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Moons, asteroids, and comets jnteracting with their 
surroundings 

MARGARET G. KIVELSON 

A body such as a planet, a moon, an asteroid, or a comet, typically enveloped in a 
tenuous neutral gas, perturbs its surroundings in a flowing, magnetized plasma. The 
structure of field and plasma resu lting from the interaction depends on properties 
of the plasma and of the body onto which the plasma flows. This chapter addresses 
the interaction of solar-system plasmas with a number of small bodies of the solar 
system. Size is taken as criterion, but we do not include small planets even though 
the biggest moons are similar in size to the smallest planet, Mercury. For reviews 
of planetary magnetospheres, see Chs. 10 and 13 in Vol. T. 

Given that the Moon has no atmosphere, one might suppose that our discussion 
focuses on bodies !:hat lack atmospheres, but that is not the case. Some moons, 
including small ones, are enveloped in neutral clouds that are not gravitationally 
bound but are, in many ways, similar to atmospheres. Other important properties 
differ from one body to another. Some moons have icy outer layers while others 

have outer layers of sil icates and other non-icy materials; some have conducting 
regions in thei r interiors whereas others do not; and some are magnetized but others 
are not. Like the planets, the bod ies that we discuss are spread throughout the 
solar system. Correspondingly, the plasma conditions vary from one to another. 
The focus on moons and comets is arbitrary, but lhe examples that we shall discuss 
are diverse and illustrate a large range of physical processes that can occur in the 
solar system. The interaction regions surrounding the small bodies of interest vary 
in global geometric configuration, in spatial extent re lative to the size of the central 
body, and in the nature of the plasma disturbances. The objective of the di scussion 
is to understand the physical processes that account for the observed features of the 
interaction regions. 

10.1 Physics of large-scale processes in space plasmas 

Ct is useful to start by discussing the physical principles that govern the behavior 
of the flowing, magnetized plasmas in which moons and comets are embedded. 
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The plasma of the space environment is a partially ionized gas, usually dominated 
by the ionized component. The physical principles that govern the behavior of the 
flowing medium differ from thoc;c that describe a neutral gas. In a neutral gas. 
coll isions among the constituent atoms and/or molecules play a major role in the 
dynamics. In a magnetized space plasma, collisions are generally very infrequent 
and electromagnetic interactions cont rol the behavior of the system. Symmetry is 
broken from the start by the presence of a magnetic field. Strong Coulomb forces 
maintain net charge neutrality within spatial volumes large enough to contain many 
ions and electrons. but ion and electron motions may differ enough to generate 
electric current. In the presence of a magnetic field. currents exert forces, adding to 
the complexity of the physical environment. 

On large spatial and temporal scales, the properties of a magnetized plasma 
are governed by a combination of fluid equations and Maxwell's equations of 
electromagnetism, i.e., the equations of magnetohydrodynamics (MHD). Here, we 
examine the basic equations, not with the intention of mathematical manipulation. 
but with a desire to make clear how forces and response. are linked. The MHD 
equat ions are provided in Cb. 3 of Vol. 1 (see Table 1.2 for a chapter Iic;ting in all 
volumes), but here we are interested in somewhat different conditions. We neglect 
gravitational forces but include the sources and losses linked to ionization of neu
trals, charge exchange, and associated processes. The equations that express the 
conservation of mass and momentum can be written as 

op 
-+V ·pu =S-L 
01 

(mass) 

( opu + V. puu) = p (au+ u ·vu)+ u(S - L) 
J1 &1 

( 10. 1) 

= V p + j x B +(Sp - L p) (momentum) ( I 0.2) 

where lhe first equality in Eq. ( 10.2) makes use of Eq. (I 0.1 ). To these equations, 
we add two of Maxwell's equations, 

as 
- = -V x E 
81 

V x B = µo,j 

(Faraday's law) (I 0.3) 

(Ampere's Jaw). (I 0.4) 

ln Eq. (10.4), we have a<;sumed that the processes of interest occur on time scales 
that are sufficiently long to justify omission of the displacement current. In this, 
as yet incomplete, set of equations, p is mass density, u is bulk flow velocity, S 
and L are the source and loss rates of ion ma<;s per unit volume, respectively, p is 
thermal pressure, j is current density, B is magnetic field, S1, and L P are source and 
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loss rates of momentum density per unit volume, E is the electric field, and µ.0 is 
the permeability of vacuum. Sources and losses are of exceptional importance for 
comets, which emit gases and dust when their surfaces heat up as they approach 
Lhe sun. Some moons have atmospheres or geysers, and for them, too, sources and 
losses may be ext remely important. 

One can write Eq. ( l 0.2) that governs the momentum density in the following 
useful form 

()pu ( 8
2 

' ) . -;--- = - V p + - + pu- + B · VB/µ.o +(Sp - L,,). 
of 2µ.o 

( 10.5) 

Here, the quantities JJ2 /2µ.0 and pu2 enter as additions to thermal pressure. These 
terms are referred to as the magnetic pressure and the dynamic pressure, respec
t ively. The term 8 · VB/J.lo is referred to as the curvature force (actually force 
density) and acts like tension in a string lo accelerate plasma towards the center of 
fi eld line curvature. 

The electric field can be related to u and j through a form of Ohm's law: E = 
- u x B + 17j , where 17 is the resistivity. When the resistivity becomes sufficiently 
small, as is the case in most parts of the systems that we consider, the last term in 
thi s equation can be omitted and the electric field is given by 

E = - u x B. 

Equation ( I 0.6) can he used to rewrite Eq. (I 0.3) as 

an ar = V x (u x B). 

(10.6) 

( 10.7) 

The resulring system of equations is referred to as ideal MHD, which is a 
description that we will find particularly useflll. 

Equations ( I 0.1 ). ( I 0.2), (I 0.4), and (I 0.7) are still incomplete as one can con
fi rm by counting the number of unknowns ( 11 ) and the number of equations (10), 

recognizing that a vector or a vector equation has three components. Jn Ch. 3 of 
Vol. [,an approximation to energy conservation (their Eq. (3.3)) was used to com

plete the set of equations, but here we complete the description using the adiabatic 
assumption that relates pressure to density: 

pp- 513 = constant (adiabatic condition). (10.8) 

Now we have 11 equations in 11 unknowns. 
One may wonder why we have omitted two of Maxwell's equations, i.e., Pois

son's equation that relates E lo the charge density and the requirement that B be 

divergence free (V · B = 0). Actually the latter can be incorporated in our anal
ysis as an initial condition. The divergence of Eqs. ( 10.3) or (10.7) requires that 
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<J(V . B)/at = 0 so if the divergence of B is set to zero at any time, it will remain 
zero at all times. Poisson's equation is not used because we require the charge den
sity. and correspondingly V · E, to be negligibly small, i.e. of order the terms we 
have dropped in the approximations used to write the equations that we retain. 

