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ABSTRACT

Quasiperiodic oscillations (QPOs) in gamma-ray intensity have been reported from a few gamma-
ray bursts. These QPOs could be related to fundamental frequencies in the sources, which would lead
to new insights about these systems. Here we report on our analysis of GRB 241030A, a several-
minute-long burst with ~ 10 gamma-ray flares that have approximate periodicities at f ~ 0.04 Hz
and f ~ 0.08 Hz. This quasi-periodicity is seen in X-rays with the Swift X-Ray Telescope (XRT) as
well as in gamma-rays with the Swift Burst Alert Telescope (BAT) and the Fermi Gamma-ray Burst
Monitor (GBM). Compared with a power spectral model that has only red noise, the Bayes factor
in favor of a Lorentzian-shaped QPO is more than 10?°°, even when the red noise is described by
segments with up to four different slopes. However, the interpretation of this power spectral feature as
a QPO rather than as a fluctuation in red noise is complicated by the low frequency of the feature as
well as the extremely large number of counts, which amplifies differences from smooth power spectral
distributions. After discussing the properties of the apparent QPO, we discuss a few processes that
could plausibly modulate the flux at this frequency. Among the mechanisms considered, we find the
most plausible explanation to be a GRB jet passing through regularly spaced shells of circumburst
material, possibly produced by binary interactions near periastron in an eccentric progenitor system.
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1. INTRODUCTION

The extreme energies and rapid fluctuation times of
gamma-ray bursts (GRBs) mean that their study con-
tacts numerous aspects of fundamental physics and as-
trophysics, including plasma physics, nuclear physics,
and general relativity. A consensus has emerged that
GRBs fall into two broad phenomenological classes (C.
Kouveliotou et al. 1993): “short” bursts (Tgg < 2 s,
where Tyo is defined as the interval between the time
when 5% of the counts above background have been ac-
cumulated, and the time when 95% of the counts above
background have been accumulated), generally thought
to arise from compact-object mergers involving two neu-
tron stars or a neutron star and a black hole (D. Eich-
ler et al. 1989; B. P. Abbott et al. 2017), and “long”
bursts (Too 2 2 s), which are associated with at least
some core-collapse supernovae (S. E. Woosley 1993; J.
Hjorth et al. 2003; K. Z. Stanek et al. 2003). Category-

blurring GRBs do exist, e.g., the “long short burst”
GRB 211211A (J. C. Rastinejad et al. 2022), but these
two categories are relatively robust.

In recent years, increasing attention has been devoted
to quasi-periodic oscillations (QPOs) in GRBs, in which
the flux or count rate exhibits variability at one or more
characteristic frequencies. The lure of this phenomenon
is that if a QPO can be established with confidence,
then it could correspond to a characteristic frequency of
the central engine, which would then serve as a probe
of the physics of ultra-dense matter, relativistic out-
flows, and/or hyper-accreting objects. For example, C.
Chirenti et al. (2023) associated the ~ 2600 Hz QPO
that they found in two Burst and Transient Source Ex-
periment (BATSE) bursts with the [ = 2 mode seen in
numerical simulations of mergers, and the ~ 1000 Hz
QPO in those bursts with a quasispherical oscillation of
the remnant. Given these associations, V. Guedes et al.
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(2025) constrained the circumferential radius of a canon-
ical M = 1.4 Mg neutron star to be ~ 12.5 = 0.4 km.
Although this is model-dependent, it is as tight as any
radius constraint and is consistent with the radius range
inferred using other methods.

QPOs have been suggested in a number of other bursts
as well (including but not limited to V. A. Dranevich
et al. (2009); S.-J. Hou et al. (2014); L. Zou & E.-W.
Liang (2022); C. Chirenti et al. (2024); L. Zou & J.-G.
Cheng (2024); H. Gao et al. (2025); D. Huppenkothen
et al. (2025); F.-F. Song & J. Mao (2025); X. Yang
et al. (2025); Y.-Z. Shan et al. (2025); R.-C. Chen et al.
(2026)). It is often challenging to assess the probabil-
ity that these QPOs are real for two major reasons:
(a) searches often involve hidden trials factors (i.e., there
are many choices of possible frequencies, start and end
times of the segment analyzed, and energy channels),
and (b) because GRBs have sharp flux variations it
is often difficult to decouple “normal” variation from
QPO variation. Moreover, especially if the suggested
frequency is relatively low, even if a QPO has been
established statistically its interpretation could remain
murky.

Here we present an analysis of the first few hundred
seconds of data from the long burst GRB 241030A.
Swift/BAT, Swift/XRT, and Fermi/GBM data all show
a ~ 0.04 Hz and a ~ 0.08 Hz feature in the power spec-
trum. This is a promising signal, but as we discuss be-
low, this and similar bursts often show substantial low-
frequency complexity and thus caution is warranted. In
Section 2 we describe the GRB’s observed characteris-
tics. In Section 3 we discuss data analysis and our search
for QPOs in the data. In Section 5 we discuss possible
physical interpretations if the QPO represents a char-
acteristic frequency of the system, and in Section 6 we
present our conclusions.

2. GRB 241030A

At 05:48:03 UT on 30 October 2024, GRB 241030A
was detected simultaneously with the Fermi Gamma-
ray Burst Monitor (GBM; trigger 751960088.32731 /
241030242; Fermi GBM Team 2024), the Fermi Large
Area Telescope (LAT; R. Pillera et al. 2024), and the
Swift Burst Alert Telescope (BAT; trigger 1263718; N. J.
Klingler et al. 2024). We use the GBM T; (05:48:03.33
UT) as our reference point; the BAT T, was virtually
the same (05:48:03.12 UT).

2.1. Fermi/GBM

Fermi/GBM consists of 12 sodium iodide (Nal) and
two bismuth germanate (BGO) scintillation detectors.
The arrangement of these detectors allows GBM to ob-
serve the entire unocculted sky (field of view [FoV] ~ 8

sr). The Nal and BGO detectors cover energy ranges of
~ 8keV — 1 MeV and ~ 200keV — 40 MeV, respectively
(C. Meegan et al. 2009).

GRB 241030A mostly illuminated the n0 and nl Nal
detectors and the b0 BGO detector of Fermi/GBM. The
burst was also identified with the Fermi/LAT, at ~16°
from the instrument boresight with a photon flux above
100 MeV of (4.0 & 1.0) x 107° cts cm™2 s~ in the time
interval from Ty to Tp+800 s (R. Pillera et al. 2024). The
GBM light curve consists of two main emission episodes,
one from ~ Ty to ~ Ty + 50 s and another one from
~ Ty + 100 s to ~ Ty + 200 s (see Figure 1, top panel).
Each of the episodes consists of multiple pulses. For this
burst Ty is ~ 166 s in the 50 — 300 keV energy range.

