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Abstract

Context. Fast radio bursts (FRBs) are millisecond-long bursts uniquely detected at radio frequencies. FRB 131104 is the only case for which a γ-ray transient positionally and temporally consistent was claimed. This high-energy transient had a duration of ∼400 s and a 15–150 keV fluence Sγ ∼ 4 × 10−6 erg cm−2. However, the association with the FRB is still debated.

Aims. We aim at testing the systematic presence of an associated transient high-energy counterpart throughout a sample of the FRB population.

Methods. We used an approach like that used in machine learning methodologies to accurately model the highly-variable Fermi/GBM instrumental background on a time interval comparable to the duration of the proposed γ-ray counterpart of FRB 131104. A possible γ-ray signal is then constrained considering sample average lightcurves.

Results. We constrain the fluence of the possible γ-ray signal in the 8–1000 keV band down to 6.4 × 10−7 (7.1 × 10−8) erg cm−2 for a 200-s (1-s) integration time. Furthermore, we found the radio-to-gamma fluence ratio to be η >  108 Jy ms erg−1 cm2.

Conclusions. Our fluence limits exclude ∼94% of Fermi/GBM detected long gamma-ray bursts and ∼96% of Fermi/GBM detected short gamma-ray bursts. In addition, our limits on the radio-to-gamma fluence ratio point to a different emission mechanism from that of magnetar giant flares. Finally, we exclude a γ-ray counterpart as fluent as the one possibly associated with FRB 131104 to be a common feature of FRBs.
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1. Introduction
Fast radio bursts (FRBs) are millisecond-long radio pulses detected around ∼1 GHz. They were serendipitously discovered at the Parkes Radio Telescope (Lorimer et al. 2007; Thornton et al. 2013) and are now routinely detected by a number of different facilities (see Petroff et al. 2019, for a review). These observations are collected in the FRB catalogue (frbcat
1; Petroff et al. 2016), that contains ∼90 FRBs (as of August 2019): this number is currently dramatically increasing thanks to recent wide-field facilities, with about half sample detected in the latest couple of years.
FRBs come without a direct distance indicator, so this information has to be inferred indirectly from the dispersion measure (DM), that tracks the amount of free electrons along the line of sight. The distance information encoded in the DM contains a degeneracy between the contribution of the intergalactic medium (IGM) and that due to the host galaxy and to the local environment surrounding the FRB source. Measured DMs are larger than the Galactic contribution (DMMW) for all the FRBs of the sample, so the extra-galactic origin is widely accepted. However, the estimates on redshift z have large uncertainties, with the bulk of the population inferred to be at 0.1 ≲ z ≲ 1. As of August 2019, according to the publicly available information, a direct distance measurement is available only for the repeating burst FRB 121102 and for the two non-repeating bursts FRB 180924 and FRB 190523. In the former case, interferometric techniques led to the identification of the host, that turned out to be a dwarf galaxy at z ≃ 0.193 (Chatterjee et al. 2017; Tendulkar et al. 2017); in the other two cases the hosts were found to be two luminous, early-type galaxies at respectively z ≃ 0.32 and z ≃ 0.66 (Bannister et al. 2019; Ravi et al. 2019).
Additionally, the relatively coarse radio localisation of FRBs of ∼ few arcmin severely limits the possibility of multi-wave follow-up, and, as a result, prevents solid inferences on the underlying emission mechanism. Consequently, the number of proposed models dramatically increased in the last years (see Platts et al. 2019, for a review). The ms duration directly implies a small size R ≲ 106 cm of the radiating region, so FRB sources should be compact objects radiating through a coherent emission process. Given their large rotational energies and magnetic fields (up to 1015 G), and the turbulent environment in which they reside, newborn rapidly rotating neutron stars (NS) or magnetars are considered among the most promising FRB progenitor candidates, even if models involving other compact objects, such as black holes (BHs) and white dwarfs (DWs) are not ruled out (see Petroff et al. 2019; Katz 2018, for reviews).
The search for signals at non-radio wavelengths ended up with no identified counterpart, with the only exception being the detection (3.2σ confidence) of a 400-s long γ-ray transient possibly associated to FRB 131104 reported by DeLaunay et al. (2016; hereafter D16) using data of the Burst Alert Telescope (BAT; Barthelmy et al. 2005) aboard the Neil Gehrels Swift Observatory (Gehrels et al. 2004). This result raised some scepticism (Shannon & Ravi 2017). Recently, Cunningham et al. (2019) performed a systematic search for FRB counterparts in the Fermi/Gamma-ray Burst Monitor (GBM; Meegan et al. 2009), Fermi/Large Area Telescope (LAT; Atwood et al. 2009), and in the Swift/BAT data at the times of the FRBs. Concerning Fermi/GBM data, the authors focused on the background modelling and subtraction of the individual lightcurves, investigating the presence of a significant excess. They found no evidence for it.
Motivated by these developments, we present here the first cumulative homogeneous search for long-duration γ-ray emission possibly coincident with FRBs. In particular, we performed a cumulative analysis examining the entire FRB catalogue and exploiting the dozens of FRBs for which contemporaneous Fermi/GBM data are available.
We organised our paper as follows: in Sect. 2 we describe the dataset selection and reduction, together with the procedure we used; in Sect. 3 we outline the results, reporting a special case that required specific analysis; in Sect. 4 we discuss our findings compared with D16’s results. Finally, in Sect. 5 we summarise our work and discuss possible future developments.
2. Data analysis
2.1. Sample selection
We used Fermi/GBM-NaI data exploiting its extended band-pass (8–1000 keV) and large field-of-view (2/3 of the whole sky, thanks to its open-sky design), which are both crucial when a cumulative analysis of a (potentially) broad-band signal from poorly localised sources is performed. We compiled our initial list from the FRB catalogue (as of February 4, 2019) discarding all the events that were Earth-blocked within the Fermi/GBM field-of-view. In addition, we decided to preliminarily exclude the only two repeating sources, FRB 121102 and FRB 180814.J0422+73, which in principle could belong to a different class and for which systematic researches of Fermi/GBM counterparts ended with no candidates (e.g. Palaniswamy et al. 2018; Scholz et al. 2016, 2017). Our first sample consists of 38 FRBs. We list in Table 1, among other quantities, time, position, and radio fluence of the FRBs of this initial sample.
Table 1.

