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2D curved loop model

p(%+V-VVj:Vp+£(Vx B)><B+ F
y7;

Variables: p, p, V, B =
EOS: T(p) -> p, ci(T), V, V,
V7=
A
v Numerical model
v" Boundary conditions
v Initial conditions
(V X B)x B=0
VxB=0

LIZUSHANNG ININOHIN

A=BAgcos(x/Ag)exp(—z/Ay)
B =[Bcos(x/Ag),~Bsin(x/Ap),|lexp(-z/Ay)

2
7T
p(2) = p,

Ag



2D curved loop model %Q

Variables: p, p, V, B
EOS: T(p) -> p, ci(T), V., V,

Equilibrium:
v'V=0
v'T - peak temperature
TRACE: 171 Fe IX/X 1MK
195 Fe XIT 1.5MK
284 Fe XV 2MK
SUMER(SOHO) Fe XIX 6.3 MK
Fe XX 8MK
v' p - observed brightness
+ theory of Thomson scattering
+ scale height

- spectroscopy ( oV j

2
:Vp+£(V><B)><B s = P _2¢6

v B-2- ‘ —+V.-VV =—
B-?->Bregimep = u B2/24 7 V?



Magnetic field measurements

LIZLSHANNG INFNOHIM

Magnetogram - refers to a pictorial
representation of the spatial
variations in strength of the solar
magnetic field. Magnetograms are
often produced by exploiting the
Zeeman effect (1896).
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Magnetic field measurements
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Photospheric
magnetogram

v'Potential extrapolation
v'"NLFF model

v'Potential field source
surface (PFSS) Ofman (2007)

e

Sc -i\jv‘er af‘al (:




" e e

Group PERIODIC TABLE
1 Momlhﬂmdﬂ-b Sechnolegy 18
1 Atomic Properties of the Elements e M et
1 %8y Frequently used fund tal physical constants Physics Standard Reference |2 s,
H Foxr the most accurate values of these and other constants, visit physics st gowlconstants Laboratory Dala Gmup He
1 e 1 second = 8 152 631 770 periods of radiation cormesponding to the transition physics.nist.gov www nist govised Hellum
£.00754 between the two hyperfine levels of the ground state of *Cs 4 002602
1s 2 speed of light in vacuum c 209792458 ms ' (exact) [[] solids 13 14 15 16 17 PR
135084 |IA Planck constant h 66261 %10 s = t2x) [ Liquids A IVA VA VIA  VIA | xsam
3 s, |4 elementary charge e 1.6022 x 10;'(: Gases 5 »,|6 P [T 8 P9 Py, 10 's,
: lect 91094 % 10 7'k
2 Ll B?e TS ?,r‘ 05110 MeV ' [ ] Artificially 5 CC N O y’s
Litium i <107 ton Nirogen | Oxygen | Fluorine
e | ovee (e L iemiete Propared | | oo |t G |
1572 18728 Rydberg constant R 10873732 m"' 152 15°24°2p° 152s'2y" 11’3"3‘ wiant !l’h‘h‘
53017 03227 g AL YT T 82080 12603 | j48%41 | y3gisr | 17428 | 215845
11 *s,.|12 s, R:,,C 13,6057 eV 13 Pl |14 P 15 s, |16 ‘°p, 17 5L [18 'S,
Na Mg Bojtzmann constant K 1.3807 x 10 7 JK ' Al Si Cl Ar
3 Sodum Magnesam Abgminuem Phosphorus Sulfur Argon
2980770 | 243050 3 4 5 6 7 8 9 10 1" 12 20991538 | 280855 | 0973701 | 32085 | Feese
Mn | M5 | WB  wB VB VB VIB | Vil 1B uB | *“;’f;f‘ i | e | | b
19 ’s.|20 's.[21 "0.[22 °r[23 F.[24 's.[25 's..[26 'D,[27 ‘F..[28 CR[29 5.[30 s.[31 P [32 'n[33 ‘si.[34 . |35 PL[36 'S
2 Ca|Sc | Ti Cr |Mn | Fe | Co N| Cu |  Zn | Ga Ge As | Se | Br | Kr
uergm Iron Cobatt Coppot Galium Gormarsum Arsanic Selerium Seomine m
y “N i dumos | ssods | seoaon | sues 6934 63545 65.400 60.723 72684 7492160 7806 70604 !
e structure (oY) pmde’ | ppdss’ | psde’ | s | e | e’ | (M et |aae e’ (e ety f1aea s e |[Aiae Rnle! ([Acae Sety®
7 4340 '9‘. 4 78810 'um 7.7264 93942 59093 78004 97856 97524 18138 | 130006
M otan L7100 s 43 °‘s.|4 . |45 °F..|4 'S, |47 s.,|48 s, |49 P, |50 P, |51 ‘s;, |52 P,(53 ‘ri |54 'S,
Tc Ru Rh Pd Ag |Cd | In | Sn | Sh | Te Xe
Hydrogen atom Sodium doublet (D line) ol | Porar | orunmo | Tweer | s | Sun | i | e | A | e | v (Wi
popec’ss’ | (rejse’ss {Kejad'ss e’ epa s | popeaiss’ | xejes“se’se [x uq sang? nd a5 | poptd o s | riad “se 'S [[Keped s e
& 7.28 7 3605 7.4580 8 3360 7 5762 80038 57864 430 88084 20009 104513 | 421208
75 's..|76 D,|77 F.[78 °p,|79 °s. |80 581 °pI, 82 ", (83 ‘s;, 184 p,|85 °py |86 S,
Re |[Os | Ir | Pt |[Au|Hg | Tl |Pb| Bi | Po | At | Rn
Rhenium Ogunium Irdum Putnum Geld Morcury Thadium Lead Bamuh Peleoium Radan
186 207 19023 162217 ws07e | 10s0m5s |120080 | 2043833 272 | 20808038 | (200) @10) (222)
poptrs’es’ | raer “sa‘es’ |(Kopar'‘sa'es” | [xepar' *sa'es [[xojar''sass [ptajur5a"0x|  (cieo iHgido” 0y [Mgléo’ Mglés’ Haits'
7 8336 84382 80670 § 0528 92255 10.4375 6 1082 74167 7 2855 g41d 107435
107 108 109 110 111 112 114 116
Bh | Hs | Mt |Uun |Uuu|Uub Uuq Uuh
Bohrum Hassum | Mednerum | Ununnitum | Unununm Jrunbim Unungquadom Urunhexurs
(254) @) (268) (281) 272 (285) (289) 292)
60 71,|61 "W.|62 F.|63 's:.|64 ‘D65 "W..[66 1|67 4;..|68 W69 °F.[70 's,(71 ‘D.
Gt Nd |Pm [Sm | Eu | Gd | Th Ho | Er | Tm | Yb | Lu
" | Nocdymium | Promethium | Samarum Ewropum | Gadolinum Terbium Dyspeosum | Holmium Erbum Thelium Yitedoum Lutetiom
‘ 14424 (145) 15038 151.984 15725 | 15800534 | 162500 | 18403032 | 167250 | 1630342t | 17204 174.967
pepar'es’ | prajur'es’ | pejess’ | pele’es’ | prepsrsoss’ | preprss’ | presres’ | pepe’es’ | pxepres’ | poeparss’ | prepares” | pregar‘ses’
55250 5582 56437 56704 6 1496 5 8638 50380 60215 01077 61843 62542 5 425
92 1|93 L..|94 'F, |95 's;. |96 “DI|97 *W..[98 °1, |99 “5L.|100 °H [101 °F:, (102 's (103 P2
U |[Np|Pu| /Am|Cm Cf | Es |Fm | Md | No | Lr
Urarwum Neptureum | Phontm Cusum Borkebum | Colfoenem | Elsteindum | Fermum e Lowrencum
- . - .mweoe . .- - 228 02891 237) (244) (243; (247} 1247) (251} (252 (257) (258) (250) {262y
wisesars’ | messe 1 olsftTs’ Tl ISt 2 byt it 'rs? et 78! Uy 2 ST Ty 3 st 787
Normol Zeaman Anumolous Zevman uffect Poioar | ez | "sbomw | "Serss |"Soow | 'swm | ‘emw | e | ese | ess | “hes | asr
effect o
. For a description of the data, visit physics.nist.gov/data NIST SP 966 (September 2003)




