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ABSTRACT

We report the discovery of bright, fast, radio flashes lasting tens of seconds with the AARTFAAC high-cadence all-sky survey at
60 MHz. The vast majority of these coincide with known, bright radio sources that brighten by factors of up to 100 during such
an event. We attribute them to magnification events induced by plasma near the Earth, most likely in the densest parts of the
ionosphere. They can occur both in relative isolation, during otherwise quiescent ionospheric conditions, and in large clusters
during more turbulent ionospheric conditions. Using a toy model, we show that the likely origin of the more extreme (up to a
factor of 100 or so) magnification events likely originate in the region of peak electron density in the ionosphere, at an altitude
of 300–400 km. Distinguishing these events from genuine astrophysical transients is imperative for future surveys searching for
low frequency radio transient at time-scales below a minute.
Key words: scattering – turbulence – radio continuum: transients.

1 I N T RO D U C T I O N
In recent years, low-frequency (<200 MHz) transient surveys have
been completed with the Long Wavelength Demonstrator Array
(Lazio et al. 2010), the Murchinson Widefield Array (Bell et al.
2014, 2019), Long Wavelength Array (LWA1; Obenberger et al.
2015), Low-Frequency Array (LOFAR; Carbone et al. 2016), Owens
Valley Radio Observatory Long Wavelength Array (OVRO-LWA;
Anderson et al. 2019). These focus on the search for bright transient
or variable emission, with the hope of discovering new extremely
energetic processes taking place in the Universe. Previously, we
have reported the discovery of extremely high fluence giant pulses
from PSR B0950 + 08 (Kuiack et al. 2020a) during the course of
an ongoing blind transients survey with the Amsterdam-ASTRON
Radio Transient Facility And Analysis Center (AARTFAAC; Prasad
et al. 2014, 2016). We were easily able to associate this emission
to the specific astrophysical source because the signal repeated and
the source properties and behaviour had been well studied. However,
the goal of blind transient surveys such as AARTFAAC is also to
search for as-yet unknown phenomena. This necessarily means that
any candidate events discovered, may not be so easily associated
with known objects, or known processes.
An example is the discovery of an unknown transient source at
low frequency in the LOFAR North Celestial Pole survey (Stewart
et al. 2016). No strong association to a progenitor, host location, or
known astrophysical phenomenon could be made, thus the primary
validation is to minimize the chance it could be an imaging artefact.
Once we are convinced that an event is not an instrumental or data
processing artefact, we can claim detection of a source. However,
we then need to check whether the event could not be a noise spike
associated with normal measurement error distributions, or variabil-
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ity induced by the ionosphere, which has particularly strong effect in
the AARTFAAC frequency range (30–80 MHz), (de Gasperin et al.
2018). Fortunately, a high cadence transient survey generates a huge
number of measurements (one per second per frequency band in the
case of AARTFAAC) and thus allows us to characterize the noise
distribution and ionospheric behaviour quite well. We have already
studied the variations due to the quiescent ionosphere and noise quite
extensively when constructing the AARTFAAC catalogue (Kuiack
et al. 2018), and when studying PSR B0950 + 08 (Kuiack et al.
2020a). The bottom line of our findings was that the measurement
noise does not play a dominant role in the sources we detect almost
by definition because we set the detection threshold at 5–8 times the
rms. noise; the ionosphere-induced variations in quiescence have an
amplitude of 20–30 per cent, on a time-scale of 10–20 min at 60 MHz.
However, in analysing 545 h for the AARTFAAC transient survey
(Kuiack et al. 2020b), more exotic ionospheric behaviours were observed, which confound the detection of transient signals intrinsically
emitted from astrophysical sources. Studying these conditions, and
their effects on the statistics of measured light curves in detail can
inform the criteria required for low frequency transient candidate
selection. For example, Varghese et al. (2019) used the kurtosis
of the flux measurement distribution to argue that an event that
was an outlier among a population of scintillating sources it was
more likely a astrophysical transient. Strongly scintillating sources
commonly exhibit many scintels over a period of time and therefore
the total flux density distribution is skewed towards higher values.
Their claimed transient is a single flash, so the total measurement
distribution is not skewed. This transient claim does not seem to
consider the possibility of single isolated scintels, our work seeks
to explore and and differentiate the statistical properties of singly
and multiply magnified scintillating sources. Further, in attempting
to detect transient and variable sources Rowlinson et al. (2019)
explore the distributions of two parameters, the weighted reduced
χ 2 and the variability index, across all sources observed during
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2 I N S T RU M E N T, O B S E RVAT I O N , A N D
METHODS
AARTFAAC is a project whose aim is to survey the Northern
hemisphere for bright (tens of Jy), low-frequency (30–80 MHz) radio
transients, with time-scales upwards of 1 s (Prasad et al. 2016). In
the AARTFAAC-6 configuration, data are streamed directly from 288
low-band antennas (LBA) in the six central stations of the LOFAR
(van Haarlem et al. 2013), the so called ‘superterp,’ providing a
maximum baseline of 300 m and resolution of 1◦ at 60 MHz. The
data are processed in parallel during other ongoing LOFAR-LBA
observations, or designated ‘filler’ time, employing an independent
correlator, and subsequent calibration and imaging pipelines on a
dedicated comput storage cluster (Prasad et al. 2014). The data are
recorded with a 1 s time integration, in 16 separate sub-bands, each
with a bandwidth of 195.3 kHz, and arranged in two contiguous
sequences of eight sub-bands covering 57.6–59.0 MHz and 61.1–
62.5 MHz.
Real-time, streaming, complex-gain calibration is performed with
custom built software (described fully in Prasad et al. 2014), which
employs a multisource self-calibration scheme (Wijnholds & van
der Veen 2009). The sky model consists of five sources Cassiopeia
A, Cygnus A, Taurus A, Virgo A, and the Sun. These are each
modelled with a single Gaussian component, an accurate enough
approximation at AARTFAAC-6 resolution. At each time-step,
both direction independent and direction-dependent gain solutions
are calculated, however, converging gain solutions are propagated
forward in time to reduce the required iterations and thus computation
time. Once the visibilities are calibrated, the bright sources used in
calibration are subtracted.
The calibrated visibilities are then streamed to the archive disc
and our custom built imaging pipeline. The imaging pipeline simply
applies flags to visibilities with baselines shorter than 10λ to reduce
the appearance of bright diffuse Galactic emission, then performs

