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ABSTRACT
Detections from the repeating fast radio burst FRB 121102 are clustered in time, noticeable even in the earliest repeat bursts.
Recently, it was argued that the source activity is periodic, suggesting that the clustering reflected a not-yet-identified periodicity.
We performed an extensive multiwavelength campaign with the Effelsberg telescope, the Green Bank telescope, and the Arecibo
Observatory to shadow the Gran Telescope Canaria (optical), NuSTAR (X-ray) and INTEGRAL (γ -ray). We detected 36 bursts
with Effelsberg, one with a pulse width of 39 ms, the widest burst ever detected from FRB 121102. With one burst detected
during simultaneous NuSTAR observations, we place a 5σ upper limit of 5 × 1047 erg on the 3–79 keV energy of an X-ray burst
counterpart. We tested the periodicity hypothesis using 165 h of Effelsberg observations and find a periodicity of 161 ± 5 d.
We predict the source to be active from 2020 July 9 to October 14 and subsequently from 2020 December 17 to 2021 March
24. We compare the wait times between consecutive bursts within a single observation to Weibull and Poisson distributions.
We conclude that the strong clustering was indeed a consequence of a periodic activity and show that if the few events with
millisecond separation are excluded, the arrival times are Poisson distributed. We model the bursts’ cumulative energy distribution
with energies from ∼1038–1039 erg and find that it is well described by a power law with slope of γ = −1.1 ± 0.2. We propose
that a single power law might be a poor descriptor of the data over many orders of magnitude.

Key words: methods: observational – radio continuum: transients – transients: fast radio bursts.

1 IN T RO D U C T I O N

Fast radio bursts (FRBs) are an observational phenomenon consisting
of bright flashes of millisecond duration, detected so-far exclusively
at radio frequencies, where detections have been made – as of now – at
frequencies as low as 328 MHz (Chawla et al. 2020; Pilia et al. 2020)
and as high as 8 GHz (Gajjar et al. 2018). Although the majority of the
sources are seen as one-off events, there are a couple of FRBs known
to show repeated bursts at a consistent sky position. Example of this
is FRB 121102 (Spitler et al. 2016), the first known repeating source,
which was localized by VLA observations (Chatterjee et al. 2017)
and posteriorly its position pinpointed to milliarcsecond precision
by VLBI (Marcote et al. 2017), and associated to a low-metallicity
dwarf galaxy at redshift z = 0.193 by the Gemini North observatory
(Tendulkar et al. 2017).

Since the discovery of the Lorimer burst in archival pulsar data
from the Parkes radio telescope (Lorimer et al. 2007), huge advances
in the FRB field have been made during the last years with the

� E-mail: mscruces@mpifr-bonn.mpg.de

discovery of over 100 FRBs (Petroff et al. 2016),1 localizations to
host galaxies (Chatterjee et al. 2017; Bannister et al. 2019; Ravi et al.
2019; Macquart et al. 2020; Marcote et al. 2020), rotation measure
(RM) and polarization measurements – revealing sometimes up to
100 per cent linearly polarized pulses with changing RM – probing
the highly magnetic environment where the bursts originate (Michilli
et al. 2018), and most recently the discovery of an active phase with
a periodicity of 16 d in the repetition of FRB 180916.J0158+65 (The
CHIME/FRB Collaboration 2020a), and a potential 157-d periodicity
for FRB 121102 (Rajwade et al. 2020).

None the less, their astrophysical origin remains a mystery.
Among the most popular models we find: mergers of double neutron
star systems (Totani 2013; Dokuchaev & Eroshenko 2017), young
magnetars (Margalit, Berger & Metzger 2019), giant pulses from
pulsars (Keane et al. 2012) and highly magnetic pulsar-asteroid
interactions (Bagchi 2017). See the FRB theory catalogue2 for more
examples (Platts et al. 2019). While for some progenitor scenarios

1http://frbcat.org/
2https://frbtheorycat.org
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Table 1. Description of the radio follow-up observations of FRB 121102.

Telescope Start Duration Events
(UTC) (s)

EFF 2017-09-05 00:55:54 36 000 0
AO 2017-09-05 10:05 1009 0
EFF 2017-09-06 00:58:22 36 000 7
EFF 2017-09-11 23:49:16 39 600 0
AO 2017-09-12 09:49 6118 0
EFF 2017-09-12 22:53:54 8412 0
AO 2017-09-13 09:46 6166 0
EFF 2017-09-24 23:17:54 34 854 0
GBT 2017-09-24 10:45 11 700 0
EFF 2017-09-25 23:19:57 34 992 0
GBT 2017-09-25 06:00 7200 0
GBT 2017-09-25 10:45 25 200 0
EFF 2017-09-26 23:28:52 32 400 0
GBT 2017-09-26 05:45 9900 0
EFF 2017-09-27 23:26:49 23 580 0
GBT 2017-09-27 06:00 9000 0
GBT 2017-09-27 10:45 22 500 0
GBT 2017-09-28 06:00 9000 0
EFF 2018-02-05 18:36:47 22 962 0
EFF 2018-02-07 16:39:04 30 018 0
EFF 2018-02-08 16:46:25 16 044 0
EFF 2018-02-09 14:33:58 18 000 0
EFF 2018-02-11 18:20:54 13 704 0
EFF 2018-11-18 19:58:50 25 200 24
EFF 2019-01-09 17:29:53 39 600 0
EFF 2019-01-11 19:39:45 7590 0
EFF 2019-08-25 04:10:13 6876 2
EFF 2019-08-26 03:38:19 4975 0
EFF 2019-09-09 04:59:27 3600 3
EFF 2019-12-22 01:42:15 5400 0
EFF 2020-03-01 17:28:46 7200 0
EFF 2020-05-22 06:37:34 7200 0
EFF 2020-05-22 13:03:29 7200 0

Notes. First column represents the names the telescope (abbreviations:
EFF=Effelsberg, GBT=Green Bank, AO=Arecibo observatory), second and
third column list the starting time of the observation and its duration, and the
fourth column shows the number of bursts detected. The observations for
EFF were carried at a central frequency of 1.36 GHz, for AO at 4.5 GHz, and
for GBT at 2.0 GHz.

the detections are restricted to the radio frequencies regime, such as
giant pulses from pulsars (Cordes & Wasserman 2016) and NS–WD
mergers (Liu 2018), other models predict counterparts at multiple
wavelengths. An example of this is the young magnetar model, in
which an additional X-ray afterglow and optical counterpart for its
supernova remnant are expected (Margalit et al. 2019).

SGR J1935+2154 provides a particularly interesting magnetar-
FRB link. This soft γ -ray repeater located in the Galaxy was
associated with strong radio bursts (The CHIME/FRB Collaboration
2020b), followed by an X-ray counterpart (Mereghetti et al. 2020).
For other scenarios such as the NS–NS merger scenario, in addition
to optical emission from the kilonova and X-ray from an afterglow,
a soft γ -ray burst and gravitational wave counterparts are predicted
(Dokuchaev & Eroshenko 2017).

Multiwavelength campaigns have the potential to constrain the
aforementioned scenarios and to provide insights on the mechanisms
at work. Yet, such campaigns are not plausible for most FRBs
given their positional uncertainties of several arcminutes. As of
now, few non-repeating FRBs have localization down to arcsecond
precision (Prochaska et al. 2019; Bhandari et al. 2020), however,
their one-off nature makes multiwavelength observations extremely

challenging. In contrast, repeating FRBs with precise localizations
allows triggering observations at other wavelengths based on activity
detected in the radio frequencies. Multiwavelength follow-up from
repeating FRBs, such as FRB 121102, have been key to our current
understanding of FRBs. They have provided further evidence for
the extragalactic origin of FRBs, by ruling out the presence of an
intervening HII region responsible for the dispersion measure (DM)
excess of FRBs (Scholz et al. 2016), and have placed limits on the
X-ray emission in the 0.5–10 keV to be less than 3 × 10−11 erg cm−2

(Scholz et al. 2017).
To understand the progenitors of FRBs, observations spanning

multiple epochs allow for a long-term periodicity study, which can
be indicative of the presence of rotating binary systems, and how the
detected bursts distribute in energy and waiting times provide clues
on the nature of the source originating such bursts. The high-energy
bursts of magnetars and the giant radio pulses from pulsars have
shown to have energy distributions well modeled by a power law.
For magnetars it is found a slope γ of −0.6 to −0.7 (Göğüs et al.
1999, 2000), while for giant pulses from the Crab pulsar, is observed
γ = −2.0 (Popov & Stappers 2007; Bera & Chengalur 2019).

Motivated by these, we have performed an extended follow-up
on FRB 121102 using the 100-m Effelsberg (EFF) radio telescope
from September 2017 to June 2020. Some of the epochs are part of
a multiwavelength follow-up campaign to shadow higher energy
telescopes such as NuSTAR, INTEGRAL, and the Gran Canaria
Telescope (GTC), with radio telescopes such as Effelsberg, the 100-m
Robert C. Byrd Green Bank Telescope (GBT), and the 305-m Arecibo
Observatory (AO). We describe the observation setup and the algo-
rithms employed for the data processing in Section 2. In Section 3,
we report the bursts and their properties. We use the simultaneous
observations with NuSTAR to place limits on the X-ray emission,
and use the observed epochs with Effelsberg to test the potential
157-d periodicity reported by Rajwade et al. (2020). Additionally,
we test how the bursts are distributed within an active window, and
as a whole study their cumulative energy distribution. We discuss the
implications of the encountered periodicity, how the time interval
between bursts distributes, and the power-law fit to the energy
distribution in Section 4. We summarize and conclude in Section 5.

