Chapter 5

Results and Discussion

In this chapter we show our fitti

results for three very different data
w om the Sun, we also consider
&r namical properties; these

additional data sets havem—— sting challengessand helped us to further

sets. In addition to studying ener

improve our fitting tech particle data of interest
from three solar events

We fit data for. to study
1. the mean fre ‘ c icles released from the Sun as a

tmportant for learning more about the

2. the injection+pro Eﬂ on of tim ergy and species, indicatin
jectiopgroligl y and sp 8

the duration of injectiQn/ 10 IVII aif; on the mechanism
of acceleration.

In additio iinto test our neWw’and i gioved fitting techniques,

we

which are the ﬁr us&L’AXm&ngtmﬂ tﬂirately determine
the injec es, near Eﬁ f time ardd/energy. The
fits are oﬂcﬁeﬁ a@ ﬁ 5’ ;ﬁﬁlﬂvﬁ]ﬁ &Llﬁﬁ&lhave been
evaluated by eye. Section 5.4 compares and contrasts the results from these three

solar events.
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5.1 The Solar Event on July 9, 1996

For the solar event on July 9, 1996, we have fit data from the WIND
spacecraft. The data were prepared by Wolfgang Droge and his collaborators.
He invited us to fit these data for comparing with his fitting results (he uses

very different techniques). These data represent the anisotropy and intensity of

TZ/&ZO km/s as shown in Figure
5.1, which gives details a solar wind, such as the
magnitude of the solar its density 1 speed, direction angle

to the West (—) or Eas

protons at 123 keV.

The corresponding s

h (+) (bottom panel to
top panel, respectively). value for the simulation
in Figure 5.2, where the
senlt the order of magnitude of
. ectively. The X-ray profile data
are useful for classiﬁcation of sa +1f the X-ray duration is short, it is an
impulsive solar eventy erif the X ray duration is long. =530 min, it is a gradual

X

solar event, where the fﬂra dur e=folding decay time of the

X-ray emission (Cliver et‘al 1989). If mstead the X—ray duration is defined at

10% of its pealﬂt% QJ f} W1E})ﬂ ‘ﬁawxﬁlqrﬁrégt (Pallavicini et al.

1977, Cane et a.lful986). The X-ray,duration tm.ln.(a. for this evenUdecay time) is

about 5’%4@5{1@1‘3 ) @W%ﬁfﬁ]@hﬂtﬁ i5Jainjufbhlsive event.

This fitting was performed by the author in collaboration with Mr. Varutm
Hongskul (2000). These data are at a very low particle energy, at which the parti-

cle velocity is only seven times higher than the solar wind speed. The old version
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Figure 5.1: Solar wind parameters from the WIND spacecraft on July 2-29, 1996.
The event of interest is on July 9, or day of year (doy) = 191. Downloaded from
http://web.mit.edu/space/www/wind.
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Figure 5.2: The X-ray y 79, 1996, downloaded from
http://solar.sec.noaa.gov/ftp ml- 7,

intensity and anisotropym particles by erly evaluati@ the Compton-Getting

effect, transformi i t‘g‘ﬁt nd ani O%Wf articles from the solar wind

frame to the obse@.eﬁfg me: % H%‘ {J q ﬂ ‘j |
Irqrﬁrﬁg e g i d.b5 loyed our

new techni(qle for evﬁﬁaﬁmﬂiﬁiiﬂﬂnﬁéﬁﬁons into

account. We found that the interplanetary fluctuations in the intensity data are

much higher than in the |anisotropy|xintensity, which is an interesting observa-

tion regarding low energy solar particles. The fitting results are as follows: We
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obtain a best-fit mean free path value, A, = 0.4279 AU, with statistical error
0.0073 AU, giving fitting results close to the spacecraft data at x*= 224.6 for
154 degrees of freedom, as shown in Figures 5.3 and 5.4. Wolfgang Droge got
A= Ar sec? ) of about 0.8 AU, which close to our results (we got A= 0.8558 |
AU), so we consider this comparison of fitting results to be successful. The full

width at half maximum (FWHM) injection time of the event is 274 min as in-

/lection is consistent with the
_4
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Figure 5.5: The injection function of protons at 123 keV of the solar event on
July 9, 1996 at A\,= 0.42 AU, in which the injection time is 274 min from point

