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Abstract. Heliospheric (HSP) radio emission detected by thdP emission seems to be the strongest radio source in the e
Voyager spacecraft between 1.8 kHz and 3.6 kHz from the di4SP (Gurnett et al. 1993) with the exception of the Sun itse
tant heliosphere is interpreted as emission generated closéléne we propose another simple mechanism which could
and at the heliopause (HP), the interface between the ionisagable of generating radio waves in the exceptional case of
very local interstellar (LIC) gas and the supersonic solar windP.
(SW) stream. Radio emission is assumed to be triggered by
secondary charge exchange ionisation of interstellar neutrals
and subsequent generation of lower hybrid (LH) waves. ThedeProperties of the heliopause

waves nonlinearly accelerate electrons into beams along the smié HP as the transition region from the fast cool SW to t

ral compressed heliosheath (HS) magnetic fBld_angmuir C(fld weakly ionised very local interstellar gas cloud (LIC) is ¢

waves locally geqergted by these peams may be respopsiplq, %tively diffuse boundary having complex properties (for a
the observed emission. Under quiet conditions the emissio ly account see Fahr and Neutsch 1983). Its formation

at marginally high frequency for observation. Under disturbggo, sy died with the help of kinetic simulations of the intera
conditions the plasma density may be high enough to explgif, perveen the gases involved (cf., .g., Baranov and Mala
the Voyager observations. In this mechaniBnplays a crucial 1996, Chalov and Fahr 1997) and recently also in MHD si

role. ulations (e.g., Linde et al. 1998) assuming a Parker spiral i
. . . . terplanetary magnetic field configuration. The main interactic

Key words: _dlstar_1t hellosphere - heliopause and term'nat'?ﬂocess between the LIC gas and the SW ions has been ide
shock — radio emission mechanism fied as charge exchange over a distance which is roughly of
order of about 100 AU. In the course of charge exchange a

_ subsequent pressure and momentum balance between the

1. Introduction and LIC ions, the HP is a relatively sharp boundary whose wid
Distant HSP radio emission in the frequency banet f < is of the order of~ 20 AU. In the head-on interaction region the

4kHz (Kurth et al., 1984, Gurnett et al. 1993) has been intdfterstellar igns r]zile up(;)zf%rm ant())verdense wall. Thiegdensi
preted as either being generated at the HSP terminal shock (‘f‘§5§?se 'Sh ya ictc(;r ; romf.? oduD.r??d—> 0.15 cm h. o
(Macek etal. 1991, Cairns et al. 1992) or at the heliopause (H‘}I;) ig.[1 shows the density profile (dashed curve) in the vici

Fahr et al. 1986, Gurnett et al. 1993). The latter possibilit ofthe HP as obtained from (non-magnetised) kinetic simul;
( ) P ons (Izmodenov et al. 1998). This figure includes the densiti

seems particularly interesting in view of a number of obsi0 fthe neutral hydrogen beam generated by charge exchange
vational properties like the updrift in frequency of the emis-
brop D g y een neutral interstellar gas and the SW deep in the HSP. T

sion at the small rate of roughly 3 kHz/yr (Gurnett et al. 1993 V.Vd b diall dwith SW d
This drift has been interpreted as either monitoring the d rogen beam propagates radially outward wit speeda

sity profile of the HP or as hypothetical Fermi-Doppler shift ophen paism? clgse to th_e HP’ u_ndelrgore]:s z;\s,\?cr?pdary charg.
radiation trapped between travelling density pulses or shocﬁ&"’mget atleads to re-ionisation. In the this re-ionisati

and the HP (Czechowski and Grzedzielski 1990, Cairns et |§|_unimp0rtant, but neutrals are not affected by the TS. Heng
( ﬁe_—ionised neutrals become importéethindthe TS in the HS

