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ABSTRACT

The interaction between a comet and the impinging solar wind leads to modifications of

the magnetic field in the environment of a comet. Among those, one finds magnetic field

pile-up and draping, which reveal properties of the interaction and are known from previous

cometary spacecraft missions. This work studies the magnetic field configuration at comet

67P/Churyumov–Gerasimenko at 2.0 AU. The data reveal a pile-up of the magnetic field and a

draping signature nearly perpendicular to the original solar wind flow and the plane containing

the solar wind flow and the interplanetary magnetic field. A comparison of the magnetic field

data with a hybrid plasma simulation supports this idea of a plasma flow which is strongly

deflected from the Sun–comet direction and which is in line with other plasma observations

by the Rosetta Plasma Consortium.

Key words: magnetic fields – plasmas – methods: data analysis – methods: numerical –

comets: individual: 67P/Churyumov–Gerasimenko.

1 IN T RO D U C T I O N

Solar insolation leads to the sublimation of the cometary ices.

This neutral gas escapes from the nucleus and forms an extended

cometary neutral atmosphere, which acts as an obstacle for the

impinging solar wind ions and electrons. By means of photoioniza-

tion and charge-exchange, these neutral molecules are ionized and

the interaction between the comet and the solar wind is enhanced.

Within this interaction region, the solar wind flow is modified and

various structures and boundaries form. The actual strength of the

interaction depends on the gas production rate of the comet and

properties of the impinging solar wind.

The impinging solar wind is accompanied by the interplanetary

magnetic field. Due to the electrically conducting nature of the solar

wind, a modification of the solar wind flow also leads to changes

in the magnetic field. This was initially proposed by Alfvén (1957),

who discussed the formation of cometary tails and the associated

magnetic field draping. In this model, the interplanetary magnetic

field is frozen in the solar wind flow. The solar wind is slowed

down by the incorporation of heavy cometary ions into the solar

wind flow, the so-called mass-loading, in the close vicinity of the

comet. It is still moving with undisturbed speed far away from

the nucleus. Consequently, the magnetic field, which is frozen in

the flow, is wrapped around the comet (Israelevich & Ershkovich

⋆ E-mail: c.goetz@tu-bs.de

1994; Israelevich, Neubauer & Ershkovich 1994). In a simple way,

this leads to a draped magnetic field at the comet and, in extension,

the formation of a comet’s tail.

Besides this draping effect, the magnetic field also piles up ahead

of the comet because the solar wind flow is decelerated. In case of a

complete stagnation of the solar wind flow upstream of the comet,

the magnetic field strength is proportional to the dynamic pressure

of the solar wind (cf. Huddleston, Coates & Johnstone 1992).

Observations made with spacecraft indeed show the draping and

the pile-up of the magnetic field. For example, Smith et al. (1986)

reported that the ICE spacecraft crossed a two-lobed comet tail

7800 km downstream of the cometary nucleus. In these lobes, the

magnetic field is oppositely directed and the magnetic field com-

ponent along the Sun–comet axis is dominating the field, i.e. in

one lobe the magnetic field is oriented towards the Sun, whereas

in the other lobe it is orientated away from the Sun. Furthermore,

the authors reported on field strengths of about 60 nT. Similar field

strengths have been observed by the magnetometer on board the

Giotto spacecraft, passing comet 1P/Halley (Neubauer et al. 1986).

Raeder et al. (1987) analysed the draping configuration from that

mission and found several draping signatures, which are caused by

previous changes of the interplanetary magnetic field orientation.

This has been revisited by Volwerk et al. (2014), who also analysed

the draping configuration observed during the VEGA 1 and VEGA

2 flybys, which reveal a similar draping mostly in sunward- and

antisunward-direction. Similar observations have been reported by

various other authors (cf. Richter et al. 2011; Delva et al. 2014).
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S236 C. Koenders et al.

Figure 1. Magnetic field data on the 2015 March 28th (60 s average). The top panel shows the components of the magnetic field in CSEQ, in which the red

line shows Bx, the blue line By, and the green line Bz, respectively. The bottom panel shows the magnitude of the magnetic field and the distance to the comet.

The spacecraft passed the point of closest approach at 13:05 UTC (vertical black line) at a distance of 15 km.

