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CrossMark

(AMS; Ting 2013 can measure high-energy nuclei with a good
resolution in both energy and arrival direction, but due to their
low orbits, they suffer regular gaps in the solar particle
observations. Continuous and accurate measurements are
possible on board th&olar and Heliospheric Observatory
(SOHQ spacecraft orbiting around the Lagrange point L1, but
particle instruments 0®8OHO originally were not aimed at
detecting protons and helium with energy above W2y
$1 i thestron- nucP! (Torsti et al.1995. Hence, one has to combine together
gest events is possible with ground-level detectors, like neutrorfne particle data of different detectors.
monitors (NMs), which historically preceded the particle Along with particle detectorsSOHO carries a set of _solar
measurements in space. The ground level enhancemeréléscopes and coronagraphs, and 20 yesB©bfOoperations
(GLE) events are considered extreme particle events that occupave made multi-wavelength investigations a common practice

only about a dozen times during a solar cydeg., in the solar energetic partic{S8EB research. It is common to
Gopalswamy et al2016. The GLEs are rare but have been compare the timing of the rst particlé emission from the Sun
continuously studied for more than half a centgfyr a with observed electromagnetic emissions, but such considera-
reviewseeRyan et al2000and Shea & SmarR012. tion may be not sufcient, because in the majigradua) SEP

Modern spaceborne instruments, like the Payload forevents, the particle injection from the Sun is a prolonged
Antimatter Matter Exploration and Light-nuclei Astrophysics process, so that the entire time deoof the SEP source should
(Adriani et al.2011) and the Alpha Magnetic Spectrometer be considered.
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Figure 1. Asymptotic(viewing) directions at different stations of the worldwide network of neutron monitors in the beginning of the 2003 November 2 event, at 17:30
UT in the GSE coordinates. The abbreviations, the corresponding color points, and the numbers, respectively, indicate the NM stationsyitied gietctioas at
those stations, and the rigidities of protons arriving from some dire¢@rjs Contours for equal angular distances from the symmetry axis of the pamtiqlequal
pitch angleyare plotted witl20 nintervals. It is seen, in particular, that the McMurdo stafdd@MD) registered the relativistic protons arriving not very far from the
ux axis, at the pitch angles 4% , whila the Oulu neutron monitor detected protons arriving from almost anti-Sun directiob40 ..160. n n

For the present study, we have selected two apparentlynagnetic eld (IMF) or using a procedure proposed by Cramp
similar GLEs: the 1998 May 2 eve(BLE 56 and the 2003 et al. (1999; and nally, theapplication of an optimization
November 2 even{GLE 67). We start with aranalysis of procedure(inverse methodfor the derivation of the primary
particle data and particle transport modeling, from the Sun to gparticle energy spectrum, ti@ection of the particle ux axis,
detector on the ground, in order to deduce the particle sourceaind the particle pitch angle distribution. More details on the
pro le at the Sun. Then, the inferred source prads compared employed techniques are given in #ependices. Figurd
to the multi-wavelength data of solar observations, and possibleaxempli es a result of the viewing direction computation for
solar origins of the extreme particle events are investigated. the beginning of the 2003 November 2 evé@tLE 67). It is

seen that different NM stations are sensitive to primary protons
2. Instrumentation and Data arriving from different asymptotic directions, and thus the

- entire network should be used as a single instrument for the
Spectral and angular characteristics of solar protons of

highest energies, 0.4-10 GeV, can be inferred from the gﬁggireuszhi?;onopy measurements, still with a_limited

[r?g(rzirt?) srsmi‘f g]?elggglgx?ebgavggrnktﬁ; gmuc%%-r?taf;cgsn:nuc;r%l Differential particle measurements in narrow energy chan-
X e . P! . . nels with a good resolution in the particle species and arrival

primary particles in the interplanetary space is establlshed.d. i ible with desianated inst thoand

That requires a modeling of particle transport and interaction in Irections are possible wi esignated instrumentsoan

the Earths magnetosphere and atmosph@@ebrunner & spacecraft orbiting outside the' magnetosphere. Such space-

Brunberg1968 Hatton1971 Debrunner & Lockwood.98Q borne measurements are available from the High Energy

Detector of the ERNE instrument d&oard SOHO in the
Shea & Smar1982 Cramp et al1997 Clem & Dorman200Q s :
Dorman 2004 Desorgher et al2009 Mishev & Usoskin  ENergy range of 1120 MeV nucP! (Torsti et al.1995. In the

2013. In this study, we use the GLE data from the databasen€cto-MeV range, th@OESdata are available, but they do not
stored in Oulu ahttp7/ gle.oulu. and the newly computed allow parthle ux anisotropy measurements, which are cruqlal
NM vyield function that explicitly considers the lateral extent of for estimating the particle mean-free path and transport time
the cosmic-ray-induced nuclear cascade in the atmosphere arffem Sun to Earth.
provides a good agreement with experimental latitude surveys Transport of SEPs from the near-Sun source to a detettor at
and other measuremerfidishev et al.2013 Gil et al. 2015. near the Earth may proceed in different structures of the IMF.
Analysis of a GLE using the NM data consists of several We acquire the IMF data from in situ measurementbaznd
consecutive steps: a determination for each NM station of thethe Advanced Composition Explor¢ACE) spacecraft, which,
rigidity-dependent asymptoti@utside magnetosphgreiew- like SOHQ orbits around the Lagrange point L1. The magnetic
ing directions and the rigidity cut-off by modeling of particle eld is measured by the Magnetometer instrur(tmith 1999
propagation in the magnetosphere; an initial guess of theand the solar wind plasma measurements are done with the
inverse problem, either by assuming that the apparent sourc&olar Wind Electron, Proton, and Alpha MonitdicComas
position is located near the direction of the interplanetary 1998. The data are provided by th&CE Science Center
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(http// www.srl.caltech.edlACE/ ASC/ ; Appendix A). We Holloman spectral data is from a swept frequency receiver
also use the in situ plasma data from the Proton Monitor ofoperating in the frequency range from 25 to 180 MHz.

the Charge, Element, and Isotope Analysis Syster8©@HO The low frequency, decametric data are taken from the
(Ipavich et al.1998. WAVES receivers on th&Vind spacecraft. The spectral data

For analyses of the GLE-producing solar eruptions, we range in frequency is from 1.075 to 13.825 MBougeret
consider multi-wavelength data fro®OHO telescopes and et al.1995. This step-tuned superheterodyne receiver, which is
other instruments in space and on the ground. We extensiveliconnected to a dipole antenna in the spacecraft spin plane,
employ the solar EUV full-disk images in the 19.5 nm pass- sweeps 256 frequency channels in 16.128 s with a frequency
band from theSOHO Extreme ultraviolet Imaging Telescope resolution of 50 kHz and a bandwidth of 20 kHz.

(EIT; Delaboudiniere et al995. For the differential images, a ~ Hard X-ray light curves were observed with tReuven
pair of images with the highest cadence of about 12 minutes isRamaty High Energy Solar Spectroscopic Imag@HESSI
typically used. Lin et al. 2002. The hard X-ray lighturves are derived from

The CME height at the GLE onset timetypically about ~ the Observing Summary Plot using REIESSkoftware. Soft
2R .3 R (Gopalswamy et a2012. For this reason, images X-ray imaging was done with the soft X-ray telescof®uneta
of the low and middle corona are especially important. For the€t al. 1991) onboard theYohkohsatellite (Ogawara et al.
height range of 2.25R ..7R , the data are available from the 1991). We also use th€OESX-ray data and the & are data
C2 coronagraph of the Large Angle and Spectrometric Provided by NOAA. .
COronagraph(LASCO) instrument onSOHQ and above The line-of-sight magnetograms from the Michelson Doppler
_3.7R. from LASCO C3(Brueckner et all995. We use data  /Mmager onSOHO (Scherrer et al1993 are used for the
from the LASCO CME catalog generated and maintained at thecomputations of coronal magnetield with the potential-eld
CDAW Data Center by NASA and The Catholic University of Source-surfacgPFS$ model by Schatten et gl1969. We use
America in cooperation with the Naval Research Laboratory, e PFSS Solarsoft packag&chrijver & DeRosa2003
from http#/ cdaw.gsfc.nasa.gdiashiro et al2004. In afew  available abttp7/ www.Imsal.com- derosapfsspack.
of the gures in thepresent paper, we also show the position of
the CME leading edge deed with the Solar Eruptive Event 3. Overview of the Eruptions

Detection System of George Mason Univer§@jiU SEEDS The GLEs under consideration, GLE 56 on 1998 May 2 and

from http/ spaceweather.gmu.gdizeds. In such gures, the GLE 67 on 2003 November 2, were moderately strong, with a

blue color on the difference image indicates the position of the ten-like onset delaved with respect to itheulsive phase of
leading edge, while the red color indicates an approxima’teS p-li S yed wi Sp pUISIVE phas

. . . the corresponding are. Figure?2 illustrates the associated
outline to the leading edge that was created using a__.. !
segmentation techniqy®Imedo et al2008. active regions and structures. On 1998 May 2, the Bire was

