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ASTRONOMY

Extreme energetic particle events by
superflare-asssociated CMEs from solar-like stars

Junxiang Hu', Vladimir S. Airapetian®3*, Gang Li’, Gary Zank', Meng Jin**

Discovery of frequent superflares on active cool stars opened a new avenue in understanding the properties of
eruptive events and their impact on exoplanetary environments. Solar data suggest that coronal mass ejections
(CMEs) should be associated with superflares on active solar-like planet hosts and produce solar/stellar energetic
particle (SEP/StEP) events. Here, we apply the 2D Particle Acceleration and Transport in the Heliosphere model to
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simulate the SEPs accelerated via CME-driven shocks from the Sun and young solar-like stars. We derive the
scaling of SEP fluence and hardness of energy spectra with CME speed and associated flare energy. These results
have crucial implications for the prebiotic chemistry and expected atmospheric biosignatures from young rocky
exoplanets as well as the chemistry and isotopic composition of circumstellar disks around infant solar-like stars.

INTRODUCTION
The discovery of more than 4700 exoplanets in our Galaxy suggests
that many exoplanetary systems contain close-in rocky exoplanets
in the habitable zones around young magnetically active G, K, and
M dwarfs (1). These exoplanets should be exposed to high-stellar
coronal x-ray and extreme ultraviolet (UV) and wind mass fluxes.
Observations in the optical band by Kepler, Transit Exoplanet Survey
Satellite (TESS), and ground-based telescopes have revealed thousands
of frequent superflares with energies ranging from 10* up to 10°
ergs from hundreds of cool K-M planet-hosting dwarf stars, providing
a mechanism by which host stars may have profound effects on
the physical and chemical evolution of exoplanetary atmospheres
(2-6). We will refer to solar and stellar flares with energies >10%
ergs as superflares. Intense solar and stellar flares are sources of
x-ray and extreme UV emission and energetic particles accelerated
at the coronal flare sites and referred to as impulsive solar energetic
particles (SEPs) as they last for a few hours (7). In addition, large
(>X5.5 class) solar flares are usually accompanied by ejection of fast
(up to 3000 km/s) and massive (1016g) coronal magnetized clouds
referred to as coronal mass ejections or CMEs (8). As CMEs propagate
out from the solar corona into interplanetary medium, they drive
shocks. It is accepted that these shocks produce energetic protons
and heavier ions at their fronts with energy more than 1 GeV that can
last for a few days and are referred to as gradual SEP events (9, 10).
Fast CME events can produce SEPs with hard energy spectra of
particles that penetrate into Earth’s atmosphere forming ground-
level enhancement (GLE) events (11). Since the 1940s, more than
70 GLE events with good magnetic connection to large solar flares
have been detected and characterized (see https:/gle.oulu.fi). Among
them, the GLE event that occurred on 23 February 1956 had the hardest
energy spectra, which was associated with a fast CME and a strong
X (5to 15) class flare with the estimated energy of 10% to 5 x 10° ergs
(12). The Carrington event was estimated to be associated with an
X45 class flare with the radiative energy of 5 x 10°> ergs. It was
accompanied by the fast CME event propagating at 2360 km/s and
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caused the largest geomagnetic storm on record, but no signatures
of a hard-spectrum SEP required for a GLE event was detected (13).

Our Sun historically groduced a number of large flare events with
energies more than 10°® ergs that we will refer to as solar super-
flares. These include eight possible superflare events that occurred
in 7176, 5410, 5259, and 660 BCE and 775, 993, 1052, and 1279 CE
(14-16). The fluence of these SEP events were so exceptionally high
that they produced detectable amounts of '*Cin tree rings and a 300%
increase in Be in ice cores (for 775 CE) (16-1 8). In comparison, the
energetic protons from the SEP event of 23 February 1956 initiated the
increase of the production rate of 98¢ to a rate of 5% (19). This and
other studies suggest that the 775 CE SEP event was associated with
a solar X285 + X140 class superflare and an associated CME with
the energy of 2 x 10> ergs (12).