=l

Quantum numbers:

v'Principal n21

v'Azimuthal (angular momentum) O<l<n-1

v'"Magnetic (projection of angular
momentum) -lsmgl

v'Spin +3

Energy of magnetic moment
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Hydrogen atom sodium doublet (D line)
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v'Normal AE:—HB: —H, B = mlyBB mlRB
v Anomalous AE =gm; ;B i
Jl S
! j(j+1)+s(s+1)-1(1+1)
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A =-1C AE
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o AE - E°AA ~ 47m,CAA
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(Coronal) Seismology %Q

Seismology is the scientific study of earthquakes and the
propagation of elastic waves through the Earth or through
other planet-like bodies. The field also includes studies of
earthquake effects, such as tfsunamis as well as diverse
seismic sources such as volcanic, tectonic, oceanic,
atmospheric, and artificial processes (such as explosions).

» The study of waves with the aim to get the information
about the local medium of propagation (remote diagnosis).

Coronal seismology is a technique of studying the plasma of
the Sun's corona with the use of magnetohydrodynamic (MHD)
waves and oscillations.

» The study of coronal waves, in order to measure physical
quantities in the solar corona. Source: Wikipedia



Why Coronal Seismology?
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v" To understand wave processes in plasma environments.

v" To measure physical properties in the solar corona, that are
difficult to measure otherwise. Often localized in space, so
natural fine spatial resolution.

v' To test physical models for coronal structures.

Works well for the description of a number of plasma
structures:

v that can be described by a straight cylinder (structures
non-uniform in the transverse direction and extending
along the magnetic field, that can act as a waveguide) and

v" that are observed in solar corona (e.g. coronal loops).



Coronal Seismology
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History of Coronal Seismology?

v Uchida (1970) - “on the basis of the density distribution in
the corona, this seismological diagnosis reveals the
distribution of magnetic field"

v' Roberts et al. (1984) - "magnetoacoustic oscillations
provide a potentially useful diagnostic tool for determining
physical conditions in the inhomogeneous corona”
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Coronal loops form the basic structure of the lower corona and transition

region of the Sun. These highly structured and elegant loops are a direct

consequence of the twisted solar magnetic flux within the solar body.
Source: Wikipedia



Fast waves

sausage

kink
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Kink waves

Horizontal mode

A

Aschwanden et al. (2002)

Van Doorsselaere et al. (2004)
-> curvature does not select
a preferential oscillation

direction

LIZUSHANNG ININ0OHINM

Vertical mode

A

Wang & Solanki (2004)
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Theory of MHD waves

N3ANTT

LA LUSY

Roberts, Edwin, & Benz (1984)

TABLE III
Pulse periods of MHD waves

Standing MHD waves

Slow modes To=2x10°K 7, ~ 8505 A
2L _12x10-4L (l (co)z)'fz L=10"cm
s _ T W e K3 —_—

key JTiA Ca J=le<€u,
Fast kink mode No=10"cm~* t,x50s
t -E-"“""L(mw.)"” L =10"cm
4 ke, J B} + B? By =40G, p, > p,
Fast sausage mode Ny = 10°cm~? ,~15s

12 - -2
1 :?_,ta-4n3220(p0+p¢) afL 10
Cx Bj + B; By=340G,p % p,

Propagating MHD waves

t_:_ggt_a__( —25)”2“'26(1) a=2x10%cm,s =1 . x2s
© Joeta Yo . No=10cm~?
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Breakthrough (SOHO & TRACE) @d

Kink oscillations of coronal loops
(Aschwanden et al. 1999, 2002;
Nakariakov et al. 1999; Verwichte et
al. 2004)

Propagating longitudinal waves in
polar plumes and near loop footpoints
(Ofman et al. 1997-1999; DeForest &

