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Abstract

Context. Fast radio bursts (FRBs) are a class of transients characterised by their millisecond-scale duration and relatively high dispersion measures. Some FRBs have been observed to repeat. For such repeating FRBs, measuring the period is key to identifying their physical mechanisms. However, periods have only been measured for two FRBs – FRB 20112002A and FRB 20180916B – because most repeating FRBs have a low event count, making it challenging to measure their periods.

Aims. We aim to introduce a composite periodogram strategy designed to measure periods of repeating FRBs out of low event counts.

Methods. We combined the χ2 periodogram with the inactivity fraction periodogram (F0) to maximise the detection likelihood and minimise noise. Our approach was validated using FRB 20180916B, whereby we successfully recovered the known period with as few as five events. We then applied this method to 17 FRBs whose event counts range from three to 12.

Results. A candidate period is identified in FRB 20190804E, FRB 20190915D, FRB 20200223B, FRB 20201130A, and FRB 20201221B, with a probability of chance coincidence ≤0.050. Additionally, we did further checks to eliminate false positives and concluded that the candidate periods for FRB 20190804E (168.39−0.07+3.86 days) and FRB 20201130A (11.38−0.10+0.10 days) are likely close to its true period. These values provide a basis for informed follow-up observations.
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1 Introduction
Fast radio burst (FRB) is a class of transients first discovered by Lorimer et al. (2007) with a currently unknown origin. It is characterised as a radio pulse with durations of the order of milliseconds and a relatively high dispersion measure. Its high dispersion measure suggests an extragalactic origin consistent with observation of identified hosts (Bannister et al. 2019; Chatterjee et al. 2017; Ravi et al. 2019).
Fast radio bursts can be divided into repeaters or one- off FRBs. The population seems to favour one-off FRBs over repeating FRBs. The Canadian Hydrogen Intensity Mapping Experiment/FRB (CHIME/FRB) survey led to a repeater fraction estimate of about [image: equation] (Andersen et al. 2023). However, a one-off FRB can be re-classified as a repeater FRB if a new signal is associated with the one-off signal. Anticipating this re-classification, Yamasaki et al. (2023) approximated a considerably higher repeater fraction. There is also a lot of research in the FRB literature dedicated to identifying potential repeaters from one-off bursts (Chen et al. 2021; Luo et al. 2022; Zhu-Ge et al. 2023; Pleunis et al. 2021).
Recently, a number of one-off bursts have been re-classified as repeaters with the help of an unsupervised clustering algorithm (Andersen et al. 2023). This discovery serves as the motivation for this paper. Regularly repeating FRBs such as FRB 20121102A, FRB 20180916B, and FRB 20201124A are rare, and newly identified repeaters tend to have low detection counts despite regular daily exposure. With limited data, it is hard to predict when it will happen again, which results in missed opportunities for our further understanding of the origin of FRBs. This study introduces a composite periodogram strategy to address the limited detection count constraint to make a prediction.
2 Repeater periodicity
The periodicity of a repeater can be estimated using a periodogram. A periodogram is a function of metric versus trial period that quantifies the strength of the fit between the given trial period and the time-series data. A trial period with a strong fit will appear as a peak, and the strength relative to neighbouring trial periods will determine the height of such peaks. Table 1 summarises previous methods used to calculate the periodicity of active repeaters using a periodogram.
The Lomb–Scargle periodogram (Lomb 1976; Scargle 1982) is a common astronomical tool for time-series analysis (VanderPlas 2018) that relies on the variation in flux or magnitude. The inactivity fraction method (F0) used by Raj wade et al. (2020) and uniformity measure methods (χ2) used by Amiri et al. (2020); Sand et al. (2023) are useful when information about the light curve and activity cycle is scarce or unknown. Additionally, Li et al. (2024) introduced the phase-folding probability binomial analysis by testing the significance of a central peak at a given trial period.
In this paper, we only use the χ2 and the F0 methods described in Sect. 3. Both methods require the signal function to be folded at the selected trial periods and binned before measuring. These periodograms are known as phase-folding periodograms (VanderPlas 2018). Since they are essentially the same method with different evaluations, we refer to both as metrics and evaluate them in a single pass. In Sect. 4, we continue describing how we used both metrics to evaluate the periodicity of our sample.
Table 1 
Periods of FRBs with different methods in the literature.