Unlike our current Sun, young (the first 0.7 Ga) solar analogs
(G-type main sequence stars) are magnetically active stars (5, 20).
Their magnetic activity is manifested in the presence of strong
surface magnetic fields up to a few hundred Gauss, large starspots
covering up to 10% of a stellar surface, dense and hot bright x-ray
corona, massive fast winds, and frequent flare activity (5, 20-23). A
substantial fraction of these stars (including F-, G-, K-, and M-type
stars) show superflare events. From the strong correlation between
the X-type solar flares and associated energetic CMEs, it is conceivable
that energetic stellar CMEs should be associated with stellar superflares.
Recent observations provided strong evidence for stellar CME
events associated with superflares from K-M dwarfs (24). Theoretical
models suggest that stellar superflares can be associated with ener-
getic confined CMEs forming within active regions and halo-type
CMEs driven by global-scale energizing shearing flows from young
solar-like stars (25, 26).

As in the case of solar CMEs, particles can be accelerated to very
high energies at the front of CME-driven shock waves. It has been
generally accepted that energetic particles in these events are
accelerated via the diffusive shock acceleration (DSA). The DSA,
also known as the first-order Fermi acceleration, was first proposed
to explain the acceleration of galactic cosmic rays at supernova
shocks [reviewed by (27)] and later applied to describe SEP acceler-
ation at CME-driven shocks. Particles from gradual SEP events can
amplify Alfvén waves via wave-particle interactions, which also
affects their subsequent transport through turbulent solar/stellar
wind (9, 28).
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The accelerated particles are a major source of ionization in
circumstellar disks and (exo)planetary atmospheres around mag-
netically active stars as an important component of exoplanetary
or astrospheric space weather, a subject that has emerged as an
important subfield of exoplanetary science and which has a crucial
influence upon factors of habitability (5). However, energy spectra
of StEP events have not been modeled comprehensively.

Here, we expand our previous models of solar and stellar
energetic particle events (29, 30) and apply the two-dimensional (2D)
improved Particle Acceleration and Transport in the Heliosphere
(iPATH) model to model the SEP/StEP events driven by fast CMEs
with energies corresponding to stellar superflares (10> to 10° ergs)
observed in young solar-like stars. The iPATH model was developed
by Zank et al. (9), who adopted an onion shell model of the CME-
driven shock complex to obtain the source of energetic particles at
the shock front. The model was updated by Rice et al. (28) who
considered shocks with arbitrary strength and by Li et al. (31) who
extended the original 1D PATH model by adding a transport
module investigating particle propagation in the solar wind using
a Monte-Carlo approach. Later, Li (32) extended the model to
include energetic heavy ions. Explicit inclusion of shock obliquity
was considered in (33) so that a better determination of the maxi-
mum energy at the shock front can be obtained. However, in the
work of Li et al. (33), the shock obliquity was treated as a free
parameter instead of a dynamic variable. Proper treatment of the
shock obliquity was done in the 2D iPATH model (34), which tracks
the evolution of the shock front and has the capability of simulta-
neously simulating energetic particle time intensity profiles and
spectra at different locations. This is important for understanding
observations made at multiple spacecraft of the same event [e.g.,
(35, 36)]. Early applications of the 1D PATH code on individual SEP
events have been pursued by Verkhoglyadova et al. (37, 38). Recent-
ly, the 2D iPATH code has been successfully used to reproduce the
time profiles and event fluences for two large GLE events (39, 40).
These studies show the applicability of using the iPATH code and
its capabilities to model extreme SEP and StEP events as pursued in
this work.

RESULTS
Here, we present the simulation results of SEP/StEP events driven
by CMEs with different energies launched during superflares from
solar-like (G-K type) stars. We model the acceleration and trans-
port of extreme SEP/StEP from the CME-driven shocks and obtain
the proton fluence spectra at 1-AU (Astronomical Unit) observer
locations. We then analyzed corresponding spectral characteristics
in these large gradual SEP/StEP events.

First, we calculated the background solar/stellar wind environ-
ments using a 2D magnetohydrodynamic model for solar-like stars
at different phases of evolution. Table 1 shows the input stellar wind

parameters at 1 AU for three different stellar environments. Model
1 (m1) represents the typical parameters of our current solar wind
environments as a reference model. The m2 and m3 are set to
describe young solar-like (G-type) stars at ages of 0.3 and 0.7 Ga,
respectively, with shorter rotation periods, denser stellar winds, and
stronger magnetic fields as compared to the current Sun. The stellar
wind parameters for m2 and m3 are based on results from (23).

