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Abstract. In this paper, we study where mirror mode struc- The MM instability requires high-beta plasma featuring
tures are generated near unmagnetized solar system bodisgong temperature anisotropy, i.e., perpendicular tempera-
(Venus and comet P/Halley measured in situ by Venus Ex+ture higher than parallel temperature (elpsegawal969
press and Giotto). To estimate the location of the mirror modeGary et al, 1993. It should be mentioned that these are also
source region at Venus, we apply a turbulent diffusion modelthe requirements for the ion cyclotron instability. However,
of mirror mode structures, which has already been succesgsary et al.(1993 have shown that the presence of He ions
fully tested in planetary magnetosheaths (Earth, Jupiter, Satreduces the growth rate of ion cyclotron waves in planetary
urn). It enables us to estimate the distance between the meaiagnetosheaths, and hence the MM instability will domi-
sured location of the mirror mode and the origin of the mirror nate. Recently, it has been found that the presence of elec-
mode structure through the mirror mode size. We find thattron temperature anisotropy even enhances the mirror mode
the scenario of mirror mode excitation at the bow shock withgrowth (Remya et al.2013.
subsequent convection and diffusion downstream to the mag- According toLucek et al (19990, temperature anisotropy
netopause is valid for Venus. In the cometary case, howevein the (Earth’s) magnetosheath can be created (1) by (mul-
we find that the size of the mirror mode structure is comparadiple) reflection(s) of ions at the bow shock under quasi-
ble to the gyroradius of water group ions. This suggests locaperpendicular conditions and (2) by compression of the mag-
production of mirror mode structures in the cometary mag-netic field in a magnetic pileup region. Both mechanisms in-
netosheath, most likely through fresh ion pickup, as opposedrease the gyrotory motion of the ions and the perpendicular
to the convection and diffusion mechanism at Venus. temperature with respect to the parallel temperature, result-
Keywords. Magnetospheric physics (magnetosheath; MHD ing in a MM unstable si_tuation. The theoretical scale size of a
waves and instabilities) mirror mode strlfcture in planetary magnetosheaths $py,
(proton gyroradii) Hasegawa and Tsurutai®011 and ref-
erences therein). Yet, in situ spacecraft observations suggest
that most of the measured sizes are considerably larger than
the theoretical predictions, typical factors ranging between
2 and 10Hasegawa and Tsurutaf@011) explained this dif-
i ) ference by means of a turbulent diffusion process (Bohm-like
Mirror modes (MMs) represent non-propagating, com- diffusion): as the MM structures convect away from the re-

pressional structures in a magnetoplasma. They are fre{;ion of origin, the large-scale packets undergo turbulent dif-

$uently o.bservigsm pélanelt(ary mkagnetlizgeaéhs of.Egrth (e'gfusion, while small-scale packets evolve into turbulence sub-
surutani et al.1982 Czaykowska et g & Baumjohann ject to selective decay. Hence, the size of MM structures must

\e/t al, 1999 \}_lljcekk et al,I 1338& glsrita et al, ;88@ increase when they are observed downstream of the source
enus (e.9.,Volwer ,Et al, 8 -nang et al. 9. region. Based on the equation of diffusiddasegawa and
Jupiter (e.g.Tsurutani et a].1982 Erdds and Balog,hl993_ Tsurutani(201]) estimated the MM scale sizeas a func-
Bavassano-Cattaneo et,al99§, Saturn (e.g.,Tsurutani tion of the distancé from the source. In their model (hence-

etal, 1982 Violante et al, 1999, and even near the magnetic forth HT-model), the MM size at the source is given by the
pileup boundary of a comet (e.g5Jassmeier et 311993. ’

1 Introduction
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652 D. Schmid et al.: Mirror modes near unmagnetized bodies

wavelength of maximum growth ratey >~ 9op. The diffu- identify the MM waves, but they yield the ion plasma tem-
sion coefficient is assumed to be of Bohm-type due to strongperaturel, and the bulk flow velocityv,, of the plasma that
plasma turbulence. The scale sizef the MM structures at  carries the MM structures.

the distancd. can then be expressed by For the study of MMs at P/Halley, the high-resolution
12 Giotto magnetic field Qatd\(eubauer gt al1986 are used.
(L) = 9pp <1+ wc,pL> ’ @) In order to suppress instrument noise, the data are down-
32u sampled from 28 to 1 Hz. Giotto ion data from the ion mass