Fermi/GBM visible (i.e. not Earth-blocked) FRBs.


2.2. Data reduction
We calculated the position of each FRB with respect to the GBM payload orientation to identify the best exposed NaI detectors at the FRB time. For every FRB, we considered the lightcurves of the three most illuminated detectors and summed them. In particular, we used the Fermictime files, with a resolution of 0.256 s in 8 energy bins. ctime files were preferred over tte files because we needed both to explore different time intervals around the FRB times (see below), and to explore times at which no events triggered the GBM (and so no tte files were produced). We retrieved the ctime and position history daily files from the GBM Continuous Data FTP archive2.
2.3. Procedure
Our search was aimed at identifying long-lived, high-energy signals temporally and spatially coincident with radio detection and common over the FRB population. This was performed searching for significant signals over the background level in the cumulative GBM lightcurves. This means that, unlike other complementary works (e.g. Cunningham et al. 2019), we do not focus on individual FRBs, but rather on the population as a whole, making no assumptions on the spectral shape. The search for weak, long-lasting signals in the lightcurves requires accurate knowledge of the background. In the case of GBM, the orbit inclination of ∼26° with respect to the Earth equator makes the background significantly more variable than for an equatorial orbit. In addition, in the softest energy channels it is necessary to take into account the occultation steps caused by known bright X-ray sources, like the Crab Nebula and Scorpius X-1. We addressed this issue through an approach like that used in machine learning methodologies, aimed at modelling and characterising the background along the orbit. In particular, the approach was designed to define the following aspects:

	
A.1 
the size of the time window around the FRB time where we search for the signal;



	
A.2 
the size of the two time windows (before and the after the FRB time) to be used to fit the background;



	
A.3 
the algorithm to produce the final background-subtracted, averaged lightcurves.