3 Periodogram metrics
3.1 Uniformity measure (χ2)
The idea of a uniformity measure for periodicity analysis was introduced in de Jager et al. (1989). Given a time series with an unknown light-curve shape, it is expected to give the maximum difference against a uniform expectation at the phase fold equal to its true periodicity. The authors suggest novel H-test statistics as a uniformity measure, but using Pearson’s chi-squared statistics, χ2, is more common.
Given a telescope’s exposure time, E, towards the designated sky patch in phase bin, ϕ, the χ2 statistics of the period fold is
[image: equation](1)
where Φ is the total number of phase bins, Nϕ is the total number of observed bursts in the ϕ-th bin, and r is the average burst rate of the repeater given by
[image: equation](2)
where N is the number of events and E is the exposure time towards the repeater’s location. We expect different events to accumulate at the same phase bins and cluster around a central peak phase if the signal is folded at its true period. The χ2 periodogram is usually presented in its normalised form by dividing it by the degrees of freedom minus one. We also present it in its normalised form with the more explicit expression χ2/(Φ − 1).
3.2 Inactivity fraction (F0)
This method was described in Rajwade et al. (2020) to tentatively evaluate the periodicity of FRB 20121102A. They measured the longest contiguous inactivity fraction. A long inactive period suggests that the repeater activities are clustered within a certain fraction of each cycle as expected from burst phenomena (Li et al. 2024). The metric can be summarised as the complement of the shortest 1D convex hull containing all events, 1 – min(convex(ϕ)), which we expand to
[image: equation](3)
where ϕ{first/last} is the phase bin number that contains the first or the last event shifted by i-th bin, Φ is the number of bins, and mini(x) is the minimum value of x among all i-th bin shifts. This algorithm can be optimised by knowing that a continued empty- phase bin shift results in the same mini(x) value reducing the total required i shifts from Φ to the number of continuous empty bins. For example, in Fig. 1, there are only two continuous empty bins, so only two shifts give unique values.
Shifting the phase fold to the i-th bin (with the origin rolled over to the end) to find the global minimum is necessary because this metric should be independent of the choice of phase origin. We show this independence in Fig. 1, where the global minimum active region is found with the same value when we account for uncertainty from bin width choices, regardless of the phase origin. We note that the range of this metric is [image: equation], and therefore it is an integer multiple of the bin width.
4 Methodology
4.1 Composite periodogram
To overcome the limitation of low event counts of the repeaters, we propose using a biperiodogram scheme so that mutual peaks will correlate but noisy peaks will be muted by the partnering metric. We combined χ2 and F0 metrics to create a χ2−F0 composite periodogram. Each trial period will be assigned a probability of chance coincidence, Pcc, based on the trial periods’ χ2−F0 pair. The probability model is generated from a simulation described in Sect. 4.5. Since F0 measures variation in the phase space and χ2 measures variation in the magnitude space of a given phase fold, the χ2−F0 composite is analogous to studying the activity variation versus the activity concentration.
4.2 Signal function
The signals of FRB repeater events are treated as pure delta functions with a magnitude of 1 at the time of arrivals (TOAs) and 0 everywhere else:
[image: equation](4)
This formulation ignores fluence and energy variations between events but allows us to measure the periodic modulation of the repeaters. The periods for both FRB 20111202A (Rajwade et al. 2020; Cruces et al. 2021; Li et al. 2024) and FRB 20180916B (Amiri et al. 2020; Sand et al. 2023) are measured in terms of periodically modulated activity because bursty phenomena tend to show increasing burst rates in the active phase (Li et al. 2024). The metrics chosen for this study are optimised for finding this concentration of event along the phases. TOA data are obtained from the CHIME/FRB Public Database web site1. These TOAs are topocentric, so we used ‘astropy’2 to convert them to barycentric TOAs before evaluating them.
	[image: thumbnail]	Fig. 1 Example phase-folds using FRB 20180916B at 32.56 days with different bin numbers and phase-origin shifts. For each sub-figure, the top figure is the histogram of observed bursts (solid blue) and uniform expectation (dashed green) in each phase bin with the residue displayed in the bottom figure. The χ2 metric is proportional to the sum of the squared value of this residue. The grey span in the histogram shows the inactivity fraction (F0).



