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Abstract On 2017 September 10, a fast coronal mass ejection (CMEjeztfimm the active region (AR)
12673, leading to a ground level enhancement (GLE) eventaghEUsing the 2D improved Particle
Acceleration and Transport in the Heliosphere (iPATH) nipde model the large solar energetic parti-
cle (SEP) event of 2017 September 10 observed at Earth, MdrSGEREO-A. Based on observational
evidence, we assume that the CME-driven shock experientadj@ lateral expansion shortly after the
eruption, which is modeled by a double Gaussian velocityilerin this simulation. We apply the in-situ
shock arrival times and the observed CME speeds at mulijsleecraft near Earth and Mars as constraints
to adjust the input model parameters. The modeled timesitieprofiles and fluence for energetic protons
are then compared with observations. Reasonable agreemitntobservations at Mars and STEREO-A
are found. The simulated results at Earth differ from obasgons ofGOES-15. However, the simulated re-
sults at a heliocentric longitude 2@est to Earth fit reasonably well with tl&OES observation. This can
be explained if the pre-event solar wind magnetic field attEiarnot described by a nominal Parker field.
Our results suggest that a large lateral expansion of the -@Nien shock and a distorted interplanetary
magnetic field due to previous events can be important innstateding this GLE event.

Key words: Sun: coronal mass ejections (CMEs) — Sun: magnetic fields +#+ garticle emission

1 INTRODUCTION low-Earth orbit and can damage electronics on satellites
_ _ o in space Desai & Giacalone 201)6In some of the largest
Solar energetic particle (SEP) events are historically-Cla eyents, accelerated particles can reach energies up to sev-
sified into two broad categories: impulsive and graduy 4| Gev, leading to significant increases in particle count
al events Cane et al. 1986Reames 19951999. In this  rates through neutron monitors at the Earth’s surface and
paradigm, impulsive SEPs f_ire accelerated at solz_ir fl_aredcre known as ground level enhancements (GLEs). Large
and propagate along the interplanetary magnetic fiel&gp events are usually associated with fast shocks and high
(IMF) to Earth with a rapid rise and decay phase in theympient energetic particle intensity (referred to as seed
particle time intensity profiles. In comparison, gradualparticles) prior to the shockk@hler 1996 Kahler et al.
SEPs are accelerated via the diffusive shock accelerati%oo_ The increasing abundance of seed particles is pos-
mechanism at coronal mass ejection (CME)-driven shockéib|y from preceding flaresMason et al. 19990r pre-
s. Because shocks are of large scale and last much |0”9€éding CMEs Gopalswamy et al. 2004i & Zank 2005).
than flares, these events are characterized by a prolonggfat g1 (2012 proposed a “twin-CME” scenario for GLE
intensity profile and often higher fluences than impulsiveg,ants in which two CMEs erupt from the same or near ac-
events. Large gradual SEP events are of particular concefge region (AR) within a period of 9 hours. The preceding
because the accompanying high-energy protons pose e and its driven shock disturbs the coronal and inter-
most serious radiation threats to astronauts living beyonﬂlanetary environment and leads to enhanced turbulence

level which facilitates a more efficient acceleration at the
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second CME-driven shock. The scenario was later extendensive and long-lasting enhancement of energetic par-
ed to large SEP eventBing et al. 2013. ticle intensity Guo etal. 2018Bruno et al. 201Q This

The most recent GLE event occurred on 2017€Vent, observed at Earth, has a soft spectrum at high
September 10, classified as GLE Mighev et al. 2018 energies compared with most GLE events in solar cy-
An X8.2 class solar flare erupted around 15:35 UT fromc!€ 23 Gopalswamy et al. 201&ohen & Mewaldt 2018

AR 12673 at SO9W8S, followed by a wide and very fastBruno etal. 2019 On September 10 at around 19:50 UT,

CME. The eruption was observed well by multiple space{n€ high energy protons were detected by the Radiation

craft at different longitudes, providing a stereo view of ASSessment Detector (RADH@ssler et al. 20)2from

this extreme case. The halo CME was first observed bgars Science Laboratory (MSL)Zgitlinetal. 2018
the Solar and Heliospheric Observatory (SOHO) Large-hresmannetal. 201&ee etal. 2018Guo et al. 2018
Angle and Spectrometric Coronagraph (LASCO) at 16:04-at€r, highly energetic protons were observed with a s-
UT, with a reported linear speed ef3136kms ! from low increase at STEREO-A at around 08:00 UT on 2017
the CDAW catalog. Before this extreme eruption, there>€Ptember 11Guo et al. 2018Lee etal. 2018

were multiple preceding eruptions between September

4 and September 9 and the eruption directions varied Attempts at modeling particle acceleration and trans-
from the longitude of 4 to 105 (Luhmann et al. 2018 port of SEP events have been undertaken by many group-

