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Abstract
The spectra of fast radio bursts (FRBs) encode valuable information about the source’s local environment, underlying
emission mechanism(s), and the intervening media along the line of sight. We present results from a long-term
multiwavelength radio monitoring campaign of two repeating FRB sources, FRB121102 and FRB180916.J0158
+65, with the NASA Deep Space Network(DSN) 70 m radio telescopes (DSS-63 and DSS-14). The observations of
FRB121102 were performed simultaneously at 2.3 and 8.4 GHz, and spanned a total of 27.3 hr between
2019September19 and 2020February11. We detected tworadio bursts in the 2.3 GHz frequency band from
FRB121102, but no evidence of radio emission was found at 8.4 GHz during any of our observations. We observed
FRB180916.J0158+65 simultaneously at 2.3 and 8.4 GHz, and also separately in the 1.5 GHz frequency band, for a
total of 101.8 hr between 2019September19 and 2020May14. Our observations of FRB180916.J0158+65
spanned multiple activity cycles during which the source was known to be active and covered a wide range of activity
phases. Several of our observations occurred during times when bursts were detected from the source between 400
and 800 MHz with the Canadian Hydrogen Intensity Mapping Experiment(CHIME) radio telescope. However, no
radio bursts were detected from FRB180916.J0158+65 at any of the frequencies used during our observations with
the DSNradio telescopes. We ﬁnd that FRB180916.J0158+65ʼs apparent activity is strongly frequency-dependent
due to the narrowband nature of its radio bursts, which have less spectral occupancy at high radio frequencies
( 2 GHz). We also ﬁnd that fewer or fainter bursts are emitted from the source at high radio frequencies. We discuss
the implications of these results for possible progenitor models of repeating FRBs.
Uniﬁed Astronomy Thesaurus concepts: Radio transient sources (2008); Radio bursts (1339)
thus far suggest that a large fraction of these sources should
emit multiple bursts over their lifetimes (Ravi 2019).
A total of 13extragalactic FRB sources have now been
localized to host galaxies at redshifts of 0.034–0.66(Chatterjee
et al. 2017; Marcote et al. 2017, 2020; Bannister et al. 2019;
Prochaska et al. 2019; Ravi et al. 2019; Bhandari et al. 2020;
Heintz et al. 2020; Law et al. 2020; Macquart et al. 2020), which
has demonstrated that FRBs can produce radio bursts with a
wide range of luminosities from diverse host galaxies and local
environments. Radio bursts from repeating FRBs often exhibit
hallmark features that typically distinguish their emission from
that of apparently non-repeating sources. Repeating FRBs tend
to have larger burst widths, on average, than non-repeating
FRBs(Scholz et al. 2016; The CHIME/FRB Collaboration et al.
2019b; Fonseca et al. 2020), as well as bursts with linear
polarization fractions approaching 100% and a ﬂat polarization
position angle(PA) across their burst envelopes(e.g., see
Michilli et al. 2018; The CHIME/FRB Collaboration et al.
2019b; Chawla et al. 2020; Day et al. 2020; Fonseca et al. 2020).
In some cases, they can also emit bursts with subpulses that drift
downward in frequency with time, which has been dubbed the
“sad trombone” effect(The CHIME/FRB Collaboration et al.
2019a, 2019b; Hessels et al. 2019; Josephy et al. 2019). While
these properties suggest that the emission mechanisms and/or
local environments of repeating and non-repeating FRB sources
may be different, it is not yet clear whether they have different
physical origins.

1. Introduction
Fast radio bursts(FRBs) are transient pulses of radio emission
(see Cordes & Chatterjee 2019 and Petroff et al. 2019 for recent
reviews) that have observed temporal widths ranging from
microseconds to milliseconds (e.g., see Cho et al. 2020; Nimmo
et al. 2020) and ﬂuences between ∼0.01 and 1000 Jy ms (e.g., see
Shannon et al. 2018). Their progenitors are mostly believed to be
located at extragalactic distances since the observed dispersion
measures(DMs) of their radio bursts exceed the expected
contribution from the column density of Galactic free electrons
along the line of sight. The extragalactic nature ofFRBs was
deﬁnitively conﬁrmed through the subarcsecond localization of
radio bursts from the ﬁrst repeatingFRB, FRB121102
(also referred to as FRB 20121102A; Spitler et al. 2014, 2016),
to a low-metallicity star-forming dwarf galaxy at a redshift of
z=0.19(Chatterjee et al. 2017; Marcote et al. 2017; Tendulkar
et al. 2017). Over 100 FRBs have been published to date (see
Petroff et al. 2016 for a catalog8), which includes 23 repeating
FRB sources (Spitler et al. 2016; Kumar et al. 2019, 2021;
Bochenek et al. 2020; Luo et al. 2020; The CHIME/FRB
Collaboration et al. 2019a, 2019b, 2020b). The volumetric
occurrence rates of FRBs that have not been observed to repeat
6
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Numerous theoretical models have been proposed to explain
the emission behavior of FRBs (see Platts et al. 2019 for an
overview).9 Many of these models invoke coherent radiation
mechanisms from compact objects, such as young neutron stars
or magnetars (e.g., see Beloborodov 2017; Metzger et al. 2017;
Lu & Kumar 2018; Ioka & Zhang 2020). Recently, progenitor
models involving magnetars have garnered considerable
attention thanks to the discovery of an unusually bright
millisecond-duration radio burst from the Galactic magnetar,
SGR 1935+2154 (Bochenek et al. 2020; The CHIME/FRB
Collaboration et al. 2020b). This discovery has demonstrated
that extragalactic magnetars are responsible for at least some
fraction of the cosmological FRB population and has also
helped to bridge the large radio energy gap that previously
existed between Galactic magnetars and FRBs. In fact,
SGR 1935+2154 has emitted radio bursts spanning seven
orders of magnitude in luminosity (Bochenek et al. 2020;
Kirsten et al. 2020; The CHIME/FRB Collaboration et al.
2020b; Zhang et al. 2020), ranging from “normal” radio bursts
from magnetars (e.g., see Pearlman et al. 2018, 2020) to within
∼1 order of magnitude of the faintest known FRBs. However,
the burst repetition rates and energetics of most active,
extragalactic repeating FRB sources indicate that their
progenitors are somehow different from the population of
known Galactic magnetars. The volume density of active
repeating FRBs is also much smaller than the volume density
of Galactic magnetars, even if one assumes that active
repeating sources are produced by younger versions of Galactic
magnetars that are presumed to have larger magnetic ﬁelds and
higher activity levels. This implies that the progenitors of
repeating FRBs must be volumetrically rare (Lu et al. 2020a;
Margalit et al. 2020).
Over the past few years, daily radio observations of the
northern hemisphere sky in the 400–800 MHz frequency band
with the Canadian Hydrogen Intensity Mapping Experiment(CHIME) transit radio telescope have led to discovery
of many new repeatingFRB sources(The CHIME/FRB
Collaboration et al. 2019a, 2019b; Fonseca et al. 2020),
enabled by the instrument’s large instantaneous ﬁeld of
view(FoV), wide bandwidth, and high sensitivity(The
CHIME/FRB Collaboration et al. 2018). In particular, the
discovery of FRB180916.J0158+65(also referred to as
FRB 20180916B; The CHIME/FRB Collaboration et al.
2019b), its subsequent localization to a nearby massive spiral
galaxy(Marcote et al. 2020), and the detection of a 16.35 day
periodicity (or possibly a higher frequency alias of this period)
in the burst arrival times(The CHIME/FRB Collaboration
et al. 2020a) have facilitated detailed studies of the source via
follow-up observations across multiple wavelengths(e.g., see
Scholz et al. 2020; Tendulkar et al. 2020). Most bursts from
FRB180916.J0158+65 have been detected within a ∼5.4 day
interval during cycles when the source was observed to be
active (e.g., see Chawla et al. 2020; Marthi et al. 2020; Pilia
et al. 2020; Sand et al. 2020; The CHIME/FRB Collaboration
et al. 2020a), but some bursts have been found to occur slightly
outside this activity window (e.g., see Aggarwal & Realfast
Collaboration 2020). There is now also tentative evidence for a
∼157 day periodicity in the arrival times of bursts from
FRB121102, with a duty cycle of ∼56% for the activity

