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Abstract. The Galileo magnetometer data are used to invesits sides. The slowing results from ion pickup and compres-
tigate the structure of the Al&n wing during three flybys of sional forces. The ion pickup mass-loads the flux tube and
Europa. The presence of an induced magnetic field is showwreates currents flowing perpendicular to the magnetic field,
to shrink the cross section of the Aéa wing and offset it  producing g xB force (wherg is the electric current arilis
along the direction radial to Jupiter. Both the shrinkage andthe magnetic field) that decelerates the flow upstream. North
the offset depend on the strength of the induced field. Theand south of the moon along the magnetic field, where the
entry and exit points of the spacecraft into and out of thepickup is negligible, the flux tube can propagate unimpeded.
Alfv én wings are modeled to determine the angle betweefMhis creates a velocity shear along the flux tube bending it.
the wings and the background magnetic field. Tracing of theThe bend is transported along the magnetic field by anéifv
Alfv én characteristics in a model magnetic field consistingwave, with characteristic velocitys=Bm/./itop whereBn,

of Jupiter’'s background field and an induced field in Europais the unperturbed magnetic field magnituge, is the per-
produces an offset and shrinking of the Afvwing consis- meability of vacuum ang is the plasma mass density. In the
tent with the geometric modeling. Thus we believe that theframe of the conducting moon, the plasma flows acBss$

Alfv én wing properties have been determined correctly. Thethe flow velocityviow. This will give rise to fronts moving
Alfv én wing angle is directly proportional to the local Adiw ~ away from the moon at an anglg with respect to the back-
velocity, and is thus a probe for the local plasma density. Weground magnetic field, which is related to the AlfvMach
show that the inferred plasma density can be understood imumber

terms of the electron density measured by the plasma wav
experiment. When Europa is located in the Jovian plasma’A = Vlow/VA, @
sheet the derived mass-per-charge exceeds the previous esiy:

mates, which is a result of increased pickup of sputtered ions

near the moon. The estimated rate QT fPickup agrees well Oa = atanMa). )

with the results from numerical models. In the Jovian system the AW was first discussed foiGol¢
Keywords. Magnetospheric physics (Current systems; dreich and Lynden-Bell1969 Neubauer198Q Southwood
Magnetosphere interaction with satellites and rings; Plasmét al. 198Q Herbert 1985 Wright and Southwoqd1987
waves and instabilities) Chust et al. 2005, and the analysis was later expanded to
describe the interaction of other Galilean satellites, in partic-
ular Europa leubauer1998 1999 Khurana and Kivelson
1999 Volwerk et al, 1999.

The properties of the AWS, such as the AW angjle can
be useful in determining the local plasma density of the sur-

1 Introduction

An Alfv én wing (henceforth AW) is created by the interac-

tion of a conducting body (in this case the moon Europa) Withroundlng med!um Neubauer 1980 if no .d'TeC‘ measure-
a flowing magnetized plasma. The moon serves as an obst nents are available. Also, the characteristics of the AW can

cle in the flow, and will slow the plasma and divert it around N useq tq det'ermlne vyhether there 'S a.mternal or induced
magnetic field in the object creating the wings. The presence

Correspondence tdvl. Volwerk of a magnetic field in the conducting body (a tilted dipole,

(martin.volwerk@assoc.oeaw.ac.at) permanent or induced) will reflect itself in the “shrinking”
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Fig. 1. A schematic overview of the three different coordinate
systems in this paper, with projections onto the, yz- and xy-
plane. Starting from the &B coordinate system (solid lines), the
top graphs show the definition of theB coordinate system, with
the background magnetic field in the-plane, mainly directed
alongz. A rotation throughpgo around the x-axis to obtain the
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two systems are linked by a simple rotation aroundaeis
through an anglegg (given in Table3) and is visualized
in Fig. 1. The cross-section of a cylindrical An wing is
elliptical for a cut at constantg and is differently elliptical
for a cut at constani,. In Fig. 2 the anglex is labeled in
the EpB system. We do not show the different angles and
directions in the B2 system.

The third system that will be used in this paper is specifi-
cally related to the AW:

3. AWS
z-axis along the AW
y-axis is same as¢B y-axis
x-axis completes the triat=3y x 2

This coordinate system is obtained from thgHecoordinate
system by a rotation around thyg-axis through an angléa

in the Northern Hemisphere ar—6p in the Southern Hemi-
sphere. When used in this paper, the ordinates will be la-
beled “W.” The cross-section of a cylindrical AW is circular
for constantyy if no induced magnetic field is present in the

E¢pQ2 coordinate system (dashed lines). The bottom graphs shownoon, otherwise it s elliptical.
how the AW coordinate system (dashed lines) is defined starting

from the EpB coordinate system.

and displacement of the AVNgubauer1999, or an “expan-

sion” if the moon is magnetised with a surface field stronger
than the ambient Jovian field, as in the case of Ganymede

(Kivelson et al, 1998 Schilling et al, 2003.

