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ABSTRACT

The physical and chemical processes responsible for cometary ionospheres are now beginning to be understood, due
to comparisons between theoretical results and recently obtained in situ observations of the ionospheric plasma and
magnetic field of comet Halley. The contact surface which separates outflowing cometary plasma from solar wind
controlled cometary plasma can be explained in terms of a balance between the magnetic pressure gradient force and
ion-neutral drag. An analytic expression for the magnetic field in the vicinity of the contact surface is given in this
paper.

INTRODUCTION

Photoionization of cometary neutral atoms and molecules (e.g., HyO, OH, O, COy, etc.) by solar extreme

ultraviolet radiation produces cometary ions which contaminate and mass-load the solar wind at large cometocentric
distances. The plasma in the inner coma near the nucleus (i.e., ionospheric plasma) is purely cometary in origin and
is strongly coupled to the neutral gas. Figure 1 is a schematic diagram illustrating the basic features of the plasma
environment in the inner coma of a Halley -type comet (see the reviews by Mendis et. al. /1/ and Ip and Axford /2/).
The location of the contact surface (abbreviated CS in this paper) is indicated. The plasma outside the CS is
magnetized, and the ionospheric plasma inside is field-free. An inner shock might exist in order to divert the initially
outwardly flowing plasma towards the tail, or as a consequence of the ionospheric electron temperature gradient /1/.

This paper reviews our current understanding of cometary ionospheres. The next section contains a brief tutorial of
the basic physical and chemical processes operating in cometary ionospheres. The third section is a review of some
recent theoretical models of cometary ionospheres and the fourth section is a review of relevant in situ
measurements of comets Halley and Giacobini- Zinner (G/Z) made by the GIOTTO and ICE (International Cometary
Explorer) spacecraft, respectively. The fifth section is a general discussion of ionospheric plasma and in the sixth
section the physical processes responsible for the formation of the contact surface (CS) are discussed.

PHYSICAL AND CHEMICAL PROCESSES (TUTORIAL)

The composition of the neutral inner coma, or atmosphere, of comet Halley near a heliocentric distance of 0.85 AU
was measured by the neutral mass spectrometer (NMS) onboard the GIOTTO spacecraft /3/ and was shown to be
about 80% or more HyO (by volume) with a total gas production rate of Q = 6.9 x 10%° molecules/s. The neutral
outflow speed, u,, was found to be about 0.9 km/s. Both the NMS and the ion mass spectrometer (IMS) /4/ on
GIOTTO have shown that H,O? is the major ion within a cometocentric distance, r, of = 1-2 x 10* km, followed in
abundance by H,O%, OH, é*, and O, as well as many other species.

The neutral /dust dynamics in the inner coma is rather complicated but for values of r greater than 1 km or so the
neutral outflow speed, u,,, is an approximately constant 1km/s. The total neutral density , np,, is then:

n,=Q /(4nu,1?) )

These neutrals can be ionized by solar extreme ultraviolet (EUV) radiation, by photoelectrons, and possibly by
energetic electrons /5, 6/,

hv{ore) + HyO

> HyOt + e ¥3)
The neutral density at large radial distances (= 105 km) is attenuated by these ionization processes, but at smaller
radial distances equation (1) is reasonably accurate. As is well-known from theory /7, 8/, the HyO* ions rapidly
react with HyO to produce H30™:

H,0t + Hy0

> Hz0% + OH  k3=2x10" cm®! €)
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Fig. 1. Schematic of inner plasma environment of comet Halley.

The H30™ ions rapidly recombine dissociatively:

> H)0 + H a=7x107(300/T,)"? @

H30+ + €
where T, is the electron temperature. Similar chemical reactions apply to the other ion species.
The continuity equation for ion species j with velocity, U, and number density, nj, is

anj /ot + V+( 0 uJ) = Pj - Lj n; )
where P; and L:n; are the chemical production and loss rates. w; in the inner ionosphere is radially outward with a
magnimﬁe Pl a}gpiloximately equal to 1 km/s /8/. An ion species it photochemically controlled if its chemical lifetime
(T = 1/ Ly is much less than its transport time [Tyane =T /uj where the relevant length scale is r]. The
photochemical expression for the density is just n; = Pj } ij .

