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Abstract. In this paper, we study where mirror mode structures are generated near unmagnetized solar system bodies
(Venus and comet P/Halley measured in situ by Venus Express and Giotto). To estimate the location of the mirror mode
source region at Venus, we apply a turbulent diffusion model
of mirror mode structures, which has already been successfully tested in planetary magnetosheaths (Earth, Jupiter, Saturn). It enables us to estimate the distance between the measured location of the mirror mode and the origin of the mirror
mode structure through the mirror mode size. We find that
the scenario of mirror mode excitation at the bow shock with
subsequent convection and diffusion downstream to the magnetopause is valid for Venus. In the cometary case, however,
we find that the size of the mirror mode structure is comparable to the gyroradius of water group ions. This suggests local
production of mirror mode structures in the cometary magnetosheath, most likely through fresh ion pickup, as opposed
to the convection and diffusion mechanism at Venus.
Keywords. Magnetospheric physics (magnetosheath; MHD
waves and instabilities)

1 Introduction
Mirror modes (MMs) represent non-propagating, compressional structures in a magnetoplasma. They are frequently observed in planetary magnetosheaths of Earth (e.g.,
Tsurutani et al., 1982; Czaykowska et al., 1998; Baumjohann
et al., 1999; Lucek et al., 1999a; Narita et al., 2006),
Venus (e.g., Volwerk et al., 2008; Zhang et al., 2009),
Jupiter (e.g., Tsurutani et al., 1982; Erdõs and Balogh, 1993;
Bavassano-Cattaneo et al., 1998), Saturn (e.g., Tsurutani
et al., 1982; Violante et al., 1995), and even near the magnetic
pileup boundary of a comet (e.g., Glassmeier et al., 1993).

The MM instability requires high-beta plasma featuring
strong temperature anisotropy, i.e., perpendicular temperature higher than parallel temperature (e.g., Hasegawa, 1969;
Gary et al., 1993). It should be mentioned that these are also
the requirements for the ion cyclotron instability. However,
Gary et al. (1993) have shown that the presence of He ions
reduces the growth rate of ion cyclotron waves in planetary
magnetosheaths, and hence the MM instability will dominate. Recently, it has been found that the presence of electron temperature anisotropy even enhances the mirror mode
growth (Remya et al., 2013).
According to Lucek et al. (1999b), temperature anisotropy
in the (Earth’s) magnetosheath can be created (1) by (multiple) reflection(s) of ions at the bow shock under quasiperpendicular conditions and (2) by compression of the magnetic field in a magnetic pileup region. Both mechanisms increase the gyrotory motion of the ions and the perpendicular
temperature with respect to the parallel temperature, resulting in a MM unstable situation. The theoretical scale size of a
mirror mode structure in planetary magnetosheaths is ∼ 9ρp
(proton gyroradii) (Hasegawa and Tsurutani, 2011, and references 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 10. Hasegawa and Tsurutani (2011) explained this difference by means of a turbulent diffusion process (Bohm-like
diffusion): as the MM structures convect away from the region of origin, the large-scale packets undergo turbulent diffusion, while small-scale packets evolve into turbulence subject to selective decay. Hence, the size of MM structures must
increase when they are observed downstream of the source
region. Based on the equation of diffusion, Hasegawa and
Tsurutani (2011) estimated the MM scale size λ as a function of the distance L from the source. In their model (henceforth HT-model), the MM size at the source is given by the
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wavelength of maximum growth rate λ0 ' 9ρp . The diffusion coefficient is assumed to be of Bohm-type due to strong
plasma turbulence. The scale size λ of the MM structures at
the distance L can then be expressed by