) o . . s (e.g.Heras et al. 199%allenrode 1997Luhmann et al.
However, this event would not be classified as a twm—2007 201Q 2017, These models treat CME-driven shock
CME" (Li et al. 2013, because the closest preceding CME ' '

as a source of energetic particles without an accelera-
erupted at 23:12 UT on 2017 Septemberd,7 hours be- . getic p
. . . o tion process. A dynamic onion-shell model of the strong
fore the main eruption, exceeding the time interval thresh-

old of 13 hours Ding et al. 2013 as a twin-CME. The shock propagation and part_lcle accelerat!on was devel
. . oped byZank et al.(2000. This model was improved by
global extreme ultraviolet (EUV) waves.i( et al. 2018 ) . ) . .
. Rice et al.(2003 for shocks with arbitrary intensities, and
Hu etal. 2019, signatures of a flux rope and a long

current sheetSeaton & Darnel 2018WNarren et al. 2018 Igy Lietal (?003 to model the transport (.)f energetic par-
. ticles following a Monte Carlo approachi et al. (2005

vanetal. 201p were recorded by the Solar Dynamics further extended the model to include heavy ions. A com-

Observatory (SDOLiu et al. (2019 studied the geometry y :

and kinematics of the CME-driven shock. They argued thaPrehenswe numerical model, developed by these authors,

o Is called the Particle Acceleration and Transport in the
the close shock arrival times at Earth and Mars are a res . . .
. . .~ Heliosphere (PATH) model. Modeling specific SEP events
of large lateral expansion of the shock early in the eruption

. ing the PATH | sh hei I -
They suggested that a large lateral expansion of the sho Ll(smg the model shows their reasonable agreemen

. . (Verkhoglyadova et al. 201@009. Recently,Hu et al.
can affect particle acceleration and consequently therobse : .
. . . . (2017 extended PATH to a two-dimensional (2D) mod-
vations at different longitudes. Large lateral expansibn o

the CME-driven shock for large CME eruptions has bee el namgd |mprov§d Particle Acceleration and Transport!n
) : : he Heliosphere (iPATH). The new model has the capabil-
investigated previoushyGopalswamy et al(2013 exam- ity to study the characteristics of particle acceleratind a
ined the white-light CME evolution and noted a rapid and y y P

large lateral expansion of the CME that erupted on 2016r|a; r:}sepgr: 212“2([;82&(;0:1:3” dggglgs E;:&OTS 0:;23;2%5
June 13.Kwon et al. (2015 noted the apparent width of P ' ) bl g

. event as observed at multiple locations.
halo CMEs as seen from multiple spacecraft was related to P

the ex_panding shock with a 36@nvelope. Recent works In the iPATH model, the shock speed profile at the in-
(e.g.Liu etal. 20172019 Zhu etal. 2018have suggest- er poundary is assumed to have a Gaussian form in longi-
ed that lateral expansions of a shock occur frequently iR, qe and the propagation direction of the shock is assumed
large eruptions. However, the effects of lateral expansiog, we radial. Such an assumption is for simplicity. As we

on SEPs have not been considered before. In this work, wgis . ;ssed earlier, large lateral expansion of shocks can be

will examine this problem. common for large events. A lateral expansion implies that

Energetic particles associated with this fast CMEthe opening angle of the shock will increase overtime. This
were observed at Earth and Mars as well as the Solaneans that the treatment of the inner boundary of the shock
Terrestrial Relations Observatory A (STEREO-A). GLE profile in the iPATH model needs to be improved. In this
was recorded by several neutron monitoring stations awork, we modify the inner boundary of the shock profile
about 16:15 UT on 2017 September 1Mighev etal. to examine the effect of the large lateral expansion on pro-
2018 Guoetal. 2018 The different energy channels ducing SEPs. We note that because the background solar
from the instruments onboard Geostationary Operationakind is unlikely to be homogeneous, the lateral expansion
Environmental Satellite 15G0OES-15) indicate an in- and the shock profiles do not need to be homogeneous.
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Therefore, there is no need to assume a symmetric erupve consider the following eruption profile
tion.

(p—dbeq)?
In this paper, we discuss our modeling of the 2017 Aje 29
September 10 GLE event employing the iPATH model. In (0 <t < Dy)
Section2, we describe the iPATH model and the model A(¢) = ,
. . . _ (p—dey)
setup. In SectioB, we discuss the CME-driven shock con- Ase” 23 H[p — dmin] * H[dmax — @]
figuration and shock parameters. Modeled time intensity (0<t—t, < Dy)
— ls 2

profile are compared witBOES-15 observation results in 1)
different energy channels. We |n.t<.agrate the data of proto\r)vhere A, and A, are the perturbed model parameters
flux from the Advanced Composition Explorer (ACE) and (number density, speed, temperature) at longitgdeand
GOES-15 and fit the spectrum using the Band function. Y, Speed, b gruce

. . . ,- The angle and are the central longitude of
The modeled spectrum is compared with observatlonall)ﬁ]’zé wo Gat?sszgldistri(gaiions The varianoes?anda
. 2

f|tteq resglts. We also compare the modeled time mtensn(yire related to the full width at half maximum (FWHM) of
profiles with the observation results at Mars and STEREO:,