frequency-dependent gridding and Fourier transform. This creates a
1024 × 1024 pixel image for each of the two 1.5 MHz bands, centered
at 58.3 and 61.8 MHz. Flux scaling is done in the image plane by
comparing many flux density measurements from persistent sources
in the image, to the AARTFAAC catalogue (Kuiack et al. 2018).
The image stream can then be saved to disc for off-line transient
analysis, and/or streamed to the AARTFAAC website1 for live data
quality inspection and public outreach. The total duration of data
analysed in this work was 545.25 h, collected between 2016-8-31
and 2019-9-14.
With eight subbands (1.56 MHz) and 1 s integration, AARTFAAC6 is confusion noise limited, the theoretical thermal noise limit is 1 Jy,
while with a resolution of 1◦ the confusion noise is 10.4 Jy beam−1
(equation 6; van Haarlem et al. 2013). The typical background
rms noise in the images, averaged across the field of view and the
entire survey is 7.5 Jy beam−1 , yielding typical 5σ and 8σ detection
thresholds of 37.5 and 60 Jy.
Light curves are generated from the images by the LOFAR Transient Pipeline v3.1.12 (TraP; Swinbank et al. 2015, and references
therein). TraP is a PYTHON and SQL based transient detection pipeline
for image-based surveys. The only non-standard parameters used in
TraP are the one that sets the detection threshold as a function of the
local rms. noise level, detection threshold = 5σ , and one
that forces the use of a fixed-width 2D Gaussian beam during source
extraction. This is set by the force beam = True parameter
in the TraP job configuration file, which locks the widths to the
semimajor and semiminor axis of the restoring beam, read from the
fits header.

2.1 Light-curve feature analysis
When analysing a potential transient event, we are interested in
measuring important quantities such as the peak flux in each
frequency, the delay between frequencies, and the duration. This is
done automatically using the scipy.signal (McKinney 2010)
modules find peaks and peak widths. The algorithm for
detecting burst-like features in light curves is as follows:
(i) First, the data are regularized in time. By default measurements
are only recorded when a signal greater than 5σ is detected. We
therefore fill the light curve between the min and max time stamp
with zeros, then make a copy of the light curve, smoothed with a flat
3-s kernel to cover missing time-steps, and decrease noise.
(ii) Peaks are detected on the smoothed light curve with
find peaks using the parameters:
(a) min width = 5 [s]: The minimum FWHM of lightcurve features to be considered. Together with the 3-s smoothing, this ensures that single-bin bright noise spikes are not
considered.
(b) max width = None: The maximum FWHM of
light-curve feature to be considered.
(c) min prominence = 30 [Jy]: The minimum difference in height between a light-curve feature and its surroundings. Correctly detecting isolated bursts requires that the
minimum prominence be larger than the typical measurement
variability, reducing the detection of noise spikes on top of
smooth light curves (false positives), but small enough that true

1 www.aartfaac.org/live,

video stream hosted by YouTube.