We then inject CMEs from the inner boundary at 0.05 AU
(~10Rg) in each stellar wind setup. Figure 1 is a snapshot of the
CME-driven shock for each scenario at t = 12 hours from the
magnetohydrodynamic (MHD) module, where the initial CME speed
is set to be 3000 km/s specified as an extreme event in the helio-
spheric environment (41). Figure 1 shows the global stellar magnetic
field geometries (black spiral lines) for the cases with rotation periods
of 25.3 days for m1, 10 days for m2, and 5 days for m3.

For each of the stellar wind models, we follow the subsequent
transport of the accelerated particles from the shock to an observer
at 1 AU (shown as the white dots in Fig. 1). Three observer longitudes,
at —10°, —70°, and —130° with respect to the CME center for m1,
m2, and m3 scenarios, respectively, are chosen to ensure that the
observers are connected to a similar longitude at the inner boundary
through magnetic field lines at the beginning of the simulation. We
inject CMEs with four different speeds for each stellar wind model,
including the mentioned 3000 km/s case across all three models.
For m1, we also include 1500-, 2000-, and 2500-km/s cases to cover
the often observed CME speed in our heliosphere. For m2 and m3
scenarios, we added CMEs propagating at 4500, 6000, and 7500 km/s
to investigate the extreme events from young solar-like stars. The
iPATH model provides the time-intensity profile for a wide range
of energies at the observer locations as output. We then integrate
the time-intensity profile over the duration of the events to obtain
the event-integrated fluence.

Figure 2A shows the simulated event-integrated spectra at 1 AU for
these cases. For each of the cases, we first obtain the time-intensity
result for a wide range of energies. Figure 2B shows the time-intensity
profile of five different energies for the m3 scenario, 3000 km/s
CME case as an example. The x axis specifies the time from flare
onset. We integrate the intensities over the duration of the event to
get the event-integrated spectra in Fig. 2A. Similar to observations,
the bulk of our simulated spectra exhibits a double power-law shape.
We fit the event-integrated spectra from these scenarios with the
double power-law spectrum in the form similar to (42)

2ot b ()

where v; and vy, are the spectral indices for protons with energies
lower and higher than the spectral break energy Ej, respectively.
Examples of the fits are shown in Fig. 2C.

1

Table 1. Stellar wind parameters for each case at 1 AU.

Case Stellar age (Ga) Rotation period (days) Proton density (cm'3) Wind speed (km/s) Magnetic field (nT)
m1 4.6 253 5 400 5
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Fig. 1. Global magnetic field and configuration for CME-driven shocks from MHD simulations. The stellar rotation periods are 25.3 days for m1 (A), 10 days for m2
(B), and 5 days for m3 (C). The initial CME speed is 3000 km/s in all three scenarios. The CMEs are centered at 100° and the observers (white dots) are set at 90°, 30°, and
330°for m1, m2, and m3, respectively at 1 AU. These snapshots are taken at 12 hours after the CME initiation from the MHD simulation.
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Fig. 2. The solar and stellar energetic particle fluences and fluxes from 2D iPATH simulations. (A) Event-integrated energy spectra of SEP/StEP driven by CMEs with
various speeds for m1, m2, and m3 scenarios at the corresponding 1 AU observer locations. (B) Time-intensity profile for the 3000 km/s CME case of m3 scenario.
(C) Double power-law fitting for the CME propagating at 3000 km/s in m1, m2, and m3 scenarios.

0.78
To relate the results of our simulations for m1, m2, and m3 with Ebol ( Fsxr ) (2)
observations, we will use the statistical relation between the peak 10¥erg  \2.0x107°Wm™

Geostationary Operational Environmental Satellites (GOES) 1- to 8-A

Soft X ray (SXR) flux, Fsxg, and the flare bolometric energy, Epq, to

estimate the peak SXR flux in each case. It is suggested in a number of This power-law index is close to the one obtained by (45) for
solar flare studies (43, 44) that this correlation can be written in a  solar and stellar flares that varies between 0.84 +£0.04 and 1.18 +0.04,
dimensionless form as follows which depends on the fitting method. With this uncertainty in
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mind, we will assume that the bolometric flare energy is propor-
tional to the SXR peak flux as described in Eq. 2.

