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Abstract Observations from multiple spacecraft show that there aeegy spectral “breaks” at 1-10 MeV

in some large CME-driven shocks. However, numerical mockatshardly simulate this property due to high
computational expense. The present paper focuses on ampthese energy spectral “breaks” by Monte
Carlo particle simulations of an isolated CME-driven shotking the 2006 Dec 14 CME-driven shock
as an example, we investigate the formation of this energgtsgl property. For this purpose, we apply
different values for the scattering time in our isolated@dhmodel to obtain the highest energy “tails,”

which can potentially exceed the “break” energy range. Harenve have not found the highest energy
“tails” beyond the “break” energy range, but instead find tihe highest energy “tails” reach saturation
near the range of energy at 5 MeV. So, we believe that thestseam energy spectral “cut off” in an isolated
shock. If there is no interaction with another shock, theceild not be formation of the energy spectral
“break” property.

Key words. acceleration of particles — shock waves — Sun: coronal njasti@ens (CMEs) — solar wind
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1 INTRODUCTION magnetic field directiondzy) can have implications for

ground-level enhancement events (Li et al. 2010; Snodin
Strong astrophysical shocks are often associated with set al. 2013). Estimation of the maximum particle energy by
perthermal particle emission and with magnetic field am-coronal mass ejection (CME)-driven shocks is becoming
plification (Bykov et al. 2013; Vladimirov et al. 2006). more and more vital for forecasting space weather. Since
This phenomenon suggests that shocks are regions whegerticles accelerated at the shock escape rather easity fro
particles are efficiently accelerated, and this large gaiup the acceleration site, they can be detected well before the
energetic particles is responsible for the excitation ofma arrival of the shock. This, of course, has immediate and
netic turbulence via plasma instabilities (Bell 1978; Bellinteresting implications for space weather monitoring and
et al. 2013; Jokipii 2013). These magnetic fields which dif-prediction systems, but it also implies that the study of the
fuse cosmic rays in the vicinity of the shock are requiredon acceleration mechanism is complicated by the subse-
to be much higher than the averaged magnetic field in thquent interplanetary propagation of the energetic pasticl

interstellar medium. For the past several decades, there has been much lit-
The theoretical model includes the determination oferature focusing on all aspects of the diffusive shock accel
the particle injection energy from the thermal particleeration (DSA). In the past, cosmic ray (CR) spectra, accel-
distribution into the non-thermal particle distributiche  eration efficiency, and amplification of the magnetic field
maximum energy of particles accelerated at the shock, effrave been calculated regularly via a two-fluid approach
ergetic particle spectra at all spatial and temporal locati  (Drury 1983). More recently, those have been simulated
and the dynamical distribution of particles that escape upvia a particle Monte Carlo method (VIadimirov et al. 2006;
stream and downstream from the evolving shock compleXVang & Yan 2011; Ellison & Double 2004, Ellison et al.
(Zank et al. 2000). Monte Carlo simulation results indi-1990; Niemiec & Ostrowski 2004), via a hybrid method
cate that solar ejecta transfers energy into the non-tHerméCaprioli & Spitkovsky 2014; Gargaté & Spitkovsky 2012;
particles in an interplanetary shock with an efficiency ofGiacalone et al. 1993; Guo & Giacalone 2013; Winske
~ 10% (Wang et al. 2013). Studies of the dependence af985), or via a full particle-in-cell (PIC) method (Amano
this efficiency on the angle between shock normal and th& Hoshino 2007; Riquelme & Spitkovsky 2011). In addi-
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tion, the CR’s transport equations have also been solve@aprioli & Spitkovsky (2013, 2014) have used 2D and
by a numerical method (Kang et al. 2002; Zirakashvili3D hybrid simulations with large computational boxes to
& Aharonian 2010) and an analytical method (Liu et al.reveal the formation of upstream filaments and cavities,
2004; Caprioli et al. 2010; Malkov & Voelk 1996). These which eventually trigger the Richtmeyer—Meshkov insta-
methods are all able to provide consistent results for théility at the shock, and lead to further turbulent amplifi-
dynamics of the shock including the CR’s back-reactioncation of magnetic fields in the downstream region. The
However, unlike the analytical method, the particle methodypical acceleration time, up to enerd@yin a shock with

