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Physical overview of wave types :



Eigen-mode oscillations

Violin built after Joseph Guarneri del Gesu (VanZandt, 2002)



MHD Oscillations (standing waves)  
- MHD sausage mode oscillations
- MHD kink mode oscillations
- MHD torsional mode oscillations



MHD fast sausage mode MHD fast kink mode

MHD slow (acoustic) mode Impulsively generated (propagating) wave



MHD fast sausage mode MHD fast kink mode

MHD slow (acoustic) mode Impulsively generated (propagating) wave



MHD fast sausage mode MHD fast kink mode
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Classification of MHD oscillation modes
(Roberts, Edwin, & Benz 1984)



MHD oscillation modes:

Standing fast MHD waves :  
- sausage mode :                     P=2pa/c_k ~ 3 … 44 s 
- kink mode :                            P=2L/j c_k ~ 0.5 … 8 min

Standing slow MHD waves :       P=2L/j c_T ~ 20 min
Propagating MHD waves :          P=2pa/j v_A ~ 2 … 22 s
(Roberts, Edwin, & Benz 1984, ApJ 279, 857)



MHD fast kink mode 







Trace 171 A, 1998-Jul-14, 12:55 UT









The first transverse loop oscillations were imaged during a flare.
(Aschwanden, Fletcher, Schrijver, & Alexander (1999), ApJ 520, 880)







Tranverse oscillations simultaneous with loop motion



Oscillations of loop system are triggered by flare near footpoint



Oscillations during strong forcing of sideward motion



Erupting filament excites oscillations in entire active region



Statistics of 26 oscillating loops (analyzed with TRACE) :

Loop half length L=110+53 Mm
Loop width w=8.7+2.8 Mm
Oscillation period P=5.4+2.3 min
Decay time t_d=9.7+6.4 min
Oscillation duration d = 23+18 min
Oscillation amplitude A=2.2+2.8 Mm
Number of periods N=4.0+1.8
Electron density n_e=(6.0+3.3)10^8 cm^-3
Max.transverse speed v_max=42+53 km/s
Loop Alfven speed v_A=2900+800 km/s
Alfvenic transit time t_A=150+64 s

Duration/Alfvenic transit d/t_A=9.8+5.7
Decay/Alfvenic transit t_d/t_A=4.1+2.3
Period/Alfvenic transit P/t_A=2.4+1.2
(Aschwanden, DePontieu, Schrijver, & Title (2002), Solar Phys.  206, 99)



EUV/UV Observations of Coronal Oscillations

Observer Instrument Periods

Antonucci, Gabriel, & Patchett (1984) SKYLAB 141 s
DeForrest & Gurman (1998) SoHO/EIT 10-15 min
Aschwanden, Fletcher et al. (1999) TRACE 280+30 s
Berghmans & Clette (1999) SoHO/EIT waves
DeMoortel, Ireland, & Walsh (2000) TRACE 3-7 min
Schrijver, Aschwanden, & Title (2002) TRACE -
Aschwanden, DePontieu, et al. (2002) TRACE 2-33 min
DeMoortel, Ireland,Walsh,Hood (2002ab) TRACE waves



Fast MHD sausage mode : P=2pa/v_A





Oscillations in radio wavelengths

Rosenberg,H. 1970, A&A 9, 159
“Evidence for mhd pulsations in the solar corona”

- type IV radio emission : gyrosynchrotron emission
- MHD oscillations vary B(t) and gyro-emissivity I(t)~n_e*B(t)^2
- fundamental period P=3.0 s and harmonic P2=1.0 s



McLean & Sheridan (1973)

-observe 24 pulses with an exponential damping of t_D/P > 10
-very regular period, P=4.28+/-0.01 s
-asymmetric pulses !