Now consider the H,0" ion. The production rate of this jon is Pr0+ =1np, where I = 108 57 is the total H,0
ionization rate (mainly photoionization). The loss rate is Lyont Nyant = kgnpnyso+. For comet Halley near 1 AU
and for a distance from the nucleus r = 1000 km, n,= 6xf87 cm% so that thé H,O chemical lifetime is =1
/ksnp, = 10 s. This value of efic is much less than the transport time of about 1000 s. In fact, the H,O" ion should

be photochemically controlied everywhere within a distance of a few x 104 km. Its density is:

npp0+ = (Iny)/(k3n;) = 500 cm® ©

Notice that the density is independent of r since the production and loss rates are both proportional to ny.

H30% is the major ion in the cometary ionosphere, and nggs+ = n, where n, is the electron density. Assume
initially that this species is photochemically controlled. Its production rate is almost equal to the HyO" production
rate, given above, and its loss rate due to dissociative recombination (eq. 4) is Lisotngsot & ang® The
electron density can then be found by equating production and loss to give:

10 |12 1 1LQ 1/2(1";\)1/4 1 (72
ne= |4nu,a r = 4mu,7x107) \300 r

Using parameters given earlier from GIOTTO for comet Halley, this expresssion becomes
ne= 10'2(T,/300)" (1/r) (7b)

As has been well-known from theory /1,2/, the photochemical electron density varies inversely with the distance
from the nucleus. And the total ion current (proportional to n.) measured by the GIOTTO ion mass spectrometer /4/

varies as 1 /r overall.
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It was assumed in deriving equation (7) that H3O+ was photochemically controlled. But is this a good assumption?

The recombination time is T, =1/ ng = (10'5 1), and the transport time is Tirans =T/ Y = (105 r). Both these

time constants are comparable for any value of 1, indicating that transport is also important. One can get a feeling for
how transport affects the electron density profile by finding an expression for n, that neglects recombination

altogether. The solution to the continuity equation (eq. 5) with zero loss rate and with the approximation that u =1

km/s is:
e = m) ( L) ! (8a)
T Un Ui r

which becomes the following for comet Halley:
ne= 6x 1012 /¢ (8b)

The radial dependence of 1, is still 1/r. Gombosi et al. /9/ derived an analytic expression for n, which included

both transport and recombination and this indicates that equation (7) is a much better approximation {0 ng, than
equation (8).

The electrons and ions are strongly coupled to the neutral gas in the inner coma where the neutral density is high and
where the electron-neutral and ion-neutral energy exchange rates are large. All the temperatures are about the same

in the inner coma: T, =T;=T,. The electron and ion temperatures become significantly higher than the neutral
temperature only at larger values of r.

REVIEW OF RECENT THEORETICAL MODELS

Some recent theoretical models of cometary ionospheres are reviewed in this section; more comprehensive reviews
can be found in Mendis et al. /1/ and Huebner et al. /10/. The Marconi and Mendis model (designated MM)
/1,11,12/ will be discussed first and then the Kérdsmezey et al. /8/ model. Both these models are one-dimensional
with radial outflow. The MM model treats the heavy neutrals, atomic hydrogen, the dust, and the thermal electrons
as separate "fluids", but combines the ions with the heavy neutrals. Continuity, momentum, and energy equations
for each fluid were solved; however, the electron velocity was assumed to be the same as the neutral / ion velocity.
The parent molecule composition of the gas sublimating from the nucleus for this model can vary but for the results
reviewed here was 85% Hy0, 10% CO,, and 5% N,. Multiple scattering of the incoming radiation was also taken
into account.

Figure 2 shows the calculated temperature profiles for a Halley-type comet. The neutral temperature initially
decreases due to adiabatic cooling as the gas expands outward from the nucleus, but further out T, increases due to

photochemical heating. The electron temperature is equal to T, for r less than about 2000-km but then increases

rapidly for two reasons: (1) reduced electron-neutral cooling at large distances and, (2) heating from Coulomb
collisions of the thermal electrons with the superthermal (energies E = 10 eV) photoelectrons produced by reaction
(2). Heat conduction significantly reduces the electron temperature by transporting heat away from larger
cometocentric distances down to the collision-dominated inner coma where the electrons are more efficiently cooled.