From the ideal MHD equations it becomes evident that currents affect flows 
(Eq. (J 0.2)), bm also that flows change the magnetic field (Eq. (10.7)) and changes 
of the magnetic field modify the current (Eq. (I 0.4)). The complex coupling leads 
to interesting physics. When a plasma flows onto a solid body, or even a dense 
atmosphere. it is usually slowed and diverted, just as the flow of a stream of water 
i'> slowed and diverted by an obstacle in its path. As the flow changes, the local 
structure of the magnetic field changei. and generates current that modifies the flow. 
In space, multiple properties are inextricably linked. 

Although the equat ions provided in this section treat plasmas as fluids, some 
concepts are better presented in terms of the behavior of ions and electrons. For 
example, the Lorentz force law. F = q(v x B), with F the force on a particle 
of charge q moving at instantaneous velocity v in a magnetic fie ld, tells us that 
magnetic forces do not change the component of velocity along a field bu1 impoc;e 
force across the field. (Note the distinction between Lhe velocity of an individual 
charged pa11icle, v, and the bulk flow velocity, u , which is the mean veloci ty of 
a collection of particles.) Charged particles move in helical paths along the fie ld, 
right-handed for electrons and left-handed for ions. The effect is to tie the plasma 
to the magnetic field. The tight link between a flux tube and its plac;;ma content 
is described as the frozen-in fie ld condition and is discussed at length in Ch. 4 of 
Vol. I. The theorem, valid for ideal MHO, states that if two fluid elements lie on 
a common field line at one time, then they lie on a common field line at all times. 
The concept can be exploited to account for changes of the flux tube structure 
imposed by the properties of the plasma flow. More important, the theorem makes 
clear that interpenetration of distinct magnetized plasmas requires a breakdov..n of 
ideal :vtHD. 

10.2 Characterizing the plasma that interacts with solar-system bodies 

As obstacles to the flow. moons and comets create local di<;turbances in the plas
mas in which they are embedded. The specific structure that envelopes the bod) 
depends on properties of the ambient plasma and these properties vary greatly 
depending on whether the external plasma is the rapidly flowing and temporally 
variable solar wind or the slowly flowing plasma of a planetary magnetosphere. 
The typical plasma density, temperature, and magnel'ic field intensity also vary 
from one case to another. Consequently. it may seem unlikely char general rules 
can describe the interacrion regions. 
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We are rescued from the need to treat each case as totally distinct by recogniz
ing that physical theories often incorporate a small set of dimensionless parameters 
that control important aspects of a system, even if such properties ac; spatial scale, 
temperature, and flow velocity vary by many orders of magnitude. For a flowing 
plasma incident on an obstacle, the form of the interaction depends crilically on 
how the flow speed is related to the speed of waves that transmit information about 
changes of plasma properties from one part of the system to another. An analogy 
to waves in neutral gases helps to clarify the concept. In the frame of an airplane 
in flight, the atmosphere flows onto the plane at some velocity, call it u. As the gas 
encounters the plane, pressure perturbations develop. Pressure perturbations launch 
sound waves that travel at the sound speed, c.1 • If such waves can move away from 
the plane, they can divert the atmosphere upstream of the plane. But the waves are 
swept back toward the plane at the flow speed of the plasma. Only if u < Cs is it 
possible for the waves to begin to divert the atmosphere well upstream of the plane. 
If u > c.t• as for a supersonic jct, the waves pile up in front of the plane, causing 
a shock to develop upstream. Only downstream of the shock is the flow diverted. 
Assuming that the plane is large compared with distances characteristic of atmo
spheric properties, the parameter that determines whether or not a shock will form 
is the (dimensionless) sonic Mach number of the surrounding atmosphere, u/cs. 

ln a plasma, much as in a neutral gas, compressional perturbations develop when 
there is an obstacle in the flow. The sound speed is relevant to understanding how 
such perturbations propagate through the system, but in a plasma, there are waves 
that differ from sound waves and change both the field and the plasma. Because 
the form of the disturbances in the vicinity of a moon or other small body depends 
so strongly on the nature of the waves that carry perturbations through the plasma, 
we digress to describe the properties of some characteristic wave modes. 

10.2.1 Mag11etohydrodynamic waves 

The waves that carry information through a magnetized plasma differ from the 
sound waves of a neutral gas, pa11ly because of the anisotropy imposed on the fluid 
by a magnetic field and partly because the waves must be capable of carrying cur
rents that modify the properties of both matter and magnetic field. The properties 
of such waves can be derived from the MHD Eqs. (IO.l)-(10.8) by analyzing the 
evolution of small perturbations. 

Consider a uniform plasma with constant pressure and density (p and p) whose 
center of mass is at rest (u = 0). Assume that a constant background field (B) 
is present and that neither sources nor losses need be considered. Small departures 
from this background state are taken to vary with space (x) and time (t) as e1<k·:ic- (J)(). 

Here, k is the wave vector and w is the angular frequency of the wave. Perturbations 
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occur in density dp, velocity du, pressure dp, cun"ent j , and field b. Terms linear 
in small quantities in Eqs. (10. I) and ( I 0.5) satisfy 

-wdp +pk · du = 0 ( 10.9) 

-wpdu = - kdp + b (k · B)/µo - k(b · 8 )/µ.o. (J0.10) 

Equation ( 10.8) gives the pressure pcrlurbation in terms of the densi ty perturba
tion as 

dp/p = y dp /p 

and Eq. (10.7) implies 

wb = du(k · B) - B(k · du). 

The solutions to Eqs. ( I 0.9) to ( I 0.12) are the roots of the equation 

(w2 
- v~k2cos28)[w~ - (l}k2(c; + i•~) + k4 u~c~cos20] = 0. 

(10. l I ) 

(10. 12) 

(10.13) 

where 8 is the angle between k and B, and the Alfvcn speed (vA) and the 
sound speed (c.1 ) have been introduced. These quantities characterize the speed 
of propagation of waves in a magnetized plasma and are defi ned by 

( 10. 14) 

c~ = yp/p. ( 10.15) 

The sound speed has the form fam iliar for a neutral gas. The Alfven speed is a 
second natu ral wave speed characteristic of a magnetized plasma. Just as we intro
duced the (dimensionless) sonic Mach number as the ratio of the flow speed to 
the sound speed, it is useful to define a dimensionless Mach number, the Alfvenic 
Mach number (M" = u /vA), related to the Alfven speed. 

As mentioned previously, the quantity B2 / 2µ0 is the pressure exerted by the 
magnetic field, so both of the basic wave speeds are proportional to the square root 
of a pressure divided by a density. The ratio of the thermal pressure to the magnetic 
pressure is another useful dimensionlesc; quantity, for which we use the symbol, {3, 
defined as f3 = p/(B"!./2µo). When f3 < I, magnetic effects dominate the effects 
of the thermal plasma, but in a high-P plasma, the plasma effects dominate. 

