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Observations of coronal loops oscillations
as an input for coronal seismology:

Scale height

Damping mechanisms
Recent observations (STEREQ)
Alfvén waves
Other structures:

EIT waves

QPP

streamers

prominences




B from kink oscillations

transverse oscillations in an off-limb

arcade observed with TRACE:

Verwichte et al. (2004)
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B from kink oscillations
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Path  Wavelet P Fit P 7]
(s) (s) (s) ' ;. s
A 301 &= 50 326 = 107 -
B - 393 77 -
4 (a) . . oo . . .
€ 23 A3 eR) First identification of kink second harmonics
448+ 18 (405 +35) -
D 242 + 31 - — ~
woew wren  usesioso | P2 ® P1/2, the mode has a node at loop apex.
E 379 + 54 382412 1320 = 570
F _ 243 + 103 _ Her'e PI/PZ = 0.55 Clnd 0.61
G 346 &= 78 358 = 30 1030 £ 680
H 317 =80 326 =45 960 = 420
I 325 £+ 107 357 =89 (960 = 760)

Values between brackets are uncertain measurements.
‘@ Based upon one measurement.

Verwichte et al. (2004)




Scale height from kink oscillations

Scale height (for planetary
atmospheres) is the vertical distance
over which the pressure of the
atmosphere changes by a factor of e
(decreasing upward). The scale height
remains constant for a particular
temperature.

v'exponentially stratified atmosphere
p(h) = p, exp(-h/H)

v'stratification function projected on
a semicircular loop of length L

p(2) = pyexp|—Lsin(zz/ L)/ zH |

R
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0.0 0.1 0.2 0.3 0.4 0.5 0.6
(2-P,/Ps)

A tool for independent

¥P1/P322 (no node at the IOW estimation of stratification
P, /P; ~H (scale height)

Andries et al. (2005)




Multiple periodicities-scale height %ﬁ
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v'O'Shea et al. (2007): wave harmonics in cool loops (OV observation, TR line).

v'De Moortel & Brady (2007): 2" and 4th/5th harmonic.

v'Van Doorsselaere et al. (2007):
fundamental and 2" harmonic in
TRACE observations, calculated
density scale height in the loop as
109Mm  (estimated hydrostatic
value is 50Mm).

v'Van Dooresselaere et al. (2009):
reanalyzed event of De Moortel &
Brady 2007 as the fundamental,
2" and 37 harmonic; from 3
periods estimated density scale
height and loop expansion.

L(Mm) H(Mm)

Current event 435.6 +4.5 242.7+6.4 1.795 +0.051

pathC (1) 447.7+15.8

109*3]
6831
305

2001-May-13
02:51:52




Multiple periodicities-expansion

Verth (2007), Verth et al. (2008), Verth & Erdélyi (2008), Van Doorsselaere et al. (2009),

Andries et al. (2009): tube expansion and variation of magnetic field
z
1-T"? cos(z/L)—-cos(1)
BZ(Z)OC 1+—; Colour gradient
r 1—cos(1) A
. . B f higher density
maghetic flux conservation I' = — plasma
a

-> the period ratio of the fundamental mode to the lower density
first overtone can be approximated for a constant plasma
density loop to the first order by n
P (3rz 1)
L =211+ — B(r, 2) field vector

P, 2

3 " " " " 120
100
2,51

) y

E.'.'_ 2./-
1.51
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Damping mechanisms-Alfvén speed CRX

leaky mode

Brady et al. (2006)
Verwichte et al. (2006)
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v'The oscillations of a whole coronal arcade above an
active region provide information of the Alfvén speed
profile at different loops as a function of height in the
global corona, which may be compared with magnetic field
extrapolation models.

v'With each oscillating loop, we can associate an average
value of the average Alfvén speed (in that loop) and a loop
length and height, or range of heights, in the corona.
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Loop No. L(Mm) P(s) Von (kms—1)
! >610 1440 + 230 >850

2 680 2418+ 5 562

3 21280 4900 += 900 =520

4 (2000-3000) (10800) (460)

Note. Values within brackets have large uncertainties.

