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Abstract

Short γ-ray bursts are associated with binary neutron star mergers, which are multimessenger
astronomical events that have been observed both in gravitational waves and in the multiband elec-
tromagnetic spectrum [1]. Depending on the masses of the stars in the binary and on details of their
largely unknown equation of state, a dynamically evolving and short-lived neutron star may be formed
after the merger, existing for approximately 10-300 ms before collapsing to a black hole [2, 3]. Numer-
ical relativity simulations across different groups consistently show broad power spectral features in
the 1-5 kHz range in the post-merger gravitational wave signal [4–14], which is inaccessible by current
gravitational-wave detectors but could be seen by future third generation ground-based detectors in
the next decade [15–17]. This implies the possibility of quasiperiodic modulation of the emitted γ-rays
in a subset of events where a neutron star is formed shortly prior to the final collapse to a black hole
[18–21]. Here we present two such signals identified in the short bursts GRB 910711 and GRB 931101B
from archival BATSE data, which are compatible with the predictions from numerical relativity.

Given the anticipated high frequencies, we ana-
lyzed data from gamma-ray observatories with
excellent time resolution: the Fermi Gamma-ray
Burst Monitor (GBM) [22]; the Burst Alert Tele-
scope (BAT) on the Neil Gehrels Swift Observa-
tory [23], and the Compton Gamma-ray Observa-
tory (CGRO) Burst and Transient Source Exper-
iment (BATSE) in Time Tagged Event (TTE)

mode [24]. Previous searches for periodic signals in
gamma-ray bursts yielded null results [25–27], but
the dynamical nature of the merger suggests that
instead of periodic signals, quasiperiodic oscilla-
tions (QPOs) are more probable. We focused on
short gamma-ray bursts based on the expectation
that these are due to neutron star mergers and
thus could have an oscillatory phase, e.g., as a
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hypermassive neutron star (HMNS), which tem-
porarily avoids collapse to a black hole due to
the star’s differential rotation [28]. Figure 1 shows
that in these data sets, two BATSE bursts stand
out with strong signals. Figures 2, 3, and 4 show
respectively the light curves, power spectra, and
spectrograms for these two bursts, and Table 1
gives the properties of their QPOs. We find (see
Methods for details) that when all trials factors
are taken into account, the probability that the
combined catalogs of BATSE, GBM, and BAT
would produce false positive QPOs of the strength
we observe is ∼ 3× 10−7.

 0.1

 1

 10

 100

 1000

 10000

-2  0  2  4  6  8  10

GRB
910711

GRB
931101B

#
 s

e
g
m

e
n
ts

log10(B
1
0)

CGRO/BATSE (high energy)
CGRO/BATSE

Fermi/GBM
Swift/BAT

Fig. 1 | Differential distribution of Bayes factors.
Here we plot, for different sets of ∼ 0.1-second segments
of short bursts, the log10 of the Bayes factor B10 between
a model with one Lorentzian QPO plus white noise, and
a model with just white noise, in the frequency range
500− 5000 Hz [31]. In orange we show the distribution for
Swift/BAT bursts, in blue for Fermi/GBM bursts, in green
for CGRO/BATSE bursts when we sum the counts over
all four TTE energy channels, and in purple for CGRO/-
BATSE bursts when we sum only the counts from the two
highest TTE energy channels (i.e., energies > 100 keV).
In each case we have cleaned the sample by removing seg-
ments contaminated by cosmic ray spikes, excess red noise,
or other features which artificially increase the rate of false
positives. Most of these segments are consistent with noise,
but the two outliers on the BATSE high energy distribution
(in purple, extending to the right) have overwhelmingly
larger B10 than the rest. These are the signals that we
investigate.

Both of our signals (out of more than 700
total bursts; see Methods) are in BATSE bursts,
which is to be expected because BATSE has a
larger detector area than GBM or BAT, which
makes it easier to detect modulations in the count
rate. This may suggest that future large-area
instruments with excellent time resolution, such as

STROBE-X [29] or AMEGO-X [30], will identify
burst QPOs that are currently too weak to detect.

The frequencies of the QPOs in our two
featured bursts are broadly consistent with the
expectations from numerical relativity simulations
of double neutron star mergers. Possible detec-
tions of kilohertz QPOs have also been reported
in giant flares from two soft gamma-ray repeaters
(SGRs) [34, 35], but the high implied isotropic
energies and luminosities of GRBs 910711 and
931101B argue against the SGR giant flare inter-
pretation for our bursts (see Methods). We there-
fore adopt the hypothesis that these are classical
short gamma-ray bursts resulting from the merger
of two neutron stars. Even if this is the case it does
not necessarily follow that the QPOs we observe
come from the oscillations of an HMNS. It is, for
example, conceivable that the oscillations come
from a lower-mass neutron star or from some prop-
erties of accretion onto a black hole in the so-called
lower mass gap (2 − 5M�); further modeling will
as always be necessary.

 0

 50

 100

 150

      
 0

 50000

 100000

 150000

a

c
o
u
n
ts

c
o
u
n
ts

/s

GRB910711

 0

 10

 20

 30

 0  50  100  150  200  250
 0

 10000

 20000

 30000

b

c
o
u
n
ts

c
o
u
n
ts

/s

time (ms)

GRB931101B

Fig. 2 | Light curves of the two bursts with signals.
a, Counts per 1.024-millisecond bin in the two highest-
energy channels (channels 3 and 4) in the BATSE TTE
data, for consecutive 1.024-millisecond intervals beginning
at the start of the TTE data for GRB 910711. b, The same,
for GRB 931101B. The signals were found in the segments
bracketed by the vertical dotted lines.
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If the high-frequency QPOs that we detect are
indeed related to HMNS oscillations, then the fre-
quencies detected in our signals can be compared
with several phenomenological relations identi-
fied for the frequencies observed in the simulated
post-merger gravitational waveforms from binary
neutron star mergers [10, 36–39]. For instance,
if the unknown redshift z of the sources can be
neglected, the frequencies ν2 of the main peak pre-
sented in Table 1 together with a phenomenologi-
cal relation obtained from simulations of mergers
of two 1.35 M� neutron stars [40] suggest a radius
R1.6 ' 13 km for a 1.6 M� neutron star. It is
unlikely that such a bright burst as GRB 910711
happened at a large redshift, but the redshift cor-
rection would mean that the rest-frame frequency
would be higher by a factor of 1 + z, and thus the
inferred radius would be smaller. The best esti-
mate of the radius decreases linearly with small z;
e.g., R1.6 ' 12.5 km for z = 0.1 and R1.6 ' 12.0
km for z = 0.2.

Another possible inference is that of the spin
of the HMNS. It is currently understood that
HMNSs are supported against gravitational col-
lapse by rapid and differential rotation. During
their brief lifetime, they should be the fastest
rotating stars known. Simulations show that the
frequency ν2 corresponds to twice the maximum
angular velocity inside the star [38], Ωmax. Our
results would imply Ωmax ∼ (1+z)1.3 kHz (allow-
ing for a redshift correction), which even at z = 0
is almost two times higher than any neutron star
spin frequency observed to date, and above the
expected Keplerian mass-shedding limit for a uni-
formly rotating HMNS, therefore being consistent
with the need for differential rotation.

