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Basic characteristics The Sun

Waves — Pt al Description
Open questi

The structure of the Sun

Prominence |

Convective zone
9@ The interior of the Sun
can be subdivided into 3 N?ﬂfﬂ“_!r
distinct layers:
the inner core,
the radiative zone and
the convective zone.

9@ The atmosphere of the
Sun is also subdivided
into parts:
the photosphere,

the chromosphere and Photosphere Paranat|
the corona. %
@ Prominent features: l

sunspots, flares and CME
Figure: Layers of the Sun and its atmosphere (by

http://sohowww.nascom.nasa.gov).
g UNI
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Basic characteristics

The Sun
Waves — Physical Description
Open questions

Flares & CMEs

9 Flares are explosive releases of energy, previously stored in complex magnetic
fields associated with sunspots and active regions, on time scales of minutes to
hours, in the form of high-energetic particles, plasma heating and flows.

shearing twisting braiding

MMag. Nicole Muhr nicole.muhr@edu.uni STEREO/EUVI observations of coronal waves


nicole.muhr@edu.uni-graz.at

Basic characteristics

The Sun
Wi

aves — Physical Description
Open questions

Flares & CMEs

9 Flares are explosive releases of energy, previously stored in complex magnetic
fields associated with sunspots and active regions, on time scales of minutes to
hours, in the form of high-energetic particles, plasma heating and flows.

shearing twisting

braiding

@ Coronal mass ejections (CMEs) are huge amounts of magnetized plasma expelled
into the interplanetary space with hundreds to thousands of km s—1, occasionally
heading towards Earth (so-called HALO CME).

movie-label
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Basic characteristics

The Sun
Waves — Physical Description
Open questions

Moreton Waves

@ Large-scale large-amplitude waves and shocks in the solar chromosphere and
corona occur in association with flares and coronal mass ejections (CMEs).

@ Existence was first inferred from chromospheric observations in Ha, so-called
Moreton waves (Moreton 1960; Moreton & Ramsey 1960; Athay & Moreton 1961):

velocities of ~500—1000 km/s

propagating over sectors of ~100° up to ~300 — 400 Mm (Warmuth et al. 2004a)

associated with type Il radio bursts, i.e. shock signature (Warmuth et al. 2004b)

interpreted as coronal fast-mode MHD wave sweeping over chromosphere and

compressing & pushing the plasma downward (Uchida 1968; Uchida et al. 1973)

¢ ¢ & ¢

09:47:33 UT [KSQ Ha  09:48:53 UT

Figure: Ha + 0.4 A running difference images of Moreton wave observed at Kanzelhdhe
Observatory (Carinthia, AUSTRIA) (Veronig et al. 2006).
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Basic characteristics The Sun

Waves — Physical Description
Open questions

EUVI (former EIT) Waves

@ SOHO/EIT (SOlar and Heliospheric Observatory/Extreme Ultraviolet Imaging
Telescope) for the first time observed global disturbances directly in the corona
(Thompson et al. 1997), so-called EIT waves:

@ were assumed to be the coronal counterparts of Moreton waves, but:
@ often observed to propagate globally in all directions (360°)
@ significantly slower than Moreton waves: ~200 — 300 km/s (Klassen et al. 2000)
@ propagate over larger distances (whole visible hemisphere)
@ Since their ‘discovery’ they are regularly observed in EUV and also SXRs

EIT 195 0450 UT | EIT 195 05:12 UT | EIT 195

Figure: EIT wave discovery event: EIT/SOHO 195 A running difference images (Thom
et al. 1997).

GRAZ

MMag. Nicole Muhr nicole.muh u.uni-graz.at STEREO/EUVI observations of coronal waves


nicole.muhr@edu.uni-graz.at

Basic characteristics

The Sun
Waves — Physical Description
Open questions

MHD (Magnetohydrodynamical) waves

@ Plasma: Information transport usually happens by waves.
@ Formation of waves:

@ plasma is elongated out of the equilibrium state

@ a built up of restoring forces

@ try to reestablish the original equilibrium

@ SUN: bunch of restoring forces — different types of waves
@ Simultanous occurrence of PLASMA PRESSURE FORCE and MAGNETIC
PLASMA FORCE results in, so-called MHD waves:
@ propagation speed is given by sound speed ¢; and Alfvén speed v4
@ < between propagation and magnetic field leads to different types of MHD waves
@ wave L MF — Fast MHD waves only solution