cycle(Aggarwal et al. 2020; Cruces et al. 2021; Rajwade et al.
2020b).
Most FRB sources have been observed at frequencies below
∼2 GHz due to the smallerFoV of radio telescopes at high
frequencies, which limits the instrument’s sky survey speed. As a
result, the broadband spectral behavior of most FRBs remains
largely unexplored at high frequencies since precise sky positions
are generally needed for follow-up high-frequency radio
observations. The precise localization of FRB121102 to a host
galaxy(Chatterjee et al. 2017; Marcote et al. 2017; Tendulkar
et al. 2017) subsequently enabled the detection of numerous radio
bursts up to ∼8 GHz(e.g., see Law et al. 2017; Scholz et al.
2017a; Gajjar et al. 2018; Michilli et al. 2018; Spitler et al. 2018;
Zhang et al. 2018; Gourdji et al. 2019; Houben et al. 2019;
Pearlman et al. 2019b; Majid et al. 2020). These observations
revealed that FRB121102 emits narrowband bursts, with
fractional emission bandwidths of ∼10–30%, across a wide
range of radio frequencies. Many of these bursts also display
complex time-frequency features. The emission bandwidths and
sub-burst drift rates observed from FRB121102 are typically
larger at higher frequencies, on average(Gajjar et al. 2018; Zhang
et al. 2018; Hessels et al. 2019). In addition, the apparent burst
activity of FRB121102 was shown to depend strongly on the
range of radio frequencies that are being observed(e.g., see Law
et al. 2017; Gourdji et al. 2019; Houben et al. 2019; Majid et al.
2020).
High-frequency radio observations of FRBs are especially
important for studying sources in the local universe since the
emission from more cosmologically distant sources will be
redshifted toward lower radio frequencies(Ravi & Loeb 2019;
Lu et al. 2020b). If the intrinsic energy distribution of bursts
from FRBs is described by a steep power law (e.g.,
dN/dE∝E− γ, where γ1.8), then luminous bursts will be
detected more rarely and most repeaters should be found at
lower redshifts. Since the progenitor population of FRBs
remains poorly constrained, broadband radio observations
across a wide range of frequencies are crucial for understanding
their underlying emission mechanism(s). Observations at high
radio frequencies also offer a valuable resource for studying the
circumburst environments of FRBs since some bursts may be
rendered undetectable at lower frequencies due to a combination of free-free absorption by thermal electrons in the
intervening medium, scatter-broadening produced by multipath
propagation through media with electron density ﬂuctuations,
plasma lensing(Cordes et al. 2017), and induced Compton
scattering(Ravi & Loeb 2019; Rajwade et al. 2020a).
In this Letter, we present results from a series of radio
observations of two repeatingFRB sources, FRB121102 and
FRB180916.J0158+65, performed simultaneously at 2.3 and
8.4 GHz, and separately at 1.5 GHz, with the NASA Deep
Space Network(DSN) 70 m telescopes, DSS-63 and DSS-14.
The radio observations are described in Section 2, and the data
analysis procedures and algorithms used to search for radio
bursts are described in Section 3. In Section 4, we report the
results of our searches for radio bursts from both of these
repeating sources and list the measured properties of the bursts
detected during our multiwavelength radio campaign. In
Section 5, we discuss the spectral properties of radio bursts
from both of these repeaters and the apparent frequency
dependence of the observed burst activity. We also discuss the
implications of our results for the activity window and temporal
distribution of radio bursts from FRB180916.J0158+65 and
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radiometer equation (McLaughlin & Cordes 2003):

place our results in the context of progenitor models proposed
to explain the emission behavior of repeatingFRBs. Lastly, we
provide a summary of our results and conclusions in Section 6.

Speak =

b Tsys (S N)peak
G Dn np tpeak

.

(1 )

Here, β≈1 is a correction factor that accounts for system
imperfections, such as digitization of the signal, (S/N)peak is
the peak signal-to-noise ratio(S/N), G≈1 K Jy−1 is the gain
of the DSN’s 70 m telescopes (DSS-63 and DSS-14), Δν is the
observing bandwidth, np is the number of polarizations, and
tpeak denotes the integration time at the peak. The system
temperature was measured at each frequency at the start of each
observation using a noise diode modulation scheme while the
antenna was pointed at zenith. The corrections applied to the
Tsys values for elevations less than 20° were minimal.

2. Radio Observations
As part of a long-term radio monitoring program of repeating
FRBs with the radio telescopes comprising NASA’s DSN
(Pearlman et al. 2019a), we carried out high-frequency
observations of two repeating FRB sources, FRB121102 and
FRB180916.J0158+65, using two of the DSN’s large 70 m
radio telescopes (DSS-63 and DSS-14). DSS-63 is located at the
Madrid Deep Space Communications Complex(MDSCC) in
Robledo, Spain, and DSS-14 is located at the Goldstone Deep
Space Communications Complex(GDSCC) in Goldstone,
California. Radio observations of FRB121102 were performed
between 2019September19 (MJD 58745) and 2020February11 (MJD 58890) using DSS-63. Roughly two weeks prior
to the start of these observations, we detected sixbursts from
FRB121102 in the 2.25 GHz frequency band on 2019September6 (MJD 58732) during simultaneous 2.25 and 8.36 GHz
observations with the DSN’s 70 m radio telescope (DSS-43),
located at the Canberra Deep Space Communications Complex(CDSCC) in Tidbinbilla, Australia(Majid et al. 2020). We
used both DSS-63 and DSS-14 to observe FRB180916.J0158
+65 between 2019September19 (MJD 58745) and 2020May14
(MJD 58983). The observations of FRB121102 and FRB 180916.
J0158+65 were performed using the positions provided in Marcote
et al. (2017, 2020), respectively.
During each radio observation of FRB121102 and
FRB180916.J0158+65 with DSS-63, we used the telescope’s
cryogenically cooled dual circular polarization receivers to
simultaneously record S-band and X-band data at center
frequencies of 2.3 and 8.4 GHz, respectively, except during some
observations where only one circular polarization channel was
available at S-band. The system’s ultra-wideband pulsar backend
allowed us to simultaneously receive and save channelized power
spectral densities across both frequency bands with a frequency
resolution of 0.464 MHz and time resolutions ranging between
0.28 and 2.21 ms. The S-band system has a bandwidth of roughly
120 MHz, and the X-band system has a bandwidth of
approximately 400 MHz. The start time, exposure time, center
frequency, recorded bandwidth, number of recorded polarizations,
and time resolution of each radio observation are provided in
Tables 1 and 2. In addition, the very long baseline interferometry(VLBI) baseband recorder at the MDSCC was used to
simultaneously record data at S-band and X-band during most
observations, which allowed us to search for bursts using high
time resolution data. A detailed analysis of the baseband data will
be presented in an upcoming publication.
We also observed FRB180916.J0158+65 at a center
frequency of 1.5 GHz (L-band) during eightepochs using
DSS-14 (see Table 2). While the L-band system on DSS-14 is
capable of recording roughly 500 MHz of total bandwidth, only
250 MHz of the bandwidth was usable after mitigation of radiofrequency interference (RFI). The L-band data were recorded
with a frequency and time resolution of 0.625 MHz and
102.4 μs, respectively. These L-band observations were also
discussed in Scholz et al. (2020), along with simultaneous Sband and X-band observations of FRB180916.J0158+65
using DSS-63 during sevenseparate epochs.
The data from each frequency band were ﬂux-calibrated
using the elevation-corrected system temperature, Tsys, and the

3. Data Analysis and Searches for Radio Bursts
The channelized ﬁlterbank data from DSS-63 and DSS-14
were processed using data reduction procedures similar to those
described in previous single-pulse studies of pulsars, magnetars, and FRBs with the DSN(e.g., see Majid et al. 2017, 2020;
Pearlman et al. 2018, 2019a, 2019b, 2020). We ﬁrst corrected
the bandpass slope across the frequency band in each data set.
Then, we identiﬁed frequency channels that were corrupted
byRFI using an iterative ﬁltering algorithm, where the timeaveraged bandpass value of each frequency channel was
compared to the moving median of the bandpass values. If the
time-averaged bandpass value of an individual frequency
channel differed from the moving median value by more than
the moving standard deviation of the moving median values,
then we ﬂagged the frequency channel for masking. The
moving median and moving standard deviation statistics were
calculated using a sliding window of eightfrequency channels.
This procedure was repeated, after replacing the bandpass value
of each ﬂagged frequency channel with its corresponding
moving median value at the end of each iteration, until no
additional frequency channels were ﬂagged for removal. This
algorithm identiﬁed most of the frequency channels corrupted
by RFI in only a few iterations. A small number of aberrant
frequency channels were also identiﬁed and masked after
visually inspecting the data using the PSRCHIVE software
package (Hotan et al. 2004). Next, in order to remove lowfrequency temporal variability, the moving average was
subtracted from each data value in each frequency channel
using a sliding window spanning 0.5 s around each time
sample.
Most of the radio bursts previously detected from
FRB121102 have observed DMs between roughly 500 and
600 pc cm−3 (e.g., see Gajjar et al. 2018; Zhang et al. 2018;
Hessels et al. 2019; Majid et al. 2020). The observedDMs of
radio bursts detected thus far from FRB180916.J0158+65
range between approximately 340 and 360 pc cm−3 (e.g., see
The CHIME/FRB Collaboration et al. 2019b, 2020a).10 Based
on this, we dedispersed the cleaned ﬁlterbank data from FRB
121102 with trial DMs between 400 and 700 pc cm−3, which
were linearly spaced by 5 pc cm−3 at S-band and 50 pc cm−3 at
X-band. The cleaned data from FRB 180916.J0158+65 were
dedispersed with trial DMs between 300 and 400 pc cm−3
using a linear DM spacing of 2 pc cm−3 at L-band, 5 pc cm−3 at
S-band, and 50 pc cm−3 at X-band. This dedispersion scheme
10
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Table 1
Multiwavelength Radio Observations of FRB121102
Telescopea

DSS-63

Start Timeb

Center
Frequency
(GHz)

Bandwidthc

(UTC)

Exposure
Time
(s)

2019-09-19 00:55:25

4379.964

2.25
8.38

2019-09-24 00:07:07

5339.983

2019-09-28 00:02:05

Number of
Polarizationsd

Time
Resolution
(ms)

6σ Fluence
Threshold (min )e
(Jy ms w / (1 ms) )