1992, Czechowski et al. 1995). HP interface radiation mech f thei h hiaher than fl d radial veloci
anisms have been suggested by Fahr and Neutsch (1983) g use ol their much hig grt an 0v_v4spee radial veloci
Ir density reaches a fraction ®fx 10~* of the local slow,

Fahr (1993). In sharp contrast, planetary magnetopauses ; ) o
( ) b P y mag P rmalised HS plasma. Close to the HP this plasma is divert

ionopauses do not exhibit similar radio emissions. The propod8§ BRI .
P prop into tangential direction while the full speed of the newly create
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1073 0.16 mentary plasma process is radiation mediated by electron beams
N as known from type Ill and shock emission processes. HP emis-

! ° h sion thus reduces to the question of how electron beams can form
inthe HP environment. Over scalesthe newly injected HS ion
beams behave unmagnetised. Such beams are unstable with re-
spect to the (cf., e.g., Gary 1993, p. 74) LHI, a high-frequency
continuous-spectrum whistler wave. The LHI is strong in the
sense that its growth ratg;, is of the order of the wave fre-
guency

N~ 2 fin % 27 fpill + o/ )T (1)
’ —{0.04

| Av = 410 kmst The numerical value ofy;, depends ofiB|. For dense plasmas

| oce = 1.78 x 10%5cm? (fpe > fee) ONE NASfip & fee(me/mi)t/? =~ 0.2 — 1.0 HzZ i

, the HS. The e-folding times are less than 1 s, and the instability

107 L= \ \ \ \ \ 0.00 quickly reaches a large amplitude nonlinear state. The LHI is
100 200 300 400 500 largely independent of parameter changes and grows as well for

Distance [AU] T;/T, > 1. It stabilises for3 = nkgT/(B?/2u0) > 1.

Fig. 1. Density profiles across the upwind HP behind the TS. Proton Fig.d shows the _evolutlon of the par_tlal .
density N, (right scale) resulting from charge exchange with cross- Pressures ands in the HSP. There is an extended region

sectionocr for an average SW velocity of 410km's. Ny, and N, in the outer HSP wherg < 1 and thus the LHI should grow.
(left scale) refer to the density of the fast neutral hydrogen beam pfglose to the HR3,,,, takes over and increases to become close
duced in inner HSP charge exchange interaction and to the density®f,,, ~ 1 if no compression oB is included. Hence, the LHI
the fast proton beam produced behind the TS by secondary (revewselld stabilise in the region of interest. However, as discussed
charge exchangéV, /N;, (left scale) is the ratio of secondary beam taibove, in the HSPg is increased by an order of magnitude,
proton density. This is highest in the HS between TSand HP.  gyfficientto kee < 1. We therefore expect that the LHI grows
close to the HP and probably in the HP as well, particularly
Little is known about the direction and strength Bfin because her®?, andV, bothincrease steepest. The LHI quickly
the HS. MHD simulations assume tHathas the Parker spiral becomes nonlinear.
structure being azimuthal at these distances. The deviation of Maximum growthyy;, ~ 27 fy, is obtained for transverse
the field from the azimuthal direction is believed to be of theH wavelengths\,, & 27re;(me/m;)'/2. Thus\,, is a few
order of~ 1°. In a nearly azimuthal geometry, the field in thd 00 km. This is the transverse scale of the nonlinear wave pack-
upwind region will be compressed by up to a factor 4 acrosts. Their parallel extension is typically longer by the ratio
the TS. Any newly created ion in the HS moving radially oufm;/m.)'/2. The most pronounced nonlinear effects are trans-
turns its motion into a gyration around the compresBedith  verse ion acceleration (Karney 1978) and field-aligned electron
gyroradius-.; =~ 102 — 102 km < 1 AU. Inthe HSB field they acceleration (Dubouloz et al. 1995). The latter forms the wanted
like pick-up ions form a ring beam distribution. Over scaleglectron beams. The acceleration is due to resonant stochastic
r < re the non-neutralised ions generate charge-neutralisiingeraction of electrons in the trapped LH wave field inside a
electron currents to flow alonB. Their bulk flow velocities nonlinear LH wave packet. It is limited in energy by the fi-
vp range between the Alen speed and the thermal electronite transition time of an electron along the packet. Electrons
velocity, v4 < vp < v, and are thus high enough to driveaccelerated by one packet may either be retarded or further ac-
plasma instabilities. Here plasma waves ranging from éidfv celerated by other packets. Knowing the nonlinear process of
mirror, and slow to Langmuir modes will be excited at all frewave packet (caviton) formation it is in principle possible to
guencies by temperature anisotropies and other sources, makieggribe well-developed turbulence of LH wave packets and to
it a highly turbulent region. Hence, in the bulk of the HS théerive a distribution function of the cavitons (Dubouloz et al.
currents will in the average cancel. However, in the outermds93). Due to additional momentum transfer the beams will in
narrow current layer centred at the last spiral BSield line, the average gain energy. The beams are small-transverse scale
the heliospheric magnetopause, both the non-neutralized deams flowing irboth directions parallel and anti-paralleéb
ondary beam and current effects retain and become domindhitlt is these HS-electron beams which are responsible for the
Here electron beams and plasma waves are generated sucltetgitation of the radiation. The important observation is that the
this region becomes a source of radiation. HS close to the HP is filled with such narrow electron beams
that emanate from the many nonlinear LH-sources.
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3. Electron beam formation

