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-
The Sun: facts

@ Age =4.5x10% yr

Mass = 1.99x 103 kg (330,000 Earth masses)

Radius = 696,000 km (109 Earth radii)

Mean distance from Earth (1AU) = 150x10° km (215 solar radii)
Equatorial rotation period = ~25 days

Mass loss rate = 10” kg-s~!

It takes sunlight 8 min to reach the Earth
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-
The Sun: facts

@ Age =4.5x10% yr

Mass = 1.99x 103 kg (330,000 Earth masses)

Radius = 696,000 km (109 Earth radii)

Mean distance from Earth (1AU) = 150x10° km (215 solar radii)
Equatorial rotation period = ~25 days

Mass loss rate = 10” kg-s~!

It takes sunlight 8 min to reach the Earth

The radiation power is ~1.5 kW-m~2 at the distance of the Earth
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-
The Solar interior
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-
The Solar interior
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T —
The Sun and its Magnetohydrodynamics

The induction equation is

?;:ZVX(VXB)—}-ﬂVzB, (1)

where v is the fluid velocity, B is the magnetic field strength, 7 = 1/ (p00)
is the magnetic diffusivity and ¢ is the time.
The magnetic Reynolds number is

L
R = 117 = Ho0opuL,

where 1 is the permeability of free space and oy is the electrical
conductivity of the material and L is the length scale.

Elena Kronberg: Space Weather Lecture 2: The Sun and the Solar Wind



T —
The Sun and its Magnetohydrodynamics

The induction equation is

?)?ZVX(VXB)—}-WVZB, (1)

where v is the fluid velocity, B is the magnetic field strength, 7 = 1/ (p00)
is the magnetic diffusivity and ¢ is the time.
The magnetic Reynolds number is

L
R = 117 = Ho0opuL,

where 1 is the permeability of free space and oy is the electrical
conductivity of the material and L is the length scale.

For most solar phenomena R,, ~ 10® — 10'? = the magnetic field is
“frozen” to the plasma.

For the Earth’s dynamo R;;, ~ 103, generation of the magnetc field in laboratory R;; < 1 due to small scales
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Frozen-in condition

a) b)

§ Ty
p’

When plasma starts to move, the magnetic field lines will be frozen-in and follow the motion of the plasma.

c)

A highly conducting plasma is
approaching an area of the
magnetic field.

Due to the high conductivity the field
cannot penetrate the plasma and is
pushed ahead of the plasma blob.

Credit: A. Brekke
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The Sun and its Magnetohydrodynamics

The momentum equation is

dv .
P =—VptjxB+tpg @)

where p is the plasma density, p is the plasma pressure and g is the
gravitational acceleration.

Equating the left-hand side to the magnetic force in order of magnitude
gives a speed of
B

V Hop

where v 4 is the Alfvén speed and is the typical speed to which magnetic
forces can accelerate plasma.

0 =

=va,
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T —
The Sun and its Magnetohydrodynamics

The continuity equation
dp _
I +poV-v=0, (3)
and energy equation
PAlp)_ g, 2 2
L (B) v wvn-pon+L

which describes how the entropy of a moving element of plasma changes
because of, e.g., three effects on the right-hand side (nere - is the adiabatic index):

@ the conduction of heat, which tends to equalize temperatures along
the magnetic field, « is the thermal conductivity

@ the optically thin radiation, with a temperature dependence Q(T)

@ ohmic heating.

More details on MHD equations and their use in modeling of the Sun are e.g. in Priest, Magnetohydrodynamics of the Sun, 2014.
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-
Photosphere: sunspots

Sunspots are regions with reduced
surface temperature caused by
concentrations of magnetic field flux
that inhibit convection

B=0.3-10% nT
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Photosphere: sunspot generation mechanism
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Magpnetic field loops out of Sun

Hot gas unable o
rise here because
of magnetic field.

frozen-in condition: hot gas does not penetrate the area with strong magnetic field Image from oswego.edu
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-
Photosphere: sunspots

3
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11.<quiet>

Tiwari, S., A&A,
2015, Solar Optical
Telescope,
Spectropolarimeter
(vector
magnetograph),
Hinode
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Photosphere: sunspots
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-
Photosphere: sunspot structure

Thomas et al., 2002
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Photosphere: sunspots

Credit: Peter

& Suetterlin and Rob
Rutten and the
Dutch Open
Telescope (DOT)
team
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Photosphere: sunspots

@ Huge Hurrican

2006-12-14 22:00:06

Credit: Team of Hinode
is a mission of JAXA,
NASA and UK space
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Solar cycle

@ Number of solar spots changes. Solar cycle spans from one minimum
to the next — ~11 years

@ Hale cycle is complete magnetic cycle — ~22 years

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS
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Photosphere: Why the Sun is brighter during solar
maximum??