Numerical simulations of the interaction between the solar wind

and a strongly active comet show that a bilobed magnetic field

configuration is present and that in this draping signature the mag-

netic field component along the Sun–comet line is dominating

(cf. Gombosi et al. 1996). Recent simulations of the interaction

of 67P/Churyumov–Gerasimenko close to its perihelion indicate

that the magnetic field component parallel to the Sun–comet line

is dominant. In contrast to the simulations at comet 1P/Halley, an

asymmetry in the plasma structures is present at 67P/Churyumov–

Gerasimenko, which distinguishes two hemispheres, one with high

solar wind ion density and one with high cometary ion density. It is

caused by the acceleration of cometary ions and a resulting deflec-

tion of the solar wind in the opposite direction (cf. Koenders et al.

2015; Rubin et al. 2015). The gas production rate of the comet de-

creases with the increasing asymmetry. However, at weakly active

comets, meaning at very low gas production rates, the deflection

of the flow is very small again. Thus, the simulations suggest that

the asymmetry peaks at an intermediate activity stage. In addition,

weakly active comets reveal only a slightly enhanced magnetic field

and, consequently, a much weaker pile-up and draping of the mag-

netic field, as simulations suggest (Rubin et al. 2014; Koenders et al.

2016).

The measurements shown here were made with the instruments

of the Rosetta Plasma Consortium (RPC; Carr et al. 2007) on board

the Rosetta spacecraft (Glassmeier et al. 2007a). A highlight of

the Rosetta mission is observations of the evolution of the plasma

environment from the weakly to the strongly active phases because

it escorts the comet during its journey around the Sun. In agreement

with these simulations, Richter et al. (2015, 2016) reported on mean

magnetic field strengths in the low-activity phase of the comet below

10 nT at 20–30 km distance to the nucleus, which is just a few

times the undisturbed interplanetary magnetic field strength. This

indicates that there is only a weak pile-up. In addition, Broiles et al.

(2015) and Behar et al. (2016a,b) show that the solar wind flow

is only weakly deflected in the first months after spacecraft arrival

at the comet in 2014 August, but the deflection increases with the

increasing gas production rate of the comet, at least until mid-2015

March at a heliocentric distance of 2 AU. This is still five months

ahead of the comet’s perihelion passage at 1.24 AU in 2016 August.

The aim of this paper is a description of the magnetic field mea-

surements (Glassmeier et al. 2007b) at a heliocentric distance of

2 AU. Based on simulation studies, the corresponding activity stage

is the intermediate stage between the weakly active comet and the

strongly active comet, where structures and boundaries are present

(e.g. Goetz et al. 2016a,b). Therefore, we study the magnetic field

draping and pile-up during the second close-flyby of Rosetta on

2015 March 28th. We also compare the magnetic field measure-

ments with a hybrid plasma simulation, which finally allows us to

reconstruct a global state of the plasma environment at the comet at

this point in time.

2 O BSERVATI ONS

For most of its first months at the comet, the Rosetta spacecraft

stayed in bound orbits close to the terminator plane of the nucleus.

During these orbits, the radial coverage of the measurements was

negligibly small or performed over time-scales where the orientation

in the interplanetary magnetic field and, therefore, the orientation of

the entire plasma environment changed several times (cf. Rubin et al.

2014; Broiles et al. 2015; Behar et al. 2016b). But the spacecraft also

MNRAS 462, S235–S241 (2016)
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Figure 2. The orbit and the orientation of the magnetic field. The top-left

panels shows the xy-plane, and the xz-plane is shown in the top-right panel.

The bottom panel shows the orbit and the magnetic field orientation in the

yz-panel. All coordinates and magnetic fields are given in the CSEQ system,

the Sun is in the positive x-direction.

performed two so-called close flybys. This means Rosetta started

at an intermediate distance and then passed the nucleus at a much

smaller distance before it moved away from the nucleus. This orbit

type is preferred for a study of the magnetic field draping due to its

large radial changes.

One of these close flybys took place on 2015 March 28th, when

Rosetta started at about 50 km to the nucleus and dipped down

to a minimum distance of 15 km at about 13:05 UTC. At 01:00

on that day the RPC-MAG (Glassmeier et al. 2007b) instrument

was switched into burst mode, which measures the magnetic field

with a sampling frequency of 20 vectors s−1. The magnetic field

data is cleaned by a temperature model obtained from cavity cross-

ings by Goetz et al. (2016a, this issue). The authors report that the

resulting spacecraft bias fields are below 5 nT. Since we are in-

terested in the large-scale behaviour of the magnetic field, we use

data averaged over 60 s (Fig. 1). Around 00:00 UTC the next day,

the spacecraft reached again a distance of about 50 km (Fig. 1). In

the comet-centred solar equatorial frame (CSEQ), the flyby orbit

is about constant in x-direction and upstream of the nucleus. The

spacecraft moves from (−y, −z) to (+y, +z) (Fig. 2); this trajectory

is approximately perpendicular to the comet–sun line and out of the

ecliptic. In the CSEQ frame used here, the x-axis points towards

the Sun, the z-axis is parallel to the component of the solar north

pole that is orthogonal to the x-axis, and the y-axis completes the

right-handed coordinate system. The nucleus is at the origin.