Additional information could presumably be
provided by identification of the lower-frequency
peak ν1, but this is complicated by uncertainties in
the identification of the peak in different models as
well as the difficulty of accurate inclusion of fully
resolved neutrino physics, magnetohydrodynamic
turbulence, and so on in long-term numerical sim-
ulations. Moreover, because we observe gamma
rays rather than gravitational waves, additional
careful modeling of the jet is needed to draw a
connection between gravitational waveforms and
the observed modulations of gamma rays. For
example, fluctuations in the post-merger accre-
tion disk can also drive changes in the jet and
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Fig. 3 | Power spectra of the two bursts with
signals. a, Power spectrum of GRB 910711. b, Power spec-
trum of GRB 931101B. Here we use the intervals delineated
by the vertical dashed lines in Figure 2. These each have a
duration of 0.131072 seconds and thus the frequency reso-
lution of the power spectrum is 1/0.131072 s = 7.6294 Hz.
We use the Groth power normalization [32], in which the
expected power averages 1 if the flux is intrinsically con-
stant and has only photon counting (Poisson) noise. In
addition to the power densities (red lines) we also show the
1σ, 2σ and 3σ single-trial power ranges for the best white
noise only fits in each case (red bands) and the ±1σ range
for the power expected in the best two-QPO plus white
noise fits (grey bands). The corresponding best-fit values
are shown in Table 5 in Methods. The range of frequencies
shown in the figure, 500 − 5000 Hz, is what we use in our
QPO search and is intended to reach the highest plausible
oscillation frequencies but to avoid red noise at low frequen-
cies. We see that the two bursts have similar power density
structures, with clear peaks at ∼ 2600 Hz and ∼ 1000 Hz.

thus the observed GRB flux [41, 42]. Nonetheless,
the detection of these high-frequency QPOs pro-
vides a potentially powerful new tool to study the
dynamics and gravity of merging neutron stars.
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Table 1 | Bursts with QPOs, Bayes factors and median and ±1σ values of central frequencies and widths
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−7
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−8 14+7

−3

Note: The frequencies ν and half widths at half maximum ∆ν for the QPOs are from the two-QPO plus white noise fit to the
data from 500 Hz through 5000 Hz for a 0.131072-second segment of BATSE TTE data. (The one-QPO plus white noise fit to the
data, corresponding to Figure 1, finds only the second QPO listed here.) We analyze data only from the highest two of the four
BATSE TTE energy channels, and list the total number of counts in those two channels over the 0.131072-second segments that
contain the signals. T90 is the shortest time span that contains 90% of the burst counts and B1

0 (B2
0) is the Bayes factor between a

one-QPO (two-QPO) plus white noise model and a white noise only model. For the frequencies and frequency widths we give the
median and the ±1σ ranges.
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Fig. 4 | Spectrograms for the burst segments with
signals. a, Spectrogram for GRB 910711. b, Spectrogram
for GRB 931101B. Here we use the parts of the bursts
bracketed by the vertical dotted lines in Figure 2. For
each burst, the top panel shows the light curve binned
in 128-microsecond intervals (in contrast with the 1.024-
millisecond intervals of Figure 2). Each pixel shows the
power (indicated by the color bar) at the associated fre-
quency for an 8.192-msec interval, with a start time in
milliseconds given on the horizontal axis. The black arrows
indicate the mean values of the QPO frequencies given
in Table 1. The maximum power in a pixel is ∼ 16 for
GRB 910711 and ∼ 8 for GRB 931101B. Note that in
GRB 910711 there is substantial power at the main ∼
2600 Hz frequency some 0.08 − 0.06 seconds before the
burst, which could indicate precursor emission.
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[20] Mösta, P., Radice, D., Haas, R., Schnetter,
E. & Bernuzzi, S. A Magnetar Engine for
Short GRBs and Kilonovae. Astrophys. J.
Lett. 901 (2), L37 (2020).

[21] Fong, W. et al. The Broadband Counterpart
of the Short GRB 200522A at z = 0.5536: A
Luminous Kilonova or a Collimated Outflow
with a Reverse Shock? Astrophys. J. 906 (2),
127 (2021).

[22] Meegan, C. et al. The Fermi Gamma-ray
Burst Monitor. Astrophys. J. 702 (1), 791–
804 (2009).

[23] Barthelmy, S. D. et al. The Burst Alert Tele-
scope (BAT) on the SWIFT Midex Mission.
Space Science Research 120 (3-4), 143–164
(2005).

[24] Preece, R. D. et al. The BATSE Gamma-Ray
Burst Spectral Catalog. I. High Time Reso-
lution Spectroscopy of Bright Bursts Using
High Energy Resolution Data. Astrophys. J.
Suppl. 126 (1), 19–36 (2000).

[25] Deng, M., & Schaefer, B. E. Search for
Millisecond Periodic Pulsations in BATSE
Gamma-Ray Bursts. Astrophys. J. 491 (2),
720–724 (1997).

[26] Kruger, A. T., Loredo, T. J. & Wasserman,
I. Search for High-Frequency Periodicities in
Time-tagged Event Data from Gamma-Ray
Bursts and Soft Gamma Repeaters. Astro-
phys. J. 576 (2), 932–941 (2002).

[27] Dichiara, S., Guidorzi, C., Frontera, F. &
Amati, L. A Search for Pulsations in Short
Gamma-Ray Bursts to Constrain their Pro-
genitors. Astrophys. J. 777 (2), 132 (2013).

[28] Sarin, N. & Lasky, P. D. The evolution of
binary neutron star post-merger remnants: a
review. General Relativity and Gravitation
53 (6), 59 (2021).

[29] Ray, P. S. et al. STROBE-X: X-ray Timing
and Spectroscopy on Dynamical Timescales
from Microseconds to Years. arXiv e-prints
arXiv:1903.03035 (2019).



Springer Nature 2021 LATEX template

6 kHz QPOs in sGRBs

[30] Caputo, R. et al. AMEGO-X Mission
Overview, Vol. 54 of AAS/High Energy Astro-
physics Division, 404.03 (2022).

[31] Miller, M. C., Chirenti, C. & Strohmayer,
T. E. On the Persistence of QPOs during
the SGR 1806-20 Giant Flare. Astrophys. J.
871 (1), 95 (2019).

[32] Groth, E. J. Probability distributions related
to power spectra. Astrophys. J. Suppl. 29,
285–302 (1975).

[33] Cline, D. B., Matthey, C. & Otwinowski,
S. Study of Very Short Gamma-Ray Bursts.
Astrophys. J. 527 (2), 827–834 (1999).

[34] Strohmayer, T. E. & Watts, A. L. The
2004 Hyperflare from SGR 1806-20: Further
Evidence for Global Torsional Vibrations.
Astrophys. J. 653 (1), 593–601 (2006).

[35] Roberts, O. J. et al. Rapid spectral variability
of a giant flare from a magnetar in NGC 253.
Nature 589 (7841), 207–210 (2021).

[36] Bauswein, A. & Stergioulas, N. Unified
picture of the post-merger dynamics and
gravitational wave emission in neutron star
mergers. Phys. Rev. D 91 (12), 124056
(2015).

[37] Paschalidis, V., East, W. E., Pretorius, F.
& Shapiro, S. L. One-arm spiral instabil-
ity in hypermassive neutron stars formed by
dynamical-capture binary neutron star merg-
ers. Phys. Rev. D 92 (12), 121502 (2015).