2 O B S E RVAT I O N S A N D SE A R C H

Here, we describe the radio observations simultaneous with three
higher energy telescopes: NuSTAR, INTEGRAL, and GTC. The
details of the radio observations are listed in Table 1 and the high
energy observations in Table 2. For the radio observations, the
technical information of the set up and the sensitivity of instruments
used are listed in Table 3. The full coverage in frequency and time for
FRB 121102 by the different telescopes is shown in Fig. 1. It can be
seen that in the case of the X-ray observations, EFF and AO observed
simultaneously with NuSTAR (Target ID: 80301307, PI: Scholz), and
EFF and GBT observed simultaneously with INTEGRAL (project
ID: 1420030, PI: GOUIFFES). For the optical observations with
GTC, only EFF observed (project ID: 98-17, PI: Spitler). Such
experiment had a similar approach to Hardy et al. (2017), but
with the GTC instead used for optical monitoring. The Effelsberg
observations between 2018 February 5 to February 11 and 2019
January 9 to February 11 were scheduled together with the GTC to
search for simultaneous optical bursts using HiPERCAM (Dhillon
et al. 2018). No radio bursts were detected during the simultaneous
optical observations, and the results from the analysis of the optical
data alone are outside the scope of this paper.

MNRAS 500, 448–463 (2021)
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Table 2. Description of the NuSTAR and INTEGRAL follow-up observations of FRB 121102. The ID for NuSTAR
corresponds to the observation ID, while for INTEGRAL the ID corresponds to the revolution number.

Telescope ID Start time End time Exposure time
(UTC) (UTC) (s)

NuSTAR 80301307002 2017-09-05 03:31:32 2017-09-05 13:39:33 15 528
NuSTAR 80301307004 2017-09-06 03:38:11 2017-09-06 13:54:41 17 567
NuSTAR 80301307006 2017-09-11 02:49:08 2017-09-11 14:30:23 21 177
NuSTAR 80301307008 2017-09-11 23:37:24 2017-09-12 11:48:38 20 917
NuSTAR 80301307010 2017-09-13 04:53:09 2017-09-13 14:37:12 15 476
INTEGRAL 1866 2017-09-24 12:22:33 2017-09-26 16:28:18 179 092
INTEGRAL 1867 2017-09-27 06:20:13 2017-09-29 07:19:30 171 675
INTEGRAL 2131 2019-08-30 04:07:16 2019-09-01 09:09:36 182 321
INTEGRAL 2132 2019-09-01 19:28:59 2019-09-04 00:55:56 184 376
INTEGRAL 2133 2019-09-04 11:16:37 2019-09-06 05:13:53 141 549

Figure 1. Follow-up observations for FRB 121102 with Effelsberg (magenta), Green bank (green), Arecibo (cyan), NuSTAR (blue), and INTEGRAL (red). The
yellow star marker indicates an epoch where at least one burst was detected.

FRB 121102 had an exposure time of 128 h with Effelsberg,
26.25 h with GBT, 3.7 h with AO, 25.2 h with NuSTAR and 240 h with
INTEGRAL. The only session with radio detections at the time of a
simultaneous X-ray observation was on 2017 September 6, during
a NuSTAR session (see Section 3.2). For some radio observations
extended time coverage was performed. That is the case from the
24 to the 28 of September 2017 where EFF and GBT had almost
full coverage, in some cases with simultaneous observing as well as
one radio telescope taking over from the other. However, as seen in
Fig. 1, no radio burst was detected in those observations.

We proceed hereon with the description of the observations and
the data processing.

2.1 Effelsberg telescope

We took data using the 7-beam feed array receiver with the Pulsar Fast
Fourier Transform Spectrometer (PFFTS, Barr et al. 2013), and the
high-precision pulsar timing backend PSRIX (Lazarus et al. 2016).
The PFFTS records data at a central frequency of 1.36 GHz with 300-
MHz of bandwidth divided into 512 frequency channels and a time
resolution of 54.613 μs. However, these data are not synchronized
with a maser clock. To compensate, we recorded simultaneously
the incoming data of the central beam with the backend used for
pulsar timing, PSRIX, as it provides high-precision time-stamps.
This backend’s band is centred at 1.3589 GHz, with a bandwidth of

MNRAS 500, 448–463 (2021)
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Repeating behaviour of FRB 121102 451

Table 3. Technical information of the observation setup for AO, GBT and EFF radiotelescopes listed in Table 1. The
frequency refers to the central frequency for the bandwidth of the receiver, Tsys is the temperature system, S/Nmin to
the minimum detectable signal-to-noise of a single pulse and Fmin refers to the fluence threshold for a bursts of 1 ms
duration given S/Nmin.

Telescope Backend Frequency Bandwidth SEFD S/Nmin Fmin

(GHz) (MHz) (Jy) (Jy ms)

AO PUPPI 4.5 800 3.5 10 0.03
GBT GUPPI 2.0 740 10.0 7 0.05
EFF PFFTS 1.36 300 17.0 7 0.15

Table 4. Properties of the bursts detected with Effelsberg. The TOAs are barycentred and referred to infinite frequency.
All the errors displayed correspond to one standard deviation and arise from the error in the determination of the pulse
widths and the rms of noise oscillations in the determination of the S/N. S/Ni is the signal-to-noise from the discovery
as reported by the pipelines and S/Nf is the value obtained after manual cleaning.

Burst no MJD S/Ni S/Nf Integrated flux density Fluence FWHM
(Jy) (Jy ms) (ms)

B1 58002.060649899 12.6 12.1 0.19 ± 0.02 0.47 2.4 ± 0.2
B2 58002.060794618 6 7.1 0.08 ± 0.01 0.36 4.3 ± 0.7
B3 58002.063269026 7.9 9.2 0.13 ± 0.02 0.38 2.7 ± 0.4
B4 58002.104939709 10.4 10.1 0.13 ± 0.01 0.47 3.5 ± 0.4
B5 58002.139243447 8.8 9.9 0.13 ± 0.02 0.43 3.16 ± 0.4
B6 58002.166825811 93.7 108.4 1.56 ± 0.2 4.64 2.97 ± 0.03
B7 58002.258539197 6.3 9.2 0.12 ± 0.01 0.41 3.2 ± 0.4
B8 58440.838835667 12.1 13.1 0.21 ± 0.03 0.49 2.3 ± 0.2
B9 58440.862656975 36.1 38 0.58 ± 0.08 1.51 2.57 ± 0.08
B10 58440.923733529 22 24.2 0.29 ± 0.04 1.20 4.0 ± 0.2
B11 58440.936807041 29.1 31.7 0.30 ± 0.04 2.04 6.7 ± 0.2
B12 58440.989835921 11.4 12.3 0.17 ± 0.02 0.53 3.0 ± 0.3
B13 58440.998861733 7.4 7.7 0.13 ± 0.02 0.27 2.0 ± 0.2
B14 58441.007579584 34.6 40.8 0.58 ± 0.08 1.74 2.97 ± 0.09
B15 58441.008221936 7 7.1 0.11 ± 0.01 0.26 2.4 ± 0.4
B16 58441.012582998 18.8 24.7 0.38 ± 0.05 0.96 2.5 ± 0.1
B17 58441.015540453 11.3 13.8 0.11 ± 0.01 1.00 8.6 ± 0.8
B18 58441.018047897 11.1 11.7 0.15 ± 0.02 0.54 3.5 ± 0.4
B19 58441.019135880 18.1 22.6 0.21 ± 0.03 1.46 6.8 ± 0.4
B20 58441.028824049 48.4 56.4 0.57 ± 0.08 3.38 5.8 ± 0.1
B21 58441.028824494 6.4 8.7 0.08 ± 0.01 0.54 6.3 ± 0.9
B22 58441.029775293 84.2 93.5 1.4 ± 0.2 3.84 2.73 ± 0.03
B23 58441.059832185 66.7 78.5 1.0 ± 0.1 3.57 3.35 ± 0.05
B24 58441.059991054 7.8 8.6 0.10 ± 0.01 0.43 4.1 ± 0.6
B25 58441.061410818 14.3 16.8 0.16 ± 0.02 1.07 6.6 ± 0.5
B26 58441.064588499 105.2 136.9 1.2 ± 0.1 9.38 7.6 ± 0.1
B27 58441.067400861 8.9 11.2 0.10 ± 0.01 0.70 6.4 ± 0.7
B28 58441.106370081 9.5 11.5 0.18 ± 0.02 0.42 2.2 ± 0.2
B29 58441.109293484 7.3 8.1 0.09 ± 0.01 0.41 4.2 ± 0.6
B30 58441.112477441 10.6 13.4 0.21 ± 0.03 0.51 2.4 ± 0.2
B31 58441.124609034 14.4 20.4 0.08 ± 0.01 3.14 39 ± 2
B32 58720.206275908 77.2 77.4 0.9 ± 0.1 3.13 3.20 ± 0.05
B33 58720.230616442 8.9 8.4 0.12 ± 0.01 0.34 2.7 ± 0.3
B34 58735.230804235 25.6 28.3 0.49 ± 0.07 1.00 2.04 ± 0.08
B35 58735.237756158 23.8 24.2 0.38 ± 0.05 0.94 2.4 ± 0.1
B36 58735.239630828 46.5 59.4 0.8 ± 0.1 2.61 3.13 ± 0.06

250 MHz divided into 256 channels and a time resolution of 51.2 μs.
This allows us to obtain the precise time of arrivals (TOAs) of the
detected bursts displayed in Table 4.