Gurman, 1998; Berghmans & Clet
1999; Nakariakov et al. 2000; De\_ «
Moortel et al. 2000-2004) N

Standing longitudinal waves in coronal
loops (Kliem at al. 2002; Wang &
Ofman 2002)

Global sausage mode (Nakariakov et
al. 2003)

Propagating fast wave frains.
(Williams et al. 2001, 2002; Cooper et
al. 2003; Katsiyannis et al. 2003;
Nakariakov et al. 2004, Verwichte et
al. 2005)

Already identified coronal MHD modes:

IR,
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B from kink oscillations

LIZUSHANNG ININOHIN

Kink oscillations

£ 1998-Jul-14
12:46:10




B from kink oscillations
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Kink oscillations
v" Periods: 1s - 1h

v" Generation:
ngnUleS or Nakariakov & Verwichte (2004)
flares flare epigentre

v Quasiperiodicty

kink oscillations

v Fast generation
of standing
waves and
strong damping

blast wave
(fast magnetoacoustic)

footpoint
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Time (min)

frequency of 3.90 + 0.13 mHz
decay time 12.1 + 6.7 min

Nakariakov et al. (1999) Footpoint Footpoint




B from kink oscillations
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Scheme of the method

loop parameters loop parameters

@ semi-circular loop

L=mnH
loop length

oscillation params coronal

A =2Lj \phase speed magnetic

length = - field
wavelengt > AMP = Vph -
T kinkspeed Alfvén speed
total pressure balance

fast kink mode at loop boundary

Nakariakov, Ofman (2001)



B from kink oscillations

Details:

1. Distance between footpoints -> semi-circular loop length L=nR

Observed period and length -> phase speed V,,=2L/P

2

3. Phase speed=kink speed -> V,,=¢, 5
4. Kink speed -> Alfvén speed % :VA\/

5

1+10e /pl BZ
Alfvén speed and density -> magnetic field V, =

47p,

. 272_3/2L
B=V.am, =———pl+plp) .,
For p =1x10% cm™3 to p =6x10%cm3 ->B=4-306 _ ,,|

6. From detailed emission measure studies
-> B=13+96G

151

o 7

Magnetic field

0 o VTR T T T ]
0 1x102 2x109 3x10? 4x10° 5x10? 6x10

Nakariakov, Ofman (2001) Number density (cm™)
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B from kink oscillations
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Error analysis:

1. Errors in determination of loop length (due to projection and different
than circular shape, e.g. elliptic -> 15%).

2. The error in the determination of the oscillation period (sensitive to
the condition of the specific observation, here 3% as many periods
were observed).

3. The accuracy of determination of the densities depends upon the
specific method applied and is about 50% (e.g. Mason et al. 1999 and
references therein). The determination of the density ratio possibly
has even larger error, but as the ratio is assumed to be small, one can
neglect its value.

4. The relative error of the method can be estimated as

8 = (o] + (P + (0, 12)
For 6L=10%, 6P=3%, 6q=50% -> 6B=30%

Nakariakov, Ofman (2001)




B from slow oscillations

Wang, Solanki, et al. (2002, 2003)
SUMER observations

of loop oscillations above limb,

in flare loops with temperatures

Doppler shift {(km 57}

|
T>6 MK (Fe XIX, T=6.3 MK; ;
Fe XX T-8 MK) ;
440, clfite on 2002 April 16, Doppler/ 7 S PR L P SR
- 420 it time series in Fe XIX lifle 7 T — Ling intensity 3
b § 400 ] , i (background removed),
il ™ - E £
2, 330 Sl = = >
. 360 ﬁ ? - TE _ EE_
2 340 .l g4 - = T |
320 "‘ l‘t | B 2 1 M E
23:00 :30 0:00 30 100 30 2:00 ;30 300\& " (/) = E