The implementation in a software tool (e.g. using a neural network model) is foreseen but its description goes beyond the goals of this paper. The following steps summarise the adopted procedure:
1. we simulated a sample of non Earth-occulted randomly selected sky positions at random times to act as a training set to define a background-fitting procedure;
2. we built a second different simulated sample to act as a validation set to test the reliability of our procedure;
3. we finally applied the background modelling procedure to the FRB dataset.
The sizes of the training and validation sets were the same as that of the FRB one. We used the same data reduction procedure described in Sect. 2.2, focusing on the sum of the lightcurves of the three best exposed detectors for each sample element. Hereafter, we set the origin of the time axes at the FRB epoch. The strategy consisted in selecting a time window around t = 0 (central interval) and then using two intervals (before and after the origin) to fit and interpolate the background (background intervals). We then fitted the background using polynomials, progressively increasing their degree (up to 5) until the p-values for both the χ2 and the run tests were within the 0.05–0.95 range. We set the sizes of the background and of the central interval following the analysis of the training sample. The final choice was the result of a trade-off between the need of exploring a long interval around t = 0 and that of accurately interpolating the background within the central interval. To define A.1 and A.2, we considered two different schemes:
– a total time window of 800 s extending from −400 to 400 s, with a central interval [−50, 150 s] and the background interval spanning [−400, −50 s] and [150, 400 s]; hereafter, this will be referred to as “short window” (SW);
– a total time window of 1100 s extending from −400 to 700 s, with a central interval [−50, 350 s] and the background interval spanning [−400, −50 s] and [350, 700 s]; hereafter, this will be referred to as “long window” (LW).
Events which passed the tests on the background intervals with both schemes were tagged as good events. In case of bad fit possibly caused by occultation steps of bright X/γ-ray sources, we added a step component to our polynomial fitting function. The result was then tested using the same approach and thresholds already described in the case of a simple polynomial fit. Figure 1 shows the case of FRB 180727.J1311+26 which is affected by an occultation step of Sco X-1. Several events had to be discarded due to data gaps. In some cases the fit quality did not improve due to unidentified source(s) of variability, which was expected given the number of variable Galactic X-ray sources that contribute to the diffuse background around the lower boundary of the GBM passband. Driven by the need to reduce the amount of background contamination sacrificing the smallest possible amount of data, we carried out the same analysis in parallel on a restricted band, ignoring the first two channels of the ctime file, corresponding to selecting E ≳ 27 keV. Hereafter, this will be referred to as the “hard band”. As expected, the number of poor fits dropped substantially. Overall, given the two background fitting schemes (LW and SW) and the two energy ranges (8–1000 keV and 27–1000 keV), we extracted a maximum of four lightcurves for each element of the training and validation sets. The corresponding individual lightcurves (four lightcurves per FRB) were then averaged over the sample to obtain four average time series.
	[image: thumbnail]	Fig. 1.
Example of step function fitting applied to a case of Sco X-1 occulation step that occurred ∼100 s before FRB 180727.J1311+26. Top panel: 8–1000 keV lightcurve along with the modelled background (solid line). Bottom panel: residuals of the background modelling.




Concerning A.3, we considered two different schemes:
– we averaged the individual background-subtracted lightcurves (hereafter, subtract-and-average strategy);
– we performed the background fitting and subtraction on the averaged (non-background subtracted) lightcurves (hereafter, average-and-subtract strategy).
We finally evaluated the robustness of the background interpolation procedure by calculating, for each average lightcurve, the significance of the total background-subtracted counts in the central interval. This was done through a polynomial fit of the average lightcurves in the background interval using the same strategy adopted for the individual cases (χ2 + run tests and 0.05–0.95 thresholds) and finally interpolating in the central interval. Our main results are summarised as follows:
– LWs are too long to ensure a reliable interpolation of the background, since we obtained 5-σ excesses in the central intervals. This holds true for both the total and the hard band.
– SWs allow for a good interpolation of the background, since we obtained no significant excesses (> 3σ) on the central interval in either the training or validation samples for both energy ranges.
– The subtract-and-average strategy leads to a 5-σ excesses in the central interval, so it does not ensure a reliable interpolation of the background.
– The average-and-subtract strategy leads to no significant excesses (> 3σ) on the central interval, so it does ensure a reliable interpolation of the background.
Therefore, we hereafter consider only the SW procedure for the analysis of the FRB sample, using the average-and-subtract strategy.
2.4. An intriguing case: FRB 180725.J0613+67
The case of FRB 180725.J0613+67 required a dedicated analysis, since it went off during the rise of an occultation step of the Crab nebula.
To properly model the step in a data-independent way, we followed this strategy: first, we extracted the lightcurves of the orbits preceding and following the one of the FRB; second, we aligned the two lightcurves making the two Crab occultation steps coincide temporally; third, we averaged the two lightcurves; fourth we used a polynomial+step to fit the mean lightcurve using the step amplitude as a free parameter; fifth, we fitted the FRB 180725.J0613+67 lightcurve with the same function forcing the step amplitude to be equal to that obtained from the mean of the adjacent orbits. The result is shown in Fig. 4. This event was included in our final sample as it passed our filtering procedure.
3. Results
Following the procedure of Sect. 2.3, the FRB sample shrank to 15 and 22 elements for the total and the hard energy band, respectively. The fit of the average lightcurves led to no > 3σ excess in the central interval for both energy ranges. We also produced a second set of mean lightcurves, considering a weighted average, being the weights the radio fluences reported in Table 1. The rationale behind this choice is the assumption of a common spectral ratio between radio and hard X/γ-ray frequencies for all FRBs, although we acknowledge it might be a simplistic assumption given the spectral variability in the radio band observed in multiple bursts from the repeating FRB 121102 (Spitler et al. 2016; Gajjar et al. 2018; Hessels et al. 2019). The results of the radio fluence calculation are reported in the FR column of Table 1: we report an empty entry for FRB 160608 because there was no fluence information from the catalogue. When we calculated the weighted average lightcurves, we assigned to this event a putative fluence corresponding to the average value of the available sample. No significant excess was found in fluence-weighted case either. The four lightcurves so obtained are displayed in Fig. 2 (total band) and Fig. 3 (hard band).
	[image: thumbnail]	Fig. 2.
Cumulative lightcurves, background fitting and residuals in the 8–1000 keV energy band. In the upper panel we report the result in the case of the arithmetic average of individual lightcurves, while in the lower panel the individual lightcurves are weighted with the radio fluence of the corresponding FRB. The polynomial degrees are respectively 2 and 4.




