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The solar-terrestrial system

Corona is so hot that the
6XQ·V�JUDYLW\�FDQQRW�KROG�LW
GRZQ�– LW�IORZV�RXWZDUGV

DV�WKH�VRODU�ZLQG

$OIYpQ·V theorem states
WKDW�SODVPD�DQG�PDJQHWLF

ILHOG�DUH�WLHG�– 6XQ·V�PDJQHWLF
ILHOG�FDUULHG�LQWR�heliosphere

to form IMF
$OIYpQ·V theorem also means
WKDW�SODVPDV�RI�GLIIHUHQW

RULJLQV�FDQQRW�PL[�– the solar
ZLQG�DQG�(DUWK·V�HQYLURQPHQW

DUH�VHJUHJDWHG

A break-GRZQ�RI�$OIYpQ·V
theorem is sufficient to
GULYH�WKH�G\QDPLFV�RI
WKH�PDJQHWRVSKHUH
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Solar
maximum
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� 7KH�(DUWK·V�PDJQHWLF�ILHOG�DQG�SODVPD
HQYLURQPHQW�SURYLGH�DQ�LPSHQHWUDEOH
REVWDFOH�WR�WKH�RXWZDUG�IORZ�RI�WKH

VRODU�ZLQG�

� 7KH�GLSRODU�PDJQHWLF�ILHOG�RI�WKH�(DUWK
LV�GLVWRUWHG�E\�WKH�LPSLQJLQJ�VRODU�ZLQG

� ,QVLGH�WKH�PDJQHWLF�ILHOG�VWUHQJWK�LV
JUHDWHU�WKDQ�LQ�WKH�VRODU�ZLQG��EXW�WKH

SODVPD�GHQVLW\�LV�PXFK�ORZHU��WKH
PDJQHWRVSKHUH�LV�D�FDYLW\

Solar wind Outer magnetosphere
Magnetic field strength 7 nT 20-60 nT
Particle density 7 cm-3 0.01-1 cm-3

The magnetospheric cavity

PDJQHWRVSKHUH

Magnetic field lines
are distorted:
currents must flow



Chapman-Ferraro currents
$V�WKH�VRODU�ZLQG�FRPSUHVVHV�WKH�PDJQHWRVSKHUH�D�FXUUHQW�OD\HU�PXVW�IRUP

jB 0curl P 
AmpéUH·V�/DZ�

)RU�ILHOG�VWUHQJWK�WR��DOPRVW��FDQFHO�RXW�LQ�VRODU�ZLQG�Bsheet §�BGLSROH

7KXV��MXVW�LQVLGH�PDJQHWRSDXVH�WKH�ILHOG�VWUHQJWK�LV�´FRPSUHVVHGµ�WR�2BGLSROH

XQGLVWXUEHG�GLSROH�ILHOG

VRODU�ZLQG��������PDJQHWRVSKHUH

FXUUHQW�VKHHW�ILHOG PDJQHWRSDXVH

BGLSROH Bsheet

M

BGLSROH falls off as r -3

proton

electron
B

7KH�ORFDWLRQ�RI�WKH�ERXQGDU\��WKH�PDJQHWRSDXVH��LV�GHWHUPLQHG�E\
magnetic pressure RQ�WKH�LQVLGH�DQG�SDUWLFOH�ram pressure RQ�WKH�RXWVLGH

UDP��G\QDPLF��SUHVVXUH� �PRPHQWXP�FURVVLQJ�XQLW�DUHD�LQ�XQLW�WLPH

,I�VRODU�ZLQG�n  ���FP-3��DQG�V  �����NP�V-1��WKHQ�PG\Q  �����Q3D
�FI��\RX�EORZ�ZLWK�D�G\QDPLF�SUHVVXUH�RI�a��3D�

7KH�PDVV�VWULNLQJ�WKH�GD\VLGH�PDJQHWRSDXVH
�DVVXPLQJ�UDGLXV�RI�a���R(��LV�a���NJ�V-1

7KH�NLQHWLF�HQHUJ\�FDUULHG�E\�WKHVH�SURWRQV�LV�a�[��12 W
�FI��VXQOLJKW�IDOOLQJ�RQ�(DUWK·V�VXUIDFH�a��17 :�

2VnmnVVmP ppdyn  u 



7KH�PDJQHWRVSKHUH�FRPSUHVVHV�XQWLO�WKH�PDJQHWLF�SUHVVXUH
MXVW�LQVLGH�WKH�PDJQHWRSDXVH�EDODQFHV�WKH�VRODU�ZLQG�UDP�SUHVVXUH

