Last lecture (2)

e Plasma physics 2

 Solar activity

Today’s lecture (3)

 Solar activity
» Magnetic reconnection < solar flares

e Solar wind — basic facts



Activity Date Time Room Subject Litterature
L1 31/8 13-15 V22 Course description, Introduction, The CGFCh 1,5, (p 110-
Sun 1, Plasma physics 1 113)
L2 3/9 15-17 Q36 The Sun 2, Plasma physics 2 CGF Ch5 (p 114-
121),6.3
L3 7/9 13-15 Q36 Solar wind, The ionosphere and CGF Ch6.1, 2.1-
atmosphere 1, Plasma physics 3 2.6,3.1-3.2,35, LL
Ch 111, Extra material
T1 10/9 15-17 Q36 Mini-group work 1
L4 14/9 13-15 E2 The ionosphere 2, Plasma physics 4 CGFCh34,3.7,38
T2 17/9 8-10 |Q31 Mini-group work 2
L5 17/9 15-17 |L52 The Earth’s magnetosphere 1, Plasma | CGF 4.1-4.3, LL Ch
physics 5 I, 11, IVA
L6 21/9 13-15 |L52 The Earth’s magnetosphere 2, Other CGFCh4.6-4.9, LL
magnetospheres ChV.
T3 24/9 16-18 [ Q36 Mini-group work 3
L7 28/9 13-15 | Q36 Aurora, Measurement methods in space |CGF Ch 4.5, 10, LL
plasmas and data analysis 1 Ch VI, Extra
material
T4 1/10 15-17 V22 Mini-group work 4
L8 5/10 13-15 | M33 Space weather and geomagnetic storms [ CGF Ch 4.4, LL Ch
IV.B-C, VILA-C
L9 6/10 8-10 Q36 Interstellar and intergalactic plasma, CGFCh7-9
Cosmic radiation,
T5 8/10 15-17 Q34 Mini-group work 5
L10 12/10 13-15 Q36 Swedish and international space physics
L = Lect T = Tutorial research.
= Lecture, | = lutoria
T6 15/10 15-17 Q33 Round-up.
Written 28/10 8-13 Q21,
examination Q26
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Magnetized plasma

Extremely common in space.

In single particle description of
plasma, the particles gyrate in
the plane perpendicular to B.
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Gyro motion

Considgr a positively charged particle in a - dv,
magnetic field. m—— = qvy,B
y dt
dv,,
e I =
[+
\/ dv,
m e = (0  Constant velocity along z
Assume that the magnetic field is in the z-
direction.
dv (d2v, qBdv, dv, ,
— = = = W,—— = —wyV
ms qv X B = dt2 ~ m dt 9 dt 9°x
d*v, gB dv, dv, ,
3 o Mg = ety
_dt m dt dt
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Gyro motion

Ty v, = Re (vOXei(“’g”ax)) = voxcoS(wgyt + )
B=B7 : v, = Re (voyei(“’g”ay)) = voycos(wgt + 53,)

and
- d2v, i
— 2 Vox .
dc2 . Yglx x = —=sin(wgt + &)
d*v 1
Yy _ _ 2 Yoy
dt2 WgVy y = o —=sin(wyt + &)
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Gyro motion

For a particle starting at time =0 at (x,,0) with velocity (0,-v,)
we get (by definition vy, vy, > 0)

vy,(0) = vyyc0s6y, = —v, = Voy =V,0y =T
T 37
v, v, (0) = vy, c086, = vy,,c058, =0 = 0, = 2y
and
B Vox _. T Vox
_ = — = = = — = —
Uy = Voxcos(wyt + by) | x(0) g sindy = Xo Ox =73, Xo wg
1.
(0)=—sint =0
vy = voycos(a)gt + 53,) _ ’ Wg
So
_ - |
Vy = VgyCOS (wgt ks E) = —vgxsin(wyt)
i Vox . N
X = w—sm(wgt + 5x) Uy = vlcos(wgt + n) = —vlcos(wgt)
g _
] Vox ( n
% X =——sin|w,t + ) —coswt = —=cos(—wgt
y = ﬂsin(wgt+ 8y) Wy g2 (wgt) = (=gt)
) “o y = v—lsin(w t+m)= —v—sin(w = v—sin(—w t)
Wg L Wg 97 wg L
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FKTH%

