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Rotationally driven
magnetospheres!

(Mauk et al., (Saturn, Chapter 11]) state:

“‘while it is true that Saturn’s magnetosphere is
intermediate between those of Earth and Jupiter
in terms of size (whether measured by R, Ry, or
R.», it is not intermediate in any meaningful
dynamical sense. It is clearly rotationally driven
like Jupiter’s, not solar-wind-driven like Earth’s.”

Margaret Kivelson- Dynamics - MoP
6/27/2013 2011 - Boston University



EQUATORIAL PLANE MERIDIAN SURFACE
MAGNETIC X-LINE

Dynamics

= This Vasyliunas (1983)
diagram is a necessary
element of any discussion
of the magnetospheres of
gas giants!

m It captures some critical features implicitly or explicitly:

= A significant source of heavy plasma deep within the
magnetopause (lo, Enceladus) is spun up to some fraction
of corotation speed by field-aligned currents coupling
magnetosphere and ionosphere.

= Rotation dominates the dynamics - drives plasmoid
releases down the tail.

= Solar wind shapes the boundaries but does not dominate
the dynamics.
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|V|e|ihljl0 et a|,2009 A ?E-w)

The source of the heavy
ion plasma - neutrals
from lo or Enceladus

Thomas et al., 2004 ’ ®

= In the pickup process, ions acquire
perp. thermal speed of local
rotation speed.

gl Energy added o< N |, m(Qp)?

= Pickup energy is shared with
background plasma.

= Typically heats plasma.




Giant planets spin up plasma, heat it,
and jet it out, but details are complex

= Much is well established,
but puzzles remain.

= Discuss a few features

= energy density of plasma
and why it changes
o vs. radial distance,
o vs. local time,

» periodicities,

= Anomalies in regions of
high dust density.
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Thermal energy variation with p?
(p is distance from spin axis)

At Earth, temperature (more correctly Below a plot from Kane et al (1995)
thermal energy per particle) decreases of Voyager data at Jupiter, modeled
with p but not at Jupiter or Saturn. as kappa distributions
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Proton temperature remains nearly
constant (20 keV) on day side.
increases with
p proportional to corotation energy.
WHY?
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Pickup energy increases with
rotation speed.
Can that account for
increase of 7 with p?

m For <6 keV ions (measured by
PLS at Jupiter), temperature
shown in figure changes little
between 10 and 40 R,. Pickup as
heat source not ruled out.

= The >30 keV heavy ions shown
for Jupiter in previous slide
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each new ion must share pickup B S
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primary heat source for - i

energetic heavy ions. From Khurana et al., 2004
Voyacp;er 1 inbound, warm plasma
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Why is increase like Y2 p°Q47? Insight into the tricky

physics of rotating magnetospheres comes from
e.g., Northrop and Birmingham, 1982

T. G. NORTHROP

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 87, NO, A2, PAGES 661-669, FEBRUARY 1, 19862

Adiabatic Charged Particle Motion in Rapidly Rotating Magnetospheres

Laboratury for High Emergy Astrophysics, N ASA/Geddard Space Flight Center, Greenbelt, Maryiand 20771

Center for Astrophysics and Space Sclences,
University of Califursie, Sen Divgo, Latolls, Californic 92093

T. J. BIRMINGHAM
Laborarory for Exiraterrestrial Physics, NAS A/Goddard Space Flight Conger, Greenbeit, Maryland

Whea the <E x B/B* &t velocity s large enough to exceed the particlke gyro velocity, a
theory becomes more complicated snd less welul: more complicated because there are five ¢
sddition to the E x B, gradient, and line curvature drifts and three more terms m the paraliel equ
moLion ; less usefial becalse the second and thisd invanansts J and @ xre 00 loager valid 1n mirroe g
due 1o the rapid drift across ficld lines that destroys any semblance of periodicity in the bounce
{Approximate periodicity is necessary (o bave an adiabatic isvariani) But the special case of a
rotating rigid magaetic Gekd, with £, = 0, is un exception. If the fledd at any tisne bs merely 4 rotacion
ot an earbier time, the drdlt and paraliel equations seoplify, aad even better, the second mvariant
valid. The drift equation now bas two rather than five addisional terms—a Conolis drift and a cen
drilt Just as io & slowly or noosossting msevor system, the second tovasiant now peovides &
rotating) drft shell 10 which the guiding center & confined. The partick kinetic energy in the |
frame, minws the centrifagal p I, is an exact of motson in a npd rotator. This coe
weldl known Bt does not by staell pat limiss on radial motion toward or way from (he rotation axi
it does not kimil particle energy changes. But the drift shell does haot and make periodic an,
excursicas, aad this is why previous studies of particle motion, in particular examples of npd ¢
have shawn that purticles experience 50 sieady energy gain of loss.