2 https://github.com/transientskp/tkp
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an observation. Simulations illustrated how distinct transient types
would appear as outliers in this distribution. We hope to extend
the toolkit of transient detection by introducing multifrequency
pulse shape and delay analysis to the light curve of each source.
Additionally, studying periods of strong scintillation gives insight
into the dynamics of the ionosphere (Hill & Frehlich 1996), and
due to the coupling of the magnetosphere–ionosphere/thermosphere
system (Tu & Song 2016) the broader near-Earth plasma environment
as well (Blagoveshchenskii 2013; Danilov & Konstantinova 2019).
Here, we report the discovery of rapid, large-amplitude variations
in the 60 MHz flux densities of normally constant sources on short
time-scales: sources show apparent flare-ups in brightness of a factor
few to over 100 on time-scales of a few tens of seconds. They can
occur both in relative isolation, when other nearby sources show their
expected quiescent behaviour, or in large groups over a fairly large
area of sky, for a period lasting hours. In most cases, careful study
reveals that they are due to exceptional effects of relatively nearby
plasma. The large regions of strong scintillation are potentially due to,
and a new method for observing, a travelling ionospheric disturbance
(TID).
In Section 2, we describe the instrument set-up, the set of
observations, and the methodology used to analyse light curves and
detect isolated bursts. Then, in Section 3 we present our results, both
a qualitative and quantitative description of light-curve features that
mimick short-duration transients and variables. Next, in Section 4
we explore the potential cause. Lastly, in Section 5 we give our
conclusions.
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observed in each 5-min interval, and calculating the surface density
of sources that are not present in the AARTFAAC catalogue. We
model the source distribution in the sky with a Gaussian kernel
density estimation (KDE), which yields a 2D probability density
function (PDF) of detected sources. By comparing relatively calm
observations to those where a zone is plainly visible by eye, in
time-lapse videos, we heuristically set the PDF threshold that is
characteristic of strong scintillation.

Figure 1. An example light curve from an isolated burst-like magnification,
observed on 2016-09-05. The blue and red circles depict the flux density
measurements at 58.3 and 61.8 MHz, respectively (in arbitrary units, since
the transient finder runs on the data before putting them on the correct flux
scale). The dashed lines show the light curve smoothed over 3 s, used during
peak analysis. The black and orange dots and the horizontal lines show
the peaks’ mid-point, used for interfrequency association, and the width at
10 per cent of peak flux level. The underlying source is 4C 26.55, a galaxy
with a quiescent flux density of 15.9 Jy at 74ṀHz (Lane et al. 2014).

positives are not ignored. Therefore, this is manually tuned to
approximately the minimum height of a true positive.
(d) max prominence = None: The maximum difference in height between a light-curve feature and its surrounding.
(e) rel height = 0.9: The relative height of the feature where the width is measured. This number corresponds to
the proportion above therefore 1.0 is the base, and 0.0 the peak.
(iii) Peaks are associated using the central time, matching nearest
neighbours within a delay interval of –120 to + 20 s between the
61.8 and 58.3 MHz light curves (120 s delay would result from a DM
of 900 pc cm−3 ). One-to-many matches are eliminated by choosing
the pair with the minimum delay.
(iv) Highly skewed peaks, where the time difference between the
peak and mid-point are greater than 5 s, are removed. This ensures
that we are selecting only isolated peaks. Consequently, we may also
be removing real transients that follow a fast rise-exponential decay
behaviour or series of peaks that are overlapping.
(v) Lastly, once the features are matched between frequencies, the
effective duration of the burst is measured on the smoothed light
curve at rel height = 0.9, as is the delay (the difference
between the mid-points in time), and the peak is measured from the
original light curve, which consists of measurements over 5σ .
Using this feature-detection algorithm, we searched the candidate
data bases, output by TraP, for light curves consisting of only a single
burst. Fig. 1 depicts an example transient candidate consisting of one
burst, and the various parameters of interest described above.
2.2 Strong scintillation zones
We sometimes find large concentrations of magnification events in
sky region and time, which we call ‘strong scintillation zones’.
We quantify these by counting the number of sources whose flux
density is typically below the confusion noise limit, rendering them
undetectable during calmer conditions, but are temporarily magnified
above our threshold. This is done by extracting all of the sources
MNRAS 504, 4706–4715 (2021)

Here, we report on three different types of transient or variable events
observed in the seconds-time-scale, low-frequency radio sky. The
first are isolated, spontaneous flashes, which coincide in position
with 10–20 Jy radio sources, that are otherwise undetectable by
AARTFAAC. Although they are coincident in direction, the flashes
do not have a sufficient time-frequency delay to originate from an
extragalactic distance. The second, is strong variability characterized
in some sources by many magnification spikes in a relatively short
time, and in others by singular flashes similar to the first, both clearly
induced by a localized structure that persists over many hours. And
third, we observed a few potential cosmic transients that, although
similar to the other transients in peak shape, duration, and magnitude,
have a time-frequency delay that is consistent with an extragalactic
origin, these sources are analysed further in the AARTFAAC lowfrequency transient survey paper Kuiack et al. (2020b).
3.1 A detailed look at light curves
3.1.1 Singular magnification events
Using the method described in Section 2.1, a population of 76
transient candidates, each of which appears as a single isolated burst,
were discovered. One example observed on 2016-09-05, is shown in
Fig. 1. This light curve shows a magnification of the flux density of
4C 26.55, which has a quiescent flux density of 15.9 Jy at 74 MHz
(Lane et al. 2014). This burst was analysed more deeply by reimaging all 16 individual sub-bands in a 30-min interval around the
candidate. The resulting 16 sub-band light curve is shown in Fig. 2.
Here, we can see the relative stability of the background in the 10-min
prior, and 20 min after that burst, albeit with a few sub-detectionthreshhold correlated noise events around 18:55. This indicates that
this region of sky, at this time, is not subject to the type of strong
scintillation described in Section 3.2.
An isolated, bright outburst, with a time-scale on the order of
seconds is exactly the kind of transient signal we are searching for
with AARTFAAC. This could potentially indicate the detection of
a low frequency fast radio burst, the prompt emission of a neutron
star merger, or another as of yet unobserved phenomenon dumping
a tremendous amount of energy in to coherent emission in a short
time, an exciting prospect. However, given the lack of any noticeable
time delay between 62.5 and 57.6 MHz, it is apparent that the signal
can not be of extragalactic origin. In Fig. 2, we see that there is no
appreciable delay between the sub-bands.
In order to estimate an upper limit on the distance, we attempted
to measure any dispersion delay in the signal. The time delays are
measured by the lag in the cross-correlation functions between the
light curve at 62.5 MHz and each successive frequency. Additionally,
in order to estimate the uncertainty in the inferred DM, we use a
simple Monte Carlo method: We randomly generate 10 000 sets of 16
light curves, according to the measured flux densities and uncertainty,
at each frequency and time. We then fit the delays for each set. The
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Figure 3. The time lag between the 62.5 MHz light curve, the highest subband frequency, and each of the 16 sub-bands. The delay uncertainties
were calculated by randomly generating 10 000 sets of light curves using
the measured flux densities and their uncertainties. The orange line shows
the best-fitting dispersion delay, and is clearly consistent with 0 DM.
Additionally, with the data quality during this event, we are sensitive to
DMs of even a few.