	[image: thumbnail]	Fig. 3.
Cumulative lightcurves, background fitting and residuals in the 27–1000 keV energy band. In the upper panel we report the result in the case of the arithmetic average of individual lightcurves, while in the lower panel the individual lightcurves are weighted with the radio fluence of the corresponding FRB. The polynomial degrees are respectively 2 and 1.




We calculated the corresponding 5σ upper limits on the total fluence in the whole energy Fermi/GBM band-pass 8–1000 keV (and 27–1000 keV sub-band) and in five different time ranges (Table 2). Following D16, we assumed both a power-law (with Γ = 1.16) and a bremsstrahlung spectrum (with T = 75 keV), while we calculated the radio-to-γ-ray fluence ratio η = Fradio/Fγ assuming the average radio fluence for the bursts reported in frbcat. The most conservative fluence upper limits for the power-law model for 200 s (1 s) integration time imply η >  108.0 (108.9) Jy ms erg−1 cm2, considering the average radio fluence density of our sample (∼58 Jy ms). The same calculation for the bremsstrahlung model yields η >  108.3 (109.2) Jy ms erg−1 cm2 for 200 s (1 s) integration time.
Table 2.

5-σ upper-limits on fluence for the power-law and thermal bremsstrahlung spectral shapes.


The final sample contains 6 events detected by the Australian SKA Pathfinder (ASKAP; Johnston et al. 2008). These events are worth an additional, specific analysis, given their likely closer average distance compared to that of the remaining sample (Shannon et al. 2018), which translates into stronger constraints on the intrinsic energy with respect to the rest of the known FRB population. The upper limits for this subset are reported in Table 3. Only in two cases (170416, 170428) we could study the background in the full band.
Table 3.

5-σ upper-limits on fluence for the power-law and thermal bremsstrahlung spectral shapes for the ASKAP bursts.


4. Discussion
This work was motivated by the controversial association proposed by D16 between FRB 131104 and a γ-ray signal positionally and temporally coincident with the radio burst. The detection was marginal (3.2σ confidence) and the analysis revealed a prolonged emission (T90 = 377 ± 24 s), with a γ-ray fluence Fγ, D16 = 4 × 10−6 erg cm−2 in the 15–150 keV band.
Our approach was specifically conceived to investigate the presence of a comparably long emission in the Fermi/GBM data. Given the highly-variable background of this instrument on long timescales, the entire ∼400 s-long window turned out to be too difficult to model, so we analysed a 200 s-long window around the time of the FRB. For a proper comparison, the FRB 131104 γ-ray fluence should be rescaled on the 200 s window. Given the uncertain emission history, we assumed a constant luminosity over the entire ∼400-s window, finding Fγ, D16, resc ≈ 2 × 10−6 erg cm−2 in the 15–150 keV band for the 200-s window. Our upper limits on the same integration time were ≈ a few × 10−7 erg cm−2 in all cases in the 8–1000 keV band. In particular, the most conservative upper limits were obtained assuming a power-law spectrum: the value of 6.4 × 10−7 erg cm−2 over 200-s integration time is a factor ∼4 lower than Fγ, D16, resc. These limits are even stronger when a thermal bremsstrahlung spectrum is assumed, the most conservative value being 2.8 × 10−7 erg cm−2, almost one order of magnitude lower than Fγ, D16, resc. Thus we can exclude that a signal with the same γ-ray fluence as that found by D16 is a common feature among FRBs.
Concerning the connection with other astrophysical transients, we tested two kinds of scenarios:

	
1. 
extragalactic magnetar giant flares;



	
2. 
gamma-ray bursts (GRBs).