The best-fit spectrum reported in the GBM online cat-
alog®, extracted over the interval from Ty — 1.024 s to
Ty +225.280 s, is well described by a power law with an
exponential cutoff (“Comptonized” model; A. von Kien-
lin et al. 2014; D. Gruber et al. 2014; P. Narayana Bhat
et al. 2016; A. von Kienlin et al. 2020). The fitted spec-
tral photon index is —1.2794+0.007 and the peak energy
is Epeax = 152.4 £ 3.5 keV. This model yields a total
fluence of (5.12 £ 0.08) x 107> erg cm™2 over the same
time interval, in the energy range 10 — 1000 keV.

2.2. Swift/BAT

Swift/BAT is a coded-mask instrument that allows
arcminute-scale localizations of hard X-ray sources while
maintaining a large FoV of ~ 2 sr (> 10% coded; S. D.
Barthelmy et al. 2005). The BAT light curve showed a
complex structure similar to that detected with GBM.
The Tyo measured in BAT (15—350 keV) is 173.43+5.19
sec. Both the BAT light curve (Fig. 1, bottom panel)
and the GBM light curve (top panel) can be described
as consisting of three distinct phases:

1. the prompt emission, which ranges from T to
about Ty + 40 s (post trigger),

2. a period of quiescence from about Ty + 40 s to
Th+ 105 s, during which the BAT and GBM count
rates return to pre-trigger levels, and

3. a “giant flare” from about Ty + 105 s to To+ 175 s.

The peak count rate of the prompt emission was
~3,400 net counts s~! at 12 s post-trigger, and the peak
count rate of the giant flare was ~12,000 net counts s~!
(15—350 keV), at 162 s post-trigger. The spectrum from
Ty —1.1024 s to Ty + 225.280 s is best-fitted by a simple
power-law model (see the detailed model description of
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the model in A. Lien et al. 2016) with a photon index
of —1.64 £0.03. The fluence in the 15 — 350 keV energy

range in this time period is 2.64 x 107® ergcm 2.

2.3. Swift/XRT

Due to Swift’s rapid slewing capabilities, the XRT’s
field of view reached the afterglow position at about 60 s
post-trigger. From 60 — 80 s, the X-ray emission ap-
pears to be fading, but then rises around 80 s, produc-
ing a large flaring episode which lasts until about 430 s
post-trigger. The giant flare resembles a Gaussian-like
baseline with bright short-term spikes of emission. As
mentioned above, we refer to these temporal periods as
“prompt emission” and “giant flare” rather than “pre-
cursor” and “prompt emission” because the fading of the
X-ray light curve (shown in Figure 2) appears to consist
of a flare event superimposed over the typical power-law
(PL) fading which follows prompt emission. That is, the
X-ray afterglow appears to follow a PL decay before the
flare, and returns to a connected PL slope decay after
the flare, suggesting that the initial event whose fading
trend it follows is the prompt emission (see Figure 2). In
X-rays, the giant flare lasts from about 80 to 430 s post-
trigger, as was flagged by the UK Swift Science Data
Centre’s flare filtering algorithm (described in Section
2.4 of P. A. Evans et al. 2009).

After the flare period, the X-ray emission follows typ-
ical GRB fading behavior (count rate o ¢~*) which is
best described by a PL with 2 breaks: oy = 1.44 +
003, Tbrcak,l = 6891_(;2 S, Qg = 094t882, Tbrcak,2 =
10107132 s, and a3z = 1.52 4+ 0.05. The afterglow re-
mained detectable with the XRT (i.e., a count rate
>1x 1073 ct/s) for about 9.26 days post-trigger.

The X-ray and soft gamma-ray spectral properties
during the early time emission have been analyzed and
reported by Q.-L. Wang et al. (2025). They found that
the spectra during the prompt emission and the giant
flare (which they refer to as precursor and main prompt
emission) cannot be adequately described by a single ab-
sorbed power-law (PL) model. Instead, joint fits to the
XRT and BAT data require the addition of a thermal
(blackbody) component, particularly during the giant
flare (~ 80430 s). The inferred blackbody temperature
kT evolves with time, varying between ~ 1 — 3 keV,
and generally decreasing as the burst progresses. The
nonthermal component is well described by a PL with a
photon index typical of prompt GRB emission (it varies
from 1 — 2). The inclusion of the thermal component
improves the fits significantly during the early-time in-
tervals, indicating that it is statistically required. This
thermal component is interpreted as photospheric emis-
sion from the relativistic outflow. From the observed
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Figure 1. Top: Fermi-GBM light curve 8-1000 keV, made
with 1-s time bins. Bottom: Swift-BAT light curve, also
with 1-s time bins. The bold dashed lines correspond to a
frequency of ~0.04 Hz, and the thin dotted lines correspond
to ~0.08 Hz.

temperature and flux, Q.-L. Wang et al. (2025) infer
a bulk Lorentz factor of I' ~ 20-80. The presence of
thermal and nonthermal components suggests that both
photospheric emission and internal dissipation processes
(e.g., internal shocks) contribute to the early X-ray emis-
sion. Outside of the flare interval, the XRT spectra are
adequately described by a single absorbed PL with no
statistically significant thermal component, consistent
with a transition to standard afterglow emission dom-
inated by synchrotron radiation from the external for-
ward shock.

2.4. Swift/UVOT

UVOT began collecting data at about 80 s post-
trigger, beginning with the White filter. The burst count
rate rises until about 120 s, peaking with a magnitude
of about 15.6 (AB), before starting to fade. However,



Swift/XRT data of GRB 241030A
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Figure 2. Top: Swift-XRT light curve (linear scales) of the
first 300 seconds of the burst, showing the X-ray variabil-
ity. Middle: The light curve (in log-log scales) zoomed out
to show the entire giant X-ray flare. Bottom: The entire
Swift-XRT light curve. The cyan points represent when the
telescope was operating in Windowed Timing (WT) mode
but still settling on the GRB’s location, blue data points
are WT data (after settling), and red data points are from
Photon Counting (PC) mode. The giant flare is highlighted
in magenta in the bottom panel. The green lines mark the
times of the two statistically significant breaks in the light
curve.

around 200 s post-trigger the emission starts to rise

again. The emission then peaks in the U-band at 13.6
mag (AB) at around 400 s, after which the burst be-
gins to fade with a typical PL decay. The UVOT light
curves are shown in Figure 3. The peak at 400 s can
be attributed to the onset of the forward shock emission
(Q.-L. Wang et al. 2025).

The 1-sec binned light curve shows rapid variability
in the early time emission (i.e., from 80 - 150 s), some-
what tracing the rapid gamma-ray and X-ray variabil-
ity. Some emission spikes appear to be coincident with
those in gamma-rays (e.g., notably the spike around
To+150s). The second peak, although brighter, appears
to be smoother and less variable. The UV, optical, and
IR properties of this burst have been studied in detail
by J.-G. Ducoin et al. (2026).
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Figure 3. Top: UVOT light curves showing all UVOT data
/ all filters. Bottom: UVOT light curves of the early time
emission, made from the event data for 1-second time bins.
The gap in data between the White and U-band coverage
was caused by UVOT switching to the UV grism.