01:00 01:30 02:00 02:30
Time on 2002 Apr 16 {UT)

v’ Periods are 10-20 min

v Veloci‘ry and intensity
have % period phase shift

v S’rr'ong damping t=12-19 min, t/P~1




B from slow oscillations
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(a)SXT/AIMg 02:24:49 UT  F(b)SXT/AMg 03:45:53 UT : : :
; - . Trigger of oscillations:
initiation associated with

a footpoint brightening

B - = T Bme . ) p . = R,
_F = —=Doppler shift in Fe XIX__ 1
- B - -
] B 1o
E —z00 ;- i - 9
it ¢ 8
3 i 1 P
—25::::_— — » 6
5
. . F¥er 0.0 0.25 0.5 0.75 1.0
Q200 Q230 [EHE ] LB EE Y] 0434 WLeHey] X/L

Case on 2000 September 29
Wang et al. (2003) Selwa, Murawski, Solanki (2005)



Method:
1.
2.
3.

Distance between footpoints -> elliptical loop length L
1

Observed period and length -> tube speed c,=2L/P, ¢, =V, T
S A

Slow speed (measured T) and Alfvén speed -> plasma B

”» . _ B’ 280G,
cl = T/ A
p =T L, ~dnp, yV,

Thus magnetic field can be estimated as

{3 (o)

C, AL° C,T,

For €, =4.8x103, C, =2.3x104, B[&], ng[10°cm-3], P[s], L[km], T[106K]
Results: B: 0.15-0.91 (mean 0.33+0.26),

excluding 1 loop 0.15-0.33 (mean 0.24+0.08),
B: 21-61 G (mean 34+146)

Wang et al. (2007)



B from slow oscillations

Error analysis:
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1. Errors in determination of electron density (less significant as f, is the
constant number)

2. Errorsin determination of temperature
3. Errors in determination of the loop length
4. Errors in determination of the oscillation period
5. The relative error of the method can be estimated as
98 = 12(n) + 2T + 2(0L) + F2(0P)
For 8n=5L=3T=5% £ = @/ﬁ -
‘ on/ n 2’
-> 8B=40% with fr~2.4 and f =fp~5.9 = 9B /B _ (C:PTs \7'_ 1
J1=5%7 T"( 207 ) T8’
. _0B B _( 4 \T' _ 2
=73 Z“( —C2T6P2) T8
fo=20 2= fi=142f

Wang et al. (2007) S e
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Aschwanden et al. (2002)

Average and ranges of physical parameters of 26 oscillating loops®.

Parameter Average Range
Loop half length L 110 £ 53 Mm 37-291 Mm
Loop width w 8.7+2.8Mm 5.5-16.8 Mm
Oscillation period P 321 +£140s 137-694 s°
54423 min 2.3-10.8 min"
Decay time 14 580+ 385 s 191-1246 s°
9.7+ 6.4 min 3.2-20.8 min®
Oscillation duration d 1392 £ 1080 s 400-5388 s
23 + 18 min 6.7-90 min
Oscillation amplitude A 2200 £ 2800 km 100—-8800 km
Number of periods 40+138 1.3-8.7
Electron density of 100p njoop 6.0+3.3)H10%em>  (13-17.1) x 108 cm—3
Maximum transverse speed vpmgy 42+ 53 km s~ 3.6-229 kms~—!
| Loop Alfvén speed va 2900 + 800 km s~ 16005600 km s~ ! |
Mach factor vmax /vsound 0.28 £ 0.35 0.02-1.53
Alfvén transit time 75 150 645 60-311s
Duration/Alfvénic transit d /15 9.8+5.7 1.5-26.0
Decay/Alfvénic transit £ /15 414+£23 1.7-9.6¢
Period/Alfvénic transit P/1a 24412 0.9-5.4°

2 All Alfvénic speeds and times are calculated for a magnetic field of B = 30 G, so scaling to
other magnetic field values are va(B) = va(B/30 G) and 15 (B) = to(B/30 G)~ .

P The most extreme period of P = 2004 s (case 9a) is excluded in the statistics.

€ Only the 10 most reliable decay times ; (with no parentheses in Table II) are included in the
statistics.




Conclusions
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Coronal seismology:;
Observe and model coronal waves
Measure physical parameters

Magnetic field measure in
photoshpere (Zeeman effect)

Magnetic field determined from
kink and slow loop oscillations