A. We then discuss our results and conclude in Seetion the pertgrbed width. For the second profile, we identify a
range given byémin, dmax] as the perturbed range asso-

ciated with the lateral expansio; and D, are the per-
2 MODEL turbing duration of two eruption profiles, andis the start
time of the second eruption, which we take as the start time
The iPATH model is a 2D MHD code plus a parti- of the lateral expansiorf is the Heaviside function. For
cle transport code developed bju etal. (2017. It is a  simplicity, the background IMF is assumed to be a Parker
continuation of the earlier one-dimensional PATH mod-spiral,
el (Zank et al. 2000Li et al. 2003 2005, addressing SEP ) '
events in the ecliptic plane. It contains two separate mpd- B, = By (@) B, = B, <Qr sm9) (r> Ro).
ules: the first module models the background solar wind
and follows particle acceleration at the shock front, while , ) @)
the second module models the transport of SEPs that e\g/_hereBr andB; e}re the .radllal and azmuthgl compopents
caped from upstream of the CME-driven shock. Here weOf the 'MF at heliocentric distance respectivelyaig, is ,
limit ourselves to the modifications that we introduce toSOIar wind speed? = 90° corresponds to the magnetic

the iPATH in modeling the 2017 September 10 event. field in the ecliptic planeB, is the radial component of
We model the propagation of background solar windthe IMF ato.
and CME-driven SEOCE Ii?‘nited only in tghe ecliptic plane After perturbing the inner boundary, the CME-driven

y pAc p shock is followed in the code and the shock parameters are

employing a 2D MHD code. For simplicity, the back- .
ploying N plctty calculated at every time step. From these shock parameters
ground solar wind is assumed to be homogeneous. We con- _ £ Balancing

sider the’-hour averaged in-situ solar wind observation n-Ve obt.am the dynam|c.t|me.scaﬂ(g,n ~ dR/dt” )
ear Earth before the CME eruption as the solar wind inputlﬁdy“.Wlth the acceleration timescale yields the maximum
s. The CME-driven shock is treated by perturbing the in_partlcle momentumpy (Drury 1983
ner boundary (proton number densitysolar wind speed e — Pmax 3¢k 1
Viw and temperatur@’) at 0.05AU for a short period of dyn = /po s—1U2, p
time (e.g. 1 hour). Such a simplified treatment is similar

to the WSA-ENLIL+Cone model for space weather pre-\/\lhe“:fp0 'S t.he |.nject|0r.1 mo.mentur’mi, I.S the shoc!< com-
diction. The inner boundary is set @05 AU (~ 10 R.) pression ratiox is the diffusion coefficient of particle and

in this work, thus we cannot model particle acceleration inUShk is the shock speed in the upstream frame. QRce

. S Is obtained, the particle distribution function in the aute
the low corona. Modeling CME eruption in the low corona ) . C
needs a more detailed description about the magnetic ﬁelr(]JI1OSt parcelj, k) at each time step. is given by,
and the corona condition. However, a CME-driven shock =
can be formed in the low coron&opalswamy et al. 2013 £(j, k. p, tx) = cvre; kne, xp~ P Hlp—pli 1« H{plk —p] exp (—E—>
Liu et al. 2009 and some of the highest energy particles (4)0
are produced within several solar radii. Modeling this partwheres = S‘j’?fl , €5.% 1S the injection efficiency and,,
of SEPs is beyond the scope of the iPATH model. In thigs the upstream solar wind density at the timen front
work, we introduce two Gaussian velocity profiles to ac-of the parcelj,, k¢). pinj is the particle injection momen-
count for both a lateral expansion of the shock and anyum. FE is the particle energy anHy is the kinetic energy
inhomogeneity in the background solar wind. Specifically,corresponding to the maximum particle momentum

SwW

dp, ©))
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obtained in Equation3). In the above[ is the Heaviside is related to each individual parcel. In this work, we fol-

function.c; is a normalization constant, low Li et al. (2005 and obtain the escaped particle number
ik with momentunp at timet; and at longitude’ related to
a=1/ [ o {Hlp~ b1« Hipjk ~ pl} d*p.  the outermost parce, k) by,
pi];jj
(5) TED ) ARN (- 1)
Note that this functional form is different from previous Nesc(k, p, ti) = Z 2T *
works (e.g.Li etal. 2005 Hu et al. 2017, where the ex- =1 Tk

