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€:) _ . - Whatare SEPs?
* Solar Energetlc Partlcles St . i .
R 5‘3 assumed to originate at the Sl}l’\

3 i ek SR N
ge 'c “historically above a few hundred keV/nuc

s (mostly H, He like the Sun)-l- electrons

-eases in counting rates of.ions (and/or electrons) of
ly above O 21 MeV/nueleon




) What is the History of SEPs?

 First detection with connection to solar flare observation -
Forbush 1946 in neutron monitor

» Iiming related to gamma'ray fldare 1956
(most well studied)

» Betterin space because can see them .
directly |
— intensity f
— energy spectra '

' — composition

. \ . 0700 0800 0200
' % - HOURS - UNIVERSAL TIME )
d :

FIGURE 2. Chicago neutron monitor record of the ground level event of 23 February 1956 (adapted from 5).



€a) * What is the Hlstory of SEPs?

« At thq fmcitime..> .0 e, ;




) What is the History of SEPs?

e Correlations with SEP characteristics results in a.2 class SEP
system: | RS

1 | Tmpubive | Gradual
Flare Short duration Long duration
Characteristics | Gompact/Point Source Large Source
Radio
Characteristics | 1ype II/V 1ype II/1V

Particle "He, e, heayy ion rich SW like composition
Characteristics | short duration, small, long duration, large,
limited longitude wide longitude



What is the History of SEPs?

Gradual Impulsive

(a) Gradual "Proton" Event (b) Impulsive "3He-rich" Events

MeV
x 0.2-2 Electron
o 1-4 Proton
o 7-13 Proton
e 22-27 Proton
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Figure 2.2. Intensity-time profiles of electrons and protons in ‘pure’ (a) gradual and (b) impulsive
SEP events. The gradual event is a disappearing-filament event with a CME but no impulsive flare.
e 1 Ve eve O111C O 'l‘.iq‘ l. \Y%



£ What is the History of SEPs?

Old Picture: Reames 1999

. ‘Paradigm Shift, (19805) Only Flares

— Had 1 acceleration mechanism
for all SEP events

— Now have two independent
acceleration mechanisms

e CME-driven shock acceleration
<=> Gradual SEP events

o Impulsive flare acceleration <=>
Impulsive SEP events-

* ACE+ shake up
—Not mutually exclusive .
—SEP properties not definitive

Figure 2.1. A paradigm shift.
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€:) S “Why care About SEPs?
'H 'V 9 ’1

d

— Near Earth . .Qi b
= Fapfrom Earth e % *:

‘of particle acceleration

* Space weather concerns
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— Reconnectlon
* Sun, magnetosphere,]upi‘cer...
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£ How Do-We StUd_y Them?

e See next lecture for instrumentation

e [ ocations

— L1 1s very common

— STEREO drifts
wrt Earth

— Once had Helios

“Why is. it Hard?
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€ Everything varies

i o .
With time »
— Peak ,X1.2  X17 X10

— Duration -> fluence

—().10 MeV/n
0.19 MeV/n
0.39 MeV/n
0.77 MeV/n
1.5 MeV/n
3.1 MeV/n
6.2 MeV/n
8.6 MeV/n
14 MeV/n
25 MeV/n
51 MeV/n

-1

2

Intensity (cm™ sr sec MeV/n)

Oct/26/2003 Oct/31/2003 Nov/5/2003 Nov/10/2003




€ Everything varies

e With time
— Peak
— Duration -> fluence

Large Solar Particle Events

1/20/05
— Onset

17/14/00
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e With time
— Peak
— Duration -> fluen

— Onset
 With energy
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~ Everything varies

Proton Fluence
in Large SEP Events

2

Oxygen/cm

October 28

— — - February, 1956
August, 1972
October, 1989

— — =July, 2000

——— October, 2003
January, 2005

10 100
Kinetic Energy (MeV)