2 Coordinate systems

3 Alfvén wings

Neubauer 1998 1999 described the AW and its modifica-
tion by an internal or induced magnetic field (at low Adfv
Mach number). In this section we summarize his analysis.

In Neubaue(1998 the magnetic field that is being trans-
ported to Europa is perpendicular to the flow velocity. In the
case of Europa, however, the background magnetic field is
slightly tilted at a small angléyk (given in Table3) with re-
spect to the;g-axis. This means that when the AW angle

In this paper we use three different coordinate systems. Twds determined, a correction for the slight tilt of the field needs
of them have their x-axes aligned along the corotational flowto be made.

direction:

1. E¢B
x-axis along the corotational flow direction.
z-axis is chosen such that it is perpendiculaxt@and

The upstream boundaries of the southern portion of the
AW are shown in Fig2. Note that these fronts represent
the locus of the bend in the magnetic field lines and not
the direction of the field lines themselves (see Kigelson
et al, 2004 Fig. 1). The bend of the magnetic field lines is

the background magnetic field at closest approach isproduced by currents flowing along the surface of the AW

contained in thecz-plane.
y-axis completes the triadi=z x .

(Neubauer1998.
The maximum current flowing along the AW is given by:

This coordinate system best shows the symmetries re-

lated to the magnetic field e.g. the AW.

. E¢Q
x-axis along the corotational flow direction.
z-axis is aligned with the Jovian rotation axis.
y-axis completes the triadi=z x x.

This coordinate system is convenient for discussion of
the spacecraft trajectory, because the spacecraft remai

close to constang during a flyby.

Imax = 4EORW %A, (3)

where Eg=vfiow X B, Rw is the radius of the AW an@, is

the Alfvén conductance(fova) ' Neubauer1989. This
current flows into the moon on the sub-Jovian side and out
of the moon on the anti-Jovian side, and over the whole cir-
cumference of the AW the current is described by alsigy
gnction:

I(Paw) = losin(@aw), 4)

We will denote the coordinates and the magnetic field by awhere @y is the angle in thery-plane with respect to the

subscript “B” and ‘" for E¢B and E<2, respectively. The
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positive x-axis which corresponds @@y =0.
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This is the simple case for interaction with a non- ZB
magnetized, uniformly conducting moon. However, the pres-
ence of an inductive magnetic field in Europa has now un-
ambiguously been shown li§hurana et al(1998; Kivelson
et al.(1999 2000 and is discussed in great detail Bynmer
et al.(2000.

As noted above, the introduction of an induced magnetic
field has two major consequences; the cross-section of the
AW shrinks, and its center shiftdléubauer1999. The dis-
tortion of the AW depends on the inclinatiof,c of the Jo-
vian magnetic field with respect to the Jovian equator at the
location of the moon, and the rat@=R¢/Ra, the ratio of
the radius of the conducting bod¥ to that of its conduct-
ing atmosphereRs. Neubauer shows that the ratio of the
radius of the AW to that of the atmosphete-Raw /Ra de-
pends onQ andainc (defined in Fig2, aine=m/2—Binc). The
shape of the AW cross section is not far from circular. The
maximum current flowing along the AW is modified by the
induced magnetic field: /

Imax ~ 4EqRa 2 ari(tting, Q)

4 fm > /
X —./vio . PORAT. (5) RN
o flow | ~ /
/

For Europa we can estimat@ andaij,c. For an ionosphere \/
at Hion=100—-200 km height Kall et al, 1998 Kliore et al, \/\
1997 and assuming that the conducting layer is located near -. ,
the surface (Rg=1560km) we obtainD~0.9. The mini- - /
mum inclination of the magnetic field for the three flybys in Q
-

this paper (E17, E25A and E26) ig,c~75°. From Fig. 5 /
/

of Neubauer(1999 it follows that we are in the region of ,

ri>0.95, a limit in which there is little distortion of the cross

section of the AW provided the Alen Mach number i 1.