. not far from the disk center, at S15W15 in NOAA AR8210
In the case of the 2003 November 2 event, also available an?re ion A in the middle left panjel This active region was
the low corona images from the Mk4 coronameter of the Maunaintgrconnected to AR821(N25§25' region Bby a Iargge-scale
II;(I)riorSeotlaatlraIggggr\cl)zg)rg(t'(\aﬂcli_i)?ihgnﬁighmjdzaggscgrr\g?gry loop structure that was later observed to form part of the CME.
as part of the National Center for Atmospheric Res{AlGHR Flaring was als@resent in the northern region, starting slightly

X . X i earlier than in AR821(for more details, see Pohjolainen
supported by the National Science Foundatigvie outline the et al. 200]). The 2003 CN(ovember 2are was closer tJo west

position of the CME leading edge as seen in the difference|;,, ot S14Ws56 in AR10486. Coronal dimming areas, seen in
images with the cadence of 3 minutes. , the EIT difference images between regions A and B, are

The mete_r-wayelength rad|p images were acquired by the‘footprintS’ of departing CME{Thompson et aR000. Note a
Nancay radioheliograp{NRH) in France. It operates ave  remarkaple similarity between the eruptiogsometry in terms
frequencies 164, 236, 327, 410, and 432 MHz with a spatial ¢ re|ative location of ares indicated in the middle row, open
resolution of _3 at 164MHz and of _1 at 432MHz  magnetic ux tubes seen in the lower row, and CMEs mapped
(Kerdraon & Delouisl997). _ with EUV dimming areas in the upper row.

Radio spectral data are obtained from different ground-based The two eruptions, even being qualitatively similar to each
observatories and from the space. Radio dynamic spectra argiher, strongly differ in the total energetics. The 1998 May 2
recorded in European daytime at decimeteter wavelengths  event is associated with the X43B solar are and moderately
in Ondrejov, Czech Republi@iricka et al.1993, and in  fast CME (the extrapolated second-order speed at the Sun is

Potsdam-Tremsdo(AIP), Germany(Mann et al.1992. The  about 1240 km'$Y). The 2003 November 2 event is associated
Potsdam instrument consists of four different aerials andwith the X8.32B solar are and very fast CME(the

produces spectrograms in the range from 40 to 800 MHz, withextrapolated speed2660 km §?).
a sweep rate of 0.1s. The Astronomical Institute in Ondrejov  Time pro les of the two soft X-ray ares, CMEs and GLEs
provides the radio spectral data in the decimetric frequencyare compared in Figur® The GLE appearance at a particular
range, from 800 MHz to 2 GHz and with a time resolution of station depends on the asymptotic viewing direction and cut-off
100 ms, obtained from the radio spectrograph. It also contains a@igidity at the geographic location of the station. For the upper
3 GHz radiometer with a time resolution of 10 ms. panel of Figure3, we have selected for each event a polar
For American daytime, we use the microwave data obtainedstation that reveals the earliest rise of the NM count rate. For a
with the Owens Valley Solar ArrafOVSA; Hurford & polar station, the cut-off rigidity is low, which makes the GLE
Gary 1989. The OVSA data were sampled at 45 frequencies signal stronger because of typically steep rigidity spectra, while
in the range ofl-18 GHz every 12s. The Holloman dynamic the fast rise of GLE suggests that the viewing direction is not
spectra are recorded in New Mexico, UGApart of the Radio  far from the particle ux axis. The latter implies that the
Solar Telescope Network operated by the US Air Horthe observed GLE onset is the least affected by the particle
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Figure 2. Global structure of the two eruptions. Lower row: coronal magnetit before the eruptioftomputed with the PFSS moyleTwo upper rows show the

SOHJ EIT images of the Sun: the EUV images before the eruption are in the middle row and the difference images revealing the post-eruption dimmimg areas are
the upper row. Flaring active regions are labeled with A. Coronal dimming area is seen between the active regions A and B. On 2003 November 2jglseeimming
also above the west limb and near the south pole. Note: the upper right image is affected by solar energetic particles, which have arrived at Udu by 17:48
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T T e T height-time prole of the 2003 November 2 CME is plotted
— 67 (x073%) versus the time, rescaled @S to)re scaled (& t) p,
where the scaling factqiCME speed ratipp 1.8, which
makes the height-time pries of the two CMEs nearly
coincideup to x10R.. The same scaling holds for the GLE
rise pro les (upper pangl
We have also found that the soft X-ragre proles coinciddf
the timescale of the 2003 November &re is changed in the
opposite way, not stretched but compressed with the same scaling
10 factor p 1.8 (t  to)re scaed (t t)/p, and the are
magnitude igescaled ap 32 (upper pang! In other words, in
the considered pair ofare-CME events, the CME spe&fye,
is proportional to the soft X-rayare duration or to a power of the
soft X-ray are magnitudely : Veme _ 192 After the submis-
sion of our paper, the latter scaling was independently reported
for a statistical sample of eruptions associated with ftieMev
proton events¥cve If withS 0.30 0.04(seeoTakahashi
et al. 2016 and the discussion thergin
Importantly, neither re-scaling would result in the peo
coincidence, if the reference time was taken not at #re€s
impulsive phase, i.e., thare time is an allotted instant of time
for the entire eruption. In the two considered events, Hre
pulse precedes CME, being a kind of triggering event, even
though there was a development before that. FigRirasd 3
mean for us that the two eruptions are morphologically
homologous. Figur8 also suggests that the relativistic proton
emission(GLE) rises at the Sun when the CME leading edge
(nos@ travels from2.2R. t0 2.7R..
In the case of the 1998 May 2 GLE, the excess of the
T 5-minute count rate of the Oulu neutron monitor was up to
20 40 60 80 100 120 140 6.5% over the galactic background. Surprisingly, there was no
t—t,, re—scaled [min] corresponding signal at the Apatity station, despite it being
Figure 3.Time pro les of the NM count rat(GLE) and soft X-ray are(upper Sl.tuated not very far from OuKl(-B.g., .Dan.llova et a.|1999. The_ .
pane) and the CME heighflower panél for the events of 1998 May 2 and dlff_erence at the tWO . stations |mpl_|es a high, beam-like
2003 November ZGLEs 56 and 6y Timescale of the latter event is either ~anisotropy of the arriving solar particleux. In the deka-
stretched out with the scaling factpr 1.8 for CME and GLE, or MeV range, the proton pitch angle distribution was accurately
compressed with the same scaling factor, for the soft Xaeg. Abbreviations  maagyred with the particle telescope ERNED on SOHO
GB and TA in the upper panel stand for the Goose Bay and Terre Adelie . s .
stations, respectively. In both GLE ptes, 98.5% of the Galactic cosmic-ray (Torstl et al. 2004' The distribution was eXtremer narrow

(GCR) background is subtractdthe remnant background of 1.5% is shown (Figure4, right pane). To the best of our knowledge, it is the
with a dotted ling. For a comparison with the 1 au observed electromagnetic narrowest distribution ever observed.

emissions, timing of each GLE is corrected for a difference of theEsuth For a Comparison of the enetigeparticle production with the

transport time between protons and photons as indicated in brdthets . o .
correction depends on the interplanetary transport conditions in a particulalaSSOCIated solar electromagnetissions, one has to infer from

event; see Sectiochand AppendixC). For the 2003 November 2 CME, the part  theé 1 au observations the particle source lprat the Sun. In

of the height-time prde below3R. is from the MLSO Mk4 difference  the general case, the source geocan be obtained bytting the

izng;’;og?;’ V"th"e;)heB[eSt is (SVO@(?';C‘ '—Aﬁcovﬂ?Ot? at thefpthitifé”MaE“?'e th observed particle time-intensity pte and pitch angle distribution

ectiono). ue and re: ars snow the timing o e -launcn- . . s . .

associated microwave bursts © be introduced in Sectidh The reference with a pamde InjeCt_lon an_d Immanetary transport mgdel.

time valuesto, are given in thdower panel. _However, in such amnisotropic event as the 1998 I_\/Iay 2_|s, the

interplanetary transport mduhg can be replaced with a simple

shifting of the 1au prde back to the Sun for theight time

o . . Lo appropriate to the particle energy. The time shifting method can

3cat§rln§nlenl t?se ::r:)tfrg?endetg?’ g]%delijam'ggs E)thgmén?t;]n the reproduce well the rise and the maximum phase of the solar
pper p y —o8 source in strongly anisotropic events but anyway shall not be used

transport time of protons arriving close to thex axis.
In the considered event pair, the time delays between thefor“:[]hiig\é?gi d\?v%a};)lgﬁi%'?i'r}]l;?schr:ggév s:d:EO;?'the NM-

are impulsive phassteep rise of the soft X-ray emissjoan observed relativistic protons and the ERNE-observed
the one hand, and the CME arrival at a particular altitude and  15g pmev protons and 70 MeV nucP? helium. Each proe
the GLE rise time at the Sun, on the other hand, are organizegs ghifted back to the Sun for the particle transport time but then
according to the reciprocal of an average speed of CME. Forgjght minutes are added to the solar time for further comparison
this reason, the corresponding time pes of two eruptions  \jth electromagnetic emissions observed at 1 au. It is seen that
nearly coincide if the time axis for one of the eruptions is a|| the particles are simultaneously emitted from the Sun,
appropriately rescaled. In the lower panel of Fig8rethe irrespective of particle species and energy. Despite an order of
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Figure 4.1998 May 2 solar particle event: time-intensity pes of high-energy protons and heligleft) and pitch angle distribution of deka-MeV protdright).
The time-intensity prdes are renormalized and shifted back for the time of thefanth transport along the spiral IMF line, but wattminutes added to the solar
time. The count rate prdée of the Goose Bay NM is shown with the GCR background reduced but not completely subtracted.