ponential tailexp(—F/E) was not included. IrDrury {exp(—mQ) n VT, - erf(ac)]}
(1983, the dynamical timeq,,, in Equation ) is to be AR* ’
understood as the average time for accelerating particles (6)
from pinj t0 pmax. Clearly, some portion of these parti- whereN...(k, p, t1.) is the number of particles that escaped
cles would take a longer time thag,,. However, when from the shock complex at timg. and longitudep with-
t > tayn, Shock parameters cannot be regarded as constaintd3p phase space](k, p) is the shell number for which
anymore, so we expect a roll-over ffp) nearpmax. This,  pyax = p; (AR*)? = 4k o (e —te—1) +2([rjs 1.6 (tk) —
of course, is the consequence of a finite acceleration time.; , (¢,,)]/2)? decides how many particles escape from the
In an earlier papeForman & Drury(1983 examined the parcel(j, k). This parameter is larger for high energy par-
effect of finite time analytically and demonstrated that theticles since the diffusion coefficient increases with mo-
particle distribution function at higher momentum mani-mentum.N; . (¢, — 1) is the particle number in the par-
fests exponential decay of the diffusion coefficient, whichcel (j, k) before diffusion,;s = (. + 7j41.1)/2 repre-
is a function of particle momentunEllison & Ramaty  sents the heliocentric distance of the center of pdricél),
(1984 adopted an exponential decay tail at high energyr = (rqs. — r;k)/AR* is a dimensionless parameter and
~ exp(—E/Ey) to account for the effect of finite shock r., = Tk + 1 represents the escaping boundary for
size and finite acceleration time. Some recent numericglarticles with momentum.
simulations byZuo et al. (2011 and Kong et al. (2019 Once particles escape from the shock complex, they
which examined particle acceleration at a prescribed shoghropagate along the IMF in the relatively undisturbed so-
showed that the time dependent particle spectra are consiar wind. We closely followHu et al.(2017 in describing
tent with a power law with an exponential tail. With thesethe transport of escaping particles in the second module of
considerations, we adopt Equatiaf).( the iPATH model. In particular, we also include the cross-
To model SEP events at multiple locations simultanefield diffusion and apply the backward stochastic differ-
ously, the iPATH model replies on a 2D onion shell moduleential equation method. The cross-field diffusion is gov-
to keep track of energetic particles in the shock complexerned by a term- v - (k. - Vf) (see eq. (18) ofu et al.
At the j-th time step, thg-th shell (the outermost shell) is (2017), wherex | is the perpendicular diffusion coeffi-
generated and divided longitudinally into different pdsce cient of energetic particlesiu et al.(2017) calculateds |
(Jr, k) With an angular width ob°. Particles accelerat- from the parallel diffusion coefficient; based on Non-
ed at the shock front experience convection with the parcelinear Guiding Center (NLGC) theory. In the NLGC the-
and diffusion between parcels. Note that particles only dery, the solar wind turbulence is assumed to have a geom-
iffuse in parcels whosg’;© are greater than the particles’ etry of a “slab+2D”, where the slab component describes
momentuny. This is because for parcels with%:. < p,  Alfvénic fluctuation along the background field and the 2D
there is no excited wave turbulence that can trap these patrbulence describes how the background field line (here
ticles. Particles can escape when they diffuse far enougihne Parker field) meanders. An important parameter de-
ahead of the shoclZank et al.(2000 assumed an escape scribing the 2D component of the turbulence is the bend-
lengthl = 4Xcsc, Wheredese = 7= is the scatter length  over scalé,p, (Shalchi et al. 20101n the work ofHu et al.
scale andk,, is the particle upstream diffusion coefficien- (2017, the radial dependence &f.;, andl,p was ignored.
t in the direction of shock normal. Within the length  Hu et al.(2018 considered a more general case of,
the excited wave density is significantly higher than that
of the ambient solar wind. If the wave intensity hasaro

dependence, then the particle distribution function decay,ynereq is a parameter and close toln this work, we set
exponentially with the escape length in the shock frons, _ (.8 and assume the square of the turbulent magnetic
t. This allows one to obtain the escaped particle distribusig|q s B2 ~ =3, thus the radial dependencergfands |

tion function. AlternativelyLi et al. (2009 calculated the | jsilized in Hu et al.(2018 has the following form
number of escaped particles explicitly instead of using the

4 5 2 0 7 8,
particle distribution function. Note, the escape boundary K| ~ v3B3rs®ti g ~u9 BTope Tt (8)

lgtab ~ 7% lop ~ 7%, (7
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wherew is particle speedB is the background magnet- ty from the background by a factor daf at ¢., and the

ic field andr the heliocentric distance. In this work, we disturbance last$ hour. With these parameters, our sim-
setr /k| to be0.0099 at 1 AU for a 1 MeV proton. With  ulated shock arrival time i¢9.2h at Earth and8.5h at

this choice ofx_ , we examine cross field transport of en- ¢ = 155° near Mars, in reasonable agreement with ob-
ergetic particles and discuss the observations at Mars arsgrvations. However, with these parameters, the eastern
STEREO-A, which, as we show below, depend strongly orflank of the shock, magnetically connecting to Earth, is

K. very weak and it does not accelerate particles to high en-
ergies. As noted by.iu et al. (2019, large lateral expan-
3 RESULTS sion of CME-driven shock could lead to enhanced SEPs

_ _ ) for observers that are connected to the shock flank. To e-
For our simulation, we avera@hours of so]ar wind 0b- | a1 ate the effect of the large lateral expansion, panel (b)
servation befor_e the CME er_upt.|on asa gwde_ to the backéf Figure 1 depicts the shock profile applying a double-
ground solar wind inputs. This yields a solar wind speed Obaussian profile with parameters given in Tables we