.
20l
Figure: Phase speed diagram for magnetoacoustic waves, for the case v4 > ¢; (Roberts .
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Basic characteristics

al Description

Coronal (EUVI) waves: open questions and issues

@ What is their physical nature: waves? which type of wave? no waves at all?
e.g. Delannée & Aulanier (1999); Mann et al. (1999); Wills-Davey & Thompson
(1999) ; Delannée (2000); Wang (2000); Wu et al. (2001); Warmuth et al. (2001);
Chen et al. (2002); Vrsnak et al. (2006); Attrill et al. (2007); Veronig
et al. (2008)

@ What is their driver: flare or CME?
e.g. Thompson et al. (1998); Warmuth et al. (2001, 2004b); Biesecker et al.
(2002); Khan & Aurass (2002); Hudson et al. (2003); Zhukov & Auchére (2004);
Cliver et al. (2005); Vrsnak et al. (2006)
@ What is their relationship to chromospheric Moreton waves? Are there different
types of coronal waves?
e.g. Thompson et al. (2000); Klassen et al. (2000); Warmuth et al. (2001,
2004a); Eto et al. (2002); Khan & Aurass (2002); Narukage et al. (2002);
Vrsnak et al. (2002); Gilbert et al. (2004); Veronig et al. (2006)
Recent reviews:
Chen & Fang (2005); Mann & Vrsnak (2007); Warmuth (2007); Vrsnak & Cliver (2008)
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Motivation & outlook Reasons: Impacts on Earth
Instruments

Motivation and outlook

@ EIT waves are important signatures for on-disk (geo-effective) CMEs, and seem
also to be related to SEP (solar energetic particles) events — endanger satellites
(Krucker et al. 1999; Torsti et al. 1999; Mann & VrZnak 2007)

@ Limitation: in most coronal wave studies the waves are clearly under-sampled
(EIT cadence 12 — 15 min). Exceptions are some studies using TRACE EUV,
Yohkoh/SXT & GOES/SXI soft X-ray observations (FOV (field of view) is small)
(Wills-Davey & Thompson 1999; Khan & Aurass 2002; Warmuth et al. 2005; Vrsnak
et al. 2006)

@ Recently, STEREO/EUVI provides regular full-disk imaging in EUV with high
cadence (as good as ~2 min) - but: we are in solar minimum!

PART A Studies of a coronal waves with STEREO/EUVI associated with
flare/CME events on 19-05-2007 (veronig et al. 2008)

PART B Study of an exceptional Moreton wave (global) & relate EIT
wave associated with flare/CME on 28-10-2003 (Munr et al. 2908)

GRAZ
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Motivation & outlook Reasons: Impacts on Earth
Instruments

STEREO/EUVI (Solar TErrestrial RElations Observatory/Extreme
UltraViolet Imager)

@ STEREO consists of two identical spacecrafts, which orbit the Sun ahead
(STEREO-A) and behind (STEREO-B) the Earth near the ecliptic plane

o launch: 25" October 2006

= A + B consist of 4 instruments:

CME Direction

@ SECCHI ELVI
COR1, COR2
+ IMPACT
@ PLASTIC
@ SWAVES
russ; @ inss = different LIMB positions because
3 @ Stereo A: -0.2°
@ Stereo B: +0.2°
Figure: Stereo Orbit (Thernisien et al., 2008). @ both satellites drift apart: 45°/y
NEW: simultanous, stereoscopic observations of waves, CMEs, ... UNI

GRAZ
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Motivation & outlook Reasons: Impacts on Earth
Instruments

STEREO - EUVI, COR1, COR2

@ EUVI is observing the chromosphere and lower corona in four EUV bandpasses:

Fe IX 171 A, Fe XII1 195 A, Fe XV 284 A, He 11 304 A.

Figure: Combined plot of EUVI, COR1 &
COR2 obs. (by http://stereo.gsfc.nasa.gov).

EUVI 1714 EUVI 195A

@ CORL is observing the upper corona and interplanetary space until 4 Rp).
@ COR?2 is observing the interplanetary space between 4 R and 15 Rg).
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART A: STEREO/EUVI coronal wave of 19-05-2007

@ EUVI/STEREO-A 195 A, 10 min cadence

EUVI-A 1954 12:42:00 12:52:00

13:12:00 . 13:22:00
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART A: STEREO/EUVI coronal wave of 19-05-2007

@ EUVI/STEREO-A 171 A, 2.5 min cadence

coronal wave

+
reflection at coronal hole
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PART A: STEREO/EUVI
Results

PART A: STEREO/EUVI coronal wave of 19-05-2007

@ All traced wave fronts and the determined radiation point ('starting location’)