[38] Kastaun, W. & Galeazzi, F. Properties of
hypermassive neutron stars formed in merg-
ers of spinning binaries. Phys. Rev. D 91 (6),
064027 (2015).

[39] Ciolfi, R. et al. General relativistic magneto-
hydrodynamic simulations of binary neutron
star mergers forming a long-lived neutron
star. Phys. Rev. D 95 (6), 063016 (2017).

[40] Lioutas, G., Bauswein, A. & Stergioulas, N.
Frequency deviations in universal relations of
isolated neutron stars and postmerger rem-
nants. Phys. Rev. D 104 (4), 043011 (2021).

[41] Dimmelmeier, H., Stergioulas, N. & Font,
J. A. Non-linear axisymmetric pulsations of
rotating relativistic stars in the conformal
flatness approximation. Mon. Not. R. Astron.
Soc. 368 (4), 1609 (2006).

[42] Nedora, V., Bernuzzi, S. Radice, D. Perego,
A. Endrizzi, A. & Ortiz, N. Spiral-wave Wind
for the Blue Kilonova. Astrophys. J. Lett.
886 (2), L30 (2019).

Methods

Other Bayesian searches for high-frequency
QPOs in GRBs. Other searches have been
conducted, with null results, for high-frequency
variability in gamma-ray burst data [25–27]. For
example, an analysis of BATSE TTE data from 20
bright short and long bursts (not including either
of the two we feature here) found no significant
periodic signals in the frequency range 30 Hz to
60,000 Hz [25]. Later analyses of BATSE TTE
data for periodic signals in the 400 − 2500 Hz
range using a Rayleigh test [26], and for oscil-
lations and narrow quasiperiodic oscillations of
up to 200 Hz using a Fourier-based method [27],
also found no significant signals (the approach
[43] in the latter study was also used to look for
lower-frequency QPOs in short magnetar bursts
and long GRBs [44–47]). In contrast, we search
for the broad quasi-periodicity expected from a
temporary, decaying oscillation.

Data selection. In order to select bursts for
our analysis that could be bright enough to yield
detections or interesting limits on a QPO signal,
we use a flux threshold for the Swift/BAT and Fer-
mi/GBM bursts based on theoretical arguments
[18]. Using Fourier analysis [48], we can estimate
a flux threshold

F ≈ 2nσEpeak

Adeta2
osc

√
∆ν

∆T
, (1)

where nσ is the required significance of the QPO
(in standard deviations), Epeak is the peak energy
of the burst, Adet is the detector area, aosc is the
fractional root mean squared oscillation amplitude
in the count rate caused by the QPO, ∆T is the
total observation time and ∆ν is the width of the
QPO. We require nσ = 5 and fix a fiducial high
aosc = 0.75 to obtain a correspondingly low F ,
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and assumed ∆ν = 250 Hz [18]. In contrast to
this selection for the Swift/BAT and Fermi/GBM
short bursts, we analyzed all of the 532 short
bursts from the BATSE sample. (Due to its larger
detector area, the BATSE flux threshold would be
up to several times lower than the threshold for
the other detectors.)

Swift/BAT data set. In this analysis, we use
a sub-sample of 8 short GRBs (T90 < 5 s) and
110 long GRBs (included here for improved statis-
tics) detected with Swift/BAT (before August 10,
2020) with a 1-s peak flux in the 15-150 keV band
higher than 3.556 × 10−7 erg s−1 cm−2 based
on Equation 1. The 1-s peak fluxes are adopted
from the Swift BAT/GRB catalog [49]. The sam-
ple excludes two ground-detected GRBs that were
found during spacecraft slews, which could compli-
cate the analysis due to the continuously changing
instrumental response and sky coverage during the
slew time throughout the entire burst emission.

Our QPO study utilizes BAT non-
maskweighted light curves in the 15-350 keV
range and uses the native 100 µs time resolution
for our intervals. We applied the standard HEA-
Soft tool, batbinevt (version 1.48), to create the
light curves. For each burst, we search for QPO
signals across the entire burst duration.

Fermi/GBM data set. We selected a sub-
sample of 184 short GRBs (T90 < 5 s) detected
by Fermi-GBM from July 2008 to July 20,
2018. We require a peak flux higher than
2.074×10−6 erg cm−2 s−1 based on Equation 1.
For each GRB we take the TTE files of the
two most illuminated NaI detectors and extract
the corresponding light curves in 100 µs intervals
(binned from the native 2µs resolution) in the
8–1000 keV band using the fselect and gtbin
tools. For our analysis we use the heasoft (ver-
sion 6.30.1) and the Fermitools (version 2.0.8)
software packages. We reject light curves affected
by spikes due to the interactions of high-energy
particles with the spacecraft [22] and use non-
background subtracted data. We process the data
by following the Fermi team threads [50].

CGRO/BATSE data set. We analyze the
BATSE TTE data available for all 532 short
gamma-ray bursts [51], without a lower flux
threshold. In this mode, the time resolution is 2
µs and there are four energy channels: channel 1

has photon energies from 20 − 50 keV, channel 2
from 50− 100 keV, channel 3 from 100− 300 keV,
and channel 4 has energies > 300 keV [52]. The
TTE data contain 32,768 counts covering no more
than 2 s, with about one fourth of the counts in
the preburst interval, which contains data from all
8 detectors. The remaining 3/4 of memory con-
tains data for burst-selected detectors (brightest
detectors at the trigger time).

Analysis Methods. We search short GRBs for
QPOs that are reasonable matches to the expec-
tations for post-merger oscillations of HMNSs.
Because these oscillations are expected to have
frequencies in excess of ∼ 1000 Hz, we focus on
high frequencies: our analysis uses power density
spectra from 500 Hz to 5000 Hz. In addition,
because HMNS oscillations are expected to damp
on timescales ∼ 0.1 s [2, 3], we construct power
density spectra from data segments of approxi-
mately the same duration.

In practice, since we use a fast Fourier trans-
form (FFT), the segments we analyze are powers
of 2 times the time resolution of each instrument.
We therefore use segments of length 210 × 10−4 s,
or 0.1024 s, for the Swift BAT and Fermi GBM
data sets, which have Nyquist frequencies of 1/(2×
100µs) = 5000 Hz. For BATSE data sets we
analyze segments of length 216 × 2 × 10−6 s, or
0.131072 s. The Nyquist frequency for these data is
1/(2×2µs), or 250, 000 Hz, but at least in our two
featured bursts we did not see any excess power
beyond 5000 Hz.

In order to avoid missing signals that overlap
the end of one segment and the beginning of the
next, our segments have half-overlap. For exam-
ple, if a Swift burst lasts for two seconds, our
first segment is from 0 to 0.1024 s, our second is
from 0.0512 to 0.1536 s, our third is from 0.1024
to 0.2048 s, and so on. We have not attempted
to optimize the segments further; for example, if
there was an apparent signal from 0.0512 to 0.1536
s in a given data set, we did not explore slightly
offset intervals of the same duration.

When we search for QPOs we compute Bayes
factors between specified models. In the high fre-
quency range that we explore, we typically do not
expect (nor do we typically find) that there is
significant red noise (see the “Additional analysis
with adjustable red noise” section below for red-
noise analysis of our two signals, which finds no
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significant difference in the significance or inferred
parameters when we use red instead of white
noise). However, very short-duration pulses such
as those that could be produced by a cosmic ray
will generate noise that is close to white because
the Fourier transform of a delta function is a con-
stant with frequency. As a result, our no-QPO
model is that, in addition to the unavoidable Pois-
son fluctuations, there can be additional white
noise.