While the central beam of the seven-beam receiver was pointing at
FRB 121102 with right ascension α = 05:31:58.70 and declination
δ = +33:08:52.5 00 (Chatterjee et al. 2017), all the remaining beams
from the feed array were simultaneously recorded with the PFFTS
for the purpose of radio frequency interference (RFI) mitigation.

2.1.1 Single pulse search

We searched for single pulses in the time-series from 500 up to 600 pc
cm−3, with steps of 1 pc cm−3, using a pipeline based on the pulsar
search software PRESTO (Ransom 2011). The time-series were down-
sampled by a factor of 16 to match the intrachannel dispersion delay
at 1.510 GHz, corresponding to the top of the frequency band. Candi-
dates down to a signal-to-noise ratio (S/N) of 6 were explored leading
to a total of 36 bursts detected in the PFFTS data (see Figs 2–4).
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452 M. Cruces et al.

Figure 2. Profiles for the bursts detected on September 2017 with Effelsberg at 1.36 GHz. The top plot displays the pulse profiles obtained when integrating
in frequency the dynamic spectra in the lower panel. The bursts have been incoherently de-dispersed at 560.5 pc cm−3 (Hessels et al. 2019). For visualization
purposes B1–B5 and B7 were frequency scrunched by a factor of 8 and B6 by a factor of 4.

To calculate the accurate topocentric TOAs, we run a similar
single-pulse search on PSRIX data and cross-match with the bursts
detected in the PFFTS. This is due to the lag between the recording
of the backends of ∼15 s. Barycenter TOAs (tbary) are afterwards
calculated as follows:

tbary = ttopo − �D/f 2 + �R�, (1)

where ttopo is the topocentric TOAs at the telescope, in this case
Effelsberg. The second term is the delay caused by dispersion due to
the interstellar medium, which depends on the observing frequency
f, and �D = 4.148 8008 × 103 MHz2 pc−1 cm3 × DM. The third
and last term on equation (1), �R�, is the Römer delay, which is
the light traveltime between the telescope (for Effelberg longitude =
6.◦882778, latitude =50.◦52472) and the Solar system barycenter.

2.1.2 Intra-observation periodicity search

For completeness, we processed the data of the central beam with
the acceleration search pipeline used to search for pulsars in The
High Time Resolution Universe Survey – Northern sky (HTRUN;
see Barr et al. 2013 for survey description), and the fast folding
algorithm (FFA) based on Morello et al. (2020) implementation.
The DM trials ranged from 530 to 590 pc cm−3 for the acceleration
search, and from 0 to 600 pc cm−3 for FFA search. No source was
found within the candidates down to an S/N of 8.

2.2 Green Bank Telescope

We observed FRB 121102 with the GBT’s S-Band receiver at a centre
frequency of 2 GHz and a total bandwidth of 800 MHz, though a
notch filter between 2.3 and 2.36 GHz removes interference from
satellite radio, slightly reducing the effective bandwidth. We used the
Green Bank Ultimate Pulsar Processing Instrument (GUPPI, Ransom
et al. 2009) to coherently dedisperse incoming data at a DM of
560 pc cm3, recording self and cross-polarization products with 512
frequency channels and a sampling time of 10.24 μs.

We used the PRESTO routine rfifind to flag samples contami-
nated by interference and applied this mask in subsequent processing
(Ransom 2011). We searched for bursts using the PRESTO routine

single pulse search.py, similar to data from Effelsberg, but
with slightly different parameters. De-dispersed time series were
created at trial DMs of 527 to 587 pc cm3 with steps of 0.2 pc cm3

and downsampled to a time resolution of 81.92 μs. We searched for
pulses with a maximum width of 100 ms and inspected all candidates
with an S/N ≥ 6. Astrophysical pulses will exhibit a characteristic
increase in S/N as the trial DM approaches the true DM of the source.
We also created the dynamic spectrum for each promising candidate
to investigate the time and frequency behaviour in more detail. We
determined that all high S/N bursts detected in our search were
terrestrial interference and did not detect any astrophysical bursts
from FRB121102.

2.3 Arecibo Observatory

The simultaneous observations with NuSTAR were obtained through
a DDT to the AO (project code P3219). Note, only half of the
scheduled observations were possible due to the telescope shutdown
for hurricane Irma. Similarly, simultaneous observations planned
along with INTEGRAL were not possible due to the observatory
shutdown after hurricane Maria.

Data were recorded with the C-lo receiver and PUPPI pulsar
backend. PUPPI recorded filterbank files coherently dedispersed
to DM = 557 pc cm−3. The recorded bandwidth at 4.1–4.9 GHz
was divided into 512 channels yielding a frequency resolution of
1.56 MHz. The time resolution of the data was 10.24 μs. The raw
data contain full polarization information, which can be used to
obtain the RM and polarization profiles in the event of a detection.

Before searching, the filterbank data were downsampled in time
to 81.92 μs, the number of channels reduced to 64, and the total
intensity (Stokes I) values are extracted. The data were searched
with a simple PRESTO based pipeline (Ransom 2011), downsampled
in time by a factor of 16 and dedispersed with trial DMs ranging from
507 and 606 pc cm−3 in steps of 1 pc cm−3. In order to optimize
burst detection, the dedispersed time-series were convolved with a
template bank of boxcar matched filters up to 49 ms. Candidate bursts
were identified in the convolved, dedispersed time-series by applying
an S/N threshold of 6. The resulting diagnostic plots were searched
by eye, and no bursts were found.

MNRAS 500, 448–463 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/500/1/448/5925369 by U
niversiteit van Am

sterdam
 user on 16 M

ay 2022



Repeating behaviour of FRB 121102 453

Figure 3. Profiles for the bursts detected on November 2018 with Effelsberg at 1.36 GHz. The top plot displays the pulse profiles obtained when integrating the
dynamic spectra in the lower panel. The bursts have been incoherently de-dispersed at 563.5 pc cm−3 (Josephy et al. 2019). For visualization purposes bursts
B9–B11, B14, B16, B20–B23, and B26 were frequency scrunched by a factor of 4, B31 by a factor of 2, and the rest of the bursts by a factor of 8.

2.4 NuSTAR

FRB 121102 was observed by NuSTAR (Harrison et al. 2013)
between 2017 September 5 and 11 in five separate observations
with their start times and durations shown in Table 2. The data were
processed using HEASOFT3 and the standard tools nupipeline and
nuproducts. We extracted source photons from a 2 arcmin-radius
circular region centred on the source position. We used a background

3http://heasarc.gsfc.nasa.gov/ftools

region of identical size positioned away from the source. Photon
arrival times were corrected to the Solar system barycenter using the
source position from Chatterjee et al. (2017).

2.5 INTEGRAL

FRB 121102 was observed by the INTEGRAL satellite in late
September 2017 in pointing mode and then in 2019 in a Target
of Opportunity mode. In both cases, the goal was to search for a
possible Hard X-Ray/soft γ -ray counterpart to the radio emission.
The log of the observations with start time and duration is shown
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454 M. Cruces et al.

Figure 4. Profiles for the bursts detected on August and September 2019 with Effelsberg. The top plot displays pulse profile obtained when integrating the
dynamic spectra in the lower panel. The bursts have been incoherently de-dispersed at a value of 563.6 pc cm−3 (Oostrum et al. 2020). For visualization purposes
all the bursts were frequency scrunched by a factor of 4.

in Table 2. The INTEGRAL data were processed using the standard
INTEGRAL Offline Scientific Analysis (OSA) software.4 No radio
burst was triggered by the Effelsberg telescope during the INTEGRAL
exposures, preventing a search for a coincident impulsive event.
Searches for correlations before or after the radio burst and with
signals from other radio facilities are currently underway (Gouiffes
et al., in preparation).

3 BURST PRO PERTIES

During our follow-up observations, 36 bursts were detected with
Effelsberg and none with GBT or AO. The 36 bursts are displayed in
Figs 2–4 and their inferred properties in Table 4. The figures show
the dynamic spectra of the bursts over the 235-MHz frequency band,
while the top panels show the pulse profiles after integrating the
dynamic spectrum in frequency.

Our reported bursts come from four epochs (MJD 58002, 58440,
58720, and 58735) and hinting towards three different values for the
dispersion measure of the bursts as a result of S/N optimization.
However, given the sub-structure present in some of the bursts,
such as bursts B11, B20, and B26, we do not report the dispersion
value that yields the highest S/N. Furthermore, we do not attempt
to optimize the dispersion value, as our incoherently dedispersed
data might not be resolving sub-structure that would otherwise
be evident with coherent dedispersion. Instead, we make use of
values reported in the literature at epochs near our detections. For
the bursts from September 2017, we use the value of 560.5 pc
cm−3 reported by Hessels et al. (2019), while for the bursts from
November 2018 we use 563.6 pc cm−3 (Josephy et al. 2019) and
for August and September 2019 a value of 563.5 pc cm−3 (Oostrum
et al. 2020). Such values were deduced from frequency structure
optimization by finding the dispersion value that maximizes the
forward derivative of the dedispersed time-series (Hessels et al.
2019).