Electron and ion density profiles from the MM model are shown in Figure 3. The densities are small for r < 50-100
km due to the opacity of this inner region for solar EUV radiation. The major ion is H30"' and its density varies

approximately as the inverse of r, for the reasons given in section 2 (eq. (7)). The electron density increases at a
cometocentric distance where the electron temperature increases as one would expect from equation (7). Forr > 100
km, the H20+ density is almost constant, as discussed in the tutorial (eq. (6)).

The MM model has also been applied to comet G/Z /7/ which has a total gas production rate Q = 2-3 x 1028 51,
The critical assumption for this application is that the ionospheric plasma be able to flow unimpeded down the tail.
The calculated electron density and temperature at a cometocentric distance of about 7800-km (the ICE spacecraft
crossed the tail axis at this distance) are = 2000 cm™ and ~ 20,000 K, respectively, and are in reasonably good
agreement with the values measured in situ by the ICE spacecraft (shown in the next section).

Another model of the ionosphere of comet Halley has recently been developed by Korosmezey et al. /8/. In this
model (designated K), the coupled continuity, momentum, and energy equations for electrons and ions were solved
using a numerical method that permits shocks. The ions are handled as a seperate species from the neutrals, with
their own velocity and temperature. The K model only considers the ionospheric plasma and adopts all neutral
atmosphere parameters from the work of Gombosi et al. /13/. The photoelectron flux as a function of electron
energy and distance is calculated in detail and is used to determine the heating rate of the ambient thermal ionospheric
electrons. This heating rate was used in the calculation of the electron and ion temperatures. Calculated
photoelectron fluxes are displayed in Figure 4 for two values of r. The structure in these photoelectron spectra
results from structure in the solar EUV spectra.
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Fig. 2. Temperatures of electrons (T,) heavy neutrals (T R)» hydrogen (Tyy), and the dust (Tpy) as
functions of cometocentric distance, from the theoretical model of Marconi and Mendis (cf. /1/).
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Fig. 3. Electron and ion densities from the Marconi and Mendis model.

The electron temperatures calculated in the K model (not shown here) are qualitatively similar to those calculated in
the MM model but quantitatively are considerably lower than the MM temperatures at larger distances. The electron

temperature calculated in the K model is only = 1000 K at 10* km if no external heat inputs are incloded, whereas
in the MM model T, is several thousand degrees. The electron heating efficiency due to photeelectrons is
considerably smaller in the K model than in the MM model because most of the photoelectron energy is lost via
collisions with neutrals rather than with the thermal electrons. However, a MM type of T,, profile is obtained by
Korosmezey et al. if a external heat input into the electrons of 3 x 10° eV/cm?/s is applied at the upper boundary at

10% km. The ion temperature calculated at 10* km is also about 1000 K and is larger than the neutral temperature.
The ions are primarily heated by the exothermic energy associated with chemical reactions such as reaction (3).
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Fig. 4. Theoretical cometary photoelectron fluxes versus electron energy at two cometocentric
distances, from the model of Korismezey et al. /8/.

The plasma velocity is permitted to be different from the neutral velocity in the K model although the velocities are
almost the same ( y; = uy, ) in the collision-dominated inner region (see Figure 5). The ion velocity begins to

decrease relative to the neutrals near r = 1000 km because the increasing electron temperature results in an electron
pressure gradient which produces an inwardly directed polarization electric field which decelerates the ions. This
decrease in u; is smooth for the cases with only internal electron heating, but there is a sharp shock-like decrease of

y; (an inner shock?) for the case with the external heat input. The electron density profile calculated in the K model
is qualitatively very similar to the MM profile and n,, varies approximately as 1 /r with a slight enhancement where
T, increases.

IN SITU OBSERVATIONS OF COMETARY IONOSPHERES

In situ experimental measurements of the ionospheres of comet Halley and comet Giacobini-Zinner are now

available, for the first time. The ICE spacecraft observed a narrow plasmasheet of cold dense plasma ( thickness =

2000 km) as it traversed the neutral sheet part of the magnetotail /14,15/. In the plasmasheet, n, = 108cm3and T,

=~ 104K (see Fig. 6). It seems reasonable to conclude that this is ionospheric plasma convected down the the taif
/.