Magnetar giant flares are energetic (3 × 1044–2 × 1046 erg) and short-lived (100 ms) events that peak in the hard X-ray band and can be observed up to 30 Mpc (e.g. Mazets et al. 1979; Feroci et al. 2001; Palmer et al. 2005; Hurley et al. 2005; Svinkin et al. 2015). For galactic magnetars, a dimmer tail (a factor ∼10−3 the peak value) extending up to hundreds of seconds has also been observed. Tendulkar et al. (2016; hereafter T16) explored the possible connection between these giant-flares and FRBs estimating the radio-to-gamma fluence ratio η for both classes of sources. Using the radio fluence upper limits for the Galactic source SGR 1806−20, they found ηSGR ≲ 107 Jy ms erg−1 cm2 and, using γ-ray fluence upper limits for 15 FRBs, ηFRB ≳ 107−9 Jy ms erg−1 cm2. Giving the incompatibility of the two, T16 concluded that the two kinds of events cannot be associated. In this regard, we used our 1-s fluence upper limits to further constrain ηFRB. Our most conservative result ηFRB >  108.9 Jy ms erg−1 cm2 (obtained for the power-law spectral shape) is incompatible with ηSGR ≲ 107 Jy ms erg−1 cm2 found for SGR 1806−20, suggesting FRBs are not produced by the same mechanism(s) powering giant flares from extragalactic magnetars.
The possible FRB–GRB connection can be explored using our fluence upper limits on both the prolonged (200 s) and short (1 s) timescales. Figure 5 shows the fluence distribution of the GBM catalog of LGRBs (Bhat et al. 2016), compared with our most conservative limit on the prolonged emission (200-s upper limit): we exclude ∼94% of the Long GRBs (LGRBs, T90 >  2 s) and all the very long GRBs (T90 >  100 s). Finally, we compared our 1-s limits with the fluence distribution of Fermi/GBM Short GRBs (SGRBs, T90 <  2 s). Figure 6 shows that ∼96% of SGRBs are incompatible with our most conservative upper limit. To conclude, we reject the possibility that the simultaneous presence of a LGRB or a SGRB is a common feature among FRBs, even if a connection in terms of a common progenitor is not excluded (Margalit et al. 2019).
	[image: thumbnail]	Fig. 4.
Top panel: 8–1000 keV lightcurve for FRB 180725.J0613+67 along with the modelled background (solid line). The step-like increase around the time of the FRB is due to an occultation step of Crab and was modelled using the adjacent orbits. Bottom panel: residuals of the background modelling.




	[image: thumbnail]	Fig. 5.
200-s fluence limit (red line) in the 8–1000 keV band compared with the distribution of LGRBs (2 s <  T90 <  100 s, blue) and very long GRBs (T90 >  100 s, brown) detected by Fermi/GBM. The green line represents the quantity Fγ, D16, resc (see text).




	[image: thumbnail]	Fig. 6.
1-s fluence limit in the 8–1000 keV band compared with the fluence distribution of SGRBs T90 ≤ 2 s detected by Fermi/GBM.




5. Conclusions
FRB 131104 is the first FRB for which a positional and temporal-coincident γ-ray signal possibly associated has been observed. This association has been questioned on several grounds and remains controversial. We investigated if the presence of a γ-ray signal is a common feature among FRBs observable by Fermi/GBM. Given the wide sky coverage (all the not-Earth-occulted sky, i.e. ∼1/3 of the whole sky) and the extended band-pass (8–1000 keV), Fermi/GBM continuous data offer the possibility for a stringent test.
Compared to previous analogous works, our approach was innovative for two reasons. First, we investigated a long (200 s) time interval around the radio signal. This turned out to be challenging, given the highly-variable Fermi/GBM background due to its ∼26°-inclined orbit. This forced us to develop a background modelling strategy based on an approach like that used in machine learning methodologies. This allowed for the investigation of a previously unexplored extended interval that is crucial to search for faint and comparably long emission. Second, we carried out a sample study, building and studying cumulative lightcurves, thus improving the sensitivity under the assumption of a common behaviour.
We investigated the γ-ray lightcurves over four long integration times (200, 150, 100, and 50 s), finding no signal down to ∼10−7 erg cm−1 (5-σ limit): this excludes an emission like that reported by D16 to be a common feature among FRBs. Furthermore, we analysed the presence of a short-lived (1 s) signal, obtaining a 5-σ upper limit of ∼10−8 erg cm −2.
Our cumulative approach is complementary to that adopted in other similar works, which searched for high-energy counterparts in individual FRBs.
Concerning the possible FRB–LGRB connection, our most conservative limit excludes the systematic presence of the 94% of Fermi/GBM-detected LGRBs (2 s <  T90 <  100 s) and the systematic presence of the entire very long GRBs (T90 >  100 s) population. On the other hand, the possible simultaneous emission from a SGRB is constrained using our upper-limits on the shortest integration time. Our 1-s upper limit excludes the 96% of Fermi/GBM-detected SGRBs (T90 <  2 s) to be a common FRB-associated feature. Moreover, our limits on the radio-to-gamma fluence ratio η (ηFRB >  108.9 Jy ms erg−1 cm2 for 1 s integration time) suggest a different emission process powering FRBs and giant flares from extragalactic magnetars, thus corroborating previous results obtained on smaller samples.
Our analysis benefits from the collective properties of the publicly available FRB catalogue, so it can be further extended to future richer samples and powered by the implementation of our algorithm in a software tool (e.g. training a neural network). Given that the number of FRB discoveries is dramatically rising thanks to the new and forthcoming radio facilities, a (conservative) rate of ∼1000 year−1 has been suggested (Petroff et al. 2019; Lorimer 2018). Given that we could use ∼1/3 of the catalogued FRBs, the limits we posed in this paper could be further lowered by a factor ∼7 in a matter of just a few years.