magnitude difference in the particle energy, no earlier volumetric number densitymay be replaced with the linear
appearance of lower energy particles is seen, in contrast to whatumber density§ = f/ B, the number of particles per unit of the
would be expected at a gradual particle acceleration andmagnetic ux tube length.

concurrent escape to the solar wind. Note thiat holds only Provided that the ratia/L does not change with distance,
for the high-energy particle component dominating abovethe exact solution of the steady-state Boltzmann equation in

50 MeV nucP?, while that component was not the only arbitrary guiding eld con gurations is(Kunstmann1979
component observed in the evékbcharov et al2007). Earl 1981

The 2003 November 2 event was characterized by a
signi cant anisotropy in its initial phase. However, the pitch 4 qgA 14
angle distribution of solar protons could not be a kind of FooAep ——pps T ©
narrow beam, because, for example, the Oulu NM count rate
rose early in the event, despite the fact that the viewinglf the ratio A\/L still changes with distance from the Sun,
direction of the station at that time was in the anti-Sun Equation(3) provides only an approximate solution for the case
hemisphergFigure1). Obviously, the proton angular distribu-  of strong scatteringd L. An exact steady-state solution
EO” of t?he 2003d I\Il_oven}bt?]r 2 GI}EIW&t‘S not v?r¥ narrt?]w an?, exists also in the opposite case of the weak scattering
ence, the modeling of the particle transport from the solar in1 ion 111
source to 1 au shall be applied. (Toptygin 1985 Section 11.k

B(©) a? (4

—_exp ,
, B (o) 0% (€) a?(€)
A standard model of the SEP transport in the IMF assumes
that particles propagate along the guiding, large-scale magnetigshere the distribution width
eld and experience a different{@mall-angl§ scattering due

4. Interplanetary Transport Modeling f (& )

to the weak small-scaleeld, with any crosseld transport s2(8) 4 ¢ B(§)ds (5
neglected. Such particle transport is described by the Fokker &% B(9I(S
Planck formalism(e.g., Earl1981 Toptygin 1985, with the
particle transport equation written as andl is the scattering length for particles moving in the parallel
to magnetic eld direction. A relation betweérand A depends
i L i i_s(l MZ)Vi 12(1 Mz)i, on the angular dependence of the scattering frequency, the
& £ 2w s 2B S power-law indexq in Equation(2). At q= 1, in particular,

1) scattering is isotropic arld 2.

_ o _ In the radial magneticeld (¢ r, B _ 1/r?), at isotropic
wheref, V, andu are particle distribution function, speed, and scattering and constaftadia) mean-free patif\ ), the
pitch-angle cosiney,  cosa ; the coordinate is the eld-  distribution width far from the Su  R.) in the weak
aligned distance; the Fokkétlank coefcient of pitch-angle  scattering regime will be
scattering is )

2 <L
3(V/N) 1 o“(r) W (6)

V- Sl U (2
2 o4 J9 L . . :
while in the strong scattering regime, the pitch angle
g is spectral index of plasma turbulence that scatters thedistribution is of the form
particles; and\ is the particle mean-free path associated with
that scattering. The magnetield derivative is often expressed F(a) Aexp ﬁcow _ (3
in terms of the focusing lengthl. B/(dB/ ). The r
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An interpolating estimate for a moderate scattering could be has not been identéd with in situ plasma data, even though
the solar wind was strongly distorted by previous solar

Fa) Aexm2 cosae 1 eruptiongAppendixA). Perhaps because of the distorted solar
o2 ' wind conditions, the 2003 November 2 GLE itself is rather
dif cult for the analysis. Thetting of the NM network data of
o2 — 1 iexp r (8 that event is described in detail in Appendix
Ar 3 Ar With astill limited number of stations and because of the

presence of the isotropic component in the 2003 November 2
which can be used at any value of the particle mean-free pathGLE, a determination of the particleix axis in that event is
Mean-free path value in a particular event can be estimatecambiguous. It is possible that thax axis points 1% off the

from the proton ux anisotropy data. For instance, for thst radial, anti-sunward directio(the case shown in Figur),
period of the 2003 November 2 event, 1%#B6:45 UT, we which corresponds to the best that satises all additional
estimate the width of the proton distribution tod¥ex 1.5 conditions listed in AppendiB. However, if we allow up to a

raf (Appendix B), which would correspond in the radial 10% increase in the sum of differences between the modeled
transport model to the mean-free path 0.54 au The mean- NM responses and the observed NM responsede ned by
free path value determines the average value of the particleEquation(13), the available data can be explained with the
pitch-angle cosine over the Sdfarth trip, and hence, the particle ux axis pointing anywhere along a strip extending for
particle transport time from the Sun. Given the mean-free path, 79 , from the direction almost from the Sun to a direction
the particle transport equation can be solved, e.g., with Montealmost from the Earth south pole, at one and the same width
Carlo modeling, and the interplanetary transport functions andof the pitch angle distribution. In particular, it is possible that
the solar source prée are found. the ux axis for a ve minute bin is only 1% off the IMF

It is known that very different interplanetary transport models direction measured oRCE, which does not seem to be a large
may be described by one and the same transport equation andeviation, especially for the observed variance of the IMF
thus result in one and the same intensity-time lprof particles direction itself(AppendixA).
at 1au. For instance, the focused 1D diffusion along a spiral The uncertainty in theux direction implies an uncertainty in
magnetic eld line of the Parkés model of solar wind can be the interplanetary transport model applicable to the event. For
reformulated as a radial diffusion withrenormalized diffusion  this reason, we have considered two alternative, extreme
coef cient(e.g., Kunow et al1991; Kocharov et al1999. The models of the interplanetary transpo(tt) afocused 1D
same equation of the radial diffusion describes also the focusettansport along the standard, spiral IMF line of the
1D diffusion in the radial magneticeld and the spherical 3D 500 km $* solar wind and?2) a radial transport that is similar
diffusion with isotropic diffusion tensor. However, at one and to the 3D radial diffusiofAppendixC). It turns out, however,
the same transport equatidand, hence, the same transport that the inferred solar source ple only weakly depends on
time), the symmetry axis of the particle angular distribution may the adopted transport model, if the width of the pitch angle
be different. At the isotropic diffusion tensor, the particle distribution at 1 au is xed.

distribution axis would be parallel to the S#arth direction, In the left panel of Figur®, we show the solar source of
while in the case of focused 1D diffusion in the Pdsdksolar relativistic protons as inferred with the standard solar wind
wind, the axis is parallel to theeld line. model. Also shown is the corresponding, simulated intensity-

Direction of the distribution axis may be altered by the time pro le of relativistic protons arriving at 1 au. The source
particle transport across magnetad lines that is ignored in  pro le and the parallel mean-free patlare adjusted tot (1)
the 1D transport model described by Equatibn Cross- eld the count ratero les observed by the entire network of
transport can be caused by particles following random-walkingneutron monitors in 5-minute bins af®) the 1-minute data of

eld lines, decoupling from theeld lines, and drifts due to  the McMurdo neutron monitor as shown in thigure. The
large-scale gradients. In the framework of the diffusion- model pitch angle distribution is in the right panel. It comprises
convection equation of cosmic-ray transp(Parker 1965 the particles streaming from the Sun and the isotropic
Toptygin 1985, these are typically modeled through a component. The simulation is performed in the frame of a
diffusion tensor that has diffusive components across the meamodi ed model of focused transport. The maditions are
magnetic eld, and asymmetric elements describing the drifts. explained in detail in AppendixC. They account, in
The cross-eld diffusion coefcients have recently been particular,for the observed feature of the 2003 November 2
implemented to the FokkdPlanck formalism(e.g., Zhang GLE that is the isotropic component rising very early in the
et al.2009 Droge et al2010 and the crosseld diffusion has  event. Such a feature can be reproduced with a large-angle
been shown to extend the SEP events in longitude and latitudéintegra) scattering process added to the standard model. More
considerably. Drifts, while usually ignored for SEPs, have modeling results are shown in Append& and thenext
recently been shown to have a sigrant effect on both the  section.
cross- eld distribution and energies of the SEPs, in particular,
at GLE energies at late stages of the eyBalla et al.2013.
However, it is not presently expected that a realistic creks-
transport can make the SEP diffusion tensor completely An overview of radio emissions associated with the 1998
isotropic as the 3D spherical diffusion model assumes. May 2 eruption is shown in Figuig@ The impulsive phase of

