation, we have collected
information on 524 bursts that were classified as SGR by
machine from the official website of Fermi1; 177 of them are
certified from known sources and the other 347 bursts are
certified from unknown sources.

Studies of magnetar bursts based on the observation data
from Fermi/GBM usually target specific magnetars for batch

analysis, and especially for those active SGRs, e.g., SGR 1935
+2154 (Lin et al. 2020a) and SGR 1550-5418 (Huppenkothen
et al. 2014c). In this work, we focused on those bursts that were
certified from unknown sources and preferred those associated
with known magnetars or FRBs (sources), which are more
likely to originate from magnetars. Therefore, we compared the
location information for the 347 bursts from unknown sources
with 30 magnetars from the McGill Magnetar Catalog2

(Olausen & Kaspi 2014) and 626 FRBs from the CHIME/
FRB catalog3 (CHIME/FRB Collaboration et al. 2021),
FRBCAT4 (Petroff et al. 2016), and the Transient Name
Server.5 After the comparison, except for the samples
associated with SGR 1935+2154, we found only one burst,
SGR 150228213, that is related to a known magnetar, AXP 4U
0142+61, and a repeating FRB source, FRB 180916, on
location.
However, 4U 0142+61 is not associated with FRB 180916,

but the periodogram analysis for SGR 150228213 has revealed
a possible periodic or quasi-periodic signal. The later content of
this section describes our periodogram analysis for SGR
150228213 and estimation of the significance of related results;
two different origins will be discussed in Section 4.

3.2. Light curve Analysis

Considering that short bursts from magnetars usually have
short duration and a soft energy spectrum, we combined the
time-tagged event data files from all triggered NaI detectors
(n4, n8) and rebinned the data to 2 ms time resolution to
analyze the light curve in the energy range 8−100 keV.
We use T90 to describe the main part of this burst, which is

the time interval within which the accumulated counts of the
burst increase from 5% to 95% of the total counts (Kouveliotou
et al. 1993). Since the estimation of T90 will be affected by
background level, and SGR 150228213 was triggered during
the active phase of 4U 0142+61, which had caused the
background to fluctuate greatly, we selected a relatively long
time interval near the burst to estimate the average background
level in order to neutralize the effects of some potentially weak
bursts; this is the time intervals from −25 s to –1 s and 1−25 s
relative to the trigger time T0. The light curve from −0.2 to
0.2 s is shown in Figure 1, in which we also plot the
accumulated net counts corresponding to the light curve. The
T90 we computed is ∼98 ms.
In addition, to depict the local characteristics of the burst and

select a suitable interval to conduct the periodogram research,
we adopted the Bayesian blocks algorithm described in Scargle
et al. (2013) to analyze the light-curve data from −25 s to 25 s
relative to T0 in the same time resolution. The accumulated net

1 https://fermi.gsfc.nasa.gov

2 https://www.physics.mcgill.ca/pulsar/magnetar/main.html
3 https://www.chime-frb.ca
4 https://www.frbcat.org
5 https://www.wis-tns.org
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counts of each “block” are also drawn in Figure 1 in the form of
a ladder graph. For the light curve in Figure 1 that includes the
total duration to calculate T90 of the burst, there is a long
“block” covers the 95% and 100% points of the total
accumulated net counts. According to the description in Yang
et al. (2021), the Bayesian block duration time Tbb for bursts
from magnetar SGR 1935+2156 has a power-law trend with

µ T T90 bb
0.91 0.05. Following this correlation, Tbb,2 ∼ 126 ms

in Figure 1 is the suitable Bayesian block duration of
SGR 150228213. However, since the interval Tbb,2 does not
contain the main part of the burst (T90), we treat the interval
Tbb,1 (−80 ms to 174 ms relative to T0) as the total duration
of SGR 150228213 for periodogram analysis; this contains
the main part of the burst and the part that could not be
distinguished as burst or background.