1 http://www.frbcat.org


2 https://fermi.gsfc.nasa.gov/ssc/data/access/
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	[image: thumbnail]	Fig. 1.
Example of step function fitting applied to a case of Sco X-1 occulation step that occurred ∼100 s before FRB 180727.J1311+26. Top panel: 8–1000 keV lightcurve along with the modelled background (solid line). Bottom panel: residuals of the background modelling.
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Cumulative lightcurves, background fitting and residuals in the 8–1000 keV energy band. In the upper panel we report the result in the case of the arithmetic average of individual lightcurves, while in the lower panel the individual lightcurves are weighted with the radio fluence of the corresponding FRB. The polynomial degrees are respectively 2 and 4.
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Cumulative lightcurves, background fitting and residuals in the 27–1000 keV energy band. In the upper panel we report the result in the case of the arithmetic average of individual lightcurves, while in the lower panel the individual lightcurves are weighted with the radio fluence of the corresponding FRB. The polynomial degrees are respectively 2 and 1.
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Top panel: 8–1000 keV lightcurve for FRB 180725.J0613+67 along with the modelled background (solid line). The step-like increase around the time of the FRB is due to an occultation step of Crab and was modelled using the adjacent orbits. Bottom panel: residuals of the background modelling.
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200-s fluence limit (red line) in the 8–1000 keV band compared with the distribution of LGRBs (2 s <  T90 <  100 s, blue) and very long GRBs (T90 >  100 s, brown) detected by Fermi/GBM. The green line represents the quantity Fγ, D16, resc (see text).
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1-s fluence limit in the 8–1000 keV band compared with the fluence distribution of SGRBs T90 ≤ 2 s detected by Fermi/GBM.
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    Table 1. 

Fermi/GBM visible (i.e. not Earth-blocked) FRBs.




	FRB
	Time (UTC)
	αJ2000
	δJ2000
	θ(a)
	ϕ(b)
	lel(c)
	FR(d)
	GBM NaI (e)
	Taken (f)
	Comments (g)



	
	
	(°)
	(°)
	(°)
	(°)
	(°)
	
	units
	
	