The maximum currenimax for the three flybys is given in - rig 2 The topology of the fitted ellipse with semi-major axis

Table3. and semi-minor axig. View of the AW in thexz-plane. In a sim-
For Mach numbers relevant to Europa, the cross section ople model of the AW the characteristic moves away from the moon

the AW is neither circular, nor elliptical (sééeubauerl999 at an angleda with respect to the background magnetic fidgk

Fig. 4). With a flow velocityviona105km/s, a magnetic or with an anglex with respect to the-axis. The circle repre-

field strengthB~400 nT and a plasma density~100 cnt3 sents Europa and from there the AW is a cylinde_r with radiig; 1

of mass 12.3Bagena) 1994 Kivelson et al, 2004 AMU Galileo crosses the AW_ab f_;md the_cross_-sectlon has the shape

ions we find thatva~250 km/s andVa=vfiow/va~0.4. In Qf an el.“pse whose Semi-major axis Is defined/by-zo tane.. The

this limit we will approximate the cross-section of the AW inclination of the magnetic field is given by the angic.

by an ellipse.

/

sive details about the surroundings of Europa in the Jovian
magnetosphere can be foundivelson et al.(2004).
4 The data Figure3 shows the measured components and the magni-
tude of the magnetic field across the AWSs in thgBEcoor-
To be able to observe the AW near Europa, the spacecraft§inate systemKivelson et al, 1992. Clearly visible is the
orbit needs to pass the moon through a region downstrearpyation of the magnetic field without a change in total field
of the moon that bends away from the background field di-gyrength for the first two cases (E17 and E25A). During E26,
rection at an angléa. From a total of 12 flybys of Europa,  Ggjileo passed close to the moon and the signature is influ-
Galileo crossed through the AW on only 3 passes: during thenced by the closure currents in Europa’s ionosphere, which

E17 flyby; a non-targeted passage during the 125 orbit, whichyh, rotate the field and enhance the magnetic field strength.
we will call the E25A flyby; and during the E26 polar flyby.

Some parameters of the flybys are given in Tablexten-

www.ann-geophys.net/25/905/2007/ Ann. Geophys., 25, 9052007



908 M. Volwerk et al.: Europa’s Alfén wing

Table 1. Flyby overview.

OrbitID date DOY Galileo Europa Sys. Ill location
time (UT) altitude (km) E-long magn. lat. LT
E17 26 Sept 1998 269 0354:20 3587.4 220 3.6° 0955
E25A 25 Nov 1999 329 1629:05 8580 66 9.9 0313
E26 3 Jan 2000 3 1859:43 348.4 357 9.6 0257

The entry into the AW, characterized by the sharp rota-of the AW, an estimate can be made from first principles. In
tion in the magnetic field, takes place over a very short inter-our model it is assumed that the interior of Europa, where
val, indicating that the Alfén wing current flows in a region the eddy currents flow that respond to the time varying back-
whose thickness is small compared to Europa’s radius. Irground magnetic field, is perfectly conducting. This approx-
E17, for example, the rotation takes place over 6 data pointsimation justified by the results obtained Eymmer et al.

i.e. 2s. Galileo’s average velocity with respect to Europa wag2000 on this conductivity of Europa. It was shown that ba-
8 km/s so this corresponds to a thickness-d6 km. In the  sically all of the time-varying component of the Jovian mag-
discussion section we will return on the specifics of the entrynetic field was cancelled by currents in the moon (see also
and exit point, e.g. why the entry of E17 is so sharp, whereasSchilling et al, 2003. If no induced field is present in Eu-
the exit seems to be much smoother. ropa, then all field lines in a flux tube of radiu®} penetrate

In the By components of the data (top panels of Ry. the moon, giving a magnetic quf:anR%. However, in
there are significant differences among the three flybys. Fothe presence of an inductive magnetic field (for a perfect con-
E17 a region of strong negative deviation of the magneticductor inside the moon) the time varying components of the
field created by the fringe fields of the currents flowing along external magnetic field are cancelled by the moon. In the
the AW is followed by a quick rotation of the field in the E¢< coordinate systenBy o and By  are time-varying. In
xz-plane at the entrance into the AW. This occurs at con-this case we find that the field penetrating into the moon is
stant magnetic field magnitude as can be seen in the botnly B; o, giving a magnetic ﬂu)f‘:BZ’QﬂRé.

