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Abstract The X-ray and gamma ray radiation from astrophysical transient sources, like X-ray bursts from
soft gamma repeaters (SGRs) and gamma ray bursts (GRBs), can affect the plasma properties of the lower
ionosphere and middle atmosphere. Multiple very low frequency (VLF) receivers in South America, with an
unprecedented high time resolution of 20 ms, detected one such series of bursts from SGR J1550-5418 on 22
January 2009. Due to lack of other suitable means of observation corresponding to the lower part of Earth’s
ionosphere (∼60–100 km), the VLF detection and analysis of transient ionizing events (mostly of solar
origin) has emerged as an excellent method to investigate various chemical and plasma characteristics at
these heights. Extragalactic events, like SGR bursts and GRBs, with sharp modulation in their radiation time
profile and very high energy photon abundances provide most unique opportunities of such studies with
the possibility of extending even lower heights in the atmosphere. Here, for the first time, an extensive com-
puter model, consisting of the combination of Monte Carlo ionization rate computation, a one dimensional
atmospheric chemistry module, and VLF waveguide mode calculation, for the reconstruction of VLF signal
modulation produced by SGR X-ray burst starting from the observed spectrum and lightcurve of the event is
presented. We gain some valuable insight on the nature of chemical and dynamic evolution over the entire
height range of the atmosphere examined from the exercise.

1. Introduction

Response of Earth’s atmosphere to celestial ionizing events has emerged as a very important area of research
in last few decades. They have been proved to be valuable in both investigating the atmospheric chemical
and dynamical characteristics (Fishman & Inan, 1988; Inan et al., 2007; Mendillo et al., 1974; Mitra, 1968; Palit
et al., 2015; Qian et al., 2012; Raulin et al., 2013; Usoskin et al., 2009) and tracking and analyzing the source and
characteristics of those events (Grubor et al., 2008; Nina & Čadež, 2014; Palit et al., 2016; Tanaka et al., 2008;
Žigman et al., 2007). The ionized part of the atmosphere, namely, the ionosphere, has particularly been at the
center of interest. Along with many terrestrial influences, the Sun is the predominant extraterrestrial driver of
various dynamic evolution at this part of the atmosphere. Apart from the fact that the ionosphere itself is the
result of the ionizing interaction mainly of solar ultraviolet radiation (Nicolet & Aikin, 1960; Watanabe, 1958;
Watanabe et al., 1955), the effect of X-rays from solar flares and energetic particles from various solar eruptive
events, like flares and coronal mass ejection (CME), has been studied extensively (Kolarski & Grubor, 2014; Liu
et al., 1996; Mariska & Oran, 1981; McRae & Thomson, 2004; Palit et al., 2013, 2015; Thomson & Clilverd, 2001;
Velinov et al., 2013).

For the lower ionosphere, remote sensing using very low frequency (VLF) radio waves is an excellent tool to
investigate the dynamic changes in plasma environment during such events. Due to large air drag at these
heights, the satellite measurements are unlikely, and scientific balloons cannot reach those heights. Radio
signals at higher frequencies, like those used in ionosondes and incoherent scatter radars, are usually of very
small and insignificant echoes (due to very small electron density, ∼103 cm−3 at those heights; Hargreaves,
1992; Mathews et al., 1982) and prone to be masked by interference and noise. The ionizing interaction
of photons and charged particles with neutrals, followed by the chemical stabilization processes, modifies
the ambient electron (ion) density in ionosphere, which is designated primarily by Wait’s formula (Wait &
Spies, 1964). The immediate manifestation of such evolution on the absorption level of the electromagnetic
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Figure 1. The figure shows the NPM-EACF and NPM-ROI VLF propagation paths on 22 January 2009 at 05:18 UT in white
lines. The projections of the subflare point and of the Sun on the Earths surface are represented by the black and the
yellow circles, respectively. The dark and light blue areas indicate, respectively, the regions under nighttime conditions
and under solar illumination. At the south of the thick black line, the regions of the Earth illuminated by the flaring
object is located. The figure is taken from Raulin et al. (2014). NPM = Lualualei, Hawaii; EACF = Estacão Antarctica
Commandante Ferraz; ROI = Radio Observatorio do Itapetinga.

energy associated with the VLF radio signal, propagated between a pair of transmitter and receiver, causes
modification in the amplitude and phase of the received signal.

The energetic photons (X-ray and 𝛾-ray) reaching the Earth’s atmosphere from extrasolar transient events
like gamma ray bursts (GRB) and soft gamma repeater (SGR) penetrate deep (as low as ∼20 km; Inan et al.,
2007) into the atmosphere and ionize the neutrals, causing temporary modification in ion densities, hence
affecting the VLF propagation. Though very few of such events have been detected with VLF so far (Fishman
& Inan, 1988; Hurley et al., 1999; Mondal et al., 2012; Nina et al., 2015; Tanaka et al., 2007), they are of utmost
importance requiring thorough investigation (see Raulin et al., 2014, for some discussions). First, any individual
burst from such a source, being very short in duration (with respect to the chemical recombination time scales
at lower ionospheric heights), produces an ionizing disturbance, resembling a spike (or effectively a delta
function in time). Each of these spikes may provide us an excellent opportunity to investigate the chemical
evolution following the disturbance, to accurately determine the electron (ion) recombination rates at these
heights. The second aspect is regarding the detection and probable characterization of the cosmic transient
sources; as in many of such events, the conventional mode of detection, like space-based high energy X-ray
and 𝛾-ray detectors, gets inactive due to Earth’s occultation or saturation, in which cases VLF detection and
analysis may be a viable option.

