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The Sun is hot – 6000 K



▣ The Sun is hot

▣ The Corona is Hotter

▣ Why?
6000 K

Why?



Wilhem et al. (2007)





▣ Only 0.01% of Sun’s energy output required. 

▣ Energy source is fluid motion in outer 
convection zone.  



G-band 4305.6+/- 10.8 Å



▣ Only 0.01% of Sun’s energy output required. 

▣ Energy source is fluid motion in outer 
convection zone.  

▣ Jostling of field lines gives energy to corona 
via: 

 Magnetic reconnection

 Waves
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Parker (1983)

Fisk (2005)





▣ Heating looks constant, not epsiodic. 

▣ Are there a large enough number of small 
reconnection events to provide effectively 
continuous energy input?
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Spicule





Belcher & Davis (1971)

Alfvén waves from Mariner 5 at Venus.
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▣ Waves are found throughout the corona and 
solar wind.

▣ If the waves are damped then they can heat 
the plasma. 

▣ Collisions (viscosity, resistivity) damp waves 
but require length scales of ~3 Rʘ

▣ Above ~2 Rʘ low density and supersonic solar 
wind make heat conduction inefficient.
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 Hinode launched 2006

 171-211 Å & 245-291 Å

 0.022 Å/pixel

 1” and 2” slits



 Polar coronal hole from April 2009 

SOHO/EIT Image in Fe IX 171 Å



Coronal Hole –
open magnetic 
field lines, 
T~ 1 MK, less 
dense.

Quiet Sun Corona-
loop magnetic field 
lines, T ~ 1.5 MK.

Active Region -
strong magnetic field 
above sunspots, T > 
2 MK.

Image shows plasma at ~ 1.6 MK



McComas et al. (2008)

Coronal Holes

Fast Wind

Slow Wind

Ulysses - polar orbit of the Sun at ~1 AU. 

SWOOPS = Solar Wind Plasma Experiment

Streamer





 Polar coronal hole from April 2009 

 Sum of 4 observations of 30 min. each 

 Observed up to 1.44 Rʘ

SOHO/EIT Image in Fe IX 171 Å



Portion of a typical EIS spectrum. 
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M – Ion Mass
vnt– Nonthermal

velocity
Ti – Ion temperature

Subtract instrumental width

Wave amplitude δv from <δv 2> = 2vnt
2. 

Ti affected by ion cyclotron resonance heating. 



Wave energy flux is  

If undamped then FA is constant.

Flux tube BA = constant, thus :

If waves are undamped since ρ decreases with 
height vnt must increase. 
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1. Assume Ti constant with height. 



Landi & Cranmer (2009)

R < 1.1 R


: 
Cooling by 
collisions faster 
than heating

R > 1.2 R


: 
heating becoming 
stronger than 
cooling.

Ti ~ const. Ti grows
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1. Assume Ti constant with height. 

2. Assume waves undamped at low heights.
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Undamped R < 1.15 R


found by Banerjee et al. (1998, 
2009), Dolla & Solomon (2008), Doyle et al. (1998)...

Fe IX
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2. Assume waves undamped at low heights.
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from Fe IX line ratio

Scale-height fit

Empirical function
from white light 
measurements
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2. Assume waves undamped at low heights.

3. Fit data with vth and vnt(R0) free parameters.
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vth = 25.8 ± 5.4 km s-1

vnt(1.05 R

) = 32.2 ± 4.2 km s-1

Fe XI



The fit used up to 1.12 R

.

To extend, assume Ti remains constant. 

In reality, Ti increases at large heights. 

In deriving vnt, not subtracting enough vth.

We may underestimate the actual damping. 
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ρ -¼All lines have 
the same vnt.



AntVvF 22
4

B
VA 

B (R )/B (R

) = A(R


)/A(R )

ρ ~ 1.15mpne

For B use empirical model (Cranmer et al. 1999) . 

B (R

) = 7.3 ±1 G  (Wang 2010) 



For undamped
waves



F = 6.7 ± 0.7 x 105 erg cm-2 s-1

1.12 ± 0.04 R


Ld = 0.18 ± 0.04 R


td = 68 ± 15 s



To heat coronal hole and accelerate solar wind

~6 x 105 erg cm-2 s-1 required during this time.

Measured 6.7 ± 0.7 x 105 erg cm-2 s-1

Waves carry and dissipate enough energy at low

enough heights to heat coronal holes and 

accelerate the fast solar wind. 
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▣ The structure of the real solar magnetic field 
is not homogeneous - allows additional 
damping mechanisms:

▣ Gradients across the magnetic field: 

 E.g. Phase mixing

▣ Gradients along the field: 

 E.g. Wave reflection & turbulence
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Roudier et al. (2009)

Greyscale is 
magnetic field, 
white = positive, 
black = negative, 
grey = neutral. 

Black lines outline 
edges of 
convection cells 
(supergranules).

Magnetic network. 



Gabriel (1976)



Borovsky (2008)

Sketch of flux tubes at 1 AU



VA1

Footpoint oscillations 
generate waves at 
same frequency, 
initially in-phase.

Due to different VA

(phase velocity) waves 
become out of phase. 

Increases viscous 
damping (friction)

VA2 VA2VA1
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Strong wave reflection if VA changes over 
scales shorter than the wavelength



Waves reflected if ω < ωcritical ~ dVA/dr

Photospheric source ω ~ 0.05–0.005s-1

High ω / short λ
waves transmitted

Low ω / Long λ
waves reflected
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Inertial Range –
Turbulence transfers 
energy from low to 
high frequencies. 

10-3 10-2 10-1 100 101

Hz

Dissipation Range –
Interactions with 
particles remove energy 
from fluctuations. 

Interaction of the outward propagating and 
reflected waves generates turbulence.

Leamon et al. (1998) – Measurements at 1 AU



▣ Ion cyclotron frequency 

Ωi= qB/M. 

▣ If wave frequency close to Ωi then waves can 
efficiently transfer energy to the ions.

▣ Expect more power at low frequencies, so 
heating depends on q/M.  

▣ Measure Ti vs. q/M to look for evidence of 
resonant heating.



Measured Ti compared to predicted 
trends for turbulence-driven heating



▣ Waves carry and dissipate enough energy at 
low enough heights to heat coronal holes and 
accelerate the fast solar wind. 

▣ What causes the wave damping?
 Magnetic structure allows damping processes.

 Laboratory experiments are planned to study these.

▣ What heats other structures of the corona? 
 Models and some measurements suggest quiet Sun 

could also be heated by waves. 

 Currently applying this type of analysis to quiet Sun. 


