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a b s t r a c t

The approach of the Rosetta S/C to Comet Churyumov–Gerasimenko in 2014 reactivates the interest in the
plasma interaction of the solar wind with the cometary coma. In preparation for the upcoming S/C
observations and the start of outgassing of the cometary nucleus, we reinvestigate the magnetic field data
from the Vega-1 S/C at the flyby of Comet Halley (1986), in search of the magnetic pileup boundary and
increase of field line draping. The magnetic pileup boundary has been identified as a common feature for
unmagnetized bodies with an induced magnetosphere. This boundary marks the outer edge of the magnetic
pileup region, also known as the magnetic barrier region, in which the magnetic field is strong and highly
draped. Initially, the magnetic field draping around Comet Halley was clearly identified from the Vega-1
magnetometer data through reversal of the field component in direction to the Sun at closest approach.

Here, a detailed analysis is performed in regions further upstream in the magnetosheath. The Vega-1 high
resolution magnetometer data on the in- and outbound leg but inside the bow wave are reinvestigated in
search for the magnetic pileup boundary as an indicator for the outer edge of the magnetic barrier. The
magnetic field pileup region is studied using the correlation between the field component towards the Sun
and the radial component in an aberrated cometocentric frame; this technique proved very successful for
Mars and also for comets Giacobini–Zinner and Halley in the case of Giotto observations. We can clearly
identify the different regimes in the magnetic field data, on the in- and outbound leg of the orbit. Waves just
within the newly determined magnetic pileup region have properties different from mirror mode waves,
whereas waves observed out of the magnetic pileup boundary are confirmed as mirror mode. The boundaries
found at Comet Halley prove that also the detailed structure of the interaction of unmagnetized bodies with
an atmosphere with the solar wind is valid for active comets, but with larger space scale.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

New interest goes to the interaction of the solar wind with
comets, as the approach of the Rosetta spacecraft (S/C) to Comet
Churyumov–Gerasimenko will occur in the near future (May 2014)
(Glassmeier et al., 2007a). The S/C carries a magnetometer on the
orbiter (Glassmeier et al., 2007b) as well as on the lander (Auster
et al., 2007). Both sensors are designed to reveal details of the
evolution of the different plasma boundaries and regimes during the
development of the cometary coma when approaching the Sun.

From earlier missions to comets, e.g. Vega-1 and -2 to Comet
Halley, Giotto to Comet Halley and Grigg–Skjellerup (von Rosenvinge
et al., 1986) and ICE to Comet Giacobini–Zinner (Reinhard, 1986),
magnetometer measurements proved the general picture of draping
of the interplanetary magnetic field lines around the obstacle, formed
by the cometary coma (Alfvèn, 1957).

Since the time of these cometary missions, the solar wind
interaction with unmagnetized planets with an atmosphere was
studied in great detail and specific regions with different char-
acteristics in the magnetic field and/or the plasma composition
have been identified. An extensive review of the different regions
of the induced magnetospheric interaction is found in Bertucci
et al. (2011). Inside the bow shock, the magnetosheath field shows
strong wave activity and turbulence up to a region, where the
wave activity disappears abruptly; this is called the magnetic pile-
up boundary (MPB). The MPB is the outer limit of the induced
magnetosphere, and is also a plasma composition boundary,
where the solar wind proton density drops sharply, the electron
fluxes in the high-energy range decrease significantly and the
planetary ion density starts to increase. Inside the MPB and
especially on the dayside, field line draping starts and the field
strength increases strongly over a small distance to a maximum
value; this is the magnetic pileup region (MPR) in which the
planetary ions dominate. Observation of a drop of the field
strength at closest approach of a S/C to the planet indicates that
the magnetic “cavity” boundary has been crossed, i.e. the S/C
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enters a region void of solar wind magnetic field; this is not always
the case and depends mainly on the orbit of the S/C. Fig. 1 shows
these different regions in the magnetic field observations at Mars
from Mars Global Surveyor (MGS) (Bertucci et al., 2003a).