Some solar particle events were observed inside magnetithe are comprises two episodes; Bnd Fk. They are
clouds of previous CMEs, and the particle transport wasassociated in the 432 MHz images with two small, loop-like
correspondingly modeled in a kind of interplanetary magnetic sources connected to AR821the NRH observation, not
loop (Kocharov et al2005 Ruffolo et al.200§. However, for shown in our gure3. The are bursts Fand F are followed
the 2003 November 2 event, an interplanetary magnetic cloucby the burstC, at - 1.5 GHz At 432 MHz, the strong and

5. Associated Electromagnetic Emissions
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Figure 5. lllustration of the 2003 November 2 relativistic proton event. Left panel: the model solar souleeapibthe simulated and observed time pge with
1-minute resolution. Points show the observed count ratégpodthe McMurdo neutron monitgMCMD) with the GCR background partly subtrac{éue remnant
background level is indicated with the dotted Jjnenormalized. Right panel: the model pitch angle distributions in successive 5-minute bins. The pitch angle
distributions are obtained with Monte Carlo simulations of the interplanetary transporttéing procedure applied to th&e minute data of the entire NM network,

using the accurate neutron monitor yield function and the energy-dependent asymptotic directions at e48pstatthxB). The model time-intensity pree in the

left panel is the ux of solar protons at 1 au being averaged over the pitch-angle-cosine range of 0.72..0.8 and over the energy range b#4.4 GeV with the
weight E 3, plotted for a verication of the source time prie with 1-minute resolution.

compact sourc€; is seen to the north from the previousre formal approximations could alsto the job(for a pattern of
sources IFand k. In contrast to the are bursts, burst; does non-formal, in-depth consideration, see, e.g., Krupar 2046.

not have high-frequency counterparts. Thesource appears The extrapolated frequency-time track in Figémaeets no

rst at 13:41:30 UT, around 450 MHz in the Potsdam spectrummetric type Il emissions visible in the Potsdam data. However,
(also the PHOENIX-2 observation, Messmer et 99, Pohjolainen et al(2001) have analyzed the NRH data and
which is 12 minutes after the passage of the Moretdia) revealed not far from that track a type-ll-like burst at

wave at that(projected location (Pohjolainen et al2001 13:42:30 UF13:45:30 UT in the frequency range from 250
Figure 6 thereip The global wave was also observed in EUV' tg 150 MHz. That burst was produced by a compact source that
by SOHO EIT, while with a lower cadence. THg source jnitially appeared to the north from;@nd then moved in the
could be locally triggered by the global coronal wave but does gjrection of the later observed white-light CMEurst M3 in
not move with the wave. _ their Figures3 and 13). Based on the timing of the burstg C
The decimetric continuum ,Cis followed by and partly  gng M3, we consider 13:42 UT as the earliest time of the CME
coincides with the extended coronal sourgs€en in the NRH  |5unch in the 1998 May 2 event.
images at 236 and 164 MHeigure 6). Pohjolainen et al. Lowermost panel of Figuré shows a couple of the GLE
(2009 pointed out that the £source shape is close to the 1, |e5 with fastest and steepest onset, being shifted in time
shape of coronal dimming later observed by Eipper left )50 5 the Sun and with 8 minutes added for a comparison
_lelaneI ofdour_lzlgu_réZ). The %’CME relation is addlt;gnally with observed electromagnetic emissions. The rise phase of the
lllustrated with Figure7. The radio source L£could be o yice emission coincides with toésappearance of the
produced by the rising CME during the CME motion nearly global coronal, 0.8R., radio source & also coincides with

perpendicular to the magnetield lines in the top sections of he latest low-frequency tvoe Il bursts and tist episode of
high coronal loops. Temporal and spacial relations between th -1req y ype p -
he decametric type Il emission. The lower panel of Figure

sources ¢ and G, along with the lack of the emission ; ;
above 1.5 GHz(inzcontragt to the are bursts Fand F) allow shows that at the GLE onset time, 13:52 UT, the C_ME leading
edge could be at the top of the helmet streamer irsdhih-

us to propose thahe source € should also be ascribed i ! ; ;
to CME. west, over the aring active region. All ofhese observations
The LASCO CME in this event is not very fast, the near-Sun taken together mean for us that thiet relativistic protons were
speed is about 1200 km's A weak, intermittent low-frequency |nJecte_d into the interplanetary space during the CME exit from
type Il burst is observed afvind(Figure6). We use the LASCO  the high coronal structures, like large loops and helmet
CME height-time, second-order pte to make a frequency-time ~ Streamers, at episodes of magnetic reconnection with open
curve for the observed fragments of typeTwo curves, for the ~ magnetic eld lines traced by the type Il electrons.
fundamental and harmonic emissions, are calculated with eight In contrast to the 1998 May 2 event, the 2003 November 2
times the model density of corona by Saito et(#77. The  eruption is well observed in hard X-rafRHESS), and what is
curves successfully connect the observed slow-drifting burstgnost important is thave have the high-cadence white-light
and provide an extrapolation back to the Sun. Note that theimages of the low corona at the time of the GLE o(gkiSO).
applied tting procedure is aimed only at formal interpolating Broadband radio emissions, hard X-ray and high-energy
and extrapolating of the observed bursts. For such a goal, we usparticle proles of the 2003 November 2 eruption are
a simple approximation thats the radio data, while many other summarized in Figure®(a and (b).
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Figure 6. Radio emissions of the 1998 May 2 evéntluding the NRH images of sourcegs &hd G) vs. the GLE proles at two stations with the earliest and steepest
onset(shown in the lowermost paneParallel sides of the dashed trapezoid in the middle panel indicate the time intervals when the radig sosgea  the NRH
images at 164 and 232 MHz. The GLE plies are shifted b 3 minutes for a comparison with radio emissions. The rise phase of the relativistic proton emission
coincides with the occurrence of the low-frequency type IIl bursts at 43858 UT (Wind WAVES). Two blue curves in the middle panel show the CME
frequency-time trackhe fundamental and harmonic emissjdhat ts the type Il fragments. Tydéfeatures were also observider, during 14:3614:50 UT and

after 16:55 UT.

In the three upper panels of Fig@@), we compare the time We nd that the microwave burst €oincides with the main
pro les of the hard X-ray and microwave emissions. A double- period of the CME acceleration observed at ML@€riod A
pulse structure of theare impulsive phase,;#-, is evident in the middle panel of Figur&(a), also Figure9). With a three-
from the hard X-ray prdes, while microwave prdes at point quadratic approximation of the 8egment of the height-
around 10 GHz reveal equally strong pulses also during thetime pro le, we estimate a percentage of the maximum speed
next 5 minutes. The hard-ray to microwave emission ratio squared that had been gained by the CME by the beginning,
for selected peaks is also given in Fig&) (numbers middle, and end of the period, AV /2660 km s1)2, shown at
between the two upper panelk terms of that ratio, theare the CME height-time prde in Figure8(a). It turns out that in
bursts are rich in the hard X-rays, while the post-impulsive- terms of the gained kinetic energy, the periodsAindeed the
phase bursts like Gare rich in microwaves and relatively poor main period of the CME acceleration. Becatise burst ¢
in hard X-rays. The microwave richness of the latter bursts maycoincides with the main period of CME acceleration and
imply energetic electrons trapped in high coronal structuresis relatively weak in hard X-rays, we identify the Burst as an
(Lee et al.2000. event associated with the CME launch.
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1998 /05/0 and the Saito et a(1977) coronal density model. The curves
P approximate well the observed low-frequency type Il burst and
ime_Diff= 57 (min) . . . .

Phs= 24 82 253 344 ; provide some extrapolation into the metric band. However, we

Height= 3.5 6.1 (Rs)

cannot nd clear evidence of corresponding type Il emission in
the Holloman spectrum.

The rst pulse of the relativistic proton emission at
17:25-17:28 UT (= 1 minutg coincides with the late type IlI
bursts, which do not have high-frequency counterparts at
frequencies2150 MHz The second part of the proton source,
at 17:36-17:45 UT, coincides with a period of intensd
emission of typdl and the latest low-frequency type Il bursts
with no counterparts a225 MHz. A low and decreasing with
time starting frequency of the CME-associated typbursts
differentiateghem from the are typelll bursts observed
during 17:15 UF17:22 UT.

The eruption development is further illustrated with images
of the solar diskand corona in Figure30 and 11. The EIT
difference images shown in the left and middle panels of
Figure 10 reveal the disappearance of the high loop between
17:12 and 17:24 UT, shortly before the proton emission start.
As is evident from the MLSO low corona images, the proton
emission onset at 17:25 UT coincides with the CME arrival at
tips of helmet streamel&igures8(b) and9). After that, the
CME expands both radially, into the solar wind and laterally,
toward the south pole. Dotted line in the upper panel of
Figurellis the CME-edge outline at 17:28 UT, plotted on the
CME image at 17:25 UT. The lateral expansion starts at 17:25
UT and ends prior td7:36 UT when the south pole dimming
is observedright panel of Figurd.0). In the LASCO C2 frame
at 17:54 UT(Figurell), the CMEs south ank is already over
the south pole and theanKs brightness is enhanced. The
lateral expansion of CME coincides with both the series of low-
frequency type Il radio bursts and thest pulse of the
relativistic proton emission.