) Gyro motion

Then (because the force is all the time perpendicular to the velocity)
U + vy % = vgtsin® (wyt) + v, % cos(wyt) = v,
VJ_ SO
Vox = V1
Uy = —Vgysin(wyt) So
_ g vy
Vy = —vlcos(wgt) X = —cos(—a)gt)
| 9
1 .
y = —=sin(—wyt)
Wy
— v —
0x
X =— cos(—a)gt)
Wy and
= 2
1%
v, . 2 2 L . 2_ 2
y=—sm(—a) t) X"ty 2 =L Q
g w
i Wg 4
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Gyro motion

v y

Then

X = rLcos(—wg t)
y = rLSin(—wg t)

_4b

Cl)g—m
_ mv ,

ry, = Q{}}
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Gyro radius

> m

Magnetic force: F = qVl x B
Gyro center

A mv*
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P Gyro motion

VETENSKAP §

i %ME?@.‘

Equipartion principle

Statistically the kinetic energy is
equally distributed along the three
dimensions:

1
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Lorentz’ force equation

Maxwell's equations

F=q(E+VvxB)
Gauss’ law V -E = ﬁ Ohm'’s law
E i
. j=oE
No magnetic .
monopoles V-B=0 Energy density
oB w8 Wl E
Faraday'slaw  VxXE=—— *ou, %2
ot
OA, OA, OA
V.A =
ok OX " oy ’ 0z

Ampére’s law VxB= ,Uoj + &y E

UxA_[A _OA oA oA OA oA
oy oz oz ox Ox oy
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Field transformations (relativistic)
y’ u
L
S X

Relativistic transformations For u<<c:
(perpendicular to the velocity u):

. E+uxB _ |

e E BB et
e c=E-uwB

 B—(u/c?)xE

B \/1—U2/C2 B'=B

B




Frozen in magnetic flux PROOF

= ' ; 68_ VxB
(1) jZGEZG(E-l-VXB) Ohm'slaw | (2) = E__vx(,uoa —VxBj

(2) ﬂoj:VXB——2§<Ampére’s law
¢ ot aB=V><(V><B)— =

oB at HoO

(3) —=-VxE Faraday’s law
% Vx(Vx B)— L (V@Q—VZB)

HoO
1)= E=d_vxB
o OB 1
OB j . Esz(VxB)—k -
(3+l):> EZ—VX — —VvxB Hy
O

Vx(VxB)=

V°B
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Order of magnitude estimate:

VAB
A Vx(vxB
S = 1( ) ~ ALB =VLu,o=R_
V’B .
HoO HooL

Magnetic Reynolds number R,

R.,>1= Z—?:Vx(VxB)

Frozen-in fields!

R, <<1= s __ 4 V°B
ot u,o

Diffusion equation!
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B

R,>1= E—Vx(VxB)

*

Consider the change of magnetic
flux @ through a surface S with
contour | which follows plasma
motion

cD:jB-ds
S

C

dd _J‘aB 4s do

—=|—-dS+
dt ot dt

S
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Frozen in magnetic flux PROOF /]

d®_ This term is due to change in
the surface S due to plasma
motion

«2 has an area of (V-dt)x dl
The flux through 2 is (V-dt)de-B




—IVXB-dI :—ij(VxB)-dS
| 5

.Vx(VxB)-dS

-dS=0

EF2240 Space Physics 2015



Frozen in magnetic field lines

A flux tube is defined by following B
from the surface S. Due to the frozen-
In theorem the flux tube keeps its
identity and the plasma in a flux tube
stays in it for ever.