To calculate the properties of the bursts (Table 4), such as the S/N,
flux density, fluence, and the full-width half-maximum (FWHM),
we used DSPSR (van Straten & Bailes 2011) to extract a snapshot of
data from the PFFTS filterbank file and chose a time resolution
that matched the intrachannel smearing time. Subsequently, we
inferred the properties of each burst as implemented in Houben et al.
(2019). The bursts were fit with a Gaussian-model calculated through
least-squares optimization. The height and FWHM were obtained
afterward from such best fit, and the S/N deduced from the peak
and its associated error with the root mean square (rms) of the noise

4https://www.isdc.unige.ch/integral/analysis#Software

fluctuations. We converted these values into flux (S) by using the
radiometer equation for single pulses:

S = (S/N) · SEFD√
np · FWHM · �ν

(2)

For Effelsberg 7-beam’s receiver, the system equivalent flux
density (SEFD) has a mean value of 17 Jy for each of the two
polarizations (np). The bandwidth (�ν) considered for the calculation
is 235 MHz, which corresponds to the remaining of the 300 MHz
bandwidth for the PFFTS data after cropping the band edges.

From Table 4, we see that the brightest bursts of the data set are
B6, B22, B23, B26, with flux densities of 1.56, 1.4, 1.0, and 1.2 Jy,
respectively, and whose emission extends across the full bandwidth.
For bursts, such as B10 and B11, their emission comes from the lower
part of the frequency band, while B14 is an example of emission
coming predominately from the upper part of the frequency band.

Six bursts show multicomponent profiles: B11, B14, B20, B23,
B25, and B26. The number of components ranges from two compo-
nents, such as B25, to three components for B11 and B26. Particularly
interesting bursts are B10 and B14, displaying a weak trailing
emission tail, and B20 and B26 with a characteristic downward
drifting pattern. B20 and B21 are the closest spaced bursts of our
data set with a TOA difference of ∼38 ms. Although the majority
of the published bursts have separations above 1 s, it is known that
few bursts cluster around TOA separations of 20–40 ms (Hardy et al.
2017; Scholz et al. 2017; Gourdji et al. 2019; Caleb et al. 2020)
and potentially as low as 2.56 ms (see Gajjar et al. 2018). However,
whether this latter case corresponds indeed to two separated events
or different components of one burst is ambiguous.

B31 is arguably the most interesting burst from the sample. It has a
width of 39 ± 2 ms, and is, as of now, the broadest burst detected from
FRB 121102. To determine its width, we have used the FWHM of the
Gaussian fit to the two main components of the pulse profile. Given
that the known typical durations of the bursts from FRB 121102
are of the order of a couple of milliseconds, we wonder whether
the previously mentioned events with separations 20–40 ms (Hardy
et al. 2017; Scholz et al. 2017; Gourdji et al. 2019; Caleb et al. 2020)
correspond to single events in which only the strongest components
are detected. This will be discussed further in Section 4.

3.1 Short-term TOA periodicity search

Given the high number of bursts detected within one single ob-
servation, we searched for an underlying periodicity in the arrival
times of the bursts detected in the November 2018 data set. First, we
employed an algorithm commonly used to find the periods of bursts
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Repeating behaviour of FRB 121102 455

Table 5. Burst limits for different X-ray spectral models. The energies are calculated assuming the measured luminosity
distance to FRB 121102, 972 Mpc (Tendulkar et al. 2017). In the table 	 is the spectral index.

Model NH kT/	 Absorbed 3–79 keV
Unabsorbed
3–79 keV

Extrapolated
0.5–10 keV

Extrapolated
10 keV–1 MeV

(cm−2) (keV/-) Fluence limit Energy limit Energy limit Energy limit
(10−9 erg cm−2) (1047 erg) (1045 erg) (1047 erg)

Blackbody 1022 10 2 2 8 2
Blackbody 1024 10 3 3 12 3
Cutoff PL 1022 0.5 3 3 14 50
Cutoff PL 1024 0.5 4 5 20 80
Soft PL 1022 2 0.6 0.6 60 0.9
Soft PL 1024 2 1.1 2 180 3

Notes. 5σ confidence upper limits.
Assumed blackbody temperature, kT, for blackbody model and power-law index for power-law models.

from rotating radio transients5 (McLaughlin et al. 2009). For a range
of trial periods, the number of rotations between consecutive bursts is
calculated, and the best period is the greatest common denominator
that groups the bursts into the narrowest range of pulse phase. We
note that this algorithm does not work well if bursts arrive over a wide
range of rotational phases or if there are multiple emission windows.
B20 and B21 are only separated by ∼38 ms and might be two
components of one long burst, so we excluded B21 from our analysis.

Using the remaining 23 bursts, this algorithm gave a best-fitting
period that grouped the bursts within a window of ∼0.6 in phase. In
order to test the robustness of this finding, we repeated the search
100 times using a sub-sample of 12 randomly chosen bursts. Each
trial gave a different period, so we conclude the period determined
with all the bursts is not real. Furthermore, we can exclude a period
longer than ∼0.1 s with a narrow emission window.

Lastly, we also carried out a periodogram search over the same 23
TOAs and found no underlying periodicity.

3.2 NuSTAR

The NuSTAR observations overlapped with radio observations, but
only one burst was detected while NuSTAR was observing the source.
We searched in time near the burst detected by Effelsberg (Burst B6)
that occurred during the NuSTAR observation on 2019 September
6. The closest X-ray photon to the time of the Effelsberg burst was
15 s away. Given this separation, the false alarm probability given
the 3–79 keV NuSTAR count rate of 0.03 count s–1 is 60 per cent.

Using an identical method to that employed in Scholz et al. (2017),
we place limits on the X-ray emission from putative models. That is,
we place a count rate limit using the Bayesian method of Kraft,
Burrows & Nousek (1991), and translate that to a fluence limit
using the spectral response of NuSTAR and an assumed spectrum. In
Table 5, we show the resulting limits.

Compared to the limits placed by Scholz et al. (2017) on X-
ray emission at the time of radio bursts from FRB 121102 using
Chandra and XMM, the limits placed here using NuSTAR are not
as constraining for the low absorption case (1022 cm−2), which
corresponds to a typical value for a sightline out of the Milky Way and
through the disk of a spiral, Milky-way like, host galaxy. However, for
the highly absorbed case (1024 cm−2), the NuSTAR limits are about
an order of magnitude lower for the hard spectral models (Blackbody
and Cutoff PL) and about twice as low for the soft power-law model.
These NuSTAR limits therefore further constrain the energetics of

5rrat period in PRESTO pulsar search software

X-ray counterparts to radio bursts from FRB 121102, in the case,
where it is highly absorbed by material close to the source (e.g.
supernova ejecta Metzger, Berger & Margalit 2017).

3.3 Full Effelsberg sample

In addition to the set of 36 bursts that we report in Table 4, we
incorporate into the following analysis the published data sets from
Hardy et al. (2017) and Houben et al. (2019). Such data sets were
acquired with Effelsberg using the identical setup (see Section 2.1). In
total, our sample contains 57 bursts detected in 165 h of observations
in epochs between MJD 57635 to 59006.

3.3.1 Long-term periodicity

We create a time-series from the dates of the EFF observations and
label a session with 1 when at least one event was detected and with
0 when no bursts were detected. Because the observations were not
done with a regular cadence, the time-series is unevenly sampled.
We search for a periodic signal through a periodogram analysis.

The majority of the observations were not triggered based on
known source activity, but instead, scheduled based on the availabil-
ity of the higher energy telescopes. The exception is the observations
in early September 2017 coordinated with NuSTAR, which were
scheduled based on the GBT detections at the C-band presented in
Gajjar et al. (2018). Furthermore, we consider a periodogram search
to be a valid approach, as the full sample of detections and non-
detections is included. Note, our data set, which totals 34 epochs, is
composed of roughly 70 per cent non-detections. This is often not
the case, as published data are biased towards detections.

Following the formulation presented in VanderPlas (2018), we
proceed with the Lomb–Scargle periodogram, which is displayed on
the top of Fig. 5. First, we subtract the mean value from the time-
series. This step is important as the Lomb–Scargle model assumes
that the data are centred around the mean value of the signal. As seen
in Fig. 5, the periodogram peaks at a period of 161 ± 5 d, in agreement
with the postulate of Rajwade et al. (2020). The 1σ uncertainty is not
estimated from the width of the peak, as this is not optimal for time-
series with long baselines and few data points. Instead, we determine
the uncertainty of the peak, σ ls, through (VanderPlas 2018):

σls = FWHM

2

√
2

N × S/N2 , (3)

where N is the number of points in the data set and FWHM is the
full-width at half-maximum of the Gaussian fit to the peak.
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456 M. Cruces et al.