3. DATA ANALYSIS

3.1. Data
3.1.1. Fermi/GBM

We used the Nal detectors n0 and nl for our QPO
search in the GBM data, as the signal is brightest in
these detectors, in order to enable the most sensitive
study of the timing properties. We used all events re-
ported in the TTE files available in the online repos-
itory”, without applying any energy selection (i.e., in-
cluding all 128 energy channels). We used HEASoft
package (v6.29) and the fdump tool to extract the data.
The light curve was produced using a time bin of 100-
us and the power density spectrum was produced using
an interval of 22! x 10™% s = 209.7152 s. This choice
(where the interval correspond to a power-of-two multi-
ple of the time bin) is used to construct the fast Fourier
transform as described in C. Chirenti et al. (2023).

3.1.2. Swift/BAT

For our QPO analysis we use non-maskweighted (i.e.,
not background-subtracted) BAT event data from a du-
ration of Tygo + 10s (i.e., 100% of the GRB’s duration,
with the preceding and subsequent 10 s). Event data
record the energy and timing information for each pho-
ton. We utilized the non-maskweighted event data be-
cause the QPO analysis requires that the data follow
Poisson statistics and do not have negative and/or frac-
tional photon counts, and the mask weighting process
results in negative and fractional photon counts. Fol-
lowing the standard BAT-data processing methods (in-
cluding batgrboproduct v2.48, batbinevt v1.48, batdrmgen
v3.6 and Xspec v12.13.1), we excluded detectors that
are either disabled or are known to be noisy from the
analysis. Both the event data and the list of excluded
detectors are obtained from the Swift/BAT GRB Cata-
log!® (A. Lien et al. 2016).

3.1.3. Swift/XRT

For the XRT data, we utilized the HEASARC
pipeline-produced level 2 data products; specifically
sw01263718000xwtw2po_cl.evt.gz: the cleaned event list
for segment 0 (the first XRT data taken immediately af-
ter slewing to the GRB location, once Swift has finished
settling). The XRT was operating in Windowed Timing
mode during this period, which provides a timing res-
olution of 1.8 ms. We extracted all counts within a 1
arcmin radius of the GRB position, utilizing data from

9 https://heasarc.gsfc.nasa.gov/FTP /fermi/data/gbm /bursts/
2024,/bn241030242/current/
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79.813 s post-trigger (the time at which the post-slew
settling was complete) to 430 s post-trigger (roughly the
end of the giant flare / the period during which X-ray
variability is seen; see Figure 2).

3.1.4. Swift-UVOT

For the UVOT data, we utilized the seg-
ment 0 event lists from the White and U
filters (sw01263718000uwhwlpo_uf.evt.gz and
sw01263718000uuuwlpo_uf.evt.gz). UVOT was oper-
ating in Event Mode during the initial part of the burst,
which provides timing resolution of 11 ms. For the
White and U filters, we extracted all events within a
4" and 6" radius of the GRB’s position, respectively,
due to the slightly different point spread functions in
each band. The White filter provided continuous cov-
erage from 82.6 to 232.3 s post-trigger, and the U filter
provided continuous coverage from 295.5 to 545.2 s
post-trigger. In the top panel of Figure 3 we show the
long-term UVOT light curve, and in the bottom panel
we focus on the first few hundred seconds of the GRB
by showing the 1-s binned light curve. The long-term
light curve and evolution of the GRB are discussed in
detail by J.-G. Ducoin et al. (2026).

3.2. QPO Searches for GRB 241030A

To the eye, the light curve of GRB 241030A is highly
unusual: as seen in both panels of Figure 1, the burst
appears to have ~ 10 or more peaks that are in phase
with a period of ~ 12 — 13 seconds. In this section we
detail our search for QPOs in this burst, which appear
to detect a significant QPO at that period. However,
as we discuss, the substantial and complex red noise
for this and similar bursts renders it difficult to distin-
guish cleanly real QPOs from the happenstance of low-
frequency noise.

3.2.1. Z? Test

We first attempted to search for QPOs using the Z?
statistic (Rayleigh test), which is appropriate for event-
mode data and is equivalent to the Fourier power at a
given frequency for unbinned photon arrival times (R.
Buccheri et al. 1983). We constructed a periodogram
sampled at the Fourier resolution, Af = 1/T,ps, where
Tops is the total duration of the light curve segment an-
alyzed. This is the standard frequency spacing corre-
sponding to independent Fourier modes for a uniformly
sampled time interval of duration Typs.

Under the null hypothesis of no coherent signal, the
Z? periodogram values at independent Fourier frequen-
cies are exponentially distributed about the underlying
power density spectrum (PDS). Therefore we modeled
the PDS with a parametric function and fitted it using a
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likelihood appropriate for power spectral estimates that
follow a x2 distribution with 2 degrees of freedom about
the true spectrum (e.g., S. Vaughan 2005; A. Ejaz et al.
2026). We utilized a bent power-law model with an ad-
ditive constant noise floor (Equation 2 in C. Guidorzi
et al. 2016, which was found to fit the PDSs of many
GRBs).

After fitting the PSD continuum, we assessed candi-
date QPO features by comparing the observed Z? val-
ues to the local statistical distribution implied by the
best-fit continuum model. Because Z? values are expo-
nentially distributed about the continuum level, a local
single-trial significance threshold was computed relative
to the modeled continuum at each frequency. We then
evaluated the 3¢ local threshold corresponding to the
appropriate tail probability of the exponential distribu-
tion.
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Figure 4. Z? periodogram for the Swift-XRT data
(0.3-10 keV). The plot indicates that the putative frequency
~ 0.03 — 0.04 Hz lies in a frequency range contaminated
with red noise, and that the Z7 QPOs are not statistically
significant when utilizing the Z7 test. The plots for the other
energy ranges (0.3-2 keV, 2-10 keV) look virtually the same.

We calculated the Z7 values between frequencies
0.008695 Hz (=~ 1/(3Tops)) and 20 Hz (which is far below
the Nyquist frequency 1/(2At) ~ 278 Hz). We searched
the GBM, BAT, XRT, and UVOT data. For the X-ray
data we applied this procedure for three different X-ray
energy ranges: 0.3—10 keV (124 786 counts), 0.2—2 keV
(56 034 counts), and 2 — 10 keV (69 093 counts) in order
to separate the thermal component found in the X-ray
spectra by Q.-L. Wang et al. (2025). There are no statis-
tically significant peaks in any of the instruments’ data.
We show the result for the XRT data in Figure 4; the

other plots (for GBM, BAT, and UVOT) look qualita-
tively the same. The power peaks in the 0.03-0.04 Hz
range, although it is not formally significant. A few
peaks marginally surpass the 3o threshold at higher fre-
quencies, but these represent statistical occurrences due
to the number of frequencies searched (i.e., high number
of trials), rather than significant results.

