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Abstract

Lightning induced radio emission has been observed on solar system planets.
Lecavelier des Etangs et al. [2013] carried out radio transit observations of the exo-
planet HAT-P-11b, and suggested a tentative detection of a radio signal. Here, we
explore the possibility of the radio emission having been produced by lightning ac-
tivity on the exoplanet, following and expanding the work of Hodosán et al. [2016a].
After a summary of our previous work [Hodosán et al. 2016a], we extend it with a
parameter study. The lightning activity of a hypothetical storm is largely dependent
on the radio spectral roll–off, n, and the flash duration, τfl. The best–case scenario
would require a flash density of the same order of magnitude as can be found during
volcanic eruptions on Earth. On average, 3.8× 106 times larger flash densities than
Earth–storms with the largest lightning activity are needed to produce the observed
signal from HAT-P-11b. Combined with the results of Hodosán et al. [2016a] re-
garding the chemical effects of planet–wide thunderstorms, we conclude that future
radio and infrared observations may lead to lightning detection on planets outside
the solar system.

1 Introduction

Since the discovery of the first exoplanet around a Sun-like star [Mayor and Queloz,
1995], more than 3500 planets orbiting other stars have been confirmed1 to exist. This
large number provides us with an adequate sample for statistical studies, and helps us
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Figure 1: Diversity of exoplanets (black dots) and brown dwarfs (brown dots) on a radius–mass
plot (in Earth values, M⊕, R⊕). The colored lines show mass–radius relationships for various
bulk compositions (see Hodosán et al. [2016a]). We note that for some cases the uncertainties
in mass and radius are large enough to move the planet from one compositional region to
the other. The solar system planets are also shown (green circles) for comparison. The large
diversity of planets in size, mass, and chemical composition, results in a large variety of surface
and atmospheric environments. Source of data: exoplanet.eu

learn more about the place of the solar system in the multitude of extrasolar systems. We
can focus on the more detailed characterization of the different types of planets, including
atmospheric chemistry and internal composition. Figure 1 illustrates the large variety
of exoplanets observed so far, including hot Jupiters, mini–Neptunes (e.g. HAT-P-11b),
super–Earths, and even planets smaller than Earth. The diversity of exoplanets in mass
and radius results in divers bulk compositions, which, together with a wide range of
distances from the host star, will suggest that these objects host a large variety of surface
and atmospheric environments. Observational campaigns have revealed that lightning
occurs in very diverse environments on Earth and on other solar system planets. Lightning
is frequently produced in thunderclouds that are made of water and ice particles, and
occasionally in clouds of ice and snow particles, producing ”winter lightning” [e.g. Brook
et al., 1982]. During explosive volcanic eruptions intense lightning activity is observed
in volcano plumes, which are primarily composed of mineral dust particles [James et
al., 2008, and references therein]. Sand storms, dust storms and dust devils are also
well-known hosts of electrical activity [e.g. Yair et al., 2016]. On Jupiter and Saturn,
lightning is produced in dense, vertically extended, convective clouds [e.g. Dyudina et al.,
2004; 2013]. Therefore, the large variety of lightning hosting environments and extrasolar
bodies suggests that lightning occurs outside the solar system [Helling et al., 2016a].

Lightning indicates cloud formation and large–scale convection in atmospheres of plane-
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tary objects. It supports the global electric circuit (GEC) [Wilson, 1921], a continuously
present electric current between the Earth–ionosphere cavity. Furthermore, the Miller–
Urey experiment showed that in highly reductive environments (composed of CH4, NH3,
H2, and H20), such as that thought to be found in early Earth, lightning discharges pro-
duce pre-biotic molecules [Miller and Urey, 1959], which are important for the formation
of life. Though, it is debatable whether the early atmosphere of Earth was such a reduc-
tive one [e.g. Kasting, 1993], the large variety of extrasolar planets suggests that such
environments may exist outside the solar system. It has also been shown that for a large
variety of pre-biotic scenarios [e.g. Patel et al., 2015], hydrogen cyanide (HCN) is the key
simple precursor molecular species for pre-biotic chemistry. Ardaseva et al. [2017] found
that lightning is very effective at generating HCN in the atmosphere of early Earth (as
defined by Kasting [1993]), further supporting the theory that lightning is an important
element for pre-biotic chemistry.