and the numerical MHD method have not yet been ableelocity vy, is of orderT,.. ~ D(E)/vfh (Drury 1983),

to simulate the energy spectral “break” property (Malkovwhere D(FE) is the diffusion coefficient. The acceleration
et al. 2013). Since the “break” of the energy spectruncharacteristic timescale would be roughly equivalent & th
would be associated with the particle leakage mechanisnimescale of the ejecta-dominated stage: when the shock
Malkov has presented a new combined diffusion coeffiis formed, the shock velocity drops quite rapidly, and so
cient to describe particle acceleration and escape in didoes amplification of the magnetic field (Guo & Giacalone
ferent regions. It accounts for a highly turbulent magneti2012). In a certain acceleration timescale of the shock sys-
field in the vicinity of the shock site (particle accelerafio tem, the maximum particle energy is decided. However, in
and for faded turbulence of the magnetic field far from thethe particle simulation system, the particle’s free escape
shock front (particle escape). boundary (FEB) size should be considered, which means
tthe highest energy particle would escape from the FEB. If

acceleration of solar energetic particles (SEPs) would haﬁhe present simulation focuses on production of the max-

pen in CME-driven shocks, the underlying acceleratiod™um particle energy, the highest energy spectral “tail”
mechanism in the shock environment still remains unc:er§hOUId be pres_ehrveda;'ohoblt:aéréth_e max(;mum part;::le eln—
tain. In particular, it is not clear how the extensive maxi-E9Y: We can either add the size or decrease the value

mum particle energy can be produced or why the energ%_)r the scattering time. Due to the expansion of the FEB

Although it is widely accepted that the most efficien

spectral shape can be broken (i.e., why an abrupt chan ize, the shock system will cause an extra compqtatiqnal
in the slope of the energy spectrum can occur) in som urden, so we can change the value for the scattering time.

large CME-driven shocks (Mewaldt et al. 2008). In the pasfn the amplified magnetic field with an order of magnitude
B/By ~ 1, the scattering time is an important factor to

solar cycle 23, there were several observed events exhib%et ine th lerati fici in th cdiff
ing proton energy spectral “breaks.” These events occurregf ‘c/MINe the-acceleration etliciency in the resonantdifiu

on 1997 Nov 6, 2001 Apr 15, 2005 Jan 20, 2005 Sep 751on condition, and ther_eby determ_ing if the maximum par-
2006 Dec 05. and 2006 Dec14. In addition. there are harHCIe energy can be achieved. In this isolated shock model,
X-ray and'y-réy energy spectra from the Réuven Raman),"’e can investigate the maxi_mun_1 particle energy by chang-
High Energy Solar Spectroscopic Imager (RHESSI) that"9 the value for the scattering time.

were recorded on 2002 July 23. This event shows a double-

power""?‘w spectrum with a “b_reak” at 30 I_<eV in X-ray shock can accelerate energetic particles beyond,, and

and a high energy .CUt'Oﬁ tail at-5 Me\/_ in y-ray. The even up to GeV, we take an isolated shock as an exam-
X-ra_y spectrum indicates that substar_mal electron accelﬁ'e to investigate the maximum particle energy and en-
eration reached tens of keV. Theray line showed that o0y spectral “break” by using different values for the scat
ions were accelerated to tens of MeV (Lin et al. 2003)‘cering time within resonant diffusive scenarios. Accoglin
There were aIsp some deb_ate_s abou.t a broken lower e psa theory, acceleration efficiency is significantly en-
ergy spectrum in X-ray, which is far d'ff.ere”t from an ?d hanced once the mean free path for pitch-angle scatter-
hoc assumption of hot thermal plasma displaying the h'ghfng is approximately equal to the particle’s gyroradiue.(i.
est low-energy cutoff{20keV). Actually, there are a lot A ~ r.(E) x E/B), and the diffusion coefficient reads
of arjalyses of the hardening spectra in the energy rangﬁB(E) ~ vr(E) &Lagage & Cesarsky 1983). If the
varying from 20 keV to a few MeV (Gan etal. 2001; Kong Bohm diffusion condition is satisfied in the shock system