We follow (44) in assuming that the CME energy is equal to the
total radiated energy released in a flare: E},,] = Ecymge. Thus, we can
estimate the SXR peak flux of our simulated extreme events from

CME energies
1.28
) (Wm™)

According to statistical studies reported in (44), most of the CME
total energy is in the form of its kinetic energy. To estimate the CME
energies for all the cases, we first calculate the CME kinetic energy for
the 3000 km/s case in m1 scenario with the appropriate model input
parameters. The mass of the injected CME plasma blob is calculated by
multiplying the density input with the volume estimated from CME width
and duration input. We obtain an energy estimation of 5 x 10°> ergs
and a corresponding Fsxg estimation of 0.0057 W/ m? (an X57 flare)
for this case. We then use the dependence of Epme o< Mcme nge to
estimate the CME energies and Fsxg for all other cases.

Table 2 shows the detailed SEP/StEP characteristics for all 12
simulated scenarios. Columns 3 through 5 present the spectral break
energy, E, in MeV and the fitted spectral indices using Eq. 1, y; and
Y2, respectively. Figure 2 shows that all simulated SEP events have
the prebreak spectral index within the range of y;€ (1.0, 1.4). The
postbreak spectral index varies slightly with the CME speed, with y,&
(3.6, 5.3). Columns 6 and 7 show the 1-AU peak proton integral flux
[in proton flux unit (pfu) or cm?s " sr~ mtegrated over energies >10 MeV
and the proton integral fluence (in cm™) from the event-integrated
spectra at energies >430 MeV (~1 GV rigidity), respectively. These
fluences will be compared with recent GLE observations. The last two
columns of Table 2 present the estimated CME energies (in ergs) and
the corresponding flare peak SXR fluxes calculated from Eq. 3. We
present the SXR peak flux in terms of flare classes. An X1 flare
corresponds to a 1- to 8-A SXR peak flux of 10~ Wm™. The SXR
peak flux value in each case is the number after X times 10™* Wm ™

Ecve

10* erg ®

Fsxr & 7.3 X 104<

In Fig. 2, the differential fluence at lower energies, which repre-
sent the majority of the total SEP/StEP fluences (cm %), scales
roughly proportional to the background stellar wind density. For
instance, the 10-MeV proton fluence for the 3000 km/scases in m1,
m2, and m3 are 1.5 x 10%, 1.3 x 10°, and 8.6 x 10° (cm™ MeV ™),
respectively, while the stellar wind density is increased 10-fold from
m1l to m2 and from m2 to m3. This dependence is expected as the
shock upstream density directly determines how many particles are
injected into the DSA process. However, the enhancement is much
more significant for the higher-energy proton fluences due to the
shifted spectral break location. For instance, the 1-GeV proton
fluence increases almost 200 times from m1 to m2.

Our model results provide direct comparison with the scaling
relation between the peak proton integrated flux F, (in pfu) and
Fsxr of an associated flare event, which was derived analytically in
(46) from simple scaling assumptions of magnetically driven eruptive
events. Figure 3 shows the F;, (>10 MeV) versus Fsxy scatterplot for
our model results (green markers) and a selection of observed SEP
events (black circles) between 1997 and 2017 listed in Coordinated
Data Analysis Workshops (CDAW) (see http://cdaw.gsfc.nasa.gov/
CME _list/sepe/), similar to the last figure in (46). As it follows from
columns 6 and 9 of Table 2, the relationship between the peak particle
flux > 10 MeV and the peak SXR flux from the least squares fit (green
dashed line) of our simulation results is Fp (>10 MeV) o Fsxp*"’!,
which is close to the power-law index 5/6 derived in (46). In addi-
tion, the simulated peak proton fluxes, F, (>10 MeV), are about two
orders of magnitude lower than the upper bound for the corre-
sponding fluxes estimated in (46). The close similarity in these
power-law indices suggests that the F;, (>10 MeV) — Fsxg scaling
derived from SEP events can be applied to StEP events. This
can be understood because the observed spectral break energies
in major SEPs are usually greater than 10 MeV (47).

The fitted spectral break energy, Ejp, has a positive correlation
with both stellar wind density and CME speed and increases by
more than one order of magnitude from m1l to m3 scenarios.
This can be understood as a result of greater Alfvén wave energy

Table 2. SEP characteristics from simulation results.