3.3. Periodogram Analysis

According to temporal analysis of SGR 150228213, we
select two different time segments to compute the observed

periodograms: the interval from −80 ms to 174 ms relative to
T0 denotes the total duration of the burst based on Bayesian
blocks, and the interval from −44.8 ms to 72.8 ms relative to
T0 is the burst duration based on T90, refer to Huppenkothen
et al. (2013). We combined the event data from all detectors in
8–100 keV and rebinned the light-curve data to 0.2 ms time
resolution (corresponding to a Nyquist frequency of 2500 Hz).
Referring to Huppenkothen et al. (2014c), the specific

process for noise model selection and the LRT statistic is as
follows.

1. We made use of the Python package emcee (Foreman-
Mackey et al. 2013) to perform a suit of Markov Chain
Monte Carlo simulations (MCMCs) and sampled the
posterior predictive distribution of the H0 model (PL)
with 50 MCMC ensemble walkers and 1000 samples for
each walker (containing 20% of samples in the burn-in
phase for each walker).

2. We simulated 1000 sets of periodograms from the
MCMC sample of the PL model and fit each periodogram

Figure 1. Light curve of SGR 150228213. (a) The black solid line represents the light curve obtained from the combination of events data from detectors n4 and n8 in
8−100 keV. The red solid line shows the background level. (b) The black points represent the variation in accumulated counts, and the red solid lines show the 0% and
100% levels of the total accumulated counts. The two regions marked by the blue and yellow vertical dashed lines are the T90 and Bayesian block time (Tbb,2) intervals
of the light curve; the time interval Tbb,1 within green vertical dashed lines is the total burst duration we select to conduct the periodogram research.
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with PL and BPL models to compute the distribution of
TLRT for those fake periodograms.

3. If the p-value of rejecting the PL model (H0) from the
observed periodogram falls below 0.05, we selected the
BPL model as the preferred noise model. Otherwise, we
preserve the PL model as the preferred one.

After selection of the noise model, we found that the preferred
noise model of both segments is PL. We then use the PL model
with optimum parameter set to calculate a boundary frequency
between the red-noise-dominated part and the white-noise-
dominated part through ν= (A/C)1/α. Divided by this
boundary, we can compute TR in each part on the observed
periodogram and obtain the corresponding (quasi-)periodic
candidates. Using the MCMC sample of the PL model, we
simulated 1000 sets of periodograms to compute the distribu-
tion of TR in each part on the fake periodograms and then
estimate the corresponding p-value of each candidate.

Results for noise model selection and periodic research in
different time segments are presented in Table 1. It can be seen
that there might be a possible periodic signal or QPO candidate
at ∼110 Hz for each observed periodogram, which is located
within the red-noise-dominated part. The signal with minimum
p(TR) appears in the time interval from −80 ms to 174 ms.

Considering that these candidates could be a narrow QPO
signal at ∼110 Hz, we add one Lorentz line to the PL model as
a new H1 model to fit the observed periodograms in each time
segment. The frequency of each QPO candidate is set as the

initial value of the centroid frequency of the Lorentz line, and
the width of this QPO was limited within a very narrow range
(less than three times the minimum frequency in each
periodogram). As can be seen from Table 2, the centroid
frequency of this narrow QPO we suspect in all segments is
still at about 110 Hz. We then drew 5000 sets of simulated
periodograms from the MCMC sample of the PL model (new
H0 for QPO research) to compute the distribution of LRT
statistics from PL and PL+QPO models; such a QPO with the
lowest p-value (the tail area fraction of TLRT

obs ) of ∼0.0008 exists
in the interval from −80 ms to 174 ms, which is also consistent
with the result above.
Figure 2 is the periodogram of the observed data from −80

ms to 174 ms relative to T0 and the corresponding models with
the optimum parameter sets in each step of the periodogram
analysis. We noticed that there still exists a potential wide QPO
signal at about 60 Hz. However, such a signal is not significant
enough for the periodogram from −44.8 ms to 72.8 ms relative
to T0 (Figure 3). In order to find this potential wide QPO, we
continued to use the QPO model with two Lorentz lines as a
new H1 model to fit the observed periodograms. In this case,
we no longer restrict the width parameter for the wide QPO
component but still set its initial centroid frequency at 110 Hz.
We still use 5000 sets of simulated periodograms generated
from the MCMC sample of the PL model to compute the
distribution of LRT statistics and estimate the corresponding
p-value of the new H1 model with a wide QPO and a narrow
QPO. The fitting results corresponding to each time segment