The GIOTTO spacecraft first entered a magnetic field-free cavity at a cometocentric distance of about 4500 km and
exited this cavity atabout the same distance after closest approach /16/ (see Figure 7). This cavity can be identified
as the ionospheric region and the ion mass spectrometer (IMS) on GIOTTO made measurements throughout this
region /4/. The composition from the IMS was alluded to earlier in this paper and the total ion counting rate
(assumed to be proportional to n) is reproduced in Figure 8. The total ion counting rate varies approximately as the

JASR 7:12-K
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Fig. 5. Calculated velocities versus cometocentric distance from /8/. Results for four different sets

of conditions are shown (local or transport for photoelectrons, heat input or no input at the upper
boundary, etc.).

inverse power of r for all values of r less than about 10* km. In fact, there is only a slight deviation from this
r-dependence at the contact surface (CS), indicating the CS is not a Venus-type ionopause where the thermal plasma
density and pressure decrease. Plasma flow speeds and ion temperatures measured by the IMS are shown in Figure
9. The ion flow speed decreases from about 1 km/s inside the ionosphere to approximately zero in the vicinity of the
CS, and T; varies from = 400 K inside the ionosphere to about = 2500 K near the CS.

1S THE PLASMA OUTSIDE THE CONTACT SURFACE IONOSPHERIC ?

By what criteria is a plasma commonly called "ionospheric” by terrestrial or planetary standards ? The plasma
should possess the following interrelated properties (by comparison with solar wind or magnetospheric plasma):
(1) Slow, (2) Dense, (3) Cold, (4) Interacts strongly with neutrals

The outwardly flowing plasma in the region below the CS certainly has these properties and has always been
referred to as the cometary "ionosphere” (cf. /1/). But what about the plasma in the region just outside the CS (4500
km <1t<2x 10% km) ? The GIOTTO measurements (reviewed in the last section) indicate that:

(1) The flow speed is less than 1-2 km/s (SLOW).

(2) The measured electron density just outside the CS is comparable to the density below the contact surface (ng =
108 cm3 is expected from theory). The plasma is DENSE.

(3) The measured ion temperatures are less than = 104 K. The electron temperature in this region is expected to be

less than 1-2 x 10% K from theory /17,18/ and from ICE measurements in the tail of comet G/Z /15/. The
plasma is COLD.
(4) The major ion in this region was observed /4/ to be H30%, which indicates that the reaction of HyO with

HpO proceeds rapidly. Interactions with NEUTRALS are important.
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Fig. 6. Electron density and temperature time histories near the magnetotail of comet
Giacobini-Zinner from the ICE radio experiment /15/.
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Fig. 7. Measured magnetic field magnitude versus time from the GIOTTO encounter with comet
Halley /16/. CA designates the time of closest approach to the nucleus. A theoretically calculated
magnetic field profile is also shown (see text).
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Fig. 8. Radial profile of counting rate for sum of masses 16, 17, 18, 19 and 32 from the HIS ion
mass spectrometer on GIOTTO /4/. C designates the contact surface.

All the criteria for ionospheric plasma are met and the plasma in the region just outside the contact surface should
also be considered ionospheric. Hence, there are two ionospheres, or two parts to the ionosphere -- an inner
field-free ionosphere (the "classic” ionosphere which the theoretical models have considered) and an outer
magnetized ionosphere. Most of the above properties of the magnetized "ionosphere" were recognized to some
extent /1,2,11/ prior to the recent spacecraft encounters with comets Halley and G/Z, but the ionospheric nature of
this region has not yet been fully recognized.

The plasma analyzers on the VEGA spacecraft observed a "cometary plasma region” in which the ions are very
slow-moving and are entirely of cometary origin /5/. The outer boundary of this region has been called the
cometopause and is located near 10° km from the nucleus. The magnetized ionosphere discussed here is located in
the inner part of the cometary plasma region.