@ Sunspots are accompanied by bright white
spots called faculae that cause an overall
increase in solar irradiance.

@ Solar faculae form in the canyons between
granules. Faculae are produced by
concentrations of magnetic field.

@ Density of the gas is strongly reduced by
the presence of strong magnetic fields.
The deeper layers of the granule become
transparent. They are hotter and radiate
more strongly, explaining the brightening.

¢ @ Sunspot magnetic fields are far stronger.
VAPOR visualization of ‘ They cool the surrounding gases so that

the top layers of a 3-D

MHD model Wy the spots appear dark.
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Active regions

@ An active region is an area with an especially strong magnetic field.
@ Sunspots and faculae are indicators of active regions.
@ They are prone to solar flares and coronal mass ejections.

X-ray Telescope from
Hinode, 2 months of
images in 2013

Credit: NASA
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What about single sunspots?

The origin of sunspots is a very difficult and complex problem!
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Photosphere: solar flare

@ Flare is a sudden flash of brightness observed near the Sun’s surface.

@ X-rays and UV radiation emitted by solar flares can affect Earth’s
ionosphere and disrupt long-range radio communications.

@ Direct radio emission at decimetric wavelengths may disturb the
operation of radars and other devices that use those frequencies.

@ ltis a very challenging task to predict solar flare machine leaming helps).

Credit: HInode team,
-g0: ' Solar Optical
2006-12-13 00,0021 Telescope (SOT)
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Chromosphere: solar flares

Operational prediction of solar flares using a transformer-based
framework, Abduallah et al., 2023, Scientific Reports, M-class with ~89%

GOES Xray Flux (5 minute data)

3 <
~ Solar Flares _ 1z
M3.6 flare, Scale R1 W - "6 EN <‘>
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Updated 2000 Jul 14 19:04:03 NOAA/SEC Boulder, CO USA

@ Scale R1 — HF radio occasional loss
of contact. LF navigation signals
degraded for brief intervals. M1 class.

X6.9 flare, Scale R3

@ Scale R3 — HF radio communication:
loss of contact for about an hour on
sunlit side of Earth. LF navigation

signals degraded for about an hour.

Corresponds to X1 class of solar flare.
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Chromosphere: Prominence

@ A prominence is a large, bright, gaseous feature extending outward
from the Sun’s surface, often in a loop shape.

@ The magnetic field is embedded in plasma — frozen-in condition

@ Magnetic field strength is 10¢ =107 nT

%
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-
Chromosphere: Prominence and Filament

@ Filaments are magnetic loops that hold relatively cool, dense gas.
@ Difference in view: prominence — against space, filament against Sun

Filament eraption, 2010

Prominence eraption, 2015
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Prominence and Coronal Mass Ejection (CME)

1 2

Prominence

Solar Flare?

Credit: SSL Berkely
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Solar Flare and CME

Energy comparison:

Large Solar flare —

~10? of megatons of TNT
Earthquake (magnitude 8.0) —
~103 megatons of TNT

plasma ejected
away from Sun (blob)

Hard X-ray
emission —
Solar flare

Credit: SSL Berkely
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The difference between CMEs and Solar Flares?

CME and Flare
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-
Solar Proton Event

@ A solar proton event (SPE), or
”"solar radiation storm”, occurs
when particles (mostly
protons) emitted by the Sun
become accelerated either
close to the Sun during a flare
or in interplanetary space by
CME shocks.