. rometer (IM xperimenBdlsiger 1 n
whereu denotes the convection speed of the MM structureSSpeCt ometer (IMS) experime Basgg et al. 1989 and
electron data from the Johnstone particle analyzer (JPA) ex-
andwc p the proton cyclotron frequency. The HT-model can ;
i . . . periment Johnstone et 311987 are taken. They have a
successfully explain the observed MM sizes in the magne- . )
) : resolution of about 8 and 4s for ion and electron data, re-
tosheath of magnetized planets (Earth, Jupiter and Saturn) %pectively. This is sufficient to resolve the MM structures
well as in the heliospherédasegawa and Tsurutai2i017). P - '

. as the MM period is~ 20 to 50s, as will be shown later.
However, for comets, the bow shocks are typically weak : : ) o
: . ; T But since there are detector field-of-view complications at
and little or no ion heating occurs through the particle’s inter-

action with the shock. Strong perpendicular ion anisotropies”vIS (seeGlassmeier et 311993, these data are not rel-

. ! . - able for the MM identification. However, to determine the
rather originate from solar wind pickup of ionized cometary ickub and bulk flow velocity of the dominantB* ions
neutrals or field line draping (e.gT,surutani et al. 1999 pickup y 2 '

and references therein). We consider only the pickup pro-the pickup speed has been assumed to be the local solar

cess, sincdelva et al.(2014) recently showed that waves wind velocity of the alpha particles, which is also the bulk

o o : . . flow velocity that carries the MM structure (dBlassmeier
within the magnetic pileup region have properties different e . .
. ; . . . “etal, 1993. Magnetic field and plasma data are given in the
from mirror mode waves and field line draping only starts in-

side the magnetic pileup boundary. One of the dominant ion Halley—centric solar ecliptic (HSE) coordinate system, where

in the pickup process includes the water group ionsCiH). %heXHSE axis points to the Sun and th&sg axis to the north

} . ; : . of the cometary ecliptic plane.
where the pickup increases with decreasing distance from the In the absence of high-resolution and/or reliable plasma

nucleus. Therefore, it can be expected that the generation Oéata we identify the MM structures following the method

the mirror r_node structures_ near com(_ets IS more a result fron?)f Lucek et al(1999a b). Since this method has never been
the local pickup process instead of ion-heating at the bow ! ; . e .

. e used at comets, we will verify the identified MM with the
shock and subsequent convection and diffusion.

The purpose of this paper is to determine where MM Struc_electron data from JPA. According to this method the MM

: T . structures are characterized by
tures are generated near unmagnetized bodies, in this case

Venus and Comet P/Halley, using in situ data from Venus 1. large-amplitude fluctuations in the magnetic field mag-
Express and Giotto spacecraft. At Venus we apply the HT-  nitude|AB/B|. We requird AB/B| > 0.3.

model to estimate the location of the MM source, by measur-
ing the MM size and calculating the approximate distance to
the origin of the MM structure. We want to point out that the
goal of this article is not the evaluation of the HT-model for
the Venusian magnetosheath. Rather, we take the philosophy
that the model is correct and investigate the applicability of
the model to our observations. The situation for P/Halley is 3. wave vectors that are nearly perpendicular to the back-

2. compressible fluctuations, i.e., small ang®smaxvar
between the maximum variance direction of the
magnetic disturbance and the background magnetic
field (05 maxvar< 30° Price et al. 1986. We require
0B, maxvar< 20°.

different. As mentioned above, the dominant ions for MM ground magnetic field, i.e., large anglgg minvar be-
instability are the (heavy) water group ions. It is found that tween the minimum variance direction and the back-
the observed MM structures at P/Halley are locally gener- ground magnetic field. We ugts minvar > 80°, follow-
ated, as opposed to the convection and diffusion mechanism  ing Volwerk et al.(2008.

at Venus.

The background field valueB are low-pass-filtered mag-
netic field measurements (Butterworth filter with a cut-off
2 Mirror mode at Venus and P/Halley period of 1.5 min). The fluctuations B are given by the dif-
ference between measured and low-pass-filtered background
For the study of MMs at Venus, we use magnetic field datamagnetic fields. The anglés maxvar and B minvar are ob-
from the fluxgate magnetometer (VEXMAG) at 1 Hz sam- tained from 30s long sliding intervals, shifted by 1s. Mini-
pling rate ghang et al. 200§ and plasma data from AS- mum variance analysis (MV/ASonnerup and Scheihl£998
PERA (ion mass analyzerBéarabash et gl2007) in Venus  yields the minimum and maximum variance directions for
solar orbital (VSO) coordinates. The ion plasma data have a&ach window.
time resolution of about 3 min, while the MM period-is3 Figurel shows a sketch of the trajectory of Venus Express
to 8s, as will be shown later. Hence, they cannot be used tand Giotto. The positions of the observed MM structures are
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Table 1. Start and end time of the identified MM with the associated MM period, gyroradius and scale size at Venus and P/Halley.