For our QPO model we use a Lorentzian form
for the power density P (ν), which we add to white
noise. Therefore, in a model with n QPOs the
power as a function of frequency ν is

P (ν) = Awhite +

n∑
i=1

Ai
1 + (ν − νi)2/(∆νi)2

. (2)

Thus a model with only white noise has 1 param-
eter; a model with white noise plus one QPO
has four parameters; a model with white noise
plus two QPOs has seven parameters; and so
on. For QPO i, Ai is the power density of the
Lorentzian at its center, νi is the central frequency
of the Lorentzian, and ∆νi is the half-width of
the Lorentzian. We adopt this form because it is
the Fourier transform of a signal described by an
exponentially damped sinusoid, which is roughly
consistent with the expectations for a decaying
HMNS oscillation. Each QPO is represented by
a different Lorentzian, and if the frequencies of
multiple QPOs are close enough relative to their
widths, they can overlap. In our QPO models we
also allow there to be additional white noise.

Details about our approach have been pub-
lished earlier [31]. In brief, the likelihood L(P ; Ps)
that a power density P will be observed in a given
frequency bin, given an expected model power Ps,
is [32]:

L(P ; Ps) = e−(P+Ps)
∞∑
m=0

PmPms
(m!)2

. (3)

Here the normalization is such that if the signal
is intrinsically constant and thus the only power
comes from Poisson fluctuations (i.e., Ps = 0), the
mean power is 〈P 〉 = 1. Note that this differs by a
factor of two from the commonly-used Leahy nor-
malization [53], for which 〈P 〉 = 2 for pure Poisson
noise. For a given power density spectrum and a

given model (involving 0, 1, or 2 QPOs), we com-
pute the log of the likelihood of the data set given
the model by summing the log likelihoods over all
of the power densities from 500 Hz to 5000 Hz.

For each model type (0, 1, or 2 QPOs) we
compute the maximum log likelihood over all
parameter combinations using a custom affine-
invariant Markov chain Monte Carlo (MCMC)
code based on the approach of Goodman and
Weare [54]. In our particular implementation of
the MCMC code we use 32 walkers for the white
noise only and the white noise + 1 QPO runs, and
56 walkers for the white noise + 2 QPOs runs. We
start each run from a tight bundle of walkers near
a random point in parameter space, and perform
each run 20 times from different random starting
locations. We find that similar values for the best
fit are repeatedly attained in these 20 runs for a
given data set, which suggests that the likelihood
surfaces are relatively smooth.

To compute Bayes factors we need first to com-
pute the evidence E for each model by integrating
the product of the likelihood L(~a) with the prior
q(~a) over all combinations of the parameters ~a in
a given model:

E =

∫
L(~a)q(~a)d~a , (4)

where the prior has been normalized such that∫
q(~a)d~a = 1. We calculate E using Monte Carlo

integration, with a target precision of 10% of the
best estimate. The Bayes factor between models
A and B is then BAB = EA/EB . We assume that
the 0-, 1-, and 2-QPO models all have the same
prior probability, which means that the odds ratio
between them equals the Bayes factor: OAB = BAB .

Based on our experience with the data, we use
the following priors:

1. For the white noise, Awhite is flat between 0 and
5.

2. For the QPOs, Ai is flat between 0 and 30.
3. For the higher-frequency QPO, log10 ν2(Hz)

is flat between 3.0 and 3.7. For the lower-
frequency QPO, log10 ν1(Hz) is flat between 2.7
and 3.7. For a 1-QPO model we use only the
ν2 prior.

4. log10 ∆νi(Hz) is flat between 1.0 and 3.0.

We adopt priors for the centroid frequency and
width of the QPOs that are flat in log frequency
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because we wish to be agnostic about the scale;
in contrast, for example, a prior that is flat in fre-
quency width between 10 Hz and 1000 Hz would
have most of its weight at large widths. However,
the strength of the QPO signal in our two fea-
tured bursts is great enough that the prior has
little effect.

Potential causes of false QPO signals. Our
initial analysis, which began with the Swift/-
BAT data, revealed some possible causes of false
QPO signals. The first is spikes of ∼ 10 − 100
counts within a single readout time interval of
100 µs. These are presumably produced by cos-
mic rays rather than gamma rays from a burst.
As discussed above, because an unresolved spike
approximates a delta function, the power den-
sity from a single spike is essentially white noise.
If there are two or more such spikes in a given
data set then the frequencies corresponding to the
reciprocals of the intervals between the spikes also
show up prominently in the power density spec-
trum, and these can be read incorrectly as QPOs.
Our approach was to discard segments of Swift/-
BAT data in which any 100 µs interval had more
than 8 counts, because such a high number is
almost certainly from a cosmic ray (see the orange
distribution in Extended Data Figure 1).

Another false signal, which occurred in the
Swift/BAT data for the long burst GRB 191004B,
was caused by 1000-Hz pulses sent to BAT to aid
in its calibration (D. Palmer, private communica-
tion; see the gray distribution in Extended Data
Figure 1).

A third type of false signal can come from
extraction of the data sets themselves. Kruger et
al. [26] found in their search a few cases (they
highlight BATSE trigger 2101) in which there
appeared to be significant power. However, they
discovered that in these cases the apparent signals
were found in portions of the ASCII TTE data
with an abnormally low count rate, which was not
consistent with the original FITS data, and con-
cluded that there had been corruption of the data
sets when they were translated to ASCII. Neither
of our featured bursts have data corrupted in this
way.

A fourth potential warning sign is the presence
of large amounts of red noise up to hundreds of
Hertz. As indicated above we focus on frequencies
above 500 Hz in large part to avoid the red noise
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Extended Data Fig. 1 | Differential distribution
of Bayes factors for Swift/BAT bursts. We plot sep-
arately the sample of 8 short bursts (orange) and 110 long
bursts (gray). The light orange and light gray distributions
include the analysis of segments with spikes in the light
curve caused by cosmic ray contamination. The only case of
a short GRB with B10 > 1 is GRB 171011A, with B10 ≈ 180.
The moderate Bayes factor in this case was caused by a
signal that was identified with the interval between two
spikes caused by cosmic rays. By limiting the maximum
number of counts in one 100µs bin to 8, we remove most
of the contamination by cosmic rays from both short and
long bursts (including 16 additional long burst outliers with
log10 B10 > 10, not shown). After the removal of the cosmic
ray contamination, the single long GRB outlier (dark gray)
with Bayes factor ∼ 6000 is GRB 191004B; the signal was
caused by 1000 Hz calibration pulses on the BAT detectors
at nearly 300 s after the trigger, when Swift was slewing.

which complicates our analysis. But in a small
number of cases the red noise is prominent even
above 500 Hz (see panels a and b of Extended
Data Figure 2 for an example). This makes it con-
siderably more difficult to interpret excesses in the
power density spectrum because, for example, it
is not clear that the red noise should be a power
law with a single slope. A signature of red noise
in our analysis, particularly of the BATSE data,
is that the centroid frequency of a one-QPO fit is
driven to the lowest allowed value, i.e., 1000 Hz.
We use this signature to identify data segments
with excess red noise. It is unclear what causes the
large red noise in some of the BATSE bursts, but
to avoid contamination we exclude these from our
sample; see the bottom panel of Extended Data
Figure 2.