The observation (Raulin et al., 2014) of VLF signal modulation following such spikes of ionization used here is
due to a series of X-ray bursts from a SGR. Many of such bursts from SGR J1550-5418 on 22 January 2009 were
detected by VLF receivers in two propagation paths (shown in Figure 1) between transmitter NPM (Lualu-
alei, Hawaii, 21.4 N, 158.15 W, frequency: 21.4 kHz) and the receivers Estacão Antarctica Commandante Ferraz
(EACF, 62.72 S, 58.42 W) and Radio Observatorio do Itapetinga (ROI, 23.18 S, 46.55 W), which are part of the
Atmospheric Weather Electromagnetic System for Observation Modeling and Education array (Cohen et al.,
2009). Uninterrupted monitoring of several bursts of SGR J1550-5418 on 22 January 2009 along those two
paths was performed. Depending on whether the VLF signal modulations due to consecutive bursts are dis-
tinct or coupled (i.e., a signal modulation corresponding to a certain peak in the X-ray burst does not occur
during the recovery of the previous one or not), the events are classified as simple and complex types. Never-
theless, all of the modulations have the common feature of sudden decrease in VLF amplitude followed by a
gradual recovery, the later signifying the recovery of the ionospheric characteristics by electron, ion-neutral
recombination processes. The aim of this paper is to reconstruct these VLF modulation with a framework
of three step modeling process. This consists first the calculation of ionization due to the X-ray/𝛾-ray in the
lower ionosphere and middle atmospheric heights using a Monte Carlo simulation, subsequent modeling
of the recovery by chemical recombination processes with an ion-chemistry evolution model and finally the
estimation of VLF signal modulation with waveguide mode calculations.
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According to the mode theory of VLF radio wave propagation (Budden, 1961; Galejs, 1972; Wait, 1962), the
signal at any receiving location is the resultant of the various modes propagating in the waveguide consist-
ing of the surface of the Earth and the lower boundary of the ionosphere, where the waves suffer multiple
reflections during propagation. The VLF phase and amplitude are sensitive to various parameters along the
path, such as lower ionospheric electrical conductivity, presence of atmospheric currents and magnetic fields,
ground conductivity and hence presence of solid crust or ocean, propagation distance between a pair of trans-
mitter and receiver, and so forth. The multiparametric nature of the process makes the analysis or prediction
of VLF signal at any given atmospheric condition complicated. Interpretation or modeling of VLF signal has
been performed mainly with computation model of waveguide mode theory. For this purpose, mode search
algorithms, such as those employed in Long Wave Propagation Capability code (LWPC; J. A. Ferguson, 1998),
have been used extensively.

The most common approach of analysis of VLF signal modulation by transient ionizing events has been to
estimate the changes in ionospheric parameters, like electron and ion densities and conductivity revealed by
those VLF observations (see Schmitter, 2013; Thomson et al., 2005, e.g.). The efforts of interpreting or model-
ing the observed VLF signal modulation by calculating the influence of source radiation on the ionospheric
or atmospheric parameters and then estimating the corresponding changes in propagation characteristic are
handful. Along the line of the later approach, Palit et al. (2013) presented one such model calculations for
the observed amplitude modulation during a X and a M class solar flare. Palit et al. (2015) also formulated
and quantified the observed delay between peaks of the flare X-ray and the corresponding sudden iono-
spheric disturbances (SIDs), in terms of the flare parameters (like intensity and sharpness of the incident X-ray
lightcurve) and atmospheric reaction rate coefficients. The modeling was also extended to investigate the
possibility of extracting the information on the low-energy X-ray flare spectrum from VLF observation (Palit
et al., 2016). These studies are important steps forward in both of the aspects stated earlier, that is, charac-
terization of atmospheric chemistry/dynamics and that of radiation source properties. For events other than
solar flares, the examples are even fewer. Inan et al. (2007) presented their simulation on the VLF signature of
a SGR from a magnetar, based on calculation of ionization by a model spectrum, electron density evolution,
and application of LWPC. Tanaka et al. (2008) tried, instead, Finite Difference Time Domain (FDTD) method,
suitable for short propagation path to model the ionospheric effects of a giant 𝛾-ray flare. As described in the
subsequent sections of this paper, our method of reconstruction of VLF signal amplitude during SGR X-ray
bursts follows the second approach and is analogous to that presented in Palit et al. (2013). In this work, for
the first time, such an extensive computer simulation of the influence of extraterrestrial ionizing events on the
Earth’s atmosphere and VLF wave propagation is performed and reported. It starts with the observed spec-
trum and lightcurve of the SGR X-ray burst event and tries to follow the true physics and chemistry evolution
of the atmospheric region of influence. We also try to improve our insight on the nature and dynamics of the
ion-chemical processes evolving in disturbed part of the atmosphere.