1000

EUVI-A 171A

(4

171 A: 7 wave fronts (yellow)

195 A: 5 wave fronts (black)
Radiation center:

@ ellipses plotted to 1. & 2. wave
fronts

@ later fronts: strong deformation
— # reliable

@ Special interest: coronal hole

¢ ©

—400 -200 0
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART A: STEREO/EUVI coronal wave of 19-05-2007

@ Wave kinematics: Distance of wave fronts vs. time

. . T
800~ e SECCHI/EUVI-A 195 A 7
[ © SECCHI/EUVI-A 171 A 7]
600 - @ Linear fit:
E I v =260 km s~!
% . F @ Quadratic fit:
8 400} — 450 km s—1
] r a Vstart= ms
W H i 2
5 [ I ®a=-160ms
200 z = deceleration
[ , 3 of coronal wave
F o~ “ = 12:50 1285 1300 1305 130 1315
0 \ ) : ‘
12:40 12:50 13:00 13:10 13:20 13:30

Time (UT)
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART A: STEREO/EUVI coronal wave of 19-05-2007

@ Kanzelh6he Observatory Ha: two erupting filaments

EUVI wave EUVI wave
12:51:30 UT 12:51:30 UT

Bl Kanzelnhe Ha  12:13:52 UT | Kanzelhthe Ha  12:47:42 UT | Kanzelhthe Ha  12:55:53 UT
-200 -100 G 100 200 300 400 —-100 O 100 200 300 400 —100 200 300 400

@ LASCO/SOHO and COR/STEREO: two CMEs
CME1 @ PA=260°, v = 960 km s~
CME2 @ PA=310°, v = 290 km s~ !
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART A: STEREO/EUVI obs. < STEREO/COR obs.

STEREO-B projection plane STEREO-A projection plane

LASCO projection plane

@ Why: 2D projection of CMEs into

A...STEREO-A the corresponding projection plane
DT R (o, B) = different <-extensions =
PA is shifted
/ 9 Causes: different results of the
/ propagation velocities because of the

field of view

@ Solution: LASCO = 3 observation stations = determination of CMEs REAL

propagation direction = DEPROJECTED PLANE = real velocity v,q,

MMag. Nicole Muhr nicole.muhrQedu.uni-graz.at STEREO/EUVI observations of coronal waves


nicole.muhr@edu.uni-graz.at

PART A: STEREO/EUVI
Results PART B: Moreton wave

PART A: STEREO/EUVI coronal wave of 19-05-2007

@ Summary: Evolution of wave, flare & CME

Interpretation:

T 4 T T

T
Flare

“ CHE 1 9 Flare weak, peak
RHESSI 5 » P
12:25 keV Flare 47 AsCORONo - " too late

GOES 1-8A

F g .

/-P/CMEZ 9 C.M'El/fllamentl
=2 COR1/STEREQ-A - timing & geometry
& fit but wave
a velocity is smaller
(=
2 9 Wave decelerates
=

(freely

Coronal Wave .
propagating)

EUVISTEREQ-A

Ll

oiia = Fast-mode
. 195 u
= MHD wave
i ; ) ] (possibly initiated
12:45 13:00 15312 13:30 13:45 i
Time (UT) by CME expanding
flanks)
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART B: Moreton wave of 28-10-200

@ Moreton wave associated with extreme X17/4B flare and fast CME
(v=2500 km s71)

Kanzelhdhe Observatory He LASCO/SOHO €3
UNI Graz
(Austria)

2003/10/28 |

{(d) | LASCO/SOHO €3
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Results PART B: Moreton wave

PART B: Moreton wave of 28-10-2003

@ 1-min base-difference sequence of blue-red Ha filtergrams (Ha & 0.5 A) from
Meudon Observatory (~ dopplergrams).

» 281003Ha.mov
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART B: Moreton wave of 28-10-2003

@ All wavefronts identified on MDI/SOHO magnetogram
@ Bipolar magnetic regions (AR) indicated by white/black spots

9 M.W. tend to propagate along
magnetic field lines (connections
between ARs)

9 M.W. are stopped by strong
magnetic fields (like ARs, coronal
holes)

@ here: tendencies to infiltrate AR

9 M.W. experience reflection,
refraction and diffraction
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Results PART B: Moreton wave

PART B: Moreton wave of 28-10-2003

@ Determination of wave radiant point (center) via circle-fitting to earliest wave
fronts = 2 wave centers on opposite East-West edges of AR

(@) 11:03 ur

7
7 11:02 UT

TS .