mean and standard deviation for each frequency are shown in Fig. 3
and allow us to conclude that for this transient candidate, the DM is
0 ± 2, indeed consistent with zero.
In Fig. 4, we illustrate another example of an isolated, nondispersed burst-like event. Here, the magnified source is 3C 234.
With a persistent flux density of 90.06 ± 0.15 Jy during regular
conditions (Kuiack et al. 2018), the light curve surrounding the
central magnification remains above the detection threshold. This
reveals how the flux density is de-magnified, prior to, and following
the apparent burst, before returning to the steady state. Together with
some secondary peaks, it somewhat resembles an Airy function,

Figure 4. Isolated magnification of the signal from 3C 234, captured during
2019-01-13. We fit a Jinc function (top), and plot the residuals (model − data,
bottom), where the shaded regions are defined by the flux density uncertainty.
The horizontal grey line in the top panel indicates the 90 Jy persistent flux
density as measured in the AARTFAAC catalogue.

except that the secondary peaks are a bit high relative to the central
peak. We fit a Jinc function, which fits both the central peak and the
positions and amplitudes of the satellite peaks fairly well:
Jinc(t) = a

2J1 (t)
+ d,
t

(1)

where J1 (t) is the Bessel function of the first kind, and t = xb − c,
with b and c used to scale and translate the time x of the light
curve during fitting. This pattern could be caused by a cone-shaped
MNRAS 504, 4706–4715 (2021)
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Figure 2. Singular non dispersed burst-like profile from the 16 frequency channels sample with a 1 s time resolution, observed on 2016-09-05.
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notch in a plasma sheet, but we shall return to that in the discussion
(Section 4.1).
3.1.2 Strong variability due to scintillation
Sometimes events similar to those described in the previous section
appear in large numbers in a region of the sky, affecting a given source
multiple times during some period and affecting many neighbouring
sources as well. Fig. 5 is an example light curve, recorded on 201901-01, when such strong scintillation was observed across nearly
half of the visible sky. The source is 4C 14.27, a Seyfert 1 galaxy,
with a flux density of 15.07 ± 0.16 Jy in the VLSSr catalogue, and
very compact, <10 arcsec according to the FIRST survey, which has
a synthesized PSF FWHM of 5 arcsec (Helfand, White & Becker
2015). We will call the individual events ‘scintels’, and during such
periods of strong scintillation, many tens of scintels, each similar
in character to the isolated case in Fig. 2, can be produced. This is
clearly a persistent background source temporarily exhibiting strong
variability through scintillation. In Section 3.2, we will measure the
properties of these scintels and compare their distributions with the
distributions of properties of the isolated events.
3.2 Statistical description of strong scintillation zones
In attempting to disentangle the different scintillation regimes discussed earlier, we have observed zones of strong scintillation in
opposition to the Sun. Their locations are not generally fixed either
in celestial or terrestrial coordinates, so it is not immediately clear
from their motion what to associated them with. An example of these
zones is shown in Fig. 6.3 The zones vary in size from 20◦ to 40◦
3 For

an animated version visit https://aartfaac.org/images/scint 20170225.

gif.
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ecliptic latitudinal extent and from 20◦ to 90◦ ecliptic longitudinal
extent. They can appear stationary in ecliptic coordinates and in
size, or evolve along the latitude lines, decreasing from 60◦ to 40◦
latitude, or remain stable between 0 and 20. Of the 28 nights where
we observed between 22 and 05 UTC, strong scintillation regions are
clearly defined in seven. The total lifetime of the zone can be hours,
as seen in the observation on 2018-03-09, where the scintillation
zone begins around 22:00 UTC, peaks in intensity at 00:00 UTC, then
diminishes until disappearing at 04:00 UTC, lasting a total of 6 h.
However, on 2017-02-25, Fig. 6, the zone is present at the start of
the observation at 1:30 UTC, increases in intensity until 4:20 and then
begins to decrease until the end of the observation at 5:00. Then in
the next night at 1:30, when we start observing again, the zone is
present at 40◦ latitude, but restricted in longitudinal extent compared
with the previous night, indicating that this may be a single case
lasting more than 24 h.