Model Veme (km/s) Ey (MeV) - >1g"“f(e(‘;f“’3ak ﬂu:‘:fc‘;ﬂfnv-z, *Ecwg (erg)  'Flare class
1500 125 1.40 3.80 1.86x 10° 2,67 x 10°
2000 249 137 463 276x10° 923%10°
m 2500 o 131 423 392x10° 245%107
3000 453 135 523 A71X10° 409%10"
3000 791 IRTR 396 113%10° 418x10°
4500 1064 100 360 187x10° 816x10°
m?2 6000 1362 107 376 261x10° 107x100
7500 1749 07 390 315x10° 130% 100
3000 1332 07 407 104x10° 535x101°
3 4500 SN0 383 18100 89x10
6000 2065 1.03 3.60 2.03 % 10° 1.19%x 10"
7500 2824 105 377 248x10° 136x10" 3.1x10% X220000

*CME energy scaled based on CME speed and mass.

tFlare classes based on 1- to 8-A° SXR peak flux. An X1 flare corresponds to a peak flux of 107* Wm?.

The number after X specifies how many times stronger the peak SXR flux is than X1.
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Fig. 3. F, (>10 MeV) versus Fsxy scaling relation for solar and stellar events.
The black filled circles are major SEPs between 1997 and 2017. Green markers are
simulation results for m1 (diamonds), m2 (circles), and m3 (squares). The black
dashed line is the estimated upper limit of f, given by (46), with black squares
being the upper limits for X10, X100, and X1000 class flares. The green dashed line
is the least squares fit of the 12 simulated cases.

flux at the shock, excited by streaming protons, associated with
higher shock speed and upstream stellar wind density. In addition,
a higher CME speed means that particles will gain more energy
during each shock crossing in the DSA process. The maximum
energy En.y of accelerated protons in the simulations, which is also
the cutoff energy of the event-integrated spectrum for each case,
scales almost linearly with CME speed as a consequence of the DSA
acceleration mechanism. Note that the shock formation in our
simulation occurs at a height above 0.1 AU after the CME injection.
As aresult, the CME shock acceleration that occurrs at earlier times
(or lower coronal heights) is not included in our model. We will
discuss more realistic SEP models driven by CME shocks that occur
at lower heights in the forthcoming paper.

To demonstrate how well our simulated scaling relations fit with
the scaling from recently observed GLE events in the current solar
environment, we plot the Fsxr versus >200 MeV proton integral
fluence of the simulated SEP/StEP events on top of the scatterplot
from (12) in Fig. 4A. The black square markers represent the data
from the solar GLEs occurred between the year 1976 and 2012, with
the >200 and >430 MeV fluences derived from the spectral parameters
of GLEs provided in (48). Koldobskiy et al. (49) have recently revisited
the spectral fitting for these GLEs based on a modified Band func-
tion spectral shape. While the fluences at high energies (>430 Mev)
differ for a few individual events by a factor of 2 to 6, the fitting
slope does not change significantly, and thus, the GLE scaling re-
sults in (12) remain consistent with the updated fluences. Thus, in

Hu etal., Sci. Adv. 8, eabi9743 (2022) 25 March 2022

this work, we directly compare our simulated fluences with the
analyses in (12). The solid line is a reduced major axis fit from these
GLE events, with a dispersion given by the dashed lines. Blue and
red circles indicate the possible data point positions for the 1956
and 774 events on the fit lines based on their >200 MeV fluences
values, as shown in (12). The scatter in GLE fluence data can be
attributed due to different magnetic connectivity between the ob-
server and the CME nose and uncertainties in SXR peak flux
measurements. The green markers are our simulated scenarios for m1
(diamond), m2 (circle), and m3 (square). Similarly, Fig. 4B presents
the scatterplot of the SEP/StEP fluence at >200 versus >430 MeV
reported in (12), with our simulated fluences from superflare-
associated SEP/StEP events added as the green markers.

Figure 4A shows that the energetic particle fluence at energies
>200 MeV in the m1 and m2 models for the 3000 km/s CME speed
scenario lies close to the upper boundary of the fit line, because we
put the observer at a longitudinal location with optimal magnetic
connection with the CME center. However, the corresponding StEP
fluences derived from m3 and m2 models in higher CME speed
scenarios are located significantly lower than the upper limit despite
having a similar magnetic connection. We interpret this as a result
of the double power-law shape of the event-integrated spectra. We
can gather from Fig. 2 and Table 2 that the spectral break energies
for the extreme cases in m2 and m3 are well above 200 MeV—the
lower energy limit for this integral fluence. In these extreme StEP
cases, the time-integrated fluence scales with the area under a harder
prebreak spectrum with a power index of ~ —1.2 rather than the
area under a softer postbreak spectrum with a power index of ~ —4.
In much stronger stellar energetic particle events, one should expect
a slower increase of >200 MeV fluence with the SXR peak flux.