11:03 UT

11:05 UT
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Results

PART B: Moreton wave of 28- 00

PART A: STEREO/EUVI
PART B: Moreton wave

@ Wave kinematics measured in the four main direction (wave fronts visually
determined)

@ Velocities ~1000 km s, 2 sectors show deceleration

5 @ @
o o o
(=] o

o
=1

3 =] o
o =} b=3
=] o

T T
\

\

9
=3

propagation distance [Mm] propogotion distance [Mm]

MMag. Nicole Muhr nicole.muh:

Orientation 9-11

Orientation 1-3

[=3=)

Orientation 7—8

- V=876 +-33km/s

0 P

. v=105H-11km/s

11:00 11:02 11:04 11:06 11:08 11:10
Storl Time (28-0ct—03 10:59:30)
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PART A: STEREO/EUVI
PART B: Moreton wave

Results

PART B: Moreton wave of 28-10-2003

@ Wave kinematics

Hee blue - red bosagit]

for two strongest sectors via perturbation profiles:
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Moreton Wave Kinemotics: Visual vs. Profile Method

vellJ: 1275 ke/s
vel 31 1323 km/s
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Moreton Wove Kinematics: Visual vs. Profile Method
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= freely propagating wave
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART B: Moreton wave of 28-10-200

@ EIT wave could be measured at one instant

@ EIT wave front lies roughly at same kinematical curve as Moreton wave (slightly
ahead)

11:11:50 uT
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART B: Moreton wave of 28-10-2003

@ Associated coronal dimming:
@ Large-scale, global dimmings/CME (Mandrini et al. 2007; Zhukov & Veselovsky
2007)

+
Small bipolar double dimmings at AR (Muhr et al. 2008)

@ Bipolar dimmings: interpreted as footprints of CME and associated mass depletion
(Hudson et al. 1997).

11:00:04 UT 11:11:50 UT 11:23:52 uT
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART B: Moreton wave of 28-10-2003

@ Evolution of bipolar dimming observed in TRACE 195 A

11301500 ut 11:02:56 UT
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART B: Moreton wave of 28-10-2

@ Evolution of bipolar dimming: area and outer front propagation

Evolution of eastern dimming area
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PART A: STEREO/EUVI
Results PART B: Moreton wave

PART B: Moreton wave of 28-10-2003

@ Summary plot: Moreton wave & EIT wave & flare HXRs & CME

8x10° - - .
EIT wave
- .
o e o
] o 5
9
B - Moreton wave =
L axio’ .
| 2
| z
8
R 200
0 |
11:00 11:04 11:08 P o

@ Summary:

- two wave centers at E & W borders of AR

- bipolar dimming (CME footprints) at E & W borders of AR

- wave not at dimming front (conflicting Delannée & Attrill models)
- CME upward moving front much faster than wave

- first flare HXR peak after first wave appearance

- perturbation profile steepening and decay (freely propagating wave)

= Wave initiated by CME expanding flanks, i.e. driven only over limited dist@

= Coronal and Moreton wave are different manifestations of same disturbancgyywess
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Summary & future prospects

Summary & future prospects

at has to be done next ?

@ Multi-wavelength analysis of specific events in which EUVI waves and Moreton
waves co-exist
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Summary & future prospects

Summary & future prospects

at has to be done next ?

@ Multi-wavelength analysis of specific events in which EUVI waves and Moreton
waves co-exist

@ Out of this:

“

Proof wether EUVI and Moreton waves are really different manifestations of the same
disturbance

Identify the driver(s) of both kind of waves
If CMEs or their flanks are the drivers of EIT and/or Moreton waves these on disc

features can be used as proxies = space weather forecast, when a CME is approaching
Earth as well as its direction

¢ €

MMag. Nicole Muhr nicole.muhr@edu.uni-graz.at

STEREO/EUVI observations of coronal waves


nicole.muhr@edu.uni-graz.at

Summary & future prospects

Summary & future prospects

at has to be done next ?

@ Multi-wavelength analysis of specific events in which EUVI waves and Moreton
waves co-exist

@ Out of this:

“

Proof wether EUVI and Moreton waves are really different manifestations of the same
disturbance

Identify the driver(s) of both kind of waves
If CMEs or their flanks are the drivers of EIT and/or Moreton waves these on disc

features can be used as proxies = space weather forecast, when a CME is approaching
Earth as well as its direction

¢ €

Thank you for your attention ! J
s UNI
GRAZ

MMag. Nicole Muhr nicole.muhr@edu.uni-graz.at

STEREO/EUVI observations of coronal waves


nicole.muhr@edu.uni-graz.at

	Basic characteristics
	The Sun
	Waves -- Physical Description
	Open questions

	Motivation & outlook
	Reasons: Impacts on Earth
	Instruments

	Results
	PART A: STEREO/EUVI
	PART B: Moreton wave

	Summary & future prospects

