Lecture 6

CME Energetics

February 6, 2017



early observations and models of CMEs

CMEs observed during solar
eclipses, and by Mauna Loa and
SMM, showing their three-part
structure. (Hundhausen et al, 80-90s,
Low, Gibson et al., Low 1996).
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Figure 1. Photograph of the 1974 total eclipse showing the white-light corona with a sketch of the
large-scale coronal magnetic lines of force taken from Hundhausen (1994). The lines of force in the



modern coronagraphs observing CMEs

Large Angle and Fobronry 18, 2008 @ 0854 UT
Spectrometric
COronagraph (LASCO,
1995 -) observes CMEs
from earth view, with
the FOV in solar radii:

Coronal Mass Ejection
cl:1.1-3, ’

_ Comet NEAT

C2: 1.5 - 6,
C3: 3.5 - 30




modern coronagraphs observing CMEs

STEREO (2006 - ) carries EUVI (0 - 1.7), COR1 (1.5- 4),
COR2 ( - 15), HI (- 1AU) instruments in a twin spacecraft
A and B.
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Where is STEREO today?



the three-part white light CME
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Mass and velocity are
measured in white-light
Images.



mass and energy of CMEs

E = SMv? 4 SMvZi (1—22) + T

m

CME mass is estimated from the white-light images, where
enhanced brightness is due to Thomson scattering by
electrons (Vourlidas et al. 2000, 2006), ranging from 10!3-1¢
grams.

10F— | | — 025 ALL CMEs]
: - . |Average 10896
cn m 8 0.20¢ 266 ki s

§ § 6:_ ] § 0.15}
w W g | 8 [
= S 1% o.10f
2t |
: o ] I : 0.05|
< 1 ~ ;

10 12 14 16 18 26 28 30 32  0.00L '

Log(Mass) [gr] Log(Kinetic Energy) [ergs] 0 300 o0 [lamo 2000 2500

Vourlidas et al. Gopalswamy, Yashiro at al.



hours from 2011/09/14 0:00 UT

height, velocity, and acceleration of CMEs

STEREO EUVI 193 at 22:00:30 STEREO COR1 at 23:00:00 STEREO COR2 at 23:54:00

2 4 6 8
distance (solar radii)

tracking different parts of the
CME in a fime-height plot, or
JImap (Sheeley et al. 1999).

height (solar radius)

hours after 2011/09/14 0:00 UT




height, velocity and acceleration of CMEs

Jmap from the twin spacecraft from different views

STEREO A Jmap (P.A.=99) STEREO B Jmap (P.A.=281)
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sure 3. Jmaps of the 2012 July 12-14 CME for each STEREO spacecraft along the propagation angle as measured by the raytrace method. The CME is cleare:



height, velocity and acceleration of CMEs

Forward fitting a CME
structure (Thernisien et al.
2006, 2009)

STERED-A COR2 ; = STEREQ-B CORZ * -
CME Model - . [2012-07-12 17:54:00 ; 2012-07-12 17:54:00 UT

Skeleton \ -
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Figure 1. Model fitting of CME ejecta and shock front. Images at 17:54 UT on 2012 July 12 from STEREO A COR2 (left) and STEREO B COR2 (right) are shown,
along without (top) and with (bottom) the raytrace mesh. The green mesh shows the GCS fitting to the CME ejecta, whereas the red mesh shows the spheroid fitting
to the CME shock front. A supplemental movie showing the CME and the mesh is provided.

(An animation and a color version of this figure are available in the online journal.)



CME kinematics and flare emissions
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CME kinematics and flare emissions

1200¢ closely related CME motion
1000 . .
: and flare emission (zhang et
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CME kinematics and flare emissions

COR1B 22-May 13:25UT C2 22-May 13:25UT COR1A 22-May:13:25UT

_COR1B 22-May 13:25UT C2 22-May 13:25UT [

Acceleration of many CMEs
takes place early in their
life, during the rise phase
of flare emission.
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Model: Forbes & Priest

Observation: poletto & Kopp

1986, Fletcher et al. 2001, 2004,
Qiu et al. 2002-2012, Isobe et al.
2002, 2005, Asai et al. 2002,
2004, ...

b = fBRdAR

E = vy By = vrBpg

reconnection

flare at an earlier time flare at a later time MDI magnetogram
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Figure 1. Time history of the neutral-line electric field during the
two-ribbon flare of 29 July, 1973, as computed from the Kopp-Poletto
magnetic field model (solid curve) and from the method of Forbes and

Priest (dashed curve).