In section 2, we describe briefly the observations to be interpreted or reconstructed with our computational
model. For the details of the VLF data acquisition and analysis, we refer readers to Raulin et al. (2014). In section
3, we elaborate some physical processes competing in the evolution and detection of the ionizing response
in VLF. This discussion will be helpful to grasp the model steps and comparison of model results with observa-
tion, presented in the following two sections. This is also quite important in understanding the modifications
in the model, made over it’s earlier version employed to study the response of VLF wave propagation to solar
flares (Palit et al., 2013). First, section 3 contains a brief qualitative account of the propagation characteristics
of VLF radio waves and the basics of how the ionizing radiation from those bursts cause the modification in
the plasma characteristics of lower ionosphere and middle atmosphere which affects the VLF signal. Second,
we dig a little deeper into the typical spectral and timing characteristics of the above-mentioned extragalac-
tic sources, namely, the SGR X-ray bursts, and how should they differ in producing the ionospheric or rather
atmospheric response than those by solar flares. Section 4 contains the description of the model, consist-
ing the outline of the computation method for Monte Carlo ionization process accompanied by the choice
of input spectrum and light-curve and basics of ion chemistry model and LWPC for the simulation of atmo-
spheric and VLF response. In section 5, we demonstrate the model results, emphasizing on the simulated VLF
amplitude modulation and how do those commensurate with the actual observation. In the last section, we
make some discussions and concluding remarks.
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Figure 2. Modulation in very low frequency amplitude during a complex X-ray burst from soft gamma ray repeater
J1550-5418 on 22 January 2009 starting at 05:17:43.6 UT and observed at ROI (black) and EACF (red) stations. The green
lines show the time evolution of the X-ray count rate detected in ACS/SPI. The blue vertical line on the left represents
the corresponding count rate of 2 × 105 counts.s−1. NPM = Lualualei, Hawaii; EACF = Estacão Antarctica Commandante
Ferraz; ROI = Radio Observatorio do Itapetinga.

2. VLF Observation During SGR X-Ray Bursts
VLF data from two propagation paths (Figure 1) consisting of a single transmitter NPM and two receivers,
namely, ROI and EACF, are used here for investigation. The total lengths of the propagation paths are 13,071
and 12,660 km, respectively. VLF observations are made with a time resolution of 20 ms. Among the total
time window of observation on 22 January 2009, we are interested here in a small part of ∼70 s, during which
both propagation paths were under nighttime condition. The temporal interval includes the VLF signal mod-
ification due to a so called complex X-ray bursts with multiple consecutive peaks starting at 05:17:43.6 UT. In
Figure 1, the region under (south) the thick black line, showing the area of the Earth under illumination of the
X-ray bursts on this occasion, clearly indicates that among the two propagation paths, the portion of total
path illuminated by the bursts is much larger for NPM-EACF one than that of NPM-ROI. This explains why the
deviation of VLF amplitude from undisturbed condition is much greater for NPM-EACF path than the other.

The mean undisturbed VLF amplitude A0 is a function of path length, transmission, and receiver properties
and various propagation path characteristics. To nullify those effects and to demonstrate the comparative
behavior of the change in VLF signal amplitude (ΔA, primarily denoted by the deviation of amplitude from
the corresponding undisturbed value A0), we use and show the relative amplitude change ΔA

A0
as a function

of time in Figure 2. In the figure, we also include the time evolution of X-ray count rate measured by the
Anti-Coincidence Shield of the SPI (ACS/SPI) spectrometer on-board the INTEGRAL satellite (Mereghetti et al.,
2009).

3. Probable Influence of Extraterrestrial X-Rays on VLF Propagation
The waveguide mode theory (Budden, 1961; Galejs, 1972; Wait, 1962), which conveniently describes long dis-
tance (>1,000 km) propagation of VLF radio waves, assumes the horizontally stratified layers of the ionosphere
and the surface of the Earth as the upper and lower boundary of a waveguide. The electromagnetic field at
any point in this waveguide is decomposed into a series of independent field structures, called modes, prop-
agating with different velocities. The vertical electric field strength between the ground and the ionosphere
can be written as a sum of those waveguide modes (Lyn, 2010). The ionosphere is generally assumed to be
inhomogeneous and anisotropic, and the ground is of finite conductivity, while the ionospheric and ground
parameters should be changing with propagation path. With the increase in distances along propagation
path, higher-order modes attenuate out, and the mode structure simplifies.

The refractive index for VLF radio waves in the ionosphere, which is a complex quantity consisting of a refrac-
tive and an absorptive term, determines the effective reflection height of the radio waves propagating in the
waveguide. The effective reflection height is a function of the local properties of the medium, mainly, the
plasma frequency (𝜔p; which varies with altitude, h, as square root of electron number density Ne(h)) and
electron-neutral collision frequency (𝜈e). It also has dependence on wave properties, such as frequency (𝜔),
incidence angle (𝜓 ) of the wave in the ionospheric layer during reflection and propagation direction with
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respect to the Earth’s magnetic field, and so forth (Mitra, 1951). Efficient and advanced computer-based mod-
els, like International Reference Ionosphere (IRI) model (Rawer et al., 1978), provide satisfactory description
of the electron and ion densities in undisturbed ionosphere. Empirical model such as Wait’s formula (Wait &
Spies, 1964), which approximates electron density profile of D region with a simple exponential expression,
is also useful in analysis of VLF radio wave propagation. At any altitude, the ion-neutral collision rate is neg-
ligible compared to other collision rates, namely, the electron-ion and the electron-neutral ones. At heights
above∼120 km, the electron-ion collisions dominate (Schmitter, 2011); however, they are not relevant for VLF
wave propagation since these waves do not reach these altitudes. It is the collision frequencies (𝜈e) between
electrons and neutrals particles, which plays the dominant role in VLF propagation. Among various specu-
lated altitude dependent collision frequency profiles, the one prescribed by Kelley (2009) is the most refined
and widely accepted. This is given by

𝜈e = 5.4 × 10−10nnT
1
2

e , (1)

where nn is the neutral concentration, and Te is the electron temperature. Though the collision frequency
profile is originally described for daytime, we proceed in our simulation assuming that the profile holds also
for the night time situation, so that any variation from daytime to nighttime is implied by the changes in
electron temperatures and neutral concentrations only.