$W�WKH�QRVH�RI�WKH�PDJQHWRVSKHUH�WKH�GLSROH�ILHOG�PXVW�EH�FRPSUHVVHG
WR�D�ILHOG�VWUHQJWK�RI�a���Q7�WR�JLYH�PPDJ  �����Q7

7KLV�RFFXUV�ZKHUH�WKH�PDJQHWRSDXVH�LV�SXVKHG�LQ�WR
D�VWDQG-RII�GLVWDQFH�RI�a���R(

$ZD\�IURP�WKH�QRVH��WKH�VRODU�ZLQG�VWULNHV�WKH�PDJQHWRSDXVH
REOLTXHO\��VR�WKH�QRUPDO�FRPSRQHQW�RI�WKH�UDP�SUHVVXUH�GHFUHDVHV

+HQFH�WKH�PDJQHWRVSKHUH�IODUHV�RXWZDUGV
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$�PDJQHWLF�ILHOG�H[HUWV�D�SUHVVXUH�HTXDO�WR

BGLSROH falls off as r -3��VR�PPDJ falls off as r -6

1RW�DOO�PDJQHWRVSKHUHV
DUH�FUHDWHG�HTXDO
7KH�VL]H�RI�D�PDJQHWRVSKHUH

GHSHQGV�RQ�

- WKH�VWUHQJWK�RI�WKH�PDJQHWLF
ILHOG�RI�WKH�SODQHW

- WKH�UDP�SUHVVXUH�RI�WKH�VRODU�ZLQG

-XSLWHU�LV���WLPHV�IXUWKHU�IURP
WKH�6XQ�WKDQ�WKH�(DUWK��VR�WKH
VRODU�ZLQG�SUHVVXUH�LV�UHGXFHG

E\�D�IDFWRU�RI�����

7KH�PDJQHWLF�ILHOG�RI�-XSLWHU�LV
RYHU����WLPHV�VWURQJHU�WKDQ�WKH

(DUWK·V

-XSLWHU·V�PDJQHWRVSKHUH�LV���WLPHV
ODUJHU�WKDQ�WKH�6XQ

Sun
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7KHVH�FDOFXODWLRQV�H[SODLQ�WKH�VKDSH
of the near-(DUWK�PDJQHWRVSKHUH

2YHUDOO�WKH�PDJQHWRVSKHUH�VKRXOG
be rain-GURS�VKDSHG��EXW�LV�REVHUYHG
WR�KDYH�D�ORQJ�´WDLOµ��SHUKDSV�1000 R(

RU�PRUH�LQ�OHQJWK

7KLV�LQGLFDWHV�WKDW�D�´YLVFRXV-OLNHµ
LQWHUDFWLRQ�PXVW�WDNH�SODFH�EHWZHHQ
WKH�VRODU�ZLQG�DQG�WKH�PDJQHWRSDXVH
WR�VWUHWFK�LW�LQWR�D�´PDJQHWRWDLOµ�
6RODU�ZLQG-PDJQHWRVSKHUH�FRXSOLQJ

The magnetotail

a�����$8



The Cluster mission

In most situations in
WKH�VRODU�V\VWHP��SODVPDV

DUH�´IUR]HQµ�WR�WKHLU�LQWHUQDO
PDJQHWLF�ILHOGV

,I�WKH�ILHOG�PRYHV�WKHQ�WKH
SODVPD�PRYHV�ZLWK�LW�

DQG�vice versa

Particles can much more
IUHHO\�PRYH�DORQJ ILHOG
OLQHV�KRZHYHU��DQG�WKH
PDJQHWRVSKHUH�DQG

ionosphere communicate
WKURXJK�ILHOG-JXLGHG
FXUUHQWV��ZDYHV��DQG

precipitation
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Ionospheric convection