Attempts were made to identify the plasma boundaries suffi-
ciently from magnetometer data only. At Comet Halley, the MPB
was first identified from the Giotto magnetic field data as a sharp
increase in the magnetic field strength (Neubauer, 1987). In a
further step, a correlation technique was applied to these data to
identify regions with explicit draping; the MPB separates the
cometary magnetosheath, where there is no evidence of draping,
from the magnetic pileup region where the field lines are strongly
draped (Israelevich et al., 1994). The technique also allows to
identify the MPB, when the signature in the magnetic field
strength is ambiguous, as was the case for the Vega-1 and Vega-
2 magnetometer data at Comet Halley. To detect the draping, a
specific decomposition of the magnetic field vector is required.
First, an aberration correction for the solar wind velocity as seen
by the comet is performed: this implies a rotation, such that in the
aberrated frame the x0-axis is anti-parallel to the onstreaming
solar wind velocity as seen by the comet. Then, an electromagnetic
reference frame (xIMF, yIMF, zIMF) is defined, where the xIMF-axis is
equal to the x0-axis, the yIMF-axis is defined by —VSW�BIMF and
zIMF completes the right hand system; now the magnetic field BIMF

is in the (xIMF, zIMF)-plane. On this plane, the field vector is
described by the component BxIMF (xIMF-axis is anti-parallel to
VSW) and the transverse component BtransIMF. The transverse
component, in turn, can be decomposed in a radial part, Brad,
and a tangential part Btan (Fig. 2, after Bertucci et al., 2003a). With
this decomposition of the field vector, a draped field configuration
around the obstacle at the origin of the reference frame will be
revealed by the correlation between BxIMF and Brad, along the S/C
trajectory such that a decrease in the value of BxIMF leads to an

increase of Brad and vice versa; this is independent of the quadrant
of the vectors (Israelevich et al., 1994).

In simple words: if the BxIMF component increases in value and
the field becomes more parallel to the solar wind speed direction,
the radial component Brad will decrease. This is valid as long as there
are no discontinuities or strong fluctuations in the solar wind in
the analyzed time interval. The technique was applied to MGS data
(Bertucci et al., 2003a) and Pioneer Venus Orbiter data (Bertucci et al.,
2003b) to identify the MPB around Mars and Venus, respectively.

From the Soviet missions Vega-1 and -2 to Comet Halley, high
resolution magnetic field data are still available; here, a detailed
analysis of the field draping with the correlation technique is
performed to reveal the extent of the induced magnetosphere
within the bow wave.

The Vega-1 and -2 S/C flew by Comet Halley on 6 (9) March 1986,
with closest approach at 8890 and 8030 km, respectively. From the
plasma and magnetometer data, main new insights about the nature
of the interaction of the solar wind with the non-magnetised
cometary body were gained. The inbound bow wave was observed
at a distance of 1.1�106 km from the nucleus. Draping was seen as
an effect of two different interplanetary magnetic field (IMF)
orientations hung up around the comet. On the inbound leg of the
S/C trajectory to closest approach, the field component parallel to the
solar wind velocity changed sign, due to the crossing of an IMF sector
boundary. On the outbound trajectory, that field component showed
the field reversal in timely reversed order. The field at the closest
approach was interpreted as "old field" draped around the obstacle,
with IMF direction opposite to that of the outer draped field layer
(Riedler et al., 1986). The MPB could not be derived from the
magnetometer data, since no sudden increase of the magnetic field
strength was observed (Schwingenschuh et al., 1986).

In the earliest papers, a sharp increase in water group ion density
and decrease in proton density at �1.6�105 km from the nucleus in
the Vega-2 plasma data led to the interpretation of a “cometopause”
(Gringauz et al., 1986). Later analysis of multi-sensor data and
comparison with the Giotto S/C observations indicated, that the
sharp change in the Vega-2 plasma observations might be an
observational effect; only the MPB, well identified in the Giotto
magnetometer data at a closer distance to the nucleus (Neubauer,
1987), was interpreted as a real boundary (Rème et al., 1994).