Oxygen Fluences
ACE/SIS

— 1/23/12
— 1/27/12
— 3/7/12
— 3/13/12
51712
e 5/15/13
—— 5/22/13
m— 9/30/13
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€9 ‘ Everything varies

e With time

]
8 Peak 4 ’ Spaceship Earth Observations of the Solar Minimum GLE
' ' Recorded December 13, 2006 by Neutron Monitors

One Minute Averages, normalized to McMurdo 0130-0230 UT
= Bar'burg s Norilsk w— Apatity e Mawson

e Fort Smith === Nain — Thule — McMurdo
e Newark w Inuvik e Oulu

— Duration -> fluence
— Onset

8§ 488888

 With energy

— Ground level enhancement (GLE Event)

s

400
380
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320
300
280 [~

UT, 13 Dec. 200



£:) ‘ Everything varies

 With time
— Peak
— Duration -> fluence
— Onset

 With energy

— Ground level enhancement (GLE Event)
« -Composition ' '

— Big events
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Fe/O at 12-33 MeV/n
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Impulsive/Corona

Counts/bin
g G QR Gy
o O

S

H'Y
il

Mass (nucleons)

e With time
— Peak
— Duration -> fluence

5

0.400
Q/A (3.2 MK)

Counts/bin

— Onset

 With energy

— Ground level enhancement (GLE Event)

Mass (nucleons) Mass (nucleons)

* ‘Composition
— Big events

Silicon Fluence (cm2 Sr MeV/n)'1
at 12-33 MeV/nuc

— 3He-rich events

107
Fe/O at 12-33 MeV/n



STEREO Ahead COR2Z

2020=11-29 14:39:24



B IMPLEMENTATION

ELIOPHYSICS SYSTEM OBSERVATORY s

& Tl W PRIMARY OPS
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Cruiser %

Parker Solar
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STEREO
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- (JAXA)

Voyager
(2)

OPERATING & FUTURE



B IMPLEMENTATION
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€5) What Happens |n the Gap?

* Transport effects
— Lose energy
— Scattering




€3 What Happens ih the Gap?

* Transport effects ~
— Lose energy

— Scattering
— Interplanetary structures

Flux (protons cm

4 November 2001 event (GOES—8)
14 July 2000 event (GOES-8)
28 October 2003 event (GOES-11)

Time (hours)






€5) What Happens |n the Gap?

10

Solar Maximum Proton Spectra at 1 AU

* Transport effects
— Lose energy

1/20/05

- o ’ ' SEP
Scattering _ ! b 102803

— Interplanetary structures

 Evolution of conditions

Protons Intensity (particles/cm

S
Sup?autfgrtrlnrg?Tail R
— Shock parameters \ impuisive
E _ Event
hy g EPI-Lo coverage
— Background solar wind
— Seed population Wl ' Y

Fe-group
Electrons




€a) _What Happens |n the Gap?

* Iransport effects

— Lose energy 3 Bf[G§§SSI
3 § 30
'S egmg 5 %
—1In lanetary structur g '28
i O 2
* Evolution of conditionjg o

-50

100 150 200 0
Carrington Longituge [Degreé5

v Sh . parameters 2013 April 11 06:04 UT

- — Background solar wind.
— Seed pop-ulation' ' N .
* Lack of Measurements . | WL

pe L% B et
ll -



Knowns & Unknowns

oot

Shock acceleration

Energization = Reconnection . Missing
acceleration Observations Observations
Field aligned Correlations Observations not
Transport . Understood
Cross field Verified
Ty Theory/Models Unverified
Conditions Theory/Models

Seed population




€:) Energization: Shock Acceleration

Know

e Seeiltin action
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€4) Energization: Shock Acceleration

Know g gy =
 See it in action s

* Basicconcepts

— Diffusive shock acceleration
— Shock drift acceleration




Energization: Shock Acceleration

Know

* See it in action
* Basicconcepts

— Diffusive shock acceleration
— Shock drift acceleration

* Role of certain parameters
— Strength, orientation

— Turbulence

GOES-15 time intensity profiles,0°

Time intensity Profiles,0°
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£ Energization: Shock Aéc_eleration