	090625
	21:53:51.4
	46.95
	−29.93
	41
	98
	45
	0.07
	9,0,1
	N
	VUO



	110214
	07:14:10.4
	20.32
	−49.79
	103
	57
	54
	1.74
	2,5,1
	Y
	SXF, HBO



	110523
	15:06:19.7
	326.3
	0.16
	103
	257
	27
	0.02
	8,4,7
	N
	VUO



	110626
	21:33:17.5
	315.93
	−44.74
	79
	219
	66
	0.02
	8,7,11
	Y
	−



	110703
	18:59:40.6
	352.71
	−2.87
	65
	263
	70
	0.07
	8,7,3
	Y
	−



	121002
	13:09:18.4
	273.7
	−85.2
	46
	213
	22
	0.08
	7,6,8
	N
	Missing data



	130628
	03:58:00.2
	135.76
	3.44
	60
	356
	76
	0.04
	5,3,1
	Y
	SXF, HBO



	130729
	09:01:51.2
	205.34
	−6.0
	82
	82
	14
	0.12
	2,10,1
	Y
	VUO, HBO



	131104
	18:04:11.2
	101.04
	−51.28
	117
	275
	45
	0.08
	4,8,3
	N
	VUO



	150215
	20:41:41.7
	274.36
	−4.9
	61
	54
	94
	0.07
	1,2,0
	Y
	VUO, HBO



	150418
	04:29:06.7
	109.15
	−19.01
	14
	232
	72
	0.06
	6,7,0
	Y
	−



	150610
	05:26:59.4
	161.11
	−40.09
	132
	147
	3
	0.05
	10,11,9
	N
	Missing data



	150807
	17:53:55.8
	340.63
	−55.08
	64
	207
	1
	1.52
	7,11,8
	Y
	−



	151206
	06:17:52.8
	290.35
	−4.13
	80
	36
	83
	0.03
	2,5,1
	Y
	VUO, HBO



	160317
	09:00:36.5
	118.45
	−29.61
	59
	250
	66
	0.10
	7,8,6
	Y
	−



	160608
	03:53:01.1
	114.17
	−40.8
	39
	268
	29
	−
	6,7,3
	N
	VUO



	170416
	23:11:12.8
	333.25
	−55.03
	21
	43
	83
	3.26
	0,1,6
	Y
	−



	170428
	18:02:34.7
	326.75
	−41.85
	71
	103
	15
	1.14
	10,9,2
	Y
	−



	170707
	06:17:34.4
	44.75
	−57.27
	102
	351
	59
	1.74
	5,4,3
	Y
	VUO, HBO



	170712
	13:22:17.4
	339.0
	−60.95
	140
	344
	20
	1.78
	5,4,2
	N
	Missing data



	170827
	16:20:18.0
	12.33
	−65.55
	54
	85
	10
	0.08
	1,9,0
	Y
	−



	171020
	10:27:58.6
	333.75
	−19.67
	106
	120
	47
	12.60
	10,9,2
	Y
	VUO, HBO



	171116
	14:59:33.3
	52.75
	−17.23
	56
	171
	53
	2.11
	9,11,7
	N
	VUO



	171213
	14:22:40.5
	54.75
	−10.93
	88
	157
	20
	4.47
	11,10,9
	Y
	VUO, HBO



	180110
	07:34:35.0
	328.25
	−35.45
	83
	34
	49
	13.80
	2,5,1
	Y
	VUO, HBO



	180128.2
	04:53:26.8
	335.5
	−60.25
	60
	311
	29
	2.22
	3,4,5
	N
	Missing data



	180212
	23:45:04.4
	215.25
	−3.58
	70
	106
	27
	3.22
	10,9,2
	N
	Missing Data



	180324
	09:31:46.7
	94.0
	−34.78
	53
	91
	85
	2.38
	9,1,0
	N
	Missing Data



	180525
	15:19:06.5
	220.0
	−2.2
	67
	161
	84
	10.10
	9,11,10
	N
	VUO



	180725.J0613+67
	17:59:32.8
	93.25
	67.07
	59
	24
	4
	0.48
	1,5,0
	Y
	Focused analysis



	180727.J1311+26
	00:52:04.5
	197.75
	26.43
	72
	290
	54
	0.56
	4,3,8
	Y
	OS by Sco X-1



	180729.J1316+55
	00:48:19.2
	199.0
	55.53
	81
	297
	79
	1.36
	4,3,8
	Y
	−



	180729.J0558+56
	17:28:18.3
	89.5
	56.5
	130
	43
	22
	0.36
	2,5,10
	Y
	−



	180730.J0353+87
	03:37:25.9
	58.25
	87.2
	117
	305
	46
	2.00
	4,5,8
	Y
	−



	180801.J2130+72
	08:47:14.8
	322.5
	72.72
	150
	147
	11
	1.12
	10,11,2
	N
	Missing data



	180812.J0112+80
	11:45:32.9
	18.0
	80.78
	13
	131
	50
	0.72
	0,6,9
	Y
	−



	180814.J1554+74
	14:20:14.4
	238.5
	74.02
	41
	62
	24
	1.00
	1,0,9
	Y
	−



	180817.J1533+42
	01:49:20.2
	233.25
	42.2
	115
	285
	48
	1.04
	4,8,3
	N
	VUO






Notes.

(a) Azimuth with respect to the payload.


(b) Zenith with respect to the payload.


(c) Elevation upon the Earth limb.


(d) Radio fluence in units of 10−16 erg cm−2, obtained multiplying the radio fluence density by the band width reported in the frbcat.


(e) List of the best exposed detectors.


(f) Whether or not a given FRB was used to build the cumulative lightcurve.


(g) HBO: hard band Only; SXF: solar X-ray flare; OS: occultation step; VUO: variability of unknown origin; missing data: Fermi/GBM data unavailable.





  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
Example of step function fitting applied to a case of Sco X-1 occulation step that occurred ∼100 s before FRB 180727.J1311+26. Top panel: 8–1000 keV lightcurve along with the modelled background (solid line). Bottom panel: residuals of the background modelling.



    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
Cumulative lightcurves, background fitting and residuals in the 8–1000 keV energy band. In the upper panel we report the result in the case of the arithmetic average of individual lightcurves, while in the lower panel the individual lightcurves are weighted with the radio fluence of the corresponding FRB. The polynomial degrees are respectively 2 and 4.