The interaction of oscillating electromagnetic field of the radio wave with the ions (free electron) and the
presence of ion (electron)-neutral collisions cause absorption and reemission of the oscillating field at reflec-
tion height. Absorption of radio waves in the ionosphere also occurs during the passage of the wave through
the ionizing layers of the atmosphere below the reflection height. The collisions between electrons, ions, and
neutral molecules of the ionosphere transfer the propagating wave energy to the thermal energy and thus
reduce the wave intensity.

During extraterrestrial transient events, like solar flares, GRBs, and SGR bursts, the enhanced extreme UV
and/or X-ray radiation levels at the Earth’s atmosphere cause sudden increase in the ionization rate and hence
in electron and ion densities in the lower ionospheric heights and those below it. This types of changes are
broadly termed as SIDs (Mitra, 1974). Typically, a SID is characterized by sudden rise of electron density due to
ionization and gradual fall (recovery) due to various recombinations, attachment, and detachment processes
between the electron, ions, and neutrals in that part of the atmosphere. Depending on the rate of ioniza-
tion and the values of the recombination coefficients (most of which depend on the neutral density values),
the electron density enhancement rate varies over altitudes. The result is the sudden change in the amount
of absorption of VLF wave energy. The modified degree of absorption manifests in VLF signal modulation
causing sudden increase or decrease from the ambient level (depending on the mode interference pattern)
followed by gradual recovery to ambient signal values.

The interaction of radiation from nonsolar/extragalactic transients in Earth’s atmosphere differs in certain
aspects compared to solar transient events, such as

1. Due to the distance of cosmological order, unlike solar transients, for which both photons and charged par-
ticles reach the Earth’s atmosphere, the radiation from such events essentially consist of energetic photons
only.

2. Usually the spectra responsible for atmospheric ionization for such events are harder with higher energy
photons, particularly hard X-rays and soft 𝛾-rays. For solar flares, the part of the spectrum that effectively
modifies the plasma property of ionosphere is soft X-ray (up to ∼10–12 keV), which produces most of the
ionization at heights above∼60 km. Whereas for events like GRBs, SGRs, due to higher energy photon abun-
dance, ionization occurs (by the photons in the energy range from -10 to ∼200 keV) at much lower altitudes
(as low as ∼20 km above ground; Inan et al., 2007).

3. These events are generally much sharper in time evolution. Unlike solar eruptive events, such as solar flares,
which can sustain for few minutes (small B and C class flares) up to few hours (large M and X class flares)
and even for few days (solar proton events following CMEs), they last generally for few millisecond up to
few seconds. So the disturbances they produce in the atmosphere is usually of much shorter time span,
compared to the solar counterparts.

Also, usually it is to be expected, that, disturbances, produced by such nonsolar transient events, should be
detectable at night time mostly. Though for very bright events, daytime signatures have also been observed,
such as that described by Inan et al. (2007).
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During the propagation of VLF with certain frequency 𝜔, the quantity 𝜔r =
𝜔2

p

𝜈
related to the ionosphere,

also called the conductivity parameter (Wait & Spies, 1964), plays the most significant role. The electron
density distribution with height changes continuously during and immediately after such ionizing events.
Combined with the values of the collision frequency, the electron density distribution determines the conduc-
tivity parameter profile and hence govern the approximate reflection height and the amount of absorption.
The electron density evolution on the other hand is regulated by two factors. First of which is evidently the
ionization source parameters, like energy deposition rate and hence spectrum and time profile of the radia-
tion from the source. Second, the ion chemistry, particularly the recombination coefficients, attachment, and
detachment coefficients between electrons, ions and neutrals, play important role during the enhancement
in ionization and particularly at the recovery time, when the source of enhanced ionization is absent. The
collision frequencies between electron, ions and neutrals, which are generally functions of the neutral con-
centration and electron-ion temperature, on the other hand, may vary during such events. Though, during
those ionizing radiation sources and even for events like intense solar flares, there may be huge level of ioniza-
tion; it is usually insignificant enough compared to the neutral concentrations. So modulation in the collision
frequencies by imposing any modification in the neutral density and electron-ion temperature during these
events is negligible.

4. The Model
For the details of the three step computational model, we would like to refer Palit et al. (2013) to the readers.
Here we will outline only the basics of the processes used, emphasizing largely on the modifications done
considering the differences of SGR transient sources compared to solar flares, regarding their influence on
Earth’s atmosphere as described in section 1.