Table 1
Preferred Noise Model and Potential Periodicities in SGR 150228213

Time Interval Noise Model Selection Search for Periodicities

(ms) Model TLRT
BPL p(LRT) Boundary (Hz) Frequency (Hz) TR p(TR)

–80 to 174 PL −5.22 0.881 118.22 114.17 13.13 0.021
1590.55 11.55 0.853

−44.8 to 72.8 PL −5.55 0.947 159.88 110.54 9.98 0.075
1590.14 11.81 0.522

Table 2
Parameter Posteriors and Chance Probabilities for Potential QPOs in SGR 150228213

Time Interval Noise Model Search for QPOs

(ms) (H0) Dmin(H0) Frequency (Hz) FWHM (Hz) Norm Dmin(H1) TLRT
obs p(LRT)

−80 to 174 PL 1700.56 -
+112.20 1.02

1.02
-
+5.64 3.50

3.95
-
+162.18 2.14

2.29 1694.44 6.12 0.0008

-
+57.54 1.15

1.12
-
+26.84 17.41

31.36
-
+594.54 1.45

1.58 1691.94 8.63 0.0004

-
+112.20 1.02

1.02
-
+4.80 3.07

4.49
-
+173.78 2.40

2.13

−44.8 to 72.8 PL 791.82 -
+109.64 1.05

1.05
-
+10.98 6.98

9.43
-
+295.12 2.95

2.40 788.42 3.29 0.0058

-
+61.66 1.23

1.29
-
+33.40 22.13

54.72
-
+1000.00 2.14

1.86 790.05 1.77 0.0032

-
+109.65 1.05

1.05
-
+7.21 4.36

3.22
-
+218.78 3.02

2.57
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are presented in Table 2. We can see that the frequency of the
narrow QPO is still ∼110 Hz in the time intervals from −80 to
174 ms and from −44.8 to 72.8 ms, and the wide QPO
component is located at approximately 60 Hz. The result with
the lowest p-value of ∼0.0004 still exists in the interval from
−80 to 174 ms.

3.4. Duration of the QPOs

To depict the variation of QPOs we discovered in the burst
light curve, we employed the Lomb–Scargle method (Lomb
1976; Scargle 1982) to analyze the detrended light curve of
SGR 150228213 in 8–100 keV. Considering the weak signal-
to-noise ratio in some untriggered detectors, we only analyzed
data from n4, n8, the combination of n4+n8, and the
combination of all NaI detectors. A time window of length
0.1 s was used to produce Lomb–Scargle periodograms, which
were combined into a spectrogram with time step of 0.2 ms.

The corresponding diagram is presented in Figure 4. The
analysis for data combined from all NaI detectors is consistent
with the detection of QPOs: the wide QPO at about 60 Hz
appeared from about −0.06 to 0.05 s, and the narrow QPO at
about 110 Hz appeared from about −0.05 to 0.05 s. Such QPOs
are also visible in the results of n8 and the combination of n4
+n8, and we can see that the most significant result exists for
the single detector n8. In addition, the result for n4 presented a
continuous power excess or no support for the existence
of QPOs.
From the results in Table 2, we can see that the significance

is much lower in the shorter time interval centered on this burst,
while we would usually expect the opposite behavior if the
QPOs were a real property of the burst. However, as can be
seen from Figure 4, the most significant QPOs appeared at
about −0.05 s, which may cause the lower significance in the
shorter time interval. In addition, the centroid frequencies of
these two QPOs seem to have a relation of an integral multiple,

Figure 2. The observed periodogram from the time interval from −80 ms to 174 ms relative to T0. The left panel presents the diagram for the QPO model based on the
assumption that the periodic signal is a potential QPO signal. The right panel presents the diagram for the model of a wide QPO at 57.54 Hz and a narrow QPO at
112.20 Hz.
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which indicates that the high frequency of 110 Hz (or 120 Hz)
might be the second harmonic of the 55 Hz (or 60 Hz)
fundamental.

