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Abstract Terrestrial gamma ray flashes (TGFs) are high-energy photon bursts that have been linked to short
bursts of electromagnetic radiation associated with lightning activity. The most puzzling unexplained aspect of
these events is that gamma rays originate from very compact regions of space while the source regions often
seem to be optically dim and radio silent when compared to processes in ordinary lightning discharges. In this
work, we report a mechanism that allows precise quantitative explanation of these peculiar features of TGFs and
their relationships to the observed waveform characteristics of associated radio emissions. The mechanism
represents an extension of earlier ideas on feedback processes in growth of relativistic runaway electron
avalanches (Dwyer, 2003, https://doi.org/10.1029/2003GL017781), and is based on a recent demonstration of
the dominant role of the photoelectric feedback on compact spatial scales (Pasko, Celestin, et al., 2023, https://
doi.org/10.1029/2022GL102710). Since discussed events often occur in isolation or precede formation of
lightning discharges, the reported findings propose a straightforward solution for the long-standing problem of
lightning initiation.

Plain Language Summary We provide explanation of spectacular naturally occurring bursts of
X-rays and accompanying radio emissions that are observed in association with lightning activity in the
Earth's atmosphere. These burst events are commonly referred to as terrestrial gamma ray flashes (TGFs).
The core physical process leading to these events is avalanche multiplication of relativistic electrons
accelerated by force exerted by electric field. In geophysical context, the electric field of sufficient
magnitude and spatial extent for supporting these avalanches is generated either as an ambient field due to
thundercloud electrification or produced in streamer zones of lightning leaders. These electrons radiate
energetic photons (X-rays) as they scatter by nuclei of nitrogen and oxygen atoms in air. These X-rays are
radiated in all directions and some fraction is radiated in opposite direction of electron motion. These
particular X-rays lead to seeding of new relativistic seed electrons due to the photoelectric effect and thus
strong amplification of the original avalanche. It has been established recently that these feedback effects
occur on very small spatial scales, and in this work, we report the first fully time-dependent simulations of
related dynamics, similarity analysis allowing better understanding of characteristics of events observed at
different altitudes, and quantitative comparisons with observations.

1. Introduction

When measured at a close range, lightning initiation is often associated with a short ~1 ps, low intensity, very
high frequency (VHF) radiation pulse, and a weak quasi-static electric field change corresponding to electric
dipole moment QL on the order of only ~0.01 C km (Chapman et al., 2017; Marshall et al., 2014, 2019). Lightning
initiation can be associated with much stronger VHF pulses with durations ~10 ps that are accompanied by
distinct wide band low frequency (LF) waveforms with very sharp rise times (1-2 ps) and dipole moment changes
as high as QL ~ 0.3 Ckm (Rison et al., 2016). These events are referred to as narrow bipolar events (NBEs). The
sources of NBEs are also the strongest naturally occurring sources of terrestrial VHF radiation, yet they are light-
deficient and often even optically undetectable compared to ordinary lightning discharges (Jacobson et al., 2013).
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The sources of these events are compact (on the order of 100 m) and are referred to as compact intracloud
discharges (CIDs) (Nag et al., 2010). It is recognized that these pulses are produced with highly variable mag-
nitudes and many exist with much smaller magnitudes as well (Rison et al., 2016). Chapman et al. (2017) noted
that weak NBE type events initiate some lightning flashes, but many events in the data set they studied (41 out of
71) had no detectable initiation pulse. NBE pulses are distinguished from other electromagnetic signatures
produced by lightning due to their intensities and extremely short rise and fall times, and it has been known that
these events, that can also occur in isolation (i.e., do not necessarily lead to lightning initiation), are very common
and span over more than two orders of magnitude when presented on logarithmic (dB) scale (e.g., Smith
et al., 2002, Figure 14, and references therein). Longer lasting pulses have also been observed with typical du-
rations on the order of ~50-100 ps. These can be produced during initial breakdown activity before the formation
of lightning leaders and usually are referred to as initial breakdown pulses (IBPs) (Marshall et al., 2013; Stol-
zenburg et al., 2013, 2016). More intense (in terms of inferred peak currents reported by lightning detection
networks) versions of these pulses, that are likely associated with stepping of already formed negative leaders, are
referred to as energetic in cloud pulses (EIPs) (Lyu et al., 2015, 2016; Ostgaard et al., 2021; Tilles et al., 2020).
The electric dipole moments for these events are on the order of QL ~ 10 C km (Lyu et al., 2015; Marshall
et al., 2013; Ostgaard et al., 2021; Stolzenburg et al., 2013, 2016; Tilles et al., 2020). These events have been
associated with bursts of high-energy photons referred to as terrestrial gamma ray flashes (TGFs) (Lyu
et al., 2016; Ostgaard et al., 2021) that are discussed in more detail in the next section. The EIPs are now
considered as a robust identifier of TGFs (Lyu et al., 2016, 2024; Pu et al., 2019; Tilles et al., 2020). However, as
was pointed in Pu et al. (2019) and as we further emphasize in the next section with review of more recent data,
there are many TGFs that are not associated with EIPs. Marshall et al. (2013) and Stolzenburg et al. (2013, 2016)
did not have correlations of their reported events with TGFs. However, they suggested that phenomenology of
their events agreed with what was known at that time about lightning initiating discharges leading to TGFs. In this
work, we provide interpretation of fine subpulses embedded in IBP field changes reported in Marshall
et al. (2013) and Stolzenburg et al. (2013, 2016) in terms of discrete relativistic electron avalanches and therefore
provide supporting evidence for their hypothesis.

The feedback effects in development of relativistic electron runaway avalanches have been first introduced in
Dwyer (2003). An explosive growth of the avalanche occurs when positrons and X-rays are launched backward to
the origin of the avalanche and provide additional seeding and replenishment of the avalanche (Dwyer, 2003).
This process has a direct analogy with photoionization feedback in conventional discharges in air when electron
avalanches self-replicate themselves as ultraviolet photons emitted by N,, which is excited due to electron impact,
travel back to the avalanche initiation/source region, and ionize O, upon absorption to feed new avalanches
(Naidis, 2005). In the relativistic case, there are three principal pathways for the feedback process and each can be
characterized by corresponding energy and ambient air pressure-dependent spatial scale: photoelectric absorption
Lpe
photons traveling from the avalanche toward the seeding region participate in the production of runaway electrons
through photoelectric absorption and Compton scattering. These processes are usually referred to as X-ray
feedback (Dwyer, 2003). Photoelectric effect is the most efficient feedback process on small time and spatial

Compton scattering I, and pair production [, (Pasko, Celestin, et al., 2023, Figure 2c¢). Bremsstrahlung

scales as it has the shortest range [,. < [ < [,, and involves direct flight of bremsstrahlung photons from the
avalanche toward the seeding region, not requiring additional scattering interactions involved in the Compton
scattering and pair production feedback channels (Pasko, Celestin, et al., 2023). Using the physical analogy with
photoionization feedback in conventional discharges, we refer to the discharges reported in this paper as pho-
toelectric feedback discharges. A recent study indicates that the photoelectric feedback process plays a dominant
role under controlled conditions in high voltage experiments, in particular, explaining how electrons with
anomalously high energies (exceeding those dictated by the applied voltage by a factor of 3) are produced (Pasko
et al., 2024). The modeling methodology employed in the present work is based on a differential formulation
developed for photoionization feedback problems (Jansky & Pasko, 2020; Jansky et al., 2025; Pasko, Janalizadeh,
& Jansky, 2023).

The purpose of this paper is to demonstrate that relativistic runaway electron avalanches can very quickly
multiply due to the photoelectric feedback process and to provide a unified explanation of short time and compact
spatial scales for the types of discharges discussed above, including those involved in lightning initiation. The
photoelectric feedback discharges directly correspond to the process referred to as fast positive breakdown in the
existing literature (Rison et al., 2016) that we discuss in detail below. Our findings are in agreement with the
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recent analysis of Huang et al. (2021) indicating that a short and not always easily detectable fast positive
breakdown event (Rison et al., 2016) with various magnitudes is commonly present as a lightning initiation event.
We also demonstrate how, depending on the vigor of growth, spatial scale and magnitude of the thundercloud
electric field, the photoelectric feedback discharges can lead to fast positive breakdown with or without strong
VHF producing streamer activity.

2. Phenomenology of TGFs and Related Radio and Optical Emissions

Spectacular naturally occurring bursts of X-rays with tens of mega electron volt energies are observed in asso-
ciation with lightning activity in the Earth's atmosphere. These events were first discovered in 1994 by NASA's
Compton Gamma Ray Observatory (Fishman et al., 1994) and are commonly referred to as terrestrial gamma ray
flashes (TGFs). Although since then many other orbital observatories captured these high-energy events (Briggs
et al., 2011; Marisaldi et al., 2010; Neubert et al., 2020; Smith et al., 2005) and these events have been clearly
linked to very intense but short (approximately 10-50 microseconds) bursts of electromagnetic radiation (Lyu
et al., 2016; Ostgaard et al., 2021), the physical nature of these events remains unclear. Lu et al. (2010) provided
evidence of association of TGF sources with initial development of compact intracloud lightning flash when an
inferred upward propagating leader extended in length from 1.5 to 2 km in a form of five discrete fast discharges.
As was noted in the introduction, EIP pulses are currently considered as a reliable radio signature of a subset of
TGFs. The EIP pulses can be preceded by several milliseconds by flash initiating NBE events, and in one
observation, the EIP sferic evolved independently from streamer activity producing VHF emissions, leading the
authors to suggest that the EIP sferic was produced by relativistic discharge currents (Tilles et al., 2020). In the
same event, the inferred relativistic currents during the main sferic pulse initiated a strong NBE-like event
comparable in VHF power to the highest-power NBEs (Tilles et al., 2020), providing an example of a hybrid event
in which the relativistic discharge process evolved with and without VHF producing streamer activity.