A to B.
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5.2 The Solar Event on July 14, 2000

We have also fitted data from the solar event on July 14, 2000 (sometimes
called the Bastille Day event after the French holiday on July 14). This event
was the strongest of the present solar cycle (since 1991), and there was a coronal

mass ejection (CME). There have been several other journal or conference papers

published about this event (Tylka et al. ya es et al. 2001, Klein et al. 2001,
Yan et al. 2001) which have exan -. é‘n in a large gradual event by
the CME-driven shock, an 10 source indicating electron

acceleration and the ma

which the radio source i ¢ Bz ‘interplanetary magnetic
field line. - '

The data set is fr itors around the world
The primary solar energeti ons with a mean rigidity
~2.15 GV. John W. Bieber, _t_x ) Evenson, and Roger Pyle at |
the Bartol Research Institute, [Lmﬂy ?f, e, Newark, DE, USA prepared

fitting the data. As a ‘B}ﬁ e bling arck 'erm at Chulalongkorn

University) and Wolfgan&Droge 1nd1v1dually fit for comparing fitting results.

oo AR B o e i

and their mjectlor%unctlon and to confirm the accuracy of our ﬁttmg technique.

W RGN RNA APl o
based observatlons of the Ha line of hydrogen. The location is expressed as
degrees latitude (relative to the Solar Equator) and degrees longitude (relative to
the Central Meridian). The Bastille Day event occurred at N22W07. The X-ray

class is X5 as shown in Figure 5.6. The corresponding solar wind velocity near



47

Earth was not actually measured because of a data gap (see Figure 5.7), so we
estimate it to be 500-700 km/s, and use 600 km/s be the input value for the solar

wind speed in our simulation.

GOES Xray Flux (5 minute data) Begin: 2000 Jul 13 0000UT
107 %

------

s
1

=3

10

1074

GOES10 1.0-8.0 A
GOES 8 1.0-8.0 A

v
£ g5 ‘
v
3 T e W—-«w
& 1078 ¥ [ 7
BN 7Y B
A . 4. L\M I
= L] n
lllgi\\\‘ E
7/ \\
ol L y =W 383
Jul 13 o IS \ Jul 16
Updated 2000 Jul 16 235004 === S NOAA/SEC Boulder, CO USA
Figure 5.6: The X-séy fix profileoisduly 13-15, 2000.
A
First we simula f the particle tre f-'. solving the equa-

tion of Ruffolo (1995), Jd then we fit the mmulatlonmesults to the selected

data. We found WE]I ta, but did not

give a good fit ﬁa |an1§?ropy|xmglsmy§;ta S:Ij:'IIT in Flgures 5.8 and

5.9. (Actfal m pyi W@bi ﬂur fitting
AR AT I T

technique uSes linear least squares fitting and requires t superposition prin-
ciple for |anisotropy|xintensity ~ anisotropy xintensity.) The fast decay of the
|anisotropy| xintensity cannot be fit by our usual transport model. Thus we must

consider other influences that might have occurred in the interplanetary medium
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Figure 5.7: Solar wind parameters measured near Earth by the WIND spacecraft
on July 14 to August 10, 2000. The event of interest is on July 14, or day of year
(doy) = 196.
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during the time of this event.
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Figure 5.8: The intensity#tt i for protons onJulyl4, 2000 before adding
the bottleneck configuratien. dicate data,,with uncertainties, and the

After looking at thes Hithells da l' we found that there were mag-
. a jump at about 15:00 UT
on July 14, 2000 due to a CMEJ:W ,ﬁ': corona on July 11, 2000. This
influence from the C % he sh -;_, of the magnetic field

ation as a “bottleneck.”