Finally, a fifth potential cause for overestimat-
ing the significance of a QPO has been discussed
recently [55]. The basic effect is that if the total
counts in a data segment are dominated by a small
fraction of the segment, then a Fourier analysis
of the whole segment effectively overresolves the
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Extended Data Fig. 2 | Analysis of BATSE seg-
ments contaminated by excess red noise. a, Light
curve of a segment near the middle of the ∼ 1 second
long burst GRB 980310B. b, Power spectrum of that seg-
ment, which shows clear red noise above 500 Hz, and the
best fit according to our algorithm. The resulting Bayes
factor for one QPO versus none is B10 ≈ 10214. c, The
differential distribution of log10 B10 (defined in the main
text) for the entire set of BATSE short GRBs (there are
4 additional outliers with large amounts of red noise and
log10 B10 > 9, including the one featured in panels a and b),
and for the subset obtained after removing data segments
contaminated with red noise above 500 Hz.

power spectrum of the small contributing frac-
tion. As a result, contrary to the assumptions of
such analyses, the power is correlated between fre-
quencies and false positive QPOs can appear. See
Extended Data Figure 3 for a discussion of one
such case in the BATSE data we analyzed, proba-
bly caused by chance by the position of the edges
of the data segment relative to the light curve of
GRB 930110.

We combed the data for similar segments
which included only the several milliseconds at the
beginning or end of a burst, and removed all such
segments from our sample. None of those segments
were as extreme as the first GRB 930110 segment,
and indeed none of them had B1

0 > 0.4, but by
removing them from the sample we decrease the
probability of a false positive.
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Extended Data Fig. 3 | Example of a proba-
bly false signal of a QPO. a, BATSE data from
GRB 930110, where the segment showing the apparent sig-
nal is framed by the two vertical dotted lines. Although
GRB 930110 has T90 = 220 ms [56], this segment is effec-
tively an artificially very short GRB with T90 ∼ 10 ms.
b, Power spectrum for this segment and the best one-
QPO plus white noise fit, along with the 1σ, 2σ, and 3σ
power levels in the white noise only fit (cf. Figure 3). c,
Probability distribution of log10 B10 generated with 1,500
realizations of light curves (without QPOs) fitted to the
data segment shown in the top panel. The vertical dotted
line in the bottom panel shows the value of log10(B10) seen
in the BATSE data for this segment of GRB 930110, the
diagonal dashed line shows an exponential fit to the top
3% of the Bayes factors, and the inset number shows the
estimated false positive probability from the exponential
fit. See the “Generating synthetic data” and “Estimates
of significance of signals” sections below for more details.
Based on the high probability of a false positive (note also
that in this case the next half-overlapping data segment
has B10 = 0.02), we remove this segment from our sample.
12 other segments that presented similarly cropped light
curves were also removed from our sample for consistency,
although all cases had unremarkable Bayes factors.

Test of goodness of fit for the QPOs. As a
crude test of goodness of fit, we can compute χ2

for just the frequencies of the QPO, in the range
of the centroid plus or minus twice the width of
the QPO, as suggested by Hübner et al. [55]. The
point is that when there are many frequencies in
the power spectrum and only a small fraction of
them are near a putative QPO, the overall χ2 can
appear to be good even if the model is actually
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poor (or unreasonably good, as can happen if the
power spectrum is oversampled) for the QPOs,
because at most frequencies there is no excess
power and the fit is acceptable. To carry out this
calculation we again use the Groth distributions
[32], for which, given an expected (non-Poisson)
power of Ps in a single frequency bin, the mean
power after including Poisson noise is 〈P 〉 = 1+Ps
and the variance is 〈P 2 − 〈P 〉2〉 = 1 + 2Ps.
Although the predicted power distribution is not
Gaussian and thus a χ2 description is not strictly
valid, this gives a rough indication of the goodness
of fit.

Using this description, and including the
three parameters per QPO when computing the
number of degrees of freedom, we find that
for the lower-frequency QPO in GRB 910711,
χ2/dof = 9.1/11; for the higher-frequency QPO
in GRB 910711, χ2/dof = 11.6/12; and the QPOs
in GRB 931101B are too narrow, and thus have
too small a number of degrees of freedom, for this
to be a meaningful test. As expected from good
fits, both χ2 values are close to their respective
numbers of degrees of freedom.

Distributions of ∆ lnL2
0. From now on we

focus only on the BATSE data, where our sig-
nals were detected. Because of the extra parameter
volume required for a model with two Lorentzian
QPOs plus white noise compared with a model
that has zero or one QPO, it is not computa-
tionally feasible to calculate B2

0 for every segment
of BATSE data (there are approximately 14,200
half-overlapping data segments in our analysis of
532 BATSE short bursts). We can, however, get
a sense for the evidence for two QPOs by looking
at the distribution of ∆ lnL2

0 , i.e. the difference
between the maximum log likelihoods in a two-
QPO model, and the maximum log likelihood in a
white noise only model; this will be our figure of
merit in the Section “Estimates of significance of
signals” below. (The calculation of the significance
using the difference between maximum log likeli-
hoods is less robust than using the Bayes factor,
as it does not take into account the structure of
the likelihood surface. However, a test comparing
∆ lnL1

0 and B1
0 shows that they give very similar

results.) In Extended Data Figure 4 we show the
probability distribution of ∆ lnL2

0 inferred for the
BATSE sample and compare it with a distribution
obtained from synthetic realizations of Poisson

noise. The bulk of the BATSE distribution is well
represented by the Poisson noise distribution.
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Extended Data Fig. 4 | Probability distribution
of signal strengths Here we show the distribution of
∆ lnL20 for the BATSE sample of short GRBs analyzed
in our work, compared with the probability distribution
obtained for 15,000 synthetic spectra generated containing
independent realizations of Poisson noise. The two outliers
are our signals, with ∆ lnL20 = 56.4 (GRB 910711) and 33.3
(GRB 931101B). A third outlier with lower significance can
also be seen at ∆ lnL20 = 21.3. The bulk of the BATSE
distribution (excluding the outliers) is well represented by
the Poisson noise distribution.

Generating synthetic data. When a data
stream is not stationary, as it is not in our case
because the bursts present rapidly-changing flux,
then power density spectra constructed using fast
Fourier transforms can lead to overestimates of the
significance of QPOs [55]. To assess the impact
of this concern in our case, we generate syn-
thetic data with the procedure described below,
following Hübner et al. [55]:

1. We model (without QPOs) the light curve of
each data segment in which we find candi-
date signals. The signal model we use for the
count rate as a function of time is related to a
hyperbolic tangent and has six parameters as a
function of the time t:

F = Fback + Fm{1 + tanh[(t− tm)/tr]} (5)

times 1 if t < tp or times exp[−(t − tp)/td] if
t ≥ tp. Thus Fback is the background count
rate, Fm is related to the flux of the burst,
tm is a characteristic time for the onset of the
burst, tr is the rise time, tp is the time when the
exponential decay starts, and td is the decay
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time. Other fits are possible. For example, we
could use a fit in which the light curve is rep-
resented by one exponential rising to a peak,
and then another exponential falling from that
peak [55]. However, we find that our fit is pre-
ferred strongly: for example, for GRB 910711,
the maximum likelihood of our fit is ∼ 8× 105

times larger than the maximum likelihood of
the double-exponential fit.