Figure 5. Periodicity analysis for FRB121102. Top panel: Lomb–Scargle periodogram for the Effelsberg data set at 1.36 GHz composed of 34 epochs from
September 2016 to June 2020. The vertical dashed line shows the best period prediction and the arrows show peaks coming from the window transform. The
horizontal dotted lines show the 1σ , 2σ , and 3σ significance levels deduced from 10 000 bootstrap resamplings. Bottom panel: phases of the observations based
on a 161-d periodicity displayed against the length of its observation. In Magenta are highlighted the epochs with detections for which the yellow stars indicate
the time within a given observation where the bursts occurred. The bars in grey are the observations for which no bursts were detected, and the yellow-shaded
region is the estimated active phase from the L-band data set and referred to MJD 57075 as the epoch with phase φ = 0.

Given the presence of several peaks with significant power in the
Lomb–Scargle periodogram, we investigate if any are introduced
from the observing function. This is plausible as the Lomb–Scargle
periodogram of the data in Fig. 5 is the result of the convolution
of the true signal from FRB 121102, and a set of top-hat functions
with different durations, which describe the observations (window
function). We compute the Lomb–Scargle periodogram of the
window function by keeping the epochs unchanged but setting all
values to one (for detections and non-detections). For the window
transform, the data are not centred. We identify several peaks in
the periodogram of the window function that are also present in the
periodogram of the data. Some peaks among the top 15 periods are
marked in Fig. 5 with the black arrows and correspond to (from the
right- to the left-hand side) 119, 75, 70, 19, 16, and 14 d roughly.
More importantly, the analysis of the window function down to
the top 20 periods did not show any peak at 161 d, supporting the
conclusion that the 161-d period is in the data.

We further test the hypothesis of an underlying periodicity through
the use of the bivariate l1-periodogram, also referred to as the robust-
periodogram (Li 2010). This type of periodogram is derived from the
maximum likelihood of multiple frequency estimation, and it uses
the least-absolute deviations regression model – instead of the least-
squares minimization as the Lomb–Scargle periodogram – which is a
robust regression against heavy-tailed noise and outliers. The robust
periodogram predicts a 161-d period as well, perfectly in agreement
with the Lomb–Scargle prediction.

To calculate the significance of the peak, we estimate the false
alarm probability using a bootstrap method with 10 000 trials. We
keep the epochs unchanged and for each trial draw randomly the
outcome of an observation (detection or non-detection). We record
the maximum power of each generated Lomb–Scargle periodogram
and calculate the probability that a given power exceeds a threshold
through percentile rank. The dotted lines in the Lomb–Scargle

periodogram in Fig. 5 show the 1σ , 2σ , and 3σ significance levels for
the highest peak, determined by the 10 000 bootstrap resamplings.
We determine a significance of roughly 2.7σ for the 161-d peak. This
approach answers the question of how likely it is that any period will
have, by chance, a power above a given value. However, this is a
conservative approach, and in the case of non-Gaussian noise, it
underestimates the significance levels.

We ask now, specifically, how likely it is that a period of 161 d, by
chance, will have a signal power above 1σ , 2σ and 3σ significance
levels. This is equivalent to a false-positive rate of 161 d period
among 10 000 bootstrap trials. We run the simulation and keep the
powers encountered at 161 d. Through this approach, the peak is
found to have a significance above 4σ level. We do not approach
more sophisticated methods to estimate the false alarm rate as it is
outside the scope of the paper, but we clearly show that the periodicity
reported by Rajwade et al. (2020) is also seen in our data set.

In the lower panel of Fig. 5, we see the outcome of assigning a
phase to each epoch by folding at a period of 161 d. The y-axis shows
the length of each observation. We take MJD 57057 as reference for
phase φ = 0. From the outermost observations with detections, we
infer an active window of 54 per cent. However, we notice that while
the end of the active window is densely sampled (by chance), the start
of the active phase is not. Motivated by this, and in order to test how
representative the Effelsberg data set is, we add the published follow-
up observations on FRB 121102 at L-band (1–2 GHz). The frequency
constraint is driven by fact that simultaneous observations at radio
frequencies greater than ∼GHz have mostly not led to simultaneous
detections, suggesting that a given activity extends only over a couple
of hundreds of Megahertz (Law et al. 2017). We extend the data set
by including the detections and non-detections reported by Spitler
et al. (2014, 2016), Scholz et al. (2016, 2017), Gourdji et al. (2019)
and Oostrum et al. (2020). We refer hereon to this data set as the
L-band data set.

MNRAS 500, 448–463 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/500/1/448/5925369 by U
niversiteit van Am

sterdam
 user on 16 M

ay 2022



Repeating behaviour of FRB 121102 457

The L-band data set is composed of a total of 179 epochs from
which 43 are detections and 136 non-detections. The Lomb–Scargle
periodogram for this data set infers a period of 158 ± 3 d, which is
consistent with the period deduced independently from the EFF data
set and with Rajwade et al. (2020). To define a more constraining
active phase we proceed with the prediction of 161 d and fold the
L-band epochs. By considering the left and right-most observations
with detection in the L-band data set, we define an active phase
of roughly 60 per cent, which is shown in Fig. 5 with the yellow-
shadowed region. Based on the inferred periodicity of 161 d and
the active phase of 60 per cent, we construct the active windows.
We use as reference for φ = 0 the MJD 57075, and find that the
epochs with detections fall into five activity windows: 57590-57687,
57751-57848, 57912-58009, 58395-58492, and 58717-58814.

We note that the width of the active phase is dependent on the
selection of the period and on observations at the start and end of
the on-phase. For periods between 156 and 161 d, the active window
ranges from 56 to 62 per cent. It is worth noting that Rajwade et al.
(2020) defined the period from dispersion minimization, i.e. choosing
the period gives the narrowest possible active window. Naturally,
more observations with detections outside of the limits defined here
will broaden the active window.

3.3.2 Repetition pattern on active phase

In this section, we investigate the waiting time statistics between con-
secutive bursts on shorter time-scales. Time independent Poissonian
statistics as well as Weibull distribution with shape parameter k < 1
have been previously assumed. While k < 1 means that clustering is
present in the data (the lower the k the higher the degree of clustering),
when k = 1 the Poissonian case is recovered, and for k � 1 we are
in the presence of a constant separation, implying periodicity.

Oppermann, Yu & Pen (2018) used a Weibull distribution with
shape parameter k smaller than one using ∼80 h of FRB 121102
follow-up data. In the analysis of Oppermann et al. (2018), the
sample contained observations taken with Arecibo, Effelsberg, GBT,
VLA, and Lovell at different observing frequencies ranging from
0.8–4.8 GHz. The 17 bursts contained in the data led to the conclusion
that a Weibull distribution with a shape parameter of k = 0.34 and a
mean event rate of r = 5.7 d−1, is a much better descriptor for the
time interval between consecutive events than Poissonian statistics.
Recently, Oostrum et al. (2020) came to a similar conclusion using
WSRT/Apertif data.

We would like to test whether this strong clustering observed
was a consequence of the unknown periodicity of FRB 121102.
However, in a different approach to the one carried in Oppermann
et al. (2018) work, we do not combine bursts from different telescopes
and observing frequencies, as their difference in sensitivity leads to
different event rates, and this might bias the observed clustering. As
mentioned in Section 3.3.1 our observations fall into five activity
windows: MJD 57590-57687, 57751–57848, 57912–58009, 58395–
58492, and 58717–58814. We group all the observations with and
without detections falling into such windows to study the waiting
time between consecutive bursts.

We use the two-dimensional posterior probability for k and r,
and the one-dimensional marginal posterior for k and r formalism
implemented by Oppermann et al. (2018).6 Our first approach is
to treat each active window independently. However, this implicitly
assumes that the event rate is constant across the full active phase.

6https://github.com/nielsopp/frb repetition

Clearly, this must not be the case, for instance, if the on-window
has a Gaussian profile, which could lead to higher event rates at
the centre of the window. None the less, except for the epoch of
November 2018, we note that there are not sufficient bursts per active
window to reduce the parameter space of the posterior probability to
well-constrained values. This means that it cannot be differentiated
between a Poisson and Weibull distribution. Because the November
2018 observation consists of a single 7-h long session, we focus now
on the statistics within a single, long observation.

The result for the November 2018 epoch is shown in Fig. 6 (left-
hand panel) and the values for k and r presented in Table 6. The
posterior distribution for all the bursts of November 2018 in panel (a)
Fig. 6 shows that for a Weibull fit the shape parameter is k = 0.62+0.1

−0.09

and the event rate is r = 74+31
−22 d−1 (magenta curves in Fig. 6). From

a Poissonian distribution the average rate is rp = 82 ± 27 d−1 (cyan
curves in Fig. 6). Both values report 1σ intervals and consider a
fluence threshold of 0.15 Jy ms for bursts of 1 ms duration which is
imposed by Effelsberg’s sensitivity to bursts with S/N > 7.

To perform an additional test on how well Poisson and Weibull
distributions fit this set of bursts, we plot the empirical cumulative
density function (ECDF) of the time interval between consecutive
bursts (δt) in Fig. 7. The cumulative density functions from Weibull
(Pw) and Poissonian (Pp) statistics are described by (Oppermann
et al. 2018):

Pw (δt, k, r) = 1 − e−(δt r	(1+1/k))k ), (4)

Pp (δt, rp) = 1 − e−δt rp (5)

in the equations above rp and r represents the event rates for
Poissonian and Weibull case, respectively, k is the shape parameter
and 	 is the incomplete gamma function. k, and r are taken from the
mean value of the two-dimensional posterior probability function.