Stanley et al. (2006) reported a TGF event that likely occurred at or near-time of flash initiation. Two NBE events
reported in Shao et al. (2010) and Stanley et al. (2006) were delayed by 3.3 and 2.9 ms, respectively, with respect
to TGFs observed from the orbit, leading these authors to conclude that NBE and TGF events are not related.
Zhang et al. (2021) reported nine TGFs that preceded the occurrence of NBEs by a minimum of 60 ps up to
13.5 ms, and no other fast leader discharge was found within 20 ms before the TGF. The analyses in Zhang
et al. (2021) show that the NBE-preceding-TGFs bear harder energy spectrum with larger proportion of high-
energy photons than EIP-related TGFs produced in association with lightning leaders. In the context of pre-
sent work, the authors made an important suggestion that the gamma ray production by the thunderstorm electric
field could make conditions favorable for the occurrence of NBEs. Ostgaard et al. (2021) provides evidence
indicating simultaneity of EIP sferics and TGFs, likely produced during leader stepping. There are many TGFs
observed from orbit, especially longer duration ones, with no detectable sferics (Bjorge-Engeland et al., 2022).
This once again reiterates the point stated already in the introduction section that there are many TGFs that are not
associated with EIPs (Pu et al., 2019). Pu et al. (2020) reported satellite observation of a TGF produced during the
initial leader development of a cloud to ground lightning flash. The TGF coincided in time with ~120 ps LF/VLF
pulse and was generated 3 ms after the initiation of a downward negative leader and 3 ms preceding a —146 kA
peak current cloud to ground stroke (Pu et al., 2020). This scenario is consistent with TGF production during one
of the steps of propagating the stepped leader (Abbasi et al., 2023).

The recent TGF observations obtained at a close range from either high-altitude aircraft (Bjorge-Engeland
et al., 2024; Marisaldi et al., 2024; Ostgaard et al., 2024) or ground (Abbasi et al., 2018, 2023, 2024; Belz
et al., 2020) are of special interest for understanding of their phenomenology, and we discuss these in the next
paragraphs.

There is a population of TGFs that are not detectable from the orbit, and these events may or may not be associated
with sferics detectable by lightning location networks (Bjorge-Engeland, 2024; Bjorge-Engeland et al., 2024).
Space instruments have observed TGFs with a total number of photons emitted at the source down to ~ 10'°~10"7,
and two to five orders of magnitude lower values (10'2-10'3) have been documented in recently reported high-
altitude aircraft observations (Bjorge-Engeland et al., 2024).

The high-altitude aircraft observations of Ostgaard et al. (2024) also show for the first time the sequence of events
produced by the growth of electric field in thundercloud electrical environment that leads to a sequence of flashes
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of gamma rays with no detectable radio or optical emissions. The observed time sequences of gamma ray pulses
resemble those in the paper originally reporting the discovery of TGFs (Fishman et al., 1994). The authors term
these as flickering gamma ray flashes (FGFs) (Ostgaard et al., 2024). The radio silence and optical darkness of
these events are truly remarkable, and the sequence of FGFs is followed by an abrupt electric field change and a
classic NBE event that initiates an episode with continuous VHF electromagnetic emissions, that is a familiar
characteristic of propagating lightning leaders. The NBE event is delayed with respect to last detectable gamma
ray pulse by several milliseconds (Ostgaard et al., 2024). These millisecond scale delays are consistent with
earlier reports in Shao et al. (2010), Stanley et al. (2006), and Zhang et al. (2021) reviewed above. Ostgaard
et al. (2024) demonstrate for the first time that this sequence of events is repeatable, and that the documented birth
of lightning involves and is likely facilitated by the high-energy electrons responsible for the observed gamma ray
flashes that are apparently present in the same physical space where lightning-initiating NBE event is produced
just several milliseconds later. The work we report in this paper advances a hypothesis that the NBE event co-
incides with the last photoelectric feedback pulse when growing ambient field in thundercloud satisfies conditions
for streamer propagation and growth. Streamers are effectively seeded by the abundance of electrons produced by
photoelectric feedback discharge and the process culminates in the fast field discharge by streamers that produces
sharp CID current waveform leading to emission of the NBE sferic. One of the important contributions of the
present work is that we demonstrate that sequence of weak electric field changes (Chapman et al., 2017; Marshall
etal., 2014, 2019) and pulsations reported in Fishman et al. (1994) and Ostgaard et al. (2024) can be quantitatively
explained using the same photoelectric feedback principles that we formulate in this work.

Abbasi et al. (2018) report ground-based observations of TGFs by the telescope array surface detector in Utah,
USA, associated with downward-propagating negative leaders. The authors noted that the durations of the in-
dividual TGF pulses were <10 ps, and the overall sequence of events was consistent with one or two particularly
energetic leader steps that were confined to the first 1-2 ms of these discharges (Abbasi et al., 2018). We note that
the phenomenology of these events is consistent with that in which X-ray emissions from stepping lightning
leaders were originally discovered (Dwyer et al., 2005; Moore et al., 2001). Abbasi et al. (2018) made a sig-
nificant discovery that energies of these photons extend into the multi-MeV range and estimated a total number of
gamma ray photons in these events to be on the order of 10'2-10'%. Abbasi et al. (2018) note that these events are
essentially the same events as those observed by satellites, but the ground-based observations are more repre-
sentative of the temporal source activity and are also more sensitive than satellite observations, which detect only
the most powerful TGF flashes. The detailed Monte Carlo simulations of photon transport indicate that if pulses of
duration shorter than 10 ps with tens of microseconds separation occur in the production of TGFs, they should be
observable from space, given instrumentation with sufficient time resolution (Berge & Celestin, 2019). It is noted
that the TGF-producing storms reported in these studies had low flashing rates (typically 1-2 min between
flashes) apparently allowing the electrification to build up to large values (Belz et al., 2020). The most recent
studies indicate photon counts up to 8 X 10'* in reported TGF events (Abbasi et al., 2024). We note that these are
lower counts in overall distribution of published TGFs spanning nine orders of magnitude (Abbasi et al., 2018,
2024; Chaffin et al., 2024; Lindanger et al., 2021).

Belz et al. (2020) reported association of TGFs produced during IBPs with subpulses remarkably resembling
those reported in Marshall et al. (2013) and Stolzenburg et al. (2013, 2016) (discussed in the introduction section
of this paper). Specifically, the authors state that TGFs are often initiated at the time of characteristic “sub-pulses”
that occur during large-amplitude, “classic” IBP sferics. They explain these as produced by spark-like transient
conducting events and write (Belz et al., 2020): “That the events are spark-like is indicated by the pointed, cusp-
like nature of their sferics, evidence of a sudden current onset and rapid turnoff, and also by the sub-pulses
repeating several times as the IBP progresses. It should be noted that the final peak of the overall IBP sferic is
also cusp-like, indicating that it too is produced by a spark-like sub-pulse.” The authors also provide a convincing
evidence (please refer to their Figures 3 and 6, and also Figure 4 in Marshall et al. (2013)) of remarkable sim-
ilarities between IBPs with these subpulse structures initiating intracloud (IC) discharges and negative cloud to
ground (—CG) discharges. As already noted in the introduction section, in this work, we provide interpretation of
these fine subpulses in terms of discrete bursts of relativistic electron avalanches. These fine subpulses embedded
in IBP, NBE, and EIP waveforms can be seen in many reported data sets (Chen et al., 2024; Karunarathne
etal., 2021; Liu et al., 2022; Nag & Rakov, 2010; Pu et al., 2019; Rison et al., 2016). A careful inspection of data
shown in Belz et al. (2020) provides evidence of weak fast positive breakdown events in some of the reported
events in agreement with ideas of Huang et al. (2021) discussed in the introduction section. Belz et al. (2020) also
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point to significant differences in durations of the TGFs, being ~5-10 ps for the downward —CG TGFs, versus
~20-200 ps for the upward, IC-generated TGFs. They also note that IC subpulses had amplitudes of ~10-20 V/m,
compared to ~5-10 V/m for —CGs (Belz et al., 2020). They also indicate that IC IBPs tend to have longer
durations than those of —CGs, lasting ~70 ps for the IC IBP versus ~35 ps for the —CG IBP (Belz et al., 2020).
Similar trends are noted in many other publications including those cited above (Chapman et al., 2017; Marshall
et al., 2014, 2019) with observed scaling apparently not being understood yet (see discussion in Chapman
et al. (2017)). In our study, we provide detailed analysis of photoelectric feedback discharges in scaled form and
explain variability of various physical quantities, including the factor of two differences noted above, by vari-
ations in ambient air density at different altitudes in the Earth's atmosphere. Readers are referred to Figure 3 in da
Silva and Pasko (2015) as a reference for general altitude structure of charges (including midlevel negative and
upper-level positive augmented by lower positive and negative screening at the upper cloud boundary) in classical
normally electrified midlatitude thunderstorms leading to initiation of different types of discharges. It should be
noted that charge distributions shift upward by 4-5 km at higher latitudes in tropical thunderstorms due to the
increase in height of tropopause with latitude (e.g., Williams et al., 2006).