Verwichte et al. (2010)
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Damping mechanisms: resonant
absorption

v'"Ruderman & Roberts (2002): damping due to resonant absorption
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density contrast y =-—- : :

p No. L R R/L P Ty IR
2 o] Is]_et"¥

2 261 340 0.16
st 47e2 265 0 044
4.15%6 24e2 316 S50 0.31
2.04e8 3956 192 277 400 034
v Goossens et al. (2002) S 1628 3656 232 212 $49 016
6 390e8 8d40e6 22e2 522 1200 022

7 2588 350e6 1de2 435 600 036
for v=10 -> /R § 1668 31%6 192 143 200 035
9 4068 4606 Ile2 423 800 026

10 1928 3456 182 185 200 046
11 1.46e8 7906 54e¢-2 396 40 049

v'Arregui et al. (2007)
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Damping mechanisms

Ofman & Aschawanden (2002), Nakariakov (2004), Verwichte et al.
(2004)Ruderman & Roberts (2002):

vPhase mixing 7, oc (IP)Z/3 oc P*3 if layer ~ loop length
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10000

(does not involve torsional mode, but is connected ¢ 1000}

with kink perturbations of neighbouring loops)
v'Wave leakage 74 o¢ LP oc P? if layer ~ loop length 00T e

v'Resonant absorption 7, oc P
v'"Nakariakov & Verwichte (2005):

10000

leakage

M
/ = 1000

1 10000F

100 1000

1000 &

100 } N\ resonant absorption

10
100 1000 100 1000

\ phase mixing




3D STEREO observations
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v'Aschwanden (2008):. | [T RS 2 B

o \ 1 pd '5<
paper I: 3D geometry and motion of the loops| | e Wl i
paper II: electron density and temperature | & e e
g ; Ilvl g X.___wm_“ﬁ Z

v'Verwichte et al. (2009):
seismology of large coronal loop -> B=11+26G

500

50

STEREO B 30/06/2007 18:09:31
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3D STEREO observations
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Fundamental Second harmonic Fundamental Second harmonics
horizontal mode horizontal mode vertical mode vertical mode
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Problems with magnetic field
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v'"McLaughlin & Ofman (2008): reduction of vertical kink oscillation period
compared to the horizontal one.
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v'De Moortel & Pascoe (2009): magnetic field derived
from simulation differs by 50% from the input value
(overestimated).

v'Aschwanden & Schrijver (2011): magnetic
field from coronal seismology 4G, from potential
field extrapolation 66 (apex), after correction
of variable Alfvén speed along the loop 116 (2.8 | .. =t R 7]
times higher than the value from coronal SRS | lespmpes
seismology). '

NS (arcsec from Sun center)
‘ " [ [y 1 !
I )

NS (arcsec from Sun center)
. | \ y |

620 640 660 680 700 720
EW (arcsec from Sun center)
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Selwa, Ofman, Solanki, Paper I (2011)
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Problems with magnetic field

f\

=3 =2 =1 @0 1 2 3
X

P(simulations): 12 t P(simulations): 44
P(analytical):24 P(analytical):45 1

v Difference in periods (but not the 2nd mode) 7 ]
v Does not depend on excitation type

v'50% error in B estimation!
Selwa, Ofman, Solanki, Paper I (2011)
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Structures on the Sun c
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EIT/EUV waves
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v'Veronig et al. (2010): wave dome
in EUVI-B channels

v'Patsourakos et al. (2009)° best-
fit CME~ and wave model
determined for STA

Temmer et al. (2011)
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EIT/EUV waves

ime: 2011-02-15T701:46:42,069Z, dt=10.0s
AlAZ07110215_014638_0211.fits
ichannel=211, source=SDO/AIA 3

NOAA 11158 (Schrijver C.J., Aulanier 6., Title A.M., Pariat E. & Delannée C., ApJ,
2011): an X-class flare follows EIT wave in time on 15.02.2011
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vEvent of 14.08.2010, SDO &
STEREO observations

v'Using fast speed V; = \/VA2 + Cf

BZ
P i vieBl
yo

Arcsec

Arcaec

4 7nm

formula for magnetic field can be | oMol Mesiona Bl fux: vse
derived

B =, /4m(mV? - kT, )
v'Assuming quiet corona density (Wills-Davey et al. 2007) n=2-6x108cm-3 -> B=1-26G

400 | 600 F 3
F F + SDO 1934 * E
30 500F % STEREO 195A 3
a0k
7 i 400 3
= 250[
= ! 800 F -
200F
1505 ] =00y 3
wotl ¥ L. N T | P S S
Long eT al (2011) 09:44 09:48 09:52 09:58 10:00 09:45 09:50 09:55 10:00 10:05  10:10
P Start Time (14-Aug-10 08:44:00) Start Time (14-Aug-10 08:44:00)
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EIT/EUV waves

v Event of 13.02.2009, STEREO & Hinode observations
: 1
¥ Using fast speed \/? = 5 V7 +c2+ \/(Vj +C’ )2 —4Vc2cos® 9 =V ] +c?
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magnetic field can be estimated B = \/472'(pr2 —7P) P =2nkgT

together withplasmap 3= SE

BZ
v"Wave seems to be formed at T=1.5+0.5MK

West et al. (2011)