Fig. 7 shows the ECDF of the November 2018 data set alongside
the fit from the Weibull and Poisson models. Qualitatively, Weibull’s
CDF better describes the distribution. To quantify the fit we compute
the Kolmogorov–Smirnov statistic (KS test) of the November 2018
sample versus its Weibull distribution fit and versus its Poisson
distribution fit. We obtain a p-value of 0.84 and 0.12 for the Weibull
and Poisson fit, respectively, meaning that the null hypothesis – of
the November sample drawn from a Weibull or Poisson distribution
– cannot be rejected. None the less, when considering as well the KS
statistic we find that the absolute max distance between the ECDF
of the sample and the CDF fits (equations 4 and 5) are 0.13 and 0.27
for the Weibull and Poisson fit respectively. Therefore, we conclude
that for the full November 2018 sample the best fit is a Weibull
distribution with k = 0.62+0.1

−0.09 and the event rate of r = 74+31
−22 d−1.

It is worth noting that the tail to the left of the ECDF in Fig. 7 is fit
by neither of the distributions. This single event corresponds to the
separation of ∼38 ms between bursts B20 and B21, as previously
discussed. From a Poisson distribution, the probability of having a
waiting time of 38 ms or shorter is 0.003 per cent. We recall the
previous discussion on B31 and its 39 ± 2 ms duration, and the
cluster behaviour for bursts with waiting times shorter than 1 second
observed by Li et al. (2019) and Gourdji et al. (2019). Therefore, we
exclude events with δ t <1 s to explore whether this single wait time
has a strong effect on the determination of the shape parameter for
the Weibull distribution. We obtain k′ = 0.73+0.12

−0.10 and show in Fig. 6
panel b the posterior distributions after excluding δ t <1 s. It is ob-
served that removing a single wait time narrows the posterior distribu-
tion for the event rate and moves it closer to a Poissonian distribution.

To expand on this strong dependence of the shape parameter on
a few clustered events, we additionally model independently the
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458 M. Cruces et al.

Figure 6. Two-dimensional posterior probability distribution for the shape parameter k and the event rate r for a Weibull distribution (magenta). The cyan-dashed
curve represents the expectation for the event rate from a classic Poissonian distribution and the yellow lines indicate the mean values of the posterior distribution
for k and r. The contours in the parameter space represent 65, 95, and 99 per cent confidence intervals, and the horizontal dotted-lines mark k = 1 for reference.
Top panel: fit to all the events in November 2018 sample (panel a) and for Gourdji et al. (2019) in panel (c). Bottom panel: fit to November 2018 set (panel b)
and Gourdji et al. (2019) (panel d) when excluding events with δt < 1 s, respectively.

41 bursts detected with Arecibo by Gourdji et al. (2019). We find
k = 0.82+0.1

−0.09 for the whole 41 bursts (panel c Fig. 6) and k′ = 1.0+0.2
−0.1

for the resultant 39 bursts when excluding events with δt < 1 s (panel
d, Fig. 6). For this data set, the exclusion of two bursts results in
a change to the Poissonian case. Interestingly the sub-set of bursts
from our Effelsberg sample from Houben et al. (2019) includes two
epochs separated by a couple of days before and after the Gourdji
et al. (2019) detections. The posterior probability for Houben et al.
(2019) subset gives a k = 1.0+0.4

−0.2, which agrees with the k value that
we obtained for Gourdji et al. (2019).

We discuss the meaning of the exclusion of events with δ t < 1 s
in Section 4.

3.3.3 Energy distribution

In this section, we study the isotropic energy distribution of the 57
bursts that compose the Effelsberg sample as it can provide insights
on the mechanisms responsible for its emission generation. Some
sources with accretion disks, such as X-ray binaries and AGNs show
a lognormal relation in their flux distribution (Kunjaya et al. 2011),
other sources, such as high-energy bursts of magnetars (Göğüs et al.
2000) and the X-ray flares from Sgr A� (Li et al. 2015), show a
power-law in the form of N∝Eγ , where N is the rate of events
above a given energy value E. Interestingly, sources like pulsars
show a bimodal relation: their regular emission is well modeled
with a lognormal distribution (Burke-Spolaor et al. 2012), while
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Repeating behaviour of FRB 121102 459

Table 6. Posterior values for the event rate (r) and shape parameter (k) from a Weibull statistics and the event rate rp

from a Poissonian distribution. Prime values indicate the outcome of excluding bursts with waiting times shorter than
1 s (δt < 1 s). The event rates consider a fluence threshold 0.15 Jy ms for bursts with a 1 ms duration and S/N above 7,
and the confidence intervals shown assume 1σ uncertainties.

Data set rp r k r ′
p r

′
k

′

(d−1) (d−1) (d−1) (d−1)

All 8 ± 3 7+3
−2 0.40+0.04

−0.03 8 ± 3 7+3
−2 0.43+0.04

−0.03

On φ 18 ± 4 18+5
−4 0.50+0.05

−0.03 17 ± 4 17+5
−3 0.57+0.06

−0.04

November 2018 82 ± 9 74+31
−22 0.62+0.10

−0.09 79 ± 9 76+26
−19 0.73+0.12

−0.10

Gourdji et al. (2019) 307 ± 17 294+57
−52 0.82+0.12

−0.09 292 ± 17 286+44
−44 1.0+0.2

−0.1

Houben et al. (2019) 20 ± 4 18+8
−5 1.0+0.4

−0.2 – – –

Figure 7. ECDF of the waiting time between consecutive bursts (δt) of FRB
121102 for the November 2018 data set (bursts B8–B31 in Table 4). The
magenta and cyan colour represent the best fit from the Weibull and Poisson
cumulative density functions, respectively.

giant pulses are modeled by a power-law distribution (Karuppusamy,
Stappers & van Straten 2010). Examples of sources exhibiting a
power-law behaviour for their energy distribution are the Crab pulsar,
whose giant pulses distribute with an index ∼γ = −2 (Popov &
Stappers 2007; Karuppusamy et al. 2010) and high energy bursts
from magnetars with index γ = −0.6 – −0.7 (Göğüs et al. 1999,
2000).

Given its repeating nature, FRB 121102 allows us to study how its
bursts distribute over a given energy range. This energy range is so
far limited to radio frequencies. We compute the isotropic energy E
for a given burst as

E = 1

1 + z
F (Jy s) × �ν(Hz) × 10−23erg−1 cm−2Hz−1 × 4πL2,

(6)

where z is the redshift, F is the fluence of the burst, �ν is the
bandwidth and L is the luminosity distance, whose value we take as
972 Mpc (Tendulkar et al. 2017). Fig. 8 shows the cumulative energy
distribution of all the bursts, which is calculated from the cumulative
distribution of the mean burst rate. The plateau observed for energies
below 1038 erg, is due to the reach of the completeness limit, i.e
threshold where we are not sensitive enough and start missing events.

We fit a slope to the data using the maximum-likelihood method
for a power-law fit as described in James et al. (2019), and obtain
a slope of γ = −1.1 ± 0.1 when we exclude the bursts below the
completeness level and above of the saturation. The saturation is
caused by the down-conversion of the data from 32-bits to 8-bits.

We tested the saturation limit by analyzing single pulses from
B0329+54, one of the brightest pulsars in the northern sky. We
compared the S/N of the bursts in the raw 32-bit data and in the
converted 8-bit data. We concluded that low-to-mid S/N bursts
showed a nearly one-to-one relation, but as the S/N exceeds ∼80
the relation starts breaking leading to a drop in the S/N. We have
determined the saturation limit to be affecting bursts above energies
of 1039 erg based on the expected energy of a burst with an S/N of
80 and FWHM of 5 ms (average duration from our sample).

On the lower end of the energy range, the completeness threshold
has been defined based on the convergence of γ shown in the right-
hand panel of Fig. 8. Each data point corresponds to the determination
of γ from the inclusion of a successive burst. As the bursts are sorted
from higher to lower energy the convergence of γ goes from the
right- to the left-hand panel. We see in Fig. 8, that if the last three
bursts with energies below 1038 erg−1 are not considered, the slope
of the power-law fit is truncated to γ = −1.1 ± 0.1.

4 D ISCUSSION

It is long known that detections of FRB 121102 are clustered in time.
Much of this clustering likely reflected a not-yet-defined periodicity.
Here, we investigated whether there is still clustering within a single
observation or active phase.