4.3 Exposure function and observation window
The CHIME telescope is a transit telescope oriented in the N- S direction that operates 24 hours daily in nominal conditions. Therefore, the exposure function depends on the Earth’s rotation and the computational operation. We followed the method of Amiri et al. (2021), which considers the sky to be exposed if it is within the full-width-at-half-maximum (FWHM) region of the synthesised beam at 600 MHz with an operational CPU node.
We utilised the daily exposure data provided by CHIME/FRB between 28 Aug 2018 and 1 May 2021 inclusive3. It is stored at four seconds of resolution as a HealPix array (Górski et al. 2005) under a ring configuration with the ‘nside’ parameter equal to 4096. We extracted the exposure duration (in hours) of the sky position of each sample as a function of day. The uncertainty in exposure is modelled as a purely geometric function of declination because it is constant in right ascension (Amiri et al. 2021; Yamasaki et al. 2023):
[image: equation](5)
We then set the date range of this exposure function as the observation window (T = 977 days) of this paper.
4.4 Trial period fold configuration
We evaluated the trial periods, P, across two ranges: the primary range is between 1.5 < P ≤ τ days while the secondary range is between τ < P ≤ 2τ days, where τ as the time difference between the last and first events (the event window). We find our candidate periods only within the primary range. We used the secondary range to calculate the probability of chance coincidence, Pcc in Sect. 4.5. We consider this secondary range as random noise; thus, including it to calculate Pcc tightens the constraints. The secondary range is also useful for understanding the behaviour of the periodograms at the search boundary, which is clear in Sect. 6.3.
The trial period range is spaced at [image: equation] day spacing, where r is the average burst rate of the repeater (Eq. (2)). We found that reducing the range spacing (e.g. using 1/(nr), n > 1 spacing) gives the same result as our chosen spacing. Moreover, since our probability model uses the same trial period range, we obtained the same probability models even with a finer spacing. Therefore, reducing the trial period spacing adds computational cost with no added benefit.
We set the phase origin to 28 Aug. 2018 at 00:00:00 h for all trial period folds. We then binned the number of signals with the bin width equal to ten degrees each, making the number of bins Φ = 36. We found this number to balance the granularity of the F0 metric and the sparseness of the events in a low-event-count repeater. This is because increasing the bin width will make F0 less precise, but decreasing the bin width will make fewer events accumulate within the same bin, thereby reducing the activity variation per phase. As seen in Fig. 1, increasing the number of bins does not significantly increase the precision of F0, but at the same time it reduces the χ2 metric value because of the reduced event count per phase bin. Figure 1 also shows the effect of shifting the phase origin that only shows minimal differences.
The exposure function is also folded and binned with the same configuration. This serves as the Eϕ value to build the uniform expectation function for our χ2 metric (Eq. (1)). Since the exposure function has a daily precision, we set the exposure to occur at 00:00:00 h every day, affecting the resulting binned curve. At the same time, the TOA values reported in the CHIME/FRB public database are given to subsecond precision levels. This mismatch in precision prevented us from directly comparing the values within a continuous phase domain. By binning the phases, we minimised the effects caused by this difference in precisions.
4.5 Probability of chance coincidence, Pcc
We assign a probability at each trial period based on the probability of each metric pair. It is unlikely for both metrics to peak at the same time in a scenario with random data. We define the probability of chance coincidence, Pcc , for each trial period, P, given that the metric pairs are observed as
[image: equation](6)
where [image: equation] is the cumulative density function (CDF) value for the χ2−F0 pair generated from the simulation’s [image: equation] pair. The subscript ‘sim’ highlights the role of the simulation as a tool to generate the CDF. We aim to find the trial period where Pcc is minimised. The uncertainty is taken as the width of the peak where Pcc(P |χ2, F0) = 0.050.
The CDF in Eq. (6) is generated by simulating 100 scenarios of events randomly occurring within the same observation window. We used the burst rate of each repeater to encode their property into the model. The steps are described below:

	Determine the burst rate, r, of the repeater using Eq. (2).


	For each simulation:

	(a) Generate a series of TOAs between 28 August 2018 and 1 May 2021 inclusive, where the event probability at time t is the product of r and exposure E(t):
[image: equation](7)

This should give a roughly equal amount of event counts distributed randomly across the observation window.


	(b) Evaluate both metrics.


	(c) Accumulate the metrics into their respective collection. The order of the collection should be preserved.


	Generate a bivariate normal distribution with the same mean and covariance values as the metric pairs. This bivariate normal distribution is the CDF of the sample. It means the probability that any value X and Y is lower than or equal to the current value x and y:
[image: equation](8)