(e) 05:46:34 ()05:46:19  (q)05:4549 (h)05:46:49



EIT/EUV waves

v Superimposed EIS(Hinode) slit on ST EUVI 195A at similar
times

v SiX 258/261 lines are used (similar temperature to the
strongest line of FeXII 195 in EUVI) -> density of
3.4+0.8x108cm3

v"MDI photospheric value: 7+21 G at the EIS slit

v'Using detected fast speed V,=220+30km/s , n and T ->
B=0.7+0.7G and p=6.4+3.1

v"Using Thompson & Myers (2009) speeds of 15-654 km/s -> more
possibilities
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B~
3 .,- ‘ / | | 49 o '_._'_’-_'—--
E ax0 S/ 3 1 £ :
> | { = 1. 2
= 4 - J = 3008 = 181
3 3 : ' A
& / a3 3 K 4 ¥ R —— = u“:' ]
X - - v . - | { - s > - 0T
ey > S - = -—_ ——
4w 1 Y -1 o -t iR e
: | i o e e
[ [l < e
et H e
1 a8 | [
2%20° | ! e
- RS J - 4
e L . 1 e . ]
S.a=10° 1.0

sl
»10° 1.5%10" 2.0xta" s Dxio* 1ax10* 1510 2.0 100
emperature (K) empaecature (K)

West et al. (2011)
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EIT/EUV waves
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v Superimposed EIS(Hinode) slit on ST EUVI 1954 at similar times

v’ SiX 258/261 lines are used (similar temperature to the strongest line of FeXII 195 in
EUVI) -> density of 3.4+0.8x108cm™3

v MDI photospheric value: 7+21 G at the EIS slit
v'Using detected fast speed V;=220+30km/s ,nand T -> B=0.7+0.7G and p=6.4+3.1
v'Using Thompson & Myers (2009) speeds of 15-654 km/s -> more possibilities

Velocity km s™' (T =1,5MK)
WIEY &7 T &

v 2 8 o

-~

Plosma Beto (T =1.5MK)
\i T % T

vvvvvv

West et al. (2011)
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Alfvén waves
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Tomczyk et al. (2007): Coronal Multi-Channel Polarimeter, CoMP (ground based
observations):

— LT B U ChRRERaRaEedE LA LA A SR DEn e i
v The waves travel at supersonic ilja; | el R—
i | Line Width Power[kmks ]‘— .
speeds, 5 10f | | P oo 3151 = |
£ M| ]
v" The waves have a transverse g ]
(perp. to B) V component and —— - B ARSI ",
Alfven waves - * Ay
travel along magnetic field, ST 0 0. oot bt st
1 2 3 4 5 6 7 8
v" The waves are incompressible
(no density perturbations
observed) e oo L S
-1.00 CAOO 1.00 200 -1000 -500 000 G500 1000 2000 2750 3500 4250 B50.00

B CoMP Mean Doppler Vielocity [km/s] C CoMP Maan Line Width [km/s]

SolarY [arcsec]

0__500 1000 1500 200025003000 -1.00 050 000 050 1.00 -8000 -45.00 0.00 4500 90.00




Alfvén waves <
m:
=:

Seismology:

v Phase speeds obtained in this study are a projection o ——
onto the POS (the speed multiplied by sin(¢), where ¢ | F|f SRR |
is the angle between LOS and the direction of wave | . i h,,JWr. | pmods Poverfim < '] —— ]
propagation) g I | '

v Assuming typical electron density of 108 cm-3 and g sf i il 2
measured phase speeds 1.5-4 Mm/s -> B=8 and 26 G. ,' At W]

1 2 3 4 5 6 7 8

B
N Ao

Tomczyk et al. (2007)

-1.00 CAOO 1.00 200 -1000 -500 000 5.00 1000 2000 2750 3500 4250 50.00
B CoMP Mean Doppler Vielocity [km/s] C CoMP Maan Line Width [km/s]

SolarY [arcsec]
& &
8 8

8

g

0__500 1000 1500 200025003000 -1.00 050 000 050 1.00 -8000 -45.00 0.00 4500 90.00




Prominences

il
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(km)
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10:44
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5,000
4,000
3,000
2,000,
1,000

0
19:44

S2) : > 591

19:46  19:48  19:50 19:52
(UT)

HIV

ININO

F
m
c
=
m
<

LIZLSHANNN

vNOAA 10921 Hinode CaII SOT
observations

v'Threads of prominence show oscillatory
motion with periods 130-250s

v'"Wave speed estimated to be >1050 km/s

v'Assuming plasma density 1010 cm3 ->
magnetic field strength for propagating
Alfvén waves ~506G

Okamoto et al. (2007)




1 5o LASCO C2 22:30-22:08
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L oar

g 2 . . 250 . s . .