—1 - . .
500kms ,a;magnetlc field 03.9nT and a number densi- can see, a high density blob now appears in the eastern
ty of 0.8cn at 1 AU. Note that there were some IorGCGOI'flank, leading to a locally enhanced shock compression ra-

ing CMEs, which mositly affected the number density ofyj, 1o modeled shock arrival times are also similar to
these three parameters. To account for the recovery of the, ..\ ~+ionsi18 5h at Earth andss.1h at the longitude
corona after the preceding CME, we consider the 8'hou6f 155> near Mars. The shock speed at Earth is about

averaged number density of 3.5 cibefore shock arrival. 570kms! (Liu et al. 2019, and the modeled shock speed
As expressed in Equatioril); we use a double Gaussian at Earth is abow50 km s

profile for the velocity disturbance and the corresponding

parameters describing these two Gaussian profiles are list- F19uré2 plots the evolution of shock parameters in the
ed in Tablel. To model the large lateral expansion, we ecliptic plane. Three observers at 1 AU with different lon-

utilize a large variance for the second Gaussian distribuditudes: 0, 10°, 20° are chosen. The white dashed lines

tion but limit the perturbation only within the longitudes N the figure are IMF lines assuming a solar wind speed
Of [Gmin, dmax] = [10,90]. The durations of the perturba- of 500kms~t. From pangl (a_) we can see that the east-
tions (D1, D) are both set to bé hour and the start time ern flank of the shock maln_tams .a guasi-parallel geometry
(t,) for the second perturbation is hour. The injection  for the entire propagation, implying that the eastern flank
efficiency is assumed to b&lfor gx = 0 (i.e. paral- of the shock has a higher efficiency to accelerate particles.

lel shock geometry). We set the ambient turbulence leveT @€l (b) shows the evolution of the shock speed. We note
5B2/B? to be0.5 at 1 AU. that the shock speed is smaller thi®)0 km s most of the

Figure 1 displays the locations of various spacecrafttime when Earth is connected to the shock fronts. Panel

when the event occurred and plots the scaled numbdF) depicts the maximum particle energy at shock fronts
density for two cases: one for the single Gaussian pe@S the shock propagates froff 2, to 1AU. The maxi-

turbation and the other for a double Gaussian perturbd!'UMm €nergy occurs near the Sun at a longitude10°.
tion. When the CME erupted, Earth was located- at However, even along the field line connecting to Earth, the

1.OAU with ¢ = 0° and Mars was located dt66 AU maximum energy can reach hundreds MeV early on. This

and¢ — 157.5°; STEREO-A is located a0.96 AU and is due to large lateral expansion: the presence of the sec-
¢ = 232°. Venus and Mercury are on the propagationond Gaussian profile Ieaqls to a larger compression rati_o
path of this CME. However, there were no available datnd a larger shock speed in the eastern flank. Panel (d) dis-

at these two locations. The CME-driven shock arrived aP@ys the compression ratio along the shock front during
Earth and Mars at50.5 h and~59 h, respectively, after h€ shock propagation. There are two high-compression-
the eruptionGuo et al. 2018 Previous work byGuo et al. rgtlo lobes, cor.respopd.mg to the two velocity profiles. The
(2018 on this event has obtained a speedf0 km s high co.mpres.sllon rat!o |r.1 thg eastern flank enhances the ac-
at 17.6 R, with the central axis at 10 In another study celeration efficiency, indicating the importance of thgtar

by Luhmann et al(2018 employing the Cone model, the 'ateral expansion.

authors obtained a radial speed26f)0kms=! at21.5 R In Figure 3, the modeled time intensity profiles, plot-
with the center axis at 108In our simulation with a sin- ted in panels (b) to (d), at longitudes 6f and 20°

gle Gaussian profile, shown in Figute(a), we assumed are compared with observations by the Energetic Proton,
the central axis is along.= 100° and the variance of  Electron, and Alpha Detector (EPEAD-A) instrument on-
the Gaussian disturbance was set toibe At the inner boardGOES-15, shown in panel (a). Note that the EPEAD-
boundary located at 0.05 AU 10 Rs) we increase the A detector has a westward-viewing angle. From our model,
solar wind speed t@400kms~! and the number densi- we choose energy channels that are similar to the observa-
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Table 1 The Initial CME Parameters of Double Gaussian Distribigion

Gaussian distribution Initial speed Density amplitude tieation center Variances

i (kms—1) be, o
1 2200 4 118 44°
2 1400 34 920 1200

Density amplitude refers to the ratio of the enhanced nurdbesity to that of the back-
ground at the inner boundary.

R2N(AU%cm™3) R2N(AU%cm~3)

B AW AT 200090

3 6 9 12 15 18 21 24 27 30 3 6 9 12 15 18 21 24 27 30

Venus

270° 270°

Fig.1 Snapshots of the CME-driven shock configuration. The cattieme is for the normalized density-2. The
simulation domain is front.05 to 2 AU. The bold black circle i3 = 1 AU. Planets Mercury, Venus, Earth and Mars
and the spacecraft STEREO-A are marked as red dots, withotihesponding dashed lines the field lines passing them.
The left panel displays a symmetric eruption with a singlei$aéan velocity profile and the right panel depicts the &ter
expansion of CME-driven shock with two-Gaussian profiles.

