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Overview: 
•  Flare cartoons 
•  Flare energy/flux/number requirements 
•  Produc8on of MHD waves at reconnec8on regions 
•  Wave requirements 
•  Can wave reach chromosphere without damping? 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Energy transport and accelera8on 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•  How does energy reach chromosphere  
•  Where are par:cles accelerated? 



Flare energy requirements  

Flare energy = 6 x 1032 ergs over ~ 1000 sec.    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Power directly measured in the 
op8cal can be up to 1029 erg s‐1 

Power in fast electrons inferred from 
hard X‐rays is around the same. 

flare 

Flare energy radiated from a small 
area: HXR footpoints ≈1017 cm2, 

(WL footpoints can be smaller.)  

Power per unit area ≈ 1011‐12 erg cm‐2 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Source FWHM = 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107 cm 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Flare HXR footpoint sizes and beam stability 

Recent analysis of a Hinode/RHESSI flare (Krucker et al 2010) 

RHESSI source FWHM is < 0.”2 larger than RHESSI G1 PSF. 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‐  collisional thick target beam electron flux = 5 x 1019 el cm‐2s‐1 

 ‐  collisional thick target beam energy flux = 3 x 1012 ergs cm‐2 s‐1 

Beam density is so high, that beam/return current system should be 
unstable to Bunemann instability 

(Hoyng et al. 1974, Brown & Melrose, 1977; Vlahos & Papadopoulos 1979) 

Red = source profile 
Blue dashed = G1 PSF 



Flare energy transport by waves 

A wave‐based view: 
Following coronal reconnec8on, field reorganises, genera8ng MHD 
disturbances (fast, slow, Alfvén). 

Alfvén wave pulse travels rapidly along B, carrying a Poyn8ng flux. It is 
the agent for flare energy transport to the chromosphere. 

So, need to have enough energy in the wave, traveling fast enough to 
explain footpoint simultaneity to ~0.1s, and undamped in corona 

Wave energy transfer in flares has been proposed by several authors 
(e.g. Emslie & Sturrock 1982, Melrose 1993, Haerendel 2006, 
Fletcher & Hudson 2008, Haerendel 2009) 



Birn et al. 3D simula8ons  

Birn et al. (2009) ‐ 3D MHD simula8ons to study energy transport away 
from reconnec8on regions:  Poyn8ng flux, enthalpy flux, KE flux. 

Ini8al condi8on; 3D sheared arcade model of Birn et al (2003), localised 
finite η, low β plasma (β ~ 0.01) 

Ini8al stage 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plasmoid ejec8on 

x 

z 

y  x  x 

z 

Sx (y=0)  Sz (y=0) 

8me 

Sx (in) 

Sz (down)  
Hz (down)  

Conclusion: Dominant energy transfer at reconnec8on region is 
redirec8on of Poyn8ng Flux mostly into downwards Poyn8ng flux. 



Kigure et al., 2.5 D simula8ons 

2.5 D MHD simula8ons, localised resis8vity, periodic boundaries 

Initial configuration 

Percentage 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magne8c  energy 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as by 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as 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waves, 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of crossing angle 

θ = 180 
corresponds to no 
Bz, so no Alfven 
mode 

Kigure et al. (2010) 



Requirements for flare wave energy 

Observa8onal requirements: 

S up to 3 x 1012 erg cm‐2 s‐1 

Travel 8me ~ 0.1s to chrom. (Sakao 94)  

Implica8ons for field & perturba8on: 

e.g. dB/B ~ 5%,  Bcor ~ 1kG,  ncor ~ 109 cm‐3 

                or   Bcor ~ 700G,  ncor ~ 5.108 cm‐3 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S = va δB
2 /4πWave Poyn:ng Flux 

A coronal B of 700‐1000 G?  

‐ characteris8c of values determined from gyrosynchrotron emission 
at ~10,000km above the photosphere in ac8ve regions. 
‐ Also found in extrapola8ons (Regnier et al) 



Alfven Wave (non‐)Damping 

Can the wave energy reach the chromosphere to make footpoints? 
i.e., is it damped in the corona or not? 

In MHD, to damp Alfven waves by phase mixing before wave reaches 
chromosphere need small scales of non‐uniformity of field. 

e.g., wave damps only if  λperp=100 km and λ|| < 1 km, or if  λperp=1 
km and λ|| < 10 km. So if scales are larger, wave can reach chrom. 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Wave (non‐)damping in ‘iner8al’ regime 

β = me/mp 

VAL-C In corona & upper chromosphere,  
vA ≈ vth,e   i.e., β ≈ me/mp 

The wave has an  EII and can damp 
by electron accelera8on (c.f. 
magnetospheric systems) 

Case of β << me/mp (‘iner8al’ regime) 

if k⊥ large ‐ i.e. λ⊥ ≈ 3m can damp by accelera8ng electrons to 10s 
of keV. But if scales are large, wave can reach chromosphere. 
(McClements & Fletcher 2009) 



Wave (non‐)damping in kine8c regime 

12 

Case of 1 > β ≥ me/mp (kine8c regime): 
Wave can damp for larger transverse scales – order of ρs = c/ωpi 

Damping by Landau resonance (electron accelera8on, Bian & Kontar 
2010) – damping rate (s‐1) is: 

Damping by Landau resonance requires perpendicular scales of 
100s of metres. But if scales are larger waves can reach chrom. 

(Bian & Kontar) 

T  ne  B  τcross  Req’d  λ⊥  

Corona  106 K  109 cm‐3  500 G  0.1s  λ⊥ = 0.3 km 

Chrom.  104 K  1011 cm‐3  1 kG  1s  λ⊥ = 0.7 km 

Sample values, assuming λ|| = 100km 



Conclusions 

•  With 8ghtening observa8onal constraints the coronal electron beam/
collisional thick target model is increasingly challenged 

•  Fletcher & Hudson (2008) propose to transport energy to 
chromosphere with Alfvenic perturba8ons, and accelerate electrons in 
the Alfvenic turbulence generate there. 

•  MHD simula8ons suggest that magne8c energy released as field 
reconfigures emerges in wave modes, primarily Alfven modes in an 
ini8ally sheared field. 

•  Waves can reach chromosphere without significant damping, unless 
perpendicular scales of magne8c field are order of metres. 

•  Can wave energy arriving at chromosphere lead to hea8ng and 
accelera8on of electrons? – another ques8on. 