For the m1 model scenario with four specified cases of CME
speeds (1500 to 3000 km/s), the four data points are roughly parallel
to the black fit line, suggesting our simulation results for the solar
wind environment agree well with the observations. For m2 and m3
scenarios with much faster CME speed (3000 to 7500 km/s), the
trend starts to flatten as the CME speed increases. This is because
the shock compression ratio and the wave intensity at the shock
front in the iPATH model depend on the shock speed in a non-
linear way.

This is the first theoretical study to date that simulates SEP/StEP
energy spectra from high energy and fast CMEs, and more detailed
analysis will follow in the forthcoming papers. In addition, note that
the SXR peak flux is estimated from the empirical correlation in
Eq. 2. However, it is unclear whether this correlation holds for these
ultrafast CMEs.

In the original scatterplot in Fig. 4B, Cliver et al. (12) also added
the 1956 GLE event fluences from (48) and the 774 and 993 AD
event fluences from (17). These three additional extreme event
data points were compared with the ordinary least square fit,
y = 0.913x — 0.452 (black line), from the 1976-2012 GLEs, and
found to be about one order of magnitude above the fit line. It was
suggested that a harder than usual proton spectrum is required for
this offset. However, these three events fall well on an ordinary
least squares fit to the simulated events in this work, which yields
y = 1.172x — 2.127 (green dashed line). For the same reason as the
extreme SEP events have spectral break energies over 430 MeV,
the 200- to 430-MeV energy range falls in the harder prebreak spec-
trum. While for the often observed GLEs, where the spectral break
energies are usually tens of MeV (47), the 200- to 430-MeV energy
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Fig. 4. Scaling relations between F (>200 MeV) versus Fsyg and F (>430 MeV) versus F (>200 MeV) for solar and stellar events. (A) Scatterplot of the log of the >200-MeV
proton fluence of SEP/StEPs versus the log of Fsxg of associated (super)flares. Black squares represent GLE events that occurred 1976-2012, blue and red circles describe
1956 and 775 AD GLE events, respectively; the green diamonds, squares, and cubes represent SEP/StEP events for m1, m2, and m3 model scenarios, respectively. (B) Scatterplot
of the log of the >430-MeV proton fluence versus the log of the >200-MeV fluence for solar GLEs; 1956, 775, and 993 GLE events; and simulated SEP/StEP events. The black
solid line represents an ordinary least square fit to the recent observed GLE events in (72). Our m2 and m3 model spectra show the energy spectra of StEPs specified by
the green dashed fit line to be harder than that derived from the extrapolation from the solar GLE events shown by the black dashed-dotted fit line).

range falls into the softer postbreak spectrum. One must take this
into consideration when estimating the high-energy fluence for a
stellar energetic proton event and not to use predicted values based
on observed solar events. It would otherwise be a severe under-
estimation for the ultra high energy proton fluences, which is of
great importance for exoplanetary studies.

DISCUSSION

We report the results of numerical simulations of extreme SEP/
StEP events to examine the impact of stellar superflare-associated
extreme CME events on the properties of gradual stellar energetic
particles events using the 2D iPATH model. We developed and
modeled 12 scenarios of SEP/StEP events associated with CME
energies ranging from 10> to 10* erg, which are associated with
superflares from the current and the young (the first 0.7 Ga) Sun
and magnetically active solar-like (G- and K-type) stars. We derived
the time history, fluence spectra, and maximum particle energies
for all these scenarios. Our major findings from the simulated
scenarios can be summarized as follows:

1) A CME-driven shock propagating at a fixed speed in the
higher wind density and stronger and more twisted magnetic field
environment characteristic of younger rapidly rotating solar-like
stars produces much stronger (high fluence) and harder-spectra
StEP events. The lower-energy (<100 MeV) proton fluence scales
proportionally to the wind density, while higher-energy (>100 MeV)
proton fluence acquires greater enhancement due to the harder
spectral shape.
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2) A faster CME-driven shock produces the SEP event with
greater maximum proton energy (with nearly linear correlation)
and the higher spectral break energy in SEP events, contributing to
a harder proton spectrum at higher energies.

3) The energy spectra in extreme stellar events associated with
superflares are harder (indicated by the >430 MeV to >200 MeV
fluence ratio) than that observed in large SEPs from the current Sun.