4.1. Atmospheric Ionization by X-Ray and 𝜸-Ray
The first step of the model is the calculation of the rate of ionization during the multiple SGR X-ray bursts at all
relevant heights of the atmosphere. For this, a robust and well-established Monte Carlo detector simulation
program GEANT4 (Agostinelli et al., 2003) is employed. We simulate the layered atmosphere of the Earth with
efficient geometry model, included in the framework. The necessary atmospheric parameters, like neutral
densities, temperature and pressures, are adopted from NASA-MSIS-E-90 atmospheric model (Hedin, 1991)
for the part of the globe consisting the propagation paths investigated. All the necessary physics required for
the study of photoionization, scattering, secondary electron ionization, and so forth are incorporated with
well-developed electromagnetic physics module of GEANT4, where we set the lowest cutoff energy value
of ∼10 eV to track down to the last of the ionization steps. Photons are employed as primary particles with
primary generation class, for which a uniform spectrum with 1,000 (enough number for statistical significance
and yet not very computationally intensive) photons in each of the energy divisions (kiloelectron volt (keV)
bins) are used. Photons with energies from 1 to 200 keV are considered, while each of the primary particles in
those bins is provided a random value in the keV range of the corresponding bin. Here, as we are interested
only in finding altitude variation of ionization rates, which also depends on the angle of photon incidence, the
problem is two-dimensional. To obtain the final information on the ionization rates at any given time during
the period of consecutive bursts, we went through the following normalization procedure. First, we normalize
each of the ionization-height profile corresponding to certain photon incidence angle, obtained from Monte
Carlo simulation, with a model spectrum pertaining to that time. They are further adjusted over time with the
normalized light curve and angle of incidence. We obtained the spectrum of the SGR bursts, required for our
calculation, in the following manner.

The only instrument with a continuous SGR J1550-5418 coverage during the entire day of 22 January 2009
was the SPI/ACS instrument on board INTEGRAL satellite (Mereghetti et al., 2009). However, this instrument
has a higher energy threshold (>80 keV) and provides no energy resolution. During the whole day, about
200 bursts from the SGR were detected with the instrument. Among them, 84 were also detected by the
INTEGRAL/IBIS/ISGRI instrument, and for which spectral information (>20 keV) was available (Savchenko et al.,
2010). Among all the bursts detected, 55 bursts occurred in the VLF observation window (04:15–08:20 UT),
as described in Raulin et al. (2014).

FERMI Gamma-ray Burst Monitor (GBM) detected the SGR bursts on that day, though within a limited time
period (van der Horst et al., 2012). The total time that GBM could not detect bursts from SGR J1550-5418 was
∼11 hr. This is partially due to the passage of the satellite through South Atlantic Anomaly (SAA) and also
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Figure 3. The base spectrum used in our calculation (adopted from
Lin et al., 2012).

due to the occultation of SGR J1550-5418 by the Earth. van der Horst et al.
(2012) made detail temporal and time-integrated spectral analysis of 286
SGR J1550-5418 bursts detected with GBM on that day. For those bursts,
which caused saturation of the GBM detectors due to high count rates,
analysis were done on the unsaturated parts of them only. One such spec-
tral analysis for the unsaturated part of the burst occurring at 06:59:34 UT
on 22 January 2009 is presented pictorially in the paper. Different physical
model is employed for the fitting of spectrum, among which optically thin
thermal bremsstrahlung spectrum best describes the data.

Lin et al. (2012) found 66 SGR J1550-5418 events from the same
source, those are simultaneously observed with GBM (with energy band,
8–200 keV) and Swift/X-ray Telescope (energy band, 0.5–10 keV). They
used 40 of such bursts , those occurred on 22 January of 2009, for broad-
band spectral analysis. The paper represents pictorially the broadband
spectral modeling results of a single burst (at 2:34:28.194 UT on 22 Jan-
uary 2009), jointly fitted with the Comptonized model and the sum of two
blackbody functions (BB + BB) models of the data from X-ray Telescope
and GBM. The spectrum presented in Lin et al. (2012) is fitted in energies
down to ∼1 KeV.

Mereghetti et al. (2009) computed the full ACS/SPI instrumental response (effective area as a function of
energy) for observation of SGR J1550-5418 between 02:46 and 08:18 UT on 22 January 2009. Assuming an
optically thin thermal bremsstrahlung spectrum convolved with ACS/SPI response and normalizing by com-
paring the integrated rate over energy of the test spectrum and observed one for each burst, they found an
X-ray fluence of some of the bursts. In the same manner, Raulin et al. (2014) determined the fluence F25(in
25 keV to 2 MeV energy range) of all the 55 bursts observed in the VLF observation window, with the help of
X-ray observation data obtained with ACS/SPI (http://www.isdc.unige.ch/integral/science/ grb#ACS) and put
in tabular form in the article.

In this paper we adopted the same procedure as followed by Mereghetti et al. (2009) and Raulin et al. (2014)
to calculate the fluence (F0

25) corresponding to the burst at 2:34:28.194 UT on 22 January 2009, for which
Lin et al. (2012) presented the fitted spectrum. We also normalize the whole integral light curve in the VLF
observation range to get the variation of fluence (Ft

25) over time. The fitted spectrum as acquired from Lin
et al. (2012) and presented here in Figure 3 is used as the base spectrum to calculate the electron density from
the ionization-height profile in the Monte Carlo simulation. The normalized light curve during the whole VLF
observation span is obtained by the ratio Ft

25∕F0
25.

For redundancy, we also carried out the same procedure for the burst at 06:59:34 UT, for which the spectrum
is presented in van der Horst et al. (2012). Now, the fluence is calculated for the nonsaturated parts of the
burst at 06:59:34 UT only. We adopted the spectrum of the nonsaturated part of the burst at 06:59:34 UT from
van der Horst et al. (2012) and extrapolate it down to 1 keV with the help of a computer program, which
follows the pattern and almost exactly reproduces the spectrum down to 1 keV, when applied to the spectrum
presented at Lin et al. (2012), with lower cutoff set at 8 keV. Here we also want to mention that the part of
the spectrum below ∼ 10 keV is the least influential in determining the ionosphere electron (ion) density
and hence VLF signal modulation for sources like SGR bursts. This is because, for such sources, unlike solar
flares, the spectrum is highly abundant in higher energies (up to ∼100 keV), and maximum ionization occurs
at height well below ∼60 km. The part of the spectrum (below ∼10 keV), which should mainly contribute
in ionization at ∼70–100 km, is too less abundant in photons to produce any significant enhancement in
electron (ion) densities to effect the VLF propagation. It implies that the accuracy of extrapolation of GBM
spectrum down to 1 keV is of the least importance in this scenario. Use of either of the spectra in our model
is found to generate identical outcome.