High-speed video recordings of luminosity of IBP pulses that precede the conventional stepping leader devel-
opment were reported in Stolzenburg et al. (2013, 2016). As was noted in the introduction section, the authors did
not have associated TGF recordings. However, given our current knowledge reviewed above, these are the same
IBPs that are now known to produce TGFs. Stolzenburg et al. (2013, 2016) report one to one alignment of optical
pulses and weak NBE-like pulses forming IBP sequences discussed above. Stolzenburg et al. (2013) referred to
these pulses as surges of initial leaders because in comparison with conventional stepped leaders, they were
longer, brighter, more separated in time, unbranched, and relit rearward along the entire developing feature back
to the initial point of the flash. We note that for these -CGs the electric field points upward, relativistic electrons
would avalanche downward and the fast positive breakdown, that is discussed below in this paper, would
propagate upward. The observations of Stolzenburg et al. (2013) may therefore be the first direct imaging of the
fast positive breakdown. Stolzenburg et al. (2013) emphasize that an IB pulse is caused by a substantial current
surge that is hundreds of meters long. Stolzenburg et al. (2013) also report another type of IB light that is
characterized by a bright spot, typically appearing a few hundred meters across at maximum, with the luminosity
of the spot increasing over two to three video frames (~20 ps image interval), and then dimming over the next few
frames. It has also been discovered that during the return stroke that followed, this initial region, in which IBP
pulses are forming, behaves differently from the channel below, indicating it is less conductive (Stolzenburg
et al., 2014). It should be emphasized that TGFs are produced during initial breakdown pulses (IBPs) in the first
few milliseconds of the flash (Belz et al., 2020), and also several hundred microseconds later during propagation
of the stepped leader when the leader was observable and video-recorded below the cloud base (Abbasi
et al., 2023). The spectroscopic data available during time intervals when TGFs are produced during leader steps
indicate that spectra is dominated by ionized and neutral atomic lines (including a 777.4-nm atomic oxygen line
usually associated with hot thermalized leader or return stroke channels) before, during, and after the TGF event,
with neutral atomic emissions enhanced during the TGF event (Kieu et al., 2024). The authors contrast these
observations with orbital detections of optical emissions associated with TGFs. In published orbital records, the
onset of TGFs precedes onset of 337.1 and 777.4 nm optical pulses when these are detectable (Bjorge-Enge-
land, 2024; Bjorge-Engeland et al., 2024; Ostgaard et al., 2021; Skeie et al., 2022). We note that passband 400—
900 nm in Kieu et al. (2024) would not allow detection of a (0,0) 337.1-nm s positive band of molecular nitrogen
N,. However, it would allow detection of a strong (0,1) 427.8-nm band of the first negative band system of N7,
that would be a signature of strong nonthermal discharges (streamers). The 427.8 nm emission has not been
detected in Kieu et al. (2024). Mezentsev et al. (2024) report orbital observations of a bright long duration TGF
together with its associated optical recordings (including both blue 337.1 nm streamers, and red 777.4 nm leader
emissions) showing clear temporal separation between the TGF and the optical pulse, with the optical pulse being
clearly distinct and subsequent relative to the TGF.

Gurevich et al. (2006) considered NBEs as manifestation of relativistic runaway breakdown initiated by extensive
atmospheric showers. The process was linked to lightning flash onset and gamma ray emissions, and modeled in a
large (several km) domain without consideration of feedback processes discussed in present work. A joint action
of large cosmic ray-extensive air showers with relativistic runaway electron avalanche multiplication was dis-
cussed in Dwyer and Uman (2014, Section 6.5, and references therein) as a possible mechanism of NBEs, and the
related studies of Arabshahi et al. (2014) concluded that unrealistic thunderstorm properties are required to
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explain measured properties of NBEs. Recently reported evidence indicates apparent ignition of lightning by
cosmic-ray showers (Shao et al., 2025).

In Pasko, Celestin, et al. (2023), it was suggested that there are two principal photoelectric feedback scenarios
when TGFs are produced: as lightning initiation event due to thundercloud electrification or as part of stepping
progression of already initiated negative lightning leader. We demonstrate below that majority of experimental
findings reviewed above can be understood from a common physics point of view. In particular, we require
satisfaction of identical feedback conditions for the electrification and stepping scenarios, and demonstrate below
that X-ray photon fluxes can be substantial even in cases when sferics may not be observable (the feedback
discharge may not produce either LF/VLF spectral content or sufficient current moments for detection). We show
how very weak sferics are produced by the photoelectric feedback discharges that have very short (microsecond
scale) durations and comparable to those often seen as lightning initiation events. In our work, we also relate
known and well-documented occurrences of strong NBE and EIP sferics and TGFs. The proposed modeling
framework allows quantitative explanation of the vast majority of currently accumulated observations of these
weak and strong events at different altitudes in the Earth's atmosphere from common physical perspective. The
specifics include TGF fluences and durations, optical darkness, magnitudes of low and very low frequency (LF
and VLF) IBP, NBE and EIP sferics, including characteristic fine pulsations often seen embedded in waveforms
of these events, existence of weak IBP events that consist of a sequence of weak NBE-like pulses, presence or
absence of strong VHF emissions, the peculiar observations of very fast (typically one tenths of the speed of light)
spatial propagation features termed fast positive breakdown in the present literature, pulsing of TGFs, appearance
of lightning initiating NBE event several milliseconds after several optically dark and radio silent TGF pulses,
appearance of TGF pulses after the lightning initiating NBE event, and low fluence TGFs not observable from the
orbit.

3. Model Formulation

The geometry of one-dimensional coordinate z dependent domain is depicted in Figure la. The relativistic
runaway electrons avalanche from right to left in the discharge volume and emit the bremsstrahlung X-rays due to
their interaction with air. The model has provision to initiate the runaway electron population with a seed density
of one electron per m? placed at z = 0 and z = d, or continuous ambient source S, (m—>s~!) introduced in the entire
domain. The relativistic runaway electrons also produce abundant quantities of low-energy secondary electrons,
positive ions, and negative ions formed by quick two- and three-body electron attachment processes. All nu-
merical implementation details that would allow readers to reproduce results of this work are included in Ap-
pendix A. The model representation of electric field E, applied over distance d is created by two surface charge
densities of equal magnitude but opposite polarity pI and p; as depicted in Figure la. We use a scaling factor

=3 is a reference value

8 = n/ng, where n is altitude-dependent air number density and n, = 2.688 x 10> m
corresponding to standard atmospheric conditions at sea level in Earth's atmosphere. We refer to the scaled field
Ey/5 as the reduced applied electric field required for the inception of self-sustained relativistic runaway dis-
charges in air. This field is a function of the reduced physical dimension of space over which this electric field is
applied, that is, dd, where d denotes the distance over which the electric field is applied. In the range 100 < dé
< 160 m, the E,/§ distribution can be approximated as Ey/5 = 3.728 x 10? (dé)_o‘697 kV cm™!, where dé is in
units of meters. The full distribution is documented in Pasko, Celestin et al. (2023), included in Appendix A as
Figure Ala, and discussed further in Figure 7. Figure Ala includes the abovementioned fit, and both Figures Ala
and 7 provide reference value for the electric field in the streamer zone of negative lightning leader
E_/6 = 12.5 kV cm™! discussed in Pasko, Celestin, et al. (2023). In fields with magnitudes comparable and
exceeding E_ /6, negative streamers can propagate. The E_/6 field is greater than the corresponding field
El/5=44%kV cm™! for positive streamers. Therefore, the double-headed streamers can grow exponentially in
applied fields exceeding E_ /5 as they can self-consistently support simultaneous exponential growth of negative
and positive charges in their respective heads. The exponential growth of the streamers can be characterized by
corresponding time scale 7,6 that is a sensitive function of the applied electric field E,/6 (Pervez et al., 2024b). All
reported numerical results in this paper do not explicitly include space charge effects, VHF radiation, or optical
emissions produced by streamers. Streamers are considered as a derivative of the photoelectric feedback process
and their ability to contribute to space charge effects, produce VHF radiation, and blue optical emissions is
acknowledged only qualitatively when results are discussed in context of existing observations. For the purposes
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Figure 1. (a) Schematics of a one-dimensional simulation domain. (b) The reduced electric field E/6. (c) The reduced charge density p/ 5. (d) The reduced number

density of runaway electrons n,/ &2. (e) The current I. (f) The reduced number densities n/8> of electrons (e, solid line) and positive (p, dashed line) and negative
(n, dashed-dotted line) ions. The quantities are shown as functions of reduced coordinate zé at selected moments of reduced time ¢4 for the case of d6 = 150 m,
E,/6 = 12.5 kV/cm at altitude & = 11 km and assuming a continuous ambient source of runaway electrons .

of discussion that follows in this paper, it is important to note that in applied fields, £,/ > E_/§ streamers can
grow with rates that are faster than the growth rate of relativistic runaway electron avalanches 7,6 ~ [.6/ ¢, where ¢
is speed of light in free space and /.6 is the corresponding applied field-dependent runaway electron multiplication
length (Dwyer et al., 2012) (definition is included in Appendix A). Streamers require seed electrons for their
initiation, and we suggest that the relativistic feedback discharges provide abundance of seed electrons that
facilitate growth of streamers when E,/6 > E_/6 and 7,6 < 7,0, and streamers can play a significant role in space
charge dynamics and screening of the applied electric field. For applied fields E,/6 < E_ /4, relativistic feedback
discharges grow with no participation of streamers, that can be interpreted as 7,0 > 7,0. We demonstrate below
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Figure 2. (a) The reduced current moment /L8, also illustrating relative contributions to the total current of electrons, e; relativistic electrons, re; and ions, i. (b) The
emission intensity of gamma rays /,. Panels (c) and (d) show corresponding time derivatives %(IL) for cases shown in panels (a) and (b) (these do not scale with air

pressure). The quantities are shown as functions of reduced time #6 for the case of d§ = 150 m, E,/6 = 12.5kV/cm at altitude & = 11 km, for the cases of one electron per m?
excitation, and for the continuous ambient source of runaway electrons S, (see text).

that magnitude and vigor of growth of E,/§ with respect to E,/5 can produce both very strong and very weak
discharges, with and without VHF emissions produced by streamers. Very broadly, one can associate examples of
gamma ray glows and flickering gamma ray flashes (FGFs) observed in Eack and Beasley (2015), Eack
et al. (1996), Marisaldi et al. (2024), and Ostgaard et al. (2024) with E,/6 > Ey/6 and E,/6 < E_,/5, a TGF event
observed in Ostgaard et al. (2021) with E,/6 > Ey/6 and E,/6 > E_/5, and a hybrid event observed in Tilles
et al. (2020) with a situation when the driving field is E,/6 > E,/6 and evolves from values E,/6 < E_/8 with no
streamers and VHF emissions to E,/6 > E_/§ with streamer-induced VHF emissions during the event evolution.
It should be noted that in real geophysical situation, the feedback conditions E,/6 > E,/§ can be satisfied by
either keeping the gap size dd constant and increasing of E,/§ in time (this corresponds to vertical motion in
Figure Ala), or keeping E,/§ constant and increasing of the gap size d§ in time (this corresponds to horizontal
motion in Figure Ala), or by any complicated combination of these two. To simplify illustration of principal ideas
of this work in all simulations presented in this paper, the simulation domain size is kept constant, and all effects
are demonstrated by either applying E, of different magnitudes (as a step function at # = 0), or increasing E, as a
function of time with different rates and different model-defined functional dependencies on time.