. 4. Radiation
Inweakly magnetised plasmas of large plasma to gyrofrequency

ratio fye/ fee > 1radiation cannot be produced by the cyclotroiithe beam energy is about 16 times the thermal energy of the
maser mechanism (Melrose 1980). The most efficient compédectrons, accelerated within about 15 LH oscillation times
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Fig. 2. Different partial pressureBs andgs in the HSP as functions

of heliocentric distance (indices e, p, pu, B signify electron, proto . . . .
pick-up and magnetic quantities; the error bars are measurementgl&rere 1S th62 classical el?Ctron radius,iR ,the radial extent of
the pick-up ion pressure). The SW rain, (not shown) remains about the sourcen” ~ 3/4 the |.ndex of refractionAk the.spectral
constant across the HSP dominating the SW dynamics, while all otR@ndwidth, and? the solid angle. The spectral distant HSK
partial pressures ands evolve. In the outer HSP the contribution ofadio flux density has been measured to be afout 107
the pick-up interstellar ions to the pressures gmstarts dominating Wm~2Hz~! (Kurth et al. 1984) at 2-3kHz, with bandwidth
locally. Af/f = 1/3. Hence, takingAQ ~ (7/8) sr, and defining
z = [AQ/AQy]/[AkL/kL] one obtains for the random mea

, squared (rms) average Langmuir wave electric field
(Dubouloz et al. 1995). In the HS this corresponds-ta few

10eV. .Relative to the ba'lckgroun'd.the beam speeg 'fs Qe (EL)ms ~ 1204V~ (zAR) /4 (c/vp)>/* (5)
It satifies the propagation condition for beam excited Lang-

muir waves,u, > v/3v.. Langmuir waves excited by beamsThe angular brackets indicate averaging over A R is in AU,
in the HS, at the foot of the HP, and in the HP ramp region will> 2( N, /Ny, )°3 (Macek 1996), and\() ~ 7/16. For vy, ~
not be Landau damped because of the low electron tempers60 km s, the rms amplitude producing radiation At~
ture of the background plasma and the smallness of the Dehyfg. is

length. Hence, simple linear theory of radiation from beam ex-

cited Langmuir waves (cf., e.g., Melrose 1980, Macek 1996){&1)rms =~ 23uVm ™ (AR) /4 (Nye/No) "™ (6)
applicable. The basic processtis- ¢/ — t, the collision be- .
tween two oppositely directed Langmuir waves= (fy., ki) where we assgmed a weak beam to plasma density rs
and? = (fi,, —ki.). Wave momentum and energy conservaYvbe/Ne ~ 107> suggested from SW type Il bursts. Actu-