Comparison of the MLSO and LASCO images in the upper
Figure 7.1998 May 2 CME. Upper panel illustrates the CME geometry with panel of Figurell reveals a similarity betwgen them II’} the
the LASCO C2 difference image from GMU SEEDS and the radio map at horthwest sector and two remarkable differences in the
164 MHz (source G) from NRH. Lower panelsoft X-ray and white-light, southwest sector, one of which is the already mentioned
ggg?ggggﬁphsgmggfe tgkﬂeg Izggirrt]'y :;fgfeouttﬁ}ﬁe ;f;lrlfc’)f;?"t-heDi?segOCUCf‘zle%outh- ank brightening. The second difference is the jet-like
running di)f{ference image at l4:(llBl'gandga segment of the leading edge b”ghtenmg n SOUIhWe.St' .It appears .m the sector of the
extrapolated back to the GLE onset time, 13:52 UT. previous slow, narrow injections shown in two lower panels of

Figure 11 The new, jet-like brightening starts after 17:30 UT
but before 17:54 UT. This period includes the inteadiradio

In Figure 8(b), we compare the history of the relativistic emission of type Il, the latest type Il bursts and the less
proton release at the Sun with the dynamic radio spectra in théntensive part of the proton source shown in the lowermost
metric-to-hectometric frequency range. The proton sourcepanel of Figure8(b).
pro les(bottom panélare inferred from the data of the neutron
monitor network with modeling of the particle transport from the
Sun to the detectors on the grou@ppendicesB and C). 6. Discussion
The three versions of the particle source f@aorrespond to
the three possible values of the proton mean-free path for the
modeling of the interplanetary transport. They illustrate the In a correlative study betweer20 MeV solar proton events,
actual uncertainty range. A source time peovas optimizedto = CMEs, and radio bursts, Cane et #002 found that

tthe rst 25-30 minutes of GLEred ba), even though it may  essentially all of the proton events are preceded by groups of
also tthe GLEs second perio(lue baj), as isevident from type Ill bursts and all are preceded by CMEs. The authors
Figure5. The proton energy spectrum in thest period of the identi ed the associated radio bursts as typé, Mhich are
event steepens with energy. The steepening, however, weakensng-lasting, intense bursts seen in the low-frequency observa-
with time and eventually disappears, so that the spectruntions made from space. In such events, opad lines extend
becomes a power law by the beginning of the second periodrom within 0.5R. into the interplanetary medium and the
(AppendixB). burst-generating electrons originate from the reconnection

A low-frequency type Il radio burst is well seen in iNend regions below fast CMEs. More recently, Gopalswamy et al.
WAVES data after 17:30 UT. The plotted frequency-time track (2012 compared the onset time of low-frequency type Il
(curve pair in Figure(b)) is for the LASCO CME kinematics  bursts and the onset time of GLEs, found out that they typically

6.1. Comparison of Corpuscular and Radio Emissions
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Figure 8. (a) The 2003 November 2 eruption at high frequencies: hard X-ray and microwave en(tss@nspper pangland dynamic radio spectrum in the metric
band(lower pané). The numbers between the two upper panels indicate the X-ray to microwave emission ratio, normalized to the rafio Migekekpanel: the
CME height-time prole (three rst points are from the images shown in Figirevhile the rest is from LASCC2, both at the position angle of 2§3The numbers

at the curve show a percentage of the CME-speed-squared gained by the beginning, center, and end of theTheriothih acceleration period of CMEg,A
coincides with the microwave burst.@b) The 2003 November 2 eruption at low frequendigsper left and middle pangld ower panel: the GLE illustrated with
(1) the inferred proton source pte at the Sur(shifted for+ 8 minutes; shown for three possible values of the proton mean-free\p&ththe model of focused
transport in the Parker solar windl and(2) the observed count rate pte of the Terre Adelie neutron monittshifted back to Sun for the proton transport time and
with 8 minutes addgdlt is seen that emission of relativistic protons starts upon the CME exit from the helmet st{eppmrsight pangland coincides with the
low-frequency type Il bursts. The late, less intensive part of the proton sourc®aisioles with the initial, intenséd part of the decametric type Il emission seen at
17:30 UF17:55 UT, while the type Il burst continues until 01:00 UT of the next day at frequencies down to 250 kHz.
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Figure 8. (Continued)

do not coincide, and concluded that the high-energy protonsmotion and expansion of CME. In the same event, also
and the type Il electrons could not originate from one and theobserved was a helium-poor SEP component,pHe 0.01,
same source. Instead, we deduce and analyze the entire timghich was attributed to the CME itself.
pro le of the SEP source. In the present work, we have deduced the sourcelgaf
Perviously, a similar approach was used for SEPs of lowerthe 400 MeV/ proton emission responsible for a GLE event.
energies. In a case study of the 2000 Aptihdn-GLE event, The deduced source pile of relativistic protons in the 2003
Kocharov et al.(2010 deduced the source pies of the November 2 event begins with ®5 minute long pulse that
0.25-3 MeV electrons and the 20 MeV nucP* helium. The coincides with the late, low-frequency type lll radio bursts
inferred sources of electrons and helium each comprised of twdFigure 8(b)). A similar time-coincidence is observed in the
successive sub-sources. The second sub-source was the maif98 May 2 evenfFigure6). Those type Il bursts occur at the
source of helium, with a high helium abundance/ e 0.1, time when CME reaches the top sections of highest loops and
that is typical for SEPs originating from impulsivares(e.g., alsoexpands in the lateral directidifrigures8(b) and 11).
Cliver 1996. It emitted helium simultaneously with the late, Hence, the magnetic reconnection with opezld that is
low-frequency bursts of type Ill, 280 minutes after theare responsible for the type Ill emission could occur at the CME
impulsive phase. Those type Il bursts had low starting ank. We alsmote a diminution in the multiple type Il bursts
frequencies and were also associated with the CME-drivenin the frequency range from 5 to 10 MH#Eigure 8(b),
decametric type Il burst. A straightforward interpretation was 17:24-17:30 UT). A similar diminution was previously
that SEPs were initially accelerated in the erupsidrelium- observed in other events and an interpretation was thdltype
rich core(such as solar are, trapped and later released at electron propagation through the located-above structures of
episodes of magnetic reconnection in the course of the upwardhe CME (Reiner et al2008).
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Figure 9. Evolution of the 2003 November 2 CME prior 17:25 UT: low corona im@gsSO Mk4), including a bright feature that disappears after the CME launch
(arrow in panel P a rope-like structurgR), and the leading fror{yellow contours, drawn from corresponding difference imagdése CMEs wide, bright front rst
appears at.7 R. and then accelerates in the radial direction, keeping a constant angular extent until 17:25 UT.

While no imaging of the low-frequency typk sources is magnetic reconnection with open, nearly radial magnetid
available for GLE-producing eruptions, there were observa-lines, along which the electrons propagate.
tions of other events. Démoulin et §012 reported several It seems therefore plausible that emission of relativistic
radio sources on the CME edges and concluded that those radiprotons in the considered events starts with opening of large-
sources corresponded to energetic electrons accelerated durirsgale loops at the CME-driven reconnection with open magnetic
magnetic-reconnection processes between the CME and theeld lines, most likely at the CMEank. The idea of the sudden
ambient magneticeld. Morosan et ak2014) have shown the  release of previously accelerated and trapped patrticles is strongly
low-frequency type Il bursts at the expandirank of a CME. supported by the observation that emissions of different particle
Krupar et al(2016 analyzed the type Il and type Il bursts and species and energies rose simultaneously at the Sun, with a
concluded that the radio emission arises from toaks of the minute accuracy, as is evident from Figdréalso Kocharov
CME. Electrons generating type Ill bursts are produced atet al. 2015 Figure Za) thereir). An alternative explanation

13
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Figure 14.Modeled and observed responses of six NM stations during the 2003 November 2 event. The quality of the modeled responses for other stations is of tl
same order.

the rst stage of the GLEtting. The second stage of thting galactic cosmic-ray§&GCR); N is the background count rate of

procedure will be described in Appendix It will include also the galactic origin;N is the count rate increase due to solar

the interplanetary transport modeling, while the parameterparticles;R,; is the minimum(cut-off) rigidity of the station

region will be strongly limited based on the results of stage one.gngp, ,, is the maximum rigidity of the solar particle spectrum
The relative count rate increase of a given neutron mo”itoradopted here to be 2BV.