3.2.1 Magnification factor and peak flux of the underlying source
In an effort to understand whether the singular magnification events
are different in cause and character to the scintels observed during
periods of strong scintillation, we compare the magnification distributions from multiply and singly magnified sources. In Fig. 7,
we show the distribution of magnification factors of 725 scintels
described in Section 3.1.2. These were measured from 16 sources,
during one period of strong scintillation. The typical flux density of
each is below our detection threshold, thus the individual scintels are
well isolated from each other. Additionally, 76 singular scintels,
instances where the flux density has been magnified only once
during the observation (Section 3.1.1), for that specific background
source, are also plotted. In both populations, the distribution of
magnification factors is bounded on the lower side by our sensitivity
limit. Therefore, the bottom of the distribution follows a power

Downloaded from https://academic.oup.com/mnras/article/504/4/4706/6253210 by Universiteit van Amsterdam user on 18 March 2022

Figure 5. Example light curve illustrating strong scintillation of 4C 14.27 during an observation on 2019-01-01, with the inset expanding a typical region of
the light curve, illustrating the scintel shape and height variability. The quiescent flux is 15.07 Jy at 74 MHz, typically below our detection threshold. Large
connected dots labelled ‘det’ denote measurements where the signal is blindly detected, i.e. above 5σ . smaller dots labelled ‘ff’ are forced-fit fluxes, which are
done automatically for a few time-steps after a detection at the same location.
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Figure 7. Magnification factor distributions for the 725 multiply magnified
scintels (blue), and the 76 singly magnified scintels (red).

Figure 8. Distribution of scintel duration for multiply magnified sources
(blue) and single events (red). Closely follows an exponential distribution.

law, with index −1. The distribution is bounded on the top by
the decreasing likelihood of observing a scintel with greater and
greater magnification, and on the right by the decreasing number
of sources at higher unmagnified brightness. The distribution of
magnification factors, illustrated in Fig. 7, drops according to a
power-law distribution with an index of −2.5 ± 0.1 for the multiply
magnified scintels. For the singly magnified scintels the distribution
is flatter, with a power-law index is −1.3 ± 0.2.

of τ = 15 ± 2 s. Additionally, the scintel duration and magnification
factor are almost uncorrelated (correlation coefficient 0.2, Fig. 9).

3.2.2 Duration distribution
Next, in an effort to infer physical properties of the turbulent medium
producing the scintillation, we investigated the distribution in the
temporal widths of the scintels, as well as the relationship between the
scintels’ width and the peak magnification factor. The width distribution is approximately exponential with a characteristic time of of τ =
1/λ = 8.5 ± 1.5 s, from the peak of 10 s (Fig. 8). For comparison, the
isolated magnification events have a somewhat longer characteristic
duration, with a characteristic time of a fitted exponential distribution

3.2.3 Scintel delay distribution
Lastly, in order to deduce to what extent strong scintillation confounds the search for extragalactic transients, we investigated the
distribution of delay times between peaks measured at 61.8 and
58.5 MHz for each scintel or isolated magnification event. The
distributions are shown in Fig. 10 for both types separately. The
distribution of scintel delay times is fairly narrow and symmetric
around zero, and its width is consistent with noise errors. Hence,
we conclude that they have no measurable delays and thus are
consistent with DM = 0. For the isolated events, the majority fall
into a similarly narrow and symmetric distribution, but here we find
a significant number of outliers, and more so on the negative side
where true dispersion delays should lie. The potential extragalactic
event described in detail in Kuiack et al. (2020b) is indicated with
the red arrow.
MNRAS 504, 4706–4715 (2021)
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Figure 6. Evolution of the scintillation zone, during three h on 2017-02-25. Each frame illustrates the source detection region, down to 55◦ from zenith (the red
line). Ecliptic coordinates (the grey-dotted lines), with the latitudinal parallels labelled at 180◦ longitude. The green-dashed line defines geomagnetic midnight;
the longitude of solar opposition. The AARTFAAC catalogue sources (the orange circles), and other sources detected (the black dots) during each time interval
are shown. The contours outline the KDE of the scintels, with levels from 0.15–0.35, in steps of 0.05, scintels deg−2 5 min−1 and reveal the extent of the zone
of strong scintillation.
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Figure 10. Distribution of peak delay between 61.8 and 58.3 MHz for 725
isolated scintels from 16 different sources on 2019-01-01 (blue), and 76. The
red arrow denotes the delay of the transient candidate presented in Kuiack
et al. (2020b). The delay is consistent with an extragalactic distance. The
orange dash–dotted line shows a Gaussian distribution fit to the population.