tom panel of the left column in Fig3. For E25A there Above or below the moon a flux tube that contains field

is little evidence of the fringe fields iBy before entrance |ines that penetrate the moon will be reduced in cross section
into the AW, however small positive perturbations appear af-to a fractionB;/ B, of the cross section area representing the
ter the AW exit. Note that at E17 Galileo entered the AW conducting moon (and its conducting atmosphere). There-
at daw~—90°, which means at maximum strength of the fore, the fractional reduction of the cross-section area of the
current in the AW, which explains the strong fringe field, Aw can be described by:

whereas at E25A Galileo entered the AW at a much smaller

value of ®ay. The negative perturbations & within the

AW are expected for a flyby at positive. The perturbation 7 =1—
magnitude is much smaller than in the E17 case and there

is little evidence of the AW in thé?z compongnt. Thg I_526 For EuropaBy o> By.q for the unperturbed time varying
data are similar to the E17 data, first a negative deviation bebackground field, and thus the shinkage is mainly in the y-

cause of the fringe fields and then positive perturbation in theyirection. Ifyy= tan‘1(|By/BX|), the shrinkage in the and
AW consitent with a flyby atg <0. However, the magnetic ., girection will be described by andSy, which are func-

field magnitude changes because of the effects of closure cufjgg of Yy We will define these shrinkage factors as fol-
rents flowing through Europa’s surface and ionosphere, ag,ys:

the spacecraft passed much closer to the moon during this
flyby (see Tablel)._ In th|s_ paper we do not discuss tlﬁg  Se=1-T= cosz(yxy), @
component, as this has little influence on our determination _

of the shape of the AW. Sy =1—T *sir(yxy). (8)

Bsq
Bm ’

(6)

o . ) consistent with the requirement that ratio of the area of the
5 Shrinking of the Alfvén Wing AW in the presence of inductiom{w ind) to the area when

. . no induction is presen , for small angl is:
Based on the data from the Galileo flybys that intersected the P Hw.no) 9ley

AW, we seek to identify the shrinkage and displacement that _
are implied by an induced magnetic fieNeubauer1999. ~ AAW.ind _ A-S0A—-8) ~1— (Sx+S8) =1—7T.09)
Athough no analytical expression is given for the shrinkage AAw.no

Ann. Geophys., 25, 90844, 2007 www.ann-geophys.net/25/905/2007/
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Fig. 3. The magnetometer data of the E17, E25A and E26 flybys in ffidordinate system (see text). Shown are the three components of

the magnetic field and the magnitude. For E17 and E25A the magnetic field strength remains constant indicating that the interaction currents
produce a pure rotation. For E26 the data are influenced by closure current systems near the moon and the field magnitude is affected. Th
vertical lines show where Galileo enters and exits the AW.

6 Fitting the Alfv én wing ellipse In the new coordinate system the entrance and exit points

of Galileo for each flyby are related to the entrance and
The solution for the parameters of the Adfv wing can be  exit points in the BB coordinate systerixo g, y0.8. 20.8)
obtained by transforming the Galileo trajectory to so-calledthrough:

Alfv én wing coordinates, in which thgy-axis is aligned

with the appropriate AW characteristic (see S&jt. This

transformation involves a rotation around the y-axis throughxy, = xo g cosé — zo g Sing, (20)
an angleé=6pk+6a in the EYB coordinate system (see 2w = x0.8 SiNE + 0. COSE, (11)
Figs.1 and?2). In this coordinate system the cross section ' ’

at constanty of the unperturbed AW is a circle with a ra-

dius of 1Rk (or Rg+Hion in case of the presence of an in- for clockwise rotations over an angfearound the y-axis in

teracting ionosphere of heigttfion). In the presence of an  Fig. 2, In this coordinate systemy=yog, and the offset of

induced magnetic field, the shape of the AW will be distorted the aw by the induced magnetic field is given byt. The

as described above. Note that the Shrinking in the ydil’eCtiOI’]nitia| value of 9A is unknown, but can be estimated using

(the main component) is invariant under rotation around thethe PWS electron densit@rnett et al. 1992 Kurth et al,

y axis. We will useSx andSy as defined above. 2001 and an assumed average ion mass (see Tabkster
rotation, the equation to be solved for the entrance and the

www.ann-geophys.net/25/905/2007/ Ann. Geophys., 25, 9052007



910 M. Volwerk et al.: Europa’s Alfén wing

Table 2. The Alfvén wing characteristics used in fitting the ellipse and the field line tracing. Given are: the AW entry and exit times of the
spacecraft; the coordinates in bothEand B2 and the background magnetic field i B and B <.