Formally, under this single-trial criterion, we can not
claim a statistically significant QPO detection using the
Z? test. However, the putative periodicity (e.g., hinted
at by eye) lies at low frequencies ~ 0.03—0.04 Hz, where
the variability is dominated by red noise. In this regime,
the continuum power rises steeply toward low frequen-
cies, and small deviations from the assumed continuum
model can strongly affect local significance estimates.
The standard thresholding approach of testing individ-
ual frequencies against an exponential null distribution
about a fitted continuum may therefore lack sensitivity
to broad or weak quasi-periodic features embedded in
the red noise. QPOs can have contributions from more
than one frequency, but the standard Z? analysis is not
sensitive to this. Because the Z? test evaluates each
frequency independently, it does not explicitly compare
evidence for competing models of the power spectrum.
In particular, it does not quantify whether a model in-
cluding a QPO component provides a statistically mean-
ingful improvement over a red-noise-only description of
the data.

3.2.2. Model Comparison

Our search for QPOs in GRB 241030A is made more
complicated because the periods apparently evident to
the eye in the power spectra are low enough (~ 0.04 Hz
and ~ 0.08 Hz) that there is substantial red noise com-
peting with the QPO (see Figure 5). We therefore need
to perform a model comparison between a power spec-
trum with just red noise, and one which in addition has
a QPO.

To do this, we use the approach first developed by
M. C. Miller et al. (2019) in the study of QPOs in giant
flares from soft gamma-ray repeaters, which was then
applied to gamma-ray bursts in C. Chirenti et al. (2023)
and C. Chirenti et al. (2024). This is a Bayesian model
comparison method, applied to the power spectral data.
One model has just red noise, whereas the other has red
noise plus a Lorentzian which represents the QPO. As
usual, the Bayes factor between the two models is the
ratio of their evidences:

B _ J £(dataldqro)g(dqro)ddqro 1)
QPOsred = f‘C(data‘o_zred)q(o_zred)d&red '

Here L is the likelihood of the data given the model
(see below), ¢ is the normalized prior, dqpo represents
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Figure 5. Power spectra of the GBM, BAT, XRT and UVOT light curves shown in Figures 1-3, normalized so that the
probability of a power > P from pure Poisson noise is e~F. Power rising sharply with decreasing frequency for f < 0.02 Hz
indicates strong red noise; the highlighted peaks in the spectrum are consistent with a “fundamental frequency” fo ~ 0.04 Hz
(vertical dashed line) and a “first harmonic” at 2fo (vertical dotted line). The QPO at fo is statistically significant in the GBM,
BAT and XRT data, but not in the UVOT data, although the UVOT data also show a clear power excess at ~ fo. See more
details in Sec. 4. Note the trend with energy, in that the 2fo QPO is not significant in X-rays, and also note that there is excess

power at ~ 3fo seen in the BAT and GBM data.

Table 1. Priors for our QPO analyses

Parameter Prior

Amplitude at lowest freq. fiow Uniform, 0 to 107

Power law f~%2 to 2nd freq. Uniform, az = —1 to +3
Power law f~3 to 3rd freq. Uniform, ag = —1 to +3
Power law f~%* to 4th freq. Uniform, ay = —1 to +3
Power law f~*° to f = oo Uniform, as = —1 to +3
Lorentzian peak power Uniform, 0 to 10°

Lorentzian centroid f. Log unif, 0.02 — 0.1 Hz

Lorentzian width A f Log unif, 10~* — 10~'% Hz?

@ In Sec. 4.2, we impose the additional requirement that
Af > fiow and fc/Af > 10.

the parameters in the model with a QPO and red noise,
and a,eq represents the parameters in the model with
just red noise.

A question in such comparisons is how to represent the
red noise. Previous analyses, particularly of the “long
short burst” GRB 211211A (C. Chirenti et al. 2024),
show that a single power law model for the red noise is

insufficiently flexible. We therefore follow C. Chirenti
et al. (2024) in using a model where the lowest four
frequencies are connected by power laws of possibly dif-
ferent slopes, and the higher frequencies are connected
with a single red-noise power law. The model with a
QPO has the same red noise description as the model
with just red noise, and in addition has a Lorentzian
which describes the QPO. See Table 1 for our priors in
these analyses.

To perform our analysis we then need to define a like-
lihood function. Following M. C. Miller et al. (2019) we
use the power spectrum normalization and probability
distributions of E. J. Groth (1975). In this normaliza-
tion, pure Poisson fluctuations around an intrinsically
constant flux produce a power spectrum with an aver-
age power of 1. Using this normalization, E. J. Groth
(1975) found that, for a single frequency bin, the likeli-
hood that a power P would be measured if the source
power is Py (where Py = 0 means pure Poisson fluctua-
tions without intrinsic variation) is

L(P|P,) = e”PHEIN " pmpr j(m))? .

m=0

(2)
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In the special case P; = 0 (pure Poisson noise) the prob-
ability is e =¥, but in general one must calculate the sum.

The likelihood of the power spectrum given a model
(either just red noise or red noise plus a QPO) is then
the product of these likelihoods over all frequencies in
the power spectrum. We compute power spectra from
data sets with a power of two number of frequencies,
and then perform a fast Fourier transform, so that the
frequency bins are formally independent.

However, we echo M. Hiibner et al. (2022) in caution-
ing that when the overall light curve changes rapidly (as
it does in GRBs), this can effectively correlate different
frequencies in a power spectrum. Thus, although our
Bayes factors are enormously in favor of the QPO model,
it is necessary to compare with other light curves, syn-
thetic or real, to judge whether this constitutes definitive
evidence for a QPO.

3.3. Population Analysis

In order to compare the results obtained for GRB
241030A with the population of GRBs detected by
Fermi/GBM, we retrieved the time-tagged event (TTE)
files for all GRBs in the GBM online catalog (A. von
Kienlin et al. 2020)' with Tgg > 2 seconds, discovered
up to April 21, 2024. The total number of events consid-
ered is 3315. Out of those, we kept the roughly 90 GRBs
which, like GRB 241030A, have durations between
2205 % 107* ~ 148 s and 221'° x 10™% ~ 297 s, where as
before 10™* seconds is the time resolution that we use
for the Fermi data. We then rebin each data set so that
it fits exactly in 22! = 2,097, 152 equal-length intervals.
This allows us to use an FFT for our analysis, and keeps
the number of independent frequencies constant for all
GRBs in the set. For each source, we selected the set
of Nal detectors that triggered GBM and were used for
the calculation of the GRB duration. These detectors
were identified using the “Bcat_Detector_Mask” catalog
entry. For our analysis, we used all photons collected
during the Tgyo time interval (as reported in the cata-
log) and combined them to achieve a higher signal-to-
noise ratio. The data were downloaded from the GBM
online repository'?. Seven GRBs (out of the 3315)
were excluded from the analysis due to the unavailabil-
ity of TTE data. The trigger names of the excluded
events are: bnl101214993, bn101220864, bn110428388,
bn110618760, bnl10828575, bnl21123421, and
bn120702891. We used the fdump tool to extract in-
formation for each photon detected by the instrument,

11 https://heasarc.gsfc.nasa.gov/w3browse/fermi/fermigbrst.
html

12 https://heasarc.gsfc.nasa.gov/FTP /fermi/data/gbm /bursts/

and then reconstructed the light curves using a 100-us
time bin. We then performed the model comparison
method presented in the previous Section to derive the
Bayes factors.