120.14
395.68

1
2

2.2075

0.34
0.14

2.25
8.38

120.14
395.68

1
2

2.2075

0.35
0.15

5159.923

2.25
8.38

120.14
395.68

1
2

2.2075

0.35
0.14

2019-09-28 23:57:05

5339.983

2.25
8.38

120.14
395.68

1
2

2.2075

0.35
0.14

2019-10-19 20:52:15

3155.671

2.25
8.38

120.14
395.68

1
2

0.2759

0.39
0.17

2019-10-21 22:17:07

5197.230

2.25
8.38

120.14
395.68

1
2

0.2759

0.35
0.14

2019-11-09 21:12:15

3596.984

2.25
8.38

110.40
395.68

2

1.0240

0.27
0.15

2019-11-20 21:56:53

5459.935

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.13

2019-11-21 03:14:05

2799.930

2.25
8.38

110.40
395.68

2

2.2075

0.24
0.13

2019-11-25 20:00:45

10641.985

2.25
8.38

110.40
395.68

2

2.2075

0.27
0.15

2019-12-02 00:21:19

5159.925

2.25
8.38

110.40
395.68

2

2.2075

0.24
0.13

2019-12-02 21:20:55

5339.983

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.13

2019-12-06 21:59:03

5339.983

2.25
8.38

110.40
395.68

2

2.2075

0.24
0.13

2019-12-10 20:47:43

5339.983

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.13

2019-12-13 01:03:31

5119.868

2.25
8.38

110.40
395.68

2

2.2075

0.24
0.13

2019-12-16 22:37:57

10499.935

2.26
8.38

105.30
395.68

2

2.2075

0.25
0.13

2019-12-21 00:28:03

6119.969

2.26
8.38

105.30
395.68

2

2.2075

0.25
0.13

2020-02-10 00:35:01

4199.929

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.14

(MHz)

Notes.FRB121102 was observed for a total of 27.3 hr between 2019September19 and 2020February11. During each of the two epochs highlighted in bold,
oneradio burst was detected in the 2.3 GHz frequency band using DSS-63, but there was no evidence of radio emission at 8.4 GHz.
a
Deep Space Network(DSN) radio antenna used for observations.
b
Start time of the radio observations in yyyy-mm-dd hh:mm:ss format.
c
Total usable bandwidth after mitigation of RFI.
d
Number of circular polarizations recorded.
e
6σﬂuence detection threshold, min , for an assumed burst width of 1 ms.

PRESTO pulsar search software package11(Ransom 2001).
Each full time resolution dedispersed time series was
convolved with boxcar functions with logarithmically spaced

was chosen so that the DM smearing was less than the
sampling time for each observation.
A list of FRB candidates was generated using a Fourier
domain matched ﬁltering algorithm (e.g., see Pearlman et al.
2018, 2020; Majid et al. 2020), which was adapted from the

11
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Table 2
Multiwavelength Radio Observations of FRB180916.J0158+65
Telescopea

DSS-63

DSS-14

DSS-63

DSS-14

DSS-63

Start Timeb

Center
Frequency
(GHz)

Bandwidthc

(UTC)

Exposure
Time
(s)

2019-09-19 02:19:37

12899.948

2.25
8.38

2019-09-24 01:41:47

14579.937

2019-09-28 01:37:03

Number of
Polarizationsd

Time
Resolution
(ms)

6σ Fluence
Detection Threshold (min )e
(Jy ms w/ (1 ms) )

120.14
395.68

1
2

2.2075

0.33
0.13

2.25
8.38

120.14
395.68

1
2

2.2075

0.33
0.13

11279.991

2.25
8.38

120.14
395.68

1
2

2.2075

0.33
0.13

2019-09-29 01:32:01

11219.933

2.25
8.38

120.14
395.68

1
2

2.2075

0.33
0.13

2019-10-19 22:24:39

4058.385

2.25
8.38

120.14
395.68

1
2

0.2759

0.33
0.13

2019-11-20 20:12:03

5639.994

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.13

2019-11-21 01:29:07

5639.992

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.13

2019-11-25 23:27:23

11279.991

2.25
8.38

110.40
395.68

2

2.2075

0.24
0.13

2019-12-02 02:10:35f

5939.934

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.14

2019-12-02 05:37:29f

5039.997

1.54

250.00

1

0.1024

0.29

f

2019-12-02 07:09:03

2474.353

1.54

250.00

1

0.1024

0.29

2019-12-02 22:58:41f

5939.934

2.25
8.38

110.40
395.68

2

2.2075

0.24
0.13

2019-12-03 02:32:47f

4242.772

2.25
8.38

110.40
395.68

2

2.2075

0.24
0.13

2019-12-07 00:20:21

9519.922

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.13

2019-12-10 22:30:27

5639.992

2.25
8.38

110.40
395.68

2

2.2075

0.24
0.13

2019-12-12 23:21:31

5339.983

2.25
8.38

110.40
395.68

2

2.2075

0.26
0.14

2019-12-13 02:47:41

4079.952

2.25
8.38

110.40
395.68

2

2.2075

0.26
0.14

2019-12-16 20:53:47

5339.983

2.26
8.38

105.30
395.68

2

2.2075

0.25
0.13

2019-12-18 02:22:05f

5339.994

1.54

250.00

1

0.1024

0.29

f

2019-12-18 04:01:13

5639.994

1.54

250.00

1

0.1024

0.29

2019-12-18 06:05:43f

4619.994

1.54

250.00

1

0.1024

0.29

f

2019-12-18 07:30:17

5639.994

1.54

250.00

1

0.1024

0.29

2019-12-18 09:11:47f

5639.994

1.54

250.00

1

0.1024

0.29

f

2019-12-18 10:53:33

5099.992

1.54

250.00

1

0.1024

0.29

2019-12-18 20:53:49f

5639.992

2.26
8.38

105.30
395.68

2

2.2075

0.26
0.14

2019-12-18 22:36:31f

5639.994

2.26
8.38

105.30
395.68

2

2.2075

0.26
0.14

2019-12-19 00:18:27f

5639.992

2.26
8.38

105.30
395.68

2

2.2075

0.26
0.14

2019-12-19 02:00:35f

6159.892

2.26
8.38

105.30
395.68

2

2.2075

0.26
0.14

2019-12-20 20:58:49

5639.994

2.26
8.38

105.30
395.68

2

2.2075

0.25
0.13

2019-12-20 22:40:45

5639.992

2.26
8.38

105.30
395.68

2

2.2075

0.25
0.13

(MHz)
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Table 2
(Continued)
Telescopea

DSS-63

Start Timeb

Center
Frequency
(GHz)

Bandwidthc

(UTC)

Exposure
Time
(s)

2020-01-31 23:01:31

5379.892

2.25
8.38

2020-02-02 00:16:33

11579.930

2020-02-03 00:36:33

Number of
Polarizationsd

Time
Resolution
(ms)

6σ Fluence
Detection Threshold (min )e
(Jy ms w/ (1 ms) )

110.40
395.68

2

2.2075

0.26
0.14

2.25
8.38

110.40
395.68

2

2.2075

0.27
0.15

4679.973

2.25
8.38

110.40
395.68

2

2.2075

0.27
0.15

2020-02-04 00:26:33

5039.973

2.25
8.38

110.40
395.68

2

2.2075

0.27
0.15

2020-02-05 20:11:19

7499.864

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.13

2020-02-06 22:01:27

12779.971

2.25
8.38

110.40
395.68

2

2.2075

0.26
0.14

2020-02-07 23:01:33

8819.990

2.25
8.38

110.40
395.68

2

2.2075

0.26
0.15

2020-02-09 21:51:29

9239.977

2.25
8.38

110.40
395.68

2

2.2075

0.26
0.14

2020-02-10 22:06:29

11399.946

2.25
8.38

110.40
395.68

2

2.2075

0.26
0.14

2020-03-26 10:58:31

8919.892

2.25
8.38

110.40
395.68

2

2.2075

0.24
0.13

2020-04-03 11:30:01

3299.942

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.13

2020-04-03 15:20:01

9359.929

2.25
8.38

110.40
395.68

2

2.2075

0.25
0.13

2020-04-05 18:26:29

11579.928

2.25
8.38

110.40
395.68

2

2.2075

0.26
0.14

2020-04-08 09:53:11

14579.953

2.25
8.38

110.40
395.68

2

2.2075

0.24
0.13

2020-04-15 11:12:29

9778.488

2.25
8.38

110.40
395.68

2

1.0240

0.24
0.13

2020-05-03 12:18:47

26278.674

2.25
8.38

110.40
395.68

2

1.0240

0.24
0.13

2020-05-10 17:45:01

5924.631

2.25
8.38

110.40
395.68

2

1.0240

0.27
0.15

2020-05-13 18:05:01

3719.920

2.25
8.38

110.40
395.68

2

1.0240

0.27
0.15

(MHz)

Notes.FRB180916.J0158+65 was observed for a total of 101.8 hr between 2019September19 and 2020May14. No radio bursts were detected with DSS-63/
DSS-14 in any frequency band during these epochs.
a
Deep Space Network(DSN) radio antenna used for observations.
b
Start time of the radio observations in yyyy-mm-dd hh:mm:ss format.
c
Total usable bandwidth after mitigation of RFI.
d
Number of circular polarizations recorded.
e
6σﬂuence detection threshold, min , for an assumed burst width of 1 ms.
f
These radio observations were also presented in Scholz et al. (2020).