Equation (I 0. I 3) is of sixth order in £1)/ k with three pairs of roots. One pair 
results from setting the first factor in Eq. (I 0.1 3) to zero; the resulting dispersion 
relation is 

( 10.16) 
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z z 
(a) (b) 

, • 

x x 
Allven Wave Compressional (Fast) Wave 

Fig. I 0.1 Polarization of MHD waves in a uniform medium. The parameters olher 
than S arc defined in lhc text and are plotted wi1h the wave vector along the x-axis 
and the background field (B) in the x-z plane. The incompressible Alfvcn wave 
polarization is plotted on the left and the compressional fa'it wave polari1ation is 
plotted on lhc right. S is the Poynting vec1or oriented in the direction in which 
energy density is transported by lhc wave: strict ly field-aligned for lhe Alfvcn 
wave and obl ique for the compressional wave. (From Kivclson, 1995.) 

This solution describes waves referred lo as Alfven waves. For this dispersion rela
tion to apply, the magnetic perturbation must be perpendicular to both Band k (see 
Fig. 10. l). This orientation implies that to first order in small quantities, the Alfven 
wave does not change the field magnitude [(B + b)2 = 8 2 + 2(B · b)2 + b2 ~ B2]. 

The wave phase speed is VpJi = <v/k and v1," = ±vAcosO. Waves carry informa
tion at the group ve locity, v~ = '\hw, where the ~ubscript on the gradienc indicates 
that the derivatives are taken in k space; the solution is Vg = ±HuA where B is a 
unit vector along the background field . The remarkable property of these waves is 
that they carry information only along the background field, and they bend the fie ld 
without changing its magnitude. These properties arc of considerable importance 
in interpreting the interaction of a flowing plasma with the solid bodies of the solar 
system. 

Equation (10. 13) has two more pairs of roots, the zeros of the fourth order 
polynomial in square brackets in Eq. ( 10.13), i.e., the solutions 

v2 = w2 I k1 = ~ (c2 + v2 ± [ (c2 + v2 )2 - 4v2 c2co52£1]1 /2) 
ph 2 .1 A J A 1\ 1 · ' • 

(1 0.17) 

The solutions (two pairs, one positive and one negative, of roots) correspond to 
what are unimaginatively referred to as fast (or magnetosonic) and slow mode 
waves. The wave perturbations of both modes may have magnetic perturbations 
along and across B (see Fig. I 0.1 b). Pe11urbations along B change the field mag
nitude and the thermal pressure. The fast-mode changes or thermal and magnetic 
pressure are in pha~e with each other; this implies that the total pressure fluctuates. 
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The slow-mode changes of thermal and magnetic pressure are in anti phase, anti the 

total pressure fluctuations are very small. For waves propagating along the back

ground field (cosO = ±1), the solutions to Eq. (10.17) arc c.~ and u~, with the 

larger of the two applying to the fast mode. For waves propagating at right angles 

co che background fie ld (cos(} = 0), the wave speeds ar~ c~ + v~ and 0, indicating 

that only fast mode waves propagate across the field. 

10.2.2 Selected properties of tlze upstream flow 

H aving identi fied <>Orne of the waves chat carry infomrntion through a magnetized 

plasma, we are now able to introduce the dimensionless parameters that help us 

understand aspects of flow and field perturbations. The magnetosonic Mach num

bcr ( M111s) is the rati o of the flow speed to the fast-mode speed, taken as (c,;+u~) 1 1 2 . 
M 111 •1 reveals whether or not a shock is likely to form upstream in the now. When 

M 111 .1 < I, compressional waves can travel upstream from the obstacle faster than 

the flowing pla!.ma can sweep them back. These waves. moving upstream, can 

divert the incident flow around the obstacle, much as the bow wave of a ship diverts 

water to the sides, and no shock develops. However, as in the situation discussed 

in 1he context of supersonic flight, if M 111.f > I, compressional waves are unable 

to propagate upstream faster than they arc swept back by the flow. They pile up to 

form a shock. Most bodies in the supcr-magnetosonic <>olar wind (exceptions are 

discussed in Sect. I 0.8) create shock<; standing somewhat up tream on their sun

ward sides. Downstream of the shock, plasma is heated, compressed, and divc11ed 
around the obstacle. 

The Alf ven M ach number (MA ) is the ratio of the speed with which the ambient 

plasma flows towards an obstacle divided by the A lfven speed. We will sec that 

this quantity controls the shape of the interaction region in planes containing the 
unperturbed plasma flow and the background magnetic field. The plasma beta (/3) 

is the ratio of the thermal pressure to Lhc magnetic pressure. This quantity enables 

ui;; lo understand how significantly the magnetic field structure can be modified by 

changes of the plasma pressure. 

The plasma environment differs grearly among the small bodies of the solar 

sy~tcm . Some of the bodies are embedded in the solar wind, others in the plasma 

of a planetary magncto<>phere, and some (such as Earth's M oon) move from one 

environmem to another. 1 Table J 0. 1 lists some plasma properties relevant to Lhe 

environment of selected bodies. In Sect. I 0.4, we discuss further how MA and f3 
control aspecrs of the interaction. H owever, we shall firs t consider how various 

properties of the obstac le affect the interaction. 

1 I he Moon orbiL~ the l:arth ma distance of 60 Eanh r:idii !1 ~pends part of each lunar month in Eanh\ 
rnagnctotai l and 1hc r..:sl ot 1hc month in 1he \Olar ~ ind. 
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Table I 0. 1 Properties of the plasmas upstream of selected small bodies of the 
solar system. 

Obs1aclc Ambient plasma M11 Mm.r /3 
Io, Europa, Ganymede Jovian magne1osph. < I < I <3 
Asteroids Solar wind > I > I "' I 
Comets Solar wind > 1 > I "" I 
Moon Earth's ci1hcr > I either> I "' I or < 

magnetosphere or< I or< I 
or solar wind 

10.3 Effects of the electrical properties of an obstacle in the flow 

Currents flow readily in an ionized gas. If the plasma flows onto a solid body, one 
anlicipates that the electrical properties of the obstacle will affect the interaction, 
and they do. Bodies like the Moon have no atmosphere and are very poor conduc
tors but many solid bodies of the solar system are surrounded by an ionized region 
or a cloud of neutrals that can be ionized and can conduct electricity. Currents can 
also flow in plasmas trapped in the magnetic fie ld of a magnetized body. The pres
ence or absence of a conducting path through a body or its surroundings greatly 
affects the form of interaction wi th a flowing plasma. 

10.3.1 Flow patterns at flOn-conducting or conducting bodies 

A plasma flowing at velocity u generates an electric field, the -u x B electric 
field of Eq. (l 0.6). Correspondingly, in the unperturbed flow, an electric potential 
drop is present across distances separated perpendicular to the background fie ld, 
such as the distance marked 2RM in f ig. I 0.2a. The forrn of the interaction of the 
plasma with a body immersed in the flow is significantly affected by the electrical 
conductivity of the body through responses that we consider here. 

