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Solar Flare Assoiations
• Lin (1985) showed that eletron events werenearly always aompanied by solar type IIIradio bursts:2-100 keV ISEE3 measurements, 326 eletron events

→ In-situ eletron events are produed by solar�aresFor 30-300 keV eletrons (speed 0.3-0.8):
• Kruker et al (1999) ;58 events, ∆tmax ≃ 30 min
• Haggerty & Roelof (2002) ;79 events, 〈∆t〉 = 9.5 min

→ Up to 30 min delays between tSun and tIII 4 / 31



Solar Injetion Onset Time
t1 AU t1 AU 1 AUt time

I

t1 AU(E) = tSun +
Lv(E)

Assuming a nominal path length:
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L

From a veloity dispersion analysis:
t 1 AU

t
Sun

1/vAssumptions: - Satter-free transport- L = 1.2 AU - Simultaneous injetion- Energy-independent LProblems:(Kahler & Ragot 2006) • High instrumental bakground
• Energy-dependent injetion
• Interplanetary sattering → Numerial simulations haveshown that the estimated injetion times an be in error byseveral minutes (Sáiz et al. 2005; Lintunen & Vainio 2004)5 / 31



Delayed InjetionsAre in-situ eletrons and the eletrons at theorigin of the type III emission the same?1 Flares. Partile propagation e�ets alongmagneti �eld lines (Cane 2003).2 Coronal shoks (observed as type II radiobursts) and/or by large-sale oronal EITwaves in onjuntion with CMEs (Kruker et al.1999; Haggerty & Roelof 2002; Simnett 2002; Kahleret al. 2007)3 Reon�guration (reonnetion) of the loworona behind the oronal shok/CME (Maia &Pik 2004; Klein et al. 2005). 6 / 31



Signatures of Aeleration Proess
• Both solar �ares and oronal shoks are possibleandidates for soures of energeti heliospherieletron events:Miller (2000), Petrosian & Liu (2004), Dalla & Browning (2006),Drake et al. (2006)Burgess (2005), Giaalone (2005), Mann et al. (2001, 2003)

(Reames 1999)

Flares Coronal Shoks1) Correlations with event parameters? EM �uxes CME speed2) Injetion timesales? <hr >hr3) Extent of events? narrow broad 7 / 31



Flare vs. Shok AssoiationsCorrelations between eletron peak intensities andmirowave peak �uxes r ∼ 0.4 (Haggerty & Roelof 2002)SXR peaks r ∼ 0.5 (Haggerty & Roelof 2002)SXR �uenes r ∼ 0.6 (Gopalswamy et al. 2004)HXR �uenes r ∼ 0.7 (Kahler et al. 1994)CME speeds r ∼ 0.6 (Haggerty & Roelof 2002)Assoiations with fast (≥1000 km s−1) CMEs andsolar type II radio bursts (Kahler et al. 2005):
• 37%/17% with m/dh type II bursts
• 67% of all type II burst an be assoiated witha NR eletron event
• 50% of the NR eletron events an beassoiated with fast CMEs 8 / 31



Injetion Timesales
• Kahler et al. (2007) ompared eletron beam-likePAD times with type II burst assoiations:- 80 eletron events- Wind/3DP measurements
• Only 1 of 14 short-duration (≤0.3 hr) beam-PADevents was assoiated with a m/dh type II burst.
• But 13 of 16 long-duration (≥2 hr) events wereassoiated with a m/dh type II burst.

→ Two kinds of solar injetion: one impulsive at wellonneted �are sites and the other extended atbroad CME-driven shoks. 9 / 31



Angular Extent of EventsNR eletron events observed when ACE and Ulysses were broadly(∼ 80◦) separated (e.g. Simnett 2003, Malennan et al. 2003, Lario et al. 2004).
• Despite the latitudinal and longitudinalseparations of the two S/C, all events seen atUlysses were also seen at ACE.- Late partile injetion (CME-driven shok)?- Di�erent transport onditions?- Partile di�usion perpendiular to the mean IMF?
• Most of the small eletron events observed byACE were not observed Ulysses. Lario et al. (2003) 10 / 31



Angular Extent of EventsWibberenz & Cane (2006) Wiedenbek et al. (2010)
• AR W38, B̂EA = 82◦
• Mazur et al. (2000): Partiles do notspread in large range of longitudes.
• PFSS model an not explain the spread 11 / 31



Interplanetary Transport of SEPsFoused transport equation (Roelof 1969)
∂f
∂t + vµ∂f

∂z +
1− µ22L v ∂f

∂µ
−

∂

∂µ

(Dµµ
∂f
∂µ

)
= q(z , µ, t) (1)

• Gyration around and streaming along the IMF
• Fousing and mirroring: 1−µ

2B = onst.
• Di�usion in pith-angle =⇒ spatial di�usion(sattering o� magneti irregularities) B

v
: pitch−angleα

α

µ = osα =
v||v
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Pith-angle di�usion oe�ient
• Di�usion oe�ient (Jokipii 1966)- standard model of partile sattering- Small irregularities (QLT)- Transverse and axially symmetri�utuations- P(k) ∝ k−qDµµ = ν(µ)2 (1− µ2) ; ν(µ) = ν0|µ|q−1
• Parallel mean free path (Hasselmann & Wibberenz 1968,1970)

λ|| =
3v8 ∫ 1

−1 (1−µ2)2Dµµ
dµ = 3v4 ∫ 1

−1 (1−µ2)
ν(µ) dµisotropi sattering (ν = ν0) ⇒ λ|| =

v
ν0

λr = λ|| os2 ψ = onst. (Palmer 1982, Kallenrode et al. 1992, Ru�olo et al. 1998) 13 / 31