5 Testing our method using FRB 20180916B
5.1 Full observation window
To test the validity of our method, we evaluated the period of FRB 20180916B. We chose this FRB for our test because it is part of the CHIME/FRB catalogue, it has events within the observation window, and it has a measured periodicity (Amiri et al. 2020; Sand et al. 2023). From Fig. 2, we find that our method evaluated the period of [image: equation]days – which is well within the previously measured periodicity ranges (see Table 1).
5.2 Limiting the observation window
Our second test involves limiting the current observation window of FRB 20180916B into shorter and shorter time frames. By artificially limiting the observation window, we mimic the properties of our repeater sample, which features repeaters with low event counts. By doing so, we demonstrate two properties of our method: (i) the evaluated period is independent of the number of event counts, and (ii) this method can find the periodicity even at low event counts.
For this test, we cut the T = 977 days observation window, into 98-day interval increments, which equates to roughly 10% of the original observation window. This interval increment creates ten subsets for FRB 20180916B. Each subset is selected as FRB 20180916B events that occur within {98,196,294,392,490,588,686,784, 882,977} days of the start of the original observation window (28 Aug 2018). We note that there is a discrepancy in the final interval jump; that is, a 95- day increment – as opposed to a 98-day increment – which is inconsequential to our interest in the low-event-count analysis. For simplicity, we refer to these subsets by the percentages of the original observation window; for example, 10% T.
We can see from Fig. 3 that the evaluated periods are consistent with previous results regardless of the number of events. One notable deviation is the result from the 10% observation window with five event counts, but it still has uncertainty within the established period. Other than that, we can see a general trend of increasing uncertainty as we go down the event counts.
5.3 Alternative view: Metric-metric plot
We plot the values of one metric, F0 , against another metric, χ2 , ignoring the trial period values. This creates a 2D analogue of the two 1D periodogram plots. By using this metric-metric plot, we can see how the number of event counts affects the distribution of the metrics. This view also allows us to compare the distribution of the metrics across the repeater sample done in Sect. 6.
The general distribution of the metric-metric plot is clustered around a mean and smeared towards either χ2 or F0. However, the plots consistently feature a primary tail (red diamond) pointing towards the +χ2, + F0 direction. The end of the primary tail is longer with higher event counts, indicating a higher correlation and confidence. These tails are metric pairs with Pcc ≤ 0.050. In an ideal case where points with lower Pcc consistently correlate, it resembles a tail, as can be seen in the 40% T and 30% T sub-plots for Fig. 4. Even with no prominent primary tail at a 10% observation window, the metric-metric plot still managed to find a significant peak over the Pcc ≤ 0.050 threshold.
Another feature that is noticeable in the metric-metric plot is how the secondary period range (orange cross and green square) evolves as the observation window changes. In small observation windows, the metric pairs of the secondary period range distribute closely to the primary period range, but as the observation window becomes larger, it distributes independently, smearing towards the + F0 direction. This highlights the different sensitivities of the different metrics. This secondary period range bias is suppressed by the χ2, which is less sensitive to this bias (and vice versa), allowing for the correlation tail to emerge and thus identifying the true peak.
	[image: thumbnail]	Fig. 2 Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20180916B at full observation window. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The red dash-dotted line shows the Pcc ≤ 0.050 threshold. The green line and span show the evaluated period and its error. The grey span shows the secondary trial period range.



	[image: thumbnail]	Fig. 3 Event count plotted against evaluated periods for FRB 20180916B with limited observation window. The 100% window is coloured red to highlight the result from a full dataset. The green vertical hatch and the orange diagonal hatch represent period ranges from Amiri et al. (2020) and Sand et al. (2023), respectively.



