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Guiding Questions

What are solar active regions? How do we know that
sunspots are regions of strong magnetic field? How is
magnetic field of the Sun measured?

What is the magnetic structure of a sunspot? Why are
sunspots dark?

Can we observe magnetic field in the corona”? How do
we study coronal magnetic field?

What is a solar flare? What is the connection between
solar flares and magnetic field? Where comes the
energy of a solar flare?

What is our current understanding of the physical
mechanism of solar flares? How can we be convinced
that flares are driven by magnetic reconnection?

What is a Coronal Mass Ejection (CME)?



The sun’ s atmosphere is highly structured and dynamic,
and is filled with magnetized plasmas.

Examples:

coronal loops: confinement
and heating

Filaments: magnetic support
Spicules: dynamics

flares and CMEs: energetics
solar winds: geometry and
particle acceleration
sunspots

solar cycle .......

"If the Sun did not have a magnetic

field, it would be as uninteresting a
star as most astronomers believe it
to be." R. Leighton.




16.1 Magnetic Field and Force

Magnetic field may be viewed as being generated by electric
currents. Like electric field, magnetic field applies a force on
charged particles that are moving with a velocity perpendicular
to the magnetic field.

A current applies a repulsive or attractive force on another
current through the magnetic field, just like a mass applies a
force to another mass through the gravitational field.

A A A

v

Parallel currents attract Anti-parallel currents repel



Ex 1: magnetic field generated by electric currents.
( all figures from http://hyperphysics.phy-astr.gsu.edu/
hbase/magnetic/magcon.htmi#c1)

Magnetic field by a straight line current
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Magnetic field by a bar magnet - where is the current?



Spin The geographic North Pole is a
axis magnetic south pole.

Magnetnc
field lines

(;3

Earth’ s Magnetic field



Magnetic field traps charged particles by Lorentze force.
Therefore, plasmas may move along magnetic field lines

but not across.

Ex 2: examples of plasma — magnetic field interaction in
the solar system (including the Sun).

- magnetospheres and aurorae on planets

-comet’ s ion tail

- sun’s coronal loops and solar wind

On the other hand, plasmas can also push and pull
magnetic field (?7?)



16.2 Solar active regions and magnetic fields

Active regions are where the atmosphere is most “active”, or
hotter and more dynamic. These are regions of concentration of
magnetic field. Sunspots are often found in active regions.

Active regions are
bright at nearly all
altitudes and
wavelengths.

Active regions tend
to reside in low-mid
latitudes in both
hemispheres.
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Sun spots are cool regions of strong magnetic fields (a few
hundred to a few thousand Gauss: 1 Gauss = 0.0001 Tesla) in the
photosphere.

SOHO/MDI Continuum

SOHO /MDI Magnetogram

14—Jul—2000 20:48 T4—=Jul—2000 01:41

Gauss

Stanford Lockheed Institute for Space Research)

Intensity and longitudinal magnetic field maps observed by Michelson
Doppler Imager. White/dark indicates field lines pointing outward/inward.
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Magnetic fields are observed/measured by Zeeman effect,
or split and polarization of a magnetically sensitive spectral
line. | ‘

Ex.3: Zeeman
effect: the
amount of line
split is roughly
proportional to
el | the magnitude
(b) The spectrum in and around | of magnetic
field: A\ ~B

Outside the sunspot, the
magnetic field is low

and this iron absorption
line is single.

Within the sunspot, the
magnetic field is strong *

(a) A sunspot

Magnetic field is a vector. All three components of magnetic
field can be measured according to their polarization
properties to produce a vector magnetogram.



Technique Highlights

Solar magnetic field measurement based on I .

Zeeman effect %
—_ W Energy
eﬂdz B ransiions Levels
Ad, =282 _4.67x107° 1B
47om ¢ *
Available Zeeman sensitive lines in NIR I B Spectum
Fel 0.630 um, Ag = 1575 nm, photOSphere without magnetic field  with magnetic field

Til 2.231 um, Ag = 5678 nm, photosphere
Fel 4.064um, Ag = 5080 nm, photosphere
Sil 4.143 um, Ag = 9321 nm, photosphere
Cal 3.697 um, Ag = 4067 nm, chromosphere
Mgl 3.682 um, Ag = 4307 nm, chromosphere

The highest precision magnetic field measurement |
in solar chromosphere

The only fully cryogenic NIR solar spectrograph | U Q V

Chromospheric magnetic field
measurement with Ca Il 854.2 nm




Q: why are sunspots dark?