E¢B EpQ
ID time xB ¥B 728 Bxs Byp BzB xQ yQ 2o Bxq Bya Bzo
uT RE nT Re nT
E17 in  0356:42] 206 —-0.9 -247 73 -2 431 206 -142 -221 76 —94 —429
out 0403:45| 3.29 0.15 -2.18 329 -0.33 -2.16
E25A in  1635:24| 3.28 -0.86 6.25 —-20 4 —464 3.28 2.55 576 -14 -237 -385
out 1638:44| 3.42 0.40 7.01 3.42 4.03 5.75
E26 in  1759:23| —0.84 -0.48 -0.76 -—22 0 -432| -0.84 -0.07 -0.89 -23 208 377
out 1801:22| —0.76 0.25 -1.16 —0.76 0.79 -0.89
. E17 E25A E26
Table 3. More encounter parameters: The angge, through which 2 2
the BB coordinate system is rotated around the y-axis to obtain the s P 15
EpQ coordinate system; the anglgx of the magnetic field with ! / \ \ !
the zg axis; the size of the interacting bod®s (moon radius plus o °° / 8 4
ionosphere) and the maximum currdpfax flowing along the AW. = ° /T\ >« ° 3
The value ofr; in Eg. () can be taken as 0.95 for these encoun- o / e
ters (seeNeubauer1999 Fig. 5). The values forg=90 km/s and 1: k/ \ / 15
00=2500 AMU/cn? are taken fronKivelson et al.(2004). o >
20 30 40 50 20 30 40 0 10 20 30
& (deg) € (deg) € (deg)
ID ¢B  Obk Ra Imax
° ° km MA Fig. 4. The curves showing the dependencegf on & as given in

Egs. (L0) and @3) for E17 (left), E25A (middle) and E26. Where
the curves for the entry and exit points intersect, the values of both
unknowns are found. For the E25A flyby the intersectiog~a4

is the physically correct solution as the second soluis86 leads

to an unrealistic mass densiti¥ 4 >4300) for Europa away from
the centre of Jovian plasma sheet.

E17 -12 -9.6 1560-1710 0.89-0.95
E25A 32 2.5 1560-1710 0.89-0.95
E26 29 2.9 1560-1710 0.89-0.95

exit points of an offset and shrunk circle is:

ﬁ n (8 — Yoff)? _1 (12) The value obtained fofa=£&—0pk for each of the fly-

S2 35 bys can be used to estimate the local plasma densihy
o _ assuming that the plasma is at full corotation near Europa
or after reorganizing to obtain the offset: with vaew~105km/s. The Alfén velocity is obtained from
2 Eqg. (@). One finds that:
_ 2 &X
Yoff = yB = ‘/1 - XWS_)%’ (13) NA — 21.8By[nT] 2
valkmy/s] ) 7
where it should be noted that in the case of an interacting ~ _ 0.0433,%[HT] tarf gacm 3. (14)

ionosphere the 1 in the square root should be replaced with
1+ Hijon/ Re. Only for the correct choice afa (alternatively Inserting the values foBy, andéa from Table2 we obtain

& in Eq. (L3) after Egs. {0) and (L1) have been substituted) is the mass densitv A from Eq. (L4), which we present in
the value ofy,s the same for the entrance and exit points. We Table4. We compare the numbers from tBagenal(1994

let& vary to obtain the intersection of the two curves describ-torus modepn, (see also Kivelson et al., 2004), for the region
ing the offsetyf for the entrance and exit point. The graph- near Europa with our results. The mass denaity agrees
ical result of this method is shown in Fig. The results for  well with the ranges given fgsy,, with E17 slightly exceed-
this fitting procedure can also be found in Talljavhere we  ing the maximum quoted valu&iyelson et al, 2004. We
show yosr and assuming a charge-per-idf=1.5 (Bagenal use the electron densitiK@rth et al, 2001), determined from
1994 we give the value for the ion mass-per-charge A/Z. Asthe upper hybrid frequency provided by the Plasma Wave
a comparison we show the only published PLS plasma denSystem (PWS)Gurnett et al. 1992, and a charge-per-ion
sity data near Europd&éterson et 311999 for the E4 and  of 1.5 Bagenal 1994 Kivelson et al, 2004 to calculate the

E6 flyby. average ion mass. The results can be found in TébM/e

Ann. Geophys., 25, 90844, 2007 www.ann-geophys.net/25/905/2007/
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find that our ion mass per charge,.08A/Z<17.3, differs away from the z-axis and the displacemep# introduced
significantly from the value in the literaturéA)/Z=12.3. by an induced magnetic moment. Inductive magnetic fields,
We will return to this matter later. generated in the moon by the time varying magnetic field of
We have performed a similar fitting of the AW for the case Jupiter, shrink the cross section of the AW and displace it,
of a conducting interacting ionosphere around Europa withand must be taken into account. However, in first approxi-
Hion=150 km. The results are shown in Tadlevhere inthe  mation, the induced fields do not influence the arfglde-
column “fit Ra=1.0/1.1" the values on the right-hand side tween the wing and the background field. This means that
of the left slash should be read. As one would expect, for aby measuring the AW angk and e.g. knowing the plasma
larger object in the flow the angéedecreases for E17 which flow velocity one can get an estimate of the local plasma den-
is at the “downstream” side of the moon, whergaiscreases  sity through Egs. 1) and @), without having to take the in-
for E26 which is at the “upstream” side. The determined duced field into account. A more detailed numerical mod-
offset of the AWy, naturally also changes. elling of the AW interaction of Europa is currently underway
by Schilling et al.(2006.