The mean magnetic field strength on that day was about 20 nT,

which is about seven times the nominal strength (2.8 nT) of the

undisturbed interplanetary magnetic field at that heliocentric dis-

tance (Hansen et al. 2007). This indicates that the strength of the

comet–solar wind interaction increased compared to the first months

at the comet (Richter et al. 2015). The magnetic field strength during

this flyby increased towards the point of closest approach. Between

01:00 and 12:00, it was about 15 nT, but with several deep dips.

Towards closest approach, it increased; the averaged data shows a

maximum value of 33 nT. Afterwards, the magnetic field strength

decreased again to values of about 20 to 25 nT.

The inspection of the components reveals that the field strength at

closest approach is governed by the By component, which peaks at

this point. At 01:00 UT, it was close to 0 nT and around 10 nT

at 18:00 UT. At these times, the field strength was mainly deter-

mined by the z-component. This component changed its sign from

07:00 UT towards 18:00 UT. At 20:45 UT, a rotation took place,

where Bz again changed the sign. But it is remarkable that the Bx

component was close to zero the entire day.

Fig. 2 displays the orientation of the magnetic field along the

orbit. A clear flip in the orientation is visible close to the point of

closest approach. Thus, on the −y-hemisphere the magnetic field

points towards +z-direction, whereas it points in nearly the opposite

direction on the +y-hemisphere. This is a characteristic signature

of field draping. However, in contrast to all previous observations

of draping at comets, the dominant draping signature is not in the

x-direction, which remains between −9 and 5 nT in the 60 s-data on

that day. Instead, it is the z-direction. This indicates that the plasma

flow, which transports the magnetic field and by this leads to the

clear draping signature, is not coming from the Sun direction. It

rather moves from +z direction and towards the −z-hemisphere.

This is true at least in the innermost coma, where measurements are

available.

3 SI M U L AT I O N SE T U P

In order to obtain information on the state of the global plasma

interaction, we use a plasma simulation. As shown by Rubin et al.

(2014), Koenders et al. (2015), and Koenders et al. (2016), hybrid

plasma simulations are appropriate means to describe the cometary

plasma environment of weakly as well as strongly active comets. In

this model, the ions are described as particles, whereas the electrons

are described as a fluid. Hence, the model is able to describe the

kinetic effects of the solar wind protons as well as those of the

cometary ions. Details of the simulation tool, the A.I.K.E.F. code, are

given in Müller et al. (2011).

In this study, we consider photoionization, charge-exchange, ion-

neutral collisions, recombination and electron–water excitation as

processes in the cometary environment. See Koenders et al. (2013,

2015, 2016) for details. As a consequence of the bilobed shape of

the nucleus, the neutral gas distribution in the coma is anisotropic

(Bieler et al. 2015; Hässig et al. 2015); thus, we refrain from using

the radially symmetric model by Haser (1957), instead the simula-

tion uses the empirical model by Hansen (2016, this issue), which

is a fit to the neutral gas coma of Bieler et al. (2015) averaged

over an entire comet rotation. Consequently, we do not aim for

a time-dependent comparison of the flyby, which lasts more than

two comet rotations. Rather the simulation shows the general be-

haviour of the plasma interaction. The empirical neutral gas model

leads to an enhanced neutral gas density on the day side and, in

MNRAS 462, S235–S241 (2016)
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S238 C. Koenders et al.

Figure 3. The hybrid simulations results. Panels (a) and (d), (b) and (e), and (c) and (f) show the cometary neutral density, the solar wind proton density and

its bulk velocity, and the cometary ion density and its bulk velocity on the y = 0- and the z = 0-cross-section, respectively. The magnetic field strength and its

direction is shown in the panels (g) to (i). The solar wind approaches the comet from the +x direction, corresponding to the CSEQ system. The interplanetary

magnetic field is in the (+x, +y) plane with a Parker angle of 63◦. For more details, see the text.

addition, the maximum density is shifted towards northern lati-

tudes. Hansen (2016, this issue) also gives a good estimation on the

total gas production rate of the comet, which is based on a fit of

three day averaged measurements by various Rosetta instruments.