Data provide 7 vs. p
(axial radial distance).

7 gives mean particle

kinetic energy in fluid
rest frame, i.e. in
rotating frame.
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H :%(V — pQ°)
is an exact constant of the motion for
observer in rotating frame if the field

in that frame is static.
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same as for rotating observer

Here « stands for the total charge on the partcle (¢ < 0 for negative charge); segunest of B, 4, p, &, e1c., s R (the guiding cemer position) in » puiding cemer equation, and r {parscle position)
in 2 particle equation; and subscripl ¢ indicales &s seen in cortating system. For example, dwist seca from noorotating system = ([dwidi), * £l x w



H =2~ p’Q?)

2

IS constant in the corotating frame I m p | | Cat | O n S

and thefield is constant in that frame.

_ m Possibly this type of
In the corotating frame, for a acceleration contributes to
collection of particles, the bounce - observed temperature
averaged particleenergy is2kT so increase of both high and
KT =<2(H + p?Q?%) > Iqw energy ions with radial
distance at Jupiter.

= For simple rotation, the = Many other processes need

increases and decreases of to be considered.
T cancel out over a rotation. = Concern: Temperature (7) is

= If flux tubes interchange, Fneasureﬂ_lnhplasmafrelzlst
there can be net rame, w ch s not Tully
energization. corotating, but we assume
that it is close enough for
. the relation to be valid as it
= Efficient: the full seems to work for Jupiter.
distribution changes energy What about Saturn?
with p. '
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Saturn also shows temperature increasing like
Q2 0%, although again plasma not fully corotating.
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Figure 16. Mean values of the nomalized flow speeds
shown in Figure 15, from 1-Rg bins in L. The means are
plotted at the center L of the comesponding bins. The emror =W
bars show the standard deviations in the means for the W' g e
population. The heavy dashed lme is the quadratic fit to F 6

Correlation
Coefficient

] 10 12
reported by Wilson er al. [2008] for a carefully selected set Thomsen et al., 2010 L
of 1nner magneio :';‘F'l‘- eric observations. and the heavv sohid Figure 7. (g) Scale heights, (b) effective equatorial temperatures, (c) equatorial densities, and (d) corre-
§ § N § i § - lation coefficients obtained from linear fitting of measured densities to (1 - cos®A) for the full range of
line 15 a similar fit to the mumerical moments obtained in the available A in various dipole L ranges. A is the dipole magnetic latiude, and only data obtained when
i i L i the corotation direction was within the CAPS FOV are used for the fits. In Figure 7b, the heavy lines
same st Df I.I.tl:ﬁ'ﬁl.h-. without symbols show the values of Ty and Tjjw determined by Wilson et al. [2008].
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Relevant to the issue of centrifugal accelrtn .

Outward transport of plasma in a
static field occurs thru interchange:

= [nterchange works without
temporal change of field.

= Heavy ions move out from
source in inner magnetosphere. | varies like 7ot
If no JB/Jt, they should conserve [
Northop/Birmingham’s “H". 3 B e
o At Saturn, protons arise from
dissociation of water and like
heavy ions participate in outward
(slow) interchange. 7 increases.

o At Jupiter, protons probably come
from solar wind. Maybe they
move inward in narrow fingers too

fast to conserve H. A puzzle.
6/27/2013
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The temperature variation with distance is

affected by multiple processes

= | have ignored significant
contributions from: = Above remarks applied

= pickup ions, charge exchange to a static field in the

o Saur et al. (2004) argue that rotating frame.
at Saturn, the effect of ion-

neutral collisional drag may @ Not too bad an
slow plasma as much as assumption out to
does charge exchange. some critical p, but . . .
= radiation
. . LT dependence of
= Coulomb interactions :
boundary location

» Charged dust : i -
= Centrifugal forces may be Invalidates the

modifying the plasma in ways  assumption of a static

that have not been fully field in the rotating
analyzed. frame at larger p.
What then?
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In the outer magnetosphere, the field
in the rotating frame is NOT constant.

= Configuration and
magnitude change with
rotation
phase.

= Flux tubes move inward from
night to noon and outward from
noon to dusk and beyond.

o At fixed position in the rotating
frame dB/dt % 0.

m Bouncing particles are accelerated if
rotating flux tubes stretch over
a bounce period.

[=]

It is likely that the
centrifugal acceleration of
plasma as it rotates from
noon to dusk is
responsible for changing
the character of the plasma
and of B.

Local time variations of
field and flow are
considerable and we
believe link to centrifugal
acceleration.