The temperature of a sunspot is
lower than the quiescent
photosphere temperature.

Tspot =4000 K< 6000 K=T,,,
Fspot Fono = (4000/6000)* = 0.2

Redder and less bright!




Ex.4: around the sunspot, the force balance is maintained
between gas pressure and magnetic pressure.

Gas pressure : P, = nkT
: - 2
P, : gas pressure in N/m

n: particle number density in m>

k - Boltzmann constant = 1.38x10% J/K

T : temperature in K degree
B2

Magnetic pressure : P, =—
20

P_ : magnetic pressure in N/m?
B : magnetic field in Tesla: 1 Tesla = 10* Gauss

Uy : permeability of vacuum = 47 x 10" NA™



The ratio of gas (plasma) pressure to magnetic pressure is
defined as the plasma .

ﬁ—i— nkT
P B2y,

Ex 5: the magnetic field at Earth’ s surface is about 0.5 Gauss
(or 5 x10-° Tesla). How does the magnetic pressure at Earth’ s
surface compare with the air pressure (eg. at the sea level,
1atm = 1.013x10° N/m?)? What is the 3 value?

The Sun’ s photosphere is of high B, and the corona is of
low f (find this out in your homework). Therefore, in and
below the photosphere, gas pushes magnetic field (e.qg.,
dynamo); and in the corona, magnetic field pushes gas.



16.3 Magnetized atmosphere

Magnetic carpet

Magnetic field rooted from
below the photosphere
expands upward and
governs the upper
atmosphere properties,
such as coronal heating.

——

In solar corona, where the
maghnetic pressure
dominates the gas
pressure, magnetic fields
are in control.



It is very difficult to directly observe and measure magnetic
field in other than the photosphere, because the field
becomes very weak upward, producing little Zeeman splitting.

The coronal magnetic field is
reconstructed by
extrapolation from
photospheric magnetograms.

modeled coronal
magnetic fields

Mats Carlsson

solarmuri.ssl.berkeley.edu



top view

side view

Coronal magnetic
field reconstructed by
extrapolation:
numerically
determine the
magnetic field at
each altitude,
following physical
principles, with some
assumptions and
observational
constraints.

Q: can a magnetic field line
break and end somewhere in
the air?



Q: Why do we care about magnetic fields in the corona?

magnetic field governs behavior of plasmas (low 3)
magnetic field provides energy for solar activities.

Ex.6: Magnetic field deviating from a potential field
(no electric current) contains free magnetic energy
to fuel energetic solar activities. E.g. a twisted rubber
band contains more mechanical energy and strives

to return straight. . .
magnetic energy in a volume :

BZ
WB = fz—d’lf
W

AWB = WBnp - WBp = Eﬂare + ECME



16.4 Solar flares and magnetic reconnection

The fire and the
storm: explosive
energy release
from the Sun.

EUV image of the
Sun’s corona by
SDO.



Ex.7: live observations of flares

A face-on flare loop A side view of flare loop arcade

flare at an earlier time flare at a later time

boi . "ﬂ d

4

top view of the feel at low temperature A top view of flare IC’OIO arcade
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A M1.2 flare on August 17, 2013
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flares: a spectacular form of violent solar energy release.

1.0F 3 Atypical flare

1 releases energy
1 of 102125 joules
in 100 -102
minutes. It heats
plasmas and
produces beams
of particles with

high energies.

hard X-ray
hard X-ray -
microwave .

soft X-ray

0.8
06
0.4k

02k

0.0

16:20 16:30 16:40 16:50 17:00 17:10

flare ribbons
in the

- e chromosphere

flare loops
in the corona

-

» EUV at 171A . H-alpha 6563A
_ (by TRACE) | (by BBSO)

a large flare observed in different wavelengths



Most flares occur in active regions
where magnetic fields concentrate
and are complex.

They are located at where the
polarity of magnetic fields reverses.

X-ray in magnetogram

s 5 1




Flares are magnetic reconnection events.