4. Results and Discussion
4.1. Properties of Photoelectric Feedback Discharges as a Function of Applied Field E,

The step like application of the electric field in time discussed in this section is more readily applicable to cases
when TGFs are produced by stepping of negative lightning leaders that would provide fast increase of the field
above the relativistic feedback threshold in their negative streamer zones as discussed in Pasko, Celestin,
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Figure 3. (a) The reduced dipole moment QL8%; (b) the reduced total number of runaway electrons N,5; (c) the reduced emission intensity of the second positive band
system of N, /,8; and (d) the fast breakdown velocity vg,. The quantities are shown as a function of reduced time #5 for the case of d6 = 150 m, E,/6 = 12.5 kV/cm at
altitude & = 11 km, and the assuming continuous ambient source of runaway electrons S.

etal. (2023). The case of d6 = 150 m and E,/6 = 12.5kV cm™! at altitude # = 11 km is chosen to illustrate model
results in Figures 1-3. The first set of results reported in Figure 1 is presented for a case of a continuous ambient
source of runaway electrons. For & = 11 km & = 0275 and for this case E, = 3.438 kV cm™' and
pt =eoE, =3.042 x 107° C m~2, where ¢ is permittivity of free space. The charge overd X d transverse area
isQ = d2p;r = 0.9051 C (Q6 = 0.2489 C). The relativistic feedback discharge generates plasma space charge
densities of positive and negative polarity schematically depicted in Figure 1a as /); and p,,, respectively. The
distribution of these charges is dictated by the discharge dynamics, but they always sum to exact zero as no charge
is allowed to leave the domain. The overall dynamics of the discharge is to produce screening of the applied
electric field E,, as illustrated in Figure 1b. In practical calculations, the negative charge supplied by electrons and
negative ions accumulates in the form of surface charge density at z = 0. The process is analogical to that observed
in dielectric barrier discharges (Boeuf, 2003). Toward the end of the simulation, the net positive and negative
charges have magnitude Q6 = 0.2478 C (Q = 0.9011 C) at #t5 = 10 ps that is close to the source value mentioned
above (i.e., Q0 = 0.2489 C), but not exactly equal to that value since at t6 = 10 ps system is not fully relaxed yet.
The runaway electrons contribute to the negative surface charge. In air, the stopping distance of runaway electrons
is [,6 < 10 m (Figure 2c in Pasko, Celestin, et al., 2023). This is much shorter than the considered domain
ddé = 150 m, and the present modeling approximates the corresponding charge by the surface charge density at
z = 0 as explained above.

The principal time scales of the considered feedback discharge can be understood by considering time required for
runaway electrons to cover the gap distance dé/ ¢, where c is the speed of light in free space. At altitudes & = 0 km,
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Figure 4. (a) The reduced peak current moment /Ly, 8. (b) The reduced total number of emitted gamma ray photons N, 8. The quantities are shown for reduced gap sizes
dé =100 and 150 m as a function of reduced applied electric field E,/5 and for three altitudes & = 0 km (circles), 11 km (diamonds), and 22 km (squares). The vertical
dashed lines show corresponding relativistic feedback threshold values E,/8 for the chosen gap size values, and the reference value E_./8 = 12.5 kV cm™. The solid lines
show full similarity (FS) solutions obtained assuming v,; = 0 (see text).

h =11km, and & = 22 km, the reduced gap size dé = 150 m corresponds to d = 150 m, d = 545 m, and d = 3 km,
and d/c values of 0.5, 1.82, and 10 ps, respectively. The results shown in Figures 1 and 2 indicate that the
principal relaxation phase of the field and duration of gamma ray pulses and currents the system generates is on
the order of 2/6 ps or two round trips over the domain d§ with speed of light. We note that the present modeling
does not account for finite time required for X-ray feedback photons to propagate toward the seeding region (i.e.,
this propagation is assumed to be instantaneous, see Appendix A). The pulses are expected to be longer due to the
additional time on the order of d/c required for the photon transport. This does not affect any principal con-
clusions of this work. The relaxation of the electric field is illustrated in Figure 1b. We note that for d6 = 150 m
domain, the applied field E,/6 = 12.5 kV/cm in this model example exceeds the feedback threshold field
Ey/6 = 11.3 kV/cm by 10.6%. The positive charge density during the relaxation has a distributed form shown in
Figure 1c. In Figure 1d, the growth of runaway electrons is saturated when their density reaches maximum value
n/8 ~7.45 x 10° m™>. The time growth of n, proceeds in a form of sequential passages of runaway avalanches
through the entire domain seeded by the photoelectric feedback photons. During the last cycle with duration dé/c,
when space charge effects become important, the electric field relaxes (see t6 = 6 and 7 ps in Figure 1b) and the
system decays as it is no longer able to satisfy the feedback conditions for the growth (see drop in n, for 6 = 6 and
7 ps in Figure 1d). At this stage, the plasma conductivity ¢ is mostly defined by the low-energy electron pop-
ulation with density 7., which is determined by balance of the production rate due to runaway electrons and their
loss in two- and three-body attachment collisions 7, = (v, + v,3) 1. (see Appendix A). Having equalized d/c
to the dielectric relaxation time scale, £y/c leads for the case shown in Figure 1d to ny,,, = e9(vp + va3)c/
(dgepv;) =7.35 x 10° m™ in good agreement with modeling. Similar formulas for 7,,, have been previously
given in Dwyer (2007) and Gourbin and Celestin (2024a). The numerical value is consistent with results obtained
in a recent relativistic electromagnetic particle in cell hybrid Monte Carlo simulations (Gourbin & Celes-
tin, 2024b). The current distribution shown in Figure 1e occupies approximately a third of the gap d and represents
a compact radiation source for observational distances of tens of kilometers away. Without loss of generality, the
spatial distribution of related current moment can be approximated by either a constant or a half sinusoid with zero
values at the current extremities (Pervez et al., 2024a). Figure 1f demonstrates very fast dynamics of electrons due
to their production and attachment losses. The positive and negative ions dominate the conductivity at 5 = 6 and
7 us, respectively. These remnant conductivity perturbations due to ions 6;/6 ~ 2 x 107° S/m, corresponding
to the dielectric relaxation times 7,0 = €y/0; ~ 4.6 ps, may facilitate seeding of space leaders and lightning
initiation. The applied field E,/6 = 12.5 kV/cm is sufficient for propagation of both positive and negative
streamers (see discussion in Pasko, Celestin, et al., 2023) and abundance of electrons present for ~1 ps/d at initial
stage of this discharge will seed development of streamers that require only ~10 ns/é for their initiation (Liu &
Pasko, 2004). As part of model calculations, we also traced the time-dependent position corresponding to
max(n.E) where the maximum of streamer-generated VHF emissions are expected to occur. Due to the
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Figure 5. (a) Three different model time dependencies for the applied field E, (the time and the field are shown in nonreduced form) for the case of 6 = 300 m at altitude
h =11 km, and assuming a continuous ambient source of runaway electrons . (b) The emission intensity of gamma rays /. (c) The nonreduced current moment /L.
(d) The nonreduced dipole moment QL. In panels (b)-(d), the quantities are shown as functions of nonreduced time ¢ and for slowly increasing E,/6 from 0.9E at t6 = 0 to
2.7E at t6 = 10 ms using hyperbolic tangent function illustrated in panel (a). The horizontal dashed line in panel (a) shows the relativistic feedback threshold value E; (for

the d6 = 300 m gap), and the horizontal dash-dot line shows value of E.

cr?

both are for the 2 = 11 km altitude. Panels (e) and (f) illustrate gamma ray photon intensities in a
format similar to that of panel (b) but for linear and exponential time dependencies of E,, respectively, illustrated in panel (a).

predominance of electrons in conductivity during this fast stage, this position directly corresponds to progression

of the peak of the current seen in Figure le. During the interval between r = 5/5 ps and 6/6 ps, the current peak

covers distance approximately 15/8 m corresponding to average velocity that can be estimated as 1.5 X 107 m/s.
We refer to this velocity as fast breakdown velocity vg, (Rison et al., 2016). For results shown in Figure 1, the peak
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Figure 6. (a) The model time dependence for the applied field E, (the time and field are shown in nonreduced form) for the case of d6 = 75 m at altitude 2 = 5 km and
assuming the continuous ambient source of runaway electrons S. (b) The emission intensity of gamma rays I,. (c) The nonreduced current moment /L. (d) The
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dd =75 m gap), and the horizontal dash-dot line shows value of E_, both for the 2 = 5 km altitude.

cr?

value of vy, is 3.45 X 107 m/s in good agreement with observations (Pu & Cummer, 2024; Rison et al., 2016;
Tilles et al., 2019, 2020). The full waveform of vg (¢) is included as Figure 3d.

