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Abstract. A theoretical model for the ion cyclotron (low-activity case, LAC), 3 x 10?° (Snodgrass et al2013
wave generation during the approach phase of Rosetta tor 3.8 x 10?° molecules 5! (high-activity case, HAC). How-
67P/Churyumov—Gerasimenko is presented. For various acever, the actual gas production rate is an important quantity in
tivity levels of the comet, the crossing of the observationalthe mission planning. As reported Bynodgrass et a{2013,
threshold is determined, whose level is derived from thethe comet started its activity in the 2007/2008 at a heliocen-
wave power in the undisturbed solar wind near the comet'stric distance of~ 4.3 AU, and the authors predict a similar
location during the approach phase at the appropriate frebehaviour in 2014. Therefore, it is proposed to use the mag-
quency. The Giotto flyby at 27P/Grigg—Skjellerup is used tonetometer of the Rosetta Plasma Consortium (RBIEss-
obtain an estimate of how often water-group ion cyclotron meier et al. 20070 to study to presence of ion cyclotron
waves are observed, and to get insight into the wave formswaves generated by freshly picked-up ions along the ap-
At 67P/Churyumov—Gerasimenko one can expect to observ@roach phase of Rosetta, concentrating on the tag® km.
water-group ion cyclotron waves already at a distance ofThese measurements can provide an estimate for the gas pro-
600 000 km from the nucleus for a nominal outgassing rate ofduction rate of CG early in the approach phase.

0 = 350x 1073 molecules per second. The observed first lo-

cation of cyclotron waves during the Rosetta approach phase i , ,

will give an indication of the actual outgassing rate of the 2 COometary outgassing and ion pickup

comet. As a comet moves towards the Sun and comes closer than the

Keywords. Interplanetary physics (MHD waves and turbu- orbit of Jupiter, the solar radiation is strong enough to warm
lence) — space plasma physics (waves and instabilities) up the nucleus and to make it start outgassing. To describe
the outgassing with a rat@ [molecules s1], a spherical ex-
pansion of the gas cloud at spe¥gis assumed, and an ion-
ization ratev [s~1] is used for the loss through ionization.
The number density.(r) of the gas cloud is then obtained

After its wake-up call on 20 January 2014, the Rosetta space@S @ function of radial distaneefrom the nucleus, taking the
craft (Glassmeier et al.20073 will fly to its rendezvous 0SS through ionization into account:

with comet 67P/Churyumov—Gerasimenko (CG), where it 0 v

will arrive on 6 August 2014, when the approach phaseNc(r) = p— 2exp{ v } (1)
switches to the surface mapping phase of the mission. At the Tver €

time of the arrival, the actual gas production of the cometFollowing Huddleston et al(1990 all distances are scaled
is only roughly known. The observations during the lastby L = Ve/v, and the number of implanted ions per second
years (e.g. $chulz et al. 2004 and Weiler et al. (2009 into the solar wind is given by.(r)v, giving rise to a total

or most recentlySnodgrass et a(2013) predict at 3.5AU  implanted particle fluxsju; (with n; andu; the ion density
(20 August 2014) a total gas production rate of  10°° and velocity respectively) at a specific locatiapalong the
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The mass loading by the picked-up ions will slow down "
the solar wind. In order to calculate this effeefiiddleston

et al. (1990 calculated the solar wind speed from a solu- s
tion of the one-dimensional magnetohydrodynamic (MHD) X oz 00° km) X copq 00° km)
equations (see aldtiermann et a].1967) for a gas with two

degrees of freedomy(= 2). HoweverKoenders et a(2013 Fig. 1. The approach phase of Rosetta for the lastZ0° km in

showed that the interaction of the outgassing comet with thé:SEQ coordinates. Asterisks indicate the respective date and radial

incoming solar wind is better described by a gas with threed'Stance from the nucleus.

degrees of freedomf(= 3). The continuity equations (see
Koenders et a]2013 for the flow have to be fulfilled:

i
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ax 2 2 SC distance to comet (km) x 10° SC distance to comet (km) x 10°
wheren is the gas density; the gas flow velocity ang; the 0™ 0

thermal pressuréds, Is andEs are the local density, momen-
tum and energy sourceBiermann et al(1967) showed that,
of these, onlyMs needs to be treated as non-zero, as long as:
the distance to the nucleus is much larger than stand-off dis--
tance of the ionopause of the comet. Therefre Es=0
is assumed, and integrating Eg4) &nd 6) from —oo to xq, 07 — - — ; — - ~
with the assumption thgb,, =0 and some basic algebra, SCdistance to comet (km) ;g9 SCdistance to comet (km) ;o
setting f = 3 changes Eq. (13) iHuddleston et al(1990
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Fig. 2. Top left: the ion pickup density along the orbit of Rosetta for
oo X \/4 3 (1+ niuim; ) various outgassing rates 50 (black), 350 (red), 650 (green) and 1000

