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Abstract
In this work we implement an analytically derived coupling function between ground-level
and primary proton particles for the case of ground-level enhancement events (GLEs). The
main motivation for this work is to determine whether this coupling function is suitable for
the study of both major cases of cosmic-ray (CR) variation events, namely GLEs and For-
bush decreases. This version of the coupling function, which relies on formalism used in
quantum field theory (QFT) computations, has already been applied to Forbush decreases
yielding satisfactory results. In this study, it is applied to a GLE event that occurred on 10
September 2017. For the analytical derivations, normalized ground-level cosmic-ray data
were used from seven neutron-monitor stations with low cutoff rigidities. To assess and
evaluate the results for the normalized proton intensity, we benchmark them with the time
series for the proton flux, as recorded by the GOES 13 spacecraft during the same time
period. The theoretically calculated results for proton energy ≥ 1 GeV are in general agree-
ment with the recorded data for protons with energy > 700 MeV, presenting a least-squares
linear best fit with slope 0.75 ± 0.17 and a Pearson correlation coefficient equal to 0.62. We
conclude that the coupling function presented in this work is the first coupling function that
is well applicable to both cases of cosmic-ray intensity events, namely GLEs and Forbush
decreases.
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1. Introduction

Cosmic rays (CRs) are highly energetic particles originating from various sources within
or beyond our solar system – and even galaxy – that are constantly present at Earth and its
space surroundings. The galactic cosmic-ray (GCR) flux consists mostly of protons and is
modulated heavily by solar activity in the course of the nominal, 11-year solar cycle (SC).

Apart from GCRs, at times, high-energy particles of solar origin also appear; they are
commonly referred to as solar energetic particles (SEPs), and they are produced during pow-
erful solar eruptions, such as major solar eruptive flares associated with coronal mass ejec-
tions (CMEs). SEP events of exceptional intensity and energy (i.e., above 400 – 500 MeV)
manage to precipitate through Earth’s magnetosphere and atmosphere. During their atmo-
spheric propagation, they participate in multiple collisions/interactions with (neutral) atmo-
spheric particles, producing atmospheric showers of secondary particles, some of which
are recorded by ground-based detectors, such as neutron monitors (NMs) (Simpson, 2000).
These classes of highly energetic SEP events that are recorded on the ground are known as
ground-level enhancements (GLEs) and were identified initially by Forbush (1946). GLE
events are of great importance mainly because their study can reveal important informa-
tion on particle-acceleration mechanisms in interplanetary space as well as the structure and
properties of the interplanetary magnetic field (Dorman, 2004; Andriopoulou et al., 2011;
Balabin et al., 2018). In addition, GLE events have a significant effect on the short-time
variation of atmospheric ionization (Velinov, Asenovski, and Mateev, 2013). Recently, it
was found that an extreme SEP event could even lead to a large increase in fair-weather
downward current density on a global scale (Golubenko et al., 2020). Moreover, the study
of GLEs is deemed to be very important for the determination of radiation dosage at air-
plane altitudes (Bütikofer and Flückiger, 2009; Mishev et al., 2018; Copeland, Matthiä, and
Meier, 2018; Mishev and Usoskin, 2018; Kataoka et al., 2018; Tezari et al., 2020) and for
understanding the effects of particulate radiation on human health in general (Shea and
Smart, 2000). GLEs are most commonly recorded by high-latitude NM stations where the
geomagnetic-field lines are significantly more “open”, i.e., closing at infinity. Given their
relation to major solar eruptions, GLEs occur statistically during maxima of solar-activity
cycles.