The conditions in the undisturbed solar wind ahead of the comet

during that flyby are unknown as well, so we use standard solar

wind conditions at 2.0 AU (Hansen et al. 2007). To incorporate the

anisotropic neutral gas density in the simulation, it is necessary to

relate the comet’s frame of reference to the CSEQ frame; however,

the orientation of the interplanetary magnetic field with respect to

the nucleus is not known, so that we assume that the comet’s rotation

axis is parallel to the z-direction for this simulation (Fig. 3 a and d).

The physical parameters of the simulation are listed in Table 1. The

significant plane in the solar wind is the xy-plane which contains

the solar wind bulk velocity and the interplanetary magnetic field.

The simulation box is a cube with 8600 km along each axis.

The undisturbed solar wind moves in −x-direction in the CSEQ

frame, which is used in this simulation as well. The interplanetary

magnetic field is only in the xy-plane with Bx = 1.3 nT and By =
2.5 nT, resulting in a field magnitude of 2.8 nT. The solar wind

convective electric field points towards +z-direction. The numerical

mesh in the simulation is hierarchically structured with three levels.

MNRAS 462, S235–S241 (2016)
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Table 1. Solar wind conditions at 2.0 AU (Hansen et al. 2007) and neutral

gas parameters by Hansen (2016, this issue).

Quantity Value

Interplanetary magnetic field BIMF 2.8 nT

Parker angle θ 63◦

Solar wind density nSW 2.5 cm−3

Solar wind speed uSW 400 km s−1

Photoionization rate ν 2.5 × 10−7 s−1

Gas production rate Q 7 × 1026 s−1

Neutral gas speed uNG 660 m s−1

Its coarsest resolution is 60 km and the finest, which is closest to the

origin, about 7 km. The nucleus is not modelled in the simulation.

In order to stabilize the simulation, the magnetic and electric fields

are smoothed.

4 SIMULATION R ESULTS AND DISCUSSI ON

The results of the hybrid simulation are presented in Fig. 3. Simi-

lar to the observations in Koenders et al. (2016), it shows that the

cometary ion density reveals two regions: an inner region with an

enhanced cometary ion density and an outer region with a lower den-

sity where the cometary ions are accelerated by the convective elec-

tric field of the solar wind (panel c). This points into +z-direction

in the undisturbed solar wind. However, due to the pick-up of the

cometary ions, the solar wind is deflected and with it the direction

of the convective electric field. This also affects the cometary ion

motion. In contrast to this outer region, the cometary ions in the

inner region move towards (−x, 0, −z)-direction, and thus perpen-

dicular to the solar wind plane, with a much slower speed. The inner

region extends up to 100 km in Sun direction, which is caused by

the stronger gas production rate and the anisotropic neutral gas dis-

tribution. The transition between these two regions is rather sharp,

which is an indication for the presence of two plasma regions. A

similar transition has been observed by Yang et al. (2016, this issue)

using measurements of RPC-LAP (Eriksson et al. 2006) during the

approach phase in autumn 2014.

As mentioned above, the solar wind is deflected due to the pres-

ence of the cometary ions. This has been reported by various sim-

ulations and observational studies (cf. Rubin et al. 2014; Broiles

et al. 2015; Behar et al. 2016a,b; Koenders et al. 2016). Behar et al.

(2016a) found a peak value in the deflection out of the xy-plane of

about 90◦ in early 2015 March. However, this single value might

be caused by a short-time magnetic field enhancement. But nev-

ertheless, in late February the mean deflection was about 50◦. In

the current simulation, which covers a time period at the end of

March, the deflection away from the undisturbed solar wind di-

rection reaches values of about 90◦ in the Mach cone and even

larger values in the region behind the Mach cone close to the comet.

However, the solar wind density is strongly depleted in this region,

which indicates the formation of an ion composition boundary (cf.

Koenders et al. 2015).

In contrast to the interaction at weakly active comets (Rubin et al.

2014; Koenders et al. 2016) the opening angle of the Mach cone near

the nucleus is much larger, which seems to be similar to a cometary

bow shock. However, in contrast to a fully established cometary

bow shock, this Mach cone is only present on the −z-hemisphere.

In the +z-hemisphere, strong fluctuations occur, which indicate the

beginning of the formation of boundaries.