In order to assess the time evolution of the QPOs we
also computed power spectra in sliding windows. Each
window has half the length of the full data set. We
increment the starting time of the window by intervals
of 1/16 of the data set; thus the first window goes from
the beginning of the data set to halfway through the
data set, the second starts at 1/16 of the way through
the data set to 9/16 of the way through the data set,
and so on to the ninth, which starts at 1/2 of the way
through the data set and finishes at the end of the data
set.

4. RESULTS
4.1. QPO Search for GRB 241030A

In Figure 5 we show the power spectrum of the
light curves of GRB 241030A obtained with differ-
ent instruments in different wavelengths: gamma-rays
(Fermi/GBM and Swift/BAT), X-rays (Swift/XRT) and
UV (Swift/UVOT; specifically the U-band). The GBM
and BAT data cover the same duration, while the XRT
and UVOT data start later due to the slew time (see
Secs. 3.1.1-3.1.4 for more details). We used the data
in the frequency domain for our analysis, as described
in Sec. 3.2.2. For the BAT data, we verified that the
nearby bright variable sources which were also in the
FOV (Cygnus X-1, X-2, and X-3) did not meaningfully
affect our results (see Appendix Sect. A for details).

GRB 241030A has a statistically significant'? QPO at
fo =~ 0.04 Hz, corresponding to a period P = 25 s, in the
GBM, BAT, and XRT data (see Table 2 for the best-fit
parameters). The UVOT data also have excess power
at this frequency, but the power excess is much lower
than in the other wavelengths (see Fig. 5). We also see
an excess of power at frequencies consistent with har-
monics: 2fy in XRT, BAT, and GBM data; and 3f; in
BAT and GBM data. To the best of our knowledge,
this is the first reported GRB QPO detected at a con-
sistent frequency in both soft X-rays (Swift/XRT) and
in gamma-rays (Swift/BAT and Fermi/GBM).

In Fig. 6 we explore the energy dependence of the
QPO frequency fy. The QPO frequencies obtained with
the GBM and BAT data are approximately constant in
this energy range, without an obvious trend. The verti-
cal error bars underestimate the uncertainty in the QPO

13 In this context, “significant” means that the Bayes factor is
enormous and favors the QPO + red noise model over the red-
noise-only model.


https://heasarc.gsfc.nasa.gov/w3browse/fermi/fermigbrst.html
https://heasarc.gsfc.nasa.gov/w3browse/fermi/fermigbrst.html
https://heasarc.gsfc.nasa.gov/FTP/fermi/data/gbm/bursts/

Table 2. Best fits for ~ 0.04 Hz QPO

Data Set  A(fiow) 2 as oy as Poeax  fe (Hz) Af (Hz) log, B&po red
GBM 1977 0.94 3.0 3.0 0.90 400 0.038 0.0001 ~ 182
BAT 56026 1.26 3.0 2.83 097 19998 0.039 0.001 ~ 50600
XRT 49750 3.0 3.0 3.0 1.94 401 0.033 0.003 ~ 150
UvoT 638 257 0.81 299 262 24 0.040 0.001 -2.7°

@ The large Bayes factors here and in Table 3 are approximate, given the sensitivity to exact log likelihood values.
b The UVOT data show frequency peaks consistent with the other bands, but the data do not have enough counts to claim evidence for

the QPOs from the UVOT data alone.

Note — several of the a values are pegged to their prior maximum, 3.0 (see Table 1).

frequency (see Fig. 6 caption for more details), causing
an apparent inconsistency between the GBM frequen-
cies and the BAT frequencies. The XRT data show a
clearer frequency evolution with energy; it is roughly
consistent with the GBM data (in their overlapping en-
ergy range) within the GBM frequency resolution, but
note that both data sets correspond to different time
intervals, with only a partial temporal overlap.

0.045 T T T T T T
g 0.0 3
= .04 - -
g oo s FoeiseT T
o Start T
qg)_ 0.035 | * Duration 209.7152 s
Lt XRT data
S To + 100
8 0.03 Dfr:ti£n471.8§925 ]
G g
| | CIEBM fr?quency resoIlIJtion T
0.025
0 10 20 30 40 50 60 70
Energy [keV]
Figure 6. We find no indication of frequency evolution

with time or energy in the GBM data. The horizontal er-
ror bars indicate the independent energy ranges that were
analyzed separately (keeping the number of counts approxi-
mately constant in all energy ranges for each detector); the
vertical error bars indicate the width of the QPO, but they
do not fully incorporate modelling systematics, e.g. the QPO
may not be perfectly described by a Lorentzian. Note that
the XRT data and GBM/BAT data only have partial time
overlap (which may be responsible for the slight discrep-
ancy in the peak QPO frequency in the range of < 10 keV).
The XRT and GBM QPO frequencies are consistent in the
same energy range within the GBM frequency resolution of
1/(209.7152 s), indicated by dashed horizontal lines.

4.2. Population Analysis

As shown in Sec. 4.1, GRB 241030A has a very sig-
nificant QPO (in terms of the Bayes factor Bqpo red)
at the frequency fo ~ 0.04 Hz. A separate question
that needs to be addressed is whether such a strong
QPO could be mimicked by red noise in a GRB light

curve with no quasi-periodicity. The difficulty of distin-
guishing real periodicity from mimicked periodicity is
further highlighted by recent work showing that QPO-
like light curves can be reproduced by a stochastic
pulse avalanche process L. Bazzanini et al. (2024). In
such models, a prompt emission pulse can stochastically
trigger subsequent pulses, producing an avalanche-like
cascade whose superposition generates complex multi-
peaked GRB light curves, without actually having an
underlying periodic engine.

A standard procedure is to simulate and analyze sim-
ilar light curves produced without QPOs. However, this
procedure is complicated in our case by the complex
temporal structure of GRB 241030A, as it is unclear
what features a “similar” light curve should have. We
choose, instead, to analyze the sample of ~ 90 long
GRBs described in Sec. 3.3 and use the results as a
baseline to compare with GRB 241030A.

In order to increase the chances that a detected QPO
is real rather than being a happenstance peak of the
noise, we supplement the priors listed in Table 1 with
two additional conditions (see footnote in Table 1) in-
tended to: (1) avoid a QPO with a best-fit centroid
frequency at the lowest frequency in the power spec-
trum (typically the frequency with the highest power
due to red noise); and (2) require that the centroid fre-
quency of the QPO be at least ten times the width of
the QPO, to impose a high quality factor for the QPO
(which should correspond to more oscillation periods in
the light curve).

As a result of the addition of these extra conditions in
the priors, our analysis of GRB 241030A finds the “first-
overtone” QPO with approximate frequency 2fy ~ 0.08
Hz (see Fig. 5). In Fig. 7 we show the light curve, dy-
namical power spectrum, and power spectrum with the
best noise-only and the best noise+QPO fits for GRB
241030A. In Table 3 we show the best-fit parameters for
the ~ 0.08 Hz QPO in each of the data sets. Comparing
Table 2 and Table 3 we see that the centroid frequen-
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Table 3. Best fits for ~ 0.08 Hz QPO

Data Set  A(fiow) a2 a3 a1 a5  Ppeax fe (Hz) Af (Hz) log;q Bqro,red
GBM 1915 099 3.0 3.0 093 218 0.080 0.007 ~ 229
BAT 55654 1.31 3.0 3.0 1.00 4658 0.079 0.008 ~ 52700
XRT 49896 3.0 30 3.0 154 57 0.076 0.001 1.22%
uvoT 629 2.55 0.68 295 262 74 0.078 0.001 -2.7°

@ The XRT data showed only weak evidence for this QPO.
b The UVOT data showed no evidence for this QPO.