e.t al. 2013; Huang 2009). In more recent years, an eXtering there is a typical interplanetary magnetic field with an
sive SEP event was detected by STEREO A on 2012 Ju'¥rder of a few mG, one can estimate that the maximum

23 near 1 AU. Liu et al. (2014) suggest that the in'tranSi(Earticle energy would beé ~ 1MeV which is not

interaction between two closely launched CMEs resulte nough to explain the energy spectral “break” at 1-10 MeV

in the extreme enhancement of the SEP event. These Iy o<arvations (Ellison et al. 1990). Therefore, we hope to
sults prqwde a new view crucial to space weather and Soéxtensively calculate the maximum particle enefgy,.
lar physics as to how an extreme space weather event ¢

b duced f . ion b | %@ing different values for the scattering time within an
e produced from an interaction between solar energetic |-+« shock model. If we can obtal, o, > Forea.,

ejecta (G(?palswamy et "’}l' 2005;. Cheng et al. 2013; Wanghis would imply that it is unnecessary to use a multiple
&Ji 2013; Su et al. 2013; Schneider 1993). shock model to explain the energy spectral “break” prop-

The parallel shocks show an effective amplification oferty. If we obtainE,,,.« < Eyreak, then we should examine
the initial magnetic field due to the current of energeticwhether there is an energy spectral “break’Fat.., and
ions that propagate anisotropically into the upstream flomwhether we should apply a multiple shock model.

Because we are not sure if an isolated CME-driven
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In the present paper, we do simulations to further in-Table 1 ~ Six Cases with Corresponding Constants of the
vestigate the maximum particle energy in an isolated CMEBScattering Time
shock by using different values for the scattering time. In~gmuiation cases A B c D E =
Section 2, we briefly introduce the dynamical Monte Carlo e scattering time 70 7072 70/3 _70/4 _ 70/5  70/12.5
simulation method. In Section 3, the simulated results and
analysis are presented. In the end, Section 4, we give a

summary and some conclusions. cro processes between the particles and turbulent magnetic
field in the diffusion processes. This technique is based on
2 METHOD computational grids, where a large number of particles are

. . . distributed. A particle’s mean free path is proportional to
Many deviations of DSA arise from the nonlinear effectsits local velocity in its local frame as follows.

of the shock, such as modification of the shock structure,
magnetic field obliquity, time-dependence, magnetic field A =wvp -7, 1)
amplification, etc. Those have been calculated by a two-, . . . .
. : where vy, is the local velocity of particles and is the
ﬂé'd m(I)_detI (leégxlg \Se”: 1921\)/’ alrll ?nglg_“;al n:Odgl scattering time. In Earth’s bow shock model, the scattering
( apriofi €t al. » Vialkov o€ 020, AMalo time 7 is taken as a constant (Knerr et al. 1996). For com-
Blasi 2006) and particle models |nclud[ng hybr_ld, PIC paring values of maximum particle energy,.., we apply
and the Monte Carlo method (Gargate & SpltkoVSkydifferent values for the constant of the scattering time to