where fi is the time series value in bin i of the boxcar function, m̄
and s̄ are the local mean and root mean square (rms) noise after
normalization, and w is the boxcar width in number of bins.
Before calculating the detectionS/N of each candidate, the time
series data were detrended and normalized so that m̄ ≈0 and
s̄ ≈1. A composite list of FRB candidates was constructed by
combining the candidate lists obtained from each DM trial.
We used a GPU-accelerated machine learning pipeline,
which incorporates a state-of-the-art deep neural network from

widths between the native time resolution of each observation
and ∼30.7 ms. We recorded a list of FRB candidates with
detection S/Ns above 6.0. If a candidate was detected from the
same section of data using multiple boxcar widths, only the
event with the highest S/N was saved in the ﬁnal list. The
detection S/N of each candidate was determined using:
S N=

åi ( fi

- m¯ )

s¯ w

,

(2 )
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Figure 1. S-band radio bursts (B1 and B2) detected from FRB121102 on (left)2019September28 (MJD 58754) and (right)2019September29 (MJD 58755) using
DSS-63. The frequency-averaged burst proﬁles are shown in panel(a), and the dedispersed dynamic spectra are displayed in panel(b). The data are shown with a time
and frequency resolution of 2.2 ms and 0.464 MHz, respectively. The color bar on the right shows the relative amplitude of the burst’s spectral-temporal features. The
solid white lines and red markers in panel(b) indicate frequency channels that have been masked due to the presence of RFI. The ﬂux-calibrated burst spectra are
shown in panel(c). The teal shaded region in panel (a) corresponds to the interval used for extraction of the on-pulse spectrum in panel (c). Both bursts have been
dedispersed using a DM of 563.0 pc cm−3, which corresponds to the average DM near the time of each burst (A. D. Seymour 2020, private communication). The DMtime images of each burst are displayed in panel(d) and show the S/N of each burst after dedispersion.

the FETCH (Fast Extragalactic Transient Candidate Hunter)
software package12 (Agarwal et al. 2020), to identify
astrophysical bursts from among the large sample of FRB
candidates returned by the Fourier domain matched ﬁltering
algorithm. Probabilities (p) were assigned to each candidate
using the DenseNet121 frequency-time (FT)/Xception
DM-time (DMT) “a” model (see Table 4 in Agarwal et al.
2020), trained using a transfer learning approach. The
probability associated with each candidate indicated the
likelihood that the candidate was astrophysical. Diagnostic
plots of all candidates with p > 0.3 were visually inspected for
veriﬁcation.

metric is used to determine the optimal DM. Since we were
unable to resolve the spectral-temporal structure of the bursts
(B1 and B2) due to the time resolution of the data, we
dedispersed both bursts in Figure 1 using a DM of
563.0 pc cm−3, which corresponds to the averageDM near
the time of each burst obtained from long-term monitoring of
FRB121102 with the Arecibo Observatory(A. D. Seymour
2020, private communication).
In Table 3, we provide a list of measured properties of each
burst, including the barycentric arrival time, peakS/N, burst
width, peak ﬂux density, time-integrated burst ﬂuence( ),
spectral energy density, and isotropic-equivalent energy. The
burst widths were determined by ﬁtting a Gaussian function to
the dedispersed burst proﬁle. We quote the full width at half
maximum (FWHM) as the temporal width. The burst ﬂuence
was determined using the 2σFWHM for the duration of each
burst.
There was no evidence of radio emission at X-band during
the times when bursts were detected at S-band. Baseband data
were not available at either frequency band during the two
epochs when the S-band bursts were detected. We also did not
detect any X-band bursts from FRB121102 at any other times
during our observations, despite the fact that the X-band
bandwidth was a factor of ∼3.5 larger than the bandwidth at Sband and the 6σﬂuence detection thresholds at X-band were
roughly half those at S-band, on average. In Table 1, we list the
6σﬂuence detection thresholds (min ) for each observation and
each frequency band.

4. Results
4.1. FRB121102
FRB121102 was observed simultaneously at S-band and Xband with DSS-63 for 27.3 hr between 2019September19
(MJD 58745) and 2020February11 (MJD 58890) during a
recent period of activity from the source. We detected
twobursts at S-band during these observations. The ﬁrst
burst(B1) was detected on 2019September28 (MJD 58754),
and the second burst(B2) was detected approximately one day
later on 2019September29 (MJD 58755). In Figure 1, we
show the frequency-averaged proﬁles, dedispersed dynamic
spectra, ﬂux-calibrated burst spectra, and DM-time images of
each burst. Both of these bursts were detected in ﬁlterbank data
recorded with a time resolution of 2.2 ms, and thus they are not
temporally resolved. The apparentDM associated with a
particular radio burst from a given FRB source can differ
depending on the spectral-temporal structure of the burst and
whether a signal-to-noise-maximizing or structure-maximizing
12

4.2. FRB180916.J0158+65
During ∼90.8 hr of simultaneous S-band and X-band observations of FRB180916.J0158+65, carried out between 2019September19 (MJD 58745) and 2020May14 (MJD 58983) with
DSS-63, no radio bursts were detected at either frequency band.

See https://github.com/devanshkv/fetch.
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Table 3
Radio Bursts Detected from FRB121102 with DSS-63
Burst ID
B1
B2

Peak Timea,b
(MJD)

(S/N)peakb,c

DMd
(pc cm−3)

Burst
Widthb,e
(ms)

Peak Flux Densityb,f
(Jy)

Fluence
( )b,g
(Jy ms)

Spectral Energy
Densityb,h
(1030 erg Hz−1)

Isotropic-equivalent
Energyb,i
(1038 erg)

58754.04745852
58755.03200822

40.26
37.27

563.0
563.0

2.4±0.1
2.6±0.2

1.6±0.3
1.5±0.3

3.3±0.5
4.6±0.7

3.2±0.5
3.8±0.5

3.8±0.6
4.5±0.6

Notes.These S-band radio bursts were detected in data recorded with a time resolution of 2.2 ms. We were not sensitive to bursts with narrower widths than the
sampling time of our observations(see Table 1).
a
Barycentric time at the peak of the burst, determined after removing the time delay from dispersion using a DM of 563.0 pc cm−3 and correcting to inﬁnite
frequency. The barycentric times were derived using the position (αJ2000=05h31m58 698, δJ2000=33°08′52 586) in Marcote et al. (2017).
b
Values were derived after dedispersing each burst using a DM of 563.0 pc cm−3.
c
Peak signal-to-noise ratio,(S/N)peak.
d
Average DM near the time of each burst (A. D. Seymour 2020, private communication).
e
FWHM temporal duration, determined from a Gaussian ﬁt to the dedispersed burst proﬁle.
f
Uncertainties are dominated by the 20% fractional error on the system temperature, Tsys.
g
Time-integrated burst ﬂuence ( ), determined using the 2σ FWHM for the duration of the burst.
h
Spectral energy density values were calculated assuming isotropic emission and using the expression 4pdL2 / (1 + z ), where dL=972 Mpc is the luminosity
distance of FRB121102(Tendulkar et al. 2017),  is the burst ﬂuence, and z=0.19273(8) is the redshift of the dwarf host galaxy(Tendulkar et al. 2017).
i
Isotropic-equivalent energy values were calculated for a bandwidth of 118.75 MHz, which corresponds to the usable portion of the 2.25 GHz frequency band after
RFI mitigation at the time of the burst.

overlapping L-band observation of FRB180916.J0158+65
with DSS-14(see also Scholz et al. 2020), and the other
sevenbursts (C2–C8) occurred during epochs when we were
simultaneously observing the source at S-band and X-band with
DSS-63. We extracted radio data from DSS-14/DSS-63,
recorded using the pulsar backend, around each of these times
and visually inspected the frequency-averaged proﬁles and
dedispersed dynamic spectra. We found no evidence of radio
emission in the pulsar backend data during any of these times.
The C5burst reported by The CHIME/FRB Collaboration et al.
(2020a) on MJD58883.04307123 is one of the highest ﬂuence
bursts ( =16.3±5.0 Jy ms) detected from FRB180916.J0158
+65 in the 400–800 MHz band thus far. In Figure 3, we show
the frequency-averaged proﬁles, dedispersed dynamic spectra, and
ﬂux-calibrated spectra, spanning ±1 s around the time of the
burst, during our simultaneous S-band and X-band observations of
FRB180916.J0158+65 with DSS-63 using the pulsar backend
recorder, along with the C5 burst detected by CHIME/FRB. We
also extracted baseband data at S-band and X-band around the time
of this burst to rule out the presence of faint, narrow-width radio
bursts that may have been missed in the pulsar backend data. After
inspecting the high time resolution data, no evidence of radio
emission was found at either frequency band. A detailed analysis
of the baseband data obtained during the epochs listed in Table 2
will be presented in an upcoming publication.

