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COLLISIONLESS TEARING INSTABILITY AS THE CAUSE
OF AN OBSERVED STRUCTURE IN THE PLASMA TAIL OF
COMET HALLEY.

J. Galindo Trejo
Instituto de Astronamia
Universidad Nacional Auténama de México

- RESUMEN. Una estructura ondulada en la cola cercana del cameta Halley
fue cbservada en Tonantzintla el 12 de abril de 1986. Los encuentros re-
cientes de naves espaciales con cametas han confirmado el modelo de cola
canetaria con lineas de campo colgadas debido a Alfvén. Tamando en cuen
ta esto discutimos el origen de la estructura considerando un equilibrio
formado por una ldmina de corriente neutra con una camponente de campo
magnético perpendicular a ella. Proponemos aqui que la estructura obser
vada es una consecuencia del inicio de una inestabilidad de desgarre no—-
colisional del equilibrio de plasma mencionado. Este proceso de reco-
nexién magnética podrfia ser provocado por una onda de choque interplane-
taria.

ABSTRACT. A wavy structure in the near tail of Camet Halley was observed
in Tonantzintla on 12 April 1986. Recent spacecraft encounters with co-
mets have confirmed the Alfvén field line draping model of cametary
tails. On the basis of this result, we discuss the origin of the struc-
ture by considering an equilibrium which consists of a neutral current
sheet with a non-vanishing amount of magnetic flux through it. We pro-
pose that the cbserved structure is a consequence of the onset of a col-
lisionless tearing instability in the above mentioned plasma equilibrium.
Such a magnetic- reconnection process could be triggered by an interpla-
netary shock.
Key wonds: COMETS-HALLEY — INSTABILITIES — PLASMAS

I. INTRODUCTION -

The qualitative cometary magnetic field model of Alfvén (1957) was recently confront
ed with the magnetotail observations made by the International Cametary Explorer (ICE) at Camet
Giacobini-Zinner (Smith et al., 1986). The magnetic field configuration of the plasma tail is ‘
basically characterized by two oppositely-polarized magnetic lobes, which are separated by a neu
tral current sheet. Above cited in-situ measurements show only little disagreement with such a
theoretical description. A small magnetic field caomponent perpendicular to the magnetic lobes
was also detected and it indicates clearly the three-dimensional nature of the configuration.

During quiet times, the cometary plasma tail shows a magnetic channeled, nearly uni-
form, outflow fram the cametary ionisphere. However, the tail exhibits occasionally a variety of
disturbed structures, i.e. condensations and wavy structures, which can evolve usually in time
scales fram few minutes to some hours. Considerable work has been devoted to explain these tail
features in terms of classical MHD instabilities (see e.g., Hyder et al., 1974; Morrison and
Mendis, 1978).

The ICE cbservations have also revealed an cbvious similarity of the earth's mag-
netosphere with the plasma magnetotail of comets. The plasma in both configurations is colli-
sionless, i.e., binary collisions between particles are negligible because the mean free path is
much larger than the characteristic length of the system (thickness of the current sheet). Many
theoretical efforts have been performed to describe large-scale dynamic magnetospheric phenomena,
which implicate magnetic reconnection; an example of such phenamena is the magnetospheric sub-
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storm (Schindler, 1574; Galeev and Zelenyi, 1976).

The purpose of this paper is to show that the collisionless tearing instability,
hitherto extensively studied in magnetospheric physics, may explain the existence of wavy struc-
tures in the near tail of camets. In order to determine the stability properties of the plasma
tail, one considers a generalized equilibrium model of Harris (1962). Schindler (1974) and Ga-
leev and Zelenyi (1976) have found that this equilibrium is unstable against the collisionless
ion tearing mode. We use their growth rate and apply it to cametary conditions. As an example,
we analyze a wavy structure in the tail of Camet Halley photographed on 12 April, 1986 with the
£/2.7 Schmidt camera of the Instituto Nacional de Astroffsica, Optica y Electrénica at Tonant-
zintla.

II. OBSERVATIONS OF COMETARY PLASMA TATLS.

The forementioned photograph of Camet Halley is shown in Figure la. The mid-expo-
sure time was 0920 UT and the exposure elapsed 20 minutes. We have amplified the portion of theori-
ginal around the head. Figure lb shows schematically the tail configuration with the wavy fea-
ture; we have directly measured a wavelength of approximately 5.77x10° km and a thickness
akout 2x10* km at the nearest part to the head. A striking aspect of this feature is that its
thickness increases with distance away from the head.