10/29/03 Shock

Know ruza2: W'/
T . ) 2 2
* See it in action ¥hoor: (GR) —

 Basicconcepts g 2001 DOY 267
— Diffusive shock acceleration g
— Shock drift acceleration \

* Role of certain parameters I
— Strength, orientation . Yoot o1 T T 0 100

Kinetic Energy (MeV/nucleon

— Turbulence

* Properties .
 — Spectral features

— Composition. g 4a | " "
’ y Energy (MeV/n)




Don’t Know
54l Variability
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o - |
= 10 A | {
. , T & ] s
|
g H . A
1072 ; i | .
| 1 )
I | 1 | ,.,4
1072 l | E | 2 405 '
| 1 A 1
| { 1 *" | |
| b | | |
I i al
10 F ! : ¥ | 1] :
| S i 3 L1 | | .1

* — Dependence on stales

- H =i
100 200 400 800 1000 2000100 200 400 600 1000 2000
CME speed (km/s)

10° 76 Large SEP Events (1997-2003)

10°

SEP Average
5-12 MeV/

10%

of Si (cm?sr)
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.-.-—-——.—-——-—————

10°

[ d

10°

Fluence
Y ‘ L] °

10

Fe/O (12 - 40 MeV/nucleon)



Energlzatlon Shoek Acceleratlon

GLE Number ' Don t KnOW
Bt Va'rlablllty

' — Dependence on scales

B
o

 Conditions near the'Sun
— Shock parameters

Height (solar radii)

N
o

~— Turbulence

‘ A Where particle acceleration
starts/ends




Energization: Shock Acceleration

Don’t Know

2002 DOY 236 ’ ) Va'riabiility

— Dependence on stales
quasi-pardlel injection : :
1.0
solar-wind suprathermals @ g'z
Fe/O=0.1 &
Q. .>~ 10 o
3He/AHe ~0.04% O

 Conditions near the'Sun
— Shock parameters

£ oy — Turbulence
q=) Energy (keV/nucleon) ® . : .
s R - — Where particle acceleration
g flare suprathermals StartS/endS
= Fe/O~ 1 . :
¢ Lo ancrcec - Energy-dependence of
B = composition
o 10 SR oL

30
Energy (MeV/n) Energy (keV/nucleon)



29 Energization: Reconnectlon Acceleratlon

Know 2 : .
e S 10 8 10 :

» Event characteristics ” o) LB )2
Mass (nucleons)l| £

— 3HezUltra heavy ions 3 o 10° :
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Counts/bin
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0.400
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€2) Energization: Reconnection Acceleration

Know

 Event characteristics
— 3HeyUltra heavy ions

 Some basic ideas . : | | oo
— Wave-particle interactions
— Magnetic islands
— Role of guide field

Thick—target footpoints
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€5 Energlzatlon ‘Reconnection Acceleratlon

Know . .

 Event characteristics e
o ltra heavy ions - ' u
y ideas ) | f
artlcle Qeractions [T L 8| R .ccracicn i Focormecton
: - ) 3\ - CurrentSheet V R/ S /
Ls.lands - - . . . d \; ’ i | Intfa't;‘;:mec ion
; - “ - ~~ Y, ; 3
. — Roleof guide field -~ ' .- 3 | A
‘Some idea of location - :
— Near flares/part of process | = * . .
* — Jets - e Rt~ o \
’ . . 2012/01/13 09:12:08 012/01/13 09114:19.— 09:1
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€29 Energization: Reconnection Acceleration

Don’t Know

ACE / ULEIS - 6 Jan. 2000 ACE /ULEIS -7 Aug. 1999
. ‘Start’ energy
i ' i ’
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€2) Energization: Reconnection Acceleration