(6)  (blue) 1#3s~1. Top right: the mass-loaded flow velocitygy in
units ofu,. Bottom left: the energy in the pickup ring distribution.
Bottom right: the amplitude of the ion cyclotron waves assuming
full scattering of the ring distribution. The dashed horizontal line at

" 5 5\2 I 0.1nT indicates the solar wind noise level. The upper dashed line

I _ = <_) _ 4<1_|_ T ) 7 marks the 0.5 nT amplitude.
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to this version:

whereu, is the undisturbed solar wind speedy, the local
(mass-loaded) solar wind speed ang the mass-loaded so- As the solar wind is not slowed significantly by the ion
lar wind density, and the pickup fluxu; is obtained from  pickup during the approach phase, it is assumed under the
Eq. ). square root of Eq.7) thatugy = 1o andvsy = vo. The ob-
From Egs. ) and (7) the pickup density and local (mass- tainedusy at each point along the integration path is then
loaded) solar wind speed can be obtained along the orbitised as:; in the following step.
of Rosetta, which is shown in Fid.in cometocentric solar As the actual outgassing rate of CG is not known, a
equatorial (CSEQ) coordinates, where thexis points to- range of values forQ has been used: 50, 350, 650 and
wards the Sun, the axis is aligned with the solar rotational 1000x 1073s~1, where the middle values are compatible with
axis and they axis completes the triad. the prediction model oEnodgrass et a{2013 closer to the
The integral in Eq. 2) is numerically integrated, using Sun. A nominal rate of) = 350x 10°3s~* will be used as
the following parameters: =10 %s™1 Voe=1kms! and abase and agrees reasonably with the estima&mofigrass
undisturbed solar wind conditions witl,, = 380 kmst, et al.(2013 with CG near 3.5 AU during the approach phase.
Noo =0.9x 108m=2, By = 1 nT and the average solar wind The results for the pickup density and the mass-loaded solar
ion massnsy ~ = 1.2 AMU. wind speed are shown in Fig.top left and top right panels.
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In the assumption of a perpendicular magnetic field (i.e. X 10°
B\vr L vsy), the freshly picked-up ions form a ring distri-
bution, which is unstable for the generation of ion cyclotron
(IC) waves [eg, 1989 Gary, 1991 through scattering from
aring to a bi-spherical shell distribution (etguddleston and
Johnstongl1992. The total energy density in the ring distri-
bution can be estimated as

Age of the picked up ions (s)

-
o
>
a
3
Corrected cyclotron wave amplitude (nT)

2 2 15 1 0.5 2 15 1 0.5
. — . . SC distance to comet (km) 6 SC distance to comet (km) 6
Enng = 0.5n|m|usw, (8) x 10 x10

wherem; is the ion mass, and the values fgrandusg,, are
taken from the calculation with Eq7)Y and shown in Fig2

top left and right panels. Assuming that all the energy of the
ring distribution can be converted to IC wave energy, the am-
plitude of the waves can be estimated by

Bwave= \/ 2MOEring- )

The results of these two estimates are shown in Figot- ' . _ _
tom |eft and rlght panelsy respec“vely The wave amplltudeFlg 3. TOp left: the age; of the Imp|anted |O-n5 and the scatter time
plot shows that for complete scattering and a moderate source for different gas production rates. Top right: the corrected wave
rate of @ = 350x 10351, 0.1 nT waves may be expected al- amplitude for different source rates. Bottom left: the scatter-time-
ready at~ 108 km distané:e'from the nucleus (lower dashed corrected cyclotron wave amplitude for different values of the ion-
. . . ization ratev and a constant outgassing ratgf= 350x 1023571,
line). U_nfortunately, the assumption of complete scattering isy o |ower horizontal dashed line marks 0.1 nT solar wind noise
noévaltld anf[j nl(elegsséodb? co(;rected. fthe level, and the upper dashed line shows the 0.5 nT amplitude level.
oates et a efined an average ageof the im-
planted ions picked up upstream and seen at the spacecraft at
locationxg in the solar wind flow for an outgassing comet:

v=110"°
= -7

10° v=5010

V=100 |- - - - = = = — P

2 15 1 0.5
SC distance to comet (km) x 10°

Corrected cyclotron wave amplitude (nT)