Head /=~ ™™
§ '3 A=5.77x105km
A

b)

Fig: 1. a) Camet Halley on 12 April, 1986, 0920 UT (mid-exposure)
exhibiting a wavy structure in the plasma tail. b) Schematic represent -
ation of Figure la showing the wavelength of the perturbed tail structure.
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Unfortunately, none of the five spacecrafts, which encountered Camet Halley on
March 1986, passed through its near tail (see, e.g. Reinhard, 1986). Therefore, in-situ simul-
taneous data to our observations are not available. However, if we suppose that the parameter
data, obtained by the ICE during its crossing of the near tail of the Comet Giacobini-Zinner,
are representative ones for cometary tails, we may be able to infer at least the order of mag-
nitude of the involved parameters which lead to an unstable situation in the plasma tail.

Same measured parameters, which are important for the present study, are as follows:

- The ions of the water group (HO+, H20+, H30+) were the daminant ions in the plasma
tail and they are moving with velocities of less than 80 Km s™!, (Ogilvie et al., 1986).

~ The magnetotail was 10,800 Km wide and the plasma sheet, 1260 Km. The two magnetic
lobes contain oppositely directed fields with strengths up to 60Y (1Y=10"°G). No classical neu-
tral sheet was observed, since that magnetic camponents of small strength (compared with 60Y)
perpendicular to the lobe camponent were also detected. The total field magnitude at the sheet's
center was 7y (Smith et al., 1986).

- The density of the plasma sheet was 670 am~ 3, the electron temperature of only
13,000°K. These values correspond to the low magnetic field region (Meyer-Vernet et al. 1986).
In order to estimate the (urmeasured) thermal velocity of the ions, Siscoe et al. (1986) have
considered the transverse pressu:z:'e balance at the magnetotail:

B2 _ B ‘
nKTe + nKTi + il ) . 1)

where By, is the strength in the absence of any plasma pressure, correspording to the lobe field
strength in the tail. If we take By=60Y, B=7Y, Tg=1.3x10" °K and n=670 cm~*, we obtain an ion
(mj=18 mp) thermal velocity Vin; = v2kTj/mj = 11.3 Km s™*.

III. THE COLLISIONLESS TEARING INSTABILITY.

Reconnection processes and therefore also annihilation of magnetic field energy
with its convertion into particle kinetic energy have long been invoked as the energy source for
magnetic substorms in the earth's magnetotail (e.g., Coppi et al., 1966). Due to the collision-
less character of the magnetotail plasma, the mathematical treatment of the tearing instability
is through the Vlasov theory (i.e., Liouville equations for the one-particle distribution func-
tion f together with Maxwell's equations). In such a plasma, the resistivity is anamalous and
is due to fluctuating fields acting on the particles.

An isolated current sheet is unstable to filamentation of the current, consequently
the current sheet seeks to decrease its energy by bringing parallel current filaments into clo-
ser proximity. The redistribution of the currents yields tc a change of the magnetic topology;
open field lines are now reconnected and close around the joined current filaments. Besides,
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Fig. 2. Magnetic field line reconnection: (a) the tearing instability in a plane neutral plasma
sheet. (b) The generalized tearing instability in the case of a weak normal (Bz) magnetic cam-
ponent (Schindler, 1984).
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transport across the magnetic field is enhanced by breaking magnetic surfaces. Large electric
fields are induced and accelerate particles efficiently. These camplicated processes consti-
tute the so called tearing mode. The tearing mode instability originates in the inverse Landau
damping. Therefore, macroscopic energy of the plasma is transferred to particles through micro-
scopic particle-wave resonant processes (Cherenkov interaction). The resonant particles can ke
both ions and electrons.

Coppi et al. (1966) analyzed a plane neutral current sheet (see Figure 2a) as the
simplest plasma equilibrium in the earth's magnetotail. They showed that such an equilibrium is
unstable against the electron tearing mode. However, considering the real gecmetry of the mag-
netotail (see Figure 2b) Galeev and Zelenyi (1976) have shown that the presence of a weak mag-
netic field camponent perpendicular to the sheet (Bz) suppresses the electron Landau resonance
so that the electron tearing mode is stabilized. The applied camponent By must be strong enough
in order to magnetize the electrons in the neutral sheet.