3.5. Gaussian Process Analysis

Gaussian processes (GPs) have been employed for searching
QPOs in transient astrophysical events in recent years (Hübner
et al. 2022; Xiao et al. 2022). The GP models QPOs as a
stochastic process on top of a deterministic shape, and the latter
can be understood as a mean model describing the overall trend
of the burst light curve. Since the QPOs at about 60 and 110 Hz
lie in the red-noise-dominated part and their confidence level
was insufficient based on the noise model, we can use GPs to
verify whether such QPOs are generated from the red-noise
process in the time domain.

Following the procedure described in Hübner et al. (2022),
we defined the kernel function describing a QPO as

t p t t= -k a f ccos 2 exp , 9qpo( ) ( ) ( ) ( )

where τ is a time constant, a is the amplitude of the oscillation,
f is its frequency, and c is the inverse of the decay time of the
QPO. The kernel function describing the red noise is defined as

t t= -k a cexp . 10rn ( ) ( ) ( )

As the function for the mean model, since the physical mechanism
of SGR 150228213 is unknown, we adopted three pheno-
menological models that can describe the trend of light curves for
gamma-ray bursts (GRBs) or flares, i.e., skewed Gaussians,
skewed exponentials, and FRED models (Norris et al. 1996;
Huppenkothen et al. 2015; Hübner et al. 2022). The significance
of the QPO can be described by the Bayes factor BFqpo, defined as

m
m

= +
BF

Z d k

Z d k

,

,
, 11qpo

qpo rn

rn

( ∣ )
( ∣ )

( )

where kqpo+rn= kqpo(τ)+ krn(τ) is the kernel function describ-
ing the QPO and the red-noise process with different c,
Z(d|kqpo+rn, μ) and Z(d|krn, μ) are the respective evidences in
the QPO+red-noise and red-noise models, μ is the parameter of
the mean function, and d is the data.

Figure 3. The observed periodogram from the time interval from −44.8 ms to 72.8 ms relative to T0. Both panels present a QPO at about 110 Hz, and the right panel
presents the possible wide QPO at about 60 Hz.
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In this section, we applied GPs to the light-curve data from
the combination of all detectors in the time interval from −80 to
174 ms relative to T0 with 1 ms time resolution, and we made
use of the publicly available code6 of GPs released by Hübner
et al. (2022) to obtain the results. According to the results, the
QPO is disfavored under the mean models of one FRED
( BFln qpo =−1.8), two FREDs ( BFln qpo =−0.97), and one
skewed Gaussians ( BFln qpo =−0.78). And the QPO is favored
under one skewed exponential ( BFln qpo = 0.21), two skewed
exponentials ( BFln qpo = 3.02), and two skewed Gaussians
( BFln qpo = 1.49). The light curve under different mean models
is presented in Figure 5, and the frequency posterior is presented
in Figure 6. We found that the results of the analysis based on
different mean models may (or may not) be favorable to the
existence of QPOs, and the skewed exponentials performed
better than other models for the burst profile if the Bayes factor
is used for comparisons of mean models.

In addition, the QPO frequency posterior for SGR
150228213 is constrained in all models, and the results are
consistent with the detection of QPOs through frequency
domain analysis. As we concluded in Section 3.4, the QPO at
about 110 Hz may be a second harmonic of the 55 Hz
fundamental, and such a conjecture seems also supported by
the frequency distributions in Figure 6. However, since the
significance of such QPOs varies under different mean models,
we reserve the results of frequency domain analysis as final
judgment. We can see the potential of GPs for detecting QPOs
in magnetar bursts; after all, the significance based on
frequency domain analysis is usually recommended under the
premise of infinitely long time series.

