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How are SEPs produced?
-  Solar Energetic Particles (SEP): 1 MeV < E < 500 MeV/nucleon ions; 
-  Pose significant radiation hazard for astronauts and spacecraft.
-  First reported in 1949, initially thought to originate in flares
-  Observations in 70s/80s suggested two types:

impulsive – small, related to flares, narrow longitudinal ranges
gradual – large, related to coronal mass ejection (CME)-driven 
shocks, wide longitudinal range

-  Newer, better observations suggested two-type picture oversimplified: 
impulsive signatures seen in gradual events and vice versa

Questions I am interested in:
1. Can we identify/characterize coronal shocks, estimate acceleration with new, advanced 
remote observations?
2. Under what conditions do CME-driven coronal shocks accelerate SEPs efficiently?

-  To add to the confusion:
1.  Shocks can form as low in the corona as 1.2 Rsun 

(Gopalswamy et al., 2011)
2.  Protons can be accelerated up to 1 GeV in coronal 

shocks (Kota et al., 2005; Roussev et al., 2004)

Shocks in corona capable of producing 
significant SEP fluxes early in events  may 
masquerade as impulsive events

Reames, 1999

Tylka and Lee, 2006

?



Coronal Mass Ejections and SEPs

Coronal wave onset 

E>100 MeV 

E>50 MeV 

E>10 MeV 

1 AU observations 

Forbes, 2000

Observations:
Atmospheric Imaging Assembly 
telescope on 
Solar Dynamics Observatory
Spacecraft
Launched in 2010, ultra-high 
imaging cadence (12s)
10 UV channels

Shock	  
or	  flare?	  

Canonical	  erup,on	  



June 13, 2010 event – one of the first AIA events

AIA/193 Angstrom AIA/211 Angstrom

1. Can we use remote coronal observations to identify, 
characterize shocks and estimate acceleration?

Kozarev et al., 2011
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Combining Radio Shock and EUV Wave observations

EUV front

Type II radio burst

Kozarev et al., 2011

- Drifting radio bursts signify 
electron beams accelerated in  
traveling shocks
- Spatial overlap of observed 
EUV wave front and radio shock
- Radial speeds of ~650 km/s

Type II radio burst

Position of
shock front



For R2, r~1.18; for R3, r~1.12 

Slightly lower than estimates from radio 
observations – r~1.56 (Ma et al., 2011) 

Density jump behind front suggests wave is 
a weak shock! Confirms kinematics. 

Log(T)

R2 R3

Log(T)

Change in density and/or temperature

DE
M
 t1 

t2 

Estimate plasma density/temperature change in wave sheath from multi-
temperature AIA EUV observations!
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away from the shock nose. Alternatively, the electron density model used might not

apply for this case of open magnetic geometry. The radio emission position initially

changed faster than that of the EUV wave front, but decelerated completely by

01:00 UT, while the EUV wave continued to propagate outward. By contrast, the

radio emission on June 13 was split into two harmonic bands, which correlate very

well with the EUV wave positions. This might imply local electron acceleration in

front of and behind the nose of the traveling shock. Section ?? considers the coronal

magnetic geometry in interpreting these observations.

2.3.1 Temperature and density behavior of the EUV waves

The unique capabilities of the AIA instrument - high temporal and spectral

resolution - allow for careful time-dependent analysis of important coronal shock

properties such as the shock jump ratio and the plasma temperature before and after

shock passage. In order to constrain these properties, differential emission measure

(DEM) analysis was performed on the June 13 wave (data constraints prevented ap-

plying the calculations for the June 12 wave), using region-averaged pixel values in

the six EUV Fe-dominated channels (94, 131, 171, 193, 211, 335 Å). The emission

measure is a function, which determines the amount of emitting material in a tem-

perature interval ∆T , over which a spectral line is emitted. The DEM (Q(T )) is the

differential form with respect to temperature, defined as:

n2
edV = Q(T )dT, (2.1)

where Ne is the electron number density. It can be used together with the AIA

observations to characterize the density changes in the corona. The theoretical ap-

proach has been developed by (?), and consists of a grid of Monte Carlo calculations

of the DEM for every pixel. The assumption is made that observed intensities in the
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functions. (See bottom panels of Fig. 2.4.) I considered the relative degree of model

fits versus the difference between T1 and T2 data.

The DEMs for regions 2 and 3 are plotted in the bottom panels of Fig.2.4, where

T1 is shown in red and T2 is shown in green. The Monte Carlo analysis produces

multiple solutions by varying the data by the errors, and these are represented as

clouds of colored dotted lines with a very small spread. It can be seen that obser-

vations for T1 and T2 are significantly different. I find that the DEM temperature

profile does not change appreciably from T1 to T2, for either region, but the overall

emission measure increases. The spread of solutions due to errors is relatively small

in these cases, such that they are mostly underneath the solid colored lines of the

main solutions.

To estimate the jump in density, I consider a simple model. Assume that all

measured intensity is emitted along the region’s line-of-sight only from the wave-

affected volume, i.e., no foreground nor background emission. Also assume no change

in temperature. Then, since the integrated DEM is the full emission measure (EM)

of the volume, the density ratio may be estimated as:

ne2

ne1
∼

√
EM2√
EM1

∼

��
Q2(T )dT

��
Q1(T )dT

(2.2)

For region 2, I find that ne2/ne1 � 1.18, and for region 3, I find that ne2/ne1 �

1.12, consistent with a weak shock. In a more sophisticated model that might account

for foreground and background emission, the density change within the wave-affected

volume would have to be even larger in order to generate the observed change in

intensities. Therefore, I find that ne2/ne1 � 1.12 is a lower limit to the shock jump

ratio.