Don’t Know

ACE / ULEIS - 6 Jan. 2000 . ACE / ULEIS -7 Aug. 1999

-
o

-

o

‘Start’ energy

-
o
.l

-

L S

. Varlablllty

— Spectral features

ticles / cm2 sr MeV/nuc)
2

=
ticles / cm2 sr MeV/nuc)

— Size of event
— Composition
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€29 Energization: Reconnection Acceleration

Don’t Know

%Mass180-220 °. ‘Start’ energy

Mass 125-150

. Variability :

— Spectral features

Mass 78-100

— Size of event
— Composition
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€29 Energization: Reconnection Acceleration

Don’t Know

| ~ “Start’ energy
. Variability,

— Spectral features

— Size of event

— Composition
 “Where exactly

— Above, below




€29 Energization: Reconnection Acceleration

Don’t Know
] - ‘Start’ energy
* Variability .
— Spectral features
— Size of event
— Composition
* ‘Where exactly
— Above, below
'« Escape from region




) Transport: Field Aligned

Know

Helical

 Basic ideas

— Field.line connection
— Adiabatic cooling




€2 “Transport: 'Fiéld- Alighed

Know

* Basicideas
— Field.line connection
— Adiabatic cooling

* ‘Scattering effects
— Particle PAD
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€a) Transport: 'Fiéld- Alignhed

’ . .
PFSS for 8-Feb—-2010 04:10:00; Magnetic map at 8-Feb—-2010 12:04:00 Don’t Know
1.0

Where the field is/going

iz ObSEI‘VEI‘ -source connection

Heliographic Latitude (degrees)
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€a) Transport: 'Fiéld- Alignhed

’ . .
PFSS for 8-Feb—-2010 04:10:00; Magnetic map at 8-Feb—-2010 12:04:00 Don’t Know
1.0

Where the field is/going

iz ObSEI‘VEI‘ -source connection

Variability-of the field

Heliographic Latitude (degrees)
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€2 Transport: ‘Cross-field

Know 15 August 2001

o SOHO/COSTEP p 25-53 MeV
It happens TRREDES Ulysses/HET B 26-38 MeV — - — - -

— See.events far from source
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235
day in 2001




Know

It happens
— See.events far from source
Some ideas

— Fieldline meandering
— Scattering

Transport: ‘Cross-field

Time = Time = Time =

3.00000e+06 4.00000e+06 4.00000e+086

Time = Time = . Time =

6.00000e+06 1. -+  2.00000e+07 2.00000e+07

Time = [% = ° =
9.00000e+06 ’

200 400 -200
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Transport: ‘Cross-field

Don’t Know
w RN * Puzzling events
N * — Circumsolar

—~ Wide 3He=rich
--a-- STEREO-B . |
e — DiStant sources

0.0
Y (HEE)

Nov. 3, 2011
N15E155

SHe Intensity

10 Feb 11 ‘ i .
2010 2010 -

Protons/(cmzsr-s-MeV)

26-40 MeV Protons HETA . -
— 28-40 MeV Prolons HETB
| mm===25.53 MeV Protons EPHIN

0
307 308 309 310 311 312 313 314
Day of 2011



Magnetic stfcture'
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Transport: ‘Cross-field

Don’t Know
. Puzzling events
. ' i '
— Circumsolar
— Wide *He-=rich
— DiStant sources

« Fields or particles?



€:) ._ -° Transport: ‘Cross-field

Don’t Know

J Pu'zzlin'g events

* — Circumsolar
— Wide He=rich
— Disfént sources

- Fields or particles?