MM  Time interval [UT] MM period [s] Gyroradius [km] Measured MM scale size

venus A 06:40-06:42 3 314 19+5pp
B 06:43-06:44 8 182 28+ 7pp
C  23:05-23:07 43 2008 1000 2+ 1pp,0+
PiHaley D 2313-2315 26 160@ 800 1+ Loyt
E  23:21-23:23 22 1500 800 1+ Lop,ot
F 23:27-23:29 43 1008 500 24 1pp,0

ratio between the transverse and total power spectral den-
sity (P)|/ Prot) of the two subintervals (A and B) is given. To
obtain the spectra, the magnetic field is transformed into a
mean-field-aligned (MFA) coordinate system, and the power
MM source spectral density is determined with single-time fast Fourier
T transform and the error estimate (standard deviation) with the
Welch algorithm (se&riksson 1998 chapter 1). The verti-
cal dotted lines mark frequencies at which spectral peaks are
identified as signatures of the MM structures.

Venus Express entered the magnetosheath at 06:37 UT at
the position (0.98, 0.49, 0.83) in units of planetary radii
in VSO coordinates (seghang et al. 2007, and approxi-
mately followed the flow to where the MMs were observed.
MVA of the bow shock crossing yields that the angle be-
tween the interplanetary magnetic field (IMF) upstream of
the shock and the shock normal~s107. This is a quasi-
perpendicular shock and thus a good precondition for MM
instability (e.g.,Volwerk et al, 2008. Strong oscillations
of the magnetic field are clearly visible after crossing the

P/Halley|
bow shock. Between 06:40 and 06:42 UT (shaded area A in
Fig. 2a, b) the angl®p maxvardrops well below 20, indicat-

Figure 1. Sketch of the trajectory of Venus Express and Giotto. The . . . . .

position of the observed MM structures are marked by the blackiNd that the fluctuations are primarily compressional. At the

dots A—F. The estimated locations of MM generation are marked byS@8me time the anglgz minvar increases well above 80in-

the gray shaded circles. dicating that the wave vectors are quasi-perpendicular to the
ambient magnetic field. The spectral analysis yields a clear
peak at 0.31 Hz corresponding to a wave period of about 3 s.

marked by the black dots A—F, and the estimated locations>imilarly, 1ow 65 maxvar and high Bz minvar were found be-

of MM generation are marked by the gray shaded circles. Intween 06:43 and 06:44 UT (shaded area B in Bég.b). The

Table1 the start and end time of the identified MM with the Wave period of the MMs of interval B is about 8, frequency

associated MM period, gyroradius and scale size at Venudt 0-13 Hz.

Venus
Pile-up boundary

and P/Halley are given. The flow speed is given by the average proton veloc-
ity and is Va =(—181, 56,—68) kms ! and Vg = (—73, 24,
2.1 Venus magnetosheath —39) kms? for regions A and B, respectively. The relative

error of the proton velocity and temperature is assumed to
Figure 2a and b display the Venus Express magnetic fieldbe 25 % Martinecz 2008. This yields a measured MM size
data and estimated anglgsandé on 28 November 2006 Of 19+5pp and 28+ 7 pp in A and B, where the ion gy-
between 06:35 and 06:45 UT. The shaded areas indicate tH@radius pp is calculated from the interval median of the
bow shock crossing (BS) and two identified MM intervals (A Magnetic field data and the thermal velocity (gyroradius:
and B). Panel a shows the measured magnitude of the magp = vth/@cp, Where the thermal speegh = /2kgT/mp
netic field (in blue) and the low-pass-filtered data (in black). With the Boltzmann constartig and proton massip). Av-
The measured angle®; maxvar (black) and gz minvar (red) erage temperatures of 0.27 and 0.11 MK are used to esti-
are given in panel b. Figurc shows the total power spec- Mmate the thermal velocities. The gyroradii are estimated to
tral density (Por) of the magnetic field and in panel d the be 31=4km and 18t 2km, respectively. The distancés

www.ann-geophys.net/32/651/2014/ Ann. Geophys., 32, 6634 2014
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Venus Express 28—Nov-2006
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Figure 2. Time series ofa) magnetic field (B|) and(b) angles between the maximum) (@and minimum g) variance directions and the
background magnetic field, based on Venus Express data.