4.2. Ion-Chemical Evolution
To estimate the time evolution of electron and ion densities in the lower ionosphere and the atmosphere
below it due to various attachment, detachment and recombination processes, we use a five-constituent
ion-chemistry model. This is an extension of the model employed in Palit et al. (2013), originally invoked by
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Figure 4. Calculated rates of ionization as function of height at the first peak
(solid line) and the brightest peak (dashed line) of the complex burst
presented in Figure 2.

Glukhov et al. (1992), where time evolution of lower ionospheric ion chem-
istry is determined by solving four coupled ordinary differential equations
governing electron and ion production and loss rates for four broadly
categorized electron, ion species concentrations. These are the electrons
(concentration, Ne), negative ions (N−, consisting of O−

2 , CO−
3 , NO−

2 , NO−
3 ,

etc.), light positive ions (N+, composing of mainly O+
2 and NO+

2 ) and positive
ion clusters (N+

x , usually of the form H+(H2O)n). At heights below ∼50 km,
heavy negative ions (N−

x ), generated by interaction of negative ions, such
as NO−

3 and its hydrates NO3(H2O)n with neutral species, play important
role in ion chemistry (E. E. Ferguson, 1979) and hence should necessary
be included in the model. Most significant influence of the heavy negative
cluster ions in the ion chemistry is due to their very high electron affin-
ity (3.91 eV for NO−

3 and higher for the hydrates; Reid, 1979), which makes
electron detachment virtually impossible (Lehtinen & Inan, 2007).

The differential equations governing the time evolution of the electron
and ion densities, consisting of the contribution of various production (+ve
terms) and loss (−ve terms) of ion species at right hand sides are given by

dNe

dt
= I + 𝛾eN− + 𝛾x N−

x − 𝛽eNe − (𝛼dN+ + 𝛼c
dN+

x )Ne, (2)

dN−

dt
= 𝛽eNe − 𝛾eN− − 𝛼iN

−(N+ + N+
x ) − AN−, (3)

dN−
x

dt
= −𝛾x N−

x − 𝛼iN
−
x (N

+ + N+
x ) + AN−, (4)

dN+

dt
= I − 𝛼dNeN+ − 𝛼i(N− + N−

x )N
+ − BN+, (5)

dN+
x

dt
= −𝛼c

dNeN+
x − 𝛼i(N− + N−

x )N
+
x + BN+. (6)

The charge neutrality of the plasma requires

Ne + N− + N−
x = N+ + N+

x . (7)

Here the parameter 𝛽e is the electron attachment rate (Rowe et al., 1974), with a value,

𝛽e = 10−31NO2
NN2

+ 1.4 × 1029(300
Te

)e(−
600
Te

)
N2

O2
, (8)

where, Te is the electron temperature, and NO2
and NN2

are the number densities of molecular oxygen and
nitrogen, respectively. In the calculation of the parameter 𝛽e, the neutral atom concentrations at different alti-
tudes are obtained from NASA-MSIS-E-90 model (Hedin, 1991). The speculated value of electron detachment
rate 𝛾e (Lehtinen & Inan, 2007; Pasko & Inan, 1994) varies widely in the range from 10−23N s−1 to 10−16N s−1,
where, N is the total neutral density. Following Glukhov et al. (1992), the value of 𝛾e is taken to be 3×10−18N s−1.
The value of the effective coefficient of dissociative recombination 𝛼d may vary from 10−7 to 3 × 10−7 cm3/s
(Lehtinen & Inan, 2007; Rowe et al., 1974). Following previous studies , we have used 3 × 10−7 cm3∕s for 𝛼d .
The value of effective recombination coefficient of electrons with positive cluster ions 𝛼c

d has a variation in
the range∼10−6 – 10−5 cm3/s, whereas the value of the effective coefficient (𝛼i) of ion-ion recombination pro-
cesses for all types of positive ions with negative ions is taken to be 10−7 cm3/s (Mitra, 1968; Rowe et al., 1974).
Here the value of 10−5 cm3/s is adopted for 𝛼c

d as suggested by Glukhov et al. (1992). B is the effective rate of
conversion from the positive ions (N+) to the positive cluster ions (N+

x ) and has a value 10−30N2 s−1 (Mitra, 1968;
Rowe et al., 1974), in agreement with Glukhov et al. (1992). The detachment rate (𝛾x) of electrons from heavy
negative ions differs in daytime and nighttime, with probable daytime value of 0.002/s and night time value of
0 (Reid, 1979). According to Lehtinen and Inan (2007), the parameter A, denoting the rate of conversion from
light negative ion to negative cluster ions has a value between 3 × 10−20N s−1 and 10−18N s−1. We use for A
the value of 10−19N s−1. From the discussion above, we see that there is ambiguity in the values of most of the
parameters. This is attributed to the fact that, unlike other parts of the ionosphere and Earth’s atmosphere,
there is no convenient way of direct measurement of the characteristics of lower part of the ionosphere. So
there is no way of getting estimate of such values other than indirect measurements through remote sensing,
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Figure 5. The figure shows the electron density distribution (colored curves)
as function of height, calculated at EACF site and the approximate values of
electron densities required for the VLF reflection at each heights for Kelley’s
(black-dashed line) collision frequency profile. Ambient electron density
during event (black solid line), daytime ambient electron density
(black-dotted line), those during the maximum (X-ray) of brightest peak,
and at various times of the recovery phases are shown with different colors.

laboratory experiments, and numerical simulations. This also makes the
efforts to properly interpret any remote observation of this part of the
atmosphere, such as through VLF radio waves extremely challenging.
Hence, the liberty of investigating with various values of those parameters
might be taken during such model.