7 Alfvén characteristics tracing around Europa 8.1 Magnetic signature of entrance and exit

In order to check the results obtained from fitting the AW in T
the previous section, a characteristics tracing was performede
In the B2 coordinate system, the spacecraft remains at app
proximately the samg, during the flybys. Therefore, in this

here are strong differences in the magnetic signature of the
ntrance and exit of the AW, see F@. in between flybys
ut also comparing entrance and exit of one flyby. Theore-

dinat ¢ | I h fivby h tially, crossing a perfect, plane-parallel infinite current sheet,
coordinate system a plane &i=zcalileo for €ach flyby has - w00 \vii pe an abrupt turning of the magnetic field when

been _useq to trace the AW chargct_eris_tics_ back to Europq,he spacecraft crosses the sheet. However, in the case of an
The direction of the AW charactegsucs is given by the vec- AW there is a different geometry (cylindrical) and the AW
tor sum of t,he p'as’.“a flow V8|Oc'ty’ﬂ°"":(105, 0,0) "”." S surface current, as explained above in B véries over this

and the Alf\en velocityva. To calculate the Alfén velocity, cylinder as: (daw)=1Io SiN(®aw)

the plasma density/ A as given in Tablet is used. For the In the previous sections we discussed how how the space-

three _fI)_/bys an area Of@E by 4Ry in the B2 x_y-plf';me craft crosses the AW (see Fiff). The maximum currents
was divided up into a grid of 0.0Bg separated pointsinthe . ) N
will flow at maximum y in Fig. 5 and the least current at

x- and y-direction. Each pointwas traced along the AW char- o1 “This means that in the case of E17 Galileo en-
acteristic and checked whether it reached Europa, or a regioperS the AW at the location of maximum current. and exits
0f 1.1R, in case of a Europa with a 150 km ionosphere. the AW at the location of minimal current. Indeed, what

The result of this tracing can be found in Figwhere the : . . .
locations that reach Europa are coloured red and the locationg - “an se€e in the data_l IS tha_t the _entranc_e into the AW s
that pass within 1.Ry are coloured blue. The green line quite abrupt (after crossing a fringe field reglon) and the.e>f|t
represents Galileo’s flyby and the two cyan dots represen :;rlt hﬁ:\évzlssAn:ﬁ;ee%rt?gﬁi (;\;edr lei?ré?et[,gn;\?\,sﬁgn' eilstnall_t
the entry and exit points of the AW by the the spacecraft. Y. I e napp

Secondly, the moon was traced to the aforementioned an estlmateeﬁ)AWNi45 , 1.. entrance at a location of n-
plane along the AW characteristic, under the assumption thattermedlate current, note that th_’_eBX at entrange an_d e_x_|t
there was no induced magnetic field present in Europa. Thé'e roughly the same, whereas in E17 there is a significant
black ellipse in Fig5 shows the size and the location of the dlff;r;ance.G lileo’ ‘ into the AW during the E17
AW in case of no induced magnetic field. It is clear that the elore >alileos entrance Into the uring the

red area is shrunk and offset with respect to the black eIIipse‘clyby there is a significant negativa Bx. This so-called

The tracings show that the densities that were determine(fjr”’]g.e field re.su.lt.s from the fact that the AW §urface cur-
in the previous section are acceptable. For the E17 flyby théent Is not an infinite plane, but curved and varying in current
exit point lies slightly out of the blue area, whereas for the strength. This effect can well be modeled with a wire-current

other two flybys the entry and exit poinst are located verymOde_I for the AW (see e.gSchll!lng et al, 2003. All three
near the red-blue boundary. crossings of the AW show this phenomenon, some more

clearly then others. Recent work I8chilling et al.(2006
will investigates this, and a better insight will be gained on
8 Discussion how and where the currents flow along the AW.