lines as shown in Figurﬁ .
Because of magnetic mlrro‘nng, some partlcles will pass through the bottleneck

e G R R P4 et s

mirroring, which i¢'the effect of the bgttleneck conﬁguratlon of the magnetlc field
lines, thn%&Lﬂpﬂt‘a;ﬁ‘i meixlow Wﬂﬁrﬂrﬂnﬂaho called
adiabatic focusmg) conserves the magnetic moment p*(1—p?)/(2meB). We find
the minimum value of p for which particles can pass through the bottleneck to be

= \/I_—T/;, where 7 is the maximum magnetic compression, and R represents

the fraction of particles reflected by magnetic mirroring, or a reflection coefficient.
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Figure 5.9: The anisotropy.fittiag resulés for protous on July 14, 2000 before

We take the effect of magn ‘ 5 0 acco \u\: rodifying the transport

B of Gaussian form to

InB = (5.1)
1
— = 5.2
7 V3 (5.2)
: 2
= ) 3
where “Arch” indicates anfuncompressed Agchimedean spiral field, ro is the he-

liocentric dlstamﬂtueﬂn% my&llm ﬁ m @ agf]b‘ejween # and 2, 0 is

the width of the bottleneck n is the afnplitude, and R is the reflection coefficient.

Our b o o Ot . G o s e

first to present about the focused transport for a magnetic bottleneck inside the

simulation region.
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The fitting results a e _- tleneck co ﬁguration are better than
: anisotropy are closer to the
anisotropy data, in particular te th '_TEP é _ gelining anisotropy. The best-fit
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Figure 5.12: The anisotropy fitting results for protons on July 14, 2000 after
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We confirmed o gang Droge and we got

approximately the same on time for protons measured

by neutron monitors on July 14, ‘..6.5 “or hi vent, we have also learned
. ; ot :
something new about the interplametary sort of cosmic rays. In this work

we have subjected our fitiki sther fits as a “double-

blind” experiment, in ‘f e echniques for fitting

and simulation for thls ent. This work provides 1mmrtant evidence for the
explanation of m ﬂ]?l]c i- ’1 ﬁithe reflection of
solar partlcles froqa magnetl W > E is work has been
e TR AT D
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5.3 Solar Event on November 6, 1997

In Figure 5.14 shows oxygen intensities from the ULEIS and SIS instru-
ments on board the ACE spacecraft during November 4-6, 1997, a time interval -
which had 2 major solar events. The first flare occurred at 05:54 UT on Nov. 4,
1997 (doy=308), and the associated CME-driven shock was observed to pass near
the Earth at 22:00 on Nov. 6, 1997 (doy==310). The second flare occurred at 11: 22
on Nov. 6 (doy=310), and its sheck \ v&-m :00 on Nov. 9 (doy=313).
el enhancement” (GLE)

in ground-based detectors nitor Nt the first shock, with

*l.

ided with the increasing
ion, the solar energetic

particles disperse into int y e here the higher energy particles

arrive at the Earth faster t el e argy particles, as shown in Figure 5.14
for the time-intensity profile aTticles. : MeV/n, where their time-
intensity profiles correspond to ylﬁijggc ticles at or near the Sun. We
also observe the effects ¢! ME ¢ profiles of particles

at 0.06-1.92 MeV /n. (jj und tha by les of particles up to
~2 MeV /n suddenly 1ncreg,sed at the same tlme with dls ortions of the intensity,

N 1= L A AT A

should be later as the energy decrease} SO one can conclude that the enhancement

orime 3 AP B I PR ot

first CME—&nven shock, not the second flare/CME. The effect of the second shock

is associated with an increase in particle intensity on day 313 (Mason et al. 1999a).
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-
g

o gty )
- . . ‘-" . / . -‘4 “I - b} -
A typical 1mp£j§1ve solar event will release (or ...‘E[;afe(:t ) solar energetic

T
R Lo it

particles over a shorttine duration, and soon & they start arriving at

= -
the Earth (about 8 minsljiter if traveling near the speed‘})f light). The intensity
vs. time profile ‘i 1 d:: CLE: a_particles pass the Earth
(Ruffolo & Khuﬂaﬂﬂlijﬂzj ﬁiﬁﬁij&ﬁi&l gradual event
has a CMQ? 'xﬂat lﬂs? &;‘ﬂjw ﬁ.‘? ﬁ.ji "4 shock in the
Wﬂ(] ‘ q‘ @ ‘ tjgjof e@ggl

interplanetary medium. This greatly increases the num c particles

arriving at Earth, and can even cause a ground level enhancement, detectable by
ground-based neutron monitors.

