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Abstract. The quantitative significance for a planetary mag-
netosphere of plasma sources associated with a moon of the
planet can be assessed only by expressing the plasma mass
input rate in dimensionless form, as the ratio of the actual
mass input to some reference value. Traditionally, the solar
wind mass flux through an area equal to the cross-section
of the magnetosphere has been used. Here I identify an-
other reference value of mass input, independent of the so-
lar wind and constructed from planetary parameters alone,
which can be shown to represent a mass input sufficiently
large to prevent corotation already at the source location. The
source rate from Enceladus at Saturn has been reported to be
an order of magnitude smaller (in absolute numbers) than
that from Io at Jupiter. Both reference values, however, are
also smaller at Saturn than at Jupiter, by factors∼40 to 60;
expressed in dimensionless form, the estimated mass input
from Enceladus may be larger than that from Io by factors
∼4 to 6. The magnetosphere of Saturn may thus, despite
a lower mass input in kg s−1, intrinsically be more heavily
mass-loaded than the magnetosphere of Jupiter.

Keywords. Magnetospheric physics (Magnetosphere inter-
actions with satellites and rings; Planetary magnetospheres)
– Space plasma physics (Ionization processes)

1 Introduction

A planetary magnetosphere may possess sources of plasma
deep within its interior volume, in addition to the well-known
sources at the exterior boundary (the solar wind) and at the
interior boundary (the ionosphere): ionization of neutral par-
ticles emanating from the moons of the planet. For Jupiter in
particular, it has long been accepted that the primary source
of plasma for the magnetosphere is the moon Io, with a mass
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input of about 103 kg s−1 (e.g.Hill et al., 1983; Thomas et
al., 2004, and references therein). More recently, the moon
Enceladus has been found to be a major source of mass, both
plasma and neutral particles, for the magnetosphere of Saturn
(Dougherty et al., 2006; Tokar et al., 2006; Waite et al., 2006;
Hansen et al., 2006); the plasma mass input rate is not as well
determined as it is at Jupiter, but a value≥102 kg s−1 has
been estimated byPontius and Hill(2006) from plasma flow
perturbations. This is an order of magnitude smaller than
the corresponding value at Jupiter, and on the basis of this
comparison it is sometimes stated that Saturn has a weaker
interior plasma source than Jupiter.

The relative importance of a plasma source cannot, how-
ever, be judged on the basis of absolute numbers in kg s−1

or amu s−1; rather, the mass input rate must be expressed in
dimensionless terms, dividing it by some suitable, physically
relevant scale quantity. The purpose of this note is to com-
pare the interior plasma sources of Jupiter and Saturn on a
dimensionless basis, in two ways: relative to the solar wind
mass flux, and relative to a (newly defined) critical input rate
derived from planetary parameters alone.

2 Scaling to solar wind mass flux

A widely used comparison of the interior source rate is with
the mass flux of the solar wind through an area approximately
equal to the projected cross-section of the magnetosphere:

Ssw = π (RM/RP)2 ρswVswRP
2 (1)

where RM is the distance from the planet to the subsolar mag-
netopause (conventionally expressed in units of the planet’s
radius RP), ρsw is the mass density and Vsw the bulk flow
speed of the solar wind. Note: the amount of solar wind
plasma entering the magnetosphere is generally assumed to
be a small fraction ofSsw, of orderO(10−3) for Earth (e.g.
Hill , 1979b, and references therein). The solar wind den-
sity decreases with increasing distancer from the Sun as
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1/r2. At Saturn in comparison to Jupiter,ρsw is thus smaller
by a factor(5.2/9.5)2

'0.30, (RM/RP)2 is smaller by a fac-
tor approximately∼1/9 and (RP)2 is smaller by a factor
(60 268/71 400)2

'0.71, giving all told

Ssw(Saturn)/Ssw(Jupiter) ∼ 0.024∼ 1/42.

The reference solar wind mass flux is smaller at Saturn than
at Jupiter primarily because of the lower solar wind density
as well as the smaller size of the magnetosphere.

3 Scaling to planetary parameters

At both Jupiter and Saturn, the plasma injection process oc-
curs deep within the magnetosphere, where the influence of
the solar wind may be minimal. It is thus natural to ask: can
the mass input rates be compared on the basis of planetary
parameters only, with no reference to the solar wind? The
primary given parameters are the distancers of the source
(orbital distance of the moon), the planetary rotation rate
� (=2π/τrot), and the planet’s magnetic momentµ. The lat-
ter is usually expressed asµ=BPRP

3, where BP is the surface
magnetic field strength at the equator; for most purposes in
the magnetosphere, however, given a fixedµ, the separate
values of BP and RP do not matter except for a few special
aspects (e.g.Vasyliūnas, 2004).

From the parametersrs , �, andµ, one can construct one
quantity having the dimensions of mass per unit time:

Scr =
µ2

� rs5
. (2)

The physical meaning of this critical mass input rate is seen
more easily if Eq. (2) is rewritten in an expanded form,

Scr = 4πrs
2

[
1

8π

(
µ

rs3

)2 1

(1/2) (�rs)
2

]
�rs (3)

(Gaussian units):Scr is the mass outflow when the mass den-
sity equals the energy density of the magnetic field at the
equator divided by the corotational kinetic energy per unit
mass, and the outflow speed equals the corotation speed, all
at the source distancers . In Sect.4, I show that a mass input
Scr implies breakdown of corotation already at the distance
rs .