= 0 50 100 150 200 250 300 2 4 6 8 10 12 14
= Observa tional Times (minutes) Helioeentrie Distances (solar radii)

v With the white light coronagraph data streamer

wave observations

v Periods of about 1 hr, wavelength 2-4 solar radii, an
amplitude of about a few tens of solar radii, and a
propagating phase speed in the range 300-500 km/s

v The motions were apparently driven by the restoring magnetic forces resulting from the CME
impingement, suggestive of magnetohydrodynamic kink mode propagating outward along the plasma

sheet of the streamer

v"Using Alfvén speed formula B is calculated in 2 places (parameters from Chen & Hu (2001)):

v BR: V,,=100 km/s, n=1x105cm-3 -> B=0.0456

v 10R,: V=200 km/s, n=2x105cm-3 -> B=0.016

Chen et al. (2010)



v QPP: oscillations in solar flares
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v'Often showing multi-periodicity: Inglis & Nakariakov (2009): 12s, 18s, 28s; Nakariakov et al.

(2010) 13s & 40s (radio band)

v'Recent observations by Van Doorsselaere et al. (2011) from LYRA (PROBA2) (irradiance

measurement) show multi-periodicity

Flaring arcade

Accelerated

Oscillating
. electrons

cooler loop

Microwaves

Evanescent .-~ -—_>
or leaking

part of the
oscillation

SR Hard X—rays

Optical

Nakariakov & Melnikov (2009)
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v'Recent observations by Van Doorsselaere et al. (2011) from LYRA (PROBA2) (irradiance
measurement) show multi-periodicity: 63-88s and 8.5s, ratio r=8.8.

v Interpretation: modulation of intensity of flare emission -> slow and sausage waves

v'Classical waveguide model B2 B2
i e
(pressure balance between internal and external medium) P + 211 Pe + 211
2 2
y | n Pe _ 205+ Ny
Short wavelength limit V, = rc, o 2C§e N 7)\/A2e
fundamental mode, equal loop length, 2 .
fast sausage mode V ,;, slow mode c pi = ; =0.14 VAze =C pi+l
VAi ﬂe +1
v'Long wavelength limit V, =TIC;, £ = Pi
fundamental mode, equal loop length, 1 1 1 Pe

_|_
fast sausage mode V,, , slow mode c; CTzi Cszi VA2i

Vie |y Vi 2 i} 3
r_VAi 1+ 2 ST (,Be+1)_§(,8i+1)[%8i +1j

Van Dooresselaere et al. (2011)
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v'Long wavelength limit Ve =Gy
fundamental mode, equal loop length, 1 1 N 1
fast sausage mode V,, , slow mode c; CT2i Cfi Vfi
2
F = VAe 1_|_ _ A
2
VAi Csi

LIZUSHANNG INIFNOHM

C(B) = Eme =18

ﬂi min ~ 0016
>1—><
ﬂi,max ~ 75

Van Dooresselaere et al. (2011)
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Adiabatic index y

v'Van Dooresselaere et al. (2011) : EIS (Hinode) obseration of 08.02.2007
v'Py=314+83s, P;=344+61s -> slow wave

TRACE 195 8-FEB-07 13:06:24
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Adiabatic index vy

v'Linearized MHD theory (e.g. Goossens 2003) + polytropic relation

P 1 Pr _ 1 0
Po Vi Po Ve —1T,

v'Scatter plot+ least square

Van Dooresselaere et al. (2011)
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Conclusions

ETGER

Coronal seismology:
Observe and model coronal waves
Compare
Measure physical parameters
Adjust/improve model (e.g. clue about damping
mechanisms of oscillations)

Geometry effect on magnetic field
determination

Quiet Sun parameters from EUV waves
Magnetic field determination using Alfvén waves

Multi-periodicity: determination of scale height,
B, loop expansion