tion yield [t = (k, f) is the electromagnetic wave] radiatiorf!ly: the resultis nearly independent of the actual value of t
around twice the plasma frequency ratio. Since the plasma is optically thin (negligible absorptio

and Landau damping), this field becomes weaker the more

kr, — ki, =k =0, fu+ fu =1~ 2fpe (2) dially extended the source region is. However, the decrease
) _ o ) _ proportional to the fourth root only yielding a drop by a fac

Fo.r !sotrop|cally @stmbgted Langmuir waves, the conversiagy of three for theAR = 100 AU suggested by Figl1. This
efficiency into radiation is drop may be balanced by the fact that the many elementary
diation sources are of much smaller size yielding higher loc

~ 2

v~ 1.2n07 Nec(WL) /mec (3) wave amplitudes. We thus find that very modest Langmuir wa
where (W) > m.c? is the total average energy of the beanintensities in the extended source indeed explain the obser
excited Langmuir waves, amd. is the Thomson scattering crosgadiation. Trapping of the waves in density variations of io

section. This rate must equal the conversion rate computed frB@ustic waves, nonlinear collapse (Pottelette et al. 1992) &
the spectral density of the radio flux (e.g., Macek 1996)  caviton burnout may contribute to even more intense radiati

from low amplitude local sources.
Tel AR <WL>2kL /d ﬁ

F= o 4
Seomefpe Af AQLARL c3 “)
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5. Discussion are much denser than the interstellar gas one may expect that

charge exchange with SW particles will affect the ionisation,

\TVZZIIerfereSir:lenrgerre\tss ugn()tLngerlgglr%ur:alioanrr:z :;izI\évr'g:erg:it;\r/géggeration of LHI, electron beams and radiation. Recent
q obServation of x-rays from comets (Lisse et al. 1996, Dennerl

we are able to reproduce the radiation flux observe(_j by _Voya Fal. 1997) seem to prove the importance of charge exchange.
The frequency cut-off at 1.8 kHz (Kurth etal. 1984) implies thaéut radio observations are still very sparse. The artificial

. X ) s
the radiation source is located at densithés> 0.04 cm* at comet (Gurnett et al. 1985) with its dilute atmosphere showed

~ 160AU in the ramp of the ion wall (Fig. 1). Herd, /Ny, ~ some so far unexplained indications of radio wave generation.

5 x 10~° justifying our above assumption on the density of the™ . . . . . : o
Il f h
electron beams. We conclude that the HSP magnetopause &a\évtl be interesting to investigate if such emission can be

HSPB field line) probably is at this position. In fact, however. aced back to a similar mechanism as the one working at the HP.

our estimates are valid undquiet conditions. The observed

occasional radiation is at higher frequency, sporadic and burgfyknowledgementsive thank R. Lallement and H.-J. Fahr for
while our mechanismis stationary. Gurnett etal. (1993) attribufguable suggestions. This work resulted as part of the 1SSI Working
it to rare violent interaction of fast SW disturbances propagatimgam “Heliospheric Radio Emissions” effort at ISSI, Bern. Part of it
at high speeds radially outward. Such disturbances will havevas performed at STEL, University of Nagoya, Japan.