@ The strength of SPEs and
CMEs is reflected by Space
Weather scale S.
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Propagation of CME

SUN

Counterstreaming
Electrons

Elena Kronberg: Space Weather Lecture 2: The Sun and the Solar Wind 28/49



Coronal Holes

Dark regions where the magnetic field is open and through which the solar
wind is streaming outward.

The strength of magnetic field
at the poles is ~10° nT
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o wh)

1 Total magnetic field flux, Vieir:a, 2010
H a

Solar magnetic field topology

Total Observed Flux (1

Cycle 20 Cycle2t ¥ S Cycle 28
v

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Time.

@ The Sun has a complex magnetic field geometry

@ Coronal helmet streamers are large closed magnetic loops which
connect regions of opposite magnetic polarity. They lead to formation
of heliospheric current sheets.

HORTH

HORTH

NORTH

< s0UTH - suum. N
CORONAL MAGHETIC FIELD LINES AT COROMALHABNETIC FIELILINES AT

CORONAL MAGHETIC FIELD LINES AT
AL I KT SOLAR MAXIMUM ACTIVITY

MEXT SOLAR MININUM
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Solar Corona
The total eclipse of 29 M

Credit: M. Druckmuller and P. Aniol
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Solar Corona

@ Difference between closed magnetic field and prominence:
prominence has cusps to hold plasma, closed magnetic field lines are
empty of plasma

@ Coronal loop must be filled with plasma

Slow

Solar

Wind

Stalk

Open
Magnetic
Field

Closeq
Corona M i-ig;?jnc
T=2 million °K

Coronal
Streamer

Prominence

Photosphere T=5,780 °K
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-
The Solar wind

Solar wind is a plasma, gas of charged particles with equal numbers
of free positive and negative charge carriers

Mainly electrons and protons, He (5%)

Free charges make the plasma highly electrically conductive
Density 710w 5 cm~3 and temperature Tgy ~10°K (room ~293 K)
Interplanetary Magnetic field (IMF) Bg, ~5 nT at the Earth

Velocity vgy >~ 300 — 800 km/s
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e
Solar wind evidence

@ Particles streaming from the Sun exert pressure upon interplanetary
matter, evident from observations of comet tails.

plasma tail
caused by the
dust tail caused Teils ger |Im9E - 1 -solar wmd

by the solar
radiation
pressure

Orbit of comet _ .,."---

Churimov-Gerasimenko Comet obseved by Rosetta. Image Credit: ESA
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Solar Wind Flux Tube

Cross-Sectional
Area dA(r)

G

Fiow/Flux Tupe
Detined by Radiol

Stream/Field Lines Cross-Sectional

Area dA, at
y Radius R

Base of Corona
on Sphere of
Radius R

Conservation of the magnetic flux
within the tube

2
B(r) <;> dAy = Bod A,

B(r) = By <I:>2

The solar corona and any fixed
source are rotating at an angular rate
of

or

w— 27t rad
~ 25.4days
=27 %10 ®rads™!
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Solar Wind Flux Tube

The azimuthal plasma velocity in frame of reference rotating with the Sun
Vo = —wr

The magnetic field follows the plasma flow

Bq,:ﬁ:—wr

B, v, V(r)

“elie This gives a differential equation for the field
lines near the solar equator

rd¢p  —wr
dr — V(r)

If V(r) is constant and location of the source is at ¢, ¥ = R then

r—R= —2(4’—4’0)-

This geometry is known as the spiral of Archimedes.
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Interplanetary magnetic field (IMF) topology

@ Due to the conservation of angular momentum of the plasma, the IMF
lines trace out Archimedian spiral patterns (called Parker spiral).

@ At Earth the IMF makes an angle ¢ ~ 45° with respect to the
Sun-Earth line

@ tan¢ = Rsrws/Vsw, where Rgr is the Sun-Earth distance and 1 AU
(Astronomical Unit)=150x10"m.

4 Solar Wind
Speed

| 400 km/s
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IMF topology

Image Courtesy: J. Borovsky (left) and Borovsky 2008, JGR

@ A depiction (center) looking at the sides of the tubes. An end view
(right) depicts the cross sections of the network of tubes.