We have used Galileo’s magnetometer data from three cross8.2 E26

ings of Europa’s AW to study the influence of an induced

magnetic field. The cross-section of the AW is well describedIt may be noted that thBy, signature for the E26 flyby shows
by an ellipse, determined by the size of Europa (possibly in-a significant rise of~50 nT just before entering the AW and
cluding an ionsphere), the anglg by which the AW moves  quickly drops during the crossing of the AW. The E26 flyby

www.ann-geophys.net/25/905/2007/ Ann. Geophys., 25, 9052007
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E17 at z=-2.2 E25A at z=5.57 E26 at z=—-0.89
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Fig. 5. The cross section of the AW obtained in th¢® xy-plane by AW characteristic tracings for the E17, E25A and E26 flybys. The red

area shows the region which is connected to Europa through the AW characteristic and the blue area shows the region which connects to :
possible Europa ionosphere of 150 km. The straight line is Galileo’s orbit and the black ellipse is the location of the AW expected if there
were no inductive magnetic field present. The big dots on the orbit are the AW entry and exit points observed.

Table 4. The results from the AW fittingsS (a known parameter), the AW anglg can be obtained frorh and the offsebq. The plasma
mass densitie®/ A near Europa as determined from the argileand Eq. 14), the results are given for two values of the obstacle size, i.e.
1Rf and 1Rg+Hjon=1.1REg. As a comparison the electron densitigsare given Kurth et al, 2001). Nomimal values for the plasma
near Europa are: average ion méd$=185 AMU/ion, average ion chargé=1.5, (Bagenal 1994 Kivelson et al, 2004. The PLS ion
densities for E4 and E6 have been taken fi@aterson et a{1999.

fit Ry = 1.0/1.1 Lit. PLS
ID S | 18] m ne § Yoff A/Z NA | (A)/Z | (N)(E4, E6)
nT AMU/cm® cm3 ° RE AMU AMUcm~—3 | AMU cm 3

E17 | 0.96 | 446 200-3000 193 42/41 0.10/0.16 17.8/16.5  3463/3206 12.3 (20, 14)
E25A | 0.85 | 452  200-3000 70 24/24 —0.27/-0.24 14.3/143  1511/1511 123 (20, 14)
E26 | 0.87 | 431  200-3000 20 7/10 —0.19/~0.22 10.0/18.0 201/362 12.3 (20, 14)

occurred at very low altitude (348.4km, see Tabjeclose  because of the corotational electric field in the Jovian magne-
to Europa’s ionosphere. The magnetic signature, thereforetpsphere. The current is in the same direction as the closure
is influenced by the closure currents that flow through thecurrent, and hence will enhance the magnetic signature. It is
ionosphere and/or through the moon proper and by plasmauite likely that these pick up currents create #hebefore
pickup. the spacecraft enters the AW.

In the Northern Hemisphere the current in the AW flows

down on the sub-Jovian side and up on the anti-Jovian side Modelling the magnetic signature using a wire current
(see Fig. 21.1 irKivelson et al, 2004. This means that the model representing the AW can rather well model #he
closure currents flow away from Jupiter. As the flyby took gng By components, however fail to correctly model the
place near the upstream side of Europa (seeJjige would  component (see Fig. 4 Bchilling et al, 2003. The model
expect a negativé B, produced by the closure currents. included the AW and an induced magnetic field (and/or an

A quick inspection of Galileo’s orbit shows that th& internal dipole or multipole) and no pick up currents. If it
signature starts to decrease strongly when the spacecraft emould be possible to include this mass loading to the model
ters y~—1, whereas crossing the AW does not occur until the B; will most like also be well fitted. Therefore, there is no
y~—0.48. This means that apart from the closure currentsproblem in using the E26 flyby to fit the offset and shrinkage
the mass loading near Europa also plays a part in creating af the AW, even though the flyby sees a significant increase
magnetic signature. New pick-up ions will create a currentof By,.
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8.3 Average mass-per-charge loss rate of molecular oxygen from Europa at 5-10kg/s. The

estimated loss rate from EdL8) implies 2.3 kg/s.
There is a difference between the derived ion mass-per-

chargeA/Z in this paper and the average value given inthe8.4 Comparison with numerical models

literature Bagenal 1994 Kivelson et al, 2004). The differ-

ence between our derived ion mass-per-charge and the aveThere have been many numerical models describing the in-

age ion mass-per-charge in the literature cannot be explainegraction of the Jovian magnetosphere with the Galilean

by the assumption that there is sub-corotation of the plasmaatellites.Linker et al.(1988 1991, 1999 studied the inter-

near Europa. For fixed Alen Wing Angle,6a (as deter-  action of lo with the plasma torus for two different scenarios,

mined in Sect6, and thus Mach numbe#/, sub-corotation o is either conducting or magnetized. The former could be

(i.e. viow <105 km/s) reduces the inferred the Adfvveloc-  used to describe Europa’s interaction. In these simulations

ity (see Eq.1), va using Eq. {4) and hence implies an even there is no significant offset or shrinkage found of the Aliv

larger value ofN A and thusA/Z. Therefore, our high es-  wing.