Lightning signatures span the whole electromagnetic spectrum from extremely low fre-
quency radio emission to high-energy X-rays [Rakov and Uman, 2003]. When electric
current is generated by accelerating electrons in a conducting channel, such as it occurs
during lightning, the channel will act as an antenna converting the electric power result-
ing from the time–dependent current into radio waves [e.g. Zarka et al., 2004]. Lightning
radio spectrum covers the few Hz − 102 MHz range [Rakov and Uman, 2003]. Lightning
radio emission has been observed not only on Earth, but on Jupiter, Saturn, Uranus,
Neptune, and potentially on Venus [e.g. Zarka and Pedersen, 1986; Gurnett et al., 1990;
Rinnert et al., 1998; Fischer et al., 2006a; Russell et al., 2008; Yair, 2012]. Recently, radio
observations have opened new paths to study properties of extrasolar objects, such as
brown dwarfs [e.g. Williams and Berger, 2015], which are only a step away from giant gas
planet detections in the radio wavelengths. Electron cyclotron maser emission has been
suggested to be one possible mechanism for this observed radio emission [Grießmeier et
al., 2007]. Several campaigns to observe radio emission from extrasolar planets have been
started [e.g. Lecavelier des Etangs et al., 2013, and references therein]; however, no radio
emission from exoplanets have been conclusively detected.

In this paper, we summarize our work of possible lightning occurrence on an exoplanet
based on previous radio observations of the object [Hodosán et al., 2016a]. We focus on
the tentative radio emission potentially detected from HAT-P-11b and how that gives
information on a hypothetical thunderstorm in the atmosphere of the planet. Section 2
summarizes the radio observations of Lecavelier des Etangs et al. [2013]. Section 3
introduces a simple model of lightning radio emission, and the important formulas needed
to infer lightning activity from its radio signal. In Section 4 we summarize and discuss
our result. In Section 5 we conclude the paper.

2 HAT-P-11b: Radio observations

The exoplanet HAT-P-11b is a mini–Neptune, with size Rp = 4.7 R⊕ and mass Mp =
26 M⊕ (units of Earth radius and mass) [Bakos et al., 2010]. It orbits its host star, a K4
dwarf, at a distance of ∼ 0.053 AU [Lopez and Fortney, 2014]. In 2009, Lecavelier des
Etangs et al. [2013] (hereafter L13) observed a tentative radio signal from HAT-P-11b at



348 G. Hodosán et al.

150 MHz with the Giant Meterwave Radio Telescope, with an average flux of 3.87 mJy.
They conducted the observations during the planetary occultation, when it passed behind
the host star, and found that the signal vanished when the planet was not visible. They
re-observed the planet with the same instruments in 2010, but did not detect any signal.
Assuming that the 150 MHz signal from 2009 was real and was coming from the exoplanet,
the non-detection in 2010 suggests that it was produced by a transient phenomenon. L13
suggested that the radio signal was the result of interactions between the magnetic field
of the planet and stellar coronal mass ejections or stellar magnetic field. If the mJy radio
emission were caused by cyclotron maser emission, a large planetary magnetic field of
50 G would be required [L13]. The strength of the surface magnetic field of the solar
system planets ranges between ∼ 10−4 G (Mars) and ∼ 4 G (Jupiter) [Russell, 1993].