September 2017 was the most active month in SC24, showing increased particle flux
associated with solar activity. During the first ten days of the month, 19 GOES M-class and
4 GOES X-class solar flares were recorded. The two largest solar flares of this cycle, namely
an X9.3 flare on 06 September and an X8.2 flare on 10 September, were recorded only a few
days apart. The X8.2 flare on 10 September 2017 was triggered at 15:35 UT (SOL2017-09-
12T16:06 at coordinates S08W88, within Active Region NOAA AR 12673 (hereafter AR
12673). The flare reached its maximum at 16:06 UT, leading to high-energy SEP events with
proton energies exceeding 700 MeV nucleon−1. As measured by the Solar and Heliospheric
Observatory (SOHO)/Large Angle and Spectrometric Coronagraph (LASCO) coronagraph,
the initial speed of the CME was recorded at 3620 km s−1, measured at an angle of 270◦
to the West from the leading edge of the structure (Mishev et al., 2018). The result of this
ultrafast CME and associated SEP events was the formation of GLE72, the first one since
May 2012 and the second one of the entire SC24. We note that during previous SC19 – SC23,
the average occurrence of GLE events was one per year (Belov et al., 2010; Usoskin et al.,
2020). Thus, SC24 is considered as a low-activity cycle in terms of occurrence of GLE
events. The GLE72 event can be described as highly anisotropic and of low intensity (Kurt
et al., 2019), as can be seen from the recorded GLE amplitudes of the NM stations (Table 1).
According to the GLE Alert plus System of the National and Kapodistrian University of
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Athens (cosray.phys.uoa.gr/), the Fort Smith (FSMT) NM station was the first to
record this event at 16:18 UT. After that, the Apatity (APTY) station at 16:47 UT, Kerguelen
(KERG) at 16:53 UT, and Inuvik (INVK) at 16:58 UT were in Alert Mode and an automated
e-mail message was sent to registered users (Souvatzoglou et al., 2014; Mavromichalaki
et al., 2018).

In this work we apply the theoretically derived coupling function of Xaplanteris et al.
(2020, 2021) to the GLE72 event. The main difference between our computed coupling
function and others widely used is the methodology we applied, computing it analytically by
means of fundamental quantum field theory (QFT) calculations and tools (Feynman graphs,
renormalization technique, etc.) (Peskin and Schroeder, 1995; Weinberg, 1995; Griffiths,
2008; Srednicki, 2007). The majority of other coupling/yield functions are based on a sta-
tistical simulation model or tool. Examples of such coupling functions include:

• The Mishev et al. (2018) yield function, derived with the PLANETOCOSMICS simu-
lation tool (Desorgher et al., 2005), based on the GEANT 4 package (Agostinelli et al.,
2003).

• The Clem and Dorman (2000) function, derived numerically through Monte Carlo simu-
lations.

• The Caballero-Lopez and Moraal function (2012), also discussed by Maurin et al. (2015)
and its updated version (Caballero-Lopez, 2016), which considers muons, Cherenkov, and
stratospheric-balloon detector-response functions.

Our theoretically derived coupling function has already been tested on Forbush decreases
(Fds), yielding satisfactory results. In particular, in its initial version it was used for the
study of the Fds of February 2011 and March 2012, producing very encouraging results
when compared to the ones obtained by Dorman’s coupling function (Dorman et al., 2000;
Xaplanteris et al., 2020), meaning very similar temporal profiles and amplitude values for
the primary proton spectrum that differed by less than 1%. Shortly thereafter, the improved
version (wider energy spectrum and altitude-correction factor) was applied to the Fd of
September 2017 (and again March 2012), yielding again a high Pearson correlation coeffi-
cient of the order r = 0.95 when compared to the coupling functions obtained by the Global
Survey Method (GSM) (Belov et al., 2018; Xaplanteris et al., 2021).

The purpose of this work is to apply our coupling function to the case of GLE events, for
the first time, in order to assess the suitability of this analytical approach for this important
class of events, as well. We do not, a priori, see a theoretical reason why this function could
not be used to describe GLE events, in addition to Fd events. It is important to note that even
though these two classes of events are of different nature, their observable effects on CR in-
tensity are qualitatively similar: variations in the form of normalized decrease or increase of
the detected CR intensity. Our analytical model focuses solely on the computation of such
variations, regardless of their origin. Moreover, a satisfactory application to GLE events
would further increase the validity of the obtained results on the primary cosmic-ray parti-
cles and render this approximation suitable for a wider range of CR events, e.g., solar CR
events such as study of the solar wind, particle-acceleration mechanisms, and space-weather
applications.

