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Assumptions

§ The talk is focused on the CME-related aspects of Obj. 3.1
§ ‘Shock’ = CME-generated shock (or wave).
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4.3.1 CME Heights from Initial Acceleration
14 compares
the CME heights
at SPR and efficient
type II onset obtained from
3.1.1.1 Where and whenFigure
are
shocks
most
inthe four different accelerations. The average CME height at SPR varied from 2.81 R (derived from a ) to
accelerating particles? 3.84 R (derived from a ). The accelerations a and a resulted in intermediate CME heights
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enough. Shocks were inferred based their impact on nearby coronal structures. Only in
the SOHO era did the shock structure was discerned: Sheeley et al. (2000) identified the
shock feature surrounding the bright CME material as “the disturbances are faintly visible
ahead of the ejected material at the noses of the CMEs but are strongly visible along the
flanks and rear ends…. these disturbances are shock waves…” The correspondence of
Gold’s (1962) shock with the magnetic cloud-sheath-shock system inferred from multiDelayed relative to flare spacecraft observation (Burlaga et al.1981), and a white-light shock surrounding a CME
observed by SOHO (Gopalswamy 2010) is shown in Fig. 10. It must be pointed out that
Rarely associated w/ ɣ-ray
the shock itself is too narrow to be resolved by the coronagraph so, the diffuse feature
emissions
ahead of the flux rope is the shock sheath and the outer edge of this sheath is taken as the
shock location. The brightness of the sheath region is caused by the density jump across
Gopalswamy
the fast mode MHD shock. This completes the full picture of a shock driving CME
conceptualized by Gold (1962), identified in the IP medium by Burlaga et al. (1981) and
finally identified in SOHO white light images by Sheeley et al. (2000).

§ GLEs are a strong indication
of particle acceleration in
CME shocks
Ø
Ø

§ GLEs occur when CME is low
in the corona

§ SEPs are associated with the
fastest CMEs.
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Figure 11. Cumulative distribution of CME speeds (V) for the period 1996-2014. The
average speeds of various subsets of CMEs are marked. ALL - the general population,
m2 – CMEs associated with metric type II bursts without interplanetary extension, MC – Space Exploration
CMEs associated with magnetic clouds detected at 1 AU, EJ – CMEs associated with

SEP Variability
Particle acceleration by CME-driven shocks:

AR near CH

AR not near CH

• occurs over a wide range of heliographic
longitudes
• seed particle population can vary with
longitude
• accelerated SEPs can vary greatly
depending on where the observer’s flux
tube maps to in the corona
• connection point near boundary between
active region (AR) and large coronal hole
(CH) leads to significantly different SEP
composition than connection point at an
active region far from a CH

Courtesy M. Wiedenbeck from SPP SWG Mtg
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Ko et al. 2013, ApJ
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CME Expansion à Longitudinal SEP Distribution
Rouillard et al 2012

§ EUV wave traces the lateral expansion of the CME shock.
§ Δt in SEP injection (STA-L1 ~ 30 min) = Δt arrival of CME flank at s/c-field lines.
§ STA: t_SEP = 2:27 UT, t_CME = 2:15 UT
L1: t_SEP = 2:57 UT, t_CME = 2:50 UT

3. THE TIMING OF THE SEP EVENTS
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Figure 9 compares the first arrival of SEPs at STA (top