THE CONTACT SURFACE

The contact surface can be defined as that surface where the magnetic field becomes zero, or extremely small /16/.
One can a}so define the contact "surface" as that region where the field goes from its external (or magnetic barrier)
value to its very small ionospheric value, and in this case the CS is a region with finite thickness ( ~ few
hundred-km, /16/). The available data clearly demonstrate that the plasma pressure internal to the CS cannot balance
the sum of the external plasma pressure and the external magnetic pressure. In fact, the plasma density on both
sides of the CS is about the same; there is no Venus-like ionopause. The external magnetic pressure in the flanks of
the comet Halley magnetic barrier (or stagnation region /19/ or cometary plasma region /5/ or inner plasma mantle
/6/) is about 1.5 x 10" dynes/cm? , whereas the internal plasma pressure and/or the internal dynamic pressure are
léosth less than 5 x 10"'% dynes/cm? and therefore cannot play an important role in the momentum balance near the
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Fig. 9. Time history of both ion flow speed and temperature for HyO" (bold line) and H30* (light
line) from the GIOTTO IMS (from /4/).

The most important terms in the momentum equation for the conditions found near the CS are the Jx B term
(where J is the current density) and the ion-neutral drag term. The magnetic pressure gradient force is much larger

than magnetic tension near the contact surface because the width of the CS ( Ar = 500-km) is much less than the
radius of curvature which is greater than or equal to the radial distance to the contact surface (1, = 4500 km where
1. is the cometocentric distance of the CS). Hence, using Ampere's law and neglecting magnetic tension it can be

shown in one-dimension that J x B = - d/dr [B2/ 8x], assuming that the radius vector is approximately normal to the
contact surface in the flanks where GIOTTO crossed the CS. The momentum balance can then be written as:

-9@r[BY8r] = ngmyvy (uj-uy) ©)
where my; is the ion mass and v;,, is the jon-neutral momentum transfer collision frequency. One can write v;, =kj,

n, where ki, =2 x 109 cm3s71. This momentum balance is schematically represented in Figure 10. Equation (9)

can be integrated if a couple of assumptions/approximations are made. First, make the reasonable approximation
that the electron density varies as n = (ngg Teo) /T Where ng e, is given by equation (7b) for comet Halley.

Second, assume that the ion velocity is zero in the vicinity of the CS (u; =0). The GIOTTO IMS data indicates that
both these assumptions are reasonably good. Equation (9) then becomes:

-9/r[BY8r] = -YQ/r3 10)

where the constant Y = ngoTeom; ki, /4w,
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One finds that Y = 6.8 x 102! for comet Halley using values for the relevant parameters given earlier throughout
this paper. One can assume that Te = 103K. Equation (10) can be integrated from r = s, where the magnetic field
strength is equal to that in the magnetic barrier (B = B, ), down to any value of r greater than reg:

B@) = Byll - (15/1)2112 1)

The distance to the contact surface is defined as that value of r where B(r) becomes zero:
res = [88YQ1V2/B, (12)

Note that the distance to the CS decreases as the field in the magnetic barrier, B, increases. The magnetic pressure
(B2 / 8n ) in the magnetic barrier is approximately equal to the solar wind dynamic pressure (see references listed
in /19/), and therefore as the solar wind dynamic pressure increases, the distance to the contact surface decreases (as
one would expect). Equation (12) predicts that the distance to the contact surface increases as the gas production rate
Qincreases. Actually, the dependence on gas production rate is Q%4, rather than the Q'”2 dependence indicated
formally in equation (12), because the factor ngfe,, varies approximately as the one-half power of Q according to
equation (7a). One can predict that the distance to ﬁxe contact surface for comet Giacobini-Zinner is about 500 km
for typical solar wind conditions by scaling from the 1. = 4500 km measured for comet Halley and using the fact
that the gas production rate at = 1 AU of comet G/Z is about a factor of 20 smaller than Halley's. The width of the
contact surface, Ar ., can be defined as the extent of the region between I.s and where B = 0.5 B, in which case
from equation (11) one finds that Ar ¢ =0.15 r . (= 700 km for Halley).