Earth's Moon is an excellent example of a very poor conductor. A poor conduc
tor (like a capacitor) can develop surface charge consi stent with the electric field 
across it. Despite the development of surface charge, no current wi ll flow because 
of the low conductivity. The electric potential of the surface charges will cancel the 
potential drop in the solar wind. In this situation, no force is imposed on the plasma, 
which flows without obstruction onto the surface (see Fig. I 0.2a). The magnetic 
field of the incident plasma penetrates the body and is present throughou t the inter
action region. The principal effect of the interaction is to deplete plasma in the 
region downstream in the wake. In this region the magnetic pressure increases to 
produce pressure balance with the plasma surrounding the wake. Below we discuss 
how the wake refill s. 
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Fig. 10.2 Schcmatit:s of plasma fl ow (shown by lines of !low) al velocity u from 
the left onto (a) a non-conducting body and (b) a conducting body. In the plasma, 
B is into the paper, E is - u x 8 in both cases. Diagram (a) shows that a non
conducting body builds up surface charge that imposes a potential drop 6.¢ = 
-2R/11 E across the diameter, producing an electric field that opposes the solar 
wind electric field. Diagram (b) shows the response of a conducting body that does 
not build up surface charge. Conducting paths allow current (shown schematically 
a~ a dashed line) to flow through the body and close in the incident flow. Heavy
banded arrows identify the orientation oft he resultantj x U force that divert:> part 
of the incident tlow. Because much of the incident now has been diverted, the 
potential drop across the body is only fl¢ = d £, where d < R w is the distance 
in the incident !low between the fl ow lines that just gra7e the body. The electric 
field that penetrates the body is a fraction of the upstream field determined by the 
fraction of the up!.tream now that impacts the surface. ln the wake region, gray 
in boch diagrams, the plasma pres:.urc is reduced and the magnetic pressure i:. 
increased relative lo the upstseam values. 

If the body can conduct current, the response is quite different. For a sub
magnetosonic upstream flow, there is no bow shock. The schematic of Fig. I 0.2b 
shows the plasma incident on a body with a conducting outer shell. In the absence 
of a local response, the upstream plasma within a cylinder of radius RM about a 
line through the center would flow onto the moon's surface. However, in response 
to the electric field of the flowing plasma, current begins to flow either through a 
solid outer layer or through the ionized gas layers that envelope many solar-system 
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bodies. Where the curre nt emerges from the conducting layer, it comes in contact 
with the incident pla.<;ma and closes through it. In cquilibiiurn, the current flowing 
through the plasma exerts a j x B force (see Eq. ( I 0.2)) that diverts some of the 
incident flow as illustrated in Fig. I0.2b. Only a portion of the plasma that flows 
through the cylindrical volume that maps from upstream along unperturbed flow 
lines to the moon's cross section actually contacts the suiface because some plasma 
is diverted around the sides. The maximum potential drop across the body then cor
responds to the potential drop across the portion of the unpe11urbed flow (marked d 
in the figu re) that actually reaches the surface; this potential drop is smaller than for 

a non-conducting body. Jn this case, the interaction modifies the flow well upstream 
of the moon, and the wake that develops is narrower than in the non-conducting 
case. If the conductivity of lhe body is extremely high, almost all of the plasma is 
diverted to the side. implying that d approaches 0 and correspondingly there is no 

potential drop across the body. 

10.3.2 Pickup ious, neutrals, and associated currents 

At comets and in the vicinity of moons, such as lo and Enceladus, that are sig

nificant sources of neutral gas, various processes that convert neutral atoms or 
molecules into ions are imponant to consider. Neutrals can be ionized by pho
tons (photoionization) or by collisions with other particles, lypically eleclrons 
(impact ionization). An additional process !hat affects the interaction region is 

charge exchange. In this process, a neutral gives up a charge to an ion. The origi
nal ion, now neutral, carries off its incident momentum while lhe original neutral 

becomes an ion at rest in the frame of the neutral gas. 
The ions introduced into the plasma by ioni.l3tion of neutrals modify the bulk 

propc11ies of the plasma. Consider a situation in which the neutrals arc at rest 

relative to the obstacle, towards which the plasma flows at (bu lk) velocity u. 
Photoionization and impact ionization add m~s to the plasma whereas charge 
exchange between the ionized or neutral form of the san1e element does not change 
the mass density. All three processes slow the bulk flow because the new ions must 
be accelerated so that their average motion matches that of the bulk plasma and the 
process extracts momentum from the incident plasma. These processes also change 
the thermal energy o f the plasma (e.g., Linker et al., 1998) and may modify the 
plasma composition. The complex effects associated with pickup can significantly 

modify the interaction region surrounding a moon or a comet. 
The relation between pickup and currents is shown schematically in the left-hand 

part of Fig. 10.3. The newly ionized ion scn<;es the electric field of the flowing 
plac;ma and begins to move in the direction of this electric field. The elect ron that 
has separated from the ion is initially accelerated in the opposite direction. After 
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Fig. 10.3 Schemac1c of interactions wilh pla~ma with neutrnl..;. Left: initial motion 
or pickup ions and electrons. The gray circle represents a neu1ral composed of a 
posi1ively charged ion and a negatively charged electron. The directions of plasma 
now velocity. u , of 1he magnetic field, B, and of the electric field, E, are indi
cated. ln the image, following dbsociation, the ion palh starts upward and 1he 
electron path star!'> downward. Alt.hough inilial motion i~ alnng E for the ion, the 
Lorentz force cau\e>. the path 10 1w1.,t, resulting JO mot ion around B al the ion 
cyclo1ron period. leading to a net drift at a \elocity or E x B/ 8 2. The electron 
initially moves 111 lhe -E direction. Its motion also rowtc~ around B, bul a1 the 
electron cyclotron frequency. The net effect is a transienl cun-enc in 1.he d irection 
of E. Right: scherna1 ic of the effect of collisions with nculrals for a case with the 
collision frequency of order the ion cyclotron frequency. The triangles rcprescnl 
neutrals. The effect of collisions is to slow the motion in the E x B direction of 
lhe ions bul not or the electrons and to displace 1he ions in lhc direction of E. A 
net current arises, with one componcnl along -E x B (a Hall current) and one 
component along E. a Pedersen current. 

one gyroperiod, the average separation of che gyrocenters of the two charges is 

cloc;e to one ion gyroradius 

P~ = l1lu111Vio11/qB, ( 10.18) 

where mi<m is the ion mass. v;,111 is its thermal velocity, and q is its charge. The 

result of the separation of charges is to produce a transient current density in the 

direction of the electric field. If Lhe pickup is occurring al a rate iz, where 1i is the 
number of ionilations per unit volume and time, then che pickup current is 

j,,idttfl = qtip~. (10. 19) 

Because pickup current flows across the background field, a cloud of pickup ions 

acts much like a solid conducting ohscaclc in the flow and imposes the same typec; 

of perturbationc;, i.e., it slows and dive11s rhe incident flow and produces bendback 

of the field in Alfvcn wings in the manner described in Sect. 10.4. 

Neutral gas density is often enhanced around a moon because material is con

tinually c;puttered off the surface, or because there are geysers (Enceladus) or 

volcanoes (lo), or because it has enough gravity to retain an atmosphere (Titan). 
In that case, currenc can arise in the plasma through collisions in a manner illus

trated c;chematicall} on the left side of the right-hand diagram in Fig. l 0.3. Current 
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driven along E is referred to as Pedersen current. Current driven in the -E x B 
direction and cartied by electrons is HaJI current. 