10° ¢ 2.2 P/Halley magnetosheath

In contrast to the Venus Express case above, Giotto en-
T i tered the magnetosheath of comet P/Halley on the dusk
side at about 0.32, 1.03,—0.14)x 10°km in HSE co-
10"t ordinates, at 19:37 UT. According to the identification cri-
teria stated above, and the assumption that these criteria
o %2‘7 (68%) are fulfilled for a continuous period of more than 120s
with maximum 30s interruption, we find three time inter-
vals with strong compressive fluctuations due to MM struc-
tures between 21:00-23:30 UT on 13 March 1986 and 01:30—
T ﬁ 03:00UT on 14 March 1986, when Giotto was clearly in the
%20 (68%) magnetosheath of P/Halley. We exclude the time interval for
which Giotto was in the magnetic pileup boundary region, as
similar magnetic structures have shown to be compressional
fast-mode magnetosonic waves (ddazelle et al. 1991).
Figure 3a, b, and c display the magnetic field and electron
density data from Giotto on 13 March 1986 between 23:05—
23:08 and 23:12-23:30 UT. The gray shaded areas C, D and
E mark the three found MM structures. Although the fourth
time interval (gray shaded area F) does not fulfill our criteria
05 perfectly, it has been identified as a MM wave in earlier stud-
ies Glassmeier et 31.1993. In the following we examine
Figure 2. (c) Total power spectral density ar{d) ratio between  these four MM structures.
compressional and total poser spectral density for the two time in-  Spectral analysis performed on these intervals yields clear
tervals (A and B) marked in Figa and b, based on Venus Express peaks at 0.046, 0.039 and 0.023 Hz (vertical lines in Bag.
data. b, and c), which correspond to periods of 22, 26 and 43 s, for
E, D and C/F respectively. The median of the alpha particle
velocity during the MM interval is/c = (—81, 22, 2) kms?
between the bow shock and the locations where MM strucfor C, Vp =(—67, 5, 11) km 51, Ve =(-77, 12, 17) kms1,
tures were observed afey ~ 2710 km andLg ~ 4050 km. and Vg = (=54, 22, 0)km sl for D, E and F respectively.
Therewith, the HT-model (E) yields estimates of the MM The water group gyroradius is obtained from the median
sizes of 14+ 3 pp in A and of 24+ 5 pp in B, where we as-  magpnetic field and the pickup velocity, which is assumed to
sumed a relative error of 10 % in the measured distdnce  be the bulk flow velocity of the alpha particles (see above),
Since the measured and calculated MM sizes remaimand is approximately 2008 1000 km for C, 160@- 800 km,
within the error tolerances, we interpret that the MM struc- 15004+ 800 km and 100&-500 km for D, E and F respec-
tures originated at the bow shock. tively. Since the IMS plasma instrument has detector field-
of-view complications (see above), we assume a relative er-
ror of 50 % for the measured plasma velocity. This yields an

081

021

0.2 0.3
S/C frame frequency [Hz]

Ann. Geophys., 32, 651657, 2014 www.ann-geophys.net/32/651/2014/



D. Schmid et al.: Mirror modes near unmagnetized bodies 655

Giotto 13—Mar-1986
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Figure 3. Time series ofa) total magnetic field(b) electron density anft) angles § andg) between the maximum and minimum variance
directions and the background magnetic field, based on Giotto data.

10° ¢ c are created locally in the middle of the magnetosheath and
i A ———D %20’(68%) are not associated with generation at the bow shock and sub-
sequent convection and diffusion.

3 Summary and discussion

Our study suggests that at Venus the dominant mirror mode
source is most likely the bow shock, while in the cometary
magnetosheath the source is more likely associated with a
local ion pickup process. This statement, however, is based
on case studies and needs to be confirmed by statistical anal-
yses. The relevance of the pickup process at Venus should
also be evaluated. The pickup process is dependent on so-
lar ultra-violet flux (e.g.Wilken et al, 1987, which varies
strongly with solar cycle. Hence, magnetosheath spectra and
scale sizes of MM structures could also be solar cycle depen-
dent.