tions. Because the shock arrival time differs for differentPanel (c) is the simulated result at longitude of .20 is
longitudes, ther-axis is normalized by, the shock ar- interesting to note that simulation results at longitud@s 2
rival time for each observer. From panel (a) we can seexhibit similar decay behavior as the observation. This ob-
that the observed intensity at all energy channels manifesserver maintains relatively long duration connecting to re

s substantial enhancements at the beginning of the evegions of the shock that have high compression ratios. The
and are followed by slow decays. Panel (b) presents thpresence of this long-duration high compression ratiogs th
simulated result at Earth (i.¢.= 0). The intensity under- result of the second Gaussian profile. Clearly, the assump-
goes a rapid enhancement at the beginning, similar to thiion of the large lateral expansion of CME-driven shock
observation. However, the decay is also very rapid, whiclis crucial for our results. We also note that if the preceding
differs considerably from the observation. As apparent ifCMEs perturb the IMF such that Earth is also magnetically
panels (b) and (d) of Figur this is due to the fact that af- connected to the second Gaussian for an extended period,
ter ~ 0.5 AU, Earth is connected to a portion of the shockthen we would expect observers at Earth could see results
that has a weaker compression ratio and a low speed. Nogémilar to panel (c). Panel (d) shows the simulated result at
that this connection is under the assumption that the IMF i€arth with five times as large as . The results between
given by a Parker field. There were some preceding CMEpanel (b) and panel (d) are only slightly different, which il

in this event and the magnetic connection can therefore bestrate that invoking a large perpendicular diffusiomalo
different from the Parker field. We will discuss this later. cannot explain the Earth observation. One may think that
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30% v p(kmys)
2500

2000
1500

1000

180° 0° M50
(hours)41.2 31.5 226 145 7.6 2.0 0.5 1.0(AU) (hours)41.2 31.5 22.6 145 7.6 2.0 0.5 1.0(AU)

o- M, 180°
(hours) 41.2 315 22.6 145 7.6 2.0 0.5 1.0(AU) (hours)41.2 315 22.6 145 7.6 2.0 0.5 1.0(AU)

Fig.2 The time evolution of the shock parameters along the shack.fiThe black solid curves indicate shock fronts at
different times (labeled on the left part of theaxis). The white dashed lines signify unperturbed Parkagmetic field
lines connecting observers at longitudes 9f00° and 20. Earth is located ab = 0°. The color scheme for panel (a) is
the shock obliquity anglégn (the angle between shock normal and the upstream magnédi fag panel (b) the shock
speed; for panel (c) the maximum particle energy in the slimek; and for panel (d) the shock compression ratio.

by aligning the center axis of the second Gaussian profil&nergy Proton and Alpha Detector (HEPAD, P8-P10) on-
closer to the Earth direction can improve the simulationboardGOES-15. The integration period is from 16:05 UT
results atp = 0° with an ambient field that is Parker like. on 2017 September 10to 18:30 UT on 2017 September 12.
However, the profile of the second Gaussian profile is con-  We fit both the observed and the modeled spectra with
strained by the shock arrival time at Earth. If one furthera Band-function formBand et al. 1998 given by,
tunes the center axis of the second Gaussian profile toward
¢ = 0°, the shock arrival time will be earlier than the ob- J(E) = CE " exp (_E) for E < (7 — 7a)Fo;
servation. As a consequence, one has to decrease the am- Eo
plitude of the second Gaussian, which will lead to aweaker J(E) = CE~" [(v, — va)Eo)™ ™ " exp(Ya — 7b)
shock and does not accelergte particles to high e_nough en- for E > (v — va)Eo,
ergy early on. Furthermore, if the second Gaussian profile (9)
is further towards Earth, the overall CME and shock profilewhere.J( E) is the particle fluence and is a normaliza-
will be quite distorted and appear more like two separatéion constant, and~, are the spectral indices in the low
eruptions, which is not supported by observations. energy region and high energy region respectively.is
Besides the time intensity profiles for the six energiesthe spectral break energy, which typically occurs at en-
we also consider the event-integrated spectra at 20°.  ergies of tens of MeV. Followin@runo et al.(2019, we
Reasonable agreement with the observation is also ohilize the calibration schemes &andberg et al(2014
tained. The left panel of Figur plots the simulated and andBruno (2017, below and above 80 MeV, respective-
observed event-integrated proton fluence. For the observly to obtain the mean energy values of every channel.
tion, we use the lower-energy data from the Low EnergyJsing different satellite instruments, calibration sclesm
Magnetic Spectrometer-120 (LEMS-120) of the Electronand integrated periods lead to different fitted parameters,
Proton and Alpha Monitor (EPAM) onboard ACE, for four Cohen & Mewaldt(2018 obtainedy, ~0.73,~, ~3.39
energy channels ranging from 330keV to 4.75MeV, andand £, ~19.1MeV. The smaller, is caused by utiliz-
the high-energy data from EPEAD-A (P2-P6) and the Highing data from the Ultra-Low Energy Isotope Spectrometer
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Fig. 3 Panel (a) displays the proton time intensity profile measbyeGOES-15 from onset to shock arrival. Other panels
showcase the simulation results before shock arrival &reifit longitudes (@ 20°). The curves with different colors
correspond to different particle energies. Thaxis of all panels is the time since the eruption, normdlizel;,, where
T, is the shock arrival time for different observers.