1-Minute-Averaged Intensity/cm2-sr-s-MeV

the outer edges of the laterally expanding driver gas and retains
its shape until the driver gas ceases expanding (b,e). In a second
phase (hereafter 02:30 UT), the pileup and the wave separate
rapidly and the wave devolves into a less coherent structure
(c,f). By ∼02:55 UT, the COR-1 coronagraphs detect the strong
perturbation of streamers off the west limb of the Sun as viewed
from STA (c). Although the base-difference images (COR-2A)
suggest a remote influence of the driver gas erupting primarily
off the west limb (Figure 4(d)), running-difference images show
that these streamers are enclosed in a cloud of electrons that
extends spatially well beyond the regions reached by the driver
gas or even the pileup located on its surface (Figure 4). This
cloud of electrons is transported outward with the CME, and
shows the full extent of the region perturbed by the pressure
variations that have been launched by the CME eruption. The
initial speeds of the pushed streamers (900–1200 km s−1 ) are
generally lower than the leading edge of the CME measured off
the opposite limb (1100–1500 km s−1 ). From simple Parker
spiral theory, we determined that the pushed streamers are
magnetically connected to L1 and that the leading edge of the
CME is magnetically connected to STA. From this schematic,
we speculate that the shock geometry along magnetic field lines
connected to L1 is likely to be quasi-perpendicular because these
field lines are connected to the flanks of the compression regions.
The magnetic field lines connected to STA are initially connected
to the southernmost edge of the shock (the CME erupts from
N22◦ ), also giving initially a quasi-perpendicular geometry, but
the shock geometry is likely to rapidly become quasi-parallel as
the CME propagates in the corona. This geometry is drawn in
top right-hand panel which shows a view of the meridional plane
connected to STA. As the CME expands, the magnetic field lines
will increasingly intersect the surface of the CME and the driven
shock orthogonally to form a quasi-parallel shock. Of course this
only a schematic and a more detailed numerical simulation (e.g.,
Sandroos & Vanio 2007, 2009) should be carried out to test this
basic picture. We have already run a standard potential field
source surface calculation, with superposed in the meridional
plane connected to STA, the location and shape of the surface
of the CME shock observed in white light which confirms this
basic picture. More events such as the March 21 event will be
analyzed in a similar fashion and reported in a further study.

1-Minute-Averaged Intensity/cm2-sr-s-MeV

The Astrophysical Journal, 752:44 (20pp), 2012 June 10
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Figure 9. Top panel: the 1 minute averaged intensity of 0.7–2.8 MeV electrons
(blue), 35.5–40.5 MeV protons (red), and 60–100 MeV protons (green)
measured by the HET instrument on board STA. Bottom panel: the 1 minute
averaged intensities of electrons and protons in nearly the same energy bins
as measured by the EPHIN and ERNE instruments on SOHO. Note that proton intensities have been multiplied by a factor of 10 for ease of comparison.
Vertical lines mark the estimated onset times of the MeV electron flux increases at both spacecraft. The pre-event electron background is similar at both
spacecraft, but the proton background at SOHO/ERNE is much larger than at
STEREO-A/HET. This difference may be instrumental, at least in part. Com-
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Lario et al. 2016
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Table 3: Shock Height at the Particle Release Times.
Particle Species/Spacecraft/Instrument

Estimated

Shock Height

Release

above Sun

Time
(1)

(2)

Surfaceb
(3)

(4)

Protons/STEREO-B/HET (13-100 MeV)

00:57±7 min (VDA)

2.3±1.0 R⊙

55±24◦

60-100 MeV Protons/STEREO-B/HET

01:07±2 min (TSA)

4.0±1.0 R⊙

29±5◦

375-425 keV Electrons/STEREO-B/SEPT

01:07±2 min (TSA)

4.0±1.0 R⊙

29±5◦

0.7-1.4 MeV Electrons/STEREO-B/HET

01:07±2 min (TSA)

4.0±1.0 R⊙

29±5◦

Protons/STEREO-A/HET (13-100 MeV)

01:05±6 min (VDA)

1.9±1.5 R⊙

59±16◦

60-100 MeV Protons/STEREO-A/HET

01:07±2 min (TSA)

2.2±0.8 R⊙

56±10◦

375-425 keV Electrons/STEREO-A/SEPT

01:03±3 min (TSA)

1.4±0.9 R⊙

63±11◦

0.7-1.4 MeV Electrons/STEREO-A/HET

01:07±2 min (TSA)

2.2±0.8 R⊙

56±10◦

Protons/SOHO/ERNE (13.8-101 MeV)

02:07±16 min (VDA)

>2.3 (1.4,2.5)R⊙

<29◦

Protons/SOHO/ERNE (80.2-101 MeV)

03:06±2 min (TSA)

>3.7 (3.4,4.2) R⊙

<26◦

02:05±26 min (VDA)

>1.2 (<1.4,3.0) R⊙

<31◦

175-315 keV Electrons/ACE/EPAM/DE

02:42±2 min (TSA)

>3.7 (3.0,3.4) R⊙

<26◦

0.25-0.70 MeV Electrons/SOHO/EPHIN

02:10±2 min (TSA)

>3.7 (1.5,2.1) R⊙

<26◦

71-112 keV Electrons/MESSENGER/EPPS

<06:53±10 min (TSA)