In particular if we let the tube become
Infinitely thin we have the theorem of
frozen-in field lines.

B

EF2240 Space Physics 2015
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Solar magnetic field

Northern lights (aurora)

Different plasma populations (plasmas
with different temperature and density)
keep to their own field line, and thus
“paint out” the magnetic field lines.
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Sunspots

Often seen in
pairs

~4000 K

Umbra

ryuyi (S Penumbra
~6000 K L Fes
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Sunspots and magnetic fields

Visible light Magnetogram

Sunspots are associated with large magnetic fields

EF2240 Space Physics 2015
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Sunspots and magnetic fields




Sunspots

Magnetic fields
trap gas.

\/ =

|
sunspots
T=4500K
T =5,800K
T ~ 5,800 K N e \ 7%

convection cells * \

Magnetic fields of sunspots suppress
convection and prevent surrounding plasma
from sliding sideways into sunspot.

2 Addizon Wesley Longman, Ine

&y

NASA [ ESA ™|

One theory is that the large magnetic field in the sunpots
affects the convection of hot matter from the solar interior, so
that it will not reach the surface.

EF2240 Space Physics 2015



@]  Sunspot cycle (solar cycle)

'éi‘?axé?"éo

11 Aug 198¢C 14 Aug 1981 p 11 Aug 1983
e T '

i

11 £ 1 years

 The solar cycle is
a manifestation of
the changing T cuuspot Groups "
solar magnetic T e furoras (Keivsky/Logrand)
field

%
+
=+
i
s

bk
+ 4]
+-:+_

AR

e The Maunder ear A.D.-
minimum was 160C
associated with '
cold climate and
no aurora.

24 Jul 198% 29 Jul 1988 -
U (J.—P, Legrand}+Ondrejov Obs, (K. Kriveky) HAD A-017

Maunder minimum
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http://www.hao.ucar.edu/public/education/slides/slide17.jpeg

Solar magnetic field as organizing factor

Maximum Minimum

1580 Whiite Light

Maximum: weak, irregular magnetic field Minimum: large, regular dipole-like field
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http://www.hao.ucar.edu/public/education/slides/slide20.jpeg
http://www.hao.ucar.edu/public/education/slides/slide9.jpeg
http://www.hao.ucar.edu/public/education/slides/slide9.jpeg
http://www.hao.ucar.edu/public/education/slides/slide10.jpeg
http://www.hao.ucar.edu/public/education/slides/slide10.jpeg
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http://services.swpc.noaa.gov/images/solar-cycle-sunspot-number.gif
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Energy
Levels
Transitions

BN NN spectra

No Magnetic Field Magnetic Field
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Solar activity Iin general

On the solar
surface there are
various dynamical
Irregularities and
structures.

These are given
the general name
"solar activity” or
"active regions”.

Magnetograms during a solar cycle

EF2240 Space Physics 2015



Magnetogram

e Sunspots:
B~100-400 mT

* Plages:
B~10-50mT

* Rest of solar
surface:
B -~ O, 1 — 0’3 mT Source: National Sclar Observatory (J. Harvey) HAO A—004
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Prominences

When viewed from above they are
called “filaments”

Viewed from the side: prominences

Possibly they are hotter plasma, their lower density to give them buoyancy,
But most theories consider them to be colder material, supported by magnetic field lines.
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Prominences

Prominences are Ha image [close up] Magnetogram [close up]
often observed at
the border
between regions
of different
magnetic
polarity.

Source: NSO and NOAA /SEL /USAF HAO A-008
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Ha image [close up] Magnetogram [elose up]

HAO A-D0B

v
wd
c
(D)
S
L
Ic

Alternatively: one single,
large loop makes up the
prominence/filament.