4. Discussion on Possible Origins of SGR 150228213

4.1. SGR 150228213 as a Magnetar Burst from 4U
0142+61

In the trigger report for SGR 150228213, Fermi/GBM
attributed this burst to the activity of 4U 0142+61, and the

Figure 4. Lomb–Scargle periodogram analysis of SGR 150228213 between −0.2 and 0.2 s. Different panels denote analysis of the detrended light curve from the
combination of n4+n8 (top left), the combination of all NaI detectors (top right), detector n4 (bottom left), and detector n8 (bottom right). The energy range is
8–100 keV and the time resolution is 0.2 ms.

6 https://github.com/MoritzThomasHuebner/QPOEstimation
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Figure 5. Gaussian process analysis of SGR 150228213 between −80 and 174 ms. Different panels denote results using the kqpo+rn kernel and different mean models,
which contain one FRED (top left), one skewed exponential (top middle), one skewed Gaussian (top right), two FREDs (bottom left), two skewed exponentials
(bottom middle), and two skewed Gaussians (bottom right). In each panel, black error bars denote the total light curve with 1 ms time resolution after zero correction,
the dark green line is the mean function from the maximum likelihood sample, light green lines denote 10 other samples from the posterior, and the orange line is the
prediction based on the maximum likelihood sample and the 1σ confidence band. The energy range is 8–100 keV and the time resolution is 1 ms.

Figure 6. Frequency posterior distributions of SGR 150228213. Different panels denote results under different mean models, which contain one FRED (top left), one
skewed exponential (top middle), one skewed Gaussian (top right), two FREDs (bottom left), two skewed exponentials (bottom middle), and two skewed Gaussians
(bottom right).
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location of SGR 150228213 is close to this magnetar (Roberts
2015). In addition, Swift has detected a series of hard X-ray
bursts from 4U 0142+61 ∼800 s before the trigger time of
SGR 150228213 (Barthelmy et al. 2015); these bursts have also
been detected by Fermi/GBM.

4U 0142+61 is a prominent emitter in hard X-rays, optical,
and infrared (Hulleman et al. 2004; den Hartog et al. 2008). It is
the only magnetar with a debris disk but it is still debated
whether it is an active gaseous one or a passive dust disk
(Wang et al. 2006; Ertan et al. 2007).

For typical magnetar bursts, it is not clear whether burst
spectra are predominantly thermal or nonthermal (Lin et al.
2011; van der Horst et al. 2012). Table 3 shows the spectral
fitting results for short bursts from 4U 0142+61 detected by
Fermi/GBM in 2015 collected from Göğüś et al. (2017). Here
we select the “preferred” model for each burst following the
Bayesian information criterion (BIC, Schwarz 1978), the
numerical value of which is calculated from

= - + kBIC 2 ln ln d.o.f. , 12( ) ( )

where k is the number of parameters in the model, d.o.f. is the
data points used in fitting, and  is the maximum likelihood.
When we compare the BIC of two models, if ΔBIC < 6, we
consider there is no significant preference between them, but if
ΔBIC> 6, we prefer the model with smaller BIC (Jeffreys
1939; Mukherjee et al. 1998).

The “preferred” model parameters for each burst are marked
in bold in Table 3. According to the results from fitting of the
energy spectrum, SGR 150228213 is not significantly different
from other bursts from 4U 0142+61. Moreover these short
bursts from 4U 0142+61 detected in 2015 mostly have a harder
energy spectrum than “regular” bursts from short magnetars
(which usually have Ep below 50 keV in COMPT model
fitting), which may indicate different physical origins of these
bursts. Unfortunately, we did not find any QPOs similar to
SGR 150228213 in other bursts from 4U 0142+61, which may

be because the burst intensities are too low to provide sufficient
significance for the potential QPOs.
Combined with the relationship for the active phase of 4U

0142+61 and location, 4U 0142+61 is undoubtedly the most
likely origin of SGR 150228213. If this QPO signal is not a
false detection, it would be the first observation of QPOs in
bursts from AXPs. Considering the special feature of 4U 0142
+61 itself, it may bring us a new perspective on the burst
mechanism of this magnetar.