@ The scale sizes of the flux tubes correspond to the scale sizes of
granules on the solar surface. The median diameter of a flux tube at 1
AU is 5.5x10° km (~86 Earth's radii).
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IMF topology

@ The heliospheric current sheet is the separation layer between
positive and negative magnetic field lines, resembles a “ballerina’s
skirt”.
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Solar wind speed

Solar Wind
Speed
(km/s)

Outward IMF Inward IMF
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Solar wind topology

@ High speed solar wind streams are formed by solar wind originating
from coronal holes.

@ A stream interaction region forms at compressed boundary between
fast and slow solar wind in a high speed stream (HSS). HSS over
multiple solar rotations are called corotating interaction regions(CIRs).

@ Due to the tilt of the coronal magnetic field with respect to the Sun
rotation axis CIRs are formed during declining phase of solar cycle

Ambiep
s,
> r

-

Image Courtesy: Desai et
al., 2007
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-
Fluctuations in the solar wind

@ High-speed solar wind streams contain a complex spectrum of
wave-like oscillations in velocity, density, and magnetic field strength,
with periods ranging from seconds to days (Gurnett, 2001).

@ Often this perturbation is related to Alfvén waves:

@ b= =+v, /up, whereb =5Bandv =56V

T ETT T

-200 0 200 400

Time from 2018-11-06 12:19:47 (s)
Observations at 35 solar radii by
the Parker Solar Probe from
Kasper et al., 2019
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-
Prediction of the solar wind speed using deep learning

2011-01-01 2011-01-02 2011-01-03 2011-01-04 2011-01-05 2011-01-06 2011-01-07 2011-01-08 2011-01-09 2011-01-10

5 6 6 1
e E

AIA193

AlA211

EEEE
:

Solar wind speed data corresponding to AIA imagery data

2011-01-01 2011-01-02 2011-01-03 2011-01-04 2011-01-05 2011-01-06 2011-01-07 2011-01-08 2011-01-09 2011-01-10
Date

AIA 1934 image segmentation AIA 2114 image segmentation

Segmented SDO EUV images
for generating coronal holes and
active regions masks

from Upendran et al., 2020

2016-01-26 00:00:00 2016-01-26 00:00:00
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Question: Which direction does the solar wind have at
the Earth’s distance?

Frozen-in flux concept vs Observations

3
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Monitoring the Sun

. . Credit: NASA/SDO/Goddard Space Flight Center
@ Sun in different wavelengths seen by SDO

HMI Dopplergram HiI Magnetogram HMI Continuum AlA 1700 A
Surface movement Maognelic field polarity watches visible light 4500 Kelvin
Phatosshere Photosohere Photasphers Photasphere

Al& 4500 A AlA 1600 A AIA T A AlA 193 A

S000 Kelvin 10,000 Kelvin i 400,000 Relvin 1 n Kelvin

Photosphera Upper photosphera/ ion/ n fflare plasma
Transition region

AlA 335 A AlA 094 A
2.5 million Kel 4 million g
Flaring re.

Elena Kronberg: Space Weather Lecture 2: The Sun and the Solar Wind 45/ 49



Wien’s law
Credit: Hyperphysics
483 nm -3

T % T=2.898 x10°mK
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E 9]
% 8 1 The wavelength of the peak of
f 7 the blackbody radiation curve
S 6 6000 K gives a measure of temperature.
25
2 4
O
T 3 |
@
z 2
(=]
o 1 e

100 500 1000 1500 2000 2500

966 nm (IR) Wavelength (nm)
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Monitoring of the solar wind

@ http://www.swpc.noaa.gov/products/ace-real-time-solar-wind
@ http://www.swpc.noaa.gov/products/

@ http://iswa.gsfc.nasa.gov/IswaSystemWebApp/index.jsp

@ hmi.stanford.edu/MHD/daily_mhd.html

HELIOPHYSICS FLIGHT PROGRAM

TRAC
S0 Polae  ACE

1994 1996 1998
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T —
Summary

@ The variability of Sun is complicated and not easy to be predicted.

@ Solar flares can directly lead to distructive consequences in radio

communication, see consequenses of Space Weather R-Scale in
Lecture 1.

@ Penetrating particles from solar radiation storms can lead to
distructive consequences of S-Scale.

@ We will learn later how the IMF direction and CMEs influence Space
Weather.
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