Schindler (1974) and later Galeev and Zelenyi (1976) proposed the occurrence of the
ion tearing mode as the cause responsible for the onset of a magnetic substorm. They considered
in their stability analysis slightly two-dimensional equilibrium configurations. Galeev and Ze—
lenyi (1976) have explicitly taken into account a generalization of the Harris (1962) configura
tion (see Figure 2b):

B =8, tanh (2/L) ex + Bpe, (2)
Ny = flo (X)/cosh? (z/L) (3)
where ﬁo, Bh and L are constants. When Bn«l'.%° over the whole plasma sheet, then one can neglect

dependence of the density n, on x. We see that 2L gives the sheet thickness. Equations (2) and
(3) correspond to an equilibrium distribution function, for each specie j, given by:

% s
£ = mj no mj 2 2 2 4
o “\2mT | cosh?m TP T AT Mx *t liyug)® 4y ] @

where Uj is a constant velocity shift along the x-axis. The small perturbation applied to the
former equilibrium is assumed to be of the form:

A=A (z) exp [yt+ikx] ' (5)

With A, the perturbed vector potential (Bj=VxA;), y the growth rate of the instability and 2m/k
the wavelength along the x—axis. For long wavelengths (kL<1) the previously described equili-
brium becanes unstable to the collisionless ion tearing mode (see Schindler, 1974; Galeev,
1982) . The resulting linear growth rate reads:

. . Y, T
v; vvthi  Pi e _
175 &) (1 + T )(1 k2L?) (6)

where pi=mjvinic/eB, is the Larmor radius of the ions in the magnetic field B,. Schindler (1974)
has der veé a criterion for the onset of the linear ion tearing instability, namely, when by or-
der of magnitude, the gyroperiod rn=2mnic/eBn associated with the nommal camponent B becames
equal to the characteristic time of the iInstability: tp = 1, = 1/y.

IV. ION TEARING INSTABILITY IN COMETARY PLASMA TAILS.

In order to appreciate the application of the cited theory to cametary conditions,
we will use the typical observed parameters quoted in Section II to obtain an order of magni-
tude estimate for the growth rate yi and to establish the stipulations for the onset of the in-
stability in the plasma sheet.

According to the measured wavelength of the perturbed tail structure in Camet Halley
(Figure 1), we are dealing with long wavelengths: kI~ £ 1=6.86x10~%<1. Moreover, similarly to
-the earth's magnetosphere, the ion temperature (v1.4x105 °K fram Eq. (1)) is larger than the
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electron temperature (vTe=1.3x10* °K), so that Te/Ti*0.1. This leads to a growth rate
vi v (Pi/1)¥2 viny/L.

With B,=60Y, pj/;=5.62x10"2 we obtain Yi=2.4x10""* s~ or 7,=4.16x10° s=1.15 hour.

Fram the condition for the onset of the tearing mode 1, ® Tp, One gets the maximal
value of B,=0.284Y, which assures the development of the instability. The ICE high resolution
observations of this camponent of the magnetic field reveal that the calculated strength is rea-
sonably consistent with the generally weak strength behavior of Bz around the center of the tail
(at approximately 11:02:25 in Figure 3 of Slavin et al. 1986). On the other hand, the growth
time T, requires to fulfill another condition, nimely, it must be smaller than the characteris-
tic time 1, of the tail parameters change. Then we expect that the tearing instability can mani-
fest itself in the cametary tail. Morrison and Mendis (1978) have assumed tc * 10%s as the time
scale for variability of the solar wind (main supporter of the cametary plasma tail). Hence, we
have indeed t,<1c.

V. DISCUSSION AND CONCLUSIONS.

In this paper we have outlined the importance of the collisionless ion tearing in-
stability as a possible cause of the development of perturbed features in the magnetotail of co-
mets. In the case of the wavy structure observed in the tail of Comet Halley on 12 April, 1986,
we have considered typical in-situ measured cometary tail parameters (at present, only available
for the Camet Giacobini-Zinner) in order to calculate the growth rate Yji of the instability in
such conditions. We found that the instability onset will occur when the magnetic camponent per-
pendicular to the current sheet (Bp) is not larger than 0.284v. The estimated growth time
1o=1/vi=1.15 hour seems to be able to explain at least the order of magnitude of the character-
istic time of the evolution of similar structures in other caomets (see, e.g., Brandt et al.,
1980). Figure 3 shows schematically the expected magnetic field topology and the corresponding
plasma distribution as result of the tearing instability in a (cametary) magnetosphere (Schind-
ler, 1972). However, the real configuration may be much more irregular, so that specially in the
portion near to the cametary cama the plasma tail gets its curved (not necessarily symmetrical)
appearance.

_

gt

Figure 3. Schematic description of the tearing instability with Bz#0 in a magnetosphere. The
shaded region represents the plasma sheet (Schindler, 1972).

We believe that the most likely external drivers of perturbations in cametary tails
may be interplanetary shock fronts generated during solar flares, 'disparitions brusques' of
quiescent praminences and through high-speed solar wind streams.

Finally, we point out that the above applied theory does not take into account the
effect of the cometary ionisphere, which is directly connected with the plasma tail through the
magnetic field lines. Thus, it seems to be convenient to analyze this more realistic situation.
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