We also observed FRB180916.J0158+65 at L-band with DSS-14
for ∼2.1 hr on 2019December2 (MJD 58819) and for ∼8.9 hr on
2019December18 (MJD 58835), but did not detect any radio
bursts (see also Scholz et al. 2020). The 6σﬂuence detection
thresholds (min ) associated with each observation and frequency
band are listed in Table 2.
In the top panel of Figure 2, we show the barycentric midtime of each of our radio observations of FRB180916.J0158
+65 with DSS-63 and DSS-14 between 2019September19
and 2020May14, after removing the time delay due to
dispersion using aDM of 348.82 pc cm−3 and correcting to
inﬁnite frequency. ThisDM corresponds to the average
structure-optimizing DM derived from four bursts detected
with the CHIME/FRB baseband system(The CHIME/FRB
Collaboration et al. 2020a). We also show the barycentric times
of radio bursts detected from FRB180916.J0158+65 using the
Very Large Array(VLA)/realfast at 1.4 GHz(Aggarwal et al.
2020), the CHIME/FRB instrument between 400 and
800 MHz10(The CHIME/FRB Collaboration et al. 2020a),
the upgraded Giant Metrewave Radio Telescope(uGMRT)
between 550–750 and 300–500 MHz (Marthi et al. 2020; Sand
et al. 2020), the Robert C. Byrd Green Bank Telescope(GBT)
between 300 and 400 MHz(Chawla et al. 2020), and the
Sardinia Radio Telescope(SRT) at 328 MHz (Pilia et al. 2020)
during this time period. A total of eightbursts were detected by
CHIME/FRB during times when we were simultaneously
observing the source with DSS-63/DSS-1410(The CHIME/
FRB Collaboration et al. 2020a), which are labeled using green
arrows in the top panel of Figure 2 (also see Table 4). The gray
shaded regions correspond to the ±2.7 day activity window around
the peak of FRB180916.J0158+65ʼs activity phase, based on the
16.35 day activity period(The CHIME/FRB Collaboration et al.
2020a). The bottom panel of Figure 2 shows the total exposure
time of the 1.5, 2.3, and 8.4 GHz DSN radio observations as a
function of FRB180916.J0158+65ʼs activity phase.
The barycentric arrival times and properties of the
eightradio bursts detected from FRB180916.J0158+65 by
CHIME/FRB during our DSN observing epochs are listed in
Table 4. The C1 burst was detected by CHIME/FRB during an

5. Discussion
5.1. Spectral Properties of Radio Bursts
Multifrequency, broadband radio observations of repeatingFRBs have demonstrated that their burst spectra are highly
variable and often peak in a narrow frequency band. Some bursts
display emission that is limited to a frequency range of tens to
hundreds of MHz (e.g., see Gourdji et al. 2019; Hessels et al.
2019; The CHIME/FRB Collaboration et al. 2019b, 2020a;
Kumar et al. 2021; Majid et al. 2020), while others appear to
have a frequency extent that spans at least ∼2 GHz(e.g., see
Law et al. 2017). Many bursts from repeatingFRBs also show
evidence of downward-drifting subpulses(Hessels et al. 2019;
8
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Figure 2. Top panel: radio observations of FRB180916.J0158+65 between 2019September19 (MJD 58745) and 2020May14 (MJD 58983). The barycentric
times at the middle of the simultaneous 8.4 and 2.3 GHz observations with DSS-63 are labeled using red and blue crosses (×), respectively. The barycentric mid-times
of the 1.5 GHz observations with DSS-14 are indicated by orange crosses. The barycentric times of the observations with DSS-63 and DSS-14 were determined by
removing the time delay from dispersion using a DMof 348.82 pc cm−3 and correcting to inﬁnite frequency using the position (αJ2000=01h58m00 75017,
δJ2000=65°43′00 3152) in Marcote et al. (2020). The duration of each of the DSN observations (see Table 2) is shown using horizontal error bars, which are smaller
than the symbol size. The barycentric times of bursts detected from FRB180916.J0158+65 with the Very Large Array(VLA)/realfast at 1.4 GHz(Aggarwal
et al. 2020), the CHIME/FRB radio telescope between 400 and 800 MHz10(The CHIME/FRB Collaboration et al. 2020a), the upgraded Giant Metrewave
Radio Telescope(uGMRT) between 550–750 and 300–500 MHz(Marthi et al. 2020; Sand et al. 2020), the Robert C. Byrd Green Bank Telescope(GBT) between
300 and 400 MHz(Chawla et al. 2020), and the Sardinia Radio Telescope(SRT) at 328 MHz(Pilia et al. 2020) are labeled using black, green, cyan, pink, purple, and
magenta pluses (+), respectively. In total, eight of the radio bursts detected by CHIME/FRB occurred during times when DSS-63/DSS-1410 was also observing
FRB180916.J0158+65, and these bursts are labeled using green arrows and listed in Table 4. The gray shaded regions correspond to a ±2.7 day window around the
peak of FRB180916.J0158+65ʼs activity phase, assuming an activity period of 16.35 days(The CHIME/FRB Collaboration et al. 2020a). Middle panel: histogram
of activity phases at which each of the radio bursts in the top panel was detected. The activity phases of the bursts are shown using colored bars, where each instrument
is labeled using the color used in the top panel. Bottom panel: exposure times of radio observations of FRB180916.J0158+65 using DSS-63 and DSS-14 between
2019September19 and 2020May14 as a function of FRB180916.J0158+65ʼs activity phase. The exposure times of the 8.4 GHz observations with DSS-63,
2.3 GHz observations with DSS-63, and 1.5 GHz observations with DSS-14 are indicated using red, blue, and orange bars, respectively. In both the middle and bottom
panels, the width of each bar is ∼0.0054 phase units, which is equal to the average duration (∼2.1 hr) of the DSNradio observations. The gray shaded regions, in the
middle and bottom panels, correspond to a ±2.7 day window around the peak of FRB180916.J0158+65ʼs activity phase.

characteristic bandwidths of ∼250 MHz, with a 1σ variation
of ∼90 MHz(Hessels et al. 2019). The characteristic bandwidths measured from bursts detected from FRB121102
between 4.5 and 8 GHz with the GBT range from
∼1–100 MHz(Gajjar et al. 2018). However, these bursts also
display large-scale frequency structure, with a frequency extent
of ∼1 GHz, in the 4.5–8 GHz frequency band.
The Galactic pulse-broadening timescale predicted along the
line of sight to FRB121102 by the NE2001 Galactic electron
density model(Cordes & Lazio 2002) is:

Josephy et al. 2019; The CHIME/FRB Collaboration et al.
2019a, 2019b). On average, larger sub-burst bandwidths and
drift rates have been observed from repeatingFRBs at higher
radio frequencies (Gourdji et al. 2019; Hessels et al. 2019;
Josephy et al. 2019; Chawla et al. 2020). In many cases, the
spectra of FRBs from repeating sources, such as FRB121102,
are not well-modeled by a power law with a single spectral
index(e.g., see Scholz et al. 2016; Spitler et al. 2016; Law et al.
2017). The assortment of spectral behavior may be intrinsic to
the source’s underlying emission mechanism(s), produced by
propagation effects, or generated by a combination of radiation
and propagation processes.
While radio bursts from FRB121102 have been detected up
to a frequency of ∼8 GHz(Gajjar et al. 2018), no FRB source
has yet been observed to produce emission at higher radio
frequencies. At 1.4 GHz, bursts from FRB121102 have

⎛ n ⎞-a
⎟
td,121102 = 22 ⎜
ms,
⎝ 1 GHz ⎠

(3 )

where ν is the observing frequency in GHz and α is the pulsebroadening spectral index. The expected diffractive interstellar
scintillation(DISS) bandwidth (ΔνDISS) is given by(Cordes &
9
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Table 4
Radio Bursts Detected from FRB180916.J0158+65 with CHIME/FRB during Simultaneous Radio Observations with DSS-63/DSS-14
Burst ID
C1
C2
C3
C4
C5
C6
C7
C8

Peak Timea
(MJD)

DM
(pc cm−3)

Burst Width
(ms)

Peak Flux Density
(Jy)

Fluence ( )
(Jy ms)

58835.17721035
58882.04838586
58883.02020163
58883.04146680
58883.04307123
58883.04556977
58883.05523556
58982.76846813

349.5±0.5
349.4±0.3
370.4±1.6
349.6±0.3
349.81±0.05
349.8±0.5
348.7±0.6
352.6±3.2

5.0±0.5
1.14±0.12

0.4±0.2
> 0.5±0.2

2.9±0.7
> 0.8±0.3

8.6±0.5
1.157±0.011
1.48±0.13
0.76±0.07

> 0.4±0.3
6.1±2.0
0.5±0.2
> 0.5±0.3

> 4.3±1.6
16.3±5.0
1.5±0.6
> 0.4±0.1

Notes.The burst properties are reproduced from The CHIME/FRB Collaboration et al. (2020a). (See https://www.chime-frb.ca/repeaters/180916.J0158+65.) The
burst widths, peak ﬂux densities, and ﬂuences of C3 and C8 have not yet been reported.
a
Barycentric time at the peak of the burst after removing the time delay from dispersion using the listed DM and correcting to inﬁnite frequency. The barycentric
times were determined using the position (αJ2000=01h58m00 75017, δJ2000=65°43′00 3152) in Marcote et al. (2020).