(ULEIS) instrument onboard ACBruno et al(2019 ob-  at lower longitudes the observer connects to parts of the
tained~, ~1.21,v, ~ 4.04 and By ~ 37.0MeV for a  shock flank with a compression ratio that decreases quick-
longer period, from 16:05 UT on 2017 September 10 tcer.
00:00 UT on 2017 September 17. The fitted parameter-

s for our period in this work arg, ~1.21,7 ~ 3.79  dentified in solar cycle 24. The high energy spectral
and Ey ~ 38.68 MeV, similar toBruno etal.(2019. In  jngex of this GLE event was softer than many GLE
comparison, the fitted parameters of the modeled fluencg,ents observed in cycle 2 ¢hen & Mewaldt 2018
observed at longitude of 2@are:y, ~ 1.14, v ~ 3.48  Gopalswamy et al. 20)8Gopalswamy et al(2018 sug-

and Ey ~ 50.77MeV. These are similar to the observa- gested that the soft spectrum may be caused by poor latitu-
tions. The right panel of Figuré displays the simulated ginal and longitudinal connectivities. Because the iPATH
event-integrated proton fluence at different longitudes ofodel is a 2D code and is limited to the ecliptic plane,
0°, 10° and 20. Note that while the time intensity profiles \ye cannot consider the latitudinal effects. As to the lon-
at these three locations are quite different as demondtrat%itudinm connection, our results suggest that the observa
in Figure3, the differences in the event-integrated spectrajgn at Earth (with¢ = 0°) is very close to the simula-

for these three observers are, however, small. Nonethelesg), results at longitude of 20 Note that our simulation
comparing the three spectral indicgsin the right panel  assumes the background magnetic field is described by a
confirms that the high energy portion of the spectra bepgrker field. Distortion of the background field is possi-
comes softer as the longitude decreases. This is becausg due to preceding CMEs. There were multiple CMEs

This GLE event is one of the only two GLE events



Z.-Y.Ding et al.: Modeling Solar Energetic Particle Event of 2017 SeptemiBer 145-9

ACE/EPAM-LEMS120 — lon-0°
A GOES/EPEAD-A — lon-10°
10° A GOES/HEPAD 10° — lon-20°

—Fitting curve
— Simulation

108

Jun
o
E)

107

=
o
<

10°

=
o
)

Va = 1.1120.01
105 Vb = 5.44+0.10
Eo = 69.54+1.66
Va = 1.1420.02
Vb = 4.35+0.08
Eo = 58.84+2.23

104

Fluence [cm~2 sr~! MeV~1]
= =
o o
2 >

Fluence [cm~2 sr~! MeV~1]

103

=
o
[

Va = 1.14%0.03
Vb = 3.48+0.11

10? Eo = 50.77£5.17

=
o
©

10t
107t 10° 10t 102 103 107t 10° 10t 102 103

Energy [MeV] Energy [MeV]

Fig.4 Time interval-integrated proton fluendesft panel: The yellow solid dots represent the fluences from the instru
ment EPAM-LEMS120 onboard ACE. The red solid triangles alathsolid triangles represent the fluences with the
instrument EPEAD-A and HEPAD onboa@&DES-15. The blue curve is the fit to the observation using the Band-
tion. The fitting parameters are shown in blue. The red cuswbé modeled fluence at longitude of°2@ith the red
parameters from the band function fittirfigight panel: The modeled fluences at three different longitudés 10°, 20°)
and the fitting parameters are labeled with corresponditayso

Mars time intensity Profiles
—— RAD (E > 113 MeV)
—— Simulation (E > 119 MeV)
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Fig.5 The proton time intensity profiles from the observation amdusation at Mars. The black curve signifies the
integral flux in the energy bands113 MeV of the instrument RAD on MSL (adapted frafeitlin et al. 2018. The red
curve corresponds to the modeled result in the energy bahd8 MeV.

prior to the September 10 event. A large and fast CME ocMC is a manifestation of a flux rope structure whose two
curred on the 6th, whose propagation direction isw@st feet are anchored on the solar surface. If so, as this flux
of Earth. At Earth, the magnetic cloud (MC) behind therope can further propagate out, it can affect the field that
shock was observed on the 8th and ended at the beginniigconnected to Earth on the 10th. Besides the CME on the
of the 9th (Merner et al. 2019 It is very likely that the 6th, there were also multiple smaller CMEs that occurred
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STEREO-A time intensity Profiles )
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—— Simulation(11.2 - 94.3 MeV)
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Fig.6 The proton time intensity profiles of the observation andusation observed by STEREO-A. The red line rep-
resents the flux in the energy bands6 — 100 MeV of the instrument HET onboard STEREO-A. The blue linehis t
modeled result in the energy bands2 — 94.3 MeV.

on the 8th and 9th. The effects of these smaller CMEs oproton energy greater thdn9 MeV. The event peaked on

the global magnetic field configuration are also unclearSeptember 11, from about 4:00 to 14:00 WZeitlin et al.