4 DISCUSSION
As is clear, most of the phenomena we described above are not
consistent with a distant astrophysical origin and must be caused
by plasma lensing or other propagation effects relatively near to the
Earth. We now discuss what constraints we can place on the medium
that causes them.
4.1 Detailed light curves of single magnification events
Among the single magnification events, there are a few with very high
signal to noise, and we consider these first in order to see what we can
learn from the details of their light curves. The first light curve is that
of 4C 26.55, shown in Fig. 2. The total DM through our Galaxy along
this line of sight is 65 or 71 pc cm−3 according to the YMW16 (Yao,
Manchester & Wang 2017) and NE2001 (Cordes & Lazio 2002)
models, respectively. Using only this range, which would ignore any
contribution from the intergalactic medium or the local environment
would result in a dispersion delay of 12.3–13.3 s between 57.6 and
MNRAS 504, 4706–4715 (2021)

4.2 Constraints from strong scintillation zones
To the extent that we may regard the scintillation zones or periods
as the occurrence of many events like the isolated ones in a short
period of time, they provide at least one extra constraint: we can see
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Figure 9. Duration versus magnification. The quantization of the width is
due to our one second sampling time.

62.5 MHz. However, we measure no significant delay, and our earlier
analysis (Fig. 3) showed a formal measured DM of 0 ± 2. Hence,
the brightness increase cannot originate in the source, but must be
caused by plasma within a few tens of parsecs.
Our highest signal-to-noise magnification event peaks at 1000 Jy
(Fig. 4). Again, the lack of measurable dispersion delay indicates
the lensing plasma must be fairly nearby. A Bessel beam diffraction
pattern, which matches this light curve, could be caused by a conic
depression in a higher density, plane-parallel plasma sheet. (Since
the index of refraction due to cold free electrons is close to, but below
unity, a converging lens must be underdense and convex relative to its
surroundings, or overdense and concave.) The somewhat depressed
flux before and after the peak relative to the normal state may also
suggest we see the ‘shadow’ of this lensing plasma there.
One type of magnification event known to occur for compact
sources is the so-called extreme scattering event (e.g. Clegg, Fey &
Lazio 1998), caused by isolated bubbles in the interstellar electron
density. We do not think these are exactly the cause here because
they would typically be further away and also could not cause the
scintillation storms, in which the individual events look similar. They
also have time-scales of months to years typically and amplitudes
of only a factor few. Furthermore, Dong, Petropoulou & Giannios
(2018) show that the lensed-to-unlensed brightness ratio tends
strongly to one below 700 MHz, resulting from the increase in
background source size.
We also note that these singular magnifications are similar in
shape, time-scale, and magnitude (in the case of the burst in Fig. 4)
to a recently reported low-frequency cosmic transient observed by
LWA1 and LWA-SV (Varghese et al. 2019, esp. figs 3 and 4). While
this was not their preferred explanation, they noted that it could be
a magnification of the compact radio source 4C+1.06 by about a
factor 30, a value on the high side, but within the range we find
here; its duration of 15–20 s is also within our range. The observing
frequency of 34 MHz is even lower than ours. If we may therefore
regard this event as part of the same class the LWA gives important
extra information: while they report only one event, and without
dispersion information, the fact that they detected it with two stations
75 km apart is important. First, the absence of a noticeable parallax
between the two stations indicates a minimum distance of 1400 km to
the lens. LWA also report other events detected that they do attribute
to scintillation (17 over a period of about 340 d). These are much less
frequent than the scintillation storms we find, but that is likely due to
the much higher flux threshold of LWA and the fact that they limited
their analysis to cases where there was a simultaneous spike in the
two stations. Due to this selection, we should probably be careful
to attach too much significance to the simultaneity of these events
in the two stations (to within about 5 s). Such simultaneity would
imply a size of the magnification spot on the ground of more than
75 km, and a transverse speed of any lensing plasma of at least a
few tens of km s−1 . However, if we look at their Fig. 4, we also see
many more scintillation spikes in their example station light curves
in the half hour before and after the simultaneous spike that are
not coincident between the two stations, so smaller and/or slower
magnification spots are perhaps more common. Before discussing
a toy model for these magnifications, we will first look into what
additional constraints follow from the strong scintillation zones.

Apparent transients map the near-Earth plasma
4.3 A toy plasma bubble model

We now try to constrain the properties of the plasma that causes both
the isolated events and scintillation storms. To this end, let us first
assume a spherical bubble of radius R with a difference in index of
refraction δn relative to its surroundings, which is hit by a plane wave
from our source, which then converges on AARTFAAC. In order to
achieve a large magnification factor, the distance of the bubble to our
telescope must be similar to the focal length f of the bubble. For n 
1, this is well approximated by f = R/|2δn|, irrespective of whether
the lens is thick or thin in the lens makers’ sense. (If we think of it as a
spherical bubble, it should be underdense, but we can also imagine an
overdense concave body with both size and surface curvature radius
about equal to R). Using the standard expressions for the index of
refraction and plasma frequency, we derive the following numerical
expressions:
|δn| = 2.24 × 10−2 δne,6 ν60