We defined active windows for FRB 121102 based on the 161-d
period deduced from the 34 total epochs in the Effelsberg data set,
but constrain the width of the active phase to be roughly 60 per cent
based on the 179 observations from the L-band band data set. This
mixed approach is motivated by the poor coverage of the phases prior
to the start of the active phase as seen in Fig. 5. This phenomenon is
purely by chance as the observations were scheduled mostly based
on telescope availability, which led to unevenly sampled epochs and
different observation lengths. We use the MJD 57075 as a reference
epoch and estimate the next active phase to be from MJD 59039 to
59136 followed by a period of inactivity until the next cycle from
MJD 59200 to 59297. Our predicted active phase is shifted with
respect to the prediction from Rajwade et al. (2020) by 37 d later,
due to the difference in periodicity of 157 and 161 d predicted by
Rajwade et al. (2020) and our work, as well as the estimated on-phase
of 54 per cent and roughly 60 per cent, respectively, and ultimately
due to the difference in the reference epochs used of MJD 58200
in Rajwade et al. (2020) and MJD 57075 used by us. This is not
surprising as the entire phase is not fully sampled by the existing
observations. Besides observations during the predicted window,
where chances to detect bursts are higher, we also recommend
unbiased observations through the entire phase to better constrain
the activity window.
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460 M. Cruces et al.

Figure 8. Left-hand panel: cumulative energy distribution of the bursts from FRB 121102 detected by Effelsberg at 1.36 GHz, shown in magenta for the data set
presented in Table 4, in yellow for the detections from Hardy et al. (2017) and in cyan for Houben et al. (2019). The isotropic energy is calculated as described in
equation (6) and the fit corresponds to a power law of the form N∝Eγ estimated through maximum likelihood. The red-dashed line shows the completeness limit
for Effelsberg at ∼E = 1038 erg and the blue-dashed line marks the bursts above the saturation limit roughly at E = 1039 erg. Right-hand panel: convergence of
the power-law slope γ as determined from the maximum-likelihood estimation. The red-dashed vertical line represents the truncated value by excluding bursts
below the completeness limit.

Regarding the waiting time between consecutive bursts, we first
consider all the Effelsberg data – composed of 165 h of observations
and 57 bursts – and ask how clustered the events are. From the two-
dimensional posterior probability for k and r and the one-dimensional
marginal posterior for k we obtain an event rate of 7+3

−1 d−1 and
k = 0.400.04

0.03 for a Weibull distribution and a rate of 8 ± 3 d−1

from Poisson. On the other hand, if we acknowledge the presence
of a periodic active phase and restrict the observations to the five
active windows in which the Effelsberg data falls: MJD 57590-57687,
57751-57848, 57912-58009, 58395-58492, and 58717-58814, we
determine 18+5

−4d−1 and k = 0.500.05
0.03 for a Weibull distribution and

a rate of 18 ± 4 d−1 from Poisson. For both data sets, we also
calculate the values after excluding wait times with δt < 1 s. All
values are listed in Table 6. The rates consider events above a fluence
threshold of 0.15 Jy ms for bursts of 1 ms duration, which is imposed
by Effelsberg’s sensitivity to bursts with S/N > 7.

However, the previous results for k and r when restricting the
observations to the active window implicitly assume that the event
rate is constant across all the active windows and across the full
active phase, which may not be the case. If we restrict the analysis to
each active window independently, we notice that November 2018
sample is the only one providing sufficient bursts in a single active
window to reduce the parameter space of the posterior probability to
well-constrained values. As the November 2018 sample is the only
observation falling into the MJD 58395-58492 window, a possible
change in the observed rate across the active window is not a concern.
Instead, we are exploring possible clustering on time-scales of hours.

From the waiting times for the November 2018 sample shown in
Fig. 7, we see that the peak in δt is roughly at ∼200 s. This set of
24 bursts during a single continuous 7-hr observation (see Table 1)
provides the most meaningful constraints out of the 13 observations
from the Effelsberg data set.

Something peculiar about this observation is that most of the bursts
were detected in the second half of the observation. If the 7-h session
is split into two sections of 3.5 h each, the inferred Poisson rates are
27 ± 5 and 137 ± 12 d−1 for the first and second half, respectively.

We explore first the possibility of an observational bias leading to
the observed disparity. Possible reasons are a change in the sensitivity
of the telescope during the session, with the sensitivity improving in
the second half and more RFI during the first half. We note that the
observation started at UTC 19:58:50 at nearly 30◦ in elevation, passed
the zenith, and finished at 65◦ at UTC 02:58:50 on the next day.

As the observations were done at 1.4 GHz, there is no gain-
elevation effect due to the deformation of the antenna. However,
the system temperature, Tsys, increases by roughly 5 K due to
atmospheric effects (opacity τ = 0.01) at an elevation of 30◦. The
system temperature measured at the zenith is 21 K. This change in
Tsys leads to a decrease in the SEFD from 19.0 Jy at zenith to 15.4 Jy
at 30◦. This implies that a burst detected at zenith with an S/N of
8.5 could be easily missed as it would fall below detectability (S/N
< 7) at 30◦ elevation. We neglect bursts with S/N < 8.5 from the
second half of the observation (B13, B15, and B29) and obtain a new
Poissonian rate of 116 ± 11 d−1, which still does not match the event
rate of the first part of the observation at the 3σ level.

Lastly, we check the influence of RFI. We inspect the mask files
created by rfifind (Ransom 2011) for each 1-h long scan and
conclude that there is no obvious change in the RFI situation during
the session. Furthermore, the number of candidates generated during
the first and the second part of the observation is 8873 and 15074,
respectively, which is in agreement with the expectation of more
RFI at the higher elevations. A change in the RFI situation during
the observation does not explain the higher rate inferred in the
second part. From these checks, we conclude that the higher rate
toward the end of the observation in November 2018 is likely not an
observational bias.

We continue to explore the event rate asymmetry beyond Poisso-
nian statistics, and in particular, if the detections of November 2018
are better fit by a Weibull distribution with k < 1. As described
in Section 3.3.2, the best fit from the two-dimensional posterior
distribution for k and r predicts k = 0.62+0.10

−0.09, while if the one burst
with δt < 1 s is excluded then k′ = 0.73+0.12

−0.10. This strong dependence
on the estimation of k with few burst closely spaced is more evident
with Gourdji et al. (2019) data set, where the value shifts from
k = 0.82+0.1

−0.09 to k′ = 1.0+0.2
−0.1. In addition to the difference in the

number of events included in the November 2018 and Gourdji et al.
(2019) samples – 24 and 41 in total, respectively – the November
observation was a single 7 h long session, while the sample from
Gourdji et al. (2019) comes from two sessions, each of roughly 1.5 h
on consecutive days. Both observations occurred at the centre of
their respective on-phase windows, with the November 2018 events
at roughly φ = 0.5 (see Fig. 5) and Gourdji et al. (2019) at φ =
0.55. If we scale the Effelsberg event rate for November 2018 of
3.4 bursts h-1 to AO’s sensitivity we find a rate of 19 bursts h-1. The
scaling considers the SEFDs described in Table 3 and the power-law
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Repeating behaviour of FRB 121102 461

Figure 9. Measured values for the slope of the power law (γ ) fit to the cumulative energy distribution of bursts from FRB 121102 as a function of time
(left-hand panel) and energy range (right-hand panel). In green, the value is shown for the nine bursts detected with the VLA at 3 GHz (Law et al. 2017), in blue
for 41 bursts detected with AO at 1.4 GHz (Gourdji et al. 2019), in orange for 30 bursts from WSRT at 1.4 GHz (Oostrum et al. 2020) and in magenta for the 57
bursts from Eff studied in this work. The error bars on the γ values indicate 1σ uncertainties. The x-axis error bars indicate the time-span of the data set used to
determine γ (left-hand panel) and energy span of the data set used to determine γ (right-hand panel).

index of γ = −1.1 determined in Section 3.3.3. The scaled rate is in
fair agreement with the rate of 14 burst h-1 from Gourdji et al. (2019).
None the less, we cannot draw general conclusions on whether the
centre of the on-window leads to higher rates as we lack information
on whether all the active windows have a similar activity behaviour.

Regarding the strong clustering reported by Oppermann et al.
(2018) and recently by Oostrum et al. (2020), we infer this was
likely a consequence of the unknown periodicity and on-phase. If
the analysis is limited to the active windows, despite some indication
for small clustering, it is less obvious that it indeed differs from
the Poissonian case. It is interesting that the exclusion of one wait
time from the November 2018 data set and two from the Gourdji
et al. (2019) data set reduces considerably the parameter space of
the posterior probability for k and r as seen in the top and bottom
panels in Fig. 6, pre- and post-exclusion, respectively. Particularly,
the exclusion of two closely separated bursts from Gourdji et al.
(2019) brings the distribution from a mildly clustered scenario to a
distribution well described by Poisson statistics.

While excluding short waiting times allows us to investigate the
change in k, their existence cannot be neglected. If the two distri-
butions, with δt<1 s and δt of hundreds of seconds, are generated
from different processes, the latter appears to be consistent with a
Poissonian process. Another possible explanation, as hinted by B31,
is that events separated by a couple of tens of milliseconds are in
reality the two strongest components of a broad burst. If this is
the case, considering the November 2018 and Gourdji et al. (2019)
sample, we conclude that the waiting time is still consistent with a
Poisson distribution. Telescopes such FAST and Arecibo are crucial
to discern this matter.

If on the contrary, the events with δt < 1 s are indeed independent
bursts generated from the same mechanism as the ones separated by
tens-to-hundreds of seconds, such mechanism needs to account for
the high energy generation needed on a couple of milliseconds time-
scale. A high number of bursts on a given on-window is the ideal
scenario to test how clustered the events are. To this end, telescopes
such as Arecibo and FAST are also key given their sensitivity.