Prominences
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Solar surface

Solar surface Kuperus-Raadu model
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http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?bibcode=1990ApJ...361..283V&db_key=AST&page_ind=2&data_type=GIF&type=SCREEN_VIEW&classic=YES
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?bibcode=1990ApJ...361..283V&db_key=AST&page_ind=2&data_type=GIF&type=SCREEN_VIEW&classic=YES

Erupting prominces

Sometimes the
prominences

may go unstable . .
and release the Prominence Eruption

energy stored in 1945 June 28
the magnetic |
flelds.

High Altitude Observatory

Twisted magnetic field lines store additional energy
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Coronal mass ejections — CME

 Often associated
with prominences,
solar flares or
“helmet strea-
mers”, but the
exact mechanisms
are not known

 May contain up
to10%3 kg matter

 May have velocities
of up to 1000 km/s
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CME - magnetic connection to sun

flux rope CME

'smoke ring’ CME

2006/07/29 00:18 -
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CME are sometimes called
e “magnetic clouds”, because

of their magnetic field
configuration.




Coronal mass ejections

Estimate the kinetic energy of this CME!
(Order of magnitude!)

abiy :;1?;;:scr'| Suppose the density p of the plasma in the

N cloud is 1000 times denser than the plasma in
\ 1R_=6378 kmg_,_,_f_.,___ . the lower corona, which is p =~ 1018 kg/m3

gt gt
P A

Suppose the CME velocity is v = 1000 km/s

BREEl =102
W = 1017

Yellow W =10%]

Green W =10%7]
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r=20 Rg
Ve = 4133 = 4-20%(6378 -103)/3 ~ 9-1024 m3
Meme = Veme “Pove = 9:10°4104° = 1049kg

Maybe the cloud is not fully filled with matter, but | will assume
that that is a relatively small correction.

Wepe = MeyeVeme? = 1010-(1000-103)2= 1022 ]

Yellow — Wqye = 1022 ]

C.f. nuclear reactor: P= 1 GW.
In one year: W= 106 ]
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Solar flare

1972, August 07, Big Bear Solar Observatory

e Solar flares are
explosive

Intensifications
in X-ray, UV and Solar Flare

visible light. 1972 August 07

Intensification in
X-ray may be up
to a factor 10 Big Bear Solar Observatory

Last for~1 - 60
min.
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Solar flares

Size of solar flares is
comparable to sunpots.

flares
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Solar flare

AT G STV TSR RERTTR B B TR
e s B
Ut 1 LSRN 2S5 LT
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Solar flare mechanism

corona

site of

chrom
osphere energy release

soft X-rays +
: extreme UV

/| _energetic

particles
photospher upflowing
_ heated gas

M\ hard
X-rays

(a) (b)

Electrons are accelerated, collide
with solar surface (photosphere)
and emit bremsstrahlung (X-rays).
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Solar flare observations

YOHKOH
Hard X-ray Telescope

Hard X-ray Image
of a
White Light Flare

1991 November 15
22:38 U.T.

n Hord X-ray Flare

[Z White Light Flare

(a) double signature of x-ray
emissions at foot of flare

(b) coronal loop filled with hot gas

EF2240 Space Physics 2015



Frozen in magnetic field lines

In fluid description of
5 plasma two plasma
elements that are
connected by a

A B common magnetic
y\ field line at time t; will
be so at any other
TIME t, TIME t, time t, .

This app_lles If the magnetic Reynolds An example of the
number is large: collective behaviour

. of plasmas.
R, = u,olv, >>1
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Order of magnitude estimate:

VAB
A Vx(vxB
3 = 1( ) x ALB =VLu,o=R_
V’B .
HoO HooL

Magnetic Reynolds number R,

R.,>1= %—?:Vx(VxB)

Frozen-in fields!

R, <<1= WL V°B
ot u,o

Diffusion equation!
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Reconnection

In ‘diffusion region’:

R, = polv ~1

Thus: condition for
frozen-in magnetic field
breaks down.