(NM) caused by solar high-energy protons and helium is of the  \ye model the solar particle spectrum as a medlipower

form law in rigidity:
PmaX "
o p, Jser(P)G(a(R) Y(H dP © J(P) P &I (P/GV] (10
N Ild !
N n, Jecr(P)Y(P dP whereJ is theparticle ux arriving from the Sun along the

axis of symmetry whose direction is ded by geographic
coordinate angles and (latitude and longitude ~ is the
power-law spectral exponent atigidity of P = 1 GV, andy

is the rate of the spectrum steepening. The pitch angle
distribution is modeled as a superposition of two Gaussians:

where P is rigidity of proton ora-particle; J sgp(P) is the
rigidity spectrum of solar particles in the direction of the
maximal ux; G(«a(P)) is the pitch angle distribution of solar
particles; the pitch angle is de ned as the angle between the
direction of particle motion outside the magnetosphere

(asymptotic directionand the axis of particleux anisotropy; G(a) expl a%/dd) Cexd (« m2/03), (1)
the functionn (P) is determined by particle trajectories through
the magnetosphere to a neutron monitor on the grot(Rl;is whereoy o is the distribution width. With parame@rv 0, we

the NM vyield function;Jscr(P) is the rigidity spectrum of  can account for additional particleux from theanti-Sun
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Figure 15.Derived rigidity spectra and pitch angle distributions of solar relativistic ions during the 2003 November 2 GLE. The spectra atxfamriviag from
the Sun along the symmetry axis. Time denoted in the legend refers to the beginning of the corresponding 5-minute interval.

direction, if required by observational data. Thus, eight statistical uctuations. However, we additionally consider

parameters have to be determingg?, 6y, , , o1, 02, andC.

separately every station and compare the modeled increase

The solution of the inverse problem is based on the with the observed one. Based on such a consideration, we reject

LevenbergMarquardt methoflevenberd 944 Marquardtl963,

where the optimization is performed by th@imization of the

sum of squared differences between the modeled NM respons

and the observed NM responses, i.e., optimization of the function
over the vector of unknowns for the totalneutron monitor

stations for a particular time bin,

"N N
CE R —_—
1 N mod N obs

We use a general quality criterium for a goodness of the

(e.g., Himmelblaul972:

(&0 (e (2.
Gg]l( O'ﬁ:li)obs

%

all cases with disagreement exceeding 10% for any station.

Besides, we require that the total number of stations with
derestimated signalksnearly equal to the number of stations
ith overestimated signals. The bests one that minimizes

at the additional conditions.

For the analysis of GLE 67, 27 NM stations were jointly
considered. Examples of the NM count rate are shown in
Figurel4. Figurel5 shows the bestt rigidity spectra obtained
for various periods of the event and the corresponding pitch
angle distributions. Deduced pitch angle distributions are rather
wide, even before the maximum of the event, during
17:35-17:45 UT, the angular width? x 1.5 rad”.

In an additional round of calculations, we havted the rst
period of GLE, 17:3618:10 UTwith an exponential rigidity
spectrum. Besti spectra of both spectrum models, exponential
and modied power laws, come close to each other in the
rigidity range of1.5-6 GV, implying that this is the etient

In the case of a moderately strong event like GLE 67, we couldproton energy range for the GLE productidthe range
accept any parameter set that provides the total deviatiorof 1.44.4 GeV is adopted for plotting the theoretical intensity
8% (at 5-minute time bis because of unavoidable

19

pro le in Figureb).
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Interplanetary Transport Model for the 2003 November 2 Figure 17. Model pitch angle distributions for three 5-minute bins of the
Event period of GLE 67. Shown are three cases of focused transport in the standard
IMF of Parkets solar windA  0.94 ay 1.25 au, and 1.88 au, and one case of
SEPs propagating in thmagnetic eld of the solar wind  the radial diffusion), 0.78 au The middle case) 1.25 ay provides a

experience two concurrent, Competing processes: magnetiéetter t to the observed NM count rates than two other cases. However,
; ; ; ; A 0.94 auand 1.88 au are still acceptable. Corresponding sourcéeprior
focusm_g, due to the overall decre_asg in the IMF intensity, andthe standard IMF are shown in tlmwver panel of Figuré(b). For the radial
scattering at small-scale magnetic irregulafities/es—both diffusion case, the source is identical to the source of the standard model with
are included in Equatio(l). The Boltzmann equation can be ) 1.88 au For a comparison, we show with ttetted line one distribution
replacedisolved with a stochastic simulation of the particle not convolved with the mixing matriR (., 11o). It is seen that the effect of
transpori(e.g. Kocharov et alL99§ Appendix B thereih Our mixing is of the order of observational uncertainties for this GLE.
stochastic simulations account for all processes included in =~ ] ]
Equation(1) and for two additional effectsee beloy The direction and hence, to the particle pitch-ar{gigure 16). The
pitch angle diffusion is modeled @t 5/3, the Kolmogorov ~ €ffect of such uncertainty on theobservetl pitch-angle
turbulence spectrum. The proton mean-free path for the smalldistribution is simulated by mixing the model pitch-angle
angle scattering, is independent of the distance within 0.1 au distributions corresponding to different guidingld orienta-
from the Sun and then increases linearly with tak-aligned ~ tions. We randomize the guidingeld direction in the already
coordinate(the \ values given in thegures are for 1 Gev  Simulated pitch angle distribution of protons at 1 au. We propose
proton near the Earth orpifThe large-scale IMF is according that the guu;mt% eld d|rect|orgj!3 experlencei r?r;ﬁormctlljg—
to the standard, Parkermodel. However, we additionally tions aroun e average directi@, so that the ang

compare the standard modeling results with the case of radiaP€Wween the vectors possesses a normal distribution with a
diffusion, to estimate an effect of the IME model on the standard deviatiomg (based on the IMF measurements, we

inferred source prde at the Sun adopt for the 2003 November 2 event the vaigle 151). The

Data of the neutron monitor network indicate that along with cosine of the af‘g'e b?“’ve.e” th_e particle velovitand the
the particle ux from the Sun, there is an isotropic component average magneticeld directionB, is
resent from the very beginning of the event. Such a pattern can . .
Ee reproduced by agding to thge model a random isotropization po pcost 1 P sid sifwst) (14
procesqlike the SSI scattering by Kocharov et 4099. We duwn is th lar f f
propose that in the strongly disturbed magnetic environment of'o 0S¢0, 4 COSa, andup IS the angular frequency o
2003 November 2, some irregularities in IMF were abrupt Proton gyration. By randomization of the magnetdd anglef
enough to scatter protons over a large angle. The large-angl@nd the particle phase anglgt, we nd a probability that a
scattering is modeled as a random, small-chance isotropizatioRarticle of the pitch angle cosine makes with the average
with corresponding mean-free patls, 0.3 ay at all proton ~ magnetic eld direction By the pitch angle of cosing,
locations and energig@xcluding protons propagating nearly P (i, 11,). The mixing matrixP (i, 1,) is convolved with the
parallel to the magneticeld: ©  0.9). originally simulated pitch-angle distribution to get theal
Inthe rst period of the 2003 November 2 event, the magnetic pitch angle distribution to be compared with observational data.
eld orientation exhibits a strong variance along the perpend- Figure 17 shows the model pitch angle distributions
icular to IMF direction(the ACE observation; Appendid), consistent with the neutron monitor data. The comparison with
which looks like a random magnetic shear. The random NM data is done with use of the quality criteriumde ned in
magnetic shear introduces an uncertainty to the guidaid AppendixB. While the range of acceptable values of the mean-
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free path is relatively large\, = 0.94-1.88 au, it is translated  Kerdraon, A., & Delouis, J. M. 1997, in Coronal Physics from Radio and Space
into only -2 minute uncertainty in the proton source pes at Observations, ed. G. Trott@erlin: Springe), 192
the Sun(Figure8(b)), because the proton speed is very high. ﬁ:zlsnsegfmjs‘;'fnr g ggl’}g’t"z'isk'-bet :};?&Z&lgéoﬁo“
As_ an extreme alternative to the standard transport _mod_el, W&ocharov, L., Klassen, A., Valtonen, E., Usoskin, I.. & Ryan, J. M. 2015,
consider a radial transport that would be a radial diffusion, if the  aApJL, 811, L9
mean-free path was somewhat smaller. In the alternative modefocharov, L., Kovaltsov, G., Torsti, J., et al. 1996a, in AIP Conf. Proc. 374,
(\  0.78 auin Figure17), we simulate particle scattering and ~ Miof HEnzr(?\lye Sg'oarrk 5333335‘ r§d2'46R' Ramaty, N. Mandzhavidze, &

. . . . . .-M. Hu W : ury,
focusing in the radla.l magnetield, with the same processefs of Kocharov, L., Kovaltsov, G. A., Torsti, J., & Huttunen-Heikinmaa, K. 2005,
small-angle scattering and large-angle scattering as in the jgRr 110 A12S03
standard model. It turns out, however, that the replacement oKocharov, L., Reiner, M. J., Klassen, A., Thompson, B. J., & Valtonen, E.
the standard transport model with the model of radial transportK 2210,Ap8. 7525| 2262 o. Torsti 3 . 2063, 656, 780

i ocharov, L., Saloniemi, O., Torsti, J., et al. ’ y

doe_s not chapge the SO|a.r source IB‘_CmUCh. Thisis befcause Kocharov, L., Torsti, J., Vainio, R., Kovaltsov, G. A., & Usoskin, I. G. 1996b,
the inferred history of particle production depends mainly on the 51 169’ 181
angular width of the protonux distribution, which is equally  Kocharov, L., Vainio, R., Kovaltsov, G. A., & Torsti, J. 1998)Ph 182, 195
well reproduced in both models. Recall that, in the standardKocharov, L., Vainio, R., Pomoell, J., et al. 20¥J, 753, 87
focused transport model, thax anisotropy axis is parallel to the ~ Kocharov, L. G., Lee, J. W., Zirin, H., et al. 1960P}) 155, 149