In Extended Data Table 1 we give the best-
fit values of these six parameters for each of
the two segments in which we find signals. Note
that for GRB 931101B, tp < tm, which sim-
ply indicates that this burst has a somewhat
gradual rise and decline.

2. We perform a Poisson draw at each time bin of
2 microseconds to obtain a light curve. These
light curves, by design, have no QPOs and thus
analysis of them gives a sense for the probabil-
ity of a false positive identification of a QPO
or QPOs given the non-stationary count rate.
In panels a and b of Extended Data Figure 5
we show the data, the smoothed fit, and a rep-
resentative Poisson draw for each of our two
bursts.

3. We then compute the power spectrum and are
ready to perform our analysis to search for
QPOs in the synthetic data. In panels c and
d of Extended Data Figure 5 we show the
power spectra obtained for the representative
examples presented in the left panel.

Estimates of significance of signals. We per-
form the steps outlined in the previous Section
repeatedly for each of our two bursts to search the
synthetic data for signals as strong as or stronger
than those we found in the BATSE data. This
gives us two distributions of ∆ lnL2

0, representa-
tive of GRB 910711-like and GRB 931101B-like
light curves. For each burst, we therefore conclude:

1. For GRB 910711-like synthetic data, we per-
form ≈ 14, 000 simulations and find none with
∆ lnL2

0 as large as in the actual GRB 910711
data, which suggests that the false positive
probability for this signal is <∼ 10−4.

2. For GRB 931101B-like synthetic data, we per-
form 4,000 simulations and find 7 with ∆ lnL2

0

at least as large as in the actual GRB 931101B.
Thus we can roughly assign a probability of
∼ 1− 2× 10−3 for the GRB 931101B signal.

We show the distributions of the synthetic
∆ lnL2

0 for GRB 910711-like and GRB 931101B-
like data in panels e and f of Extended Data
Figure 5. Note that these distributions extend to
far larger ∆ lnL than the bulk of our distribution
of BATSE data (see Extended Data Figure 4); in
this sense, GRB 910711 and GRB 931101B are not
typical bursts.

Given that none of our ≈ 14, 000 GRB 910711-
like synthetic data sets reached a ∆ lnL2

0 as high
or higher than what we see in the BATSE data, to
obtain a more precise estimate of the significance
of this signal we need to extrapolate. We see from
Extended Data Figure 5 that at the high-∆ lnL2

0

end, the distribution appears linear on a log-linear
plot, and is therefore well fit with an exponential.
Performing such a fit using the top 3% of ∆ lnL2

0

values for the GRB 910711-like synthetic data sets
yields a probability, in a single realization, of

Prob(∆ lnL2
0 ≥ x) = 0.03 e−

(27.9−x)
4.57 . (6)

For ∆ lnL2
0 > 56.4 (the value for GRB 910711),

this implies Prob(∆ lnL2
0 > 56.4) ≈ 6 × 10−5.

That is, the probability of a false positive, in a
single realization, for the QPOs in GRB 910711 is
approximately 6× 10−5.

We now need to estimate the probability of
∆ lnL2

0 > 56.4 taking into account the number of
trials, that is, considering all of the bursts that we
analyze (as the same method is used in both cases,
the search for QPOs in each synthetic light curve
has the same number of trials as the search for
QPOs in each BATSE light curve). We find that,
for each burst, the probability of a given large
∆ lnL2

0 depends strongly on the duration T90 of
the burst (although obviously the specific shape of
the burst light curve and the number of counts in
the burst also play roles). This is plausible given
the argument that the probability of a false pos-
itive in a segment is greater when the duration
of the burst is a smaller fraction of the duration
of the segment [55]. Quantitatively, we performed
2,000 simulations each on the light curves of five
other T90 < 100 ms BATSE bursts with good data
[33]: these were GRBs 910508, 910625, 910703,
930113C, and 940621C. As with GRB 910711, we
performed exponential fits to the top 3% of ∆ lnL2

0

values. In Extended Data Table 2 we show the
extrapolated probability of ∆ lnL2

0 > 56.4 for each
of these bursts, along with their T90.
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Extended Data Table 1 | Model parameters used in synthetic data

GRB Fback Fm tm tr tp td

910711 8.764 44.209 98.323 0.472 103.11 2.472
931101B 2.330 255.65 46.950 8.609 33.048 2.958

Note: parameters for our synthetic data runs modeling QPO-free light curves based on models of the light curves from our two
BATSE data segments where we find QPOs. See text and especially Equation 5 for details. Here the count rates Fback and Fm are
in counts per millisecond, and the times are all in milliseconds; the zeros of time for tm and tp are shown in Figure 2.
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Extended Data Fig. 5 | Real versus synthetic data a, Zoom-in on the QPO data segment for GRB 910711,
a corresponding smoothed fits given by eq. (5) and a representative example of the synthetic light curve obtained via
Poisson sampling from the smoothed fits (the starting time of the GRB 910711 light curve is shifted here for convenience
of presentation). c, Power spectrum of the synthetic light curve shown in a. As in Figure 3, the red bands show the 1σ,
2σ, and 3σ powers expected given the best white noise only fits to the data from each burst. e, Probability distribution
of ∆ lnL20 from synthetic data generated from light curve fits to GRB 910711. The vertical dotted line shows the ∆ lnL20
observed in BATSE data, and the diagonal dashed line shows the exponential fit to the top 3% of the synthetic data points
(see “Estimates of significance of signals” for details). The inset number gives the estimated false positive probability for
signals as strong as or stronger than that observed. b, d, f, Similarly, for GRB 931101B.

We see in Extended Data Table 2 that there is
a steep decline in the probability of a high ∆ lnL2

0

with increasing T90. Based on this analysis, it
seems likely that the expected number of false pos-
itives with ∆ lnL2

0 > 56.4 in the entire sample of
bursts is dominated by the expected number of
false positives for the single burst GRB 910711
(as the probabilities in Extended Data Table 2 are
small [given by exponential extrapolations of the
form (6)], they can be used interchangeably with
the number of false positives in each case). That
is, the expected number of false positives in the

entire catalog, Nfalse,catalog(∆ lnL2
0 > 56.4), is∑

i

Nfalse,i

(
∆ lnL2

0 > 56.4
)
∼ 6× 10−5 ,

where i runs over all bursts. We therefore con-
clude that the significance of the QPO signal in
GRB 910711, when all trials over all bursts are
taken into account, is ∼ 6× 10−5.