In our simulation, we assume the background field is 0£2018. The modeled result shows a similar peak in the fig-
Parker type, so we cannot address the connection issugre. From panel (b) of Figurgé we can see that Mars was
Note that the large lateral expansion of the CME-driverinitially connected to the very western flank of the shock
shock is crucial for obtaining our resultsu et al. (2019  and as the shock propagates out, the connection becomes
have suggested that the enormous lateral expansion of tleger weaker. Many SEPs observed at Mars are particles
shock has an important effect on SEP production for thighat undergo cross field diffusion in the IMF. They are ac-
event. However, to our knowledge, there have been no sincelerated at the stronger part of the shock. To the observ-
ulations addressing SEPs that consider the effect of laterar at Mars, the event is a typical eastern event. Therefore
expansion of a CME and its driven shock. A large later-we see a clear decay phase after the peak. The shock ar-
al expansion of the shock can affect both the time intensityival time is ~02:50 UT on 2017 September 13 followed
profile and the even-integrated spectra. This is cleadgill by a clear Forbush decreaseuo et al. 2018 The simu-
trated in Figure2, from which we can see that the observerlated shock arrival time is-02:00 UT on 2017 September
at¢ = 20° can initially connect to a weak part at the edgel3.

of the first Gaussian profile (compression rati®) of the

shock, followed by a stronger part (compression ratid)

of the shock. STEREO-A also observed this event. In Figérehe

modeled proton time intensity profile in the energy bands

The high energy SEPs associated with the fast CMBE.1.2-94.3MeV is displayed as the blue curve. This can be
were also detected by Mars and STEREOZgitlin etal.  compared with observations ©8.6-100 MeV protons (red
(2018 reported the radiation dose rate on the surface ofurve) from the High Energy Telescope (HET) instruments
Mars measured by RAD, mounted on MSL's Curiosity onboard STEREO-A. Both of them show a gradual rising
rover. The black curve in Figurg is the derived integral phase after the CME eruption. The absolute value of the
flux of proton energy greater than 113 MeV observed byflux is also similar. STEREO-A was at longitude of 232
RAD (Zeitlin et al. 2018. The proton onset time is 19:50 which was connected to the back side of the Sun when the
on 2017 September 10 at Mars, which waéh after the CME erupted. Therefore, the SEPs detected at STEREO-A
CME onset. A rapid increase is detected after the onsemust have undergone cross field diffusion as they propagat-
The red curve in Figuré is the simulated integral flux of ed out. Our results suggest that the perpendicular diffusio
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coefficients and their radial dependence used in this work  Our study suggests that modeling a realistic SEP even-
are reasonable. t needs (1) an in-depth understanding of the influence of
preceding CMEs, in particular the effect of a non-Parker
field, and (2) taking into account possible lateral expan-
sion. Indeed, observations have demonstrated that large la

In this paper. we model the 2017 September 10 SEP evee{al expansion of CME-driven shock is quite frequent in
Paper, P Parge eruptions, so considering the lateral expansion and

applying the iPATH model. The most important assump- . - . ,
\PPIyINg . . : P P capturing a realistic CME-driven shock profile, such as the
tion we made in this work is a large lateral expansion

of CME-driven shock, modeled by two Gaussian veloci-ShOCk speed and obliquity a'°f‘9 the ShOCk. surface, are al-

! . ) . . so crucial for any SEP modelings. We point out that lat-
ty profiles. In previous implementations of iPATH mod- eral expansion is intrinsically inhomogeneous because the
eling Hu et al. 20172018 Fu et al. 2019 a single sym- P Y 9

metric Gaussian-shape velocity profile was adopted to SirTPlasma conditions at different parts of the shock flank are

ulate the inner boundary condition of the the CME-drivendlﬁerem' In this work, we utilize a second Gaussian profile

) . ..to mimic the lateral expansion. Finally, fitting observaso

shock. To illustrate the lateral expansion, we use a vslocit ) . . .
. . . . at multiple longitudes can provide very strong constraints
profile at the inner boundary consisting of two Gaussian

profiles with different propagation directions and differ- on the perpendicular diffusion coefficients of energetie pa

ent start times. We then examine the time intensity pro'_ucles. Although our simulation is for the 2017 September

. . . 10 event, it forms a nice basis for understanding other large
files and the event-integrated spectra at multiple observ g g

. . : %EP events as well.
tion locations corresponding to observers at Earth, Mars

and the STEREO-A spacecraft. We adjust the initial CMEAcknowledgements We acknowledge the use of NOAA
perturbation parameters such that the modeled shock aGOES data ftt ps: // sat dat . ngdc. noaa. gov/),
rival times at Earth and Mars are close to the observationshe ACE data from the ACE Science Centemwy.
The introduction of a second velocity profile to mimic thesr | . cal t ech. edu/ ACE/ ASC) and the STEREO da-
lateral expansion leads to stronger particle acceleration ta (htt ps://stereo-ssc. nascom nasa. gov/).
the eastern flank of the shock, which is necessary to undefhe work done at the University of Alabama in Huntsville
stand the observation at Earth. Our model resulig at  is partially funded by NASA grants NNX17AI17G,
0°, which is the Earth’s location, manifest similar event-80NSSC19K0075 and 80NSSC19K0629.
integrated spectra as the ACE aB@ES observations, but
the modeled time intensity profile shows a clear differencdreferences
from that of observation. In comparison, the model resultsBand D., Matteson, J., Ford, L., et al. 1993, ApJ, 413, 281
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. . . . . Bruno, A. 2017, Space Weather, 15, 1191
for both the time intensity profiles and the event-integtate
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