The notion of mirror mode diffusion, though rather simple,
seems to be valid not only in the magnetosheath of magne-
‘ ‘ tized planets and in the heliosheath but also in the magne-
0.15 02 tosheath of induced magnetospherescek et al.(19993

and Volwerk et al. (2008 also found that the peak in the
Figure 3. (d) Total power spectral density ar{d) ratio between  power spectrum shifts to lower frequencies as the spacecraft
compressional and total poser spectral density for the four time inmoves deeper into the magnetosheaths at Earth and Venus
tervals (C, D, E and F) marked in Figa, b, and c, based on Giotto  regpectively. Diffusion can explain why the observed MM
data. Only the relevant frequency range is shown. sizes are larger deeper in the magnetosheath. Thus, we find
that the diffusion model constitutes a useful analysis tool for
studying complex plasma processes. The model yields a rea-
observed MM size of aboutll pn,o for D and E, and about  sonable estimate of the distance of identified MM structures
2+1 pn,o for C and F. Tabld summarizes the MM time in-  to their source region (if the ambient plasma conditions are

0.8

0.2

0.1
S/C frame frequency [Hz]

tervals, periods, gyroradii and scale sizes. known), which is also a measure of the relative importance
The results show that the observed MM structures are mostf different MM sources.
likely the result from the local pickup procesEsurutani We have confirmed the applicability of the

et al. (1999 argued that pickup ions at comet Giacobini— Lucek et al.(1999ab) method for P/Halley using elec-
Zinner just outside the magnetic pileup region may causetron data. It should be noted that the detected MM structures
MM structures. Indeed, Giotto enters the pileup region athave a scale size comparable to the water group gyroradius.
about 23:38UT at£0.30, 0.97,—0.13)x 10°km. There-  Tsurutani et al.(1999, however, showed that at Comet
fore, we conclude that cometary mirror mode fluctuationsGiacobini—Zinner the size of the MM structures12 times

www.ann-geophys.net/32/651/2014/ Ann. Geophys., 32, 6634 2014
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the (local) heavy ion (HO™) gyroradius. Interestingly, the Bavassano-Cattaneo, M. B., Basile, C., Moreno, G., and Richard-
production rate of P/Halley compared to Giacobini—Zinner son, J. D.: Evolution of mirror structures in the magnetosheath
is ~ 10 times higher. It might be that the higher density of Saturn from the bow shock to the magnetopause, J. Geophys.
of neutrals at P/Halley inhibited the growth of the MM  Res. 103,11961-11972, 1998. _
structures, whereas at Giacobini-Zinner it is possible thatcz\";‘\y_‘?\;"i’rsr';"’r" vﬁé’v Sg“deg\’/vps':f'e'agegfrn;re‘”éEa;?'h::‘pdesgzmghgg\?v'
|trr1] etirweMwitirlgCtt#gist’:osr:\lgi:atlraf/(v)a;h:‘arocrf]lst(:]e?: s\:)eur:lécse’ rg\g;(i)(l\ée shock, J. GeOphy‘?' Res., 103, .4747_4753‘ 1998.

. . . . . Delva, M., Bertucci, C., Schwingenschuh, K., Volwerk, M.,
Again, a possible mechgnlsm could be a turbulent dlffus!on and Romanell, N.. Magnetic pileup boundary and field
process of the MM. This should be evaluated by adapting draping at Comet Halley, Planet. Space Sci., online first,
the HT-model for the heavy #0* ions. doi:10.1016/j.pss.2014.02.012014.

It is worth while to mention that the ion pickup pro- Erdsés, G. and Balogh, A.: Statistical properties of mirror mode
cess is also important for the heliosheath mirror modes. The structures observed by Ulysses in the magnetosheath of Jupiter,
termination shock is probably stronger than that of comet J. Geophys. Res., 101, 1-12, 1993.

P/Halley, so shock heating could play an even more esserEriksson, A. |.: Spectral analysis, in: Analysis Methods for Multi-
tial role there. Fortunately, Voyager spacecraft is measuring Spacecraft Data, edited by: Paschmann, G. and Daly, P., 307—
magnetic field in situ in the heliosheath. It would be inter- Ga?izéESéjsgﬁg:dvsvukéﬁggihderson B. J: lon anisoiropy insta
esting to compare thg mirror mode size with the plckup an bilities in the magnetosheath, J. Geophys. Res., 98, 1481-1488,
scales of proton, helium, or other abundant species coming

. . 1993.
from the local interstellar medium. Glassmeier, K. H., Motschmann, U., Mazalle, C., Neubauer, F. M.,

Sauer, K., Fuselier, S. A., and Acuna, M. H.: Mirror modes and

fast magnetoaucoustic waves near the magnetic pileup boundary
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