This suggests that empirical correlations between solar SXR
peak flux and SEP fluence at higher energies cannot be extrapolated
for extreme StEP events (50-52). Thus, realistic estimates of extreme
StEP fluences should only be derived from physics-based models
that specify a data-constrained stellar wind environment (23). In
addition, we conclude that the fluence depends on the density of
stellar winds of active stars producing CME events. This result has
direct implications for fluences of young superflare producing G
and K dwarfs with rotation periods less than 10 days (21). A re-
cent study by Airapetian et al. (23) modeled the stellar corona of
one such star, k' Ceti, resembling the environment of the early
Earth at the time when life arose on our planet. Specifically, they
have shown that the higher wind density and velocity difference
between fast and slow wind components of this star can drive
shocks in the stream interaction regions, providing greater and
more highly energized seed particle populations that will enhance
SEP production by CME-driven shocks.

The derived high-fluence hard-spectra StEP events (m2 and m3
model scenarios) can also play a crucial role in the chemical models
of close-in gas giants and prebiotic chemistry of rocky exoplanets
around young G, K, and M dwarfs that generate superflare events
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including K2-18b, AU Mic b, and other systems. We would there-
fore expect the irradiation of their atmospheres with associated
CME:s that would interact and compress exoplanetary magnetospheres
opening up their polar regions to low latitudes as discussed in (53).
The associated hard-spectra StEPs with energies >430 MeV (the
rigidity greater than 1 GV) would then efficiently penetrate into the
lower layers of exoplanetary atmospheres (at the atmospheric
pressure < 1 bar), induce ionization of atmospheric species via
collisions, and ignite chemical changes via collisional dissociation and
excitation (5, 54-56). Recent theoretical and experimental studies show
that as energetic particles penetrate into a N,-CO,-rich atmosphere
of a rocky exoplanet with a trace amounts of methane and water vapor,
they ignite the formation of complex molecules including nitrous
oxide, hydrogen cyanide, formaldehyde, the precursors of proteins,
complex sugars, and building blocks of nucleobases (5, 53, 57-60).

Our results also have important implications for the habitability
conditions on rocky exoplanets around M dwarfs including
TRAPPIST-1 and Proxima b. It is known that M dwarfs retain a
high level of magnetic activity in terms of production of frequent
and large flares with energies up to 10** ergs for billions of years
(61) and thus are expected to generate fast CME events resulting in
production of high-fluence StEPs similar to those described by
the m2 model. Because exoplanets in close-in habitable zones
around M dwarfs are tidally locked, they are expected to have weak
magnetic moments. Weaker magnetospheres of close-in exoplanets
will be compressed due to the dynamic pressure of dense stellar
winds and CMEs and thus would not be protected from penetration
of StEPs by an extended magnetosphere. If fluence of hard-spectrum
StEP is high, then the surface fluxes of ionizing radiation can reach
lethal doses for living organisms and thus sterilize surface life on
habitable exoplanets [e.g., (4, 62)]. Thus, the detailed understanding
of properties of extreme SEP/StEP events and their impact on the
(exo)planetary atmospheric chemistry, climate, and induced atmo-
spheric and surface particle radiation field is crucial in assessing
habitability conditions and atmospheric biosignatures to be per-
formed with the upcoming missions including those of the James
Webb Space Telescope.

The organic chemistry and lifetime of circumstellar disks are
also affected by the magnetic activity from G and K pre-main sequence
(< 10 Ma) host stars. These stars produce frequent super and mega-
flares (up to the energy of 10°® ergs) and thus are associated with SEP
accelerated energetic protons with the maximum energy of 50 GeV
that are capable of penetrating the equatorial regions of the disk and
igniting enhanced ionization via collisions with disk species [see for
example, (63)]. The recent simulations suggest that such high-ion-
ization regions can be produced by high-fluence SEPs required to
explain high ratios of HCO" to N,H" observed in disks around young
stars with Atacama Large Millimeter/submillimeter Array (ALMA)
(64). Our results can also play a critical role in understanding the
chemistry and isotopic composition of our own early solar system
and other protoplanetary systems.