The activity of the star may support lightning activity in close–in planets, as the ionizing
effects of the star on the planetary atmosphere will be enhanced the closer the planet is to
the star [Longstaff et al., 2017]. HAT-P-11b is much closer to its host star than the solar
system planets with lightning, resulting in a stronger irradiation from the star. Studies
suggest that highly irradiated atmospheres will form clouds in very dynamic environments
[e.g. Helling et al., 2016b], which may host high lightning activity [e.g. Helling et al.,
2013]. HAT-P-11b, orbiting its host star closely, likely has a dynamic atmosphere that will
impact the observable cloud distribution [e.g. Fraine et al., 2014; Line and Parmentier,
2016]. The resulting patchy clouds [Line and Parmentier, 2016] could focus potential
lightning activity to a certain region, at certain times covering a large fraction of the
planet. These potentially large, dynamical cloud systems could support the occurrence
of high lightning rates. Here, we hypothesize that the radio signal observed from HAT-
P-11b by L13 was caused by a lightning storm and estimate how much lightning would
be needed to produce an average 3.87 mJy radio signal at 150 MHz. We expand our
previous study [Hodosán et al., 2016a] with the analysis of the effects of various lightning
properties on the final results. This parameter study puts our conclusions (Section 5) into
a new context compared to Hodosán et al. [2016a].

3 Lightning radio emission and flash density model

We assume that the radio signal measured by L13 was real and was originating from HAT-
P-11b. Because of the transient nature of the signal, and because it does not show clear
polarization (L13, their Figure 2), we assume that it was produced by a thunderstorm
that was present over the observed disk of the planet, continuously producing lightning
flashes throughout the observations. As a first step, we treat lightning on HAT-P-11b
with the same physical properties that were measured for Earth or Saturn. Our goal is
to determine how much lightning would be required to produce the observed radio flux.

First, we determine the radio power spectral density, P/Δf [W Hz−1], radiated by one
lightning flash at frequency f [Hz]:

P

Δf
=

P0

Δf

(
f0
f

)n

, (1)
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where P0/Δf [W Hz−1] is the peak power spectral density at peak frequency f0 [Hz],
and n is the spectral roll–off at higher frequencies [Farrell et al., 2007]. The radio flux
of a lightning flash, Iν,fl [Jy], from distance d [m] is obtained from Equation (2) through
P/Δf :

Iν,fl =
(P/Δf)

4πd2
× 1026, (2)

where 1 W Hz−1 m−2 = 1026 Jy. The observed radio flux, Iν,obs [Jy], will be the contribu-
tion of all the lightning flashes occurring during the observation:

Iν,obs = Iν,fl
τfl
τobs

ntot,fl, (3)

where τfl [h] is the characteristic duration of the lightning flash, τobs [h] is the observation
time, and ntot,fl is the total number of flashes. A lightning flash has a much shorter
duration than the observation time, therefore it cannot be considered as a continuous
source. As a result, the contribution of one lightning flash to the observed radio flux has
to be weighted by its duration time over the observation time.

We are interested in the number of lightning flashes producing an average 3.87 mJy radio
flux, which was observed from the direction of HAT-P-11b. This is given by ntot,fl, which
we obtain from Equation (3). Then, we convert the result into flash density, ρfl [flashes
km−2 h−1], which is compared to lightning occurrence rates observed in the solar system:

ρfl =
ntot,fl

2πR2
pτobs

, (4)

where Rp [km] is the radius of the planet. ρfl carries a statistical information on the
occurrence of lightning in space [km] and time [h].

4 Results and discussion

We conduct a parameter study to investigate the effects of the spectral roll–off, n, and the
flash duration, τfl, on the resulting lightning flash densities, ρfl. We note that on Earth the
spectra roll–off is not constant throughout large frequency ranges. It changes from f−2

to f−4 [Rakov and Uman, 2003]. This, however, is not implemented in our study, since
there is no way of telling where the roll–off would change and by how much in different
atmospheres, just like we cannot tell what the roll–off of Saturnian lightning spectra is at
frequencies above the limit of Voyager 1 (∼ 40 MHz) [Zarka and Pedersen, 1983]. In order
to demonstrate the order of thoughts, first we calculate ρfl using a selected set of input
parameters described below, and discussed in more details in Hodosán et al. [2016a].