2. Data analysis

In this paper, the Vega-1 high-resolution (10 vectors/s) mag-
netometer data between the inbound bow wave crossing (at 03:10
on Mar 06, 1986) and closest approach (07:20) are reinvestigated

Fig. 1. Example of the magnetic pileup boundary and pileup region at Mars, fromMGS
data. The three upper panels show the magnetic field in spherical MSO coordinates
and the magnetic field strength, the fourth panel displays the altitude above the
planet. In panel three, the pink bar indicates the time interval with strong correlation
between BxIMF and Brad; for the interval marked with blue–green bar, the correlation is
not existent (from Bertucci et al., 2003a). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Draping geometry in the (xIMF, zIMF)-plane of the electromagnetic reference
frame (xIMF, yIMF, zIMF). B0 denotes an undraped field direction in the solar wind; B is
the draped field with components BxIMF, BtransIMF where BtransIMF is decomposed
in Brad and Btan (not shown).
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with the correlation technique (Israelevich et al., 1994; Bertucci
et al., 2003a) in search for the MPB. The magnetometer data are
given in the cometocentric reference frame CSE, which has its xCSE-
axis in direction to the Sun, yCSE-axis opposite to the S/C velocity in
the ecliptic plane and zCSE positive to ecliptic North. A time series
of the observed magnetic field strength for several hours (05:00 to
08:25) within the magnetosheath is shown in Fig. 3 in the CSE
frame (bow wave crossing was at 03:10, closest approach at 07:20,
dashed green line). A high level of variability occurs within the
magnetosheath until 06:10 (first dashed red line), but later on, the
fluctuation is weaker (until 06:47, second dashed red line, see also
Schwingenschuh et al., 1986). Fig. 4 shows the projection of the
(averaged) field vectors on the (xCSE, yCSE)-plane for a full hour
around closest approach.

Several boundaries were identified using the magnetometer
data and the plasma data. A change in the slope of the magnetic
field strength at 06:10 (distance 3.5�105 km) was identified as a
quasi-stationary feature of Halley's inner coma, the so-called ‘M1’
boundary or layer (Schwingenschuh et al., 1986). This coincides
with the strong reduction of the variability, as seen in Fig. 3.
At about the same distance, the solar wind population number
density became comparable to that of the cometary implanted
ions (Gringauz et al., 1986). The reported boundary was explained
by a sudden change in the solar wind velocity, thus causing a
different piling up of the interplanetary magnetic field lines. The
M1 boundary is located at approximately the same distance as the
MPB reported from the Giotto S/C by Neubauer et al. (1986) where
similar features were observed (except the gradual pileup), sup-
porting the idea that M1 is stationary and that M1 might be the
MPB. Furthermore, two boundaries C1 (07:10, before closest
approach) and C2 (07:24 after closest approach) were identified
from a change in the BxCSE component (Riedler et al., 1986). These
boundaries separate regions with different draping pattern from
a remnant magnetic field from a polarity change 8 h before the
encounter. The changes in sign in BxCSE before and after closest
approach C1 and C2 are clearly seen in the projected vectors of
Fig. 4; see Fig. 7 for B in CSE components.

In terms of the MPB and MPR, the MPB starts at the time of
reduction of the turbulence (06:10); after that, the start of the MPR
is not obvious because the magnetic field strength increase is
gradual and not extremely steep.

A detailed analysis of sub-intervals with the correlation tech-
nique is expected to reveal more fine structure of the field in this
region. This requires several transformations of the data, as
described in the introduction. The aberration correction for the
solar wind velocity as seen by the comet implies a rotation over
�51 around the zCSE-axis, such that in the aberrated frame (x0, y0,
z0) the x0-axis is anti-parallel to the onstreaming solar wind
velocity as seen by the comet. In a further step, the magnetic field
vectors are decomposed according to the described technique and
the BxIMF and the radial component Brad are obtained.