At night, the ionization rate per unit volume (I = I0 + It) should consist
of two terms. One is from the cosmic ray contribution (I0), responsible for
maintaining the ionospheric structure at night time in absence of solar
ultraviolet radiation. The other term (It) is due to the ionization by the X-ray
and 𝛾-ray from the SGR bursts. For the ionospheric heights for which the
ambient electron and ion densities at night time are known, such as from
IRI model (Rawer et al., 1978), we can easily find out the approximate rate of
ionization (I0) from cosmic rays to maintain the night time electron density.
This can be done by solving the rate equations simultaneously, provided
the values of the rate coefficients are known. But for most of the heights
(below ∼70 km) we are concerned with, IRI model does not give any elec-
tron and ion concentration values at night time. Even for those heights,
for which the electron/ion densities may be known from IRI model at the
start of the model calculation (in our case, most suitably at day-night ter-
minator time), I0 can be calculated with some extra efforts. Here we adopt
a more convenient method to calculate the ambient ionization due to cos-
mic ray suggested by Lehtinen and Inan (2007). We use an empirical cosmic
ray source of ionization, roughly following the cosmic ray flux attenuation
through atmosphere, given by

Q = Qmax(
N

Nmax
)e(1−

N
Nmax

)
, (9)

where, N is the neutral density, Nmax is that at the ionization production peak altitude hmax, which is initially
taken to be ∼15 km following Reid (1979). Qmax is the electron production rate by cosmic ray at hmax. Depend-
ing on the choice of the chemical rate coefficients, the values of Qmax and hmax are adjusted so that the rate
equations give a steady electron density distribution over the required height range.

With the knowledge of I0 and using the ionization rate per unit volume (It), obtained from GEANT4 simula-
tion and the rate coefficients, we solve the ordinary differential equations (equations (2)–(6)) by fourth-order
explicit Runge-Kutta method to find the residual electron density at various altitudes during the course of the
flare. The time increment of the calculation is adjusted over heights, as the values of rate coefficients, like 𝛽e

and 𝛾e, and hence rate of change of concentrations vary widely (up to a factor of ∼8) in the considered height
range. In the whole process, thorough care of the charge neutrality condition is taken into account.

4.3. Waveguide Mode Calculation with LWPC
Current version of LWPC (J. A. Ferguson, 1998), which is a very versatile and well-known code for calculation
of VLF propagation characteristics over long propagation paths based on waveguide mode theory, allows to
include arbitrary ionospheric variations as an input assumption. This includes the electron density and the
collision frequency values as a function of height. The electron density as function of height calculated from
the ion chemistry model is set as input in the LWPC code. In LWPC, each propagation path is characterized by
the transmitter characteristic parameters, like position in latitude and longitude, transmission frequency, dis-
tance to receiver, and corresponding bearing angle. For greater accuracy, we divide each propagation paths
as stated above, into four horizontal segments and input columnar electron density values calculated at the
midpoints of each region. We have found that division in greater number of segments does not have any
demonstrable effect or improvement in the results. First, we perform our LWPC run with the ambient electron
densities, estimated over the propagation paths, which remain almost constant over the small time period of
calculation (∼70 s). Then we perform our calculation with the disturbed electron density profile at each inter-
val of 0.2 s. For those times when the changes are very rapid, such as at the peak of each burst, we make more
frequent LWPC runs (0.05 s). We found that the time interval chosen in such a way is sufficient to reproduce
the features of VLF modulation reasonably. We use Kelley’s collision frequency profile (equations (1)) in LWPC
calculations. In the next section, we show our model results.
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Figure 6. Electron density evolution during the complex burst at various heights as calculated from ion-chemistry
model.

5. Results
In Figure 4, we show the rate of ionization as function of height calculated from GEANT4 simulation above
the location of receiver EACF for two different times of the complex burst presented in Figure 2. The solid line
represents the ionization rate during the first of the peak at 05:17:43.6 UT, and the dashed curve is that for
the brightest peak at 05:17:51.6 UT. Our simulation shows that ionization extends to height as low as ∼10 km,
with the maximum occurring at ∼24 km. It is the hard X-ray and the softer 𝛾-ray parts of the photon energy
range (∼20–200 keV), which affects the ionization most due to the SGR bursts. The heights for the maxi-
mum of ionization and electron density are not same as can clearly be seen in Figure 5. The solid black and
green curves in Figure 5 represent, respectively, the calculated ambient electron density and that at the time
of maximum ionization during the brightest peak at the EACF location. Though the ionization rate is maxi-
mum at about ∼24 km, the high recombination rates at those heights prevent the large accumulation of free
electrons during the very short duration of the SGR X-ray burst. Steeply decreasing values of recombination
rates with increasing height cause the occurrence of maximum electron density at height (∼55 km) much
above that of the maximum ionization. Due to various recombination processes the enhanced electron den-
sity gradually diminishes from its peak value. The other colored curves represent the electron density during
the recovery phase, after 200 ms (blue), 1 s (orange), and 4 s (pink) of the peak of ionization. From the expres-
sion of effective reflection height (Mitra, 1951), we can calculate the approximate (putting the value of sin2𝜓

to 1) values of electron densities required for VLF reflection to occur at different heights for the given collision
frequency profile. The point at which one such plot intersects a given electron density-height profile should
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Figure 7. Normalized very low frequency amplitude modulations during the
complex burst. The black and red lines are the observed ROI and EACF
profiles, respectively. The green curve is the modeled very low frequency
amplitude evolution for the ROI station, and the blue curve is that for EACF
station. NPM = Lualualei, Hawaii; EACF = Estacão Antarctica Commandante
Ferraz; ROI = Radio Observatorio do Itapetinga.