Rickett 1998):
Dn DISS =

⎞a

⎛ n
C1
⎟ MHz,
= 0.0084 ⎜
⎝ 1 GHz ⎠
2ptd

monitoring campaign at 1.5, 2.3, and 8.4 GHz with DSS-14
and DSS-63, considering the high level of activity observed
from the source at lower frequencies (e.g., see The CHIME/
FRB Collaboration et al. 2020a). Our observations of
FRB 180916.J0158+65 further demonstrate that the emission
process is strongly frequency-dependent(e.g., see Chawla et al.
2020; The CHIME/FRB Collaboration et al. 2020a), and its bursts
are band-limited, with less spectral occupancy at high frequencies
( 2 GHz). These observations also suggest that the source
emits fewer or fainter bursts in the 2.3 and 8.4 GHz frequency
bands compared to the emission behavior observed at lower radio
frequencies. A detailed discussion of the source’s burst rates is
provided in Section 5.3.
Toward the direction of FRB180916.J0158+65, the Galactic pulse-broadening timescale predicted by the NE2001
Galactic electron density model(Cordes & Lazio 2002) is:

(4 )

where C1=1.16 for a uniform, Kolomogorov medium, and we
have substituted τd,121102 in Equation (3) for τd in Equation (4).
In general, the precise value of C1 depends on both the geometry
and wavenumber spectrum of the electron density. Assuming a
pulse-broadening spectral index between 4 and 4.4, the DISS
bandwidth, ΔνDISS, can range from ∼0.01–133 MHz for
observing frequencies between 1 and 9 GHz. These estimates
are consistent with previous measurements of the scintillation
bandwidth of FRB121102 in this frequency range(e.g., see
Hessels et al. 2019; Majid et al. 2020). Many bursts from
FRB121102 also display spectral features with a frequency
extent that cannot be attributed solely to Galactic DISS.
Radio observations of repeatingFRBs over a wide frequency
range have revealed bright bursts at lower frequencies that do not
have detectable radio emission at higher frequencies. For example,
Majid et al. (2020) carried out simultaneous radio observations of
FRB121102 at 2.25 GHz (S-band) and 8.36 GHz (X-band) with
the 70 m DSN radio telescope, DSS-43, and discovered sixbursts
in the 2.25 GHz frequency band. No radio emission was detected
in the 8.36 GHz frequency band at the same time, despite having
greater sensitivity and a larger bandwidth at X-band. Both of the
S-band bursts (B1 and B2), shown in Figure 1, from FRB121102
also display prominent emission at 2.3 GHz without accompanying radio emission at 8.4 GHz at the same time. The spectral
behavior observed in these frequency bands, which are separated
by two octaves in frequency, cannot be attributed to Galactic
scintillation. Our observations of FRB121102 further demonstrate that the source’s apparent burst activity depends strongly on
the radio frequency band that is being utilized.
FRB180916.J0158+65 is one of the most proliﬁcally bursting
repeating FRB sources known and displays a signiﬁcant 16.35 day
periodicity in the arrival times of its bursts(The CHIME/FRB
Collaboration et al. 2020a). Multiple radio bursts have been
detected from FRB180916.J0158+65 thus far between
∼300 MHz and ∼1.7 GHz using various radio telescopes (e.g.,
see The CHIME/FRB Collaboration et al. 2019b, 2020a;
Aggarwal & Realfast Collaboration 2020; Chawla et al. 2020;
Marcote et al. 2020; Marthi et al. 2020; Pilia et al. 2020; Sand
et al. 2020; Scholz et al. 2020). It is surprising that no bursts
were detected from FRB180916.J0158+65 during our 101.8 hr

⎛ n ⎞-a
⎟
td,180916 = 21 ms ⎜
,
⎝ 1 GHz ⎠

(5 )

which is comparable to the estimate obtained from FRB121102
in Equation (3). Substituting τd,180916 for τd in Equation (4)
and assuming a pulse-broadening spectral index between 4 and
4.4, we ﬁnd that the DISS bandwidth can range from
∼0.01–137 MHz for observing frequencies between 1 and
9 GHz, which is consistent with the 0.06 MHz scintillation
bandwidth measured from the brightest burst detected at 1.7 GHz
with the European VLBI Network (EVN; Marcote et al. 2020).
Therefore, during the times that bursts were detected from
FRB180916.J0158+65 by CHIME/FRB, the absence of radio
emission during our simultaneous observations of the source in
the 2.3 and 8.4 GHz frequency bands cannot be explained by
Galactic scintillation. Instead, this behavior is likely an intrinsic
property of the emission. FRB180916.J0158+65ʼs low rotation
measure(RM) and lack of a luminous, persistent radio source
both suggest that its circumburst environment may be less
extreme than that of FRB 121102, the only other repeatingFRB
source localized usingVLBI(Marcote et al. 2017, 2020). However, FRB 121102 and FRB180916.J0158+65 show similar
spectral behavior, which supports the notion that the behavior is
intrinsic and not produced by propagation effects. While we ﬁnd
it unlikely that extrinsic effects in FRB180916.J0158+65ʼs local
environment can fully account for the spectral behavior observed
at high radio frequencies, they may contribute to some of the
10
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characteristic features observed across its radio spectrum. These
observations also demonstrate that FRB180916.J0158+65ʼs
apparent burst activity, like that of FRB121102, strongly depends
on the choice of radio observing frequency.

5.2. Correlation between Radio Frequency and Activity Phase
of Radio Bursts
After folding the radio burst arrival times from
FRB 180916.J0158+65 modulo the 16.35 day activity period,
multiple bursts detected at 1.4 and 1.7 GHz were found to
occur near the leading edge of the activity cycle(Aggarwal &
Realfast Collaboration 2020; The CHIME/FRB Collaboration
et al. 2020a). This has led to the suggestion that there may be a
correlation between the emission frequency and the source’s
activity phase (e.g., see Aggarwal et al. 2020), where bursts
emitted at higher radio frequencies occur earlier in the activity
cycle. However, previous high radio-frequency observations of
FRB180916.J0158+65 have not monitored the source across
a wide range of activity phases, which is necessary for
determining whether such a correlation exists.
The cadence of our high-frequency radio observations with
DSS-63 and DSS-14 across FRB180916.J0158+65ʼs activity
phase is shown in the bottom panel of Figure 2. These
observations cover a wide range of activity phases, both within
the ±2.7 day activity window reported by The CHIME/FRB
Collaboration et al. (2020a) and at phases outside of this range.
The DSN observations also cover several activity cycles during
which radio bursts were detected at lower frequencies by
CHIME/FRB, indicating that the source was active during
these epochs. Although our radio observations cover most of
the activity phases at which bursts were detected by other
instruments during our monitoring campaign, our observing
exposures are not uniform across all activity phases, and there
are some gaps in the phase coverage. Since no bursts were
detected from FRB180916.J0158+65 in the 1.5, 2.3, or
8.4 GHz frequency bands during our observations with DSS-63
and DSS-14, we were unable to ﬁnd evidence to support the
notion that bursts emitted from the source at higher radio
frequencies occur earlier in the activity cycle. However, at
present, we cannot exclude the possibility that a frequencyphase correlation may exist. Additional high-frequency radio
observations of FRB180916.J0158+65, and the detection of
bursts above ∼2 GHz, will be able to further address whether
or not there is a link between the emission frequency of the
bursts and the activity phase at which they are detected.

Figure 3. Simultaneous X-band(top) and S-band(middle) observations of
FRB180916.J0158+65 with DSS-63 during the time of a bright burst(C5, see
Table 4) detected by CHIME/FRB on MJD58883.04307123, shown in the
bottom panels. The data in each frequency band have been dedispersed using a
DMof 348.82 pc cm−3, which corresponds to the average structure-optimizing
DM derived from four bursts detected with the CHIME/FRB baseband
system(The CHIME/FRB Collaboration et al. 2020a). The frequencyaveraged StokesI proﬁles are shown in panel (a), and the dedispersed StokesI
dynamic spectra are displayed in panel(b). The X-band and S-band data are
shown with a time and frequency resolution of 2.2 ms and 0.464 MHz,
respectively. The CHIME/FRB data are shown with a time resolution of
0.98304 ms, and we have downsampled the full-resolution data (16,384
channels) into 64 sub-bands, which each have a bandwidth of 6.25 MHz, for
better visualization. The color bar on the right shows the relative amplitude of
the spectral-temporal features in the dedispersed dynamic spectra. Frequency
channels that have been masked due to the presence of RFI are indicated using
solid white lines and red markers in panel(b). The ﬂux-calibrated spectra are
shown in panel(c). For the burst detected by CHIME/FRB, the teal shaded
region in panel (a) corresponds to the interval used to extract the on-pulse
spectrum in panel (c).

5.3. Temporal Distribution of Radio Bursts
The discovery of a 16.35 day activity period from
FRB180916.J0158+65, together with an activity window
during which most of its radio bursts are detected, has enabled
dedicated multiwavelength follow-up campaigns to quantify
the activity of the source at various wavelengths (e.g., see
Aggarwal & Realfast Collaboration 2020; Chawla et al. 2020;
Marcote et al. 2020; Marthi et al. 2020; Pilia et al. 2020; Sand
et al. 2020; Scholz et al. 2020; The CHIME/FRB Collaboration et al. 2020a). We demonstrate here that the apparent burst
rate from FRB180916.J0158+65 is a strong function of radio
observing frequency and discuss the temporal distribution of
bursts at high radio frequencies.
11
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Assuming Poisson statistics, the probability of randomly
detecting exactly n bursts during a time interval, t, is given by:

ﬂuence of 5.2 Jy ms, respectively(The CHIME/FRB Collaboration et al. 2020a). The uncertainties associated with these
detection rates correspond to 95% conﬁdence limits.
We can also use the formalism described in Houben et al.
(2019) to calculate the expected burst rates at 1.5, 2.3, and
8.4 GHz with DSS-14 and DSS-63 during the activity intervals
deﬁned above. We assume that the differential rate distributions
at two frequencies are related by a power law parameterized by
a statistical spectral index, αs. The statistical spectral index
characterizes the spectrum of the overall burst rate, which is
distinct from the instantaneous spectral index of individual
+1.0
bursts. Here, we use αs=−1.60.6 for the statistical spectral
index of FRB180916.J0158+65(Chawla et al. 2020). The
detection rates, rn1 and rn2 , at two frequencies, ν1 and ν2, can be
determined using:

p (n , l ) =

lne-l
,
n!