. . . . . . Krupar, V., Eastwood, J. P., Kruparova, O., et al. 20946]L, 823, L5
magnetic eld, while the radial diffusion suggests the anisotropy Kunow, H.. Wibberenz, G., Green. G., Miiller-Mellin, R., & Kallenrode, M.-B.

along the SurEarth line. 1991, in Physics of Inner Heliosphere, Vol. 2, ed. R. Schwenn & E. Marsch
(Berlin: Springer-Verlag262
References Kunstmann, J. 197%pJ, 229, 812
Lee, J., Gary, D. E., & Shibasaki, K. 2000pJ, 531, 1109
Ackermann, M., Allafort, A., Baldini, L., et al. 201ApJ, 835, 219 Levenberg, K. 19440ApMa, 2, 164
Adriani, O., Barbarino, G. C., Bazilevskaya, G. A., et al. 2094], 742, 102 Lin, R. P., Dennis, B. R., Hurford, G. J., et al. 20@2,Ph 210, 3
Afanasiev, A., Vainio, R., & Kocharov, L. 2014,pJ, 790, 36 Mann, G., Aurass, H., Voigt, W., & Paschke, J. 1992, Coronal Streamers,
Bougeret, J. L., Kaiser, M. L., Kellogg, P. J., et al. 1995Ry 71, 231 Coronal Loops, and Coronal and Solar Wind Composi{68A Special
Brueckner, G. E., Howard, R. A., Koomen, M. J., et al. 19957 162, 357 Publicatior), Vol. 348, ed. C. MattoKNoordwijk: ESA), 129
Cane, H. V., Erickson, W. C., & Prestage, N. P. 2002R 107, 1315 Marquardt, D. 19635JAM, 2, 431
Clem, J., & Dorman, L. 20065SRy 93, 335 Masson, S., Antiochos, S. K., & DeVore, C. R. 2023, 771, 82
Cliver, E. W. 1996, in AIP Conf. Proc. 374, High Energy Solar Physics, ed. McComas, D. J. 1998 SRy 86, 563
R. Ramaty, N. Mandzhavidze, & X.-M. Hy&lew York: Woodbury, 45 Messmer, P., Benz, A. O., & Monstein, C. 199&Ph 187, 335

Cramp, J. L., Duldig, M. L., Flickiger, E. O., et al. 19913R 102, 24237 Mishev, A., Kocharov, L., & Usoskin, I. 2014GR 119, 670
Cramp, J. L., Humble, J. E., & Duldig, M. L. 199BASAy 11, 28 Mishev, A., & Usoskin, I. 2013Journal of Physics: Conference Seri4@9,
Dalla, S., Marsh, M. S., Kelly, J., & Laitinen, T. 20183R 118, 5979 012152

Danilova, O. A., Tyasto, M. |., Vashenyuk, E. V., et al. 1999, in Proc. 26th Int. Mishev, A., Usoskin, I., & Kovaltsov, G. 2013GR 118, 2783
Cosmic Ray Conf. 6, ed. D. Kieda, M. Salamon, & B. DingutPAP: Salt Morosan, D. E., Gallagher, P. T., Zucca, P., et al. 20¥4, , 568, A67

Lake City), 399 QOgawara, Y., Takano, T., Kato, T., et al. 199bPh 136, 1
Debrunner, H., & Brunberg, E. 1968aJPh46, 1069 Olmedo, O., Zhang, J., Wechsler, H., Poland, A., & Borne, K. 260%h
Debrunner, H., & Lockwood, J. A. 1980GR 85, 6853 248, 485
Debrunner, H., Lockwood, J. A., Barat, C., et al. 199/), 479, 997 Parker, E. N. 1965?&SS 13, 9
Delaboudiniere, J.-P., Artzner, G. E., Brunaud, J., et al. 1988h 162, 291 Pohjolainen, S., Maia, D., Pick, M., et al. 2004 J, 556, 421
Démoulin, P., Vourlidas, A., Pick, M., & Bouteille, A. 2012pJ, 750, 147 Ramaty, R., Mandzhavidze, N., Kozlovsky, B., & Skibo, J. G. 19985pR
Desorgher, L., Kudela, K., Flickiger, E. O., et al. 20@8Geq 57, 75 13, 275
Dorman, L. I. 2004, Cosmic Rays in the EastAtmosphere and Underground  Reiner, M. J., Klein, K.-L., Karlicky, M., et al. 2008,0Ph 249, 337
(Dordrecht: Kluwey Ruffolo, D., Tooprakai, P., Rujiwarodom, M., et al. 2006,J, 639, 1186
Droge, W., Kartavykh, Y. Y., Klecker, B., & Kovaltsov, G. A. 201QpJ, Ryan, J. M., Lockwood, J. A., & Debrunner, H. 20005Ry 93, 35
709, 912 Saito, K., Poland, A. I., & Munro, R. H. 197%0Ph 55, 121
Earl, J. A. 1981ApJ, 251, 739 Schatten, K. H., Wilcox, J. M., & Ness, N. F. 196%Ph 6, 442
Elmore, D. F., Burkepile, J. T., Darnell, J. A., Lecinski, A. R., & Stanger, A. L. Scherrer, P. H., Bogart, R. S., Bush, R. |, et al. 19957 162, 129
2003, Proc. SPIE4843, 66 Schrijver, C. J., & DeRosa, M. L. 20030Ph 212, 165
Gil, A., Usoskin, I. G., Kovaltsov, G. A, et al. 2015:R 120, 7172 Shea, M. A., & Smart, D. F. 198%SRy 32, 251
Gopalswamy, N., Xie, H., Yashiro, S., et al. 20685Ry 171, 23 Shea, M. A,, & Smart, D. F. 201%SRy 171, 161
Gopalswamy, N., Yashiro, S., Thakur, N., et al. 2046, 833, 216 Smith, C. W. 1998SSRy 86, 613

Hatton, C. 1971, in Progress in Elementary Particle and Cosmic-ray Physics X,Takahashi, T., Mizuno, Y., & Shibata, K. 2016pJL, 833, L8
ed. J. G. Wilson & S. A. WouthuysefAmsterdam: North Holland Thompson, B. J., Cliver, E. W., Nitta, N., Delanné, C., & Delaboudiniére, J.-P.

Publishing Co, 1 2000,GeoRl, 27, 1431
Himmelblau, D. M. 1972, Applied Nonlinear Programmifigew York: Ting, S. 2013NuPh§ 243, 12
McGraw-Hill Book Company Toptygin, I. N. 1985, Cosmic Rays in Interplanetary Magnetic Fields
Howard, T. A., & Pizzo, V. J. 20164pJ, 824, 92 (Dordrecht: Reidgl
Hua, X.-M., & Lingenfelter, R. E. 1987%50Ph 107, 351 Torsti, J., Riihonen, E., & Kocharov, L. 2004pJL, 600, L83
Hurford, G. J., & Gary, D. E. 1989, BAAR1, 861 Torsti, J., Valtonen, E., Lumme, M, et al. 1995Ph 162, 505
Ipavich, F. M., Galvin, A. B., Lasley, S. E., et al. 199&R 103, 17205 Tsuneta, S., Acton, L., Bruner, M., et al. 19$hPh 136, 37
Jiricka, K., Karlicky, M., Kepka, O., & Tlamicha, A. 1993pPh 147, 203 Yashiro, S., Gopalswamy, N., Michalek, G., et al. 2004R 109, A07105
Karpen, J. T., Antiochos, S. K., & DeVore, C. R. 2022, 760, 81 Zhang, M., Qin, G., & Rassoul, H. 2008pJ, 692, 109