Observations of Radio Pulsations (Aschwanden 1987)

Observer Frequency Period
[MHz] [s]

Droege (1967) 240, 460 0.2-1.2
Abrami (1970) 239 1.7-3.1
Rosenberg (1970) 220-320 1.0-3.0
De Groot (1970) 250-320 2.2-3.5
McLean et al. (1971) 100-200 2.5-2.7
Gotwols (1972) 565-1000 0.5
Rosenberg (1972) 220-320 0.7-0.8
McLean & Sheridan (1973) 200-300 4.20+0.01
Elgaroy & Sveen (1973) 500-550 0.1-0.3
Achong (1974) 18-28 4
Abrami & Koren (1978) 237 -
Pick & Trottet (1978) 169 0.37, 1.7
Trottet et al. (1979) 169 60
Tapping (1978) 140 0.06-5
Elgaroy (1980) 310-340 1.1
Bernold (1980) 100-1000 0.5-5
Trottet et al. (1981) 140-259 1.7 + 0.5
Slottje (1981) 160-320 0.2-5.5
Sastry et al. (1981) 25-35 2-5
Wiehl et al. (1985) 300-1000 1-2
Aschwanden (1985) 300-1100 0.4-1.4
Aschwanden & Benz (1986) 237, 650 0.5-1.5



Rosenberg 1970:
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Linearized wave equation for radial flux tube oscillations:

Standing wave:

)exp()(Re tirfv w×=
First-order Bessel function:
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Amplitude maxima at fundamental, harmonic, …

3.5,8.1/ =urw Period ratio: P2/P1=5.3/1.8=3.0



Frequency Dependence of Oscillation Period 

Height in corona:
h = 0, …, 500 Mm,    h/r_sun=0,…., 0.7

Baumbach-Allen density model:
n(h)=q_n *  2.99e8 / ( 1 + h/r_sun)^16  (K-corona)

Overdense radio loops:
q_n=10-100

Plasma frequency:
f(n) = 8980 *  sqrt(n)  [Hz] = 20-1000 MHz

Loop diameter:
q_a = h *  0.2

Alfven velocity:
v_A=1000-2000 km/s

Fast MHD sausage mode period:
P = 2 p a / v_A = 0.1 - 5 s

Observed periods:
P = 0.1 – 5 s  (f=20-1000 MHz)





Slow (acoustic) mode (fundamental, j=1)











Wang, Solanki, Curdt, Innes, & Dammasch 2002:
SUMER observations of loop oscillations above limb, in flare loops with 
Temperatures T>6 MK (Fe XIX, T=6.3 MK; Fe XX l 567, T=8 MK)



SUMER oscillations :
-Oscillation more pronounced in velocity v(t) than in intensity I(t)
-Periods P=14-18 min, strong damping t_D=12-19 min, � t_D/P~1



MHD slow (acoustic) mode

-Longitudinal reflection of acoustic waves 

-Period for slow modes (Roberts et al. 1984) : 
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Analytical model of slow mode oscillations

Velocity perturbation v(s,t) along loop s as a function of time t :
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Torsional mode (azimuthal oscillations)

Tapping (1983)
Hollweg (1990)
Ruderman, Berghmans, Goossens, Poedts (1997)
Ruderman & Roberts (2002) 



Torsional mode (azimuthal oscillaticns)

Tapping (1983)
Hollweg (1990)
Ruderman, Berghmans, Goossens, Poedts (1997)
Ruderman & Roberts (2002) 



Multi_mode oscillations :
(1) P_sausage = 5
(2) P_tors = 10
(3) P_kink = 20
(4) P_slow = 200

Duration t=100



Damping Mechanisms

1) Non-ideal effects (viscous and ohmic damping, optically thin radiation,
thermal conduction) � weak damping

2) Wave leakage from sides � weak damping

3) Wave leakage at footpoints (DePontieu et al. 2001)
� weak damping for standard chromospheric scale heights, 

H=2000 km (Ofman 2001),
� but can cause strong damping for extended chromosphere

(see RHESSI measurements, Aschwanden, Brown, & Kontar 2002)

4) Phase mixing (Heyvaerts & Priest 1983), viscous damping in
inhomogenoeus medium. Yields the correct scaling law if scale of 
inhomogeneity l is proportional to loop width or loop length (l~w~L)
(Ofman & Aschwanden 2002) 

5) Alfvenic resonant absorption (Ionson 1978, Rae & Roberts 1981,
Rudermann & Roberts 2002, Goosens, Andries, & Aschwanden 2002)
Damping of order  t_d/P~3  if density slope ~ loop radius
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Periodic and quasi-periodic phases of fast MHD sausage mode (Roberts et al. 1984)



Higher harmonics can be easily excited with asymmetric exciters.