2. Data Selection

2.1. Neutron-Monitor Data

For the study of GLE72, recorded on 10 September 2017 at 16:18 UT, five-minute neutron-
monitor data corrected for pressure and efficiency were considered. The data were obtained

http://cosray.phys.uoa.gr/
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Table 1 Characteristics of the neutron-monitor stations considered for the study of GLE72 on 10 September
2017, including the recorded GLE amplitude of each station (the maximum % increase value).

NM
station

Abbrev. Geo.
coord.

Cutoff
rig.
[GV]

Cutoff
energy
[GeV]

Atm.
pressure
[mb]

Altitude
[m]

Alt.
cor.
factor

Onset
time
[UT]

GLE
ampl.
[%]

Yakutsk YKTK 62.01 N
129.43 E

1.65 0.96 1003 105 1.02 16:30 6.26

Kerguelen KERG 49.35 S
70.27 E

1.14 0.53 1000 33 1.01 16:53 5.00

Apatity APTY 67.57 N
33.4 E

0.65 0.20 1010 181 1.03 16:47 3.88

Oulu OULU 65.05 N
25.47 E

0.80 0.30 1000 15 1.00 16:30 5.82

Fort Smith FSMT 60.02 N
111.93 W

0.30 0.05 1000 180 1.03 16:18 6.07

Inuvik INVK 68.36 N
122.72 W

0.30 0.05 1000 21 1.00 16:58 5.88

Terre Adelie TERA 66.7 W
140.0 E

0.01 0.00 987 32 1.00 17:01 6.37

from the high-resolution real-time Neutron Monitor Database (NMDB: www.nmdb.eu;
Mavromichalaki et al., 2011). The choice of NM stations used in this study was based on
the value of the cutoff rigidity of each station. More specifically, since GLE events become
more evident in high-latitude NM stations with low cutoff rigidity/cutoff energy values and
GLE72, in particular, was of low intensity (Kurt et al., 2019), we used data from seven
NM stations with low cutoff-rigidity values, ranging from 0.01 GV (TERA) to 1.65 GV
(YKTK). Table 1 provides this information along with additional characteristics (abbrevia-
tion, geographic coordinates, atmospheric pressure at the time of detection, altitude, altitude-
correction factor, onset time, and the recorded GLE amplitude).

Normally, the inclusion of NM stations with cutoff-energy values below 1 GeV (which
corresponds to a cutoff rigidity of 1.6 GV) would be avoided since our coupling function
holds for energies above this value, E ≥ 1 GeV (Xaplanteris et al., 2021). That said, we
consider the above stations in this study for two reasons: first, because the low-intensity
GLE72 should be studied mostly by NM stations with lower cutoff rigidities in order to
record significant event amplitudes. Secondly, because we seek to assess the applicability of
our theoretical coupling function to NM stations with lower rigidities.

Temporal profiles of the normalized CR intensity from all seven NM stations used are
shown in Figure 1. For the normalization of the intensity values, we used the known relation:

δN(t)

N
= N(t) − N0

N0
, (1)

where N0 is the average intensity (counts sec−1) for the 30 minutes preceding the start of the
event (14:00 – 14:30, five-minute values).

In the computations, we used a power-law function for the proton normalized intensity
(see Equation 5 below), as was done in the study of Fds by Xaplanteris et al. (2021). We
note that the CR spectrum during GLE72 can be described by a combination of exponential
and power-law forms (Balabin et al., 2018). Differences between the two kinds of spectra
become evident in the high-energy region. More specifically, if an exponential form is con-

http://www.nmdb.eu
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Figure 1 Temporal profile of the normalized cosmic-ray intensity recorded by seven NM stations on 10
September 2017, from 14:00 UT to 11 hours thereafter. The mean value of the interval 14:00 – 14:30 UT of
this day was used for normalization. The early detection of the event by the Fort Smith NM (FSMT) station
is indicated by an arrow.

Table 2 Power-law γ -values of
GLE72 on 10 September 2017
obtained from Mishev et al.
(2018).