We can then ask the question: what is the
probability that in our sample we would see a
burst with ∆ lnL2

0 > 56.4 (like GRB 910711)
and a second burst with ∆ lnL2

0 > 33.3 (like
GRB 931101B)? In Extended Data Table 2 we
therefore also show the extrapolated probabil-
ity of ∆ lnL2

0 > 33.3. The expected number
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Extended Data Table 2 | Extrapolated probabilities of ∆ lnL20 for different short bursts

GRB Trigger # T90 (ms) Counts Prob(∆ lnL2
0 > 56.4) Prob(∆ lnL2

0 > 33.3)

910711 512 14 1790 5.9× 10−5 9.2× 10−3

910508 207 30 1254 2.2× 10−6 1.6× 10−3

931101B 2615 34 524 2.6× 10−6 1.3× 10−3

910625 432 50 1810 7.2× 10−7 9.3× 10−4

910703 480 62 2278 1.8× 10−7 7.5× 10−4

940621C 3037 66 710 2.0× 10−10 7.9× 10−6

930113C 2132 90 612 4.1× 10−11 2.9× 10−6

Note: probabilities, extrapolated using an exponential fit, that synthetic data generated using the light curves of each of the
bursts with durations T90 < 100 ms (third column) and good data would produce ∆ lnL2

0 > 56.4 (fifth column), which is the value

obtained using the BATSE data for GRB 910711, and ∆ lnL2
0 > 33.3 (sixth column), which is the value obtained using the BATSE

data for GRB 931101B. The fourth column gives the total number of counts in the 0.131072-second segment that we analyzed,
rather than the counts summed over the T90 of the burst. We see that both probabilities decrease steeply with increasing duration.
The bursts where we find QPOs are highlighted in boldface.

of false signals in the whole catalog is then
Nfalse,catalog(∆ lnL2

0 > 56.4 and ∆ lnL2
0 > 33.3),

given by

∑
i

{
Nfalse,i

(
∆ lnL2

0 > 56.4
)
×∑

i 6=j

Nfalse,i

(
∆ lnL2

0 > 33.3
)} ∼ 3× 10−7 ,

where i again runs over all bursts and j runs
over all bursts other than i. We thus conclude
that the combined significance of the QPO signals
detected in both GRB 910711 and GRB 931101B
is ∼ 3 × 10−7, taking into account all trials over
all bursts. The addition of the Swift/BAT and
Fermi/GBM bursts we analyzed does not impact
this result. There were 14 Fermi/GBM bursts
with T90 < 100 ms, but the GBM data included
only the duration of each burst in each case (not
including portions of pre- and post-burst low-
count background data), therefore mitigating this
possible cause of false QPOs [55]. There were
no Swift/BAT bursts in our sample with T90 <
100 ms.

Short GRBs vs. SGR giant flares. As noted
in the main text, tentative evidence for a kilo-
hertz QPO in a giant flare from the Galactic
SGR 1806−20 has been reported [34] as well
as kilohertz QPOs from an SGR giant flare in
NGC 253 [35]. Moreover, it has been proposed that
many of the shortest gamma-ray bursts are giant

flares from SGRs rather than neutron star merg-
ers [57]. It is therefore useful to explore how to
distinguish the giant flare from the neutron star
merger scenario.

The most definitive distinction would come
from an identification of the host galaxy, because
SGR giant flares do not reach the isotropic equiv-
alent energy or luminosity of double neutron star
mergers. However, BATSE localizations are only
to several square degrees and thus clear host
identification is impossible.

Nonetheless, energetics do distinguish between
our bursts and the giant flare sample [57].
Extended Data Table 3 gives the implied min-
imum equivalent isotropic energy and isotropic
peak luminosity for each of our bursts, based on
the minimum distance of a galaxy consistent with
the burst localizations. We see that even if we take
the minimum galaxy distance irrespective of star
formation rate, the required Liso are extreme; for
comparison, the maximum Liso in the candidate
giant flare list [57] was 1.8× 1048 erg s−1.

If we restrict consideration to only galaxies
with at least moderately active star formation,
given that magnetar giant flare activity is thought
to come from neutron stars with very young ages
<∼ 104 years, then both Eiso (compare with the
maximum of 5.3 × 1046 erg in the giant flare
sample [57]) and Liso stand out compared with
the suggested giant flare sample. This provides
an argument that our bursts are classical short
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gamma-ray bursts, and thus are likely to be pro-
duced by neutron star mergers, rather than being
giant flares from SGRs.

Comparison with numerical relativity
results. The frequencies of the main QPO peak
in simulations of binary neutron star mergers
range from 1.8 − 3.8 kHz [9], depending on the
neutron star equation of state and on the indi-
vidual masses of the neutron stars in the binary.
The values obtained for these frequencies are
remarkably consistent across different groups,
as evidenced by tests which achieved differences
smaller than the scatter of the proposed phe-
nomenological relations [13]. These frequency
values are also consistent with the QPOs we
present in this work. The quality factors of the
ν2 QPOs we find are Q ∼ 50 − 100, which are a
few times times higher than the quality factors
Q ∼ 10 − 20 estimated from the simulations
[5, 9, 13, 62]; in contrast to the frequencies, which
are very similar among different simulations,
there is less agreement between simulations about
the quality factor. This is because the lifetime of
an HMNS in a simulation is sensitive to numer-
ical details of the evolution codes. Additionally,
it is expected that the quality factors obtained
from numerical relativity are lower limits, due to
numerical dissipation [63].

Additional analysis with adjustable red
noise. We have also performed analyses of our
two signals using red noise instead of white
noise. For these analyses, the noise contributes
Ared(f/500 Hz)p to the power, where the prior for
Ared is flat between 0 and 5 and the prior for p
is flat between −3 and +1 (thus allowing for blue
noise).

From Extended Data Table 4 we see that the
log likelihoods of the noise only, noise + 1 QPO
and noise + 2 QPO fits are not increased signifi-
cantly when, in each case, white noise is replace by
red noise. Therefore, the fits are not improved sig-
nificantly by the use of red noise instead of white
noise.

Moreover, Extended Data Table 4 shows that
∆ lnL2

0 for GRB 910711 is only slightly enhanced
if we use the red noise models (∆ lnL2

0 = 57.2 −
0.1 = 57.1) compared with the white noise mod-
els (∆ lnL2

0 = 56.4); for GRB 931101B, ∆ lnL2
0

is slightly reduced if we use the red noise mod-
els (∆ lnL2

0 = 33.6 − 2.3 = 31.3) compared with

the white noise models (∆ lnL2
0 = 33.3). From

this we conclude that the choice of noise model
(red or white) does not affect how much the noise
+ 2 QPOs model is preferred over the noise-only
model. Finally, Extended Data Table 4 shows that
the best-fit frequencies and frequency widths are
virtually identical between the white noise and the
red noise fits.

Use of Poisson only instead of white noise as
background. Our fiducial models include white
noise as well as, possibly, Lorentzian QPOs. As
indicated above, the motivation for considering
white noise is that spikes in the Swift/BAT data
introduce large amounts of extra white noise into
the power spectra, so this needs to be taken into
account. However, the BATSE data sets we ana-
lyze, after removal of segments with large amounts
of f > 500 Hz red noise, do not have spikes. This
suggests that, instead, it could be interesting to
consider models in which the noise is purely Pois-
son, e.g., for a noise-only model the picture would
be that the intrinsic count rate is steady and thus
the only contributor to the power spectrum is
photon counting noise, i.e., Poisson noise.

Although we have not reanalyzed all of
the data sets with Poisson+QPO(s) models, a
Poisson-only model is fast to evaluate. When
we do this, we find that our strongest signal
GRB 910711 stands out even more from the syn-
thetic light curves. Exponential extrapolations of
the type describe above suggest that the expected
number of false positives per GRB 910711-like
light curve is ∼ few × 10−7, i.e., that the signal
is at least 100× more significant than what we
inferred from our white noise models. (The signal
would be even more significant if we were to make
the [small] correction for detector deadtime, which
lowers the Poisson power, as seen for example in
the discovery of kHz QPOs in Scorpius X-1 [64].)