ωc,p L 1/2
λ(L) = 9ρp 1 +
,
(1)
32u
where u denotes the convection speed of the MM structures
and ωc,p the proton cyclotron frequency. The HT-model can
successfully explain the observed MM sizes in the magnetosheath of magnetized planets (Earth, Jupiter and Saturn) as
well as in the heliosphere (Hasegawa and Tsurutani, 2011).
However, for comets, the bow shocks are typically weak
and little or no ion heating occurs through the particle’s interaction with the shock. Strong perpendicular ion anisotropies
rather originate from solar wind pickup of ionized cometary
neutrals or field line draping (e.g., Tsurutani et al., 1999,
and references therein). We consider only the pickup process, since Delva et al. (2014) recently showed that waves
within the magnetic pileup region have properties different
from mirror mode waves and field line draping only starts inside the magnetic pileup boundary. One of the dominant ions
in the pickup process includes the water group ions (H2 O+ ),
where the pickup increases with decreasing distance from the
nucleus. Therefore, it can be expected that the generation of
the mirror mode structures near comets is more a result from
the local pickup process instead of ion-heating at the bow
shock and subsequent convection and diffusion.
The purpose of this paper is to determine where MM structures are generated near unmagnetized bodies, in this case
Venus and Comet P/Halley, using in situ data from Venus
Express and Giotto spacecraft. At Venus we apply the HTmodel to estimate the location of the MM source, by measuring 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
different. As mentioned above, the dominant ions for MM
instability are the (heavy) water group ions. It is found that
the observed MM structures at P/Halley are locally generated, as opposed to the convection and diffusion mechanism
at Venus.
2

Mirror mode at Venus and P/Halley

For the study of MMs at Venus, we use magnetic field data
from the fluxgate magnetometer (VEXMAG) at 1 Hz sampling rate (Zhang et al., 2006) and plasma data from ASPERA (ion mass analyzer) (Barabash et al., 2007) in Venus
solar orbital (VSO) coordinates. The ion plasma data have a
time resolution of about 3 min, while the MM period is ∼ 3
to 8 s, as will be shown later. Hence, they cannot be used to
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identify the MM waves, but they yield the ion plasma temperature Tp and the bulk flow velocity Vp of the plasma that
carries the MM structures.
For the study of MMs at P/Halley, the high-resolution
Giotto magnetic field data (Neubauer et al., 1986) are used.
In order to suppress instrument noise, the data are downsampled from 28 to 1 Hz. Giotto ion data from the ion mass
spectrometer (IMS) experiment (Balsiger et al., 1986) and
electron data from the Johnstone particle analyzer (JPA) experiment (Johnstone et al., 1987) are taken. They have a
resolution of about 8 and 4 s for ion and electron data, respectively. This is sufficient to resolve the MM structures,
as the MM period is ∼ 20 to 50 s, as will be shown later.
But since there are detector field-of-view complications at
IMS (see Glassmeier et al., 1993), these data are not reliable for the MM identification. However, to determine the
pickup and bulk flow velocity of the dominant H2 O+ ions,
the pickup speed has been assumed to be the local solar
wind velocity of the alpha particles, which is also the bulk
flow velocity that carries the MM structure (cf. Glassmeier
et al., 1993). Magnetic field and plasma data are given in the
Halley–centric solar ecliptic (HSE) coordinate system, where
the XHSE axis points to the Sun and the ZHSE axis to the north
of the cometary ecliptic plane.
In the absence of high-resolution and/or reliable plasma
data, we identify the MM structures following the method
of Lucek et al. (1999a, b). Since this method has never been
used at comets, we will verify the identified MM with the
electron data from JPA. According to this method the MM
structures are characterized by
1. large-amplitude fluctuations in the magnetic field magnitude |1B/B|. We require |1B/B| ≥ 0.3.
2. compressible fluctuations, i.e., small angles θB,maxvar
between the maximum variance direction of the
magnetic disturbance and the background magnetic
field (θB,maxvar ≤ 30◦ Price et al., 1986). We require
θB,maxvar ≤ 20◦ .
3. wave vectors that are nearly perpendicular to the background magnetic field, i.e., large angles βB,minvar between the minimum variance direction and the background magnetic field. We use βB,minvar ≥ 80◦ , following Volwerk et al. (2008).
The background field values B are low-pass-filtered magnetic field measurements (Butterworth filter with a cut-off
period of 1.5 min). The fluctuations 1B are given by the difference between measured and low-pass-filtered background
magnetic fields. The angles θB,maxvar and βB,minvar are obtained from 30 s long sliding intervals, shifted by 1 s. Minimum variance analysis (MVA; Sonnerup and Scheible, 1998)
yields the minimum and maximum variance directions for
each window.
Figure 1 shows a sketch of the trajectory of Venus Express
and Giotto. The positions of the observed MM structures are
www.ann-geophys.net/32/651/2014/
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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

Venus

Time interval [UT]

Gyroradius [km]

