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Abstract: The termination shock position in time is calculated fronya@er 2 solar wind data, using a
multi species hydrodynamic model, also including theUaliital variations in the solar wind velocity and
density due to the 11-year solar cycle. The results are credpa those obtained by Webber (2005) and
the possibility of Voyager 2 crossing the termination shivcthe near future is investigated.

Introduction act, even in a heliosphere where the multi-spec

interaction between the SW and the local inters
Although the Voyager 1 spacecraft crossed the so- lar medium (LISM) are considered. However, v
lar wind (SW) termination shock (TS) in Decem- extend the study by assuming that the SW velo«
ber 2004, its approach to the TS is still a topic of decreases with increasing radial distance due tc
interest. Specifically, in [1] the- 0.5 MeV proton interaction between the SW and neutral hydrog
intensities measured by Voyager 1 from 2002.6 on- producing pick-up ions (PUI's). Furthermore w
ward is explained as a result of Voyager 1 coming Use the extrapolated values as SW boundary co
close to the TS in 2002. After 2002 the TS moved tions in a hydrodynamic model of the heliosphe
outward with a velocity comparable to that of Voy- which includes the mutual effects of protons, ne
ager 1, causing the spacecraft to have several closdral hydrogen and PUI’s self consistently togetf
encounters with the shock before finally crossing it with the 11-year solar cycle. Results are calcula
in December 2004. in a plane parallel to the solar rotation axis, whi

The pOSition ofthe TS with time is calculated in [1] allows for a realistic inclusion of Iatltud|na| effect:
using both long and short term SW pressure vari- SUch as the appearance and disappearance ¢
ations observed at Voyager 2. In [1] the Voyager fastSW.

2 SW data is extrapolated back to 1 AU and used

to calculate the subsequent TS response using reModel and data

sults from a range of models, notably [2, 3, 4, 5, 6]
and [7]. The approach followed by [1] is empiri-
cal, and 'response coefficients’ are defined in cor-
relation with results from the studies cited above.

In this paper, we would like to add to the result dp

from [1] in the following ways: in extrapolating ot +V-(pu) =0 1)
the Voyager 2 SW data back to 1 AU, [1] assumes

ar—2 dependence for the SW density (wherge- 0

notes distance from the Sun) as well as a constant 5 (PW V- (pu@u)+ VP =0 (2
SW velocity. The former assumption is almost ex-

The hydrodynamical model used in this study
derived from [8], where the Euler equations
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are solved for each different particle species, on a
plane-polar grid, corresponding to a plane parallel
to the solar axis of rotation. The model takes into
account the mutual effect of protons, hydrogen and
PUI's. The model was adapted to include the latitu-
dinal variation of both the SW density and velocity

(see [9] and [10]) over the 11-year solar cycle.

From the model results (see [8]) the SW density is
almost exactly proportional to~2, while the SW
velocity decreases almost linearly with increasing
radial distance. Using

4

to approximate the decrease of the SW velogjty
with r, and assuming that the SW decrease®to
of its original value, the values of. andc are

Vp =mr+c

c=401.26 km.s™*

)
It should be noted that the choice @ depends
on the assumed SW density at 1 AU as well as the
assumed LISM hydrogen density outside the he-
liosphere. The choice ¢i% is fairly accurate for
SW densities betweehcm = and7 cm~3, with a
LISM hydrogen density assumed to bg cm™3.
The timeAt it took for a fluid particle to travel a
distancer and reach a velocity, is calculated to
be

m=—1.69x107%s!

At = (6)
Using Eq.(4), the SW velocity observed at a certain
radial positionr and timet is extrapolated back to

a velocity at 1 AU. From Eq.(6) the corresponding
time value is calculated as— At. In using this
procedure, the daily averaged Voyager 2 SW data
is extrapolated back to 1 AU and the corresponding

1
—1n‘@+1‘.
m C

26-day average values are calculated and shown in

Figure 1.