Table 4. GBM Data for the other 6 GRBs with high Bayes
factor in Fig. 8

GRB Trigger Name Nal detectors® Tot. Counts®
101014A  bnl01014175 n6-n7-n8-nb 1266491
210204A  bn210204270 n6-n7-n9-nb 1217094
210606B  bn210606945 n3-n4-nb 1054036
211130A  bn211130636 n6-n7-n8 723709
220921A  bn220921462 n0-nl-n2-n9-na 1295067
250313A  bn250313607 n0-nl-n3-n6-n7-n9 2271897

@ Nal detectors used for the analysis.
b Total number of counts collected by the different detectors
during the Tgo interval.

cies are at least consistent with being harmonics of an
underlying oscillation.

With this set of priors we analyze our full sample of ~
90 long GRBs. In Fig. 8 we show the 2D scatter plot of
Bayes factors (in favor of the QPO model) and the RMS
amplitude arms = +/2Pqro/Niotal Of the best-fit QPO
in each case. Most of the sample has a low Bayes factor
in favor of the QPO model (approximately 70 GRBs).
The remaining GRBs have very high Bayes factors and
most of them are very bright bursts with very high total
number of counts Niotal = 10° (shown in purple; see
Table 4). High count numbers could increase the chance
that noise fluctuations are mistaken for QPOs, given
that power o< Niotal-

GRB 241030A stands out from the blue distribution
shown in Fig. 8, which comprises the subset of GRBs
in our sample that have Niota < 10°. The only GRB
in this sample with a comparable Bayes factor to that
of GRB 241030A is GRB 211130A. We analyze it sepa-
rately in Fig. 9. Unlike GRB 241030A, there are no re-
peating oscillations in the light curve of GRB 211130A.
Instead, GRB 211130A has a double-peaked light curve,
shown in the top panel of Fig. 9, where the time sepa-
ration between both peaks is approximately At = 15 s.
This causes a power excess at a frequency 1/At, which
is picked up by our algorithm as a QPO candidate. This
“fake” QPO is further enhanced by (1) the high number

of counts, which drive up the power, and (2) the long
duration of the GRB (Tyy > 200 s) compared with the
segment that shows the peaks in the light curve, which
over-resolves the power spectrum, see also M. Hiibner
et al. (2022).

In Fig. 10 we present the light curves, power spectra
and spectrograms of the complete set of 6 outliers identi-
fied in Fig. 8, in the same format as Fig. 7. None of these
GRBs shows obvious flux modulation in the light curve,
despite having extremely high Bayes factors in favor of a
QPO (see Fig. 8). Their QPO-like features in the power
spectrum appear to be caused by a double-peaked light
curve (GRBs 210104A, 210606B and 211130A, see also
Fig. 9) or by noise fluctuations with very high power in
extremely bright GRBs (GRBs 101014A, 220921A and
250313A).

This highlights one of the difficulties of QPO searches
in GRBs. The analysis in the frequency domain allows
us to use the Bayesian comparison method described
in Sec. 3.2.2 to quantify the statistical significance of
a QPO candidate. However, if we restrict the analysis
solely to the frequency domain, there is no smoking gun
that allows us to distinguish a real QPO (i.e. associated
with a persistent flux modulation, as in GRB 241030A)
from a “fake” one (whose light curve shows no obvious
modulation, as seen in Fig. 10).

We present a preliminary diagnostic to address this
problem in Fig. 11. For most of the GRBs, the time-
resolved fractional RMS amplitude of the QPO peaks
early in the light curve. A persistent flux modulation
should correspond to a flatter aryms curve, as in the
case of GRB 241030A (see the caption for more details).
However, scaling this diagnostic for a large set of GRBs
would require the determination of thresholds for inter-
esting cases, which could introduce more ambiguity.

5. DISCUSSION

In this section we assume that the QPO is a genuine
characteristic of the system, discuss candidate physical
mechanisms, and assess their viability. To be viable, a
proposed mechanism must last for hundreds of seconds
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Figure 7. Top: Light curve of GRB 241030A, showing only the Tyy duration of the burst, used for our analysis. Thus, here,
time 0 corresponds to the start of T90, which is 20.992 s post-trigger. Bottom left: Spectrogram of GRB 241030A, obtained
using a sliding window with a duration of Tgo/2 and a sliding step of T9o/16. The horizontal dashed white line shows the best-fit
value of the QPO centroid frequency (the frequency values are matched in the y-axes of both bottom plots). Bottom right: PSD
of GRB 241030A overlaid with the best fits for our two models: the dashed black line indicates the best fit for the noise-only
model, and the solid blue line shows the best fit for the QPO+noise model.

while maintaining an approximately constant period and
phase coherence.

Rotation of a magnetar. Neutron stars have a wide
range of rotation periods, from milliseconds to hours
(M. C. Miller & J. M. Miller 2015). The inferred pe-
riod of ~25 seconds is therefore plausible. However, if
we assume that GRB 241030A signals a core collapse
and the birth of a neutron star, then there are at least
two challenges: (a) if the star rotates this slowly, can it
produce a jet with a Lorentz factor + that is typical of
gamma-ray bursts (y ~ hundreds), and (b) if the star
was born spinning much more rapidly, is it possible that
it did so before the main emission but then maintained
a nearly constant period thereafter?

Precession of a magnetar. A related possibility
is magnetar precession. In this scenario, the observed
QPO period is not the magnetar spin period itself, but a
geometric modulation period associated with precession
of a rapidly spinning oblate magnetar. As the magne-
tar precesses, its emission beam can move into and out
of our line of sight, producing quasi-periodic variability.
A possible ~50 s QPO (60) in the early X-ray after-
glow of GRB 220711B was reported by Y.-Z. Shan et al.
(2025), and a possible ~11 QPO (3¢) in the prompt
gamma-ray emission of GRB 210514A was reported by

L. Zou & J.-G. Cheng (2024); both of which were inter-
preted as the precession periods of newly formed proto-
magnetars. In this scenario, the magnetar spin period is
much shorter, with inferred initial periods of order a few
ms, while the observed ~ 50 s modulation is produced by
precession. However, the large magnetic fields inferred
by Y.-Z. Shan et al. (2025), B ~ 10'6 G, imply rapid
spin-down timescales, ranging from seconds to hundreds
of seconds. A rapidly spinning-down magnetar should
have a lengthening precession period, so maintaining a
roughly stable precession period over hundreds of sec-
onds is challenging.