(2)

2
f = 223R6 δn−1
e,6 ν60 km,

(3)
6

−3

where δne, 6 is the electron density in units of 10 cm , R6 the lens
radius in units of 10 km, and ν60 = ν/(60 MHz). Here, we have put
some prejudice in the numbers by scaling them to values relevant
for the quiescent ionosphere. For the ideal ray optics case, the
magnification becomes infinite in the focus, but of course there it will
always meet the diffraction limit. More realistically, AARTFAAC
will cut through the beam some distance before or after the focus
as the bubble drifts through the line of sight and throws a spot
of radius r on to the ground. The magnification is then simply
(R/r)2 . The formal diffraction limit on the spot size is then of course
rmin = fθ D /2 = 0.305λf/R = 0.61λ/δn. Using the same numerical
normalizations again, we find
rmin = 0.136δn−1
e,6 ν60 km

(4)

−2
Mmax = 5.4 × 103 R62 δn2e,6 ν60

(5)

f
= 3.4 × 10−2 R6−2 δn−2
e,6 ν60 ,
f

(6)

where Mmax gives the diffraction limit to the peak magnification, and
the depth of field, f, is the range of focal length over which the
spot size and magnification are close to the diffraction limit. This
shows that these extreme numbers will be very rare even in the ideal
case, and of course one should note that realistic plasma bubbles
are quite unlikely to be so smooth as to act as ideal lenses, and so
rather larger spots and more modest magnifications are likely to be
the rule. But the observed magnification factors (Fig. 7) can at least
be reassuringly far below that theoretical maximum. Of course the
duration T of an event is related to its actual spot size as T = 2r/v L ,
but unfortunately via the unknown transverse speed v L of the lens.
Another quantity that is accessible to observational testing is the
angular size of the lenses on the sky, since large lenses would affect
nearby sources in similar ways. The angular diameter on the sky is
of course simply θ L = 2R/f, again approximating that AARTFAAC’s
distance to the lens is similar to the focal length, which is needed for
a significant magnification. Numerically this works out to
θL =

2R
−2
.
= 4δn = 5.1◦ δne,6 ν60
f

(7)

This is quite sizeable and less dependent on parameters than some
of the other quantities. Unfortunately, it is smaller than the typical
distance between AARTFAAC catalogue sources on the sky, and so
the test is non-trivial.
MNRAS 504, 4706–4715 (2021)
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them move in the sky and thus get their angular velocity. We use
the example in Fig. 6, where the apparent motion is from 60◦ to 40◦
ecliptic latitude in 70 min, i.e. an angular velocity of 8 × 10−5 rad s−1 .
First of all, this angular velocity allows us to very much reduce the
maximum distance of the lensing plasma from the dispersion delay
limit of a few tens of pc since the physical transverse speed must
be less than the speed of light, the distance is at most 20 au. Other
than that, the scintillation zone is clearly not fixed either relative
to the horizon or in ecliptic coordinates, so it cannot be obviously
associated with either phenomena fixed to the Earth [such as the flux
tubes discovered by Loi et al. (2015, 2016) with the MWA], or with
something fixed in the Solar system. We do note a preference for
the zones to appear in the anti-Sun half of the sky, though, perhaps
suggesting a link with downstream effects of the solar wind impacting
on the Earth’s magnetosphere. To analyse this constraint in more
detail, we must first note that the scintillation zones are tens of
degrees across in the sky, but as we will show below, the individual
lensing plasma bubbles are much smaller. However, scintillation
studies done with LOFAR by Fallows et al. (2020) indicate that
a fair approximation is that a scattering screen with turbulent cells
moves past our line of sight rather faster than that it changes in its
own rest frame, as in the case of interstellar scintillation. Therefore
we will assume that the angular velocity we measure for the overall
region also applies to the individual turbulent cells.
In a recently published study of a strong scintillation episode
in Cas A with LOFAR, Fallows et al. (2020) perform a detailed
analysis of dynamic spectra and of the time sequence in which the
scintillation hits different LOFAR stations. They find that this episode
is caused primarily by two layers of the ionosphere, the D region at
around 80 km, where the plasma speed was about 110 m s−1 and the
F region at 300–400 km altitude, where that speed was 20–40 m s−1
at the time. Furthermore, during a 31-h survey with OVRO-LWA
between 27 and 84 MHz Anderson et al. (2019) observed source flux
increases up to 100s of Jy with time-scales on the order of 13 s (their
highest time resolution), which is explained by a scattering screen
at a distance of 300 Km, again in the F region of the ionosphere.
The typical quiescent electron densities in these regions are 0.5–
1 × 106 cm−3 . For the angular velocity we measure, the implied
speeds would be 6 m s−1 in the D region and 25–35 m s−1 in the F
region; so in case we see the F region, we find about the same speed,
but were it the D region then the disturbance we see is considerably
slower than the one found by Fallows et al. (2020). For even higher
altitudes, as suggested by the lower limit for the LWA event, the
required speeds go up: to 200 m s−1 at an altitude of 2000 km or even
1 km s−1 at 1.5 Earth radii in the geomagnetic tail.
The range of velocities, 100–1000 m s−1 and altitudes ranging
from 300 to 2000 km matches well with TIDs (e.g. Thome 1968;
Huang, Andre & Sofko 1998), as does the trajectory southward from
high latitude (Hocke & Schlegel 1996). The north-west to southeast orientation, and southwesterly drift is also characteristic of
TIDs observed at mid-latitudes (Garcia et al. 2000). However, in
the following hour the region remains fixed on the sky, along the 40◦
parallel. Thome (1968) also report a decrease in velocity from 700
to 125 m s−1 over 11 h. Lastly, direct air-glow images of TIDs tend
to show multiple waves spanning the entire sky, passing with motion
uncorrelated to the background sidereal drift.
Therefore, we conclude that the information we get from the
motion of the scintillation regions provides the severest distance
restriction and confines the location of the scattering or lensing
screen to within 20 au. The motion is consistent with a variety of
plausible ionospheric or geomagnetospheric origins and does not
strongly favour one among these.
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Now, we can use these equations with the properties of the observed events and of AARTFAAC to derive some general constraints
on possible lenses. First, we note that a detectable magnification
will require a spot that covers the AARTFAAC superterp, i.e. rmin
> 300 m. Via equation (4), this places a lower limit on the electron
density pertubation: δne, 6 < 0.45. If we now use equation (3) and
the requirement that f  h, where h is the altitude of the lens, we get
that
h
δne,6 .
223 km