4.2. The Relation between SGR 150228213 and FRB
180916

Since SGR 150228213 is associated with FRB 180916 on
location, we try to discuss the different origins of SGR
150228213 from a more interesting perspective.
FRB 180916 is an active repeating FRB source with a period

of ∼16.35± 0.15 days and a phase window of 5 days
(CHIME/FRB Collaboration et al. 2020). It was localized to
a star-forming region in a nearby massive spiral galaxy at
redshift z∼ 0.0337± 0.0002 (Marcote et al. 2020). If this
connection exists, SGR 150228213 may be a short GRB event
generated from a newborn magnetar, which can also explain
the highly active features of FRB 180916.

4.2.1. Spectral Analysis and the Amati Relation

If we treat SGR 150228213 as a possible short GRB, we can
use the Amati relation (Amati 2006) to check whether it is
correlated with the trend of short GRBs based on analysis of its
energy spectrum. In this case, we used the COMPT model and
the multicolor blackbody (mBB) model to fit the energy
spectrum of SGR 150228213 between 8 keV and 40MeV, and
check which model fits the burst better to compute its fluence.
We extract the source spectra and background spectra, and
generate the instrumental response matrix from the detectors
n4, n8, and b0. All spectra are fitted using Xspec (Arnaud
1996). We use the maximum likelihood for Poisson data with

Table 3
Comparison of Spectral Parameters of SGR 150228213 with Bursts from 4U 0142+61a

Burst ID Start Time in UTC Blackbody + Blackbody COMPTb
Fluence

(2015 Feb 28) kT1 (keV) kT2 (keV) χ2/d.o.f. α Ep (keV) χ2/d.o.f. (10−8 erg cm−2)

1 04:53:25.023 7.9 ± 1.9 19.0 ± 4.6 83/64 −0.3 ± 0.4c 53.0± 5.2 67/65 12 ± 1
2 04:53:35.195 2.8 ± 0.8 17.6± 1.2 55/64 −0.1 ± 0.3 68.5± 6.8 57/65 6 ± 1
3 04:57:21.307 5.1 21.5± 2.3 51/65 0.4 ± 0.7 82.0 ± 12.0 66/65 9 ± 1
4d 05:06:55.645 3.7 ± 1.0 16.7 ± 1.0 51/64 −0.2 ± 0.3 60.6± 4.6 47/64 29 ± 2
5 05:08:34.157 4.6 ± 1.3 23.1 ± 8.2 77/64 −1.9 ± 0.8 29.7 ± 10.1 54/65 3 ± 1

Notes.
a Data collected from Göğüś et al. (2017). These bursts are analyzed in 8–200 keV. Only data from detectors with viewing angle �40° to source are used.
b See Section 4.2.1.
c The “preferred” model parameters for each burst are marked in bold.
d Corresponding to SGR 150228213.
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Gaussian background to estimate the best-fit parameters and
choose the optimum model parameters through the MCMCs.

The COMPT model is defined as

a= - +aN E KE E Eexp 2 , 13p( ) [ ( ) ] ( )

where K is the normalization factor, α is the photon index, and
Ep is the peak energy in the νFν spectrum. The mBB model we
used corresponds to diskpbb in Xspec, and it is defined as
(Iyyani & Sharma 2021)

/
/

/ò
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where K is the normalization factor, ζ is the power-law index of
the radial dependence of temperature (T(r)∝ r− ζ), Tp is the
peak temperature in keV, and Tmin is the minimum temperature
of the underlying blackbodies and is considered to be well
below the energy range of the observed data.
The spectrum of SGR 150228213 and the model fitting

results are presented in Figure 7. According to these results, the
nonthermal origin of SGR 150228213 is supported further and
we can use the COMPT model fitting results to compute Eγ,iso

of SGR 150228213 as ∼1.25× 1048 erg based on the redshift
of FRB 180916.
According to the Amati relation, the correlation between

isotropic bolometric emission energy (Eγ,iso) and the rest-frame

Figure 7. Time-integrated spectral fitting results in 8–40,000 keV. Spectra of the counts in the COMPT model (top left) and mBB model (top right) are drawn with
their residuals. The likelihood maps of free parameters in COMPT (bottom left) and mBB (bottom right) have been marked with their 1σ uncertainties.
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peak energy (Ep,z) could be written as