2.1. Time-interval 06:00–07:00 before closest approach

The time interval 1986 Mar 06, 06:00–07:00 is divided into
smaller intervals, to take the different features already reported in
earlier analyses into account. Fig. 5 shows the field components in
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the CSE reference frame and the partition into sub-intervals. Fig. 6
displays the calculated correlation between the BxIMF- and Brad-
field components for each sub-interval.

We first examine the difference between the turbulent data
part (06:00 to 06:10) and the data within the quiet interval (06:10
to 06:47); it should be noted that a rotation of the field vector
occurs at 06:10. In the turbulent interval, correlation between
BxIMF and Brad field components is poor (Fig. 6, top left). Analysis of
the subsequent intervals shows that only in some intervals an
increase of the correlation occurs, i.e. draping is also not explicit in
the range with low turbulence (Fig. 6, top right and middle). The
interval 06:47 to 07:00 is divided at 06:55, because it was reported
that at this time a cold slow ion plasma was entered; this region
(S/C at distance of 1.2�105 km) was interpreted as the outer limit
of the obstacle where the cometary ions dominate (Gringauz et al.,
1986). However, the correlation analysis shows only similar low
correlation in both parts (06:47 to 06:55, and 06:55 to 07:00,
Fig. 6, lower panels).

Although the occurrence of fluctuations in the full hour of data
is significantly reduced between 06:10 and 06:47, no significant
difference is seen in the correlation from the more variable before
06:10 and the more quiet intervals after; also the reported
boundary at 06:55 does not show up as a change in draping.

This means that from magnetic field point of view, the outer
edge of the region with low turbulence, passed at 06:10, may be
attributed to the MPB. Significant draping does not yet start and
the magnetic field strength increases gradually by þ35 nT over a
large distance (from 3.5�105 km at 06:10 to 9.6�104 km at

07:00). At the time of the Giotto encounter, the situation was very
different; a very sharp increase of þ20 nT at a distance of
1.35�105 km was reported (Neubauer, 1987).

2.2. Time-interval 07:00 to 07:35 around closest approach (07:20)

We now analyze the time interval 1986 Mar 06, 07:00–07:35
around the closest approach. The data are divided into intervals,
taking into account the tangential discontinuities C1 at 07:10
before, resp. C2 at 07:24 after closest approach (Fig. 7); these were
interpreted as ‘old’ field reversals in the onstreaming SW, still
draped around the comet (Riedler et al., 1986).

Fig. 8 shows the calculated correlation for the respective sub-
intervals. For the time around closest approach (07:17 to 07:24),
the BzCSE sensor is in saturation, and no correlation analysis can be
performed. From the first two intervals for the inbound leg (Fig. 8,
top panels), we see that enhanced correlation and therefore
draping starts at 07:00, increases yet more in the next interval
and continues after the tangential discontinuity till the end of the
interval (07:16). On the outbound leg, strong correlation is again
found from 07:24 to 07:27, which diminishes as the S/C leaves the
close neighbourhood of the comet (Fig. 8, bottom panels).

We find that draping is explicit in the interval 07:00 to 07:27
and conclude that the S/C is located in the magnetic pileup region
(MPR). Explicit draping ends at 07:27 at a distance of 3.4�104 km,
which may be interpreted as the outbound crossing of the MPR
and MPB.
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3. Discussion

3.1. MPB and MPR

On the inbound leg, after the bow shock crossing at 1.1�
106 km (at 03:10, not in this data-set), the S/C was located in the
cometary magnetosheath; strong fluctuation occurs up to a dis-
tance of 3.3�105 km (06:10) but is reduced until 1.5�105 km
(06:47). After that, the variability increases again. Draping is low
for the whole interval 06:00 to 07:00.