10.4 The interaction region and the role of MHD waves 

In the discussion of Sect. I 0.3.1, the slowing and diversion of the upstream ftow 
was described in te1111s of currents, but it is more instructive to think of changes 
in the incident plasma being imposed by waves. Section 10.2 introduced the prop
erties of the MHD waves that carry perturbations through a magnetized plasma. 
The fastest waves propagate fa1thest upstream in the flow. In this discussion, we 
assume that there are conducting paths either through the moon or other body or 
in its surroundings. Figure I 0.1 b shows that fast magnetosonic waves carry current 
density, j , perpendicular to the background field. The fast waves set up pressure 
gradients in the flow upstream of the obstacle, and Eq. (I 0.5) shows that, in the 
absence of sources and losses, a gradient of total pressure (the sum of thermal and 
magnetic pressure) can decelerate the flow. (The curvatu re tennis insignificant in 
most of the situations that we consider.) Indeed, fast magnetosonic waves prop
agating upstream slow and divert the plasma upstream of a conducting obstacle. 
Because these waves can propagate along or across the fiekl, the process is not 
greatly affected by the field orientation. As mentioned previously, if the upstream 
now is super-magnetosonic, a shock forms upstream of a conducting body, and the 
shock, a steepened fast magnetosonic wave, imposes the slowing and the diversion 
of now. 

Once the flow has been modified by the effects of the fast mode waves, pe1tur
bations linked to the other two wave modes affect the interaction. Again, we start 
by describing the interaction in a sub-magnetosonic flow. Figure I 0.4 presents two 
views of the interaction region, in (a) a cut through the center of the body in the 
plane containing the upstream flow and the unpe1turbed magnetic field (x -z plane) 
and in (b) a cut through the center of the body and transverse to the upstream flow 
(y-z plane). (Figure 10.2b completes the <>chematic illustration in a plane per
pendicular to the two illustrated in Fig. 10.4.) In Fig. 10.4a, the slight bends of the 
field just upstream of the moon illustrate the compression imposed by the fast mode 
wave. This compression diverts the Row away from the central bulge in a direction 
perpendicular to the background field and the flow. Equation ( I 0.12) shows that 
the flow diversion implies a magnetic perturbation transverse to the plane of the 
illustration in fig. I 0.4a. The perturbations propagate up and down along the back
ground field as AJfven waves. However, the propagation of these waves along the 
background field must be viewed in the rest frame of the plasma. (Recall that, in 
deriving the properties of Alfven waves, we set the background ftow velocity to 0, 
tJ1us implying that the analysis was carried out in the plasma rest frame, where we 
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Fig. 10.4 Schematic rcpresentat.ionl. of the interaction of a conducting body in a 
sub-magnetosonic pla'>ma flow. (a) A <.:ut through the center of the moon in the 
plane of the unpenurbcd field and the incident flow; (h) a cut Lhrough the center 
of the moon in lhc plane perpcndkular 10 the incident flow. Field l ines arc thin 
black lines with black arrowheads hul arc shown in gray on the edges of the Oux 
tuhc containing field li nes that penetrate the obstacle. the All"vcn wing boundaries 
are thick black Jines, the upstream flo"" is shown as a heavy black arrow labeled 
u, currentS are black lines with open arrowheads, sol id where the currents arc 
directed away from the moon and dashed where they are directed toward-; the 
moon. (From Jia et al .. 2010.) 
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found that these waves carry infom1acion only in the direction ± B.) In Fig. I 0.4, 
the plasma is moving at velocity u with respect co the body, taken to be at rest. 
Because the signal moves along the field in the moving rest frame, the signal can 
be present only downc;tream of the left-hand pair of heavy black lines in Fig. I 0.4a. 
The region in which Lhe strong field perturbations develop is called an Alfven wing. 

Figure l0.4a shows projections of bent fie ld lines, although the actual bends are 
out of the plane of the image. The Alfven wave does not change the field magnitude 
which is approximately constant across the boundaries in the illustration. Ficld
aligned currents flow on the boundaries of the region where Alf venic perturbations 
are important and become weak in the region downstream of the right-hand pair of 
heavy lines on the right in Fig. 10.4a. Arrows in the figure indicate the directi on 
in which current flows near the boundaries behind (dashed arrow) and in front 
(solid arrow) of the plane of lhe image. These currents are also shown in the plane 
perpendicular to the upstream flow in Fig. 10.4b. Downstream of the Alfven wing, 
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the slow mode begins to play a role in a region where the plasma pressure increases 
whjle the magnetic pressure decreases. 

The situation illustrated in Fig. 10.4 represents interaction for M11 slightly less 
than I. Near I AU (the radius of Earth's orbit around the Sun) in the solar wind, 
M,,,r is typically of o rder 6. After passing through the bow shock, the flow speed 
diminishes, but still remains substantially larger than VA. This means that down
stream of Earth's bow shock the fie ld must bend through an angle far greater than 
that shown in the figure. That is why Earth's magnetospheric boundary bends back 
so far that it forms the bullet-shaped cavity with which we are familiar. 

The attentive reader will have noticed that Fig. I 0.4 shows currents converging 
on the moon on one side and diverg ing from the moon on the opposite side. Cur
rents are divergenceless, so there must be closure paths across the magnetic field 
direction that link the converging currents on the right of Fig. I 0.4b to the diverg
ing currents on the left, i.e., current must flow across the magnetic field in the near 
vicinity of the moon. If the moon itself is a good conductor, the current can c lose 
through it. Otherwise. it must cloc;c through the plasma in ils immediate surround
ings. The mechanisms that enable such closure currents to flow were discussed in 
Sect. I 0.3.2. 

10.5 Moons with magnetic fields permanent or inductive 

We have discussed the interaction with sma ll bodies assuming that the body is not 
magnetized and the plac;ma magnetic field is constant in lime. Of course, these 
assumptions may not be valid. Jn particular, Jupiter's moon Ganymede, hac; a per
manent intemal magnetic moment and, for some moons, the periodic variation of 
the external magnetic fie ld may drive an inductive response, thereby generating a 
varying intemaJ magnetic field . Herc, we consider these simations. 

10.5.J Ganymede, a magnetized obstacle 

Prior to the Galileo Orbiter's first c lose pass by Ganymede, it seemed unlikely that 
so small a body (radius 2634 km) would have a magnetic fi eld. Skepticism was jus
tified because a planetary dynamo (see Ch. 6) requires an internal region of molten 
metal and it was thought that small bodies in the outer solar system would have 
cooled to a temperature at which even the deep interior would be solid. Thus it 
was a surprise when Galileo measurements revealed that Ganymede has a rather 
large dipole moment oriented nearly parallel to Jupiter's equatorial fi eld, with 
equatorial surface intensity of 8,.,, = 720 nT. Ganymede is embedded in Jupiter's 
magnetospheric plasma, which flows towards the moon at a speed o f approxi
mately 140 km/s. Because to a good approximation, Jupiter 's magnctospheric field 
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is frozen into the flowing plasma (see Sect. I 0. I), ii cannot penetrate into the 

rngion dominated by Ganymede's internal field, but instead fl ows around it. In 
th ic;; situation, the i nccraction region is justi fiably referred to as a magnetosphere. 