6 Result: Candidate periods
6.1 Data selection
The sample for this paper is taken from the ‘golden’ sample repeaters identified in Andersen et al. (2023). The original ‘golden’ sample lists 25 repeaters, but we only select repeaters with three or more events within the observation window. The candidates are now reduced to 17 repeaters ranging from three to 12 events for each repeater; these are listed in Table 2.
6.2 Composite periodogram
Applying the composite periodogram method to our selected samples, we find that the shape of these metric–metric plots (Fig. 5) generally follows the shape of FRB 20180916B’s plot (Fig. 4) when the observation window is limited below 50%; this represents a smeared cluster with no prominent primary tail including a secondary period range with similar distribution as primary period range. We found five repeaters with trial periods crossing the Pcc ≤ 0.050 threshold. The trial periods with the lowest Pcc for all repeaters are tabulated in Table 2.
6.3 Anomaly check
In this section, we compare the properties of the five repeaters with a candidate period with some additional properties from FRB 20180916B to check for anomalies. For this check, we introduced two properties: (i) the average number of days between events relative to the period, D, and (ii) the relative difference of the period from the event window. The average number of days between events relative to the period, D, is calculated using the equation
[image: equation](9)
where τ is the event window, n is the event count, and P is the evaluated period, in days.
The first check ensures that the repeaters show activity clustering. The second check ensures that the evaluated period is free from aliasing. Aliasing can occur when the trial period is equal to the event window, causing the first and last events to overlap in the same phase bin. With a low event count, this overlap skews the F0 metric towards higher values. Appendix B discusses this aliasing further.
Figure 6 shows that the period of FRB 20180916B closely matches the average days between events, D, with values of D ≲ 1 showing signs of activity clustering. By comparing this property with our sample, among the five repeaters with Pcc ≤ 0.050, we find three anomalous repeaters whose values are far away from the D = 1 line in either direction.
We first dismiss the FRBs with D ≫ 1, which are FRB 20190915D and FRB 20200223B, because our test sample, FRB 20180916B, does not have D ≫ 1. This sparseness indicates that at least one event is detected every 3.23 cycles (FRB 20190915D) or 3.27 cycles (FRB 20200223B) which does not make sense. It is certainly doubtful whether they truly repeat at these evaluated periods. This anomaly might be caused by one of three things: (i) some or most of the events for these repeaters being missed, especially due to CHIME being rarely exposed to low declinations Amiri et al. (2021) for FRB 20200223B; (ii) the true period being D times the evaluated period; or (iii) the evaluated period being false.
Possibility (i) might be related to possibility (ii), but it does not necessitate the latter. It simply means that the probability of coincidence is lower when there are false non-detections. Possibility (ii) can be illustrated with the analysis done by Voisin et al. (2021), where they argue that the orbital period is three times the evaluated period for FRB 20180916B in their asteroid- assisted emission model. However, FRB 20180916B is already shown to have D ≲ 1, so the suggested emission model should give a result as if the evaluated period is the true period, making this possibility unlikely.
Now we discuss FRB 20201221B with D = 0.2, making it the lowest out of all samples. Although D < 1 shows signs of activity clustering, FRB 20180916B has D value within a reasonable difference compared to its period (0.8 ≲ D ≲ 1.0). When comparing with its closeness to the event window, τ (Fig. 7), it is evident that the evaluated period for FRB 20201221B is near the search boundary. A glance at the generated periodogram in Fig. C.6 reveals it is a plateau from aliasing in F0 near the P ~ τ region and not a peak. In retrospect, the metric-metric plot (Fig. 5) shows that the primary tail and secondary tail for FRB 20201221B are indistinguishable, which is not the case for FRB 20180916B and the other repeaters.
	[image: thumbnail]	Fig. 4 Metric-metric plot for different observation windows (T=977 days) of FRB 20180916B. The blue plus sign and red diamonds represent the primary period range, while the orange cross and the green square represent the secondary period range. The red diamond (primary tail) and the green square (secondary tail) represent trial periods that cross the Pcc ≤ 0.050 threshold for their respective period ranges. The point circled in black denotes the lowest Pcc.



Table 2 
Properties of FRB sample with its evaluated values.

	[image: thumbnail]	Fig. 5 Metric-metric plot for sample of 17 repeaters. The colours have the same meaning as in Fig. 4. The grid-like structure found along the F0 direction occurs because it is an integer multiple of the phase-bin width (see Sect. 3.2). Some repeaters show no primary tail, but we still circle the Pcc with the lowest value.



	[image: thumbnail]	Fig. 6 Probability of chance coincidence plotted against the average days between events for our sample with values from FRB 20180916B as reference. The various plot points for FRB 20180916B represent the values from different sub-windows. Points at the bottom line indicate probability values lower than the graph limit.



	[image: thumbnail]	Fig. 7 Probability of chance coincidence plotted against relative difference of period from event window for our sample with values from FRB 20180916B as reference. The various plot points for FRB 20180916B represent the values from different sub-windows. Points at the bottom line indicate probability values lower than the graph limit.



6.4 Acceptance criteria
Using the quick anomaly check described in the previous section, we find two criteria to accept a trial period, P, from a composite periodogram:

	The average number of days between events must be reasonably close to the evaluated period. This paper does not attempt to provide a hard limit of how close the value should be, so this is done purely from visual inspection.


	The chosen trial period must be distinguishable from the secondary tail of the metric–metric plot. Being indistinguishable is a sign that it is not a peak but a plateau near the search boundary (P ~ τ) spanning both P ≤ τ and P > τ.



	[image: thumbnail]	Fig. 8 Probability of chance coincidence of evaluated period plotted against the event counts of the FRB. Points along the bottom line of the y-axis show values below the graph limit.



7 Constraining event counts
With a newly identified repeater, one may wonder how many detections are necessary to be able to evaluate its periodicity. Since active repeaters are rare, considering this question helps shape future observations for non-active repeaters. Figure 8 shows how the probability of coincidence of the evaluated periods is distributed across different event counts.
By visual inspection, we found that the maximum Pcc obtainable at each event count follows a power law, thus creating an upper limit. To find this upper limit, we first define the power law as always less than one:
[image: equation](10)
The value of α and k can be found by first setting αn−k = 1 and algebraically rearranging it to be
[image: equation](11)
By setting n = 2, we define the Pcc upper limit because that is the minimum valid integer required to satisfy k ≠ 0. We find that α = 3 with k = 1.58 rests neatly on the points that make up the upper limit border.
This upper limit implies that at n = 40 we can be certain that this method can find the period of the FRB with a high enough confidence level (Pcc ≤ 0.050) assuming the FRB has a true periodicity. For n < 40, we found that at n = 4 the maximum Pcc is 0.500, allowing us to adjust our expectations accordingly.
8 Summary
This paper proposes the use of a composite periodogram to evaluate the candidate period of FRBs with low event counts to facilitate follow-up observations. The composite periodogram presented in this paper is a combination of a uniformity measure periodogram (χ2) and an inactivity fraction periodogram (F0). We also present some checks for anomalies to reject false positives. Our analysis shows the following:

	Fast radio bursts with true period values show a primary tail in the metric–metric plot distinguishable from the secondary tail. The length of the primary tail of the metric-metric plot has an inverse relationship with the evaluated period uncertainty. A shorter primary tail corresponds to high uncertainty, while a longer primary tail corresponds to low uncertainty. Primary tails that are indistinguishable from the secondary tails should be further inspected. The candidate period of FRB 20201221B is rejected following this inspection.


	Using the result from FRB 20180916B as a criterion, we found that the average number of days between events, D, should roughly correspond to the period obtained. The candidate periods for FRB 20190915D and FRB 20200223B are rejected because of their D ≫ 1.


	Using the composite period to evaluate a candidate period, and doing the checks described in items 1 and 2, we tentatively identify the candidate periods of FRB 20190804E ([image: equation] days) and FRB 20201130A ([image: equation] days). We encourage the scheduling of follow-up observations after this assumed period.
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Appendix A  Resulting phase-folded data
In this section we show the results of folding the data at the evaluated period for our sample in Fig. A.1 to give a more complete picture of our result. The residue, Nϕ − r⋅Eϕ, is not shown in this figure because the uniform expectation functions are too uniform compared to available data making the resulting residue resemble the original distribution. We can see that the data is tightly distributed around a central peak except for FRB 20191139A having two prominent peaks.
These shapes are expected for data that is folded at the correct period. However, the challenge arises in low-event-count FRB repeaters because lower event counts gives a limited number of distribution. That is to say that we can distribute 3 events randomly in several ways as opposed to distributing 30 random events in many different ways. This limited number of configurations means a tight distribution around a central peak is just as likely as any highly distributed data for a low data count. Running a random aperiodic simulation in Sect. 4.5 mitigates this effect by encoding the information of the number of events and the burst rate into the probability.

Appendix B  Individual periodograms
In this paper, we introduced a metric–metric plot (see Sect. 5.3) to show the overall effects of the combination of periodogram metrics across the whole sample. In this section we present the individual metrics as a function of trial periods stacked on top of each other and Pcc for selected FRBs to highlight the effect in individual samples. We show the plots for FRB 20180916B (at 10% T), FRB 20190804E, FRB 20190915D, FRB 20200223B, FRB 20201130A, and FRB 20201221B.
The colours in the figures have the same meaning as Fig. 2 but we rewrite it here for simplicity. The red dash-dotted line shows the Pcc ≤ 0.050 threshold. The green line and span show the evaluated period and its error. The grey span shows the secondary trial period range. The y-axis of Pcc is inverted to match the peak pattern of both metrics. Thus, in this section we refer to points with low Pcc as peaks to follow the visual.
We see that both metrics’ peaks amplify each other resulting in a strong peak in Pcc . The inverse is true in periods where a peak is observed in only one metric and not the other, resulting in a suppression of peaks in Pcc . In this way, a noisy periodogram in any of the χ2 or F0 metric becomes less noisy in Pcc.
The F0 periodogram shows a tendency to plateau near the event window. This plateau occurs because when the trial period is equal to the event window, the first and the last events overlap at the same phase bin, giving the illusion that the FRB concentrates its activity at that period fold. At high event counts, this illusion is not apparent because of how all the other events are distributed across the phase bins. This illusion is only significant in low event counts resulting in higher F0 values.
Due to the property of the composite periodogram discussed previously, the plateau can be made insignificant with a strong enough suppression from the χ2 periodogram. However, it also means that the F0 plateau can directly impact the Pcc result if the suppression is weak. Some different cases of this plateau are seen:

	A plateau near τ but the plateau is not higher than its chosen period peak (FRB 20180916B and FRB 20190804E).


	A plateau near or just before τ with almost the same height as its chosen period (FRB 20190915D and FRB 20200223B).


	A plateau after τ with almost the same height as its chosen period (FRB 20201130A).


	A plateau at τ with no other contesting peak (FRB 20201221B).



These different cases for the F0 plateau correspond neatly with our selection criteria purely based on the composite periodogram and anomaly checks. FRB 20190804E have an insignificant plateau and FRB 20201130A have a plateau after τ with an accepted trial period. Since the secondary trial period range, τ < P ≤ 2τ, is not considered for the period, this case of plateau does not impact the result. FRB 20190915D and FRB 20200223B have a F0 plateau with almost the same height as other peaks, which shows an anomaly of D ≫ 1 and is thus rejected. FRB 20201221B has a F0 plateau near τ with no competing peaks, which shows a D ~ 0 anomaly and is also rejected.