Expressed in numerical terms,

Scr = 5.73× 109kg s−1
(

BP

1Gauss

)2
τrot

10h

RP

104km

(
RP

rs

)5

giving, with rs=5.91 RJ for Io and rs=3.94 RS for Ence-
ladus,

Scr(Jupiter) ' 1.03× 108 kg s−1

Scr(Saturn) ' 1.76× 106 kg s−1 ,

or

Scr(Saturn)/Scr(Jupiter) ∼ 0.017 ∼ 1/59 .

The critical mass flux is smaller at Saturn than at Jupiter
primarily because of the much smaller magnetic dipole mo-
ment.

4 Relation ofScr to breakdown of corotation

The critical distanceR0, beyond which the dipole field is too
weak to exert the centripetal acceleration required for main-
taining the plasma in rigid corotation, can be estimated as

R0
4

' µ2/
(
πrs

3�2hsρs

)
' 2µ2/

(
rs�

2M
)

(4)

whereρs is the plasma density andhs the plasma sheet thick-
ness at the source distancers (see detailed derivation inVa-
syliūnas, 1983, and references therein), and the second ex-
pression follows by noting thatM'2πrs

2hsρs is approxi-
mately the total mass in the plasma sheet. From Eq. (4),(

R0

rs

)4

'
µ2

� rs5

2

� M
=

2Scr

� M
, (5)

hence a mass input equal toScr accumulates, during approx-
imately one rotation period, a mass sufficiently large to break
open the magnetic field lines at the source distancers .

Another limit to corotation, independent of Eq. (5), is set
by the finite Pedersen conductance6P of the planet’s iono-
sphere. With a mass inputS that must be transported out-
ward, plasma flow becomes markedly subcorotational be-
yond a distanceRH (Hill , 1979a)

RH
4

' π6P µ2/c2S , (6)

which can be rewritten with the use of Eq. (2) as(
RH

rs

)4

'
π6P �rs

c2

Scr

S
(7)

'
6P

1 mho

�rs

3184 km s−1

Scr

S

or, inserting the values of�rs at Io and Enceladus, respec-
tively,(

RH

rs

)4

'
6P

56 mho

Scr

S
(Jupiter)

'
6P

120 mho

Scr

S
(Saturn).

For any plausible value of6P , S=Scr implies RH <rs : a
mass inputScr is too large to be accelerated to rigid corota-
tion, even at the source location. The assumption implicit in
deriving Eq. (5), that rigid corotation is maintained until the
magnetic field lines break open, is therefore not valid; what
remains true in any case, however, is that a mass inputScr

does not allow rigid corotation anywhere.
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5 Comparison with observations

There is a long-standing ambiguity in the use of the terms
“mass input rate” or “mass loading rate” applied to plasma
sources within planetary magnetospheres, which must be
taken note of when comparing the observed values in the
magnetospheres of Jupiter and Saturn. Strictly speaking (nar-
row sense), these terms should denote processes that add
plasma to the system: photoionization and electron-impact
ionization of the neutral particles (Eq. (6) holds only with
S meant in this sense). In practice, however, the terms are
widely used also (broad sense) to denote all ionization pro-
cesses, including charge exchange between plasma and neu-
tral particles which does not result in a net addition of plasma
but only in a net escape of neutrals. The distinction is par-
ticularly significant at Saturn, where the abundance ratio of
plasma to neutral particles is much lower than at Jupiter (Ju-
rac and Richardson, 2005; Delamere et al., 2007).

The dimensionless expressions are applicable, of course,
for the mass input rate in either the narrow or the broad sense;
one just has to make sure, when comparing Jupiter and Sat-
urn, that the reported observed values are meant in the same
sense for both planets. The canonical value of∼103 kg s−1

for Jupiter is unquestionably the plasma mass input rate in
the broad sense (cf.Thomas et al., 2004, Table 23.1). It can
therefore properly be compared with the rate∼102 kg s−1

(minimum value) inferred byPontius and Hill (2006) from
plasma momentum loading and thus also representing the
plasma mass input rate in the broad sense.

6 Conclusions

Although the magnetospheric mass input rate inferred from
observations is smaller by (at least) an order of magnitude at
Saturn compared to that at Jupiter, this does not necessarily
imply (as often supposed) that the magnetosphere of Saturn
must be mass-loaded to a lesser extent than that of Jupiter.
On the contrary, when expressed in appropriate dimension-
less variables, the mass input at Saturn may very well be
larger than that at Jupiter, because the scale quantities are
also much smaller at Saturn than they are at Jupiter: the so-
lar wind mass flux incident on the projected magnetospheric
areaSsw is smaller by a factor∼40, and the critical mass flux
Scr that would completely prevent corotation is smaller by a
factor∼60.

As discussed in Sect.5, the observed mass loading (in the
broad sense, including charge exchange) at Saturn may be
consistently estimated as smaller by a factor∼10 than the
canonical value of the mass loading at Jupiter. Relative to
Ssw, mass loading at Saturn then exceeds that at Jupiter by
a factor∼4. Relative toScr , mass loading at Saturn exceeds
that at Jupiter by a factor∼6. At both planets, the actual mass
input rates are smaller thanScr by many orders of magnitude,
but Saturn’s is closer by a factor∼6 to itsScr than Jupiter’s

is to its. Enceladus may thus be a more significant source
of plasma for the magnetosphere of Saturn than Io is for the
magnetosphere of Jupiter.
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