The magnetic field configuration close to the nucleus is shown in

Fig. 4. The simulation shows that the By component is the dominant

one close the nucleus. It is enhanced by a factor of 10 compared to

the initial solar wind value, reaching about 30 nT, which is close to

the value observed during the flyby. However, the position of this

maximum differs from the observation, which is probably caused

by the coarse resolution of the numerical mesh. The maximum

magnetic field strength, which can be generated by transforming

the dynamic ram pressure of the solar wind into magnetic pressure,

would be Bmax = 40 nT (cf. Huddleston et al. 1992). This value

is above the peak values in the simulation and at the comet, which

indicates that the plasma flow is not completely stopped or that parts

of the pressure are transformed to thermal pressure.

Similar to the observation, the simulation reveals a draping in

z-direction. However, in contrast to the observation, the z-

component is about a factor of 2 smaller. In addition, when com-

paring Figs 2 and 4, it becomes apparent that the distance between

the two regions of opposite polarity of Bz is larger than in the mea-

surements, which could be caused by the limited spatial resolution

or by the use of the averaged neutral gas density profile. Further-

more, the simulation and the observation reveal that the strength

of Bz is similar in both lobes, which indicates that the assumption

of a zero Bz-component in the undisturbed interplanetary magnetic

field is correct. In general, the simulation shows a similar draping

signature as the measurements.

Figure 4. The simulated magnetic field in the cross-section x = 10 km upstream of the comet. In (a), (b), and (c), the Bx, By, and Bz components of the

magnetic field are shown, respectively. In addition, each panel shows the projection of the magnetic field vectors on that cross-section.

MNRAS 462, S235–S241 (2016)
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Figure 5. A sketch of the magnetic field configurations at comets. The field

line configuration at a strongly active comet (cf. Alfvén 1957) is shown

in panel (a), which is confined to the xy-plane, i.e. the plane containing

the solar wind flow and magnetic field. In contrast, the draping signature

at intermediately active comets is shown in panel (b). Due to the strong

deflection of the plasma flow in the interaction region, the entire field line

is moved in −�Econv-direction. However, the field line is also draped around

the denser region close to the nucleus, which leads to a plasma tail that is

perpendicular to the Sun–comet line close to the nucleus.

Thus, we can conclude from the Rosetta magnetic field measure-

ments that the magnetic field draping perpendicular to the undis-

turbed solar wind flow is probably not caused by a special solar

wind configuration, rather it is a general feature present at comets

at an intermediate-activity stage. A sketch of the draping config-

uration is presented in Fig. 5. As a consequence of the draping

signature, we can confirm that the cometary plasma tail, i.e. the

location where the density of cometary ions is highest, is perpen-

dicular to the comet–Sun direction, at least in the inner interaction

region.

In addition, neither the observation nor the simulation reveal a

presence of a diamagnetic cavity at a distance of about 10 km to

the nucleus. In the simulation, this could be caused by the limited

spatial resolution of about 7 km, while the measurements gives at

least an upper limit of about 10 km to the surface. This value is a

factor of 5 or 12 smaller than the corresponding values calculated

with the fits of the diamagnetic cavity size determined by Goetz

et al. (2016a, this issue) during the more active period in summer

and autumn 2015. Thus, this might either indicate that the cavity

has not formed yet, or, more likely, that the stability of the cavity

differs from that in the more active period.

5 C O N C L U S I O N

This work studies the magnetic field observation during the close

flyby on 2015 March 28th of the Rosetta spacecraft at comet

67P/Churyumov–Gerasimenko at 2.0 AU, before it reached its per-

ihelion. The magnetic field reaches a maximum field strength of

about 33 nT, which is close to the maximum value theoretically

predicted, indicating that the plasma flow close to the comet is

nearly stopped. However, the observations do not reveal the pres-

ence of a diamagnetic cavity along the flyby trajectory. Thus, if

there was a cavity at the comet during that time, the cavity size

must have been smaller than 10 km.

Furthermore, the data show a strong draping signature, which

is in the z-component of the magnetic field being perpendicular

to the plane containing the magnetic field and particle flow in the

undisturbed solar wind. This is in contrast to all other draping obser-

vations at comets which have previously been visited by spacecraft.

It is a strong indication that the plasma flow at this intermediate-

activity stage is strongly deflected from the Sun–comet direction.

Besides the magnetic field measurements by RPC-MAG, we pre-

sented a hybrid simulation of this interaction. The simulation sup-

ports the observation of a strongly deflected plasma flow, which

finally leads to the draping signature in the z-component. These

points are also in agreement with previous studies (cf. Broiles et al.

2015; Behar et al. 2016a,b). This study proves that at 2.0 AU the

plasma tail of comet 67P/Churyumov–Gerasimenko is, close to the

nucleus, perpendicular to the Sun–comet line.
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