≫3.7 R⊙

<<26◦

525-618 keV Electrons/JUNO/JEDI

<09:52±10 min (TSA)

≫3.7 R⊙

<<26◦

Near-relativistic Electrons/WIND/3DP (39-303 keV)

a

[UT]a

θBn

Light travel time already added. The method used to estimate the particle release time is indicated by VDA
for velocity dispersion analysis and TSA for time-shifted along the nominal Parker spiral length.

b
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Shock height estimated at the cobpoint of each spacecraft and using the PFSS field line approach.
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Lario et al. 2016
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SUMMARY
§ Multi-viewpoint CME-shock observations can
Ø

trace observer-SEP connectivity

Ø

Explain longitudinal SEP spread

Ø

Track the injection height-time-location

§ Issues for Solar Orbiter and/or SoloHI:
Ø

Requires multi-view observations (SPP, STEREO, LASCO)

Ø

Injection timing vs. shock location is not constrained well
– unreliable background SW structure.

Ø

CONOPS unfavorable to SEP analysis:
– SEP events are few and far between
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Where do the seed particles come from?

Twin-CME

A12105

Interactions

Pre-CME
‘preconditioning”
CME
“Cannibalism”

Seed particles
Continual
activity

10

Li et al. 2012

GOPALSWAMY ET AL.: ENERGETIC PARTICLE INTENSITIES AND CMES

Enhanced
flaring and/or
CME eruptions

Gopalswamy et al. 2004
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Background
Kahler & Vourlidas 2013

Interactions of fast CMEs with preceding CMEs (preCMEs) have been
thought to lead to solar energetic particle (SEP) events with enhanced
intensities Ip.
CME-CME interactions (Gopalswamy et al., 2002)
CME preconditioning (Gopalswamy et al., 2004, 2012)
Pre-CME from same AR,
< 1 day earlier, and W > 60⁰

SEP-rich events with ~ 3x more preCMEs than
SEP-poor events
(Kahler and Vourlidas 2005)

“Twin-CME” scenario
Pre-CME < 9 hrs earlier
(Li et al. 2012;
Ding et al. 2013)
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PRIMARY CME
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Our Goal

1. Test the twin-CME effect on Ip for different set of SEP events and
preCME criteria
(ΔT< 12 hr, Wpre > 10⁰, Vpre > 300 km/s, preCME overlap, ΔPA < 90⁰)

2. Look for twin-CME effect on SEP event timescales TO & TR
TO = time from CME launch to SEP onset
TR = time from SEP onset to half the Ip

3. Determine the effective preCME property leading to higher SEP
peak intensity Ip. Candidate properties:
preCME-CME time interval ΔT, width Wpre, speed Vpre, numbers

4. Investigate the role of upstream solar wind conditions
Slow, fast, or CME

12
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Does log (Ip) depend on preCME properties?
(widths, speeds, or time intervals)

Only weak (CC = 0.28) correlation of log 20 MeV Ip with Wpre.
No correlation with Vpre or ΔT.
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Does Log(Ip) depend on the 2-MeV backgrounds?

All three groups show correlations of Ip vs. 2-MeV
backgrounds
no preCME
1 preCME
2+ preCMEs

0.58 (99.9995%)
0.28 (99.95%)
0.81 (100%)

We also find relatively more preCME events with
increasing 2-MeV p backgrounds.

Does the coincidence of increases of
preCMEs and 2-MeV backgrounds with
enhanced solar activity explain the
“twin-CME” effect?
14
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SUMMARY
• Confirm the enhanced Ip in the presence of previous CMEs.
• BUT Ip and TO + TR are independent of the:
numbers, widths, speeds, and timings of preCMEs.
•

We do not find any characteristic of preCMEs to associate with
enhanced SEP intensities.

• Enhanced 2-MeV p backgrounds could explain the “twin-scenario”
for our 20-MeV SEP events:
•
•
•

15

Both CME numbers and 2-MeV backgrounds increase with solar activity.
The background effect is not found in two other SEP data sets.
Enhanced backgrounds (SEP seed particles) may explain part or all the
effect, but they are not due to preCMEs.
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Shock Formation in Low Corona

171 Å (0.6 MK)
211 Å (1.4 MK)
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– 12 –

Shock Formation is Short-Lived
Cheng et al (2012)

Figure 4. Kinematic evolution of the apparent lateral expansion of the CME
bubble front (blue) and the diffuse wave front (red) along the line of the projected
heliocentric distance (height) of 1.15 (a), 1.05 (b), and 0.95 R⊙ (c), respectively.
(A color version of this figure is available in the online journal.)