We stress that the combination of detections with different instru-
ments can be misleading as the different sensitivities influence the
event rate. An interesting study is to compare data sets of different
telescopes over the same active window, or for a given telescope to
compare the repetition pattern at different active phases to explore

whether the event rate is constant or rather higher at given phases,
such as the centre of the active window. From the phase plot in
Fig. 5, we see that the number of events seems to be higher towards
the centre of the active phase. However, given the few epochs with
detections, this estimation might not be significant.

Regarding how the energy of the bursts from FRB121102 is
distributed, Law et al. (2017) calculated a power-law slope of
γ =−0.6+0.2

−0.3 for nine bursts detected by the Very Large Array at
3 GHz. The bursts energies ranged from 3 × 1038 to 9.8 × 1039 erg.
In contrast, Gourdji et al. (2019) came to a much steeper value
of γ =−1.8 ± 0.3 for a set of 41 bursts detected with Arecibo
at 1.4 GHz. These bursts have an inferred energy ranging from
2 × 1037 to ∼ 2 × 1038 erg, therefore probing a lower energy regime.
Recently, Oostrum et al. (2020) came to a value of −1.7 ± 0.6 from
30 bursts detected with WSRT/Apertif with energies in the range of
7 × 1038 to 6 × 1039 erg.

We show in Fig. 9 the previously reported values for γ in addition
to our measurement (see Section 3). The y-axis errors in both panels
represent the 1σ uncertainties of γ . The x-axis bars denote the
time-span (left-hand panel) and the energy range (right-hand panel)
of each data set used for the γ determination. Despite marginally
agreeing if 3σ intervals are considered, converging to γ ∼ −1, it
is worth investigating the potential reasons for the different values
encountered.

First, there is a strong dependence of the γ value with the
completeness limit used. Our measured value after rejecting the
bursts below the completeness threshold and above the saturation
limit is γ = −1.1 ± 0.2. If the completeness threshold is not
considered and the slope for all the bursts below the saturation limit
is included, the slope flattens and becomes γ = −0.8 ± 0.1. This
is consistent with the γ =−0.6+0.2

−0.3 reported by Law et al. (2017)
and would misleadingly indicate a γ near to the expected values
for magnetars. Gourdji et al. (2019) and Oostrum et al. (2020) took
into consideration such threshold for Arecibo and WSRT/Apertif,
respectively, when reporting γ . It would be interesting to explore
whether γ changes for Law et al. (2017) data set if the completeness
limit is considered. Regarding a potential dependence on γ with time,
as proposed by Oostrum et al. (2020), we see in Fig. 9 that the bursts
considered for the Effelsberg data set span roughly 3 yr. From Fig. 8,
we see that all the bursts from the data set are well mixed and follow
the same trend, with no indication for different γ with time.
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The discrepancy of the values reported as of now challenge
the universality of the power-law index for the cumulative energy
distribution of the bursts and raises the question of whether we are
in presence of a much more complex energy distribution (see right-
hand panel of Fig. 9). Given that the energy range span of our data
set lies between the sample of low-energy bursts of Gourdji et al.
(2019) and the more energetic bursts reported by Law et al. (2017)
and Oostrum et al. (2020), one possibility is that a single power law
does not well describe the data over many orders of magnitude. In
the right-hand side of Fig. 9, if we exclude the value reported by Law
et al. (2017) – where the completeness threshold was not considered
– we see that the slope of the energy distribution is steep for energies
near 1040 and 1038erg, while being flatter in the intermediate energy
range.

As the γ value estimated from VLA comes from bursts detected at
3 GHz – contrary to the sample from AO, WSRT, and Eff at roughly
1.4 GHz – it could be that there is a dependency arising from the
observing frequency. Additionally, the sensitivity of the instrument
can play a role. Lastly, it can be that the observed energy distribution
does not completely trace an intrinsic mechanism, but rather affected
by propagation effects and observational biases. For instance, while
Gourdji et al. (2019) and Oostrum et al. (2020) burst were coherently
de-dispersed, the Law et al. (2017) and our Effelsberg sample are not.
Perhaps not resolving the complex structure of some bursts leads to
differences in the estimations of the widths of the bursts and therefore
affecting their energy estimation.

We emphasize the importance of considering instrumental effects
such as completeness and saturation limits, as well as the difference
in sensitivities for the different telescopes when estimating the fit to
the energy distribution of detected bursts.

5 C O N C L U S I O N

We have carried out an extensive 128-h campaign with Effelsberg on
the first repeater ever detected, FRB 121102, from September 2017
to June 2020. Some epochs are part of a multiwavelength campaign
to shadow telescopes at higher frequencies such as NuSTAR, INTE-
GRAL, and GTC. In total, Effelsberg observed for 128 h, Green Bank
telescope 26 h and the Arecibo observatory 3.7 h. At the time of the
NuSTAR session on 2017 September 6, one burst was detected with
Effelsberg: B6 (see Fig. 2) with flux of 1.56 ± 0.2 Jy ms. However,
no X-ray photons were connected with such event. We placed upper
limits on the energy of an X-ray burst counterpart to radio burst B6,
which depends on the assumed spectral model (see Table 5). These
limits are about an order of magnitude more constraining than those
placed using Chandra and XMM by Scholz et al. (2017) for the case
where X-ray emission is highly absorbed by material close to the
source.

We combine our Effelsberg data set with the published observa-
tions carried with identical setup by Hardy et al. (2017) and Houben
et al. (2019). The extended sample is composed of roughly 165 h of
observation from MJD 57635 to 59006 and consists of 34 epochs
from which roughly 70 per cent are non-detections. Given that the
observations were mostly randomly scheduled and that the full set
of detections and non-detections are known, we searched for an
underlying periodicity through the Lomb-Scargle periodogram. We
find a 161 ± 5 d period and an active window of roughly 54 per cent,
which broadens to roughly 60 per cent after considering published
observations at L-band. These values agree with the finding of
Rajwade et al. (2020) on the potential 157-d periodicity for FRB
121102.

We continue to investigate how the time interval for consecutive
bursts is distributed within the active windows, and particularly
whether a Weibull distribution with k < 1 (to allow clustering)
describes the data better than the classic time-independent Pois-
sonian statistics. To this end, we use the formalism implemented in
Oppermann et al. (2018) over all the observations in the Effelsberg
data set lying within an active window. The November 2018 session
is the only observation providing a reduced parameter space on the
posterior probability for k and r, mainly due to the high event rate
and observation length. We observe a mild clustering in the sample,
however, we find that the Weibull fitting is highly biased towards
few events with waiting times shorter than one second. We test
this finding with Gourdji et al. (2019) data set which contains a
total of 41 bursts over 3.2 h of observation. We conclude that if the
few shortly spaced events are removed, then k = 1, meaning that
the distribution is indistinguishable from a Poisson distribution. A
bimodal distribution of the waiting time has been observed before by
Li et al. (2019) and Gourdji et al. (2019) and could hint towards two
mechanisms responsible for the events with δt < 1 s of separation
and the ones that are hundreds of seconds apart.

An alternative scenario is that the events that are tens of mil-
liseconds apart correspond to the main components of broad bursts
in which weak, intermediate components are not detectable. This
hypothesis is supported by burst B31 detected in November 2018,
which with an FWHM of 39 ± 2 ms is the widest burst ever
measured for this source. We conclude that the strong clustering
observed by Oppermann et al. (2018) and Oostrum et al. (2020) was
a consequence of the unknown periodicity for FRB 121102.

Finally, we study the cumulative energy distribution of the 57
bursts from the Effelsberg data set. We fit a power law of the form N
∝ Eγ through maximum-likelihood analysis and find a slope of γ =
−1.1 ± 0.1. This value lies between the γ =−0.6+0.2

−0.3 reported by
Law et al. (2017) and γ = −1.8 from Gourdji et al. (2019). Given the
different energy regimes covered by the different studies, we suggest
that a single power law might not fit the data over many orders
of magnitude or that the instrumental effects, such as completeness
threshold and saturation, play an important role in its estimation. We
find no indication for an epoch evolving γ as proposed by Oostrum
et al. (2020), as the bursts from the Effelsberg data set are well mixed
and described by a single power law over the roughly 3 yr of the data
span.

We finalize with key points to be considered after the results of
this work:

(i) Given the existence of broad bursts with durations of tens
of milliseconds, it is advised to future FRB searches to expand
the parameter space of the burst widths to at least hundreds of
milliseconds. For previously searched data, it is strongly encouraged
to re-process the data.

(ii) When doing a periodogram search it is important to compute
the window transform to discard fake periodicities introduced, for
instance, by the observation cadence (see Section 3.3.1) or noise
level. In addition to reporting the uncertainty of the measured
periodicity (see equation 3), the false-alarm probability should
be calculated as well. A conservative computational method is a
bootstrap.

(iii) We stress the importance of reporting non-detections in
follow-up campaigns for any FRB. The knowledge of the start,
duration, and outcome of the observation helps to better constrain
the statistics for FRBs such as an underlying periodic active window
and probability for detections of events.
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Repeating behaviour of FRB 121102 463

(iv) Instrumental effects such completeness limits, effects due to
data conversion, and sensitivity should be taken into account when
comparing energy distribution, event rates, waiting times, etc. across
different telescopes.
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