8 \
\ ‘/Roconn-.*alonpoln“

a. Solar magnetic-field lines,
anchored in the turbulent
convective zone beneath the
surface, become tangled and
braided, building up magnetic
stress and energy. (Tom Moore)

."" he' Closed magnettc field "'; X
3 ‘ N ‘ \

Open / 4 N __ Tothe
magnetlic  /  / \ {5 solar wind
field £ / A

f“‘\

l\ \

i ,\‘;, (} w. 7
b. Reconnection between tangled
field lines releases the stress and
energy, forming “closed-field”, or
flare loops. (Tom Moore)



magnetic reconnection is considered to release energy at

observed rate.

reconnection region

Credit: ESA

* Magnetic field has a special
property: it does not have a
source or sink. Therefore,
magnetic field lines cannot
break.

« Anti-parallel magnetic field
lines, when pushed close,
exchange connectivities. This is
magnetic reconnection.

« Magnetic reconnection so
occurs that the magnetic
configuration after reconnection
has less energy than before
reconnection.



front view

magnetic

reconnection ——> | <—

ﬂare FOI’bGS
loops .
P As taller flare loops form in
the corona, their feet (flare
flare ribbons ~ .
(adapted from Forbes & Acton, 1996) rlbbons) expand on the

surface.



A grand solar flare in progress




Magnetic reconnection is an important topic in plasma
physics applied to astrophysics, space physics, and fusion
research.

Ex.8: how is the reconnection released energy used and
manifested on the Sun?

_ magnetic energy in a volume :
- push gas to move or eject 2 ,
Kinetic energy > measured in time W, = f B d
lapse movies or Dopplergrams. 2,

_ np p
- heat plasmas - thermal energy AW, =W,™ - W,
—> measured from continuum or =E ..+ Eqp
line emissions.

T

« accelerate charged particles - non-thermal energy -
measured from microwave emission when particles spiral
around magnetic field lines or hard X-ray emission when
particles lose their energy by colliding with high-density
plasmas.



Guiding Questions

What are solar active regions? How do we know that
sun spots are regions of strong magnetic field? How is
magnetic field of the Sun measured?

What is the magnetic structure of a sun spot? Why are
sunspots dark?

Can we observe magnetic field in the corona? How do
we study coronal magnetic field?

What is a solar flare? What is the connection between
solar flares and magnetic field? Where comes the
energy of a solar flare?

What is our current understanding of the physical
mechanism of solar flares? How can we be convinced
that flares are driven by magnetic reconnection?

What is a CME? What is the connection between
CMEs and the space weather? In what ways can we
possibly predict the space weather?



Energy Release
during Flares

Human beings are
unable to predict solar
flares events!




magnetic reconnection is considered to release energy at

observed rate.

reconnection region

Credit: ESA

* Magnetic field has a special
property: it does not have a
source or sink. Therefore,
magnetic field lines cannot
break.

« Anti-parallel magnetic field
lines, when pushed close,
exchange connectivities. This is
magnetic reconnection.

« Magnetic reconnection so
occurs that the magnetic
configuration after reconnection
has less energy than before
reconnection.



3. The helix or **coil” of
magnetic ficld can break loose,
carrying material with it into space.

1. If magnetic field loops 2. ... the field lines of

begn to pinch together... [———— adjacent loops can
" release of energy.

Sun s surface

Before magnetic reconnection After magnetic reconnection

Figure 16-25b
Universe, Eighth Edition
) 2008 W.H. Freeman and Company

Reconnection may also produce the upper bundle of twisted fields,
called “flux ropes”, and release them to interplanetary space.




Coronal Mass Ejections

The most violent solar
activity is reflected in
events called Coronal
Mass Ejections, or CMEs.

2000/02/27 01:54

SDO/AIA 304

2011-02-24 07:27:08088




1998/01/26







_,."7;‘};-"1»306:SBUT 12-Sep~00 12:20:58UT .
B The most energetic

flares are often
associated with
coronal mass
ejections,

Coronal mass ?

ejections may carry £
magnetized 048 '

plasmas to the ’

Earth and be A=,

measured as a e -
complicated R il

magnetic structure, . .
9 tic cloud” A complicated magnetic
a magnetic cloud ., gircture forms on the

by saj[ellites Sun and is ejected out
crossing the cloud.  of the Sun.