‘direct’ measurement of fast304Å (0.1 MK)
mode speed
that at193Å
1.15 R . At
∼06:26
UT,
both
of
them obtained the peak
(1.4 MK)
lateral velocity of ∼880 km s . However, after ∼06:26 UT, the
⊙

17

−1

lateral velocity of the bubble front rapidly decreased, while the
wave front only decreased to ∼600 km s−1 . Similarly, the wave
front at the heliocentric height of 0.95 R⊙ accelerated from
150 km s−1 at ∼06:18 to 830 km s−1 ∼06:25, and afterward
propagated freely with a velocity larger than ∼600 km s−1 .
Apparently, in the early evolution stage immediately followSpace from
Exploration
ing the eruption onset, the wave front cannot be discerned
the CME bubble front, indicating that the wave front is still un-

June 13, 2010 Kinematics

EUV wave ‘decouples’ from front
CONCLUSIONS:
• Bubble acceleration is over
BEFORE SXR flare peak.
• Speed: TypeII ≠ bubble
• Timing: TypeII = Wave
• CME acceleration lasts only
~ 2mins.
• Interpretation: Piston--driven
shock becomes blast wave.
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BUT…
do we REALLY need low-corona shocks ?
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Compressive Acceleration Mechanism
(Roelof et al. 2015)

Courtesy E. Roelof
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Courtesy E. Roelof
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Particle Acceleration in Low Coronal Compression
Regions (Schwandron et al. 2015)
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Particle Acceleration in Low Coronal Compression
Regions (Schwandron et al. 2015)

Minutes after CME initiation
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SEP-associated CMEs (2)
§ SEP-Rich

01/28/2001

09/15/2001
04/15/2001

12/26/2001

05/06/1998

• SEP-Poor

09/21/1999

05/07/2002

05/07/2000
03/20/2001

24

08/06/2002
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Exceptional Compression: 20 april 1998 CME
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Current Work
§ Identify CME candidates for compression
Ø
Ø

Need to have bright front + SEPs
Current cycle is not helpful

§ Measure compression as a function of angle from CME nose
Ø
Ø

26

Both EUV and WL.
Initial attempt in EUV is promising (Kouloumvakos et al. 2013)
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Low Corona Lateral CME Expansion:
towards a unified picture of SEP Acceleration(?)
§ CME ‘Inflation’ phase à forms CME
Ø

Strong lateral expansion à accelerates particles ( seed or even
SEPs)

Ø

Strong lateral expansion à helps flare-accelerated particles escape.

Patsourakos & Vourlidas 2012
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Pomoell et al 2011
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Wide-field Imager on Solar Orbiter (SolOHI)
• Wide-Field Imager 5.5º - 45º elongation.
• Visible Light Observations.
• Next-Generation 4k x 4k Mosaiced APS Sensor.
SoloHI is on the
anti-ram side
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SoloHI Contributions to Objective 3
Objective

Parameters

Measurements

Observing Modes

3.1 How and where
are energetic
particles
accelerated at the
Sun?

CME/shock:
speed, extent,
acceleration,,
density , direction*

CME/shock: heighttime, width, brightness,
3D reconstructions*

‘shock’: ecliptic swath
(5x45 deg), 5 min cadence

3.2 How are
energetic particles
released from their
sources and
distribute in space &
time?

Upstream
conditions,
background SW
structure, extent,
speed

CME/shock: heighttime, width, 3D
reconstructions.

‘Synoptic’ + ‘shock’

3.3 What are the
seed populations for
energetic particles?

Upstream
conditions

K-corona maps of the
outer corona.

Synergies
METIS-EUI-EPD
*SPP-STEREO

METIS-EPD
SPP, STEREO,
SDO, in-situ assets

K-corona maps of the
outer corona.
‘Synoptic’

METIS-EPD
SPP, STEREO,
SDO

SoloHI makes key contributions on:
• Connectivity
• Context
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CME Rate Estimates
Estimate of CME occurrence rates during prime phase
(4/2021 - 9/2025):

• Minimum at 2020 because slope is similar to slope of
C23.
• Therefore, 2021-23 is rise to max. Maximum ~
2024-2025.