The results of this correction are shown in F&top right

s (x—xo) exp{ — (x> +y3+23)?} panel, where it is found that 0.1 nT amplitude waves can be
= L Jxo x2+y5+2p (10)  expected within the last 4 x 10°km from the nucleus for
usw oo exp|—(x2+y2+:2)12) an outgassing rate @ = 350x 10%3s71.
*0 X2 y5ta All calculations, up to now, have assumed that the ioniza-

where, as above, the solar wind flow is assumed to be alon§on rate is constant at = 10~° s~*. Figure3 bottom left
the x axis. This age of the ions should be compared to thePanel shows the corrected wave amplitude for an outgassing
scattering timers of the ions from a ring distribution to a Source rate o2 = 350x 10?*s™! and an ionization rate
shell distribution, which was found to be four times the gyro- varying between 1% and 108s*.
period in the wave fieldGaffey et al, 1988 Coates et al.
1989:

4 /AB\ ! 3 Solar wind and Comet 27P/Grigg—Skjellerup
wma (Be) (11)
$4i \ Bo The above theoretical calculations will probably contrast
whereQ; is the gyro-frequency in the background fiebg with the data from a real encounter with a comet. There-
and AB is the wave field. Note that, because of the little fore, the magnetometer data from the Giotto flyby of comet
pickup expected (because of the low outgassing rate) an@7P/Grigg—Skjellerup (GS) are studied for IC waves (e.qg.
thus the little slowdown of the solar wind, the interplanetary seeNeubauer et 811993 Glassmeier and Neubayér993
magnetic field field strengthBg, is kept constant in these Coates et al1993. Naturally, there are great differences be-
calculations. It is clear from Fi@ top left panel that the age tween the CG approach phase and the GS flyby: GS was
7j of the implanted ions (thick magenta line) is much lower much closer to the Sun, had a stronger outgassing rate of
than the scattering times (thin lines). This means that the Q =7 x 10?’ s~ and had a fully developed bow shock. For
ring distribution could have been fully scattered into a shellCG a rate ofQ < 10?6s~1 is expected, and there will, most
distribution, and thus the wave amplitude in Fybottom likely, only be a bow shock close to periheliokgenders
right is an overestimation. In order to take into account theet al, 2013. However, the situation upstream of a bow shock
discrepancy between age and scatter time, the scattered ear Mach cone should not be affected by regions downstream.
ergy is assumed to be Thus in order to study the “homogeneity” of the ion pickup
and IC wave generation in the upstream region of a comet,

T
Escat= ;SEring~ (12) these data can be used.
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Fig. 4. Top left: the dynamic spectrum of the left-hand polarized magnetic field data from the Giotto magnetometer for the GS flyby from
hour 15 to hour 56, where hour 0 is taken at 9 July 1992, DOY 191, at 00:00 UT. Closest approach was at hour 39.25. The white overlay
line marks the HO* cyclotron frequency. Top right: the dynamic ellipticity for the frequency estimates of the power spectrum in the left
panel. Positive ellipticity for right-hand polarized, negative ellipticity for left-hand polarized waves. Bottom left: Giotto magnetometer data
for hour 34-35 of the flyby, before closest approach, in MFA coordinates. The weak waves, at the water cyclotron frequency, are erratic and
not well developed. Bottom right: Giotto magnetometer data for hour 40-41 of the flyby, after closest approach. The strong waves, at the
water cyclotron frequency, are “anharmonic” but well developed.