Figures 2a and 2b illustrate time dynamics of current moments and gamma ray photon fluxes that have the same
time scales as discussed above (approximately two round trips with speed of light). The results are illustrated for
the cases of one seed runaway electron and the continuous ambient source of runaway electrons. As expected on
physical grounds, the initiation of a system with a continuous source S, produces a smoother waveform than an
initiation with a 1 per m? seed placed at z = d (see discussion in Appendix A). The sharp pulsations with rise and
fall times on the order of 0.1/0 ps (HF band frequencies 106 MHz) correspond to the final two to three e-folding
lengths [,/6 of individual runaway electron avalanches when they start making measurable contribution to the
current. These pulsations are an intrinsic property of these discharges. For the simulation results shown in
Figure 2a, the current is mostly carried by low-energy electrons with runaway electrons contributing ~3% of the
total current. It is remarkable that careful inspection of smooth current moment /L6 waveform obtained even with
continuous source Sy in Figure 2a indicates that these pulsations are also present in this case. Panels (c) and (d) in
Figure 2 provide time derivative of these waveforms, which is directly proportional to the radiation field com-
ponents, to illustrate the presence of these pulsations. This provides explanation for the fine pulsations routinely
seen in IBP/NBE/EIP waveforms reviewed in the introduction section (Belz et al., 2020; Chen et al., 2024,
Karunarathne et al., 2021; Liu et al., 2022; Marshall et al., 2013; Nag & Rakov, 2010; Pu et al., 2019; Rison
etal., 2016; Stolzenburg et al., 2013, 2016). We emphasize that these short pulsations effectively modulate (or are
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embedded in) each short waveform, with these waveforms forming various longer time sequences. These can
appear as a growing sequence of initial breakdown pulses (IBPs) leading eventually to lightning initiation (e.g.,
Liu et al., 2022), or a weaker pulse sequence following a stronger NBE-like pulse (e.g., Chen et al., 2024). Chen
et al. (2024) refer to modulating/embedded pulsations as ringing, and to the sequence of weaker pulses following
their NBE events as secondary pulses. The occurrence of both of these dynamics (i.e., growing and decaying) is of
special interest as, in accordance with analysis we present in Section 4.3, these represent a sensitive indicator of
the rate of growth of thundercloud electrification.

The pulsations observed in the photoelectric feedback discharges in Figure 2 have direct physical analogy with
pulsations in positive corona discharges that proceed on nanosecond time scales at ground pressure (Jansky
et al., 2025). In both cases, a discreteness of the initiating electron avalanche (either conventional or relativistic)
provides maximum deposition of seed electrons in the source region (either due to the photoionization or due to
the photoelectric effect, respectively) at the time when the avalanche reaches the stage of maximum growth. The
discreteness of this process in time leads to repetition and amplification of these seed-to-full-avalanche cycles
observed as characteristic pulsations embedded in reported waveforms. Understanding of these fine pulsations
represents one of the important contributions of this work. In real geophysical situation, the seeding of these
pulsations is expected to have a random component due to random appearance of cosmic ray secondaries. We
quantitatively demonstrate these pulsations in our work by using two limiting cases: homogeneous seeding of
runaway electrons and a single runaway electron seed. The reported mechanism is not sensitive to the initial
density of high-energy seed electrons; however, we emphasize that the proposed process would not initiate any
discharge in the absence of these seed electrons. The proposed mechanism is therefore broadly consistent with
recent findings of lightning initiation events, including fast positive breakdown followed by the fast negative
breakdown (discussed in more detail in Section 4.4 below), as being preconditioned by cosmic-ray shower events
(Shao et al., 2025). The discussed fine pulsations represent growth of individual relativistic runaway electron
avalanches that map to time-dependent currents and radiated waveforms. The short time scales we report 0.1/6 ps
are clearly different from those produced by the large-scale (domain size ~5 km) relativistic feedback discharges
studied in association with propagating lightning leaders (Dwyer, 2012; Liu & Dwyer, 2013) and in association
with thundercloud electrification (Dwyer, 2025).

We note that the system produces longer pulses for lower applied electric fields. However, the relativistic
feedback produced pulses that cannot be shorter than the scales discussed above. Thus, when measurable, the time
scale of these pulsations can be used to infer the multiplicative spatial scale of the avalanching runaway electrons
/5 and applied electric field E,/5. The peak current moment in Figure 2a for the continuous source is
ILyeakd = 7.1 kA km, and the total number of emitted gamma ray photons corresponding to I, in Figure 2b is
N,6="7.18 X 10'°. The peak number of produced runaway electrons is Nipeakd = 3.36 X 103, and related time
dynamics is illustrated in Figure 3b.

For the model case illustrated in Figure 1, a discharge process would need to generate a dipole moment
Qd = 0.4937 C km with direction opposite to that generating the applied field to fully compensate the applied
electric field. From the simulation results shown in Figure 3a, the dipole moment generated by the discharge at the
end of simulation is QL&*> = 0.0094 C km and QL = 0.1243 C km. This dipole moment is of the same order of
magnitude as generated by strong NBEs (Rison et al., 2016) and also by initial electric field changes (IECs)
reported in Chapman et al. (2017) and Marshall et al. (2014, 2019). The effective dipole length produced by the
discharge is L = QL/Q = 138 m, where Q = 0.9011 C as was already mentioned at the beginning of the results
section. This L is only a fraction of the total gap d = 545.45 m in this model case.

The total number of photons corresponding to the second positive band system of N, for the continuous model
case shown in Figures 1, 2a, and 2b is N, 5 =4.39 x 10'2. The related waveform I(1) is included in Figure 3c.
The Ny, 5* =4.39 X 10'? value when compared to N,5 = 7.18 x 10'® would not produce a detectable signal for a
1 cm? area photodiode photometer used by the FORTE satellite (Kirkland et al., 2001). We note that the FORTE
passband 400-1,100 nm had a 40% reduced sensitivity at 400 nm (Kirkland et al., 2001), but would still allow
unbiased detection of bands of this band system extending up to 450 nm if this band system were strong enough
for detection. The same conclusion can be made for the first negative band system of NJ, whose strong (0,1)
427.8 nm band falls in the same interval, as these emissions do not exceed the strongest (0,0) 337.1 nm band of the
second positive band system (Liu & Pasko, 2004; Xu et al., 2015). We reiterate again the point made above that
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Figure 7. Thin and thick solid lines depict evolution of applied electric field E,/4 as a function of effective gap size d.;6 (see text) for the hyperbolic time variation cases
shown in Figures 5 and 6, respectively. The dashed line shows relativistic feedback threshold field E,/5 as a function of reduced gap size d6 in a format similar to that of
Figure 3 in Pasko, Celestin, et al. (2023) and Figure Ala of the present work. The horizontal dot dashed lines show the conventional breakdown threshold E, /6 and the
minimum negative streamer propagation E_/§ fields.

similarly to FORTE, the passband 400-900 nm in Kieu et al. (2024) would not allow the detection of a (0,0)
337.1-nm s positive band of molecular nitrogen N,. However, it would allow detection of a strong (0,1) 427.8 nm
band of the first negative band system of N7. The 427.8 nm emission has not been detected in Kieu et al. (2024).
Our results therefore support ideas that the relativistic discharges by themselves are dark (often referred to as dark
lightning in previous publications (Alnussirat et al., 2023; Dwyer et al., 2013)). In the present work, we discuss
the conditions when relativistic feedback discharges proceed with and without intense streamer activity. The
streamers similarly to relativistic feedback discharges are nonthermal discharges. At near-ground air pressures,
streamers have a peculiar feature of producing very bright and primarily blue molecular emissions (the second
positive band system of molecular nitrogen N, and the first negative band system of N3) from the localized
regions in their heads. These are still not as bright as atomic emissions produced from channels of thermalized
leaders and return strokes. Therefore, following discussion in Rison et al. (2016), we speculate that the VHF
producing streamers existing in the same physical space as relativistic feedback discharges appear to be optically
dim when explored with instruments having 400-1,100 nm passbands (Jacobson et al., 2013; Kirkland
et al., 2001) designed primarily for detection of bright 777.4 nm atomic oxygen emissions from hot thermalized
channels of lightning leaders and return strokes. We emphasize that there is now an abundant evidence that NBE
discharges are associated with clearly detectable blue emissions observed by blue-sensitive orbiting photometers
and imagers (Chou et al., 2018; Li et al., 2023; Liu et al., 2018).

Figures 4a and 4b document the peak values of the current moment /L,.,.6 and the total number of emitted gamma
ray photons N, for two gap dimensions dé = 100 and 150 m as a function of applied electric field E,/6 and at
three representative altitudes # = 0, 11, and 22 km. We note that N, ~ 3 X 10' is a good reference value for
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detected TGF events that corresponds to 1 photon per cm? at nominal 500-km satellite distance (Carlson

et al., 2010). The values shown in Figure 4b are consistent with and exceed this threshold. Typical values of
L6 Obtained at closer distances from the sources range from 1 to 10 kA km (Karunarathne et al., 2019; Rison
et al., 2016; Tilles et al., 2019). Given the noise levels seen in these data and lightning events (Lyu et al., 2019;
Rison et al., 2016), the signals as low as 0.01-0.1 kA km should be detectable. However, the detectability is
expected to degrade with increased distance. An interesting result that can be seen from Figures 4a and 4b is that
the current moments, that are at the detectability threshold (i.e., 0.1 kA km), still produce TGFs with abundant
numbers of photons (Ny(s ~ 1015), that should be easily observable at a close range. Such weak TGFs have been
observed at a close range from a high-altitude aircraft (Bjorge-Engeland et al., 2024) and from the ground (Abbasi
etal., 2018, 2024; Belz et al., 2020). We note that some of these events occur at later stages of lightning discharge
(but before the return stroke) (e.g., Abbasi et al., 2018), and may relate to leader stepping processes.