    

  
    
      Fig. 3. 
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Cumulative lightcurves, background fitting and residuals in the 27–1000 keV energy band. In the upper panel we report the result in the case of the arithmetic average of individual lightcurves, while in the lower panel the individual lightcurves are weighted with the radio fluence of the corresponding FRB. The polynomial degrees are respectively 2 and 1.



    

  
    Table 2. 

5-σ upper-limits on fluence for the power-law and thermal bremsstrahlung spectral shapes.




	Mode (a)
	Passband (b)
	Window
	PL (c)
	TB (d)



	




	
	
	[s]
	(e)
	(e)





	AA
	TB
	[−50,150]
	4.0
	1.0



	AA
	HB
	[−50,150]
	3.2
	1.4



	WA
	TB
	[−50,150]
	6.1
	1.6



	WA
	HB
	[−50,150]
	6.4
	2.8



	AA
	TB
	[0,150]
	3.4
	0.89



	AA
	HB
	[0,150]
	2.9
	1.2



	WA
	TB
	[0,150]
	5.4
	1.4



	WA
	HB
	[0,150]
	5.5
	2.4



	AA
	TB
	[0,100]
	2.8
	0.74



	AA
	HB
	[0,100]
	2.3
	1.0



	WA
	TB
	[0,100]
	4.4
	1.2



	WA
	HB
	[0,100]
	4.5
	1.9



	AA
	TB
	[0,50]
	2.0
	0.52



	AA
	HB
	[0,50]
	1.6
	0.69



	WA
	TB
	[0,50]
	3.1
	0.82



	WA
	HB
	[0,50]
	3.2
	1.4



	AA
	SB
	[0,1]
	0.43
	0.11



	AA
	HB
	[0,1]
	0.36
	0.15



	WA
	SB
	[0,1]
	0.71
	0.19



	WA
	HB
	[0,1]
	0.71
	0.31






Notes.

(a) AA: arithmetic average; WA: weighted average.


(b) TB: total band (8–1000 keV); HB: hard band (27–1000 keV).


(c) Power-law spectra, assuming Γ = 1.16.


(d) Thermal bremsstrahlung spectra, assuming T = 75 keV.


(e) In units of 10−7 erg cm−2.





  
    Table 3. 

5-σ upper-limits on fluence for the power-law and thermal bremsstrahlung spectral shapes for the ASKAP bursts.




	Mode (a)
	Passband (b)
	Window
	PL (c)
	TB (d)



	




	
	
	[s]
	(e)
	(e)





	AA
	TB
	[−50,150]
	11
	2.9



	AA
	HB
	[−50,150]
	6.3
	2.7



	WA
	TB
	[−50,150]
	12
	3.2



	WA
	HB
	[−50,150]
	8.0
	3.4



	WA
	TB
	[0,150]
	9.4
	2.5



	WA
	HB
	[0,150]
	5.5
	2.4



	WA
	TB
	[0,150]
	11
	2.8



	WA
	HB
	[0,150]
	7.0
	3.0



	AA
	TB
	[0,100]
	7.7
	2.0



	AA
	HB
	[0,100]
	4.5
	1.9



	WA
	TB
	[0,100]
	8.7
	2.3



	WA
	HB
	[0,100]
	5.7
	2.4



	AA
	TB
	[0,50]
	5.5
	1.5



	AA
	HB
	[0,50]
	3.2
	1.4



	WA
	TB
	[0,50]
	6.1
	1.6



	WA
	HB
	[0,50]
	4.1
	1.8



	AA
	TB
	[0,1]
	1.3
	0.33



	AA
	HB
	[0,1]
	0.71
	0.31



	WA
	TB
	[0,1]
	1.4
	0.37



	WA
	HB
	[0,1]
	0.89
	0.38






Notes.

(a) AA: arithmetic average; WA: weighted average.


(b) TB: total band (8–1000 keV); HB: hard band (27–1000 keV).


(c) Power-law spectra, assuming Γ = 1.16.


(d) Thermal bremsstrahlung spectra, assuming T = 75 keV.


(e) In units of 10−7 erg cm−2.





  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
Top panel: 8–1000 keV lightcurve for FRB 180725.J0613+67 along with the modelled background (solid line). The step-like increase around the time of the FRB is due to an occultation step of Crab and was modelled using the adjacent orbits. Bottom panel: residuals of the background modelling.



    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
200-s fluence limit (red line) in the 8–1000 keV band compared with the distribution of LGRBs (2 s <  T90 <  100 s, blue) and very long GRBs (T90 >  100 s, brown) detected by Fermi/GBM. The green line represents the quantity Fγ, D16, resc (see text).



    

  
    
      Fig. 6. 
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1-s fluence limit in the 8–1000 keV band compared with the fluence distribution of SGRBs T90 ≤ 2 s detected by Fermi/GBM.
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