= gE
C

E

100 keV 10 erg
, 15

p z
m

, ,iso

52
⎜ ⎟
⎛
⎝

⎞
⎠

( )

where C is around 0.8–1 and m is around 0.4–0.6. This relation
is initially found in long GRBs with known redshifts, but
similar relations for short GRBs have also been found in later
works (Ghirlanda et al. 2009; Zhang et al. 2009).

Figure 8 is the Ep,z–Eγ,iso diagram of short GRBs. The
position of SGR 150228213 at z= 0.0337 is within the 1σ to
2σ error region of the distribution of short GRBs, and the
“best” redshift range for SGR 150228213 corresponding to
short GRBs is z= -

+0.15 0.097
0.35 .

4.2.2. Chance Probability

Apart from the possibility of verifying SGR 150228213 as a
short GRB from the Amati relation, we need to estimate the
chance probability of the association between FRB 180916 and
SGR 150228213. However, the calculation may suffer from
some uncertainties. Nevertheless, we simply assume that SGR
150228213 is a candidate for a short GRB associated with FRB
180916. Following the methods in Wang et al. (2020), the
chance probability of the association may be calculated as

l l l= - - = - -P 1 exp 0 1 exp , 160 ( ) ! ( ) ( )

where λ= ρS is the number of FRBs in the region S
( /d» - R41,252.96 1 cos 2[ ( )] ). The surface number density

of our FRB samples is ρ≈ 626/41,252.96≈ 0.015 deg–2. For
the centering angular distance from FRB 180916 to SGR
150228213 δR ∼ 0°.4975, one gets the chance probability
∼1.16%.7 It can be seen that the chance probability of ∼1% is
relatively slight, which implies the possibility of association,
but it is not significant. Therefore, combined with the physical
analysis in the previous section, we leave open the possibility
of a true association between SGR 150228213 and FRB
180916.

5. Summary

We applied a Bayesian framework to the observed period-
ogram of SGR 150228213 based on the assumption that all
broadband power in a periodogram comes from the noise
process without QPOs. We detected a narrow QPO at
112.20 Hz with a width of 5.64 Hz and a wide QPO at
57.54 Hz with a width of 26.48 Hz in SGR 150228213, with a
significance level of 0.0004 (corresponding to a confidence
level ;3.35σ).
We have also discussed the possible origins of SGR

150228213, and consider that it most likely comes from the
known magnetar 4U 0142+61. If it indeed comes from 4U
0142+61, this would be the first detection of QPOs in bursts
from AXPs, which may lead to new insights into the physical

Figure 8. SGR 150228213 in the Ep,z–Eγ,iso correlation diagram of short GRBs. The blue solid line denotes the relation for short GRBs, and the blue and gray dashed
lines denote the 1σ and 2σ regions. The orange dashed line denotes the position of SGR 150228213 if its redshift were taken from 0.0337 to 3. Red diamonds denote
the position of SGR 150228213 at z = 0.0337 (the redshift of FRB 180916), z = 0.15 (the “best” position for SGR 150228213 in current correlation for short GRBs),
z = 0.053, and z = 0.5. Other data on short GRBs are taken from Zhang et al. (2009) and Wang et al. (2018b). The best correlation of short GRBs is taken as

/ /=  +  gE Elog erg 3.24 0.07 0.54 0.04 log 10 ergp ,iso
52( ) ( ) ( ) ( ) (Zhang et al. 2018).

7 However, if one takes δR ∼ 5°. 45 as the radius of the position error circle
(with 90% confidence) of SGR 150228213, then one gets a much higher
chance probability ∼24.69%.
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mechanisms of magnetar bursts. However, we still do not rule
out the possibility that it is a short GRB associated with FRB
180916.
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