Partile Transport Models
• Finite-di�erene numerial method:Heras et al. 1992, Ru�olo 1995, Lario et al. 1998, Hatzky & Kallenrode 1999, Dröge2000

↑ Advantages: omputationally fast
• Monte Carlo method:Koharov et al. 1998, Zhang 2000, Li et al. 2003, Maia et al. 2007, Agueda et al. 2008

↑ Advantages: trak of individual partiles
14 / 31



Green's funtions for partile transport
• The results of the simulations are expressed in terms of- di�erential intensities at 1 AU- resulting from a delta injetion lose to the Sun- normalized to one partile injeted per steradian

62�102 keV
λr=0.6 AUisotropi sattering
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Pith-angle sattering vs. injetion. I
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Pith-angle sattering vs. injetion. II
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Observation of SEPs
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In-situ Setored Intensities

µ = os θ = −s ·B
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In-situ Setored Intensities
• Pith-angle distribution

(Haggerty&Roelof
2002)

• First-order anisotropyF (µ) = A0 + A1µ+ ...A1A0 = 3 〈µ〉
(Maiaetal.2007) 20 / 31



In-situ Setored Intensities
• Pith-angle distribution

(Haggerty&Roelof
2002)

• First-order anisotropyF (µ) = A0 + A1µ+ ...A1A0 = 3 〈µ〉
(Maiaetal.2007)

• Angular response of a setor- Isotropi distr. seen by arotating onial aperture
- IMF vetor → Telesope viewboundaries

(Agueda et al. 2008) 21 / 31



Inversion Method
• Modeled setored intensities Msl (t;λr ) in setor s and energyinterval l an be expressed asMsl (t;λr ) = ∫ T2T1 dt ′ g sl (t, t ′;λr )q(t ′)whereg sl (t,t′)=∫

π0 dξ ∫ 2π0 dφRs (ξ,φ) 1
∆El ∫ El+∆ElEl dE G(µ(ξ,φ,t),t−t′,E)

• We determine the injetion funtion of NR eletrons solving theequation
||~J − g · ~q|| ∼ 0subjet to the onstraint that qj ≥ 0 ∀j

• We use the non-negative least squares (NNLS) method of Lawson &Hanson (1974). 22 / 31



Modeling solar NR eletron eventsAssumptions Parametrized injetion pro�le Obtain it from the �tData Spin-averaged intensities Pith-angleand <µ> distributionsBest �t Eye ball De�ne an objetivegoodness-of-�t estimatorDröge (2000), Bieber et al. (2001) Maia et al. (2007)Kartavykh et al. (2007), Maia et al. (2007) Agueda et al. (2008,2009)23 / 31



The 2000 May 1 near-relativisti eletron event
• Flare: M1.1, N20W54
• CME: vCME = 1360 km s−1,
∆ = 20◦

• Outward moving radio soure(Pik et al. 2003)
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Results of the Event InversionBest-�t parameters:
• λr = 0.9 AU
• The injetion pro�le shows twoomponentsShort ∼2.5 min ∼75% hard-X raytype III radio burstExtended ∼80 min ∼25% white-light CMEradio emission(Agueda et al. 2008)
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Results of the Event InversionKartavykh et al. (2007)
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Extending the sample (+10 events)Agueda et al. (2009):Transport onditions:
λr = 0.9 AU; 2/11
λr < 0.2 AU; 9/11Injetion omponents:Short Extended(< 15 min) (> 1 h)
X × 4/11
× X 4/11
X X 3/11 27 / 31



Solar InjetionPrompt
• beginning within the rise phase of the softX-ray �ux
• at low energies, within 10 min of the typeIII radio emission
• aompanied by hard X-ray emission log Ne = 0.54(±0.08) log Ix + 37.3(±0.4)Delayed
• beginning after the peak of the soft X-ray �ux
• assoiated with intermittent radio emissions atthe height of the CME leading edge or below
• in some ases, also with type II radio bursts 28 / 31



Summary
• Simulation-based analysis have provided onlusive evidene that theinjetion of heliospheri NR eletrons is related to both �ares andoronal shoks.
• The derived injetion pro�les show two types of injetion episodes:short (< 15 min) and extended (> 1 h).
• The timing of the short injetion episodes agrees with the timing ofthe hard X-rays and radio type III bursts.
• Extended injetion episodes seem to be related to intermittent radioemissions at the height of the CME leading edge or below, and typeII bursts.
• We onlude that there is a ontinuous spetrum of senarios thatallow for either �are or oronal shok injetion, or both, and thatthis an our both under strong sattering onditions and underalmost satter-free propagation onditions. 29 / 31



SEPServer FP7 ProjetSEPSERVER: Data Servies and Analysis Tools for SolarEnergeti Partile Events and Related EletromagnetiEmissionsStart date: January 2011, Duration: 3 years
• Collaborative Projet funded through the European7th Framework Programme.
• It is oordinated by the University of Helsinki.
• 11 European partners: UH, CAU, CNRS, UB, U.Turku, UO,UNI WUE, NOA, UOI, AIP, DHC
• Several ollaborating partners from Europe and theUS. 30 / 31



SEPServer FP7 ProjetThe SEPServer projet will produe an Internet server forthe investigation of the origin and transport of SEPs.It will provide:
• in-situ SEP and plasma data for several missions(SOHO, ACE, Wind, Ulysses, STEREO and Helios)
• related eletromagneti observations andstate-of-the-art analysis methods
• a omprehensive atalog of SEP events observed oversolar yle 23
• numerial simulation results and inversion methodsfor SEP event analysis 31 / 31