2012; Giacalone 2004; Amano & Hoshino 2007; Riquelme : : .
& Spitkovsky 2011; Viadimirov et al. 2006; Ellison & perform these corresponding cases as in Table 1. To simu

late the scattering processes accurately, the scattémeg t
DOUb.Ie 2004; Wang & Yan 2011). These models retumT should be chosger?to be far more thanytime shie@s foIT!-g
consistent results and can also provide results on the d WS
namics of the shock including the CR’s back-reactions. In '

general, there are two aspects in the deviation of DSA: 7> dt. (2)
one aspect is about the issue of transfer depending on the . . . .
macro factors of the shock including Mach number, mag- To simulate the shock’s formation and evolution, we

netic field obliquity, time dependence, etc; another aspe et th? standard scattering timgas a constant fpr al! par-
is about the issue of how acceleration depends on micr cles in Case A. Other constants of the scattering time and

factors of the shock including diffusive coefficient, injec c_orresp_ondlng cases can be seen in Tablg L. Th(_)se related
tion rate, scattering time, etc. simulation parameters can be _refer_enced in previous work

Here, we use a dynamical Monte Carlo method to.(Wa.ng & Yan 2012). Here, we just I.'St the scattering times
study h0\’/v acceleration depends on the factor of scatte n different cases. All of the scattering times are chosen to
ing time. In this isolated shock model, the maximum par- e more than time stefy (df = 7/25) in the correspond-

ticle energyFE,,.x Will be calculated in different cases by Ing cases.
applying different values for the constant of the scattgrin RESULTS
time. Since the FEB measures the size of the faded tw;i
bulent magnetic field in the shock precursor region, if theg 1 Accderation of Particles
FEB size is larger, the,,.. is higher. Unfortunately, if
the size of the FEB is larger, then the computational exTo inspect the acceleration processes of particles in the
pense is higher. Instead, we can change the scattering tinsock, we extract a number of representative particles from
to achieve a highef,,,..,. in the shock. Assuming a particle the simulated box in each case. Six plots in Figure 1 are
can obtain the same additional energy gain from each cyclaken from six simulated cases labeled Cases A, B, C, D,
in a period of the scattering time, it is probable that highelE and F, respectively. Each curve in each plot represents
scattering probabilities will obtain more energy gains. Ifone particle’s evolution of velocity and energy with time.
we take a smaller value for the constant of the scatteringvery plot has a few peak velocities in some accelerated
time in one simulation case, we can obtain a higher valugarticles, and the highest peak value in the velocity or en-
of Fn.x by increasing the scattering probabilities duringergy axis represents the maximum velocity or energy in the
the simulation. corresponding case. Each maximum value of energy is de-
Although there is still the impact from the diffusive noted in each plot. Among these six cases, the maximum
coefficient in different shock regions, it can be neglectedialue of energy in Case C achieves an energy saturation at
in this isolated shock model. Since the ejecta moves witth.5506 MeV. In addition, we can also find that some parti-
a large speed and the majority of accelerated particles ades at the bottom of each plot exhibit no acceleration dur-
located in the turbulent magnetic field in the vicinity of ing the entire simulation time. Other particles with jumps
ejecta, the diffusive processes can always be described lisom lower energy to higher energy in each plot indicate
the Bohm condition and the difference in its coefficient inhow their acceleration process occurs in the shock with
this limited precursor region would be slight. time. Simultaneously, energy jumps in the corresponding
The Monte Carlo approach regards the fluid as beingase show an increasingly steep tendency with a decreas-
composed of particles and focuses on the scattering ming value for the constant of scattering time in Cases A, B,
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Particles* velocity and energy evolution with time
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Fig.1 A number of representative particles are extracted fronsithelation box in Cases A, B, C, D, E and F. A blue curve represe
one particle’s evolution of velocity and energy with timeheTtop peak in each plot shows the maximum velocity or enargpe
corresponding case. Some particles have no acceleratindieated by lines at the bottom of each plot. A few curvesyumps from
lower energy to higher energy in each plot indicate that #reyaccelerated in the shock with time. For comparisonFthg. value in
Case C with a scattering time= 7, /3 achieves energy saturation at 5.5506 MeV.