3. The helix or **coil” of
magnetic ficld can break loose,
carrying material with it into space.

1. If magnetic field loops 2. ... the field lines of

begn to pinch together... [———— adjacent loops can
" release of energy.

Sun s surface

Before magnetic reconnection After magnetic reconnection

Figure 16-25b
Universe, Eighth Edition
) 2008 W.H. Freeman and Company

Reconnection may also produce the upper bundle of twisted fields,
called “flux ropes”, and release them to interplanetary space.




’;"- Q what drive Coronal Mass Ejections? What are

. in a Coronal Mass Ejection? e

-
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A S-energy into other forms_of energie . -
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‘-Charged particles accelerated on theb"Suq,’éso-
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46: Ha photograph




We may predict
space weather by
a good
understanding of
the Sun’s
magnetic field and
its evolution.

Why study the CMEs?
Streams of charged particles
from the Sun lead to adverse
space weather and pose
threat to our ambition to
explore the outer space and
solar system.

Space Weather

Computer and Memory
Upsets and Failures

2 S Solar Cell oy High energy
) Damage > protons

Plasma
Bubble

Signal
./ Scintillation

Telecommunication
Cable Disruption










© NASA / Rex Features



Jupiter Aurora HST « STIS -« WFPC2

PRC98-04 « ST Scl OPO « January 7, 1998
J. Clarke (University of Michigan) and NASA




Saturn Aurora HST « STIS
PRC98-05 « ST Scl OPO « January 7, 1998 - J. Trauger (JPL) and NASA
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space weather

Why study the Sun?

Streams of charged
particles from the Sun lead
to adverse space weather
and pose threat to our
ambition to explore the
outer space and solar
system. \; 5
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Solar Flare

Energetic

Electrons Protons

Damage to
Spacecraft 22N
Electronics TR

A\ AG

| o T G I\ -
Induced Current - Radiation Effects
. \ on Avionics
/_/'/; o <

Radio communication Geomagneticall

in Power Systems
GPS '
Spacecraft, satellites

Radiations

Induced Effects in

(* einee® Submarine Cables |, # ‘;

Telluric Currents in Pipelines



Induced Current in Power System
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Induced Current in Power System
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HYDRO-QUEBEC PRESS RELEASE

Direction Relations Publiques
HYDRO-QUEBEC
MONTREAL. CANADA

MARCH 13 BLACKOUT CAUSED BY AN EXCEPTIONALLY STRONG
MAGNETIC STORM

Montreal, March 15, 1989 - Hydro-Quebec confirms that the March 13 blackout was
caused by the strongest magnetic storm ever recorded since the 735-kv power system was
commissioned. At 2:45 AM the storm, which resulted from a solar flare, tripped five lines
from James Bay and caused a generation loss of 9,450 MW. With a load of some 21,350
MW at that moment, the system was unable to withstand this sudden loss and collapsed
within seconds, thereby causing the further loss of generation from Churchill Falls and
Manio-Outardes

Significant grid problems have
occurred...

Current Nationwide
Ihreat Level is

Department of Homeland
Security
Information Analysis and
Infrastructure Protection
Daily Open Source
Infrastructure Report
for 03 November 2003

www.whitehouse.gov/homeland

Energy Sector

Information Notice No. 90-42:
FAILURE OF ELECTRICAL POWER EQUIPMENT
DUE TO SOLAR MAGNETIC DISTURBANCES

Specific events occurred at the Three Mile Island
Unit 1, Hope Creek Unit 1, and Salem Unit 1
nuclear power plants. At Three Mile Island 1, the
licensee observed tripping of capacitor banks in
the 500-kilovolt substation. At Hope Creek 1, the
licensee observed swings in reactive electrical
power and six operations of the main generator...

...in a subsequent inspection of the generator step-
up transformer... severe overheating, melted low
-voltage service connections in phases A and C,
and insulation discoloration in phase B. On
September 19, at Salem Unit 2 nuclear power
plant, a second solar storm damaged the
generator step-up transformer.