(6 )

where λ is the number of bursts that are expected to be detected
during this time interval. For a ﬁxed rate parameter, λ, the
probability of detecting at least N bursts during a time interval,
t, can be computed using:
P (n  N ) = e-l

¥

å

k= N

N-1 k
lk
l
= 1 - e-l å
.
k!
k = 0 k!

(7 )

From Equation (6), if the probability of detecting exactly
0bursts, p0=p(n=0, λ), is known, then the rate parameter,
λ, can be calculated analytically using:
l = - ln ( p0 ).

⎛ n1 ⎞-as g ⎛ n 1,min ⎞g + 1
rn 1
=⎜ ⎟
⎟ ,
⎜
⎝ n2 ⎠
rn 2
⎝ n 2,min ⎠

(8 )

We observed FRB180916.J0158+65 simultaneously at Sband and X-band with DSS-63 for a total of t=36.2 hr during
the ±2.7 day interval around the peak of the activity window.
In these frequency bands, we assume that the source’s emission
behavior during the activity window follows Poisson statistics
and that there was a non-detection probability of 95%. Using
Equation (8), we ﬁnd that the expected number of bursts during
this time interval is ∼0.051, which corresponds to a rate of
r≈0.0014 bursts per hour. If the above assumptions hold,
then this implies that ∼700 hr of radio observations would be
needed to detect a single burst in these frequency bands.
However, it is possible that the emission process produces
bursts with waiting times that may not follow a Poisson
distribution(Cruces et al. 2021).
The average 6σﬂuence detection thresholds during our L-band,
S-band, and X-band observations of FRB180916.J0158+65 with
DSS-14 and DSS-63 were 0.29, 0.26, and 0.14 Jy ms, respectively. We note that threeof the fourradio bursts detected at
1.7 GHz from FRB180916.J0158+65 using the EVN had
measured burst widths of ∼1.7 ms and ﬂuences exceeding
∼0.6 Jy ms(Marcote et al. 2020), which are some of the faintest
bursts detected to date. If a similarly bright burst, with a
comparable temporal width and ﬂuence, was emitted from the
source at 1.5, 2.3, or 8.4 GHz during our radio observations, it
would have been detected with S/N>10.
In the 400–800 MHz frequency band, radio bursts detected
from FRB180916.J0158+65 appear to be clustered in time,
and the burst activity is not constant at all activity phases(The
CHIME/FRB Collaboration et al. 2019b, 2020a). Assuming
that the radio bursts obey Poisson statistics and can be treated
as independent events, The CHIME/FRB Collaboration et al.
+0.5
(2020a) estimated a detection rate of r=0.90.4 bursts per
hour above a ﬂuence threshold of 5.2 Jy ms in a ±2.7 day
interval around the peak of the activity window, which
corresponds to activity phases between ∼0.33−0.67. They
also estimated detection rates above this ﬂuence threshold
in threesubintervals of the ±2.7 day activity window:
(subinterval 1)±0.9 days around the activity peak, i.e., activity
phases ∼0.44–0.56; (subinterval 2) between 0.9 and 1.8 days
from the activity peak, i.e., activity phases ∼0.39–0.44 and
∼0.56–0.61; (subinterval 3) between 1.8 and 2.7 days from the
activity peak, i.e., activity phases ∼0.33–0.39 and ∼0.61–0.67.
The estimated detection rates in subintervals1–3 were r1=
+1.3
+1.0
+0.6
1.80.8 , r2=0.8-0.5 , and r3=0.1-0.1 bursts per hour above a

(9 )

where γ=−2.3±0.4 is a power-law index that describes
FRB180916.J0158+65ʼs differential energy distribution(The
CHIME/FRB Collaboration et al. 2020a), and n1,min and
n2,min are the ﬂuence detection thresholds at frequencies ν1
and ν2, respectively.
In Table 5, we list the predicted burst rates above the average
6σﬂuence detection thresholds during our observations in each
of these time intervals using Equation (9). The total exposure
times at S-band and X-band with DSS-63 during subintervals
1–3 were t1=11.9 hr, t2=15.7 hr, and t3=8.5 hr, respectively. The L-band observations with DSS-14 spanned a total of
11.0 hr, which occurred entirely during subinterval1. Therefore, the expected number of detectable bursts in each of these
frequency bands and time intervals is given by N=r×t,
where r is the burst rate and t is the total exposure time in
each time interval. These values are also provided in Table 5.
The uncertainties on the burst rates and number of expected
bursts are dominated by the large errors on the statistical
spectral index, αs, which is poorly constrained for
FRB 180916.J0158+65.
These estimates are all consistent with our observations,
which suggest that fewer or fainter bursts are detectable from
FRB180916.J0158+65 at higher radio frequencies ( 2 GHz).
Intrinsic and extrinsic effects may also affect the observed burst
rates. For example, FRB180916.J0158+65 exhibits periods of
apparent inactivity during some activity cycles and, like many
other repeatingFRB sources, emits narrowband radio bursts
(e.g., see The CHIME/FRB Collaboration et al. 2020a).
This behavior is often highly variable between observing
frequencies.
We also consider the following less likely explanations for
the lack of radio bursts observed from FRB180916.J0158+65
during our radio monitoring campaign: (1)On average,
FRB180916.J0158+65 emits bursts that have narrower widths
at higher frequencies (e.g., see Chawla et al. 2020; Marcote
et al. 2020; The CHIME/FRB Collaboration et al. 2020a).
While it is conceivable that bursts with narrow pulse widths
(∼10 μs) and high peak luminosities may not have been
detected in the data recorded at S-band and X-band with the
pulsar backend, if their ﬂuences did not exceed the ﬂuence
detection thresholds listed in Table 2, no evidence of such
emission was found during a preliminary inspection of
simultaneously recorded high time resolution baseband data
12

The Astrophysical Journal Letters, 905:L27 (15pp), 2020 December 20

Pearlman et al.

Table 5
Estimated Number of Radio Bursts Detectable from FRB180916.J0158+65
Time Interval

±2.7 day activity
windowc
Subinterval 1d
Subinterval 2e
Subinterval 3f

Burst Rate (r)
at
1.5 GHza
(Bursts
per Hour)

Number of Bursts (N)
Detectable at
1.5 GHzb

Burst Rate (r)
at
2.3 GHza
(Bursts
per Hour)

Number of Bursts (N)
Detectable at
2.3 GHzb

+1.0
0.30.6

+37.6
12.123.1

+0.038
0.0060.023

+1.4
0.20.8

+2.1
0.71.3
+1.0
0.30.6
+0.25
0.040.08

+25.1
8.015.2
+15.4
4.79.2
+2.1
0.30.7

+0.08
0.010.05
+0.034
0.0060.020
+0.0059
0.00070.0026

+0.9
0.10.5
+0.54
0.090.32
+0.050
0.0060.022

+2.8
1.21.8
+5.7
2.43.6
+2.7
1.11.7
+0.9
0.10.2

+62.2
26.539.2

Burst Rate (r)
at
8.4 GHza

Number of Bursts (N)
Detectable at
8.4 GHzb

(Bursts per Hour)

Notes.Since the L-band (1.5 GHz) observations of FRB180916.J0158+65 with DSS-14 occurred entirely during subinterval1, the number of detectable bursts at
this frequency is only estimated in this time interval.
a
Burst rates at each frequency were calculated by substituting the ﬂuence detection thresholds reported by CHIME/FRB in each time interval(The CHIME/FRB
Collaboration et al. 2020a) and the average 6σﬂuence detection thresholds during our L-band, S-band, and X-band observations with DSS-14 and DSS-63 into
+1.0
Equation (9), using power-law indices of αs=−1.60.6 (Chawla et al. 2020) and γ=−2.3±0.4(The CHIME/FRB Collaboration et al. 2020a). The average
6σﬂuence detection thresholds of DSS-14 and DSS-63 at L-band, S-band, and X-band were 0.29, 0.26, and 0.14 Jy ms, respectively.
b
Expected number of detectable bursts at each frequency band above the average 6σﬂuence detection thresholds of DSS-14 and DSS-63. The number of detectable
bursts was determined using the formula N=r×t, where r is the calculated rate of detectable bursts and t is the total exposure time in each time interval.
c
The±2.7 day interval around the peak of FRB180916.J0158+65ʼs activity window, deﬁned in The CHIME/FRB Collaboration et al. (2020a), which corresponds
to activity phases between ∼0.33–0.67.
d
Subinterval1 is deﬁned as±0.9 days around the activity peak, which corresponds to activity phases between ∼0.44–0.56(The CHIME/FRB Collaboration et al.
2020a).
e
Subinterval2 is deﬁned as times between 0.9 and 1.8 days from the activity peak, which corresponds to activity phases ∼0.39–0.44 and ∼0.56–0.61(The CHIME/
FRB Collaboration et al. 2020a).
f
Subinterval3 is deﬁned as times between 1.8 and 2.7 days from the activity peak, which corresponds to activity phases ∼0.33–0.39 and ∼0.61–0.67(The CHIME/
FRB Collaboration et al. 2020a).