Measured MM scale size

Venus

A
B

06:40–06:42
06:43–06:44

3
8

31 ± 4
18 ± 2

19 ± 5 ρp
28 ± 7 ρp

P/Halley

C
D
E
F

23:05–23:07
23:13–23:15
23:21–23:23
23:27–23:29

43
26
22
43

2000 ± 1000
1600 ± 800
1500 ± 800
1000 ± 500

2 ± 1 ρH2 O+
1 ± 1 ρH2 O+
1 ± 1 ρH2 O+
2 ± 1 ρH2 O+

Bow shock

MM source

MM period [s]

A

Pile-up boundary

B

Z VSO

Venus Express

X VSO
X HSE

YHSE

Giotto
F
E

D
C

P/Halley
Figure 1. Sketch of the trajectory of Venus Express and Giotto. The
position of the observed MM structures are marked by the black
dots A–F. The estimated locations of MM generation are marked by
the gray shaded circles.

marked by the black dots A–F, and the estimated locations
of MM generation are marked by the gray shaded circles. In
Table 1 the start and end time of the identified MM with the
associated MM period, gyroradius and scale size at Venus
and P/Halley are given.
2.1 Venus magnetosheath
Figure 2a and b display the Venus Express magnetic field
data and estimated angles β and θ on 28 November 2006
between 06:35 and 06:45 UT. The shaded areas indicate the
bow shock crossing (BS) and two identified MM intervals (A
and B). Panel a shows the measured magnitude of the magnetic field (in blue) and the low-pass-filtered data (in black).
The measured angles θB,maxvar (black) and βB,minvar (red)
are given in panel b. Figure 2c shows the total power spectral density (Ptot ) of the magnetic field and in panel d the
www.ann-geophys.net/32/651/2014/

ratio between the transverse and total power spectral density (P|| /Ptot ) 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
spectral density is determined with single-time fast Fourier
transform and the error estimate (standard deviation) with the
Welch algorithm (see Eriksson, 1998, chapter 1). The vertical 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 (see Zhang et al., 2007), and approximately followed the flow to where the MMs were observed.
MVA of the bow shock crossing yields that the angle between the interplanetary magnetic field (IMF) upstream of
the shock and the shock normal is ∼ 107◦ . This is a quasiperpendicular 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
bow shock. Between 06:40 and 06:42 UT (shaded area A in
Fig. 2a, b) the angle θB,maxvar drops well below 20◦ , indicating that the fluctuations are primarily compressional. At the
same time the angle βB,minvar increases well above 80◦ , indicating 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.
Similarly, low θB,maxvar and high βB,minvar were found between 06:43 and 06:44 UT (shaded area B in Fig. 2a, b). The
wave period of the MMs of interval B is about 8 s, frequency
at 0.13 Hz.
The flow speed is given by the average proton velocity and is VA = (−181, 56, −68) km s−1 and VB = (−73, 24,
−39) km s−1 for regions A and B, respectively. The relative
error of the proton velocity and temperature is assumed to
be 25 % (Martinecz, 2008). This yields a measured MM size
of 19 ± 5 ρp and 28 ± 7 ρp in A and B, where the ion gyroradius ρp is calculated from the interval median of the
magnetic field data and the thermal velocity (gyroradius:
p
ρp = vth /ωc,p , where the thermal speed vth = 2kB T /mp
with the Boltzmann constant kB and proton mass mp ). Average temperatures of 0.27 and 0.11 MK are used to estimate the thermal velocities. The gyroradii are estimated to
be 31 ± 4 km and 18 ± 2 km, respectively. The distances L
Ann. Geophys., 32, 651–657, 2014
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Figure 2. Time series of (a) magnetic field (|B|) and (b) angles between the maximum (θ ) and minimum (β) variance directions and the
background magnetic field, based on Venus Express data.
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Figure 2. (c) Total power spectral density and (d) ratio between
compressional and total poser spectral density for the two time intervals (A and B) marked in Fig. 2a and b, based on Venus Express
data.

between the bow shock and the locations where MM structures were observed are LA ≈ 2710 km and LB ≈ 4050 km.
Therewith, the HT-model (Eq. 1) yields estimates of the MM
sizes of 14 ± 3 ρp in A and of 24 ± 5 ρp in B, where we assumed a relative error of 10 % in the measured distance L.
Since the measured and calculated MM sizes remain
within the error tolerances, we interpret that the MM structures originated at the bow shock.
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P/Halley magnetosheath