provide us the approximate reflection height at that condition. In Figure 5,
the black-dashed line represents the calculated electron densities required
at various heights for the effective reflection of VLF waves for collision
frequencies given by Kelley (equations (1)). For the calculation of Kelley’s
collision frequency profile, the neutral density values are obtained from
NASA-MSIS-E-90 atmospheric model (Hedin, 1991). We can see from the
figure that the approximate reflection heights are greater than 80 km
for both ambient condition and during the event, that is well above
the heights (∼30–70 km) where electron and related ion densities are
enhanced after ionization by X-rays and 𝛾-rays from the SGR-bursts. There
is virtually no change in the effective reflection height during the event
from that during ambient condition at the time. This clearly suggests that
for night time, any modification in VLF signal during the SGR X-ray bursts is
not imposed by a change in effective reflection height but is solely domi-
nated by the absorption at heights well below it. If similar X-ray bursts had
occurred in daytime, then the ambient reflection height (∼70 km, as can
be seen from the position of the point of intersection of the black-dashed
line and the daytime ambient electron density profile) would have been
slightly modified by the electron density enhancement caused by the
SGR bursts.

In Figure 6, we show the calculated electron density evolution as function of time during the entire com-
plex burst for different heights. During any of the bursts, the variation in the slope of decay of the electron
densities from the corresponding peak values, as seen in the Figure 6, can be attributed to the variation of
the rates of chemical processes over heights. Though the implications are not quite clear, we note that the
observed VLF amplitude modulation seems to closely follow the time evolution of simulated electron den-
sity at ∼66 km. In Figure 7, we show the modeled VLF amplitude variation over the considered time window
for both the NPM-ROI (green) and NPM-EACF (blue) propagation paths using Kelley’s collision frequency and
compare them with the observed VLF profiles (black for NPM-ROI and red for NPM-EACF paths). It definitely
appears that apart from slight mismatch at the recovery phases following the initial enhancements during
most of the peaks, the modeled profiles follow the observed ones quite closely. The slight discrepancies can be
attributed to the lack of exact knowledge of the values of the adopted chemical rate parameters and, hence,
blunt adoption of some parameters like 𝛾e, 𝛽e, 𝛼d , and𝛼c

d in their proposed ranges. In future, we aim to improve
our ion-chemistry model by treating all the ion species individually instead of grouping them and replacing
single-averaged rate coefficient for each group with the cross section of each individual chemical reactions
involved in the part of the atmosphere. Some existing advanced models such as Sodankylä Ion-Neutral Chem-
istry model (Turunen et al., 1996) or the Whole Atmosphere Community Climate Model (Garcia et al., 2007)
may also be used for improved replication of the observation.

6. Concluding Remarks
In this paper, we exercise the reconstruction of the modulation of VLF amplitude observed during a com-
plex X-ray burst from a SGR with a three-step computation model comprising of (i) ionization rate estimation
with GEANT4-based Monte Carlo simulation, (ii) ionospheric chemistry model based on modified GPI scheme,
and (iii) simulation of subionospheric VLF signal propagation with LWPC code. Instead of the usual and most
popular approach of modeling of such events by varying Wait’s parameters, we have used a more realistic
method starting from actual observed X-ray and 𝛾-ray flux and modeled spectrum from Space instruments.
When possible, this is the most suitable approach of analyzing such observed events in terms of accuracy
and closeness to real physical and chemical processes responsible for such modulations. Very few and justifi-
able assumptions are made during the calculations. In addition to the fulfillment of our primary target, that is,
the reconstruction of VLF signal modulation through extended computer simulation, we have also acquired
some understanding on the modifications of the atmospheric properties under such ionizing disturbance,
like the rate of production of ionization and time evolution of electron and ion density (though not shown
here explicitly) values at different heights of the middle atmosphere and lower ionosphere.

Despite the fact that the knowledge of the chemical processes related to the ions and electrons at
lower-ionospheric heights and the atmospheric layers just below it, where the effect of such cosmic ionizing
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sources is felt most, is not quite exact, we have been able to reproduce the observed signal amplitude quite
satisfactorily. More accurate reconstruction of the observed signal will require more precise and improved
knowledge of the ion and neutral chemistry parameters at ionospheric and middle atmospheric heights.

Each of the stand-alone peaks during such X-ray bursts from SGR, appearing in the model, can be considered
as point source in terms of temporal variation in ionization. Then, these simple bursts provide a promising way
to determine the response of the atmosphere to point like ionizing agents or spikes. This has the potential to
contribute valuable information on the dynamics of D region and layers of atmosphere below it in terms of
the chemistry of the region. In a near future, in addition to further improvement of our model, we will also
concentrate on this very interesting aspect.
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