By definition, Ganymede's magnetosphere is the region embedded wi thin Jupiter's 

magnetosphere that is threaded by the field lines with at least one end at the moon. 

The magnetosphere i unique. I t is the only one that lies within a planetary magne

tosphere because no other moon is known Lo possess a permanent internal magnet ic 

moment. The size of Ganymede's magnetosphere is establi shed by pressure bal

ance, with the external pressure being p + B2 /2µ 0 + p11 2 (c;ee Eq. ( 10.5)) and the 

internal pressure well approximated as the: magnetic pressure ar distance r from 

its center of a dipole field centered w ith in Ganymede. Jn Jupiter·s magnetosphere 

near the orbit of Ganymede, the magnetic field magni tude is roughly 100 nT and 

magnetic pressure (4 nPa) dominates the contributions of thermal and dynamic 

pressure. Along the meridian containing the upstream fl ow, u, pressure balance 

requires [B,.,Ji(r/ Rc;)3]22/2µ.0 = 4 nPa. or r....., 2RG. 
Figure I 0.5 shows the form of Ganymede's magnetosphere extracted from an 

MHD simulation by Jia et al. (2008). Evident in Fig. I 0.5b is the fact that the 
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Fig. 10.5 (a) Selected magnetic field Jines in Ganymede·~ magnetosphere from an 
~HD simulation. (b) Magnetic field Ii nee; projected onto the ·' -;: plane at y = 0. 
The x-component of the plasma flow "clocity is shown in color. Orange dashed 
lines are tilted relative to the background field at the Alfven angle and the now 
is excluded from regions downstream or the left hand O<L<;hed lines, reappearing 
on ly in regions ~i hout 5 R(j funher downstream. I n the simulation, the sphere or 
radius 1.05 Re is the inner bountlary for plasma flow. (From Jia el al., 2008.) A 
black and white version of this figure will appear in some formats. For the color 
version, please refer lo the plate section. 
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Fig. 10.6 Schemalic of reconnection between oppositely oriented field lines. Ln 
(a) the southward-oriented field of Jupiter llows (heavy gray arrow) towards tJ1e 
northward-oriented field of Ganymede. In (b), 1he field li nes reconnect so that the 
northern end of' a Jovian field line continues into the no1thern end of a field line 
from Ganymede. Jn (c), Lhe kinks in Lhe newly connected field lines accelerate 
pla~ma to tJ1e north and the south, with gray arrows indicaling the sense of now. 

upslream plasma does not flow into Ganymede's magnetosphere, but instead flows 
around it just as plasma would flow around a highly conducling body. A mag
netic field acts as a barrier to plasma flow. The region in the equatorial plane from 
which the external plasma is excluded is sub tantially larger than the equatorial 
cross section of Ganymede, with the stand-off distance close to the 2Rc estimated. 

The shape of the magnetosphere differs greatly from the shape of Earth 's magne
tosphere because the symmetry of the system is dictated by the orientation of the 
external field, not by the direction of the plasma flow (see Table 10.l , noting that 

at Ganymede MA < I, whereas in the solar wind near Earth, MA > 1). 
At the orbit of Ganymede, Jupiter's fie ld is oriented to the south, but Ganymede's 

equatorial fie ld is oppositeJy oriented. This sets up the conditions for magnetic 
reconnection, a process in wh ich oppos itely directed fie ld lines change the way 
they connect across a region in which their opposing orientation weakens the field. 
The process is shown schematically in Fig. I 0.6. A fraction of the incident flow 
reconnects with the magnetic fie ld of Ganymede, and produces the field lines seen 
in regions near the poles that are connected at one end to Ganymede and at the 
other e nd to Jupiter. (The field lines drawn to the upper and lower edges of the 
images in Fig. 10.5 should be regarded as continuing into Jupiter's ionosphere.) 

Reconnection at Ganymede's magnetopause holds special interest for magne
tospheric studies as an example in which the upstream plasma never rotates far 
from an 01ientation antiparallel to that of the internaJ field near the equator. This 
orientation implies that reconnection could occur in a relatively stable manner, as 
contrasted with the situation for planets in the solar wind exposed to fl uctuating 



10.5 Moons with magnetic fields permanent or inductfre 2-B 

orientations of the component of the field aligned with their internal magnetic 
moments. However, studies of reconnection at Ganymede suggest that even in the 
case of Jupiter's stable magnetosphere, reconnection is not steady but intermittent 
wich a typical recurrence time of tens of seconds. The short time between bursts 
of reconnection has a parallel in Mercury ·s magnetosphere, where reconnection 
has been found to occur intermittently and also to recur in tens of seconds. At 
other planets, reconnection can be intermittent but with much longer characteristic 
repetition intervals ( "-'8 min at Earth). 

10.5.2 Europa a11d respo11se to a varying external mag11eticfie/d 

The reader may wonder why the discussion of Ganymede in the previous c;cction 
included a statement, carefully framed, that refers to a permanent internal magnetic 
moment. The reason is that some moons that lack a permanent magnetic moment 
may have a varying magnetic moment if they are embedded in a varying magnetic 
field. Such a situation can arise if a moon has a global-scale conducting layer, 
possibly below its surface, and is embedded in a varying magnetic field. 

A striking example is Europa. Magnetic perturbations observed on the first Oyby 
of Europa by lhe Galileo Orbiter were well modeled as I hose imposed by an internal 
dipole moment pointing along the radial direction to Jupiter and perpendicular to 
Europa's spin axis. Like the other Galilean moons (lo, Ganymede, and Calfo.to), 
Europa's orbil lies in Jupiter's spin equator. Because Jupiter's dipole moment is 
tilled by I 0° relative to its spin axis, the orientation of the field embedded in the 
plasma flowing around all of these moons varies at the synodic period of Jupiter's 
rotation, l l.23 h at Europa. The varying pru1 of the external field is dominated by 
the component along a radius vector from Jupiter's center. Equation (10.3) implies 
that a varying magnetic field generates an inductive electric field. If all of Europa's 
interior or even a shell, consists of conducting matter, the inductive electric field 
can drive current. Jn tum, the induced current generates a magnetic perturbation 
(see Eq. (I 0.4)) and for field variation<; in the direction radial from Jupiter, the 
induced dipole would have the form inferred from Galileo measurements. 