First, using Equation (1), we determine the power spectral density, P/Δf , of a lightning
flash at f = 150 MHz, the center frequency of the band that was used to observe HAT-
P-11b [L13]. Equation (1) comprises several unknowns, which we determine assuming
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that lightning on HAT-P-11b has the same energetic properties as lightning on Saturn.
Because the frequency dependence of the power spectral density of lightning is a nega-
tive power law (Equation (1)), the peak power spectral density, P0/Δf , and the peak
frequency, f0, can be substituted with values of radiated power spectral density, PS/Δf ,
and measured frequency, fS, on Saturn. Cassini–RPWS measured the radiated power
spectral density of SEDs (Saturn Electrostatic Discharges) to be PS/Δf = 50 W Hz−1

at fS = 10 MHz [Fischer et al., 2006b]. The spectral roll–off, n, is determined by the
duration of a stroke, the fine structure of a lightning flash [Bruce and Golde, 1941]. A
cloud–to–ground lightning flash on Earth is a combination of strokes and interstroke in-
tervals. In our study, we consider the spectral behavior of an SED that was measured
over the time–scale of flashes (∼30 ms) [Fischer et al., 2006a]. SEDs are most probably
composed of several strokes, just like an Earth lightning flash, with stroke durations on
the order of 100 μs [Mylostna et al., 2013], however, since there is no measured power
spectral density for SED strokes, we do not consider the fine structure of lightning flashes
in our study. The spectral roll–off, n, of an SED is not known, therefore we follow the
approach of Farrell et al. [2007], and apply a slightly gentler roll–off, n = 3.5, than the
average Earth value (n = 4). Substituting these values into Equation (1), we obtain the
radiated power spectral density at the source of a single lightning flash at f = 150 MHz,
to be P/Δf = 3.8× 10−3 W Hz−1.

The next step is to calculate the radio flux, of a single lightning flash, using Equation (2).
The only variables are the power spectral density, which we determined to be P/Δf =
3.8× 10−3 W Hz−1, and the distance of HAT-P-11, which is d = 38 pc. The radio flux of
one lightning flash under the assumptions listed above, therefore, is Iν,st = 2.2× 10−14 Jy.

Finally, from Equation (3), we express ntot,fl, the total number of lightning flashes neces-
sary to produce an observed radio flux of Iν,obs = 3.87 mJy [L13]. We apply an average
flash duration, τfl = 0.3 s, which is the largest event duration on Saturn according to Zarka
et al. [2004], and an observation time of τobs = 36 min, which is the integration time for a
single data point in L13 (their Figure 2). The obtained value is ntot,fl ≈ 1.3× 1015 flashes.
To compare our results with literature values of known lightning activity in the solar sys-
tem, we convert ntot,fl to flash density, ρfl applying Equation (4). With τobs = 36 min and
Rp ≈ 0.4 RJ (RJ: Jupiter radius) [Bakos et al., 2010], we find that a thunderstorm with
an average ρfl ≈ 3.8 × 105 flashes km−2 h−1 is needed to produce the observed 3.87 mJy
radio flux from the distance of HAT-P-11b, with parameters n = 3.5 and τfl = 0.3 s.

The spectral roll–off, n, and the flash duration, τfl, are not universal constants, there have
been several different values observed for lightning in the solar system. Therefore, in this
new study, we explore how various n and τfl parameters affect the obtained flash density,
ρfl, in the following parameter study. Zarka and Pedersen [1983] found the SED spectrum
to be relatively flat (n ≈ 0.0) between 1.2 and 40.2 MHz. Fischer et al. [2006b] found
the roll–off of the SED spectrum to be n = 0.5, between 4 and 16 MHz. The reason
for such flat spectral behavior of SEDs, however, is still unknown [G. Fischer, private
communication]. The largest roll–off for lightning on Earth was found to be n = 4 [Rakov
and Uman, 2003]. Therefore, we conduct our study for n = 0 . . . 4 with increments of
0.5. For each n, we calculate the power spectral density (Equation (1)), the radio flux
of a lightning flash (Equation (2)), and the flash density (Equation (4)). In each case,
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Figure 2: Lightning flash density [flashes km−2 h−1], ρfl needed to emit the 3.87 mJy radio
flux measured by Lecavelier des Etangs et al. [2013], depending on what spectral roll–off, n,
is used in Equation (1). The figure also shows the dependence of ρfl on the flash duration, τfl
(Equation (3)). For all the calculations, we assumed that the radiated power spectral density
of lightning on HAT-P-11b is P/Δf = 50 W Hz−1 at f = 10 MHz, as was measured on Saturn
[Fischer et al., 2006b]. The results show that the flatter the radiated power spectrum (the
smaller n), the fewer flashes are needed to produce the observed radio flux (ρfl is smaller). For
the same spectral roll–off, n, the slower discharges produce larger amount of power than quicker
discharges.