The reported features in Figures 1-3 are consistent with observations of narrow bipolar events (NBEs) with
~10 ps durations (Nag & Rakov, 2010; Nag et al., 2010; Rison et al., 2016). In Figure 4, we explicitly show by a
vertical dashed line the threshold field for streamer growth E_ /8. It is clear from this figure that very weak and
very strong photoelectric feedback discharges can be produced with and without VHF producing streamers,
depending on whether the applied field appears above or below the E_ /6 threshold. We suggest that very weak
discharges with and without VHF pulses (many would remain undetectable due to their weakness) can be pro-
duced, and those that were detected were recorded at very close range as in Chapman et al. (2017) and Marshall
etal. (2014, 2019). As noted above, these discharges definitely scale with altitude. They last longer in time and are
associated with higher dipole moment changes at higher altitudes (Belz et al., 2020). It is generally understood
that the electric field needed to initiate lightning scales proportionally to air density and is reduced with increase
of altitude (Marshall et al., 1995). The gas discharges proceed faster at lower altitudes due to increase in (pro-
portional to the air density) frequencies of two body collisions involving electrons. These involve both production
(i.e., ionization) and loss (i.e., attachment). It is reasonable to hypothesize that electric field fluctuations proceed
on a variety of time scales at all altitudes, and only fast electric field enhancements can overcome fast electron
losses at high air pressures at lower altitude in comparison with higher altitudes in the Earth's atmosphere. These
field enhancements are not likely to last a long time and therefore are difficult to observe locally. The highest
inferred fields do not exceed ~E,/3 (Stolzenburg et al., 2007, and references therein), where E} is the con-
ventional breakdown threshold field defined by the equality of ionization and attachment frequencies of electrons
in air. In the present work, we adopt E,/6 = 31.85 kV/cm (Jansky et al., 2025). It is possible that lower air pressure
is responsible for making some of the events longer at higher altitudes. In some published data sets, the longer
duration ~50 ps EIPs (Tilles et al., 2020) clearly appear at higher altitudes than lightning initiating NBEs, and
therefore, air pressure could be at least partially responsible for their longer duration. Additional factors are likely
related to the upward progression (on km scales) of the stepping negative leaders (Heumesser et al., 2021; Kohn
et al., 2020; Lu et al., 2010) leading to significant increase of their potentials and lengths of their streamer zones
and providing robust conditions for feedback discharges (Pasko, Celestin, et al., 2023). In the abovementioned
contexts, the analysis of similarity scaling of photoelectric feedback discharges with atmospheric air density
(altitude) is of special interest and is discussed in the next subsection.

4.2. Similarity Scaling of Photoelectric Feedback Discharges as a Function of Air Density

The similarity laws are useful for understanding how different parameters of the discharge change with ambient
gas density. In this paper, the ambient air density variations are described using parameter 6 introduced at the
beginning of the Model Formulation section. The applied electric field scaling E, proportionally to 6, mentioned
above, is one of the many similarity relations. It is inferred that the ratio E,/8 remains constant in similar dis-
charges and the field in this form is referred to as reduced field. All physical quantities presented in Figures 1-4
and related discussion in previous sections of this paper are expressed in their reduced form. A review of sim-
ilarity relationships and physical grounds for these relationships can be found in Pasko (2006, and references
therein). The scaling of parameters discussed in this work (see full summary in Appendix A) with reduced air
density parameter § can be summarized as follows: time ¢ « 1/8, length d « 1/0, electric field E « ¢, mobilities of
electrons and ions 1/8, all frequencies (except three-body attachment) «d, charge density p and densities of
electrons (including runaway electrons) and ions «&°, current density J « 62, conductivity o « 6, current moment
IL & 1/8, charge Q  1/8, dipole moment QL o 1/ &2, total number of runaway electrons N, « 1/8, total number of
gamma ray photons N, o 1/3, second positive band system of N, emission intensity /y, & 1/8, and the total number
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of related photons Ny, o< 1/ 5%. The gamma ray emission intensity L, the current I, the velocities of electrons and
ions (including runaway electrons), the derivative %(IL), and the fast breakdown velocity vg, do not scale. Since
velocity is scale-invariant, the density is proportional to current divided by area (area scales as o1/6%), and
therefore density scales as x5, as already noted above. The & parameter reduces by a factor of 3 between 6 and
14.2 km, and by a factor of 20 between ground and 22 km altitude. This gives significant increase with altitude to
some observables, such as the total number of emitted gamma ray photons N,. Of special interest is the scaling of
dipole moment QL « 1/ that should result in a significant increase in the quasi-static component of the electric
field from these discharges when measured at a close range. The total number of photons Ny, of the second
positive band system also gets a significant 1/8% boost with increase in altitude. However, given quantitative
results reported below, this generally does not provide a sufficient increase to make it comparable to N, at
thundercloud altitudes. The full similarity (FS) of reported results (i.e., numerically identical results when
expressed in the above listed scaled form) is achieved when the ambient source of runaway electrons S, is scaled
as «xd° and at altitudes where the three-body attachment of electrons becomes insignificant in comparison with the
two-body attachment. Since specific values of S, do not affect any principal results of this work (beyond
introducing simple time shifts in model pulse onset times, see additional discussion in Appendix A), in all re-
ported calculations, we assumed the «&° scaling. The three-body attachment introduces measurable deviations
from the full similarity solutions as illustrated by results in Figures 4a and 4b. The N, values are increased at
lower altitudes due to increase in 7., that is proportional to v,; as explained above (Figure 4b), and the peak
current moment ILey0 is diminished due to additional electron losses at low altitudes (Figure 4a, open circles
corresponding to 7~ = 0 km appear below diamonds (# = 11 km), and diamonds appear below squares
(h = 22 km)). Figure Alb provides distribution of the reduced electric field E/6 as a function of altitude cor-
responding to the condition v,; = v,,. For a representative value of E,/6 = 12.5 kV cm™! chosen for model
analysis in this work two-body attachment frequency exceeds three-body attachment frequency (v, > vy3)
above altitude /2 ~ 9 km.

4.3. FGFs and Initial Electric Field Change (IEC) Enhancing Events

In this section, we demonstrate that sequence of flickering gamma ray flashes (FGFs) reported in Fishman
et al. (1994) and Ostgaard et al. (2024) and weak electric field changes (Chapman et al., 2017; Marshall
et al., 2014, 2019) can be quantitatively explained using the same photoelectric feedback principles that we
formulate in this work. The effects are demonstrated by increasing E, as a function of time with different rates and
different model-defined functional dependencies on time, and physical quantities are shown in nonreduced form
to facilitate comparison with observations.

Figure 5a provides three model examples for a gradual hyperbolic tangent, linear and exponential field growth
cases assuming dé = 300 m at altitude & = 11 km, and continuous ambient source of runaway electrons S,. The
starting applied electric field in this model case is 0.9E, ~ 2 X 10° V/m as can be seen in Figure 5a. The estimated
source charges of positive and negative polarity creating an applied field in this case have magnitude 0 =2.1 C. We
emphasize that it does not matter how fast this charge is generated and what is preceding time history of this charge
buildup (it may take hundreds of ms or tens of seconds to accumulate this charge). The triggering of photoelectric
feedback discharges occurs with a very small increment of the electric field above the E, threshold as results in
Figure 4 demonstrated. For example, a 1% increase in this source charge over 20 ms interval would be sufficient.
This would correspond to a ~1 A charging current fluctuation applied over 20 ms. The example in Figure 5a
corresponds to approximately 100 A charging current as it doubles the field2 X 10° V/min about 20 ms. This leads
to the intense sequence of gamma ray pulses with duration of approximately 100 ps each (measured at half
magnitude level) as shown in Figure 5b. Each pulse in this model case corresponds to approximately 2 x 10!7
gamma ray photons as can be directly estimated from Figure 5b. The readers can scale the results shown in Figure 5
to any other altitude of interest using similarity relationships reviewed in the previous section. For example, at
22 km altitude, the air density is factor 5.5 lower than at 11 km, and the pulse duration will be approximately
0.55 ms; duration of this entire pulse sequence will be 0.2 s, and the total number of emitted gamma ray photons in
each pulse is ~ 10'3. Panel (c) in Figure 5 illustrates time dynamics of current moment /L. Each gamma ray pulse
corresponds to relatively strong peak current moment on the order of ~1 kA km. It is interesting to note that there is
a continuous nonzero current flow between gamma ray pulses that is facilitated entirely by positive and negative
ions (negative ions are formed by quick attachment losses of electrons as was illustrated in Figure 1f). This directly
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translates to periods of continuous growth of the dipole moment QL between fast changes corresponding to gamma
ray pulses as can be seen in Figure 5d. These dynamics of QL would translate to changes of quasi-static electric
fields, if observed at a close range. We suggest that this provides a straightforward explanation of initial E-change
(IEC) enhancing events observed in Chapman et al. (2017) and Marshall et al. (2014, 2019). The model case in
Figure 5 resembles multiple TGF pulses (referred to as FGFs) observed with separations of several milliseconds
reported in Fishman et al. (1994) and Ostgaard et al. (2024). As we further discuss below, the observed pulsations
are produced as the increasing field progressively satisfies the relativistic feedback threshold for shorter and shorter
gaps (where with each pulsation, an additional part of the gap is occupied by a conducting region containing
positive and negative ions). The periodicity of pulsations is a sensitive function of the slope of the increasing
electric field. Panels (e) and (f) of Figure 5 give additional examples for linear and exponential field growth cases,
respectively, with driving field waveforms shown in Figure 5a. We note a factor of two increase in photon intensity
scale in exponential case (panel (f)). For a more gradual increase of the field in time, the magnitude of pulsations is
reduced (both /L., and N, ) and the duration of each pulse and the separation between pulses become longer. Long
duration ~1-10 sec X-ray pulses in and above thunderclouds were reported in Eack and Beasley (2015) and Eack
et al. (1996), and we suggest that this progression naturally evolves into a gamma ray glow regime (e.g., Parks
etal., 1981; Tsuchiya et al., 2013; Wada et al., 2021; Marisaldi et al., 2024, and references therein). As we already
noted above and discussed in Pasko, Celestin, et al. (2023), it is likely that the strongest TGFs are produced by
stepping of negative lightning leaders that would provide fast increase of the field above the relativistic feedback
threshold in their negative streamer zones and not during gradual growth of the field.