10 September 2017 time interval
[hh:mm – hh:mm]

Power-law
γ -values

Rate of spectrum
steepening δγ

16:15 – 16:20 4.8 0.8

16:30 – 16:35 5.5 0.7

16:45 – 16:50 5.6 0.3

17:00 – 17.05 6.4 0.2

17.30 – 17:35 7.1 0.0

18:00 – 18:05 7.4 0.0

18:30 – 18:35 7.3 0.0

19:00 – 19:05 7.6 0.0

20:00 – 20:05 7.7 0.0

21:00 – 21:05 7.9 0.0

22:00 – 22:05 8.1 0.0

sidered, then there are fewer high-energy protons compared to the power-law form, due to
the steeper depression of the spectrum slope. In GLE72, the proton spectrum was closer to
a power-law form, meaning that more high-energy particles were present.

The values of the exponent [γ ] of the fitted power law were obtained from Mishev et al.
(2018). For the determination of the γ -values, Mishev and Usoskin (2018) considered NM
stations with cutoff rigidities ranging from zero GV (Terre Adelie: TERA) to 8.53 GV
(Athens: ATHN), thus covering practically the entire energy spectrum. The γ -values for
some specific temporal intervals taken from Mishev et al. (2018) are presented in Table 2.
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Figure 2 Temporal profile of the average proton flux at energy channel of 46, 104, 148, 375, 465, 605, and
> 700 MeV, as recorded by the GOES 13 spacecraft during 10 and 11 September 2017.

2.2. Spacecraft Data

For the evaluation of the results, data from the GOES 13 spacecraft were used for direct
comparison between the calculated and the recorded values of normalized proton intensity.
The data were downloaded from satdat.ngdc.noaa.gov/sem/goes/data/avg/2017/09/goes13/
csv/. More specifically the P5, P6, P7, P8, P9, P10, and P11 channels were considered,
corresponding to proton fluxes of 46 MeV, 104 MeV, 148 MeV (Sandberg et al., 2014),
375 MeV, 465 MeV, and 605 MeV in units of p cm−2 (s sr MeV)−1 and an integral proton flux
of > 700 MeV (processed as a differential flux at 1000 MeV in units p cm−2 (s sr MeV)−1),
respectively. The temporal profile of the proton fluxes mentioned above are presented in
Figure 2.

For the remainder of this work, we will only use the data values from the energy channel
of protons with E > 700 MeV (black line) for comparison with the calculated proton nor-
malized intensity. This channel is measured by the High-Energy Proton and Alpha Detector
(HEPAD: Rinehart, 1978; Raukunen et al., 2020) onboard GOES 13.

3. Application of the Coupling Function

The starting point of our calculations is the relation between secondary and primary cosmic-
ray intensities (Clem and Dorman, 2000):

�N(t)

N
=

∫ ∞

Ecut

W(E)
δD(E, t)

D
dE, (2)

where

W (E) = 1.65 × 10−2 1

E3

[
ln

(
E

Ecut

)]2
⎡
⎣ 5

1 − 0.095 ln
(

E
Ecut

)
⎤
⎦

2

(3)

http://satdat.ngdc.noaa.gov/sem/goes/data/avg/2017/09/goes13/csv/
http://satdat.ngdc.noaa.gov/sem/goes/data/avg/2017/09/goes13/csv/
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is the theoretically derived coupling function (Xaplanteris et al., 2020, 2021), δN(t)/N is
the secondary CR intensity spectrum as a function of time provided by the NMDB data, and
δD(E, t)/D is the primary CR intensity spectrum as a function of both energy and time,
which will be determined.

Following the same assumption as Xaplanteris et al. (2020), we express the primary CR
spectrum, which is a function of two parameters: energy and time, as a separable product of
two factors, one energy dependent and another time dependent:

δD(E, t)

D
= δDI (t)

D

δDII (E)

D
. (4)

We also assume that the energy-dependent part of the primary spectrum δDII (E)/D has a
power-law form (Mishev et al., 2018):

δDII (E)

D
=

(
E

Ecut

)−γ (t)

, (5)

where the values of the exponent γ for different time intervals are given in Table 2.
With the analytical assumptions discussed above, the primary cosmic-ray spectrum as a

function of time is determined by

δDI (t)