we apply a flash duration of τfl = 10−4, 6 × 10−2, and 3 × 10−1 s. 100 μs is the average
stroke duration on Earth [Volland, 1984], and most probably on Saturn [Mylostna et al.,
2013]. 60 ms is the average flash duration on Saturn [Zarka et al., 2006], while 300 ms
is the largest flash duration on Saturn [Zarka et al., 2004]. We note that the duration
of a lightning flash on an extrasolar object is unknown, therefore we use various values
from the solar system, which were obtained for strokes, SEDs and flashes. The results
of the parameter study are shown in Figure 2. We find that the flatter the radiated
power spectrum (the smaller n), the fewer flashes are needed to produce the observed
radio flux (ρfl is smaller). Smaller n means that the radio power decreases much slower,
therefore, one lightning flash will produce larger radio powers at higher frequencies, than
what it would produce if the spectrum was steeper (n was larger). For the same spectral
roll–off, slower discharges release more power than quicker ones. In a best case, physical
scenario with n = 0.5 and τfl = 0.3 s, a flash density ρfl = 114 flashes km−2 h−1 would
be enough to produce the observed radio flux of 3.87 mJy. We do not consider the n = 0
values, as this would mean an overall flat spectrum of lightning, and an infinite amount of
released power, which is unphysical. The most realistic case based on SED measurements
(n � 0.5, with τfl = 60 ms) would result in the requirement of ρfl,3 � 570 flashes km−2

h−1. Throughout the paper, when we refer to the ”realistic case”, we consider the choice
of τfl and n to be realistic and not the resulting flash density itself.



352 G. Hodosán et al.

Table 1: Lightning flash densities from HAT-P-11b (from this work and Hodosán et al., [2016a])
and examples from across the solar system. All values are from Hodosán et al., [2016b], apart
from (*), which was obtained from Huffines and Orville [1999]. The top table lists values
according to planets, the bottom one shows volcanic eruptions on Earth.

Planet Flash density
[km−2 h−1]

Planetary hemisphere
surface area [km2]

Comment

HAT-P-11b 114 5.47× 109 ρfl,1, n = 0.5, τfl = 0.3; this work
3.8× 105 ρfl,2, n = 3.5, τfl = 0.3; this work
5.7× 102 ρfl,3, n = 0.5, τfl = 0.06; this work

Earth 0.1 2.55× 108 largest average in the USA(∗)

2.29× 10−4 global average from LIS/OTD data
Saturn 5.09× 10−6 2.13× 1010 from Cassini (2010/11) data
Jupiter 1.43× 10−6 3.07× 1010 from New Horizons (2007) data

Volcano Flash density [km−2 h−1] Eruption
Eyjafjallajökull 0.1 2010 Apr 14−19

0.32 2010 May 11−20
Mt Redoubt 12.04 2009 Mar 23

2× 103 2009 Mar 29 (phase 1)