C, D, E and F, respectively. Case F shows very steep jumpb/namical Monte Carlo model, we have obtained different
and steep descents in energy or velocity curves becausalues forE,, . in those cases. So, we can build the func-
the scattering time = 7,/12.5 is chosen to approach the tion of maximum particle energ¥,,,. versus the values
value of the time stepi{ = 70/25). These results indicate for the scattering time with values fromry, 70/2, 70/3,
that computational accuracy requires the scattering time try/4 andr/5 to 7,/12.5 in the corresponding cases.

be significantly longer than the time step. Utilizing the method described in Section 2, the calcu-
lations of F,,,,« are performed under the scattering angular
3.2 The E,.x Function. distribution with a standard deviation 6f= 7 and an av-

erage ofu = 0, which would be relatively more efficient
Here, we focus on an isolated CME-driven shock for calfor particle acceleration in the CME-driven shock demon-
culating the maximum particle enerdy, .. in those cases strated by the previous model (Wang & Yan 2012). From
that apply different values for scattering time. Using ourthe large population of accelerated particles at the end of
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the simulation in each case, we find each maximum locadt = 7,/25). Considering the precision of the calculation,
velocity V Ly, in the corresponding case with its scatter-the value for the scattering timeshould be chosen to be
ing time 7. The relationship between the maximum localnot less than the time stefi. Since the amplified mag-
velocity V' L.« and the value for the scattering timen netic field is limited by the order of magnitud®/B ~ 1,
all cases is shown in Figure 2. whatever value for the scattering time is chosen in an iso-
flated shock model, the obtained maximum particle energy
the maximum local velocity/ L. versus the different Ermax is not more than the upper limit dfyrca n the ob-
served energy spectrum. If we expect to obtain a more ex-

value for the scattering time in the corresponding case. ded b dth imif
In the present Monte Carlo model, the value for the scati€nded energy spectrum beyond the upper limitipfeax

tering timer is chosen to have values, /2, 70/3, 7o/4, at 10 MeV and even up to GeV, the multiple shock model

T0/5 andry/12.5, respectively. These six squares represer’ﬁ'ou!OI be gp?lle% Tﬁlskmeagslth_e”efnmency (c)if ﬁccelera-
the maximum local velocity values fof L., in all cases lt_lor_1 mfag Isolate IS oc mr? € \INI POt Exceec t € upper
with their corresponding values for the scattering timee Th "Mt O Ebreaic @S long as the value for scattering time Is

maximum local velocity L. is represented by a dimen- chosen to be sufficiently greater than the time stegn
sionless value fol Ly a) = 17.7824, V Lyax(s) = addition, it also implies that a realistic observation o th

17.9998. VL, — 949773 VL — 19.8295 Eyreax €nergy spectrum requires a multiple shock model
VI (1’9) :“’la;(%% andV L. (F)mix(l%) 4482 in each O transfer the shock’s energy into superthermal particles

case, respectively. As shown in Figure 2, among these ma>lr('-p toa highest energy spectrum for explaining Hig..x
imum local velocities forV L,,.x, the largest is the one ormation and the higher energy spectrum.

in Case C with a value o¥ L.y (c) = 24.2773, and its

value for the scattering time i$/3. The top of the stairstep 3.3 The Energy Spectra