. ‘Rélative roles acceleration vs
transport

*




£ Conditions: . Plasma +'Structures

Know
* They affect SEPs

— Acceleration
— Transport

Magnetic
mmmmmmn Cloud
— Periods

4 November 2001 event (GOES—8)
14 July 2000 event (GOES-8)
28 October 2003 event (GOES-11)

“Flux (protons cm

Time (hours)






€:) Conditions: . Plasma + Structures

Know NOAA/GOES
» They affect SEPs . 87145 MoV

. . 410 sootiy
— Acceleration
— Transport
 Solar conditions

— B field at the photosphere
— Coronal holes

e CMEs

— Near Sun

— IPM

 Details at some points in IPM J s mammmu s 3&‘ S
» Streaming limit

S
Q
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e
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£
S
g
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Condjtlons Plasma + Structures

B - 8 "o Don t K_now

.
.

. B f1eld .Where We aren’t
" a el measunng b
= Strength orlentatlon

R - 3 _ CMESs in the way
.. =* Shock propertles where we aren’t
.- - ‘measuring
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€:) Conditions: . Plasma + Structures

Don’t Know

.~ Bfield where we aren’t
r measurmg
= Strength orlentatlon

— CMEs in the way

.» Shock propertles where we aren’t
55-65 keV electrons - measurlng

STA/SEPT
STB/SEPT

— Near Sun
~'CIRs * s
Variability on mesoscales

Ok &%

((em?s sr MeV)™!)

Time (UT)



£:) Canditions: Seed-Populations

Know
* Suprathermals-play a role

o
i
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o
=
=
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S
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(b)

Shock/Slow Solar Wind
Shock/Ambient

Mass/Charge (AMU e™) Mass/Charge (AMU e™)



Know

 Suprathermals play a role

e Someof their sources
— Lower energy portion of events

2

Particles/(cm sr-MeV/nucleon)

— Flare material

6.5-13.8 MeV/nucleon SEP Helium from ACE/SIS
4 Nov 1997 2 May 1998 6 May 1998 9 Nay 1998

Contributions to the Fluence of Oxygen
2002

Slow Suprathprmal :
Solar // Tail 34 5004
Wind ¢ 14 Nov 1838 1 Jun 1999 4 Jun 1889 16 Qct 2000

Fast

Solar

Wind
Gradual SEPs

402 gsp

5102
Impulsive .
SEPs - 8102 4102

Vass Number

ULEIS
SEPICA ] SIS _[oRIS

10° 102 10' 10° 10!
Kinetic Energy (MeV/nucleon)



o

3
©
L
O
3
£
?
s
L
|.'
£
L2
—
N
2
L
b
[
o

-

Canditions: Seed-Populations

Contributions to the Fluence of Oxygen . Don’t KnOW
2002 ' g
J Va'rlablillty
* — Composition
Slow Suprathermal : '
Solar /1o — Spectrumr
Wind . 2 e
Fast .
Solar N "
Wind |
Gradual SEPs . . :
402 ggp .. Y ,
502 /e s ¥ .
Impulsive A - '
SEPs - 8/02 RS '






€ Canditions: Seed-Populations

Don’t Know
: Va'rlablllty ’
3 . - Composmon
m% § — Spectrumr
: : * Source
? — Constant/eplsodlc'?

. Dlstrlbutlon

1 Jan 1 Jan 1 Jan
2000 2004 2008




Parker Solar Probe Breaks Record, Becomes Closest
Spacecraft to Sun

Posted on 10/29/2018 13:06:31

.
7

Parker Solar Probe Mission Trajectory and Current Position

Heliocentric Velocity (km/s): 67.52

Distance from Sun Center (AU): 0.288
Distance from Sun's Surface (Rg): 60.8
Distance from Earth (AU): 1.210
Round-Trip Light Time (hh:mm:ss): 00:220:07
28 Mar 2019 15:00:00 UTC
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€:) Still Stuff We Don't Understand

e PSP at 0. 35 AU sees series of. events ik

— Same source dlfferent composmon -
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Energy (MeV/n)



. AR13088 was at W180510
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€.) Stuff We're Just Sta tmg to Look At
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€9  Stuff We're Just Statin t Lok At
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SolO sees Fe-rich event
PSP sees Fe-poor event
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