A test was designed to support the speculation that the observed magnetic pertur
bation was the signature of induction. A planned future flyby was modified so that 
cloc;est approach to Europa would occur at a rotation phase of Jupiter for which 
the external radial field component would be in the direction opposite to that of 
the first pass. The orientation of a permanent internal magnetic moment would not 
change from one pass to another but, if the dipole were generated by induction, 
the internal magnetic moment would reverse between the two passes. The internal 
moment was found to reverse, thereby demonstrating that the observed dipole field 
was induced. 
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The next problem was to identify the layer in which the induced current Rowed. 
Gravity measurements supplemented by knowledge of average composition have 
been used Lo model Europa's interior as a dense metallic sphere with radius 
between 0.3 and 0.5 R5 (Re is the radius of Europa) surrounded by a rocky shell 
and covered by an ice shell of roughly 100 km depth. The magnetic perturbations 
recorded on Galileo's first tlyby of Europa were just what would be observed if 
Lhe varying field of Jupiter's magnetosphere was inducing current in Europa's inte
rior. The near-surface signature or currents flowing in Europa's conducting core, 
whose radius is 0.5 R le or less, wou ld be at most 0.53 = 0. 12 smaller than observed 
because of the rapid fall-off with distance of the ampli tude of a dipole fie ld . In order 
to account for the size of Lhe induced dipole moment, the induced current must have 
been flowing very near the surface of the moon. The outennost layer of Europa 
was known to be composed of light materia l, mainly H20, with an icy surface. 
Ice is a poor conductor of e lectricity. However, Uquid water containing dissolved 
electrolytes, something like Earth's ocean, is a reasonably good e lectrical conduc
tor that could easily cruTy the required current density. Thus, it seems extremely 
probable that the conducting laye r near the su1face is a global-scale ocean buried 
beneath the icy surface, an ocean discovered through magnet ic field measurements 
and logical deductions from those measurements. Missions are being planned to 
continue the investigation of this intriguing feature of Europa. 

10.6 Moons without atmospheres 

Generic properties o r the ftow onto a non-conducting body were discussed above 
and some features are illustrated in Fig. 10.2a. The sketch, although simplified, 
represents the most important features of the interaction of the solar wind with 
the Moon and of Saturn's magnerospheric plasma with Rhea. Because there are 
no current paths through the moon, there is no compressional wave propagating 
upstream, so to a good approximat ion, the upstream plasma flows directly onto 
the surface, whether the moon is in the super-magnetosonic solar wind or in the 
sub-magnetosonic plasma of a planetary magnetosphere. The theoretical arguments 

have been thoroughly tested by analysis of data acquired by the Artemi s dual space
craft mission to the Moon using data from time intervals when one spacecraft was 
in the undisturbed solar wind and the other was in the near vicinity of the Moon 
(Zhang et al., 20 14). Even small changes in plasma properties can be identified in 
this manner. As seen in Fig. 10.7,just downstream of the Moon, the wake is devoid 
of plasma and IBI is larger than in solar wind. Plasma refilling is largely governed 
by MHD slow-mode speed, which is very slow, so tbe wake is still depicted of 
plasma at distances of 10 lunar radii downstream. The disturbance in the down
stream region propagates away from the wake center at the fast-mode speed. As 
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Fig. 10.7 Ion dcn-.ity (left) and magnetic field (right) in the vicini ty of Eanh's 
M oon from measurements by the Arle111i~ ~pacecraft. The parameters represcntc<l 
hy color arc normali1ed by their values in the upsu·eam solnr wind. The x-axis is 
antiparallel to the solar wind flow. The dat<1 arc plotted in the x- :: plane which i-; 
the pl<tnC of the SOiar wind field and the tlow, and in the X y plane, perpendicular 
to this plane. The red lines diverging in the direction or ncgalivc x denote the 
wake boundary across which the d1.:nsity changes -.ignilkantly. The divergence 
from the wake center i~ controlled by the propagation of last mode wave~. (rrom 
Z hang er al., 20 1-1.) A black and white veri.ion ofthi-; figure will appear in some 
formats. For the color version, please refer to the plate -;cction. 

anticipated for a non-conducting moon, no changes in plasma or field are evident 
upstream. 

10.7 Moons with atmospheres or other sources of neutrals 

The interacti on between a moon and a flowing plasma differs greatly from the inter
action described in Seel. 10.6 if a moon is enveloped in an atmosphere or another 
<> igni ficanr source of neutml gas. The upper leYels of an atmosphere typicall y 
become ionized and capable of carrying current and we have already described 
how pickup ions and collisions with neutra ls link allow currents to flow acros<, the 
background field. JoniLation of neutral gas scavenged from the upper atmosphere 
of the volcanic moon, Jo, injects of order a ton of plasma per second into Jupiter's 
magnetosphere. Ionization of neutral gas from geyser-like plumes erupting from 
the surface of Enceladus injects tens of ki lograms per second of plasma into Sat
urn's magnetosphere. Europa (at Jupiter) is an example of a moon with les!> intense 
-,ources of pickup ions. although there is some evidence for plumes arising from 
its .;urface. In all o f these cases, the neutrals are central to the closure across the 
field of the Alfven wing field-aligned currents that couple the moon with it s parent 
planet. 

Titan, Saturn's majestic moon that orbits at 20 Rs (Saturn 's radius is 60268 km) 
is shrouded in a very dense atmosphere. Its interaction region is exceptionally 
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complex because as il moves around Saturn the fi eld and plasma conditions change 
significanlly. Sometimes Titan even leaves the magnetosphere and finds itself 
embedded in the solar wind. At Titan, the interaction with the atmosphere produces 
strong draping of the field, creating a highly localized region of intense interaction. 

We know little about Neptune's large moon, Triton, bu t there is evidence sug
gesting that, li ke Enceladus, it may have geysers jetting vapor from its surface and 

these may also modify its magnelospheric surroundings. 

10.8 Small bodies in the solar wind 

The discussions of interaction in the previous sections have assumed that the scale 
of the obstacle to the pla-;ma flow is large compared with the gyroradius of a 
solar-wind ion so that analysis of the interaction in the MHD limit is appropri
ate. However, some bodies are so small that MHD no longer applies, and the form 
of the plasma interaction changes. 

10.8.1 Asteroids 

Asle roids are widely distributed in the inner solar system although Lheir orbits 
cluster between the orbits of Mars and Jupiter. They range in size from "' I km 
to ...... 500 km, too small to be plausible sources of dynamo magnetic fields. Lit
tle is known about their interaction with the solar wind. Much of what we know 
about asteroids is based on studies of meteorites, small bits of asteroidal matter 
that reach Earth from outer space and may be found on its surface. We know that 
many meteorites contain iron and are magnetized. This magnetization. referred to 
as remanent magnetization, suggests that the parent body of the meteorite may have 

had an internal dynamo that impressed a field on surrounding iron-bearing matter 
prior to the collision that broke it to pieces. 