graph in Figure 2 shows that there exists a saturation in the

function of the maximum local velocity Limax Versus the Figure 4 shows the shock energy spectra calculated in the
value of the scattering time under the resonant diffusion  yqnstream region in all cases. As far as the shape of the
scenarios. energy spectrum is concerned, the power-law slopes of six
Figure 3 shows the fitting curve of the maximum par-extended curves are similar, because all cases are done in
ticle energy En.x Versus the values for the scatteringthe same resonant diffusion scenarios but with different
time 7. The maximum particle energids,,., are calcu- values forthe scattering time. However, among these cases,
lated in the shock frame by scaled values according tthe energy spectrum in Case C with the value for scattering
the scale factor for velocitys.... The maximum par- time of 4/3 shows a relatively steep slope in the highest
ticle energyE..x in each case varies along the shape-energy spectral tail. Under an isolated shock model, each
preserving curve in a sequencef...4) = 2.9780MeV,  case shows how the initial Maxwellian energy spectrum
Eraxsy = 3.0489 MeV, E.c) = 5.5506 MeV, evolves into the extended energy spectrum with a “power-
Erax(py = 3.7031 MeV, E,.«r) = 2.8381 MeV and  law” structure in its high energy range. By comparison, we
Erax(ry = 3.5620 MeV corresponding to Cases A, B, calculated the average value of the maximum particle en-
C, D, E and F, respectively. None of those maximum parergy in the present six cases. The average value for maxi-
ticle energiesF,,.x exceed the upper limit oF,..x at  mum particle energy i§E,.x) = 3.6135MeV and the av-
10 MeV derived from observations. However, Case C witherage value for energy spectral indexX’is- 1.125. These
a corresponding value for the scattering timg¢3 shows  results agree with the low energy spectrum in terms of ob-
that the largest maximum particle energyfs,..cy =  servations from multiple spacecraft. The observed energy
5.5506 MeV, which is still less than the upper limit of the spectrum (Mewaldt et al. 2008) shows a low energy spec-
FEyreax region. It implies that whatever value for the scat-trum with an index offl' = 1.07 and a high energy spec-
tering time is chosen under an isolated shock model, theum with an index of® = 2.45. The observed energy spec-
maximum particle energ¥,,.x would not be more than trumindicates thatthere is d,,..x between the lower en-
the upper limit of thefy,,.x region in the observed energy ergy spectrum and the higher energy spectrum. From these
spectrum. According to these simulation results, the ensimulated cases, we conclude that all these energy spectra
ergy spectrum “cut-off” would be formed near the energyare characterized by a “power-law” with an average index
of 5MeV. In addition, the saturation value for the max-I" ~ 1.125, which is consistent with the observed index
imum energy function demonstrates that these maximurhi = 1.07 of the low energy spectrum. Since there is no
particle energieds, .. can fit the observed lower energy maximum particle energy,,... in these six cases beyond
spectrum below thé),,..x limit. By examining the shape- the upper limit ofF,,..c at 10 MeV, we are unable to con-
preserving curve in Figure 3/, will not increase when clude that there should be @, at 1-10 MeV that acts
the value for the scattering timedecreases fromy/3 to  as a “break” from the lower energy spectrum to higher en-
70/5. Although the function of maximum particle energy ergy spectrum at this range. If we expect the second higher
FEax Shows a slight rising tendency when the value for theenergy spectrum to exist, we can speculate that there must
scattering time decreases fragi5 toy/12.5, the value for be an enhancement in amplification of the magnetic field
the scattering timey/12.5 approaches the time sié(i.e., associated with the multiple shock model. We propose that

In Figure 2, the solid line denotes the correlation o
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the multiple shock model should be applied to further in-DSA, the analytic method gives an implication that this

vestigate the higher energy spectrum in CME shock eventébreak” would be connected with a particle leakage mech-
Recently, some analyses of multiple CME collision anism. This “break” seemingly can be predicted in a loca-

events have been discussed. For example, Cheng et #bn outside of the shock associated with supernova rem-

(2013) reported the initiation process of compound CMEnants (SNRs), where the SNRs collide with nearby molec-

activity consisting of two successive eruptions of flareular clouds. This idea will motivate us to further investga

ropes that occurred on 2012 January 23. Another exanthe energy spectrumy,,..i. formation and the higher en-

ple described by Liu et al. (2014) indicates that the interergy spectrum. Hopefully, we can investigate how the mul-

actions between consecutive CMEs resulted in a “perfediple shock model would play a key role in explaining the

storm” near 1 AU on 2012 July 23, which would induce aenergy spectrunis,,..i. formation and the higher energy

nonlinear amplification of the magnetic field. Also, more spectral shape.

evidence could be gathered from observations by space-
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