MATERIALS AND METHODS

To simulate the acceleration and transport processes in large
gradual shock-driven SEP events initiated by fast CME events asso-
ciated with superflares from active solar-like stars, we apply the 2D
iPATH model that includes three modules: (i) a 2D MHD model of
the stellar wind and CME-driven shock in the ecliptic plane using
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an updated version of ZEUS-3D MHD (v3.6) code (65); (ii) a shell
module that follows the acceleration of particles at the shock front
and their subsequent convection and diffusion downstream of the
shock. The downstream of the shock is separated into concentric
shells where the injection energy, maximum energy, and distribu-
tion functions of particles are tracked. Each shell is generated
behind the shock front every certain time steps and divided longitu-
dinally into parcels with a 5° width. In this module, we also calculate
the escaped particle spectra at a distance ahead of the shock; (iii) a
transport module that models the transport of SEPs in the inter-
planetary medium that uses escaped particle spectra. This model is
based on the focused transport equation modified with a cross-field
diffusion term, which is solved using a backward stochastic differen-
tial equation method.

The model input includes the stellar wind, CME, and turbulence
parameters. The iPATH model outputs time-intensity profiles of
energetic particles at desired observer locations for the entire
duration of SEP/StEP events. A steady background stellar wind
environment in a polar coordinate system (radial, r, and helio
longitude) with the background interplanetary magnetic field is
described by a Parker spiral

2
B, = B, (@) By = B,(%) (r > Ry)

We set the simulation domain to be from the outer solar corona at
0.05 to inner (helio) astrosphere at 3 AU on a 2D 2000 x 360 grid
(radial x longitudinal dimensions) in the ecliptic plane for models
ml, m2, and m3 described in Table 1 (see Results). To simulate a
CME-driven shock structure, we perturb the stellar wind parame-
ters at the inner boundary (0.05 AU, ~10Ry) centering at ¢. = 100°
with an opening angle of 120°. At the center location ¢, the solar
wind number density and temperature are increased by factors of 4
and 1.33 from the ambient values, respectively, with a 1-hour dura-
tion. The magnetic field is not perturbed at the inner boundary
as we merely inject a hydrodynamic CME structure to obtain the
shock information. Gaussian distribution with a variance ¢ = 66. 6°
is used to characterize the variation of perturbation in longitude.

To follow the acceleration of particles at the shock complex,
shock parameters, including shock oblique angle 8px (the angle
between shock normal direction and upstream magnetic field lines),
compression ratio, and shock speed, are extracted from the MHD
simulation along the shock front. The total diffusion coefficient « is
computed through

4

K = K| cos? Opn + Klsin2 Opn (5)
where x| and «, are the parallel and perpendicular diffusion co-
efficient, respectively. The diffusion coefficient k describes how
efficiently the particles are confined near the shock and, thus, affects
the particle acceleration rate and governs the maximum energy that
particles can reach through the DSA mechanism. The suprathermal
seed population upstream of the shock is set to follow a single
power-law distribution with a spectral index of —3.5. The injection
efficiency, which is the ratio of the particle flux that participates the
acceleration to the total injected particle flux, is set to be a fixed
number of 0.5%. The turbulence level SbZ/Bé at 1 AU is set to be
0.5, with a radial dependence of 8b* ~ >, Details on the choices of
these parameters can be found in our previous work (29, 34). The

7 of 9

20T ‘9T YoIeIA UO S10°00UI0S MM //:sdPY woly papeo[umo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

acceleration module calculates the escaped energetic particles’
distribution functions along the shock throughout the shock’s propa-
gation. These distribution functions at different times and locations
are used as the moving source of energetic particles for the subse-
quent transport module.

Perpendicular diffusion plays an important role in particle
acceleration at quasi-perpendicular (large 6px) shocks, which often
emerge in a typical tight Parker spiral geometry of rapidly rotating
young stars (30). Once accelerated particles escape from the shock
complex, we follow their propagation in the solar/stellar wind
described by a modified focused transport equation. While charged
particles tend to move along individual field lines, they may also
experience perpendicular diffusion due to the actual crossing of
field lines via scattering or drift and random walking along mean-
dering field lines. Note that the geometry of the spiral field line
determines whether the perpendicular diffusion is in the azimuthal
or radial direction. In Fig. 1, we can see that m3 has a much tighter
field line spiral than m1, which represents our current Sun. Thus, in
the m3 case, particles are mainly accelerated at a quasi-perpendicular
shock and the perpendicular diffusion in the transport process has
a much larger radial component. Whereas in the m1 case, the per-
pendicular diffusion mainly contributes to the longitudinal transport.
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