Appendix C  A combined statistic?
It is possible to create a new combined statistic such as
[image: equation](C.1)
where a is a ratio that quantifies the contribution of each metric. However, using this approach, after determining the parameters of this new statistic using FRB 20180916B, we would need to establish that the parameters are independent of sample choice, whose burst rate varies. It would be a circular task to determine the period and the universality of the parameters using the same sample. The method that we proposed in this paper takes into account the differences in sample properties by encoding the burst rate into the probability model.
	[image: thumbnail]	Fig. A.1 Phase-folded data for our sample of 17 repeaters showing the distribution of activities as a function of phase. The data is folded at their respective evaluated periods. The blue solid line shows the event count at the phase bin. The green dashed line shows the uniform expectation function derived from the exposure function and burst rate. The grey span shows the inactive region whose length is F0. FRBs with an asterisk near their name are FRBs with Pcc ≥ 0.050.



	[image: thumbnail]	Fig. C.1 Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20180916B at 10% T (T = 977 days). The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.



	[image: thumbnail]	Fig. C.2 Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20190804E. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.



	[image: thumbnail]	Fig. C.3 Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20190915D. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.



	[image: thumbnail]	Fig. C.4 Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20200223B. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.



	[image: thumbnail]	Fig. C.5 Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20201130A. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.



	[image: thumbnail]	Fig. C.6 Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20201221B. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.
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      Table 1 

      Periods of FRBs with different methods in the literature.

      
        


	Repeater name
	Method
	Period (days)
	Reference





	FRB 20111202A
	F0
	157 ± 7
	Raj wade et al. (2020)



	
	




	
	LS
	161 ± 5
	Cruces et al. (2021)



	
	




	
	PBA
	[image: equation]
	Li et al. (2024)



	




	FRB 20180916B
	χ2
	16.35 ± 0.15
	Amiri et al. (2020)



	
	




	
	χ2
	16.34 ± 0.07
	Sand et al. (2023)





      

      
Notes. The symbols used for methods: F0 = Inactivity fraction, LS = Lomb–Scargle, PBA = phase-folding probability binomial analysis, χ2 = uniformity measure/chi-squared.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Example phase-folds using FRB 20180916B at 32.56 days with different bin numbers and phase-origin shifts. For each sub-figure, the top figure is the histogram of observed bursts (solid blue) and uniform expectation (dashed green) in each phase bin with the residue displayed in the bottom figure. The χ2 metric is proportional to the sum of the squared value of this residue. The grey span in the histogram shows the inactivity fraction (F0).

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20180916B at full observation window. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The red dash-dotted line shows the Pcc ≤ 0.050 threshold. The green line and span show the evaluated period and its error. The grey span shows the secondary trial period range.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Event count plotted against evaluated periods for FRB 20180916B with limited observation window. The 100% window is coloured red to highlight the result from a full dataset. The green vertical hatch and the orange diagonal hatch represent period ranges from Amiri et al. (2020) and Sand et al. (2023), respectively.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Metric-metric plot for different observation windows (T=977 days) of FRB 20180916B. The blue plus sign and red diamonds represent the primary period range, while the orange cross and the green square represent the secondary period range. The red diamond (primary tail) and the green square (secondary tail) represent trial periods that cross the Pcc ≤ 0.050 threshold for their respective period ranges. The point circled in black denotes the lowest Pcc.

      

    

  
    
      Table 2 

      Properties of FRB sample with its evaluated values.

      
        


	Properties
	Evaluated



	

	




	Name
	RA (deg)
	Dec (deg)
	Exposure (h)(1)
	n
	P(d)
	Pcc
	χ2
	F0
	τ (d)
	D





	FRB20180910A
	352.77 ± 0.18
	88.21 ± 0.21
	[image: equation]
	3
	376.77
	0.396
	1.76
	0.69
	649
	0.861



	FRB20181226F
	[image: equation]
	[image: equation]
	[image: equation]
	3
	344.5
	0.163
	1.64
	0.86
	686
	0.996



	FRB20190110C
	246.98 ± 0.19
	41.420 ± 0.050
	9.367 ± 0.007
	3
	50.09
	0.090
	3.74
	0.97
	801
	7.996



	FRB20190226B
	273.57 ± 0.23
	61.81 ± 0.25
	[image: equation]
	3
	291.04
	0.141
	1.92
	0.86
	585
	1.005