The magnetometer data are transformed to a mean-fieldsower R > 1.5 (e.g. seeDelva et al, 2009 or an elliptic-
aligned (MFA) coordinate system, where the mean field isity E < 0. In the interval shown in Figd and Giotto within
determined using a low-pass filter for periods above 30 min,500 000 km from the nucleus, there are a total of 1096 spec-
which represents th&yra direction, and theXyga and tra of which 441 haveR > 1.5 and 474 have: < 0, with
Ywmra directions are chosen perpendicular to this direction.the stronger restrictiolR contained in the weakef. This
The transverse componemt§ ra and Yyra are combined means that only~ 40 % of the time during the flyby, IC
into a left- and right-hand polarized components. lon cy-waves were observed at GS. Two examples of IC wave in-
clotron waves are left-hand polarized waves at or belowtervals are shown in Figl: bottom left the data for hour 34—
the local cyclotron frequency in the spacecraft fraiGargy, 35 (before closest approach and upstream of the bow shock),
1991). A dynamic spectrum is produced with spectral analy- where there are irregular waves at the cyclotron frequency
sis McPherron et a).1972 on sliding windows of 256 swith  (fci &~ 13 mHz); bottom right the data for hour 40-41 (after
a shift of 64 s. The result for the left-hand polarized magneticclosest approach and downstream of the bow shock), where
field component is shown in Fid.top left panel, where the the waves look “anharmonicQlassmeier et 11997 at the
x axis is time during the flyby, with closest approach at hour cyclotron frequency £ ~ 17 mHz), but they are much better
39.25, where hour 0 is taken at 9 July 1992, DOY 191, atdeveloped than in the earlier interval. Interestingly, calculat-
00:00 UT, the inbound bow shock crossing was at hour 36.8ng the ratio of the average age of the implanted ions and the
and the outbound at hour 41.3. Figdrop right panel shows  scattering time reveals values of 4.3 and 4.5 for both intervals
the ellipticity for the frequency estimates, where negative el-respectively. This means that, although the waves have had
lipticity means left-hand polarized waves. The white over- ample time to grow in both intervals, only the post-closest
plotted line in the panels marks the locap®i™ cyclotron  approach interval has well-developed, albeit “anharmonic”
frequency. waves. This could indicate a difference in wave growth in

The cyclotron waves are identified for frequencies 0.8—the unshocked (first interval) and shocked solar wind plasma
1 f.i, which have either a ratio of left-hand over right-hand (second interval).

Ann. Geophys., 31, 22012206 2013 www.ann-geophys.net/31/2201/2013/
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9 November 1973 | Pioneer 10 near Jupiter
10

10° b

H
>

PSD (nT2/Hz)
N
g

o
% H12
16 } } } } } 1 107
. 1
£
o
12 MW
1 L L L L L 107

3
time (UT) Freq (Hz)

Fig. 5. Left: Pioneer 10 magnetometer data for 9 November 1973, 00:00—-06:00 UT near Jupiter orbit, in MFA coordinates. Right: power
spectra of the data from the compressional, left- and right-hand polarized components. The vertical dashed line sh@vVs ¢ielétron
frequency for this interval.

In order to find the minimal power level that the cyclotron on observations at GS, IC waves are expected to be
waves need to achieve to be visible over the solar wind observable 40 % of the time, which would give an ac-
background noise, the magnetometer data from Pioneer 10 cumulated 10 days of IC wave observation;
during its approach of Jupiter are studied at a radial dis-

tance from the Sun comparable to Rosetta’s approach to CG. — because of the young age of the ions, the wave form
The data and the power spectrum are shown in Bight might not be well developed:;

the local IC frequency f:; ~ 0.8 mHz), the wave power is

~1.9nT2Hz 1, which corresponds to a wave amplitude of — shocked and unshocked solar wind may have influence
0.1nT. This gives an indication of the spectral power density on wave growth and form; however, Rosetta will most
that might be expected during the approach phase and of the  likely not encounter a bow shock during its approach
cyclotron wave amplitudes that can be observed unambigu- phase.

ously by the Rosetta Plasma Consortium instruments.
vy Although in the beginning of the outgassing of CG the sub-

limation of CG will dominate that of HO by a factor~5
4 Expectations for the approach phase (seeSnodgrass et al2013 Table 6), this paper concentrated

on water group ions because of the much heavier molecular
A theoretical model for the IC wave production along the mass of carbon dioxide (44 vs. 18 AMU). The heavier mass
approach of Rosetta to CG has been presented in order fowers the cyclotron frequency by a factor 2,0 ~ 0.85
make an early estimate of the activity level of the comet fromand fco, ~ 0.35 mHz, which makes the heavier ions more
the magnetometer data. In combination with data from thegifficult to detect at low amplitude because of the long time
Giotto flyby of GS and solar wind data from Pioneer 10 nearsegments of relatively constant solar wind conditions needed
Jupiter, the following conclusions can be made: (e.g. seeDelva et al, 2011, for a discussion of IC waves at
Venus for varying solar wind cone angle).

In the middle of 2014, when the magnetometer data from
the Rosetta approach phase will have arrived on Earth, an
actual estimate of the outgassing rate of the comet can be
— depending on the outgassing rate, the waves cross theade from the HO™ IC wave observations.

0.1nT threshold between 6 and3 10° km distance

from CG for a source rate 10001073 > Q > 350x
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