The Nov. 6 event was the first major solar event of the current solar
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cycle, and attracted much attention, particularly in regard to SEP heavy ions of
various energy ranges. For example, this is the only event for which the ionic
charge state distribution and mean ionic charges have been observed to vary with
energy in the sub-MeV range, and the ionic charge is an important parameter

for understanding the acceleration and transport of the solar energetic particles

p :

COLEesp n impulsive event, though
" ual events in terms of
...\u_ ason et al. 1999b). This

aracteristic of gradual flares,

(Mobius et al. 1999). This solar event another point of interest. It showed

an enhancement of Fe/O and ‘He 4 times the coronal value

(Mason et al. 1999a) which_ﬁ

there is an alternative e

“contamination” of materi

event had a CME at the s
shock in interplanetary
medium, which it indicates ’- l-event. her hand, Cohen et al.

(1999) inferred the mean char “of elements. y found that mean charge

states were high, which can be in
- "*‘3’3’*’---.* 4=

the source distributiop}ear the flare site’ C 10

(~ 1), which indicates.&n impulsive eve sarchers claim that it is

hard to classify this solm event as 1mpu

The sola. $ \ 6 7 bserved at the location on
the Sun of Sl8ﬁﬁﬂ2ﬁiﬁai§ﬁg§gcas§-ray/ Ho intensity
as showne w 5 ¢y Wi 1 durati ﬁ %,0f i siﬂnﬁ;ensity of
= | houﬂhvel:t gﬂmt}? dﬁno Oﬂﬂ::ji ity was very

fast, the X-ray flux took a very long time to decay completely after the start of

the flare, which corresponds to a gradual flare (as explained in section 5.2). The

solar wind velocity was 355 km/s as shown in Figure 5.16, from measurements
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by the ACE spacecraft. The spacecraft data we studied were downloaded from
http://www.stl.caltech.edu/ACE. This website has a large amount of data on
solar events and the interplanetary medium as detected by the instruments on

the ACE spacecraft. In this event we fit the intensity data for Si, Mg, Fe, O, and

Ne from the SIS instrument on the ACE spacecraft, for which SIS detected the
He to Ni (Z = 2 to 28) over the
' ﬁanalysis was authorized by
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isotopic composition of energetic nucl
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Figure 5.15: The X-ray flux profile on November 6, 1997.
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For this event, we fit the intensity data of interest with their uncertainties
(which include the interplanetary fluctuations) with the results from the simula-
tion program, which is based on the transport equation of Ruffolo (1995) with
the technique of linear least squares fitting and an automatic truncation of the

piecewise linear injection function. In this work we analyze the fitting results for

lieve that this is the most extensive
& vent, we have only obtained
intensity data for the partic ' &the future, if the experi-

mental group is willing tmy >v-data [0

various elements and energy bands.

g8, our fitting results will

We find the mean f > 2 m 1m ’ ue between the fit and
spacecraft data. Out ofa to daté sets,the o e (14) data sets which
were difficult to fit, whi tha -_‘ Ol \ the data were very large,
or there was more than one minimu 5% 3 ; 2 function of the mean free
path, and we could not find the ; :‘:‘ ate mean free path and injection

cures 5.17-5.26, and

details of all the remaining A ppendices B and C.

mean free path vs. energy forach element was nearly

) ﬂﬁg?lﬂ?ﬁ'ﬂff TV o s
fitting reyiwqha Qrﬂﬁlm ﬂwg.i aaﬂ ﬁ pieﬁ{yhe results

further in the next section.