• Corresponds to 2010-14
• 119 CMEs >1000 Km/s, >20 deg width.
• SoloHI nominal Duty Cycle (~18%, 30/165). SolohI
FOV: Coverage 40/360 (~11%)
• Expect to see at least 2-3 CMEs w/ potential shock
signs.
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Shock Analysis + SEPs
• WISPR (13.5o-118o) images the CME shock:
SO

SPP

• over small scales (~12 Mm)
• in the critical region (2.3-20 Rs)
• measures speed, 3-D spatial properties, shock
compression ratio (crucial for modeling).

• SOLOHI (5o-45o) images the CME shock:
• over larger scales (30 Mm).
• from inside and outside the ecliptic.
• measures speed, 3-D spatial properties, shock
compression ratio
• Synergy w/ rest of SO:
• in situ: local geometry at 0.228AU
• Magnetograph + PFSS: field line geometry.
• flare timing, CME width, radio tracking, etc.

L1
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Must preserve L1 measurements capability.
Otherwise nothing to compare particles near the Sun
to what we are used to at 1 AU.
(based on material from A. Rouillard)
Space Exploration
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Backup Slides
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Example SoloHI Observing Program
for Orbits 1-4
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WISPR Detailed Telemetry Budget:
Orbit 24 (9.86 Rs Perihelion)
Observing
Region
Encounte r
10 Days
Pe rihe lion
1.5 Days

Inne r
1.5 Days

Mid
3.0 Days

Oute r
4.0 Days

Image Type

T ota l
Full Frame
Inner FOV Subframe
Housekeeping
CCSDS Packet Overhead
T ota l
Full Frame
Housekeeping
CCSDS Packet Overhead
T ota l
Full Frame
Housekeeping
CCSDS Packet Overhead
T ota l
Full Frame
Housekeeping
CCSDS Packet Overhead

WISPR Telemetry Requirement
Daily
Orbital
Avg
Daily
Image
Image
Image
Data
Image
Cadence
Volume Volume
Rate
Count
(Gbits) (Gbits) (kbps)

2 - 7 min
3 sec
10 sec

1056
7200

5 - 15 min
10 sec

528

15 - 30 min
10 sec

264

20 - 40 min
10 sec

216

9.41
3.78
5.14
0.03
0.46
2.87
2.70
0.03
0.14
1.62
1.51
0.03
0.08
0.69
0.63
0.03
0.03

22.97

27.9 kbps

13.15
5.28
7.18
0.04
0.70
3.88
3.63
0.04
0.21
3.34
3.02
0.08
0.24
2.59
2.35
0.11
0.14

15.96
6.41
8.71
0.05
0.84
4.71
4.41
0.05
0.26
4.05
3.66
0.10
0.29
3.15
2.85
0.13
0.17

WISPR Orbital Data Volume Allocation = 23 Gbits (Goal = 46 Gbits)
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SoloHI Observing Program Summary
• SoloHI Science Data Volume Over 30 Day Encounter = 53.1 Gbits
• SoloHI Avg Data Rate Over 30 Day Encounter = 20.5 kbps
Image Cadences for SoloHI Image Types
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• Full Frame

Inner Field: from 24 to 36 min
Outer Field: from 30 to 72 min

• Inner FOV Subframe
for Wave Turbulance
(24 hr total)

6.7° elongation: from 18 to 36 sec
14.4° elongation: from 36 to 72 sec
19.4° elongation: from 1.5 to 3.0 min

• Radial Swath Subframe
for Shock Formation

Inner Field: 6 min
Outer Field: 12 min

Space Exploration

Compressive Acceleration Mechanism
(Roelof et al. 2015)
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Heliospheric Imaging from SO/SPP is Unique

The Varying Heliocentric Distance
Transforms SoloHI & WISPR
From a Remote (at Aphelia)
to a Local (at Perihelia) Imager.

From Vourlidas et al. (2016)
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Sensitivity Maps for WISPR and SOLOHI
WISPR (95º FOV)

WISPR sensitivity within 10 Rs.
SOLOHI sensitivity within 60 Rs.

SOLOHI (40º FOV)

Parker spiral for 300 km/s

From Vourlidas et al. (2016)
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