timates of N A during the flybys most probably reflect local ~ Another model discussed the interaction of the Jovian

properties of the plasma near Europa. magnetosphere with Europ&dur et al. 1998. However,
The E17 flyby occurs while Europa is exiting the Jovian this model deals mainly with the dynamics of the atmosphere

plasma sheet and sputtering of particles from the moon’s surand ionosphere of Europa and the moon is taken as non-

face and pickup is assumed to be at near maximum rategonducting, which means that induction can only take place

whereas the E25A and E26 flybys occur when Europa is furin the ionosphere, while it has been shown to occur under

thest away from the Jovian plasma sheet and no sputteringuropa’s icy surfaceqimmer et al, 2000 and an ionosphere

takes place. This explains why the ion mass-per-charge inonly may not be enough to cancel the time-varying compo-

ferred for the latter two flybys is close to the average ion massent of the Jovian magnetic field. In Fig. 18&ur et al.

per charge 14.3 and 10.0 vs. 12.3. With increased sputtering99g, the location of the Alfén wing currents are shown

and pickup near the moon, and the main pickup ion béliilg  as contour plots. The maximum current in the wings occurs

with A=32 the increased ion mass per charge of 17.3 is easilglightly downstream of=0, however the figure shows no

explained Volwerk et al.(200]) have shown that for two fly-  evidence of offset in the y-direction or shrinkage.

bys through Europa’s wake that the pickup rate of new ions

is significantly higher when Europa is in the Jovian current

sheet (E15) compared with when Europa is outside (E11). Iy Conclusions

was shown that the mass loading rate gf iOns was almost

3 times as high for E15 compared with E11. IndeBdur  \we have investigated the Aln Wing (AW) signature in the

et al. (1998 have modelled the molecular oxygen loss at amagnetometer data of three Europa flybys. As expected from

rate of 85x 10°°s~1, for Europa in the Jovian current sheet. theory we find that indeed the AW has shrunk and is offset

However, this loss is dominated by neutral molecular oxy-pecause of the presence of an induced magnetic field in the

gen, and the pick-up loss rate 6 is 1.2x10?°s™ Using  moon in accordance witNeubaue{1998 1999. Although

the current results for E17, an estimate can be made of thene fitting of the AW entrance and exit points has been done

amount of q that is needed to increase th(i,‘Z The elec- by an |mp||c|t assumption of the shrinka@e in an upcom-

tron density is knownN=193 cn13, assume that a density ing paper Volwerk et al. (200¥)will show that indeed this

O is molecular oxygen and the rest is the usual plasma withapproach is justified, the flux tube interacting with Europa is

A/Z=123. Then the density of molecular oxygen is found shrunk by such a factor.

by: Tracing of the Alf\en characteristics near the moon con-
firms that the values ofa and yq are consistent with the

123(N —O) +320 = 17.8N, (15) modified Alfvén wing configureation. The inferred distor-

which leads toO~53cnt3. The molecular oxygen will tions provide indirect support for the presence of an inductive

be transported away from Europa with the flow velocity diP0le momentin Europa. _ _
(~105km/s). Assuming a homogeneuos density of the AN estimate of the average ion mass-per-charge in the

pickup the total loss rate can be estimated as: vicinity of Europa is made using the so-called AW angle,
and we find that when Europa is away from the Jovian plasma
Loss= O X vflow X T X R% ~ 4.3 x 107, (16) sheet the estimated mass agrees well with that of published

models. However, with Europa in the Jovian plasma sheet the
where the pickup area is a lower estimate. This rate is aptpcal plasma density is enhanced by sputtering and associated
proximately a factor 2 to 3 smaller than the rate calculated
numerically bySaur et al(1998. This difference could be Ivolwerk, M., Paranicas, C., Kivelson, M. G., and Khurana, K.
explained by the column density of oxygen in the simula-K.: Europa’s interaction with the plasma of the Jovian magneto-
tion. Recently, 8myth and Marconi2009 calculated the sphere: The wake region, in preparation, 2007.

www.ann-geophys.net/25/905/2007/ Ann. Geophys., 25, 9052007



914 M. Volwerk et al.: Europa’s Alfén wing

ion pickup, leading to a much larger average ion mass-perKivelson, M. G., Bagenal, F., Kurth, W. S., Neubauer, F. M., Paran-

charge than the standard model of the Jovian plasma sheet. icas, C., and Saur, J.: Magnetospheric interactions with satel-
lites, Chapter 21, in: Jupiter: The Planet, Satellites and Magne-
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