during times when bursts were detected between 400 and
800 MHz with CHIME/FRB. Additionally, our search for
bursts using data from the pulsar backend was sufﬁciently
sensitive to detect bursts with similar characteristics to most of
those detected at 1.7 GHz with the EVN(Marcote et al. 2020).
(2)If FRB180916.J0158+65 has a smaller duty cycle at high
frequencies ( 2 GHz), with a burst rate that is comparable to
the rate reported at lower frequencies (e.g., see The CHIME/
FRB Collaboration et al. 2020a), then it is possible that many
bursts would not be detected unless the observations were
performed during activity phases when the source was
producing high-frequency radio emission. However, we
detected no radio bursts during our observations, which
spanned ∼40% of FRB180916.J0158+65ʼs 16.35 day activity
cycle and ∼50% of the ±2.7 day interval around the peak of
the source’s activity phase (see Figure 2), including eighttimes
when bursts were simultaneously detected from the source in
the 400–800 MHz frequency band (see Table 4 and Figure 3).

homogeneous, isothermal wind is expected to decrease with
increasing frequency. Under these assumptions, the activity
window is predicted to be longer at higher radio frequencies.
While some radio bursts detected from FRB180916.J0158+65
at higher frequencies have been seen to occur earlier in the
activity window than those detected at lower frequencies(Aggarwal & Realfast Collaboration 2020; The CHIME/FRB
Collaboration et al. 2020a), the source’s activity had not been
well characterized above ∼2 GHz across a wide range of
activity phases, until now. The cadence of our observations of
FRB180916.J0158+65 and the absence of radio emission at
2.3 and 8.4 GHz during times when the source was known to
be active together suggest that the duration of the activity
window is either not strongly frequency-dependent or narrower
at high radio frequencies and possibly systematically shifted in
phase.
The binary comb model, proposed by Ioka & Zhang (2020),
also associates the 16.35 day period observed from
FRB180916.J0158+65 with the orbital period of an interacting neutron star binary system. In this scenario, the FRB
emission is produced by a highly magnetized pulsar, whose
emission is funneled by the strong wind of a millisecond pulsar
or massive stellar companion. The observed activity window
then coincides with times when the funnel is directed toward
Earth.
Alternatively, FRB180916.J0158+65ʼs periodicity has been
interpreted as arising from the precession of a ﬂaring magnetar
or magnetized neutron star(Levin et al. 2020; Tong et al. 2020;
Yang & Zou 2020; Zanazzi & Lai 2020). Levin et al. (2020)
showed that a hyperactive magnetar, driven by a high rate of
ambipolar diffusion in the core, can have a precession period
ranging from weeks to months, and the viscous damping
timescale is orders of magnitude longer than the magnetar’s
age. Other models suggest that the 16.35 day period observed

5.4. Progenitor Models
Several progenitor models have been proposed that may
explain the emission characteristics of repeatingFRBs and the
periodicity observed thus far from a subset of these sources.
For example, the apparent 16.35 day period observed from
FRB180916.J0158+65 could be attributed to eccentric orbital
motion of a binary system comprised of a neutron star and a
massive O/B-type companion(The CHIME/FRB Collaboration et al. 2020a), where the emitter could be either a radio
pulsar or a magnetar. Other models suggest that the apparent
periodicity may arise from free-free absorption in the wind of
the massive companion, which could lead to modulated
emission that is dependent on the orbital phase(Lyutikov
et al. 2020). The optical depth in the companion’s
13
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from FRB180916.J0158+65 may originate from a 1–10 kyr
old magnetar with an ultra-long rotation period and a high
internal magnetic ﬁeld (Bint1016 G) at birth(Beniamini et al.
2020) or the precession of a jet produced by the accretion disk
of a massive black hole(Katz 2020).
Recently, tentative evidence of a ∼157 day period, with a
duty cycle of 56%, was discovered during a search for
periodicity in the arrival times of radio bursts from
FRB121102(Rajwade et al. 2020b). This long-term periodicity was also observed by Aggarwal et al. (2020) and Cruces
et al. (2021), and they both found a period that was consistent
with the measurement reported in Rajwade et al. (2020b). Both
of the S-band bursts shown in Figure 1 occurred at an activity
phase of ∼0.53, determined by folding the burst arrival times
modulo the ∼157 day period and using the reference time,
tref=MJD58200, deﬁned in Rajwade et al. (2020b). These
bursts were both detected near the peak of the activity window,
deﬁned at activity phase0.5. Although it is not yet clear
whether the ∼157 day period is astrophysical in origin, the
radio bursts presented here from FRB121102 are consistent
with the observed periodicity. If the ∼157 day period is
determined to be astrophysical, it suggests that other
repeatingFRB sources may display underlying periodic
behavior, which would provide important clues about the
nature of their progenitors.
Although FRBs and Galactic radio magnetars share some
similar emission characteristics, such as prominent frequency
structure in their radio pulses (e.g., see Gajjar et al. 2018;
Pearlman et al. 2018, 2020; Hessels et al. 2019; Maan et al.
2019) and extended periods of radio inactivity (e.g., see Scholz
et al. 2017b; Camilo et al. 2018; Levin et al. 2019), there are
also notable differences. High-frequency radio emission is a
hallmark feature of radio magnetars. Bright radio pulses have
been detected from several radio magnetars in the Milky Way
at record high frequencies, well above 100 GHz in some
cases(e.g., see Camilo et al. 2007; Torne et al. 2017, 2020),
but no FRBsource has yet been detected at radio frequencies
above 8 GHz. However, to date, very few searches for FRBs
have been carried out at such high radio frequencies(Gajjar
et al. 2018; Majid et al. 2020).
Radio bursts from FRB sources are also considerably more
energetic, on average, than radio pulses from Galactic magnetars(Pearlman et al. 2018, 2020; Hessels et al. 2019). The recent
detection of a bright radio pulse from SGR1935+2154 has
demonstrated that magnetars can produce radio bursts with a wide
range of luminosities, spanning from luminosities comparable to
radio pulsars up to about a factor of ∼10 lower than the
luminosities of bursts observed from FRB180916.J0158+65
(Bochenek et al. 2020; Kirsten et al. 2020; The CHIME/FRB
Collaboration et al. 2020b; Zhang et al. 2020). However, the
apparent burst repetition rate of FRB-like bursts from Galactic
magnetars is inconsistent with the repetition rates observed from
extragalactic repeating FRBs(Lu et al. 2020a; Margalit et al.
2020). For example, for at least the past seven years, FRB121102
has been producing radio bursts that are ∼1010 times more
energetic than the radio pulses observed from Galactic radio
magnetars(Spitler et al. 2014, 2016). No magnetar in the Milky
Way has been found to exhibit a similar level of activity. If
repeating FRBs are produced by active magnetars, this suggests
that they must differ in some way from the Galactic magnetar
population.

The short temporal durations of FRB pulses indicate that
they originate from compact emitting regions (e.g., see Michilli
et al. 2018; Cho et al. 2020). However, the peculiar spectral
properties between sources and the downward-drifting subpulse behavior frequently observed from repeatingFRBs are
not yet well explained. Wideband, multifrequency observations
of FRBs are therefore crucial for understanding their spectral
properties and the underlying emission mechanism(s) powering
these sources.

6. Summary and Conclusions
We carried out long-term monitoring observations of
two
repeating
FRB
sources,
FRB
121102
and
FRB 180916.J0158+65, at high radio frequencies using the
DSN’s 70 m radio telescopes (DSS-63 and DSS-14). Radio
observations of FRB 121102 were performed between 2019
September 19 (MJD 58745) and 2020 February 11 (MJD 58890),
and we observed
FRB180916.J0158+65 between 2019
September19 (MJD 58745) and 2020May14 (MJD 58983).
Most of our observations were performed simultaneously at
S-band (2.3 GHz) and X-band (8.4 GHz) with DSS-63. We also
observed FRB 180916.J0158+65 at L-band (1.5 GHz) during
eightseparate epochs using DSS-14.
We detected tworadio bursts from FRB121102 at S-band
(see Figure 1) during periods when the source was predicted to
be active. No accompanying radio emission was observed at Xband during the same time. Both of these bursts occurred near
the peak of the activity window predicted by Rajwade et al.
(2020b). These detections provide additional examples of the
source’s narrowband emission behavior at high radio frequencies, which cannot be explained by Galactic DISS (Majid et al.
2020).
Our radio observations of FRB180916.J0158+65 span a wide
range of activity phases (see Figure 2), including several cycles
when the source was known to be active at lower frequencies.
Until now, FRB180916.J0158+65ʼs emission behavior had not
been explored at frequencies above ∼2 GHz across a wide range
of activity phases. During our observing campaign, eight radio
bursts were detected from FRB 180916.J0158+65 in the
400–800 MHz band by CHIME/FRB10(The CHIME/FRB
Collaboration et al. 2020a). The arrival times of these bursts
occurred during times when we were simultaneously observing
the source with DSS-14 at L-band or DSS-63 at S/X-band.
However, no evidence of radio emission was found in our
observing bands during these times (e.g., see Figure 3), and no
radio bursts were detected from FRB180916.J0158+65 during
any other times. These observations further demonstrate that
FRB180916.J0158+65ʼs emission process is strongly frequency-dependent(e.g., see Chawla et al. 2020; The CHIME/
FRB Collaboration et al. 2020a), with fewer or fainter bursts
emitted from the source at high frequencies. We also ﬁnd that the
radio bursts detected from FRB180916.J0158+65 are bandlimited and have less spectral occupancy at high frequencies.
Therefore, the apparent activity of the source, like FRB121102,
depends strongly on the choice of radio observing frequency.
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