LiuJc is known about the magnetic fields of asteroids. The Galileo spacecraft 
fl ew by two asteroids: Gaspra (scale length of order 14 km) and Ida (scale length 
of order 30 km). In both cases, small-scale but distinctive magnetic fluctuations 
lasling 5-10 min near closest approach were present in the measured magnetic 
field. lt is plausible that the fluctuations were, in both flybys, linked to the nearby 
asteroid. However, one must recognize that fluctuat ions in the solar wind take many 
forms and it is possible that the signatures attributed to these bodies were fortuitous 
solar-wind fluctuations. Assuming that the signatures were generated by a pl asma
asteroid interaction. the signatures were analyzed using an approach that applies 
for cases in which length scales are small compared with the ion gyroradius but 
large compared with the electron gyroradius. Ln this parameter regime, no shock is 
expected to form upstream because the relevant waves propagate faster than MHD 
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Plane Defined by 
Solar Wind Flow and 
Magnetic Field 

Fig. 10.8 Schema1ic of interaction region surrounding an asteroid of scale not 
large compared with ion gyroradi i in the solar wind. Notice thar Lhe interaction 
region is cxlem.lcd along the field direcrion and compressed in the direction per
pendicular to the field and Lhc flow. (From Kivelson and Bagenal, 2007; credit: 
Steve Barllcu.) 
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waves. The interaction region is less cy lindrical than that of a planet in the ';Olar 
wind; it is compressed in the direction perpendicular to the fie ld and the upstream 
fiow as seen in the schematic illustration of Fig. 10.8. The duration of the signature 
associated with Gaspra required the asteroid to have a significant internal magnetic 
fie ld corresponding to magnetization similar to that observed in some meteorites. 
This interpretation requires the parent body of Gaspra to have been magnetized 
before it broke up in some celestial collision. The Ida signature, also Jacking an 
upstream shock, required that the body be conducting. 

Magnetic-field perturbations near asteroid Braille arc consistent with a speci fic 
moment (A m2/kg) of the same order of magnitude as that inferred for Gaspra. By 
contrast, measurements taken by the NEAR-Shoemaker mission close to and on the 
surf ace of asteroid Eros indicate that its field is neglig ibly small, possibly because 
it is formed of magnetized rocks of random orientation. The DAWN spacecraft 
has spent months in the vicinicy of asteroid Vesta and is o ff to an encounter with 
the largest asteroid, Ceres, but the spacecraft instrumentation does not include a 
magnetometer, so we have little information on the plasma interaction at these 
bodies. Other missions under discussion would add to our knowledge of asteroid 
magnetic properties. 

10.8.2 Comets 

Comets are small icy bodies that form in the outer solar sysre.m. The most spectac
ular ones are on highly elliptical orbits (on which they are likely to return to the 
inner solar system periodically) or sometimes on hyperbolic orbi ts (on which, in 
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Fig. 10.9 Left: image of comet Churyumov-Gcra.,imenko from the 3.6 m tele
i.copc of the European Southern Observatory. La Silla/Chile. The comet wa.-, 
at 2.49 AU from the Sun when imaged on March 9, 2004. East is to the lcrt 
and north is up. The nucleus is a source of a~ymmetric emissions. TI1c scale 
is 70000 km EW and 50000 km NS. (From Glassmeier er ol., 2007.) Right 
image of the nuclcul) acquired by Rosena spacccrafl on August 3, 20 14. (Courtesy 
ESA/NASA - Rosella spacecraft.) 

the absence of significant pe1turbations, they are likely to escape the solar system). 
As these icy bodies approach the inner solar system, they are heated by the Sun and 
release neutral gas and dust, normally at rates that increase with approach to the 
Sun. The dust moves outward from the comet and, because it must conserve angu
lar momentum, falls behind the comet increasingly as it moves farther outward, 
producing a tail that bends away from the direction radially outward from the Sun. 
The neutral gas can be ionized by solar ultraviolet radiation and the newly formed 
ions are picked up by the solar wind, as described in Sect. 10.5. forming a second 
tai l directed radially outward. 

Our understanding of cometary interactions will be greatly advanced by data 
acquired by the Rosetta spacecraft, which made measurements close to comet 
Churyumov-Gerasimenko. a 2-km object chat reached perihelion in August of 
2015. The image on the left of Fig. 10.9 shows the neutral and pla~ma environ
ment, with a Lail that extends tens of thousands of kilometers even though the 
comet is still fa r outside of Earth 's orbit (2.49 AU). The tai l is likely to ex tend 
over AU as rhe comet comes closer to the Sun. Comet Churyumov-Gerasimenko 
is a highly irregular object, heavily scarred by impacts as seen in an image 
taken as the spacecraft closed in on its target (fig. 10.9 right). Often comets are 
desc1ibed as dirty snowballs, but this comet, though dirty, is far from a bal I-shaped 
object. 

The solar wind flow is super-magnetosonic relative to the comet, but the 
flow slows as the wind approaches the comet because of its interaction with 
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the cometary material. As its momentum decreases, the Mach number of the 
interaction also decreases. Becau"e of the decreasing Mach number, shocks 
upstream of comets may be quite weak or possibly even disappear. As the slowed 
flow carries magnetic flux past the comet, the solar-wind magnetic fi eld gets hung 
up on the region near the comet and the fi eld drapes around the:! slowed region in 
the fonn of a hairpin. The oppositely directed draped fie lds on the downstream 
<; ide of the comet can reconnect, and cause a portion of the ion tail to break off. For 
reviews of interaction of the solar wind with Comet 67P see Hansen et al. (2007) 
and Rubi n et al. (2014). 

10.8.3 Pluto 

The New Horizon~ spacecraft is en route to Pluto, the most accessible dwarf planet. 
At thi s time, only computer simul ations can hint at what kind of interaction will 
be observed. The spacecraft lacks a magnetometer, so there will be no direct mea
surement of the planetary magnetic fi eld, but plasma measurements should reveal 
whether there is an upstream shock and the nature of the flo~ in the vicinity of Pluto 
(McNutt Jr. et al., 2008; Mccomas er al., 2008). The parameters of the plasma 
interaction antic ipated lead us to expect a very asymmetric magnetosphere because 
the gyroradii of solar wi nd ions arc not small compared with Pluto's radius, imply
ing that an MI ID analysis will not apply (e.g., Delamerc, 2009). Pluto's orbit is 
very eccentric. Only near perihelion, when its orbit lies closest to the Sun, docs 
Pluto have an atmosphere. The magneto<;phere is affected by an atmosphere, so 
there may be different forms of the interaction at different orbita l phases (Bagenal 
et al., 1997). 

10.9 Summary and expectations for other planetary systems 

Plasma flowing onto the small bodies of the solar system creates interaction regions 
of many sorts, some very localized and others extended over many AU. Interpreting 
the response has required us to consider the scale of the body relative to fundamen

tal length sca les of the incident plasma, to note whether or not the body conducts 
electrical cuffent, and to consider the neutral gas environme nt of the body. Dimen
sionless parameters of the incident pla<;ma and the size of the body relative 10 the 
ion gyroradii of the incident plasma were found to be critical in determining the 
glohal structure of the interaction region and whether or not it was bounded by a 
shock on the upstream side. 

Bac;cd on what we know from studies of bodies in the solar system, one can 
speculate on the nature of the interaction in systems that have not yet been explored. 
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Further from the Sun than the orbit of Neptune lie dwarf planets similar to Pluto 
but located in even more tenuous solar wind. The different plasma environment 
may modify the response in interesting ways. 

Planets around stars other than the Sun are being discovered continually (see 
Ch. 6 for a di scussion of exoplanet dynamos, and Ch. 5 of exoplanet discoveries). 

The conditions relevant to the formation of a magnetosphere may differ immensely 
if stellar winds differ substantially from the solar wind. O ne can be reasonably 
certain that there wi ll be surprises whenever our measurements of other stellar 
systems begin to provide measurements of extrasolar magnetospheres. 