The results shown in Figure 5 for 11 km altitude can be linked to initiation of IC discharges. We now illustrate a
discharge developing at lower altitude of 5 km and on shorter time scale of approximately 400 ps that could be
linked to initiation of CG discharges. This model case uses hyperbolic tangent field growth waveform shown in
Figure 6a, assumes a gap size dé = 75 m, and uses a continuous ambient source of runaway electrons S,. The
starting applied electric field in this model case is 0.9E; ~ 10° V/m as can be seen in Figure 6a. The estimated
source charges of positive and negative polarities creating applied field in this case have magnitude Q = 0.154 C.
As can be directly seen from the figure in this model case, ~10% of this charge increase (i.e., ~0.0154) occurs on
time scale of approximately 100 ps, and similarly to case shown in Figure 5, the source current fluctuation
required in this scenario is ~150 A. This model scenario produces two TGF pulses with duration of approximately
3 ps as shown in Figure 6b. Each pulse emits approximately 10'¢ photons that is close but below the nominal
3 x 106 discussed above required for orbital detection, but an order of magnitude above the highest reported
value in ground observations 8 X 10'% (Abbasi et al., 2024) and therefore would be observable from the ground.
Cases in Figures 5 and 6 lead to strong TGF emissions, and we emphasize again that there is a very broad
parametric space (with orders of magnitude lower source currents) that would lead to weaker 10'>—10" total
photon TGFs that still would be measurable at a close range (Bjorge-Engeland et al., 2024). Panel (c) in Figure 6
illustrates time dynamics of current moment /L. The first pulse corresponds to a relatively strong peak current
moment on the order of ~1 kA km. There is a continuous nonzero ion current flow between gamma ray pulses as
discussed with relation to Figure 6¢. The pulse durations and dipole moment QL changes (shown in Figure 6d) in
this model case closely resemble ~0.01 C km IEC-enhancing events for CGs reported in Chapman et al. (2017)
and Marshall et al. (2014, 2019).

4.4. Physical Mechanism of NBEs and Fast Negative Breakdown

The model pulsations observed in Figures 5 and 6 are produced as the increasing field E,/ progressively exceeds
the relativistic feedback threshold field E/§ for shorter and shorter gaps, where with each pulsation, an additional
part of the gap is occupied by a conducting region containing positive and negative ions. Although this scenario is
different from pulsations produced in large-scale discharges (domain size ~5 km) at lower applied electric fields
that are dominated by the positron feedback (Dwyer, 2012, 2025; Liu & Dwyer, 2013), the fundamental physical
origin of pulsations in both modeling approaches maybe identical to what we describe in present work, as in all
considered scenarios, the system needs continuous growth of the electric field applied to the feedback region for
continuation of pulses, and pulsations cease immediately if the growth is terminated. The present work assumes
planar geometry of the applied field, and the role of nonplanar geometry on considered feedback processes on
different spatial scales requires further investigation. In Figure 7, we explicitly plot the progression of the
effective gap dimensions in the course of simulations shown in Figures 5 and 6. The effective gap dimension d.6
is traced in time by finding the coordinate where the applied electric field is reduced to the minimum electric field
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required for development of relativistic runaway electron avalanche E,/§ = 2.76 kV/cm (Dwyer et al., 2012, and
references therein). Figure 7 shows how both 11 km IC initiation (Figure 5) and 5 km CG initiation (Figure 6)
cases closely follow E,,/§ dashed line. The fast positive breakdown solutions driven by the photoelectric feedback
that we simulate in this work occur both at applied fields E,/5 below and above the minimum negative streamer
propagation field £/ shown by the horizontal dot dashed line in Figure 7. The photoelectric feedback dis-
charges are considered as strong sources of free electrons, and as was already noted above in fields E,/6 > E_/5,
streamers develop exponentially and much faster than the photoelectric feedback discharges (Pervez
et al., 2024b). Each double-headed streamer injects a dipole moment that is directed opposite to the one creating
the applied field, and from this physical perspective, streamers serve exactly the same role in screening the applied
electric field as conducting regions created by the photoelectric feedback discharges. In fields E,/6 > E_/6,
streamers perform this screening action much faster than photoelectric feedback; however, we suggest that in
scenarios of lightning initiation, the photoelectric feedback discharges play a mandatory role in seeding of these
streamer discharges. In Figure 5, the streamers are triggered by the seventh pulse as marked in Figure 5c, and we
mark this pulse as NBE. For reference, we also included the E_/§ threshold field in Figure 5a and marked the
NBE production pulse in Figure 7. In CG case of Figure 6, the streamers are triggered with both the first and the
second pulse. In both the IC and the CG scenarios, these pulses are expected to be associated with VHF pulses of
the same duration. In present work, we do not model VHF emissions and streamers to leader transition processes.
It can be speculated that many of these events do not lead to lightning initiation and occur in isolation. In data sets
reported in Ostgaard et al. (2024), the FGF pulses are followed by lightning initiating NBE events, and we suggest
that each NBE event still has gamma ray emissions associated with photoelectric feedback discharge that seeded
streamers, but the photoelectric feedback discharge has been suppressed due to fast screening of the field by
streamers. Streamers by themselves are able to generate runaway electrons and may contribute to seeding of
runaway electron avalanches in streamer zones of already developed lightning readers (Celestin & Pasko, 2011;
Celestin et al., 2015; Moss et al., 2006). However, in virgin air with no electron seeds, the photoelectric feedback
discharges maybe an essential component of the initial breakdown processes leading to lightning initiation. The
observed waveforms of emitted sferics, quasi-static fields measured at a close range, photometric and video
records, and observations of X-ray emissions reviewed in this paper provide support for this hypothesis.

Our analysis is in agreement with ideas expressed in Huang et al. (2021) indicating that a short and not always
easily detectable fast positive breakdown (FPB) event (Rison et al., 2016) with various magnitudes is commonly
present as a lightning initiation event. We also support ideas expressed in Liu et al. (2019) noting similarities
between sprite halo events and FPB. Liu et al. (2019) indicate that in sprite halo case, the high ambient density of
electrons in the lower ionosphere leads to a dynamical response of that system resembling FPB. We suggest that
FPB in case of photoelectric feedback discharges produces a lot of seed electrons that can be interpreted as lower
ionospheric electrons. In Figure 8, we schematically show this high-conductivity plasmoid region, that occupies
only a fraction of the gap d and corresponds to last 2-3 e-foldings of relativistic runaway electron avalanches we
discussed with relationship to our results related to Figure 1 above. It is assumed that applied field E, exceeds the
inception of the self-sustained relativistic runaway discharges field E (with variety of magnitudes and time scales
as discussed in the model cases discussed above). Figure 8 shows three distinct regimes mentioned already at the
end of the Model Formulation section. If E, < E_, where E_, is the minimum negative streamer propagation field,
no intense streamer activity can be produced. This regime may or may not involve VHF silent positive streamers
and leaders, and covers FGF and gamma ray glow regimes. If E, ~ E_, VHF noisy negative streamer heads can
develop simultaneously with positive streamers following general FPB progression of the photoelectric feedback
discharge (also can be referred to as mixed fast breakdown (mixed FB) (Huang et al., 2021)). This regime would
normally correspond to a situation in NBEs and to a situation during formation of the negative streamer zone of

cr?

stepping negative leader (Pasko, Celestin, et al., 2023). If £y, > E_

- VHF noisy negative streamer heads can
develop simultaneously with positive streamers following general FPB progression of the photoelectric feedback
discharge, and VHF noisy negative streamers also can be launched from other remote parts of the gap d not
occupied by the original FPB region. Since these other parts of the gap have lower conductivity and electron
density, the propagation of negative streamers likely follows development of an extensive network of positive
streamers that extends into that region. These positive streamers that accelerate, expand, and branch similarly to
what is observed in sprites below the lower ionosphere (Stenbaek-Nielsen et al., 2025), then initiate similarly fast
growing, expanding, and branching negative streamers that are observed as spanning significantly larger dis-

tances than FPB and are referred to as fast negative breakdown (FNB) (shown in the right part of Figure 8). We
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Figure 8. Conceptual representation of conditions required for transition from fast positive breakdown (FPB) to fast negative
breakdown (FNB) based on relationship between the relativistic feedback threshold E/6 and the minimum negative streamer
propagation E_/§ fields.

note that double-headed streamers undoubtedly exist (Liu & Pasko, 2004), but have never been observed in
sprites. The reason is that streamers in sprites become visible only after significant exponential growth, and we
normally do not see regions of initiation of positive streamers moving downward, and negative streamers appear
to be initiating either from already bright positive streamer channels or from not visible regions at lower altitudes.
Both types of streamers appear as exponentially growing and eventually branching columns of luminosity, with a
typical delay, when negative streamers propagate upward after formation of positive streamers. We suggest that
similar dynamics exist in development of FNB. Interested readers can review related video record and imagery in
McHarg et al. (2021), Stenbaek-Nielsen et al. (2025), and references cited therein) (https://apod.nasa.gov/apod/
ap210104.html).