Equation (11) was used to model the variation of the magnetic field with r at the time of the GIOTTO encounter.
The inbound and outbound data was modeled separately. In each case, the value of r g was chosen to match the
observed value (4760 km inbound and 3840 km outbound) and B, was then chosen to find the best agreement
between equation (11) and the magnetic field data. This procedure gives B, = 57 nT inbound and 70.7 nT
outbound. The comparison of theory and measurements is shown in Figure 7, and the agreement is very good.

Equation (12) can then be used to find values of Q for both the inbound and outbound legs of the GIOTTO trajectory
since rog and B, were chosen to "fit" the observed field. This procedure gives Q = 4.3 x 1029 5™ for both inbound
and outbound (to within less than 1%). This value of Q is about 50% smaller than the gas production rate measured

by the GIOTTO NMS /3/; however, the agreement is excellent considering the various uncertainties in the constant Y
and the neglected terms in the momentum equation.



Cometary Ionospheres (12)157

Now reconsider the very important assumption that u; = 0. The IMS data [4] supports this assumption near the

contact surface but there are also theoretical reasons for expecting very small ion velocities near the CS. A very
small u; follows from basic MHD considerations and is a consequence of two factors: (1) steady-state conditions

and (2) frozen-in magnetic flux, The standard equation for B, assuming that the Ohmic resistivity is very small, is

B/3t = Vx (u;xB) (13)

Equation (13) does not include a magnetic "diffusion” term, which it should if the Ohmic resistivity were significant
(cf. 120/); however, the diffusion term is roughly 10 times smaller than the magnetic covection term (which was
included in equation (13)) at distances of several thousand km.

For one-dimensional conditions (that is, neglecting the non-radial convection of magnetic flux which probably does
play some role), equation (13) becomes dB/ot=-9 [ u B J/or. The steady-state solution of this equation is u; B
= constant. The magnetic field within the ionosphere is almost zero and the velocity is about equal to the neutral
velocity uy,. This suggests that the ion velocity decreases rapidly as B increases, so that within the contact surface
u; is very small where B is large.

Now consider how the magnetic field (and contact surface) responds to changing solar wind dynamic pressure.
When the solar wind dynamic pressure increases, the magnetic field in the barrier / stagnation region (i.e., B,) will

increase, and from equation (12) the distance to the contact surface will decrease. How does this happen? Equation
(9) indicates that, initially, u; becomes increasingly negative (inward) in response to an increased pressure gradient

force which is unbalanced by the outward ion-neutral drag. Magnetic flux is pushed inward as a consequence of
the now inwardly flowing plasma (a consequence of equation (13)). The region of the maximum gradient of B
continues to push inward until the ion-neutral drag term (which varies as 1 /12 ) has built up sufficiently so as to
again balance the pressure gradient force. The ion velocity then decreases back to zero again as a new equilibrium
momentum balance is set up. The new equilibrium position of the CS is now closer to the nucleus than when this

process started. Conversely, if the solar wind dynamic pressure decreases, ion-neutral drag produces outward flow
which convects magnetic flux (and the CS) outward.

Earlier theoretical discussions recognized the importance of ion-neutral drag in the vicinity of the contact surface /
cf., 1,2,19, 21/, but an ionopause was expected to form by analogy with Venus. It was expected /cf., 1,2,19,21/
that ion-neutral drag would enhance the thermal plasma pressure between the inner shock and the CS and thus
increase the ionopause distance. However, the IMS measurements /4/ clearly indicate the electron density barely
deviates from 1 / r throughout the CS region. In retrospect, this makes sense if one considers that the chemical
lifetime (i.e., the recombination time) of the ions is comparable to the ion transport time even if uj = u,, and,
therefore, must be much shorter than the transport time near the contact surface where u; ~ 0. The ions are
photochemically controlled in this region which means that no matter how "one pushes them around"” the density is
going to be the photochemically controlied and the ions will not "feel" the existence of the CS.

SUMMARY

The basic physical and chemical processes responsible for the ionospheres of comets were reviewed in this paper.
Both the current theoretical picture and the current experimental picture of cometary ionospheres was presented. It
was suggested that the plasma just outside the contact surface is just as ionospheric in nature as the "classical”
ionospheric plasma residing within this surface. Finally, the processes responsible for the formation of the contact
surface were discussed and an expression was derived for the magnetic field in this region.
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