Table 1 lists our result for HAT-P-11b in comparison to a few examples of flash densities
observed in the solar system. We only list the best case (ρfl,1 = 114 flashes km−2 h−1), the
example case (ρfl,2 = 3.8× 105 flashes km−2 h−1), and the most realistic case (ρfl,3 = 570
flashes km−2 h−1) for HAT-P-11b. This comparison shows that, a thunderstorm with
a lightning occurrence rate obtained for the hypothetical storm on HAT-P-11b ranges
between thunderstorms with flash densities of the same order of magnitude as the Mt.
Redoubt eruption showed in 2009 March 23, and thunderstorms never seen in the solar
system before. However, we have to remind ourselves, that the Jovian and Saturnian
values are based on data from spacecraft, which can only observe the most energetic
flashes from the planet [Hodosán et al., 2016b]. Secondly, we assumed that lightning on
HAT-P-11b produces the same amount of energy and radio power that is known from
the solar system. Hodosán et al. [2017, in preparation] showed that lightning can be
more energetic and produce 2−8 orders of magnitude more radio power on hot exoplanets
(Teff = 1500 . . . 2000 K) and brown dwarfs, than lightning on Earth. They used a dipole
radiation model to investigate the effects of several modeling and physical properties of
lightning (e.g. discharge duration, extension of the discharge, number of charges in the
channel) on the energy and power release in radio wavelengths. The model was based
on electric field and current models developed for Earth lightning [e.g. Bruce and Golde,
1941]. HAT-P-11b orbits the host star on a very close orbit, resulting in high atmospheric
temperatures, and a planetary object that the solar system does not contain. Therefore,
it is reasonable to think that if lightning exists on HAT-P-11b, it is more energetic and
more frequent than lightning in the solar system.
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5 Conclusions

Here (also in Hodosán et al. [2016a]), we determined the lightning occurrence rate (flash
density, ρfl) of a hypothetical thunderstorm on the mini–Neptune HAT-P-11b, that could
produce the average 3.87 mJy radio flux observed from the direction of the system by
L13. We conducted a parameter study to investigate how the spectral roll–off, n, of the
lightning radio spectrum, and the flash duration, τfl, affect the resulting ρfl.

Our results indicate that to produce a 3.87 mJy radio flux at 150 MHz, from the distance
of HAT-P-11b, a thunderstorm with average flash densities many orders of magnitude
larger than what has been observed in the solar system is required. However, in a best–
case scenario, the flash density of the hypothetical storm on HAT-P-11b, is of the same
order of magnitude as was observed during the 2009 March eruption of Mt Redoubt
(Table 1). HAT-P-11b is a hot planet, larger than Earth, orbiting close to the host star,
a type not known from the solar system. The close orbit may enhance lightning activity.
Also, Hodosán et al. [2017, in preparation] showed that hot giant planets could produce
lightning flashes that release a radio power up to 8 orders of magnitude larger than
lightning on Earth, which would further support a ”small flash density − large radiated
lightning power” scenario. However, we have to remember that in our study we assumed
that the hypothetical thunderstorm covered the whole observable face of the planet. In
the solar system, the most energetic lightning flashes were observed from Saturn, but the
the occurrence rate of Saturnian lightning is limited only to a few percent of the total
surface of the planet and in time they occur very rarely [e.g. summary in Hodosán et
al. 2016b]. Similarly, even though the flash density of volcanic eruptions is very large on
Earth, it is limited to a short period of time and a small area on the planet [e.g. James
et al., 2008].

We conclude that lightning on exoplanets may produce observable radio signatures if its
radio spectrum around 10 MHz is similar to Saturnian lightning spectra, and above that
it becomes close to flat. In this case, from the distance of HAT-P-11b, lightning storms
with flash densities ten times bigger than the average largest ones in the USA, would be
enough to produce radio emission with a flux of a few mJy, if the thunderstorm covers half
the planet. However, considerations regarding occurrence rates of lightning on Saturn and
Earth, and our results for the most realistic Saturnian-like flash density case (n = 0.5,
τfl = 0.06 s) suggest that the 3.87 mJy radio emission observed from the direction of
HAT-P-11b was not produced by lightning activity, since the required flash density of
ρfl,3 = 570 flashes km−2 h−1 is unrealistically high. For future lightning observations
a combined radio and optical observing campaign is desirable, especially when directly
imaged planets and close brown dwarfs are studied. Such observations should be followed
up by infrared telescopes looking for signatures of chemical changes in the atmosphere,
caused by lightning activity, as was suggested in Hodosán et al. [2016a].
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