The magnetic pileup boundary (MPB) as the outer edge of the
induced magnetosphere is identified at 06:10 in a distance of
3.5�105 km, from the decrease in the fluctuation. It is clear that
the restart of turbulence at 06:47 and the reported occurrence of
cold cometary ions (06:55) do not coincide with the start of
draping at 07:00. At 06:55 and distance 1.2�105 km the number
density of the cometary ions is not yet high enough, the induced
magnetic field effect still too weak to cause significant draping of
the field lines. At 07:00 and a closer distance of 9.6�104 km, the

correlation between the BxIMF and Brad field component is high,
indicating strongly enhanced draping of the field lines. Also the
magnetic field strength increases further. The S/C has now entered
the magnetic pileup region (MPR) or the real induced magneto-
sphere, after a gradual transition from the reported start of
occurrence of cold cometary ions in 1.2�105 km (06:55), down
to the fully developed pattern of field draping.

Near closest approach a drop in the field strength was not
detected, which means that the S/C did not enter the magnetic
cavity. Here, the magnetic field lines follow a plasma which is
denser and cooler, due to the prevalence of cold, heavy ions of
cometary origin (Gringauz et al., 1986).

On the outbound leg after closest approach, the S/C remained
in the induced magnetosphere up to a distance of about
3.4�104 km (at 07:27). At later times, the strong correlation
between the BxIMF and Brad field components is not longer existent
and the S/C has left the MPB. This is compatible with the
occurrence of mirror mode waves after 07:30 (Vaisberg et al.,
1989). Due to the asymmetric orbit of the S/C with respect to

−20 −15 −10 −5 0  

10

15

20

25

 y  = −1.11x+5.06
 r  = −0.93

 ns = 600; 1 av /(1 s)

 06:10:00 to 06:20:00

 Bx [nT] 

 B
ra

d 
[n

T]

−30 −25 −20 −15 −10

20

25

30

 y  = −0.34x+17.26
 r  = −0.25
 ns = 600; 1 av /(1 s)

 06:20:00 to 06:29:59

 Bx [nT] 

 B
ra

d 
[n

T]

−35 −30 −25 −20 −15 −10

20

25

30

35

 y  = −0.84x+6.48
 r  = −0.82

 ns = 1020; 1 av /(1 s)

 06:30:00 to 06:46:59

 Bx [nT] 

 B
ra

d 
[n

T]

−30 −20 −10

25

30

35

40

 y  = −0.40x+21.66
 r  = −0.57

 ns = 480; 1 av /(1 s)

 06:47:00 to 06:54:59

 Bx [nT] 

 B
ra

d 
[n

T]

Fig. 6. Correlation between BxIMF and Brad, for six intervals before closest approach; the color coding refers to the respective time interval in Fig. 5. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

M. Delva et al. / Planetary and Space Science 96 (2014) 125–132 129



the comet, the MPB is crossed in a smaller distance on the
outbound leg.

3.2. Waves in or near the MPB

A few strong field fluctuations were observed at 07:04, 07.06
before the closest approach and within the MPB, as well as quasi-
periodic strong fluctuations after closest approach between 07:28
and 07:45, out of the MPB and back in the magnetosheath.

The field fluctuations between 07:28 and 07:45 after closest
approach were identified as mirror mode (MM) waves, because of
their propagation perpendicular to the mean field and ion den-
sities anti-correlated with the magnetic field strength (Vaisberg
et al., 1989).

For the field fluctuations before the closest approach and
within the MPB, no high resolution ion nor electron data are
available, and a decision on the wave-type can be based on the
magnetometer data only. Because of the similarity with the
fluctuations after closest approach, these waves were also inter-
preted as mirror mode waves (Russell et al., 1991). However,
mirror mode waves are not expected within the MPB, because
the ratio of the plasma pressure to the magnetic pressure is low
due to the high field strength (low plasma β); at planets, mirror
mode waves are only found in the magnetosheath, not within
the MPB.