As an aside, we also note that when we analyze
the BATSE GRB 910711 data using models with
Poisson noise plus some number of QPOs, this
analysis identifies a third, weaker but still signifi-
cant, QPO centered at ∼ 2070 Hz with a width of
∼ 90 Hz, and a fourth, even weaker and not obvi-
ously significant, QPO centered at ∼ 3700 Hz with
a width of ∼ 40 Hz. However, because we have not
performed systematic studies using a Poisson noise
background, we cannot assess these implications
thoroughly.
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Extended Data Table 3 | Fluences, fluxes, and distances of bursts with QPOs

GRB 910711 931101B

> 20 keV fluence (erg cm−2) 4.3× 10−7 1.8× 10−7

Estimated maximum flux (erg cm−2 s−1) 1.5× 10−4 2.6× 10−5

Minimum distance of galaxy (Mpc) 15.6 24.2
Minimum Eiso (erg) 1.2× 1046 1.2× 1046

Minimum peak Liso (erg s−1) 5× 1048 2× 1048

Minimum distance of star forming galaxy (Mpc) 66.3 46.4
Minimum Eiso for star forming galaxy (erg) 2.3× 1047 4.8× 1046

Minimum peak Liso for star forming galaxy (erg s−1) 9× 1049 7× 1048

Note: here Eiso and Liso are respectively the equivalent isotropic energy release and isotropic peak luminosity that would give
the observed fluence and peak flux at the listed distances. We use the GLADE+ sample [58, 59], along with GRB localizations[60]
(which is also our source for the > 20 keV fluence), to determine the closest galaxy, and the closest galaxy consistent with the
direction to the GRB that has an absolute B magnitude equal to or brighter than the MB = −20.8 for the Galaxy [61]. The
B magnitude threshold is based on the suggestion that giant flares from SGRs should be correlated with ongoing star formation
because giant flares are thought to occur no more than ∼ 104 years after the birth of a neutron star[57].

Extended Data Table 4 | Comparison between white noise and red noise fits

GRB Fit Slope ν1 (Hz) ∆ν1 (Hz) ν2 (Hz) ∆ν2 (Hz) lnLbest − lnLwhite

910711 White 0.0
Red −0.15+0.19

−0.2 0.1
White + 1QPO 2649+6

−7 26+9
−7 29.7

Red + 1QPO −0.28+0.23
−0.23 2649+7

−7 24+9
−7 30.0

White + 2QPOs 1113+7
−8 25+9

−7 2649+6
−7 26+9

−7 56.4
Red + 2QPOs +0.15+0.36

−0.41 1112+8
−9 27+9

−7 2648+7
−8 28+10

−8 57.2
931101B White 0.0

Red −2.00+0.65
−0.61 2.3

White + 1QPO 2612+9
−8 14+7

−3 20.5
Red + 1QPO −2.27+0.56

−0.44 2611+5
−7 14+5

−3 22.5
White + 2QPOs 877+6

−8 15+7
−2 2612+9

−8 14+7
−3 33.3

Red + 2QPOs −2.19+0.74
−0.44 879+10

−10 16+12
−4 2611+9

−7 15+6
−4 33.6

Note: fits to the power densities of our two signals using our fiducial white noise background, and using instead a red noise
background (see text for details). In each case we show the median and the ±1σ values of the parameters, and the final column
gives the log likelihood of the best fit minus the log likelihood of the white noise only fit. The “Slope” column gives the slope of
the noise fit when the noise is not required to be white; negative is red noise and positive is blue noise, and note that when red
noise is preferred it only affects the lowest frequencies in our 500 Hz to 5000 Hz interval. Using red instead of white noise does not
change significantly the parameter values or the delta log likelihoods.

Detailed analysis of candidate signals.
Extended Data Table 5 shows the best-fit param-
eters for our two-QPO models for each of our two
bursts. Extended Data Figure 6 places our bursts
on a hardness ratio-duration plot for all BATSE
bursts.

In Extended Data Figure 7, we show the light
curves, power spectra, and spectrograms for each
energy channel of each burst and for the sum of

counts over all four BATSE TTE energy channels.
As both GRBs are bright and hard, a small cor-
rection due to detector deadtime can be estimated
[65], resulting in an effective deadtime of approxi-
mately 1µs per photon that is much smaller than
the period of our strongest QPO, 1/(2.6 kHz) '
400µs. Given that a particular burst is detected
by ∼ 4 of the eight BATSE detectors, this dead-
time implies that we are missing approximately
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Extended Data Table 5 | Best two-QPO fit to data from each burst

GRB Trigger # Awhite A1 arms
osc1 ν1(Hz) ∆ν1 (Hz) A2 arms

osc2 ν2 (Hz) ∆ν2 (Hz)

910711 512 0.18 6.20 0.27 1113 26 7.10 0.28 2650 28
931101B 2615 0.003 5.57 0.32 878 13 7.55 0.34 2613 12

Note: the parameter values for the best two-QPO fit to the power spectral data for each burst, which are also labeled by their
BATSE trigger number. Here we also add the best estimate of the fractional root mean squared amplitudes of each QPO. The best
values of the parameters need not be the same as the median values from Table 1, but the best values are all within the ±1σ ranges.
For GRB 931101B the best-fit white-noise amplitude is very low, which indicates that the model has captured the signal power. In
contrast, the best-fit white-noise amplitude for GRB 910711 is larger, which could suggest that there are additional QPOs or other
features, but the evidence is not strong. If, for example, we add a third QPO to our fit then the best frequency is ∼ 2100 Hz and
the best frequency width is ∼ 100 Hz, but the evidence is only ∼ 50% larger than the two-QPO evidence.

 0.01

 0.1

 1

 10

 100

 0.01  0.1  1  10  100

S
(1

0
0

-3
0

0
)/

S
(5

0
-1

0
0

)

T90 (s)

BATSE catalog
GRB931101B

GRB910711

Extended Data Fig. 6 | Hardness-duration plot of
BATSE gamma-ray bursts Here we show the hardness
ratio (fluence in the 100−300 keV band divided by fluence
in the 50 − 100 keV band) vs. T90 for the BATSE catalog
(including both short and long GRBs), highlighting our
signals. Error bars represent ±1σ uncertainties. The T90
of some of the shortest bursts was re-calculated using the
TTE data [33]. GRB 910711 and GRB 931101B are very
short compared with most short GRBs, but the hardness
ratios of our bursts do not stand out in the short GRB
population.

2% of the counts in GRB 910711 and 0.5% of
the counts in GRB 931101B on average during
their whole duration (the percentage loss should
be at most double these values at the peak of each
burst).

Although on balance the signals are strongest
in the highest-energy channels 3 and 4, channel 2
in GRB 931101B shows a substantial signal near
the lower-frequency QPO. Moreover, examination
of panels c and f of Figure 7 shows that the sig-
nals can appear over short times even before the
main burst, and that the signals tend to be in the
early phases of the bursts. These properties may
provide clues to the mechanism that makes the
QPOs appear in gamma rays.

Data availability. BATSE archival TTE data
are available at [51].

Code availability. Details about our codes
have been published [31], but the code itself is not
intended to be used publicly.
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ranges are 20− 50 keV, 50− 100 keV, 100− 300 keV, and > 300 keV for channels 1, 2, 3, and 4, respectively. The vertical
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