A second condition is

that there are two

regions of magnetic

field pointing in

* Field lines are “cut” and can be re- opposite direction:
connected to other field lines

* Magnetic energy Is transformed  « Plasma from different field
into kinetic energy (U, >> U,) lines can mix
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Reconnectionin 1D

oB 1 oB, 1 0°B,

2
I )(A A A A — V B . —

B, ot u,o ot wo o7°

Diffusion equation! Has solution

B, (z,t) = Byerf ﬂjta i

The total magnetic energy then decreases with time:

v
N

j — dxdydz

------------- The magnetic energy is converted into heat and
-B, t =0, sharp boundary «kinetic energy in 2D
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Solar flare
enerqgization mechanism

ejected
plasma

reconnection

—reconnection region

region

particle

__particle
b stream

stream

iy

 photosphere e it

(b)

(a)

Two possible reconnection geometries
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Classification of flares

Old system New system

Denomination | Area (°)? Denomination | Maximum flux of X-ray

radiation (W/m?)
S <2.0 (near Earth 0.1-0.8 nm)

1 2.1-5.1 An nx10°

2 5.2 —12.4 Bn nx 107

3 12.5-24.7 Cn nx10°

4 >24.7 Mn nx10°

Xn nx 104
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Recent X ray flux measurements

Solar X-ray Flux 211411947 to 11/30/2002
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http://www.swpc.noaa.gov/ Space Weather Prediction Centre
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Magnetic reconnection

. L . -
\ / /

=) = —) \ ) =
Green Yellow ~ Red
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Magnetic reconnection

\ /;
Green Yellow N K

_____
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Think about this:

What determines the form of the spiral of the water
from a rotating lawn sprinkler?
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TORSDAG 11 SEP 2014 KUNDSERVICE PREMUMERERA ANMNONSERA 50K JOBE DN-KORTET OM DAGENS NYHETER [ulelpyYR1= TN XISsTylo] /RN Roleler N ]
9

= 3 NIKLAS WAHLLOF ! — S 170
¥ KTH = e RPN R 205 Stockhelm
& verensar 3 , Sa gott som allt upplevt - en ol d | x_xlru‘ym )
N Se ~ 1 frukost, ett bad och givetvis alla . 4 = e
[ ] == resor - &r magiskt. Helt magiskt.” g oy S0k DN.se a
FORSTASIDAN | VAL 2014 | STHLM | EKONOMI | SPORT | KULTUR | LEDARE | DEBATT | BOSTAD | MOTOR | RESOR | MAT | LIVSSTIL | PA STAN MER ~
Nyheter Sverige Politik Vetenskap Vérlden Goda Nyheter Vader Bloggar Podcast DN.TV DN Granskar DN 150 ar Lis dagens tidning =% Tipsa DN

Solstorm pa vdag mot jorden

Publicerad i dag 14:04

Foto: TT | solens atmosfar sker hela tiden olika fenomen och explosioner. D& och da sker
urladdningar av magnetisk energi vilket skapar flammor av ultraviolett ljus och moln som
bestar av elekiriskt ledande gas.

En solstorm &r just nu pa vag mot jorden och kan triffa atmosfaren i kvill eller i morgon. Det kan innebira norrsken éver stora delar av Sverige.

| solens atmosfar sker hela tiden olika fenomen och explosioner. D och da sker udaddningar av magnetisk energi vilket skapar flammor av ultraviolett ljus och kan kasta ut moln
som bestar av elekiriskt ledande gas.

| folkmun kallas det for solstormar och just nu &r en sadan pa vig rakt mot jorden. Nyhetsbyran AP skriver att det var det flera ar sedan en solstorm i den hir storleken senast
riskerade att traffa jorden, men enligt astronomen Dan Kiselman innebar det ingen fara far oss manniskor.

— Det blir ingen civilisationsomskakande handelse. Daremot kan det orsaka norrsken, sager han.