	FRB20190430C
	277.22 ± 0.23
	24.92 ± 0.22
	[image: equation]
	3
	179.74
	0.056
	3.06
	0.97
	180
	0.501



	FRB20190609C
	73.17 ± 0.01
	24.068 ± 0.006
	72.076 ± 0.003
	3
	73.08
	0.070
	2.11
	0.94
	583
	3.989



	FRB20190804E
	261.34 ± 0.02
	55.069 ± 0.008
	90.140 ± 0.018
	6
	168.39
	0.015
	1.68
	0.83
	512
	0.608



	FRB20190915D
	11.78 ± 0.03
	46.86 ± 0.02
	92.950 ± 0.035
	5
	13.94
	0.045
	2.09
	0.83
	180
	3.228



	FRB20191106C
	199.58 ± 0.01
	43.002 ± 0.009
	75.783 ± 0.011
	7
	32.93
	0.096
	1.40
	0.67
	495
	2.505



	FRB20191114A
	273.57 ± 0.03
	19.80 ± 0.04
	59.992 ± 0.015
	3
	14.16
	0.092
	1.50
	0.94
	212
	7.483



	FRB20200223B
	8.265 ± 0.008
	28.831 ± 0.007
	13.174 ± 0.001
	5
	25.14
	0.036
	1.80
	0.83
	328
	3.262



	FRB20200619A
	272.6 ± 0.1
	55.56 ± 0.06
	[image: equation]
	5
	32.67
	0.192
	1.28
	0.75
	225
	1.722



	FRB20200809E
	20.0 ± 0.1
	82.89 ± 0.02
	[image: equation]
	4
	86.34
	0.277
	1.54
	0.67
	182
	0.703



	FRB20200926A
	[image: equation]
	[image: equation]
	[image: equation]
	3
	87.84
	0.142
	1.59
	0.86
	88
	0.501



	FRB20200929C
	17.04 ± 0.02
	18.47 ± 0.01
	18.083 ± 0.001
	7
	89.23
	0.088
	1.60
	0.61
	178
	0.332



	FRB20201130A
	64.39 ± 0.01
	7.94 ± 0.01
	25.612 ± 0.001
	12
	11.38
	0.043
	1.39
	0.56
	127
	1.014



	FRB20201221B
	124.20 ± 0.03
	48.78 ± 0.02
	44.080 ± 0.018
	6
	71.02
	0.026
	2.02
	0.75
	81
	0.228





      

      
Notes. Repeaters with Pcc ≤ 0.050 are in bold. n = event count, P = trial period, F0 = inactivity fraction, τ = event window, and D = average days between events relative to the chosen period, evaluated using Eq. (9). (1)The uncertainty in exposure is calculated using Eq. (5).




    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Metric-metric plot for sample of 17 repeaters. The colours have the same meaning as in Fig. 4. The grid-like structure found along the F0 direction occurs because it is an integer multiple of the phase-bin width (see Sect. 3.2). Some repeaters show no primary tail, but we still circle the Pcc with the lowest value.

      

    

  
    
      Fig. 6 
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        Probability of chance coincidence plotted against the average days between events for our sample with values from FRB 20180916B as reference. The various plot points for FRB 20180916B represent the values from different sub-windows. Points at the bottom line indicate probability values lower than the graph limit.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Probability of chance coincidence plotted against relative difference of period from event window for our sample with values from FRB 20180916B as reference. The various plot points for FRB 20180916B represent the values from different sub-windows. Points at the bottom line indicate probability values lower than the graph limit.

      

    

  
    
      Fig. 8 
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        Probability of chance coincidence of evaluated period plotted against the event counts of the FRB. Points along the bottom line of the y-axis show values below the graph limit.

      

    

  
    
      Fig. A.1 
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        Phase-folded data for our sample of 17 repeaters showing the distribution of activities as a function of phase. The data is folded at their respective evaluated periods. The blue solid line shows the event count at the phase bin. The green dashed line shows the uniform expectation function derived from the exposure function and burst rate. The grey span shows the inactive region whose length is F0. FRBs with an asterisk near their name are FRBs with Pcc ≥ 0.050.

      

    

  
    
      Fig. C.1 
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        Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20180916B at 10% T (T = 977 days). The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.

      

    

  
    
      Fig. C.2 
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        Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20190804E. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.

      

    

  
    
      Fig. C.3 
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        Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20190915D. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.

      

    

  
    
      Fig. C.4 
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        Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20200223B. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.

      

    

  
    
      Fig. C.5 
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        Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20201130A. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.

      

    

  
    
      Fig. C.6 
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        Individual periodograms for χ2 and F0 metric stacked on top of each other and Pcc for FRB 20201221B. The y-axis of Pcc is inverted to match the peak pattern of both metrics. The text clarifies the meaning of the colours.
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