Differential Emission Measure (DEM, Q(T)): 
amount of emitting material in a volume dV in 
temperature interval dT
- Performed DEM calculations (Weber et al., 
2005) from six-channel AIA observations
- No significant change in temperature
- Obtained density before/during ratio r
(t1 before event, t2 during event)

r	  =	  	  

DE
M


Kozarev et al., 2011



Estimate proton momentum gain from 
Diffusive Shock Acceleration (DSA) theory
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3rκxx

V 2
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(2.3)

Here Vsh is the shock speed, r is the shock jump ratio, and κxx is the diffusion

coefficient, given by

κxx = κ� cos
2
(θBN) + κ⊥ sin

2
(θBN) (2.4)

where κ� = vλ�/3, and κ⊥ = κ�/[1 + (λ�/rg)2]. v is the particle speed, λ� is the

parallel scattering mean free path in AU , rg is the gyroradius of the particle, and

θBN is the orientation of the upstream magnetic field to the local shock normal.

Equation (1) can be recast to represent the amount of momentum gained by a

particle with an initial momentum p over a time dt:

dp =
V 2
shp(r − 1)dt

3rκxx
(2.5)

This is the final expression used in the estimation of momentum gain for protons

in the observed shock. The shock speed is obtained from the AIA observations

discussed above, assuming a spherical shock shape. The time dt is taken to be the

cadence of the EUV observations, 12 seconds. The shock jump r can also be obtained

from the relative DEM calculations discussed above - for the application to the June

13 event, I take r = 1.12. The only parameter that is left to compute is the diffusion

coefficient, κxx. It is based on the parallel and perpendicular coefficients, as well as

the shock-to-field angle θBN . The first two coefficients can be obtained from the mean

free path, which for this coronal application is set to λ� = 0.001 AU (chapter ?? has

an extensive discussion on mean free paths appropriate for heliospheric transport

of SEPs). The radial dependence of the magnetic field magnitude is determined

from an empirical model based on observations of this particular event by ? to be

- From DSA, momentum change in time dt is (Zank et al., 2006):
r is density jump  
kxx is diffusion coefficient 
θBN is shock-field angle 
λ|| is scattering mean free path
rg is particle gyroradius

7	  

Combine:

- Coronal potential B-field 
model from photospheric 
magnetograms 
(Schrijver & De Rosa, 2003)

- Geometric spherical shock 
front model from observed 
EUV wave kinematics
(Kozarev et al., 2012)	  	  
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Assume 
reasonable λ||
Still need θBN: 
Very important 
for shock 
acceleration 
efficiency

Use:
- Measured shock kinematics and derived shock strength
-  Coronal potential magnetic field model
- DSA involves first/second-order Fermi acceleration at shocks



Time-Dependent Shock-Field Crossing Angles

Model:
-  One 10 keV proton 
per field line
-  Update energy only 
if shock crosses line
-  Ignore solar wind 
speed (small this low 
in corona)

Results:
- Weak shock able to 
accelerate protons to ~20 
MeV in ~5 min.

- Consistent with no 
significant increase of 
proton fluxes at 1 AU on 
June 13, 2010

- Faster shocks should 
accelerate protons to 
much higher energies

Kozarev	  et	  al.,	  2012	  

Time-dependent θBN 
maps also 
potentially useful for 
interpretation of 
radio observations 
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CME 
Ejecta

Shock

Sun

8 Rs

Numerical simulations: CME evolution and SEP acceleration

MHD simulation 
of May 13, 2005 
CME 

(provided by 
Rebekah Evans)

2. Under what conditions do CME-driven coronal 
shocks accelerate SEPs efficiently?



•  Sheath and Pile-Up Compression 
(PUC)  
•  PUC wrapped closely around flux rope. 
•  A dimple develops where part of the 
shock is still inside the streamer 

Coronal and CME density evolution  

•  X-Z and X-Y slices of density 
evolution over 20 minutes 
•  Expansion preferentially in +Z and 
–Y directions 

Kozarev	  et	  al.,	  2013	  
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• Look at two lines: one with most acceleration 
(Line 1), one with least (Line 2) 

Line	  1	  

Acceleration along field lines distorted by CME 

Density contours + Field lines 

Kozarev	  et	  al.,	  2013	  
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Line 1	  

Line 2	  



-Acceleration mostly near 
shock 

-Some of it could be due to 
pile-up compression region 
behind shock 

- Efficient acceleration along 
line in fast-expanding CME 
region 

- Much less acceleration in 
region of slower expansion 

- Detailed shock dynamics 
crucial to modeling 
acceleration properly!  12	  

Further examine acceleration along two field lines 
Kozarev	  et	  al.,	  2013	  

Line 1	  

Line 2	  



Use deprojected AIA data to study lateral speeds, 
relation between overexpansion of erupting 
filaments/loops and wave morphology (width 
intensity) related to plasma pile-up

Current Efforts:
Develop and combine tools for better EUV wave 
characterization  better acceleration estimation

Temperature Emission Measure

Calculate and use time-dependent DEM maps to study change 
in temperature and density  shock evolution and strength

Develop and improve algorithms for automatic detection and tracking of waves, 
in order to improve the geometric shock front model and θBN estimation

Use improved radial kinematic measurements to study 
wave evolution and characteristics
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