Measurements of the
ionospheric plasma convection
VKRZ�WKDW�ILHOG�OLQHV�UHPDLQ

RSHQ�IRU���KRXUV�DQG
FORVHG�IRU���KRXUV

$�VRODU�ZLQG�VSHHG�RI
����NP�V-1 implies that the

PDJQHWRWDLO�LV�a�����R( LQ�OHQJWK

7KH�VL]H�RI�WKH�´SRODU�FDSµ
GHWHUPLQHV�WKH�DPRXQW�RI
PDJQHWLF�IOX[�LQ�WKH�´OREHVµ

7KLV�LQ�WXUQ�DOORZV�WKH�UDGLDO
GLPHQVLRQ�RI�WKH�PDJQHWRWDLO
WR�EH�HVWLPDWHG�DW�a���R(



VSW  �����NP�V-1

)LHOG�OLQHV�RSHQ�IRU���KRXUV
0DJQHWRWDLO�LV�a�����R( ORQJ

'XQJH\�������

&RZOH\�������

'LVFRQQHFWHG�ILHOG�OLQHV�XQ-kink
DW�D�VSHHG�RI�a����VSW

'LVFRQQHFWHG�WDLO�LV�a��WLPHV
ORQJHU�WKDQ�FRQQHFWHG�WDLO

The rotation of the planet
also imparts momentum

WR�WKH�PDJQHWRVSKHULF�SODVPD

Ionospheric plasma is
IULFWLRQDOO\�FRXSOHG�WR�WKH

neutral atmosphere

7KH�PDJQHWLF�ILHOG�OLQHV�
IUR]HQ�WR�WKLV�SODVPD�
DWWHPSW�WR�URWDWH�ZLWK

the planet

,Q�WXUQ��WKH�PDJQHWRVSKHULF
plasma is frozen to the
FRURWDWLQJ�PDJQHWLF�ILHOG

Corotation



Dungey cycle

Corotation

Plasma populations in the magnetosphere

Magnetosheath      Plasmasphere Plasma sheet Ring current



The auroral ovals
�DXURUD�SRODULV�

aurora borealis

aurora australis

Substorms



7KH�G\QDPLF
auroral oval

The theta
aurora

steve.milan@ion.le.ac.uk
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7KH�UHVSRQVH�RI�WKH�PDJQHWRVSKHUH�WR�D�EXUVW�RI
ORZ�ODWLWXGH�PDJQHWRSDXVH�UHFRQQHFWLRQ

polar cap

PDJQHWRVSKHUH

PDJQHWLF
reconnection

steve.milan@ion.le.ac.uk
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7KH�H[SDQGLQJ�FRQWUDFWLQJ�SRODU�FDS
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The auroral substorm

0.0 GWb

0.3 GWb

0.6 GWb
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Substorm Substorm



���$XJXVW�– ��6HSWHPEHU������

Questions
6RODU�ZLQG-PDJQHWRVSKHUH

FRXSOLQJ�OHDGV�WR�WKH
RFFXUUHQFH�RI�VXEVWRUPV�

but...

- :KDW�WULJJHUV�VXEVWRUP�RQVHW"

- +RZ�GRHV�WKH�GD\VLGH�UHFRQQHFWLRQ�UDWH
LQIOXHQFH�WKH�UDWH�DQG�VL]H�RI

VXEVWRUPV"

- :K\�GRHV�WKH�DXURUDO�RYDO�PRYH�WR�YHU\
ORZ�ODWLWXGHV�GXULQJ�GLVWXUEHG

FRQGLWLRQV"

steve.milan@ion.le.ac.uk

IMAGE FUV
,0$*(�)89�:,&
REVHUYDWLRQV�DOORZ
LGHQWLILFDWLRQ�RI
VXEVWRUPV�DQG

TXDQWLILFDWLRQ�RI
FKDQJHV�LQ

SRODU�FDS�IOX[�FPC

FPC LQFUHDVHV�GXULQJ
VXEVWRUP�JURZWK

SKDVH�DQG�GHFUHDVHV
DIWHU�H[SDQVLRQ

phase onset

steve.milan@ion.le.ac.uk



Magnetotail
signatures

*RRG�FRPSDULVRQ�ZLWK
JURXQG�VLJQDWXUHV�RI

VXEVWRUPV�LQ�$8�DQG�$/

&OXVWHU�VKRZV�PDJQHWR-
WDLO�LQIODWLRQ�GXULQJ
JURZWK�SKDVH��DQG

GHIODWLRQ�DQG�GLSRODU-
L]DWLRQ�DIWHU�H[SDQVLRQ

phase onset

steve.milan@ion.le.ac.uk

Another way
of  looking at
substorms

Superposed epoch
analyses of  auroral
intensity, open flux,
AU and AL, Sym-H,
and SW-coupling
during 40 substorms

Substorms binned
by open flux at onset

auroral
intensity

open
flux

AU, AL

Sym-H

Vday
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Another way
of  looking at
substorms

Superposed epoch
analyses of  auroral
intensity, open flux,
AU and AL, Sym-H,
and SW-coupling
during 40 substorms

Substorms binned
by open flux at onset

Low latitude onset substorms are
more intense than high latitude

onset substorms, but...

What controls the onset latitude?
Why does the magnetosphere allow itself  to accumulate more

open flux prior to some substorms than others?

steve.milan@ion.le.ac.uk



Close relationship
between oval
radius and
ring current
intensity

steve.milan@ion.le.ac.uk

2WKHU�SODQHWV�KDYH�DXURUD��WRR