From the Giotto S/C¸ mirror modewaves were only reported in the
magnetosheath. After inbound crossing of the MPB (at 1.35�105 km)
and in the pileup region, fast mode waves were found, where the

oscillations of electron density and magnetic field were in phase
(Mazelle et al., 1991; Glassmeier et al., 1993). Such fast mode
magnetosonic waves can be generated in a multi-ion plasma, where
coherent generation of a velocity difference between the protons and
the ions occurs; this is possible after a plasma boundary like the MPB
(Sauer et al., 1990).

Since from the Giotto-data, a change of the wave mode was
observed at the MPB with fast mode waves inside the MPB, we re-
analyse the nature of the waves from Vega-1, in absence of high-
resolution ion data for part of the time. A method using only
magnetometer data was presented by Lucek et al. (1999a, 1999b)
for Equator-S, identifying MM waves as having large strengths DB/
B and small angles (θr301) between the maximum variance and
the magnetic field direction (Price et al., 1986). In addition, the
angle between the minimum variance direction and B is expected
to be nearly perpendicular (Volwerk et al., 2008).

A minimum variance analysis was performed for the data-
interval 06:50 to 07:50 around closest approach, and the angles of
the mean field relative to the maximum and minimum variance
directions were determined from sliding windows (width¼120 s,
shift 6 s). Fig. 9 shows the respective angles, as well as the
magnetic field strength. According to the above criteria, the
features in the interval marked with blue vertical lines (07:31–
07:44) are clearly MM waves: the angle of the mean field with the
max. variance direction is small (θr301) and the angle with the
min. variance direction is nearly perpendicular (ϕZ751); the MM
waves are compressional and propagate perpendicular to the
mean field. This is in agreement with the results from the
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correlation of the magnetic field strength with the ion density data
(Vaisberg et al., 1989). However, the features inside the MPR and
before closest approach (interval 07:04 to 07:08, marked with blue
dashed lines) do not fulfil the criteria for MM waves; their
signature in the angles is totally different from the MM waves
after closest approach.

We therefore conclude, that the wave structures observed at
07:04, 07.06 and 07:08 within the MPB might not be MM waves.
Based on previous work on waves within the MPR (Mazelle et al.,
1991) these could be compressive fast-mode magnetosonic waves.

It has to be noted, that although the Vega-1 and Giotto S/C
found a similar location of the bow shock, the magnetic pressure
in the magnetosheath was completely different during the
encounters; this feature might have an impact on the pressure
balance at the different plasma boundaries.

4. Conclusion

We have studied the draping characteristics of the magnetic
field in the magnetosheath down to closest approach of Comet
Halley, from magnetic field data observed by Vega-1. We found
that the concept of the different regions magnetic pileup boundary
(MPB) and magnetic pileup region (MPR), known for planets with
induced magnetosphere, can also well be used to describe/find the
induced magnetic boundary for the flyby of Comet Halley by
Vega-1. Calculation of the correlation between the field compo-
nent towards the Sun and the radial component in an aberrated
cometocentric frame is very useful to determine if the S/C has
entered the MPR and the induced magnetosphere proper.

Due to the much larger dimension of the interaction region and
bow shock at comets than at planets, at Comet Halley the MPB
appears to be the outer boundary of a wider transition region and
magnetic field draping does not start immediately after the MPB
was crossed. The increased draping is a clear signal that the
induced magnetosphere is entered, but cold cometary ions were
already observed just outside of the region of strong draping. So
from the magnetometer data, a rather gradual transition from the
MPB into the MPR and induced magnetosphere at Comet Halley is
found. This is in agreement with the reported bow "wave" instead
of a bow shock at this comet, also indicating a gradual transition
from unshocked to shocked solar wind.

Previously reported wave features now within the here deter-
mined MPR on the inbound trajectory may be identified as
compressive fast-mode magnetosonic waves. On the outbound
trajectory, waves out of the MPB are confirmed to be mirror
mode waves.

For the upcoming encounter of the Rosetta S/C with Comet
Churyumov–Gerasimenko, magnetic field and plasma observa-
tions may reveal, if the above picture of the fine structure of the
MPB and gradual transition into the induced magnetosphere is a
more general feature at comets.
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