D
= 1

I
Fal

δN(t)

N
, (6)

where

I =
∫ ∞

Ecut

W(E)

(
E

Ecut

)−γ

dE (7)

and

Fal(H) =
∫ hu

0 n0 exp
(
− mgh

kT (h)

)
dh

∫ hu

H
n0 exp

(
− mgh

kT (h)

)
dh

(8)

is the altitude correction factor for each NM station.
Moreover, n0 is the concentration of atmospheric particles at ground level, m is the (av-

erage) mass of atmospheric particles, g is the gravitational acceleration, h is the altitude,
measured from sea level upward, H is the altitude of each NM station, k is the Boltzmann
constant, and T is the absolute temperature [K].

This correction factor has been deduced analytically by Xaplanteris et al. (2021) under
the assumption that the concentration of atmospheric particles follows a Boltzmann distribu-
tion as a function of altitude (Seinfeld and Pandis, 2006). In Equation 8, H is the altitude of
each NM station and hu is the upper limit of the atmosphere for the geomagnetic coordinates
of each NM station. In this work, hu was taken as 8 km above sea level for all stations.

In Figure 3 we determine the primary CR intensity spectrum from each NM station along
with the normalized proton flux for energy > 700 MeV as recorded by the GOES 13 space-
craft for direct comparison.

At this point, we should mention that the lowest limit of integration in Equations 2 and
7 was taken as Ecut = 1 GeV for all NM stations considered in our study. This choice was
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Figure 3 Temporal profile of the calculated normalized cosmic-ray intensity increase for seven neutron-
monitor stations (upper panel) alongside the recorded normalized proton flux for energy > 700 MeV from
GOES 13 during 10 September 2017 (lower panel).

dictated by the fact that our theoretical coupling function holds for the condition E ≥ 1 GeV,
as discussed by Xaplanteris et al. (2021). This means that for every NM station we have
omitted a contribution to the integral of the form:

I1 =
∫ 1

Ecut

W(E)

(
E

Ecut

)−γ

dE, (9)

where Ecut is the cutoff-energy value of each station (Table 1).
We thus implicitly argue that the integral I1 in Equation 9 is negligible compared to the

integral I of Equation 7. More specifically, the value of integral I1 when computed using
either Dorman’s

WD (R) = 9.879R−1.9615 exp(−10.275R−0.9615) (10)

or Caballero-Lopez’s

WCL−M(R) = 4.37 × 10−4(0.0890.9 + R0.9)−67.28R61.3 (11)

coupling function (Caballero-Lopez, 2016) is at least three orders of magnitude smaller than
the one of the integral in the higher-energy region: E ≥ 1 GeV. Therefore, our analytical
approximation of imposing Ecut ≥ 1 GeV can be considered appropriate.

It should be noted that the two coupling functions of Equations 10 and 11 used for the
determination of the I1-integral contribution (Equation 9) are functions of the rigidity [R].
For the conversion from rigidity to energy we used the following relation:

R = A

Z

√
E2 + 2EM0, (12)
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Figure 4 Temporal profile of the mean calculated normalized cosmic-ray intensity increase from seven
neutron-monitor stations along with the recorded normalized proton flux for energy > 700 MeV from GOES
13 on 10 September 2017.

where R is the rigidity, A is the mass number, Z is the charge, E is the energy per nucleon,
and M0 is the rest mass per nucleon. For the case of protons under study here, A = Z = 1
and M0 = 1 GeV.

In Figure 4 we present the direct comparison between the temporal profiles of the
mean value of the calculated normalized proton intensity for energy E ≥ 1 GeV from
our selected seven NM stations with the normalized proton flux recorded by GOES 13 for
E ≥ 700 MeV for GLE 72. We reiterate that for the normalization of both sets of results the
temporal interval of half an hour before the start of the increase has been considered (i.e.,
14:00 – 14:30 UT).

Figure 4 shows that the temporal profile of the normalized proton flux with energy
> 700 MeV recorded by GOES 13 is in qualitative agreement with the corresponding mean
calculated normalized proton intensity from the NM stations on the ground.