3-fold effect on our mechanism. (a) They transitionally increase

the local plasma density in the HS and steepen the density gra-

dientatthe HP. (b) They increai8|, the compression, and thusgeferences

the LH frequency. (c) The density enhancement by which they

are accompanied increases the rate of charge exchange of thBdfnov V.G., Malama Yu.G., 1996, Space Sci. Ré/.305.

terstellar neutrals in the SW. All three effects act in favour of OlS}aggr?clnv'\;'sk:(XrthGVr\;:dz i‘l‘srﬂleg D-l';'é égziiéiegfgys- Rew245.
.meChanlsm' The increase in density I|fFS the emitted frquen ?echowski A Grzedzielski S Macék W.M,, ’1995, Adv. Space Sci.
into the range of the Voyager observations and agrees with

e
. . 16, 297.
observed low frequency band. The increasBiand steepen- ~p.io, S.V., Fahr H.J., 1997, A&B26, 860.

ing of the density gradient increases the LH growth rate apgnneri k., Englhauser J., Timper, J., 1997, Scien@¥7, 1625.
intensifies the generation of electron beams. Both beam densgjfihouloz N., Treumann R.A., Pottelette R., Malingre M., 1993, J.
and speed increase. The increase in number density of hot neu-Geophys. Re€8, 17, 415.

trals also increases the number of re-ionised protons in the Hbouloz N., Treumann R.A., Pottelette R., Lynch K.A., 1995, Geo-
Altogether, these effects cause an enhanced radiation of electrophys. Res. Let22, 2969.

magnetic waves at frequencies above 1.8 kHz. It is possibleFghr H.J., 1993, Rarified Gas Dynai0, 512.

speculate about the drifting structures. Probably, these map figr H.J., Neutsch W,, 1983, Monthly Notic. R85 839.
motion of the disturbance up the weak HP-density gradienthr H-J., Neutsch W., Grzedzielski S., Macek W., Ratkiewicz-

_ . : Landowska R., 1986, Space Sci. Ré¢8, 329.
0.004 cm~3/AU, corresponding ta.14 kHz/AU at 2f,.., a drift ' ' Toe - )
velocity of 5.3 AU/yr~ 25kms-!. Hence aslowly propagat- Gary S.P., 1993, Theory of space plasma microinstabilities (Cambridge

. . . : Univ. Press, Cambridge), p. 74.
ing disturbance is required to reproduce the observed 3kHzyr. -+ b A et al. 1985 ngzo%hys. Res. Lég, 851.

drift of the radiation. Such slow drifts suggest that the ‘radiatiogynett D.A., Kurth W.S., Allendorf S.C., Poynter R.L., 1993, Science
spot’ (magnetopause) is slowly moving outward, unlikeftist 262 199.
interplanetary disturbance. Izmodenov V., Malama Yu.G., Lallement R., 1997, A&A 7, 193.

A number of alternative mechanisms are possible. OneKarney C.F.F., 1978, Phys. Flui@4, 1584.
radio emission from the LIC bow shock (BS). If a BS existdgurth W.S., Gurnett D.A., Scarf F.L., Poynter R.L., 1984, Nat8i&
electron beams will be produced along the IBmitting radio 27.
waves from the LIC foreshock. Observation of this radiation lgnde T.J., Gombosi T.I., Roe P.L., PowellK.G., DeZeeuw D.L., 1998,
possible only if it leaks into the HSP through low density ‘hoIes'iSSJe' g?\;’p;y:l' Rl?gce);aslggzém 205
in the ion wall. The Iow—frequgncy CUtTO.ﬁ. at 1.8 kHz yields to{#\vftacek W.M., Ca’irns IH Kurth WS Gurnett D.A., 1991, Geophys.
low a LIC density. An attractive possibility to save the mode

.. . . . . Res. Lettl18, 357.
is inclusion of magnetic reconnection. Reconnection may allq\%cek W.M., 1996, Space Sci. R&t, 231.

electron beams to penetrate into a HSP-boundary layer of cutygffjose p.B., 1980, Plasma Astrophysics (Gordon and Breach, New
radiation density. Such amechanism will be explored elsewhere. york).

Itis tempting to speculate about similar radiations from noipottelette R., Treumann R.A., Dubouloz N., 1992, J. Geophys. Res.
magnetised planetary and cometary atmospheres. Since these7, 12, 029.
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