In our results, the
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Figure 5.18: The injection function of oxygen at 15.6-21.0 MeV/n of the solar
event on November 6, 1997 at the best-fit A= 0.054 AU.
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Figure 5.20: The injection function of neon at 17.6-23.6 MeV /n of the solar event
on November 6, 1997 at the best-fit A= 0.054 AU.
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Figure 5.22: The injection function of magnesium at 16.0-19.3 MeV /n of the solar
event on November 6, 1997 at the best-fit A= 0.041 AU.
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Figure 5.24: The injection function of silicon at 13.0-17.3 MeV/n of the solar
event on November 6, 1997 at the best-fit A= 0.042 AU.
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Figure 5.26: The injection function of iron at 23.6-36.3 MeV/n of the solar event
on November 6, 1997 at the best-fit A= 0.033 AU.
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Figure 5.28: The injection function vs. kinetic energy of particles on November
6, 1997. Diamonds, squares, triangles, crosses, and circles indicate oxygen, neon,
magnesium, silicon, and iron, respectively.



Element Energy Band Mean Free Path Injection Time

(MeV/n) (AU) (min)

Oxygen 7.1-10.0 0.046+/-0.019 539.564

10.0-13.1 0.042+/-0.012 287.005

13.1-15.6 0.052+/-0.016 431.8

15.6-21.0 0.054+/-0.013 298.423

21.0-29.4 287.386

29.4-38.9 213.99

Neon 3156.34

464.239

330.177

404.128

259.367

277.064

Magnesium 387.302
318.22

242.188

183.29

Silicon 0130 | 005140029 406.81
1331?. ) 404.56

1 7.3-2°p.8 0.048+/-0.011 234.269

AR NP N T

A s NETI e 8%

21.5-26.3 0.064+/-0.027 223.05
26.3-36.3 0.033+/-0.004 147.97
36.3-52.2 0.04+/-0.004 160.66

Table 5.1: Fitting results for November 6, 1997.
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5.4 Comparison of Results for Three Solar Events

Solving the transport equation for solar energetic particle transport, as
well as fitting data for the solar events of interest, we found the best-fit mean
free path of particles and their injection function for various types of particles

and energy bands. The results for three solar events can be compared as shown

in Table 5.2.

In addition to the ke
—

1. We found that ingle event, as shown in

Table 5.1 and Figure 5. ere )\, is a important
parameter of interplane there are major vari-
ations from event to eve erplanetary scattering
is approximately energy i ering varies with time.l
This is consistent with res v‘ *:' ber et al. (1994).

2. We found that the nj@
T A
as shown in Figure 5?3 This Gualitative conelusi
L "

decreases with increasing energy

on applies to the many fits

performed for o‘v;"'";:;:;—__;-.:r ————————————— : ‘er|events as well. This
implies that the injectiorgura. ion o getic_ﬂn‘tieles depends on the
effects of acceleration at thie£ME while it issstill in the corona or close to the

Sun. In Figure %8”&@1%&%@3&% %ﬂ‘@tuations, overall

the injection duration of the higher eflergy particles.is shorter thamfor the lower
ey oA i QU AN A B e
the CME-driven shock is greatest at the Sun, and particles are also accelerated
while the CME propagates outward from the Sun, and the CME-driven shock
lost the ability to accelerate the solar energetic particles after traveling a certain

distance from the Sun (Kahler et al. 1990). Our results here are consistent with
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those of Ruffolo, Khumlumlert, and Youngdee (1998), showing that high-energy

particles are produced closer to the Sun, and the CME-driven shock loses the

ability to acceler.ate particles to high energy more quickly than for lower energies.
3. Our types of automated and objective fitting rely on x? minimization

and not eyeball evaluation as in most previous works. We can use the techniques

as well.

AU INENTNEINS
RINNIUUNIININY
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Table 5.2: Comparison of results for three solar events.



	Chapter 5 Results and Discussion
	5.1 The Solar Event on July 9, 1996
	5.2 The Solar Event on July 14, 2000
	5.3 The Solar Event on November 6, 1997
	5.4 Comparison of Results for Three Solar Events