It is possible to explain various observations of electric and magnetic fields (from quasi-static to approximately
VLF-LF) generated by a lightning related phenomena, including short IBP and NBE low frequency waveforms
reviewed in the introduction section, by considering the dynamics of currents and charges induced on conducting
objects of various conductivities and geometrical configurations subjected to the ambient applied electric field
(e.g., Pasko et al., 1998; Pasko, 2014; da Silva & Pasko, 2015; Cummer, 2020; Ueda et al., 2024). It is also
possible that VHF noisy streamers, that represent an unquestionable part of experimental data discussed in this
paper, are initiated when the ambient electric field fluctuations exceed the conventional breakdown threshold
field E, in small volumes ~ 10~#~1073 m~3 (Kostinskiy et al., 2020). Having considered the existing knowledge,
these streamers should be initiated on very short time scales ~1 ps in 100 X 100 x 100 m>® volumes (Liu
etal., 2022) and given their nominal speeds ~ 10° m s™!, they do need to be initiated nearly instantaneously in the
entirety of the volume (i.e., would not be able to propagate across that volume as it would require time on the order
of ~100 m/10° m s~ = 100 ps). The streamers are experimentally documented to reach propagation speeds on the
order of one tenth of the speed of light ~3 x 107 m/s. However, they spend most of their lifetime at much lower
velocities, while accelerating to these peak values (e.g., Pervez et al., 2024b; Stenbaek-Nielsen et al., 2025, and
references therein). As this work demonstrates, the photoelectric feedback discharges are able to produce strong
ionization in the abovementioned volumes and seed streamers on ~1 ps time scales. The existing evidence of
hard, multi-MeV, X-ray emissions (Abbasi et al., 2018), with the first-principles experiment-driven modeling
values extending to ~60 MeV (Berge & Celestin, 2019), and fine time dynamic details of the fast positive
breakdown (Rison et al., 2016), that represents an intrinsic property of the photoelectric feedback discharges as
reported in this work above, provide an additional evidence in support of these discharges as a unified physical
mechanism of IBPs, NBEs, EIPs, and TGFs.
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5. Conclusions

The results presented in this work provide a unified physical mechanism based on photoelectric feedback dis-
charges for IBPs, NBEs, EIPs, and TGFs. There is an experimental evidence of direct time association of TGFs
with IBPs (Abbasi et al., 2018; Belz et al., 2020) and with EIPs (Lyu et al., 2016; Neubert et al., 2020; Ostgaard
etal., 2021). We explain how VHF and streamer-rich NBEs maybe preconditioned by the optically dark and radio
silent photoelectric feedback discharges several milliseconds before occurrence of these events (Ostgaard
etal., 2024), and suggest that NBEs should be directly associated in time with low-intensity gamma ray emissions
as well. Our results support suggestion of Neubert et al. (2021) that tens of microseconds blue optical pulses
observed at 337.1 nm (corresponding to the second positive band system of N,) are optical fingerprints of NBE
sources observed in radio waves. Most recent findings in Liu et al. (2024) lend further support for this hypothesis.
We show under which conditions photoelectric feedback discharges, that by themselves are optically dark, may
stimulate streamers as existing video imaging of blue jets and pulsating blue jets indicate (Chanrion et al., 2017;
Soler et al., 2021).

Appendix A: Numerical Implementation

The runaway electrons with energy ¢ are characterized by number density 7, and the normalized-to-unity electron
energy distribution function f;(e) = gioe_ﬁ (Ey=1.3 x 10°eV) (Dwyer et al., 2012). These electrons avalanche in

opposite direction to the applied electric field and their avalanche multiplication is characterized by length

1.6 = EL/& a f‘}lu (Dwyer et al., 2012), where E;, = 2.76 kV cm™!. In present modeling, /.8 varies depending on
E/5
spatial distribution of the electric field E(z). The X-rays are attenuated due to photoelectric absorption, Compton
scattering, and pair production. The model approach to the production of secondary relativistic runaway electrons
due to photoelectric absorption of X-rays in the volume of air follows the integral formulation described in Pasko,
Celestin, et al. (2023), and Pasko, Janalizadeh, and Jansky (2023) and assumes that the distribution of runaway
electrons in the discharge volume is mostly controlled by their seeding region at z = d and adopting S,,(d) values
for the entire domain, that is, S,.(z) = Spe(d), where S, is the production rate of runaway electrons in units of

m~3s~!. The physical grounds for this approximation are discussed in Pasko, Celestin, et al. (2023, Section 2.1).
Figure Ala includes documentation of the related threshold values E(/§ versus dé. The deviations from the full
solution shown in the same figure do not exceed 2%. The dynamics of relativistic runaway electrons are described
by the same continuity equation as shown in Pasko, Celestin, et al. (2023), but with addition of the on,/dt term.
The model has provision to initiate the runaway electron population with a seed density of one electron per m?
placed at # = 0 and z = d, or continuous ambient source S, (m~3s~!) introduced in the entire domain. The rate S|,
can represent seeds generated by radon decay or by the cosmic rays (McCarthy & Parks, 1992; Suszcynsky

et al., 1996), or by propagating streamers (Celestin & Pasko, 2011; Moss et al., 2006), depending on the altitude

6
15240 ‘ ‘ ‘ ‘
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Figure Al. (a) The reduced threshold electric field E/8 required for inception of relativistic runaway discharges for different
reduced gap sizes dé in air (Pasko, Celestin, et al., 2023). (b) The reduced electric field E/6 as a function of altitude 4 in the
Earth's atmosphere corresponding to the equality of two- and three-body attachment frequencies of electrons, thatis, v,, = v,3.
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and context. The full similarity solutions discussed in the main text correspond to S, scaling with atmospheric
density as «&°. In practical calculations including nonzero S, values, a value Sy = 10 m™3s~! is assumed at 10 km
altitude (McCarthy & Parks, 1992) and scaled «&° to other altitudes. The system initiation with a single electron
per m? leads to more pronounced fluctuations of 7, in time, and variations in magnitude of S, lead to shifts in the
onset times when space charge effects become important (i.e., the X-ray and current pulses are generated earlier in
time if Sy is increased). This does not affect any conclusions of the present work. The model accurately accounts
for all positive and negative charges generated inside of the simulation domain. The sources and multiplication
of relativistic runaway electrons add positive ions. A model representation of the friction force acting on rela-
tivistic electrons in air against the accelerating force from the externally applied field F(¢) in eV m~!, shown in
Figure 2a in Pasko, Celestin, et al. (2023), can be used to estimate its average over the electron energy distribution
file) as < F > = [°f(e)F(e)de (€V m~!). Having assumed the average energy lost per one electron-ion
pair production (Dwyer & Babich, 2011) ¢* = 34 eV, leads to < F >/e* = 7,644 m~! and to effective fre-
quency v¥ = < F > c/e* =2.29 x 10'2 s7!, where c is speed of light in free space. Independent calculations of
other authors assuming 0.89¢ for average speed of runaway electrons and using < F >/e* = 8,350 m~! (Babich &
Bochkov, 2011; Coleman & Dwyer, 2006; Dwyer & Babich, 2011) leads to similar values v} = 2.23 x 10'? 57!
For all calculations reported in this work, we adopted v}/ = 2.29 X 10'2 s~!. Fully time-dependent versions of
continuity equations are used for densities of low-energy electrons n,, and positive n, and negative n, ions (e.g.,
Liu & Becerra, 2017). The source term .1} is added to equations for electrons n, and positive ions n,. We ignore
photoionization effects in air as the related photon absorption scales do not exceed 1 cm at ground pressure
(Bourdon et al., 2007; Janalizadeh & Pasko, 2019) and are not important for any physical processes in the 100-m
domains considered in this work. Similar to treatments of low-energy electron populations in conventional corona
discharges, we ignore electron and ion diffusion, and electron-ion recombination (Liu & Becerra, 2017). Ignoring
electron-ion recombination is consistent with analysis in Dwyer (2012). The reduced electron mobility 4.0, the
reduced two- and three-body electron attachments v,,/6 and v,3/8°, the reduced electron impact ionization /5,
and the reduced electron impact excitation of the molecular nitrogen N, C°II, state vs,/8 frequencies are
calculated as functions of reduced electric field E/6 using BOLSIG+ software (Hagelaar & Pitchford, 2005;
Janalizadeh & Pasko, 2020). The transition rate of the CII,, state is assumed to be Ap=2 X 107 s7! (radiative
lifetime 0.05 ps), and this state is assumed to be quenched in collisions with molecular oxygen O, with
quenching rate constant k; =2 X 107'® m3s~! (da Silva & Pasko, 2013) corresponding to hq = 28 km quenching
altitude. The reduced mobilities of both positive and negative ions are assumed to be p;/8 = 3 cm?V~!s~!
(Janalizadeh & Pasko, 2021). The recombination rate constant of negative and positive ions is assumed to be
pi=2X 10713 m3s~! (Kossyi et al., 1992; Liu & Becerra, 2017). The total reduced emission frequency of
bremsstrahlung photons per one runaway electron is 1/‘/5 = 1.67 x 107 s~!, which includes all photons emitted in
the energy interval between 1 keV and 100 MeV (Pasko, Celestin, et al., 2023). Most of the conductivity changes
and space charge effects normally develop in a region of maximum of #n, that occupies only a fraction of the
domain length d. Tt is assumed that the area d” in a plane perpendicular to z represents a reasonable approximation
of the discharge transverse extent for which the adopted one-dimensional modeling is valid. In all reported results,
it is therefore assumed that effective volume of the discharge is d°. The reported diagnostics are total number of
runaway electrons N,(f) = d* fod n,dz; gamma ray emission intensity ,(¢) = U;Nr(t) (photons s~1); total number of
emitted gamma ray photons N, = f;* I,(t)d; charge density p = —gene — ey — gehty + geny, (C m~?), where ¢, is
absolute value of electron charge; velocities of electrons and ions v, = —u E, vy, = =, E, v, = i E (m s™); current
density J = —@neve + e C — GeltyVy + genpvy (A m™2); conductivity 6 = genigit, + Geltppt; + qenpp; (S m™);
current 1(z, 1) = d*J(z,1) (A); current moment IL(¢) = j(')dl (z,1)dz (A m); dipole moment QL = f;*IL(r)dt (C m);
2
number of photons of the second positive band system of N, N, = 5o? I, (#)dz. The fast breakdown velocity v, (¥)

second positive band system of N, emission intensity I,(t) = fodvspnedz (photons s71); and the total

(m/s) is calculated by monitoring the time-dependent position of max(n.E). The reported modeling does not
resolve spatial distributions and dynamics of charge and current densities associated with the negative charge
accumulating at z = 0, and the reported vy, (f) (m/s) therefore represents the fast positive breakdown velocity
following terminology adopted in existing literature (Rison et al., 2016; Tilles et al., 2019).
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