21


https://doi.org/10.3847/1538-4357/835/2/219
http://adsabs.harvard.edu/abs/2017ApJ...835..219A
https://doi.org/10.1088/0004-637X/742/2/102
http://adsabs.harvard.edu/abs/2011ApJ...742..102A
https://doi.org/10.1088/0004-637X/790/1/36
http://adsabs.harvard.edu/abs/2014ApJ...790...36A
https://doi.org/10.1007/BF00751331
http://adsabs.harvard.edu/abs/1995SSRv...71..231B
https://doi.org/10.1007/BF00733434
http://adsabs.harvard.edu/abs/1995SoPh..162..357B
https://doi.org/10.1029/2001JA000320
http://adsabs.harvard.edu/abs/2002JGRA..107.1315C
https://doi.org/10.1023/A:1026508915269
http://adsabs.harvard.edu/abs/2000SSRv...93..335C
http://adsabs.harvard.edu/abs/1996AIPC..374...45C
https://doi.org/10.1029/97JA01947
http://adsabs.harvard.edu/abs/1997JGR...10224237C
https://doi.org/10.1017/S1323358000019627
http://adsabs.harvard.edu/abs/1994PASAu..11...28C
https://doi.org/10.1002/jgra.50589
http://adsabs.harvard.edu/abs/2013JGRA..118.5979D
http://adsabs.harvard.edu/abs/1999ICRC....6..399D
https://doi.org/10.1139/p68-420
http://adsabs.harvard.edu/abs/1968CaJPS..46.1069D
https://doi.org/10.1029/JA085iA12p06853
http://adsabs.harvard.edu/abs/1980JGR....85.6853D
https://doi.org/10.1086/303895
http://adsabs.harvard.edu/abs/1997ApJ...479..997D
https://doi.org/10.1007/BF00733432
http://adsabs.harvard.edu/abs/1995SoPh..162..291D
https://doi.org/10.1088/0004-637X/750/2/147
http://adsabs.harvard.edu/abs/2012ApJ...750..147D
https://doi.org/10.2478/s11600-008-0065-3
http://adsabs.harvard.edu/abs/2009AcGeo..57...75D
https://doi.org/10.1088/0004-637X/709/2/912
http://adsabs.harvard.edu/abs/2010ApJ...709..912D
http://adsabs.harvard.edu/abs/2010ApJ...709..912D
https://doi.org/10.1086/159518
http://adsabs.harvard.edu/abs/1981ApJ...251..739E
https://doi.org/10.1117/12.459279
http://adsabs.harvard.edu/abs/2003SPIE.4843...66E
https://doi.org/10.1002/2015JA021654
http://adsabs.harvard.edu/abs/2015JGRA..120.7172G
https://doi.org/10.1007/s11214-012-9890-4
http://adsabs.harvard.edu/abs/2012SSRv..171...23G
https://doi.org/10.3847/1538-4357/833/2/216
http://adsabs.harvard.edu/abs/2016ApJ...833..216G
https://doi.org/10.3847/0004-637X/824/2/92
http://adsabs.harvard.edu/abs/2016ApJ...824...92H
https://doi.org/10.1007/BF00152031
http://adsabs.harvard.edu/abs/1987SoPh..107..351H
http://adsabs.harvard.edu/abs/1989BAAS...21..861H
https://doi.org/10.1029/97JA02770
http://adsabs.harvard.edu/abs/1998JGR...10317205I
https://doi.org/10.1007/BF00675495
http://adsabs.harvard.edu/abs/1993SoPh..147..203J
https://doi.org/10.1088/0004-637X/760/1/81
http://adsabs.harvard.edu/abs/2012ApJ...760...81K
http://adsabs.harvard.edu/abs/1997cprs.conf..192K
https://doi.org/10.1029/2004JA010910
http://adsabs.harvard.edu/abs/2005JGRA..110.9S04K
https://doi.org/10.1051/0004-6361/201423783
http://adsabs.harvard.edu/abs/2014A&amp;A...572A...4K
https://doi.org/10.1088/2041-8205/811/1/L9
http://adsabs.harvard.edu/abs/2015ApJ...811L...9K
http://adsabs.harvard.edu/abs/1996AIPC..374..246K
https://doi.org/10.1029/2005JA011082
http://adsabs.harvard.edu/abs/2005JGRA..11012S03K
https://doi.org/10.1088/0004-637X/725/2/2262
http://adsabs.harvard.edu/abs/2010ApJ...725.2262K
https://doi.org/10.1086/512357
http://adsabs.harvard.edu/abs/2007ApJ...659..780K
https://doi.org/10.1007/BF00153840
http://adsabs.harvard.edu/abs/1996SoPh..169..181K
https://doi.org/10.1023/A:1005040118200
http://adsabs.harvard.edu/abs/1998SoPh..182..195K
https://doi.org/10.1088/0004-637X/753/1/87
http://adsabs.harvard.edu/abs/2012ApJ...753...87K
https://doi.org/10.1007/BF00670736
http://adsabs.harvard.edu/abs/1994SoPh..155..149K
https://doi.org/10.3847/2041-8205/823/1/L5
http://adsabs.harvard.edu/abs/2016ApJ...823L...5K
https://doi.org/10.1086/157016
http://adsabs.harvard.edu/abs/1979ApJ...229..812K
https://doi.org/10.1086/308511
http://adsabs.harvard.edu/abs/2000ApJ...531.1109L
https://doi.org/10.1090/qam/10666
https://doi.org/10.1023/A:1022428818870
http://adsabs.harvard.edu/abs/2002SoPh..210....3L
http://adsabs.harvard.edu/abs/1992ESASP.348..129M
https://doi.org/10.1137/0111030
https://doi.org/10.1088/0004-637X/771/2/82
http://adsabs.harvard.edu/abs/2013ApJ...771...82M
https://doi.org/10.1023/A:1005040232597
http://adsabs.harvard.edu/abs/1998SSRv...86..563M
https://doi.org/10.1023/A:1005194314845
http://adsabs.harvard.edu/abs/1999SoPh..187..335M
https://doi.org/10.1002/2013JA019253
http://adsabs.harvard.edu/abs/2014JGRA..119..670M
https://doi.org/10.1088/1742-6596/409/1/012152
https://doi.org/10.1002/jgra.50325
http://adsabs.harvard.edu/abs/2013JGRA..118.2783M
https://doi.org/10.1051/0004-6361/201423936
http://adsabs.harvard.edu/abs/2014A&amp;A...568A..67M
https://doi.org/10.1007/BF00151692
http://adsabs.harvard.edu/abs/1991SoPh..136....1O
https://doi.org/10.1007/s11207-007-9104-5
http://adsabs.harvard.edu/abs/2008SoPh..248..485O
http://adsabs.harvard.edu/abs/2008SoPh..248..485O
https://doi.org/10.1016/0032-0633(65)90131-5
http://adsabs.harvard.edu/abs/1965P&amp;SS...13....9P
https://doi.org/10.1086/321577
http://adsabs.harvard.edu/abs/2001ApJ...556..421P
https://doi.org/10.1016/0273-1177(93)90490-3
http://adsabs.harvard.edu/abs/1993AdSpR..13..275R
http://adsabs.harvard.edu/abs/1993AdSpR..13..275R
https://doi.org/10.1007/s11207-008-9189-5
http://adsabs.harvard.edu/abs/2008SoPh..249..337R
https://doi.org/10.1086/499419
http://adsabs.harvard.edu/abs/2006ApJ...639.1186R
https://doi.org/10.1023/A:1026580008909
http://adsabs.harvard.edu/abs/2000SSRv...93...35R
https://doi.org/10.1007/BF00150879
http://adsabs.harvard.edu/abs/1977SoPh...55..121S
https://doi.org/10.1007/BF00146478
http://adsabs.harvard.edu/abs/1969SoPh....6..442S
https://doi.org/10.1007/BF00733429
http://adsabs.harvard.edu/abs/1995SoPh..162..129S
https://doi.org/10.1023/A:1022908504100
http://adsabs.harvard.edu/abs/2003SoPh..212..165S
https://doi.org/10.1007/BF00225188
http://adsabs.harvard.edu/abs/1982SSRv...32..251S
https://doi.org/10.1007/s11214-012-9923-z
http://adsabs.harvard.edu/abs/2012SSRv..171..161S
https://doi.org/10.1023/A:1005092216668
http://adsabs.harvard.edu/abs/1998SSRv...86..613S
https://doi.org/10.3847/2041-8205/833/1/L8
http://adsabs.harvard.edu/abs/2016ApJ...833L...8T
https://doi.org/10.1029/1999GL003668
http://adsabs.harvard.edu/abs/2000GeoRL..27.1431T
https://doi.org/10.1016/j.nuclphysbps.2013.09.028
http://adsabs.harvard.edu/abs/2013NuPhS.243...12T
https://doi.org/10.1086/381575
http://adsabs.harvard.edu/abs/2004ApJ...600L..83T
https://doi.org/10.1007/BF00733438
http://adsabs.harvard.edu/abs/1995SoPh..162..505T
https://doi.org/10.1007/BF00151694
http://adsabs.harvard.edu/abs/1991SoPh..136...37T
https://doi.org/10.1029/2003JA010282
http://adsabs.harvard.edu/abs/2004JGRA..109.7105Y
https://doi.org/10.1088/0004-637X/692/1/109
http://adsabs.harvard.edu/abs/2009ApJ...692..109Z

	1. Introduction
	2. Instrumentation and Data
	3. Overview of the Eruptions
	4. Interplanetary Transport Modeling
	5. Associated Electromagnetic Emissions
	6. Discussion
	6.1. Comparison of Corpuscular and Radio Emissions
	6.2. Interplanetary Particles versus Interacting Particles in Other Events
	6.3. Common Scenario for the 1998 May 2 and 2003 November 2 Events

	7. Conclusions
	Appendix AInterplanetary Magnetic Field on 2003 November 2
	Appendix BModeling the Response of Neutron Monitor Network
	Appendix CInterplanetary Transport Model for the 2003 November 2 Event
	References