Compact object magnetospheric effects. Yet
another possibility is QPOs originating from magne-
tospheric effects (e.g., the magnetospheres of neutron
stars, magnetars, or accreting black holes). Such models
include: magnetospheric plasma oscillations (C. Thomp-
son & R. C. Duncan 1995), matter ring oscillations
(R. V. Wagoner 1999), magnetospheric Alfven wave os-
cillations (A. J. Castro-Tirado et al. 2021), and magne-
tospheric beat-frequency mechanisms in accreting neu-
tron stars (M. A. Alpar & J. Shaham 1985; F. K. Lamb
et al. 1985). However, as stated by Y.-Z. Shan et al.
(2025) in their discussion of the possible QPO in GRB
220711B, these scenarios are unlikely to produce QPOs
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Figure 8. Bayes factor vs. fractional RMS amplitude arms = v/2Pqpro/Nrotal for the sample of ~ 90 long GRBs. The blue
points (x) correspond to bursts with Niotar < 10°, and the purple points (+) correspond to bursts with Niota1 > 10°. Most of
the sample has a low Bayes factor in favor of the QPO model, and a corresponding low fractional RMS amplitude for the best-fit
QPO frequency identified in each case. GRB 241030A stands out from the blue distribution. The lone blue point closest to it

represents GRB 211130A, which we analyze separately in Fig. 9.

in GRBs because the magnetospheric oscillation and
matter ring oscillation models require a stable magneto-
sphere and/or matter ring to generate the oscillations.
The extremely bright and variable radiation of GRB
prompt emission and the matter in the messy collapsar
environment would disrupt the magnetosphere or mat-
ter rings, thus precluding the existence of a stable mag-
netosphere. Additionally, magnetospheric Alfven wave
oscillations and rotation modulation models predict that
observed QPOs would have frequencies from tens to
hundreds of Hz, which is incompatible with these low-
frequency QPOs.

Magnetically regulated accretion has also been in-
voked to explain variability in prompt GRB emission.
In the magnetically arrested disc (MAD) model of N. M.
Lloyd-Ronning et al. (2016), magnetic flux accumulated
near the black hole intermittently arrests the inner ac-
cretion flow, causing the system to transition into and
out of a state in which accretion and jet power are sup-
pressed. The characteristic variability timescale in this
model is set by the free fall time across the arrested re-
gion, and was proposed to explain the ~ 1 s variability

timescales seen in prompt GRB light curves. This is
substantially shorter than the ~ 25 s periodicity seen
in GRB 241030A. Additionally, even if the arrested re-
gion were large enough to produce a timescale of tens of
seconds, the MAD mechanism is expected to generate
episodic or stochastic pulse-to-pulse variability rather
than a narrow phase-coherent QPO persisting over hun-
dreds of seconds. Therefore, we consider a magnetically-
arrested disc as an unlikely explanation for the QPO in
GRB 241030A.

Wobbling jet. Wobbling jets are often invoked to
explain GRB variability. In 3D general relativistic mag-
netohydrodynamic collapsar simulations, O. Gottlieb
et al. (2022) found that the disk-jet system can spon-
taneously develop a misalignment relative to the black-
hole spin axis, causing the jet to wobble by tilt angle
0; ~ 12°. Such a wobble can naturally produce inter-
vals of gamma-ray emission. However, this mechanism is
more naturally associated with intermittency (e.g., the
period of gamma-ray quiescence seen from about 50 to
100 s post-trigger) than with a narrow, phase-coherent
QPO. Explaining the apparent ~ 25 s period over hun-
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Figure 9. Example of a GRB with a fake QPO, GRB
211130A, detected with Fermi/GBM. The large number of
counts causes high power in the PSD, and the separation
between the two peaks produces a QPO-like feature. This
GRB has a Bayes factor larger than 10%°° in favor of the
QPO model, even though there is obviously no periodic-
ity /quasiperiodicity in the light curve.

dreds of seconds requires a coherent clock, which is dif-
ficult to explain in the jet wobbling scenario, as it lacks
a stable/coherent clocking mechanism.
Lense-Thirring precession of an accretion disk
feeding a newly-created black hole. If, for example,
the initial fallback of matter that created the black hole
or neutron star was tilted relative to later fallback, we
could imagine that the disk produced by the later fall-
back would have its orbital axis precess due to frame-
dragging. Numerical studies suggest that with accretion
rates of Eddington or beyond, the disk might precess as
a solid body (P. C. Fragile & P. Anninos 2005; P. C.
Fragile et al. 2007) rather than undergoing alignment
into the black hole rotational plane. If so, then depend-
ing on the mass and accretion rate, the precession fre-
quency might be hundredths of a Hz. A potential chal-
lenge here is again to maintain a roughly constant fre-
quency despite the expected substantial changes in the
accretion rate. Another issue is that after the period
of gamma-ray quiescence (from about 50 to 100 s post-
trigger), when the gamma-ray emission starts up, it ap-
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pears phase-connected. If the accretion stopped (or was
significantly reduced), the burst should not maintain its
phase coherence throughout its duration, because the
precession rate should decrease with decreasing accre-
tion rate, which would thus break phase coherence which
we see in the light curves (see Figure 1).

Compact object oscillations. The low observed
frequency rules out a variety of compact object oscil-
lation mechanisms. The expected ringdown frequency
for a stellar-mass black hole is on the order of hundreds
to thousands of Hz. A frequency of 0.04 Hz would re-
quire a black hole mass on the order of 10° — 10% M,
(as black hole quasi-normal modes scale inversely with
the BH mass), which is not compatible with a newly
formed black hole from a collapsar. Similarly, neutron
star oscillations are expected at much higher frequencies:
typical f-modes occur at ~ 1.5 — 3 kHz, with dampening
times < 1 s (K. D. Kokkotas & B. G. Schmidt 1999; E.
Berti et al. 2009). Magnetar seismic QPOs are gener-
ally observed or expected at = 10 — 30 Hz (A. L. Watts
& T. E. Strohmayer 2007). Thus, the 0.04 Hz modu-
lation in GRB 241030A is unlikely to be a BH or NS
oscillation.

Jet collision with regularly-spaced layers of
stellar ejecta in the circumburst medium. If the
pre-collapse star had a binary companion in an eccen-
tric orbit, which, near periastron, became close enough
to modulate the mass loss rate via interaction of stel-
lar winds, then the circumburst medium would consist
of stratified layers of stellar ejecta. A GRB jet collid-
ing with that stratified outflow, with an observer-frame
interval compressed by relativistic effects, could lead to
modulation in the emission produced by external shocks.
For example, if the Lorentz factor v ~ 100, then the
time compression factor is ~ 1/(27?). For a wind with
a radial outflow speed v (for example, v ~ 0.01c for
massive main-sequence stars), an orbital period of a
year in the source frame would appear as a period of
~ (v/e)(1/2%%) ~ tens of seconds in the observer frame.
Here, questions would include why, if this happens, we
see it so seldom, and whether the modulation is suffi-
cient.