Enligt Dan Kiselman kan solstormar ge effekter pa exempelvis kraftledningar men troligast ar att vi bara marker av den har genom ett ljus pa himlen. Norrsken ar vanligt
farekommande i de nomra delamna av Sverige men i morgon och i dvermorgon kan den som bor betydligt lingre séderut se spannande fenomen pa himlen nattetid.

Kan det synas dnda ner mot Stockholmsomradet?

— Det &r inte omdjligt. En extra titt pa himlen skadar aldrig.
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SOHO

(Solar and Heliospheric Observatory |

ESA - NASA collaboration



Solar wind

Corona
continuously
merges into
solar wind

2008/08/22 17:42

Solar and Heliospheric Observatory (SOHO)
LASCO C3 Coronagraph Movie
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Solar wind

st

 Fast solar wind in regions e Speed (km s7)

C I O S er to p O | eS paee and Atmospherle Seiences

e Slow solar wind closer to
equatorial plane

1000 - » - T 1000

ULYSSES/MAG ! 3 EIT (NASA/GSFC)
Imperial College : Mauna Lea MK3 (HAO)
® Outward IMF ' ) LASCO €2 (NRL)
yInward IMF
1000
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Solar wind

SOLAR MINIMUM

Fast solar wind (~750 km/s)
o Slow solar wind (~350 km/s)

A _ Interplanetary current sheet
W~

5
N SOLAR MAXIMUM
Q..
..'

Interplanetary current sheet

Fast solar wind

High
density
coronal
plasma




More active solar wind

C3 2000!04:’01- 00:18

Solar and Heliospheric Observatory (SOHO)
LASCO C3 Coronagraph Movie
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Helmet streamers
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Magnetic field drawn out by solar wind.
This also brakes the solar wind.

EF2240 Space Physics 2014


http://www.hao.ucar.edu/public/education/slides/slide9.jpeg

Solar wind

Interplanetary current sheet

Current sheet
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Solar wind

Interplanetary current sheet

Solar Wind

Earth orbit

Above
Below ---=-

Later we will see that the N-S component of the interplanetary
magnetic field (IMF is important for the coupling between solar
wind and magnetosphere)
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Solar wind

Some basic facts
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The solar wind today
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Guess how long does It take the solar
wind to flow from the Sun to the Earth?

. Blue 8 min Yellow 1.5 days

Green 5 hours PRGN  5days
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But maybe

Yellow

If the solar wind Is much faster
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Does anyone happen to know the
mathematical formula for the spiral caused
by a rotating garden sprinkler?
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Solar wind

Magnetic field frozen into solar wind

Plasma element
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Magnetic field line

This Is now seen from "above”! (Looking down on the ecliptic
plane from the pole.)
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Parker spiral

U U Derivation of ¥ (Parker angle)
Y Consider a coordinate system rotating
with the sun. The plasma element P in

P U¢ this coordinate system has two velocity

components: U, and U,

Since the magnetic field is frozen into the
N solar wind, and follows the orbit of the
plasma element P, at any time B has to
be parallel to U. Then we have:

dx = U, dt tanw:i:&— 0l
B Ur uSW

I
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Solar wind

Parker spiral
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Archimedean spiral

An Archimedean spiral (also arithmetic spiral),
Is a spiral named after the 3rd-century-BC
Greek mathematician Archimedes; it is the
locus of points corresponding to the locations
over time of a point moving away from a fixed
point with a constant speed along a line which
rotates with constant angular velocity.
Equivalently, in polar coordinates (r,¢) it can
be described by the equation (Wikipedia)

r=a+bg )
r=a+bwt

E:ba):USW



Use rotation period What is the angle ¥
T of sun: T = 27 days

at Earth’s orbit for a
typical solar wind

Speed?
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L ast Minute!

 What was the most important thing of today’s lecture? Why?

 What was the most unclear or difficult thing of today’s lecture,
and why?

e Other comments
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