In contrast to the Venus Express case above, Giotto entered the magnetosheath of comet P/Halley on the dusk
side at about (−0.32, 1.03, −0.14) × 106 km in HSE coordinates, at 19:37 UT. According to the identification criteria stated above, and the assumption that these criteria
are fulfilled for a continuous period of more than 120 s
with maximum 30 s interruption, we find three time intervals with strong compressive fluctuations due to MM structures between 21:00–23:30 UT on 13 March 1986 and 01:30–
03:00 UT on 14 March 1986, when Giotto was clearly in the
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 (see Mazelle 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
perfectly, it has been identified as a MM wave in earlier studies (Glassmeier et al., 1993). In the following we examine
these four MM structures.
Spectral analysis performed on these intervals yields clear
peaks at 0.046, 0.039 and 0.023 Hz (vertical lines in Fig. 3a,
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 VC = (−81, 22, 2) km s−1
for C, VD = (−67, 5, 11) km s−1 , VE = (−77, 12, 17) km s−1 ,
and VF = (−54, 22, 0) km s−1 for D, E and F respectively.
The water group gyroradius is obtained from the median
magnetic field and the pickup velocity, which is assumed to
be the bulk flow velocity of the alpha particles (see above),
and is approximately 2000 ± 1000 km for C, 1600 ± 800 km,
1500 ± 800 km and 1000 ± 500 km for D, E and F respectively. Since the IMS plasma instrument has detector fieldof-view complications (see above), we assume a relative error of 50 % for the measured plasma velocity. This yields an
www.ann-geophys.net/32/651/2014/
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Figure 3. Time series of (a) total magnetic field, (b) electron density and (c) angles (θ and β) between the maximum and minimum variance
directions and the background magnetic field, based on Giotto data.
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compressional and total poser spectral density for the four time intervals (C, D, E and F) marked in Fig. 3a, b, and c, based on Giotto
data. Only the relevant frequency range is shown.

observed MM size of about 1±1 ρH2 O for D and E, and about
2 ± 1 ρH2 O for C and F. Table 1 summarizes the MM time intervals, periods, gyroradii and scale sizes.
The results show that the observed MM structures are most
likely the result from the local pickup process. Tsurutani
et al. (1999) argued that pickup ions at comet Giacobini–
Zinner just outside the magnetic pileup region may cause
MM structures. Indeed, Giotto enters the pileup region at
about 23:38 UT at (−0.30, 0.97, −0.13) × 105 km. Therefore, we conclude that cometary mirror mode fluctuations
www.ann-geophys.net/32/651/2014/

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 analyses. The relevance of the pickup process at Venus should
also be evaluated. The pickup process is dependent on solar 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 dependent.
The notion of mirror mode diffusion, though rather simple,
seems to be valid not only in the magnetosheath of magnetized planets and in the heliosheath but also in the magnetosheath of induced magnetospheres. Lucek et al. (1999a)
and Volwerk et al. (2008) also found that the peak in the
power spectrum shifts to lower frequencies as the spacecraft
moves deeper into the magnetosheaths at Earth and Venus
respectively. Diffusion can explain why the observed MM
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 reasonable estimate of the distance of identified MM structures
to their source region (if the ambient plasma conditions are
known), which is also a measure of the relative importance
of different MM sources.
We have confirmed the applicability of the
Lucek et al. (1999a, b) method for P/Halley using electron data. It should be noted that the detected MM structures
have a scale size comparable to the water group gyroradius.
Tsurutani et al. (1999), however, showed that at Comet
Giacobini–Zinner the size of the MM structure is ∼ 12 times
Ann. Geophys., 32, 651–657, 2014
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the (local) heavy ion (H2 O+ ) gyroradius. Interestingly, the
production rate of P/Halley compared to Giacobini–Zinner
is ∼ 10 times higher. It might be that the higher density
of neutrals at P/Halley inhibited the growth of the MM
structures, whereas at Giacobini–Zinner it is possible that
the MM structures, similar to the case of Venus, evolve
in time while they convect away from their source region.
Again, a possible mechanism could be a turbulent diffusion
process of the MM. This should be evaluated by adapting
the HT-model for the heavy H2 O+ ions.
It is worth while to mention that the ion pickup process is also important for the heliosheath mirror modes. The
termination shock is probably stronger than that of comet
P/Halley, so shock heating could play an even more essential role there. Fortunately, Voyager spacecraft is measuring
magnetic field in situ in the heliosheath. It would be interesting to compare the mirror mode size with the pickup ion
scales of proton, helium, or other abundant species coming
from the local interstellar medium.
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