CME kinematics and magnetic reconnection
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CME evolution often tracks
reconnection rate measured in
flares (Qiu et al. 2004-)



CME kinematics and

magnetic reconnection
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CME kinematics and

magnetic reconnection
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Measure CME and reconnection
multiple ways (Li et al. 2017)



CME Kkinematics and magnetic reconnection
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model prediction
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model prediction
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not all eruptions are success
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Occasionally, failed
filament eruptions are
observed (Ji et al. 2003)
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erupt

or not, and why

Magnetic

primordial CMEs and their
surrounding from magnetic
field extrapolations, e.qg.,

NLFF, PFSS, used to test K-

properties of

TABLE 2
THREE TYPES OF ERUPTION: AVERAGE

Flux
(e22)
(Max)

n
(NL)

B,
(NL)
(&)

n,
(AR)

B,
(AR)
G)

ceee

......

6.60 = 0.33
2.16 £ 1.25
413 £ 043
281 + 1.48

1.62 + 0.05
193 £ 0.15
1.89 + 0.15
191 £ 0.15

633 = 180
223 +908
297 £33
2477 + 8.2

142 £ 0.13
1.72 £ 0.19
1.57 £ 0.15
1.67 = 0.18

364 £ 118
137 £ 635
148 £ 32
140 £ 54

instability models (Liu et al.

2008 ...)
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coronal dimming and CME properties

J

1997 APR 7 13:28:42 UT

1997 APR 7 17:40:40 UT

Coronal dimming
observed in SXR
and EUV images
indicates mass
"loss” with an
erupting CME,
estimated to be
10'4g (Hudson et
al. 1996, Sterling
& Hudson 1997)



Coronal dimming and CME properties

16:26:52

{izv
b | . g &
o 4

23:57:05

113.16( 4.80) - 5.79( 1.82)

3 0.48(0.14) — 0.78(0.26)

14 16 18 20

Coronal dimming in EUV images



Coronal dimming and CME properties

l Ejective Eruption, Midlife

7,

-
.....

Solar Y (arcsec)

Moore et al. (2001)
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EUVI-B

RE2NE25506

11:11:25.66

EUVI-B 11:06:25.67

EUVI-B

11:30:55.67 11:35:55.66 11:40:55.66

Dimming tracks the
CME evolution and flare
reconnection.
Significant dimming
occurs at the onset of

flare reconnection
(Cheng et al. 2016)
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Coronal dimming and CME properties
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Coronal dimming and CME properties
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CME energetics with dimming analysis

THE ASTROPHYSICAL JOURNAL, 831:105 (34pp), 2016 November 1 ASCHWANDEN
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Figure 16. Log—log histograms of various physical parameters measured from the 399 CME events based on AIA /SDO data. Power-law fits are applied on the right-
side tails of the distributions.



CME energetics with EUV and WL obs.

THE ASTROPHYSICAL JOURNAL, 831:105 (34pp), 2016 November 1
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Figure 18. Comparison of of CME masses (top panels), CME velocities (middle panels), and CME kinetic energies (bottom panels) between AIA and LASCO data
sets, in form of (log-log) size distributions (left panels) and scatterplots (right panels). The diagonal solid line indicates identity, along with the means (dashed line)
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Figure 20. Scatterplot of CME kinetic energies vs. the dissipated magnetic energy (top row), the free (magnetic) energy (second row), the multithermal energy (third
row), and the nonthermal energy (bottom row), for both LASCO/C2 (left column) and AIA observations (middle column). The total (kinetic and gravitational)
energies are shown in the right column. Equality (dotted diagonal line), the mean (dashed line) and standard deviation (dotted line) of the energy ratios are indicated.

(Aschwanden 2016)



Summary

* CME energy from coronagraph WL observations and
EUV dimming observations

* Timing of CME acceleration, flare emission, and
magnetic reconnection



