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How it all started




What is a CME?
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The 80’s- early 90’s picture

 Hund-

hausen er al., 1984), as expressed in Schwenn (2006): “*We define a CME to be an observable
change in coronal structure that 1) occurs on a time scale of a few minutes and several hours
and 2) involves the appearance (and outward motion) of a new, a'mL rete, bright, white light
feature in the coronagraph field of view.”




What is a CME?

2001/04/01 00:18

We define an FR-CME to be the eruption of a coherent magnetic, twist-carrying coronal
structure with angular width of at least 40° and able to reach beyond 10 R, which occurs
on a time scale of a few minutes to several hours.




How dcl we observe CMEs?
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How dci we observe CMEs?
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5-8 keV, Graen 33, 95X 3-6 keV
12=15 ke¥, Blue Dotted 43, 95% 12=15 kaV

? Liu et al. 2013




CMEs are a r%ajor driver of Space Weather
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Major boosts of CME observations in the
last 20 years

e

SOHO
unprecedented statistics & basic understanding
STEREO
reveal the 3D structure & evolution of CMEs;
connect imaging w/ in-situ
SDO

pre-eruptive configurations; tracking of
ultra-fast events



CME occurrence rates

# of CMEs roughly follows the
solar cycle 0.5 CMEs/day = 4 CMEs/day

Gopalswamy et al. 2010
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More flares than CMEs =>

more “difficult” to make a CME
than a flare?

Humbar of flaras par day

RHESSI web-site
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Source regions of CMEs
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Solar source regions of 49
CMEs from STEREQO observations
Bein et al. 2012

CMEs can originate from :
Quiet Sun regions -> no flare
Active regions -> possibly a
flare
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Gopalswamy et al. 2010

Speeds in the range ~ 300—2000 km/s
Few events w/ > 1000 km/s = shocks



CME crucial stats i
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Vourlidas et al. 2010




CME crucial stats lli

CME-filament eruptions associations: tight

60% of CMEs associated w/ filament eruptions (Subramanian & Dere 2001)
72% of filament eruptions associated w/ CMEs (Gopalswamy et al. 2003)

CME-flare associations: the bigger the flare the more possible there is an associated CME

55 % of M-class flares have associated CMEs
100% of X-class flareTs have associated CMEs (Harisson 1995;Andrews 2003)



Temporal relationships between flares & CMEs

Velocity

acceleration

Temmer et al. 2010




What is the source of the CME energy ?

~Table 1. Energy Requirements for a Moderately Large CME

Paramcter Value

Kinetic energy (CML, prominence, and shock) 10%? ergs

Heating and radiation 10 ergs
Work done against gravity 10°! ergs

Ve 30 3

100 ergs cm™ Forbes 2000

Table 2. Estimates of Coronal Encrgy Sources

Energy Density

lues 3

ergs cim_
102
0.1

0.5

Kinctic ((n,n V3/2) ' V= lkmg

Thermal (nkT) T = 100K

Gravitational :'_:r.‘r':J,_,n.gfh] h = 107 km
_Magnetic (B*/87) _B = 100G




mportant definitions
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(Lin 2004)
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synthetic WL image
Vourlidas et al. 2013

3-part morphology suggests the existence of a flux rope



~, Sheath

Ontiveros & Vourlidas 2009



CVIE moronology iromn coronzgr

rnalo CVIES

“snow”-> relativ
protons reaching L1
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How common is the FR topology in CMEs observed with coronagraphs ?
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In-situ observations of CMEs show
that are are often ~ 30%
(Richardson & Cane 2010)
magnetic clouds (MCs)

high B

: smooth b-field rotation

: low- B plasma

The magnetic field in MCs is
consistent with flux rope models
Lepping et al. 1991

Day of Year




Magnetic flux ropes (FRs) : a major element of Sun-Earth Connections

-

Sun ???? coronagraphs

magnetic clouds




Hot FRs observed around CME onsets

€ AIA-131A 033733UT

(d )Patsourakos Vourlidas &
enbor_% 20,13
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Sam#ole movies of hot FRs
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Edge-on view
Patsourakos et al. 2013




Magnetic field extrapolations i _

the corona show FRs
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The STEREO era
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Tools to analyze CMEs with STEREO |
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http://secchi.nrl.navy.mil/wiki/pmwiki.php?n=Main.DataProcessingAndAnalysis



Tools to analyze CMEs with STEREO

e

A 08/12/12 B 08/12/12
COR1: 13:25:18 COR1: 13:25:35
CORZ: 13:23:00 COR2: 13:23:05
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Tools to analyze CMEs with STEREO
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dME deflections |

A EUYII08-04-09 10:05:30 COR1108-04-09 10:05:00



CME deflections li
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CME rotate close to Sun 1.1-5 Rs
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CME rotate close to Sun 1.1-5 Rs

3D reconstructions of prominence rotations

North view

wiativng ~ [ 8090 day
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CME deflect%ons close to the Sun: Modeling

PFSS Background

Scaled Background
Dashed = No Drag




CME deflection & rotation from 30 Rs > 1 AU
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Wang et al. 2004

; how
about solar-max CMEs?

Isavnin, Vourlidas,
Kilpua

2013,2014

15 CMEs 2008-2010
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fast CME
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Arrival times ~ +- 6 hours
Arrival speeds ~ +- 150 km/s

A Time (hrs) A Velocity (km/s)

Colannino et al. 2013



Forces on CMEs
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e.g., Chen 1989



Self-Lorentz (hoop force)

e.g., Chen 1989, Vrsnak 2008



ummary & Outlook

Solar Orbiter
ASPIICS

All these problems require an extensive theory&modeling

Velll & A. Vourhlidas lectures) &
above the ecliptic (Solar Orbiter) are required.