For a quantitative comparison and evaluation between the two sets of results we present
in Figure 5 the scatter plot between the mean value of the calculated normalized intensity
increases and the corresponding normalized proton-flux increase recorded by the GOES 13
spacecraft for E > 700 MeV.

As can be seen from Figure 4, the two sets of results are in good agreement, meaning that
the onset time of the GLE 72 event is similar for both, around 16:18 UT, with the GOES 13
data showing a more impulsive start of the event a few minutes earlier than the NM data.

Moreover, the maximum value of the mean normalized relative increase from all NM
stations (≈ 45%) is relatively close to the maximum value of the corresponding increase of
the spacecraft data (≈ 55%). The discrepancy between the maximum amplitude values in
the two sets of data can be attributed to the fact that the atmosphere works as a protective
shield and reduces the intensity and amplitude of the event, unlike deep space.

The two sets of data in Figure 5 are in good agreement with each other, as can be seen
from the significant Pearson correlation coefficient r = 0.62 and a goodness of fit R2 =
0.3772. The slope of the least-squares best-fit is p1 = 0.75 (±0.17). The linear fit shown in
Figure 5 holds at a confidence level exceeding 99%.
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Figure 5 Scatter plot of the normalized proton flux for E > 700 MeV detected by the GOES spacecraft and
the mean value of calculated primary CR intensity from seven NM stations using the coupling function of
Equation 3, for the GLE 72.

4. Summary and Conclusions

In this work we applied the theoretically derived coupling function of Xaplanteris et al.
(2020) to the case of GLE events for the first time. The computation of this particular version
of the coupling function relies on fundamental QFT calculations and tools, with the inclusion
of an analytically derived altitude correction factor. Until now it has been applied to the case
of Forbush decreases (Xaplanteris et al., 2020, 2021), yielding satisfactory results when
compared to the corresponding ones using the GSM technique (Belov et al., 2018).

In order to apply the coupling function to a GLE event for the first time, ground-based
measurements recorded by seven NM stations having low cutoff rigidities (below the energy
requirement of 1 GeV of the coupling function) were used. By setting the lower limit of the
integral in Equation 7 equal to 1 GeV we calculate the proton spectrum. The contribution
of the energy spectrum from cutoff energy value of each station up to 1 GeV, as given by
Equation 9, is found to be negligible, considered by means of two widely known coupling
functions: those of Dorman et al. (2000) and Caballero-Lopez (2016).

After calculating the normalized temporal profile of proton intensity resulting from
the coupling function, we compared it to the normalized proton-flux data with energy
> 700 MeV, as recorded by the GOES 13 spacecraft. Even though the two data sets refer
to close but not identical energy regions, they follow, in general, a similar temporal evolu-
tion, as can be seen from Figure 4, with the GOES 13 values starting a few minutes earlier
that the calculated NM values. Moreover, they present a slope of their linear fit equal to 0.75
(±0.17) and a Pearson correlation coefficient r equal to 0.62 (see Figure 5). From the above,
it can be concluded that our calculated values are in good agreement with the detected ones.
However, a small deviation in the maximum normalized values between > 700 MeV and
> 1 GeV appears. This is mainly due to the fact that the atmosphere shields the Earth from
the entirety of the event, and thus we compute reduced amplitude values of the GLE 72
compared to those from direct GOES 13 data.
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In conclusion, in this study we have demonstrated that the coupling function used herein
is applicable to both Forbush decreases (Xaplanteris et al., 2021) and to GLE events. The
advantage of the analytical approach that was followed is that it can adequately describe
events in which there is a variation (either increase or decrease) in the intensity of the parti-
cles involved. Hence, this procedure provides a key tool for the study of cosmic-ray events
regardless of the different physical mechanisms that cause them.

A potential extension of this study could be the extrapolation of this analytical coupling
function to energies lower than 1 GeV. This extrapolation will render our function applicable
to the data of all NM network stations, without any energy limitations due to low cutoff
rigidities. This extrapolation might be obtained by means of a parameterization technique.
It would be worthwhile to apply our method to the recently detected GLE 73 on 28 October
2021, which is in our plans to further increase the validity of the analytical procedure we
followed.
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