(8)

Here and below, we set ν 60 = 1, all observations reported here are
near 60 MHz. We can now set a constraint on the magnification by
eliminating R6 from it and using the electron density constraint:

Mmax = 5.4 × 103

h
223 km



2
δn4e,6 < 230

h
223 km

2
.

(9)

Since we observe magnifications up to 120, this implies that some of
them must originate from a height at least 160 km, excluding the D
region we mentioned previously. This exclusion is even stronger if we
remind ourselves that we calculated the spot sizes and magnifications
for ideal lenses, and realistically we therefore expect higher altitudes.
Near the density peak of the F region, at perhaps 400 km, one could
theoretically get magnifications of 750 and perhaps that makes the
observed values possible even with somewhat non-ideal lenses. In
this layer, the quiescent electron density is also highest, so that the
maximum density perturbation we derive is only about half the total
value. If one goes up to one Earth radius, the density has dropped by
a factor 1000, more than undoing any favourable effect of a larger
distance on the possible magnification. This is valid as long as we
consider waves and turbulence that perturb the normal plasma values
around the mean. If one considers events that change the electron
density by orders of magnitude there would be more freedom.
We also note that for the spot sizes needed for large magnifications
and the speeds we measure, the expected durations of the magnification events are a few seconds to a few minutes, which nicely
encompasses the range we observed. From equation (7) we also find
that the angular size of the lenses must be less than 2◦ . We find very
few cases of sources closer than that on the sky that both scintillate,
so with our current data we cannot test whether sources closer than
that vary in sync because they are lensed by the same bubbles.
Hence indeed, taking all constraints together, we conclude that
the layers around the ionospheric density peak at a height of about
300–400 km are a plausible location for the plasma that causes the
spiky magnification events that we have found. A more common
description of the radio scintillation caused by these layers considers
the layer as a turbulent scattering screen that causes a Fresnel-zone
near-field pattern of intensity variations on the ground. This approach
is used in the study of scintillation of Cas A with LOFAR (Fallows
et al. 2020). Quite possibly both descriptions apply simultaneously:
Cas A is very bright, and a single LOFAR station can detect it,
and its variations, continuously. Therefore, monitoring it can reveal
the continuous pattern cast on the ground by the turbulent layer.
We here see only the tip of the iceberg because all we detect is
the occasional very large magnification due a fortuitously shaped
turbulent cell and favourable geometry. We find that such events are
much more common when the ionosphere is more active, but they
can also occur in an otherwise quiescent ionosphere, and we find that
the distributions of their properties are somewhat different then.
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We have identified a new phenomenon in the low-frequency radio
sky, namely strong and well-separated radio flashes, typically lasting
20 s and mostly coincident with bright radio sources that become 3–
30 times brighter during the flash, but occasionally up to 100 times
brighter. They typically show no significant dispersion delays and
thus cannot originate from intrinsic variations in the extragalactic
sources they coincide with, so we interpret them as magnification
events caused by near-Earth plasma. Using a naive toy model of
a plasma lens, we show that they are consistent with originating
in the ionosphere around the layer of peak electron density, 300–
400 km in altitude, so they may be the extreme end of ionospheric
scintillation. They do occur both in times when the ionosphere is
otherwise quiescent, albeit rarely, and they become quite frequent
when the ionosphere is very active. At those times, which last from
a few hours to more than a day, there are so many events that we
can trace the development and motion of the active regions across
the sky. In the future, with somewhat higher sensitivity and therefore
a higher source density on the sky, we should be able to detect or
exclude correlated variability of source that are less than 2◦ apart in
the sky and thereby constrain the sizes and motion of the individual
lensing plasma bubbles.
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