The 26-day averaged values from Figure 1 are used

as an inner boundary condition to the hydrody-
namic model. During solar maximum it is as-
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Figure 1: 26-day averages of Voyager 2 solar wi
(SW) data, extrapolated back to 1 AU. Origin
data taken from http://cohoweb.gsfc.nasa.gov

sumed that the Voyager 2 data extends over all
itudes. As the model progresses to solar minimt
the influence of the Voyager 2 data is gradus
decreased at higher latitudes, so that during s
minimum the density and velocity over high lai
tudes are smooth. This correspondsto observat
made by Ulysses, indicating less solar wind ve
ability at high latitudes (see high latitude Ulyss
data from http://cohoweb.gsfc.nasa.gov for exe
ple). The time dependent position of the TS tha
subsequently calculated is normalised to coinc
with Voyager 1 crossing the TS in 2004.9. ResL
are presented in the next section.

Results

The position of the termination shoek g is calcu-
lated as it varies in time due to the SW fluctuatic
measured by Voyager 2 and normalised to be ¢
sistent with Voyager 1 crossing the TS in 2004
The results are shown in Figure 2. The results st
that Voyager 1 and the TS had comparable outw
velocities between 2002 and 2004 (which agr
with [1]), whereafter the TS moved inward, resu
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Summary and conclusion

Using Voyager 2 SW observations to calculate 1
time dependent position of the TS indicates th
as Voyager 1 approached the TS, the TS itself\
moving outward with a velocity comparable to th
of Voyager 1. This resulted in Voyager 1 movir
close to the shock for a prolonged period of tir
(between 2002 and 2004) before finally crossi
the shock. Exactly how close still needs to be ct
strained by investigating 0.5 MeV proton inten-
Figure 2: The termination shock (TS) position as Sities close to the shock. In assuming that Voya
it varies with time, where it is assumed that Voy- 1+ €rossed the TS in 2004.9, itis found that Voya¢
ager 1 crossed the TS in 2004.9. The solid black 2 IS likely to cross the TS as early as 2007.5, w
line shows the TS position along Voyager 1's tra- 2" estimated error of 1 year.

jectory, while the grey line shows the TS position

a_tlong the trajectory of Voyager 2. The dotted ver- Acknowledgements

tical lines correspond to 2002.6 and 2004.9 respec-
tively, while the horisontal dotted line corresponds
to 94 AU.

rm [AU]

1985 1990 1995 2080 2005
time [yre]

The financial assistance of the National Resee
Foundation (NRF) towards this research is her¢
acknowledged. Opinions expressed and con
ing in Voyager 1 crossing the TS in 2004.9. Fur- sions arrived at, are those of the author and are
thermore, the projected motion of the TS implies necessarily to be attributed to the NRF

that Voyager 2 will probably encounter the TS as
early as 2007.5, with a first order estimate of the
margin of error on this result being approximately
ayear.

Given the results noted above, the crossing of the
TS by Voyager 2 offers an important control of
our understanding of the heliosphere as a dynamic
structure. Furthermore, should Voyager 2 cross the
TS as predicted above, the(0.5 MeV data shown

in [1] together with the approach of the TS by Voy-
ager 1 provides an interesting challenge regarding ;

modulation close~{ 10 AU) to the TS. \r/l\gt]i?)g \évr;ILXgZ%e(rz% g;)dsi 1C ross the term
Lastly is should be noted that neither the effects of 3 5 v, Ly, v. C..Whang LE Bdrlaga Interac

the heliospheric magnetic field (HMF) nor that of tion of a strong interplanetary shock with tt
the inter stellar magnetic field (IMF) are included termination shock 104 (1999) 28249-282¢
in the model. The inclusion of the HMF and IMF [4] T. R. Story, G. P. Zank, Response of the t

can alter the geometry of the heliosphere, which mination shock to interplanetary disturbanc
in turn will have an effect on the predicted time at 2. MHD 102 (1997) 17381-17394.
which Voyager 2 will cross the shock as well as 5] C. Wang, J. W. Belcher, The heliospher
charged particle intensities seen by both spacecraft boundary response to large-scale solar w
close to the TS (see [11, 12] and [13]). fluctuations: A gasdynamic model wit
pickup ions 104 (1999) 549-556.
[6] Y. C. Whang, L. F. Burlanga, Terminatio
shock - Solar cycle variations of location at
speed 98 (1993) 15221-15230.
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