Marissa Vogt has a poster
on this subject (#119).
Please visit.
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At Jupiter’s equator B, shows that flux per

dris much smaller at dawn than at dusk.
' Pioneer 10 inbnd, dawn; DAWN DUSK

Galileo G29 outhbound near dusk

I

50 60 70 80

AT0.41 0.55 0.59 0.62
LT14.93 15.65 15.89 16.10

Al Y.Y0 Y.£0

C:\My Documents\2011\MOP\DAWN DUSK compared w magnitude -- July 06, 2011 15:23
ol ool V v Y - O
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Flows also differ
greatly between
dawn and dusk.
Slowed particle
flow is found in
Jupiter’s
afternoon-dusk
sector, where
equatorial B,
Increases.
That is not
fortuitous!

adapted from N. Krupp
Galileo/EPD flow measurements in
the equatorial plane.
Look INSIDE MAGNETO

PAUSE

s 18715
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Magnetic signatures show near equatorial B becoming
more dipolar and more variable as LT increases

Near dawn, the north-south
component of B is verv small.

-------------

G
40 < 60 R,



When B,~|B| at equator, the radius of
curvature large and plasma sheet is thick even
at large r. Requires hot plasma.
= Heating the plasma? Time evolution of a model

= |n rotating frame, include field line starting at 50 R, and

. tretching radially outward
centrifugal force; take EEJEEEY overo s poure e
dv “

m- = q(E +Vx B)+me?r

where YN E:-%

= The flux tube expands
during rotation from noon
to dusk because the
magnetopause lies
increasingly far from planet.

from Vogt et al. poster

Bounce motion is not
longer conservative.
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Bounce times of 1 keV heavy ions are long
compared with time for flux tube to rotate from
noon to dusk = allows for plasma heating.

Bounce Times, 1 keV ion (20 m_) [ECEEIIIEOIOVERINEfERIe[VEI] ¢

Radial | Equatorial | Bounce | the equatorial point of field line
distance at | pitch Period recedes; ion keeps gaining
JeDE] g angle (hours) energy with increase of p. As ion
(R)) (degrees) 2 moves up the field line, it is
30 20 20.8 also carried outward by the field
30 30 6.4 stretching. More energy is
gained than lost in the ion
40 20 274 distribution. &
40 80 5.6
50 20 36.0 | This model \
50 80 5.7 needs
60 20 465 | o 'zle
60 80 6.1 madge
guantitative.

Vogt et al., poster
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The dawn-dusk asymmetry is absent in
both field and plasma velocity at Saturn

m Maybe a hint in B,, but the magnetospheric scale is far too
small for this process to be significant.

_“ " "mhﬂhmh * &MIMIM'ﬂmmm\N%i“ ‘N.A P 8

Velocities from Thomsen
et al., 2010
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Periodicities
m Well established at Saturn. & For Jupiter

» seasonal effects = System |V (different

= slow drift of period from System Il
rotation period)

= different north and south oeriodicities have
= Models have attributed been reported from
periodicity to several types of
= convective instability in the observations.
magnetosphere, = Is System IV (period
= to periodic disconnections, 3% longer than _
ionospheric flows. eqL“VaIent Of the SKR

= We will hear lots about periodicity at Saturn?

this matter for Saturn
during the meeting.
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| can’t resist some advance notice of a very current
model of periodicity (Jia, Kivelson, Gombosi)

p [nPa]

m 8.0E-02
6.4E-02
4.8E-02
3.3E-02
1.7E-02
== 1.0E-03
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Dust is a significant element of the
inner magnetospheres of Jupiter
and Saturn

Encaladus
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m Dust distribution. E ring is quite diffuse.
m Dust complicates the plasma
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Dust particles are massive
compared with ions

= Whereas ion

motions are m Through most of
dominated by Jupiter’s and
electromagnetic Saturn’s

forces, more magnetospheres,
massive dust grains Keplerian speeds
are controlled by are slower than
gravitational forces corotation.

- Keplerian orbits. = Anomalous rotation

has been attributed
to the effect of dust.
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Dust affects plasma properties

m E.g. for Saturn, near the
E-ring, there are multiple
populations (Wahlund et
al, 2009).

= Hot ions ~corotate;

= Dust grains move at
~Keplerian speed.

m Colderions (7;a few eV) and
electrons can interact with f
the electrical potential ]
cavities of the negatively o —/> g
charged (~Volt neg.) water- R —l
rich dust grains in the E-ring  [F oottt
(Wahlund et al., 2009).
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Last words

= Touched on vary few matters.

= | hope | leave you with the sense that there
is a good deal more to learn about the
dynamics of the magnetospheres of Jupiter
and Saturn.

= JUNO is coming.

m Cassini is continuing.

= MOP 2013 should be fun too.
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