Although this scenario may seem contrived, such shells
of regularly-spaced stellar ejecta have been observed
around Wolf-Rayet binaries in our own galaxy. For ex-
ample, the eccentric WR + O binary system WR 140
(J. D. Monnier et al. 2002) emits shells of dust every 8
years due to binary wind interactions at the system’s pe-
riastron passage. Recent JWST-MIRI observations have
detected at least 17 shells (R. M. Lau et al. 2022) from
this system, which we show in Figure 12. A GRB jet
passing through regularly-spaced concentric ejecta shells
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Figure 10. Same as Fig. 7, but for the 6 additional outliers shown in Fig. 8. GRBs 210204A, 210606B and 211130A show
“fake” QPOs caused by GRB light curves showing structure consistent with two bright peaks restricted to a small portion of the
light curve, resulting in an over-resolved feature in the power spectrum at a frequency f ~1/(peak separation). GRBs 101014A,
220921A and 250313A are the brightest QPOs in the set and show “fake” QPOs caused by bumps in the power spectrum with
high power (due to their large number of counts) that are statistically significant, but do not correspond to a flux modulation.
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Figure 11. The fractional RMS amplitude of the QPO can-
didate for GRB 241030A and the six GRBs shown in Figure
10, calculated in each data segment shown in their respec-
tive spectrograms (see Figs. 7 and 10). GRB 241030A shows
increasing arms that levels out at ~ 0.1, indicating a persis-
tent flux modulation. Most of the GRBs with “fake” QPOs
show arms that starts high and falls fast, indicating GRBs
with most of the counts at the beginning of the burst and
with no persistent flux modulation. (For GRB 210204 A, this
behavior is inverted, because most of the counts appear at
the end of the burst.) GRB 101014A is the brightest GRB
among the outliers and is the only burst with arms higher
than GRB 241030A.

like in this system could produce regularly-spaced peaks
in the observed light curve. Thus, in this scenario, the
QPO would serve as a probe of the circumburst medium
and evolutionary history of the progenitor star, rather
than a probe of the central engine.

WR 140 is an unusually “clean” example of this phe-
nomenon, because its highly eccentric orbit produces
discrete dust-formation episodes near periastron. How-
ever, ordered circumstellar structure is not unique to
WR 140. Other dusty Wolf-Rayet binaries, including
WR 104 and WR 98a, show spiral or pinwheel-like dust
nebulae produced by colliding winds in binary systems
(P. G. Tuthill et al. 1999; J. D. Monnier et al. 1999),
while WR 112 shows evidence for a larger-scale spiral
dust structure associated with a dust-forming carbon-
rich WR binary (R. M. Lau et al. 2020). Periodic
or episodic dust formation has also been reported in
WR 137 and WR 19 (P. M. Williams et al. 2001, 2009).
These examples show that WR binary interactions do
produce ordered, radially structured circumstellar mate-
rial even when the morphology is not as cleanly shell-like
as in WR 140. As we see no obvious challenges to this
scenario, we consider this as our favored explanation.

6. CONCLUSIONS

We have presented a multi-wavelength timing anal-
ysis of GRB 241030A: a long GRB with an unusual
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Figure 12. JWST/MIRI image (false color) of WR 140
showing its concentric nested shells of dust/ejecta: a system
which could produce QPO-like features in a light curve as a
GRB jet passed through it, shown for illustrative purposes.
Image credit: NASA, ESA, CSA, STScl, E. Lieb (University
of Denver), R. Lau (NSF NOIRLab), J. Hoffman (University
of Denver).

light curve containing ~10 peaks that are approximately
aligned with a period of ~ 12-13 s. In the frequency do-
main, the GBM, BAT, and XRT data show excess power
near fo ~ 0.04 Hz, corresponding to a period of ~25 s,
as well as excess power near harmonics of this frequency.
The ~ 0.04 Hz feature is statistically favored over a red-
noise-only model in the GBM, BAT, and XRT data, and
a ~ 0.08 Hz feature is strongly favored in the GBM and
BAT data. The UVOT data show a weak but not statis-
tically significant excess at the same two frequencies. To
the best of our knowledge, this is the first reported GRB
QPO detected at a consistent frequency in both soft X-
rays (Swift/XRT) and in gamma-rays (Swift/BAT and
Fermi/GBM).

The interpretation of this feature is not straightfor-
ward. The apparent QPO lies at low frequency, where
GRB power spectra are strongly affected by red noise,
and where the complex structure of the prompt light
curve can produce QPO-like excesses in the frequency
domain. In our comparison with a sample of long GRBs
with similar durations, GRB 241030A stands out from
most bursts with comparable count numbers, but the
comparison also shows that large Bayes factors can be
produced by light curves without persistent flux modu-
lation. We therefore cannot state with certainty whether



16

the feature in GRB 241030A is a true QPO rather than
an unusually structured red-noise-dominated variability.

Nevertheless, the visual distinctiveness of the light
curve, the presence of excess power in multiple instru-
ments and at multiple energies, and the approximate
consistency of the candidate frequency and its harmonics
suggest that the modulation may reflect a characteristic
frequency of the system. If so, the low frequency disfa-
vors direct compact object oscillation modes and instead
points toward a mechanism capable of modulating the
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jet, or its interaction with the circumburst environment,
over hundreds of seconds. After considering all plausible
explanations, we consider the most likely mechanism to
be a GRB jet moving through regularly-spaced circum-
burst ejecta shells, produced by orbital modulation with
a binary companion. GRB 241030A therefore provides
both a promising candidate for a GRB QPO and a use-
ful cautionary example of the difficulty of distinguishing
true quasi-periodicity from complex low-frequency GRB
variability.

tributions to the preliminary timing analysis of GRB
241030A.

Facilities: Fermi(GBM), Swift(BAT, XRT, UVOT)
Software: HEASoft

APPENDIX

A. BAT DATA AND NEARBY VARIABLE SOURCES

Three relatively bright and variable X-ray sources, Cyg X-1, X-2, and X-3 were in the BAT field of view during the
time of the burst. Because the analysis uses non mask-weighted light curves, it is possible that the light curve contains
contributions from the Cygnus sources. To examine the potential contamination, we examined the power spectrum
using the mask-weighted light curve from Cyg X-1. For a coded-mask instrument, the mask-weighted light curve only
includes photons from the source location, while the non-mask-weighted light curves include photons from the entire
BAT field of view. While the QPO analysis requires that we use the non-mask-weighted light curves, we examine the
contribution of the power spectrum from Cyg X-1 using the mask-weighted light curves.

Figure 13 shows the comparison of power spectra from the mask-weighted light curves of Cyg X-1 to both the
non-mask-weighted and mask-weighted light curve of GRB 241030A. As seen in the figure, the power spectra from the
non-mask-weighted and mask-weighted light curves show very similar behavior, and Cyg X-1 contributes very little to
the overall power spectrum.

Since we do not find any significant contribution in the power spectrum from Cyg X-1, we expect even smaller
contributions from Cyg X-2 and X-3, as these sources were much fainter than Cyg X-1 when they were in the BAT
field of view (7o for Cyg X-1 versus lower than 30 for Cyg X-2 and X-3 in the post-slew image during the majority of
the GRB emission.)
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