Current Electricity Sector Threat Alert Levels: Physical: Elevated, Cyber: Elevated
Scale: LOW. GUARDED, ELEVATED. HIGH, SEVERE [Source: ISAC for the Electricity Sector (ES-1SAC) - hutp:/fesisac.con

ctober 31 - Sun storm causes problems for Swedish power
ystem. The solar storm has caused technical glitches in
weden's power system in the past few days and may be to
lame for a blackout that affected 50,000 people on
hursday, October 30. Magnetic solar storms can wreak havoc
ith electricity grids, and the effects continued to be felt on Friday,
ctober 31, in the Nordic region, particularly in Sweden where
roblems with transformers at a nuclear station and in the grid
ere observed, officials said. Power was cut around 9 p.m. on
hursday in the southern Sweden city of Malmo and lasted 20
inutes to a half hour, utility Sydkraft said in a statement. "We
ave not 100 percent identified the solar storm as the cause, but it
ight have been," said Sydkraft official Peter Sigenstam. A
pokesperson for Sweden's national grid, Svenska Kraftnat said
hat two transformers had malfunctioned, but the problems were
uickly fixed and had not caused power outages to consumers.
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Radio communication

lonization Fruf = 9 X 10°N™"? /sina
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storm in D-level Penetrating magnetosphere

AM BROADCAST SHORTWAVE FM BROADCAST

890-24.
[~ 52070 1620 KHZ BROADCAST S I_ 8870 108 MHZ

15M 12M 10M 1.25¢m 33cm

CELLULAR

500 1820 3540 7-1.3 0.1-10.15 414350 18.068-18.168 21-21.450 28-29.7 50-54 1444148 222:225 430-450 902928  1240-1300
Khz  Mhz Mhz Mhz Mhz Mhz Mhz Mhz Mhz Mhz Mhz Mhz Mhz Mhz Mhz

- LF/MF BAND F BAND —————— — VHF BAND — —UHF BAND —

Frequency ——



05

04

03

0.2

0.1

0.0

1.

Aircrafts across poles

HF(3-30MHz)
communication

2. Radiation harmful to

pilots and passengers

3. GPS and satellites

AVERAGE DAILY SUNSPOT AREA (% OF VISIBLE HEMISPHERE)

failures

HF Communication only

‘ !
< AR J “\. Polarroutes begin and
_fmarnmfsg)_\ - end in the Russian flight
NSNS X “ Information region.

Polar 2(B480)
| Polar 3 (6481) BN

W New polar roptes
New cross<over routes
u Conveational routes

il

| 1 |

1880

L

1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990
DATE

msfcnasa.gov/

't
£
>
7]
2

16%
s
o
H
8
30
'1 |
25
2010
2013/12

20



Solar Cycle and Space Weather

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS
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Bastille Day Event on July 14, 2000
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Aurora over the polar region

During strong
storms, aurorae
appear in the polar
region and extend
to area of low
altitude (even
visible in Florida)




Flares during 2003.10 -11
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Publications with CMEs



Solar Space Satellites




ar and Heliospheric Observatory (SoH

3.7—32 Rsun

Magnetosphere

MDI: Magnetic fields and velocity fields
LASCO C1 C2 C3: CMEs

EIT: EUV Imaging

SUMMER: UV Spectrum in corona
CDS: UV spectrum in corona and
chromosphere

UVCS: UV spectrum in solar winds 340
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Key Words

active regions
coronal heating
coronal mass ejection
filament eruption
flares

free magnetic energy
gas pressure
magnetic field

magnetic pressure
magnetic potential field

magnetic reconnection
magnetogram
non-thermal radiation
particle acceleration
plasma

sunspot umbra
sunspot penumbra
space weather
Zeeman effect



summary

Solar active regions have strong magnetic fields , which
produce enhanced heating and dynamics in the
atmosphere. The solar atmosphere is magnetized.

Magnetic field in the photosphere is studied by measuring
the split and polarization of magnetically sensitive spectral
lines, or the Zeeman effect.

Magnetic field governs activities on the Sun. Violent energy
release events like flares and CMEs are fueled by free
magnetic energy.

Magnetic reconnection is thought to be the driver of solar
flares. Free magnetic energy is release by reconnection to
heat plasmas and accelerate charged particles, which lead
to impulsively enhanced radiation at nearly all altitudes and
wavelengths.

Streams of charged particles from the Sun lead to adverse
space weather. Understanding the Sun’ s magnetic field is
critical to space weather forecast.