Propagating EUV/UV Waves

Nakariakov, Ofman, et al. (1999) TRACE damping
Nakariakov, Verwichte et al. (2000) slow waves
Nakariakov & Ofman (2001) TRACE magn.field B
DeMoortel, Hood, & Ireland (2002) TRACE damping



Upward propagating waves in plumes in coronal holes
v=100 km/s (sound speed)
DeForest & Gurman (1998)



Propagating sound waves, TRACE `171 A,
Driven by 3-min and 5-min p-mode oscillations
(DeMoortel et al. 2000)



Detection of propagating waves In optical wavelengths 
during solar eclipse 
(P=6 s, v=2100 km/s)

(Williams et al. 2002, MNRAS 336, p. 747)



Comparison of measured nonthermal
velocities dv (left) and predicted
line widths dv (left) from density model
n_e(h) (top left) and the relation for
Alfven waves in radially diverging fields,
dv(h) ~ n_ê [-1/4] ( r ).

(Doyle et al. 1999) 
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Nonlinear Oscillations 

T.N.Buch et al. (1998)
Physics Letters A 248, 353



Quasi-periodic phase for nonlinear dissipative systems with limit cycle.
(Weiland & Wilhelmsson, 1973)

Strange Attractor Dimension analsyis of radio pulsation events D=2.5-3.5,
requiring >4 independent physical parameters to describe nonlinear system
(Kurths, Benz, & Aschwanden 1991)

Ruelle-Takens-Newhouse route to chaos identified (Hopf-bifurcation)
(Kurths & Karlicky 1989)



Quasi-periodic radio type III bursts  (Aschwanden et al. 1994)



Periodicity analysis of quasi-periodic radio bursts (Aschwanden et al. 1994)



Quasi-periodic sequences of radio type U-bursts (electron beams propagating
along a closed magnetic field line) are correlated with quasi-periodic
hard X-ray bursts � quasi-periodic acceleration/injection
(Aschwanden, Benz, & Montello 1994)



Kiplinger et al. (1983)

Recurrent pulse trains in
The 1980-Jun-7 flare

Period: P=8.2 s

Interpretations:

Sequential “ firing”  of flare loops

Oscillating current sheet
in two-loop interactions 
(Sakai & Ohsawa 1987;
Tajima et al. 1987)



Tajima et al. (1987): Numerical simulation of oscillatory phase in explosive
magnetic reconnection process (oscillations in E_y, B_x, E_z, T)
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33) Energy budget of coronal waves 

Total coronal energy losses
(thermal conduction, radiation, solar wind)

Coronal hole                 F=8*10^5 erg cm2 s
Quiet Sun                      F=3*10^5
Active region F=    10^7

(Withbroe & Noyes 1977)



Kinetic energy  
dissipated from loop oscillations :

32
2

2

2
*

,
2

**

,*
2
1

�
�

�
�
�

�==

=��
�

�
��
�

�
=

==

==

==

=

P
L

n
q

q
m

dtdA
dE

Q

Lqd
P

d
v

nmmn

Pqdt

LdAdldAdV

dVvE

e
damp

ampl
p

kin

amplampl
ampl

ep

dampdamp

kin

mp

p

mr

t

r

-kink amplitude
-sausage cross section

amplitude
-torsional amplitude



Kinetic energy  
dissipated from loop oscillations :
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Kinetic energy  
dissipated from loop oscillations :
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Coronal hole: 
scmergQsPcmnq edamp

2638 /10*6.13,10,10 >®<== -

Quiet Sun:
scmergQsPcmnq edamp

2538 /10*0.35,10,10 >®<== -

Active Regions: 
scmergQsPcmnq edamp

2839 /10*6.13,10,1 >®<== -



Conclusions : 

3) Active regions could be heated by dissipation of the kinetic 
energy of oscillating loops for fast periods P<3 s and 
replenishment times of comparable time intervals. 

4) Quiet Sun regions and coronal holes could be heated by
dissipation of the kinetic energy of propagating waves for
fast periods of P<3-5 s and replenishment times of 30-50 s
(Watch out with TRACE and Solar-B).

1) The dissipation of the kinetic energy of loop oscillations
or propagating waves scales with 

2) The currently observed loop oscillations driven by 5-min
and 3-min p-mode oscillations provide far too low energy
to contribute significantly to coronal heating.
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This POWER-POINT presentation can be downloaded from :

http://www.lmsal.com/~aschwand/
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