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Abstract The propagation of the 14 July 2000 (Bastille Day) shock complex is modeled throughout the heliosphere, including its interaction with the solar wind termination shock and subsequent propagation into the inner heliosheath. The model includes pickup ions and the ionization cavity explicitly. The Bastille Day shock is used to (i) predict the time when the Voyager spacecraft can expect to observe 2-3 kHz radiation, and (ii) place constraints on the distance to the heliopause in the upwind or nose direction. On the basis of the most widely accepted model for the generation of the 2-3 kHz radiation, we predict that the Bastille Day shock, were it to produce observable radiation in the outer heliosheath, would turn on in Mid October, 2001. The distance to the heliopause at the nose is then estimated to be less than 120 – 130 AU and the distance to the termination shock to be less than 90 AU. A further conclusion is that transmitted interplanetary shocks are very weak when they enter the outer heliosheath, the putative site at which interplanetary shocks radiate, so requiring that the interstellar plasma in this region be primed with a pre-existing energized electron population. 

1. Introduction

At 10:12UT on 14 July 2000 (Bastille Day), SOHO/EIT observed a flare near disk center. Shortly before, GOES observed an X5.7 class flare event from the same area. LASCO and EIT subsequently observed a full halo coronal mass ejection (CME) at 10:54UT, which can almost certainly be associated with the flare. The average measured speed of the CME was ~1775 km/s. The intensity of the solar energetic particle event (SEP) was four times greater than any event detected since October, 1989, the peak of the last solar maximum. The CME driven shock wave had an estimated speed of ~1300 – 1600 km/s. 

Not surprisingly, the size and intensity of the 14 July event provoked considerable interest because of its substantial impact on the near-Earth interplanetary environment and the Earth itself. However, besides its obvious importance to space weather issues, such a massive disturbance offers an exciting opportunity to probe the size of the heliosphere and to better constrain the presently accepted theory for the generation of radio emission in the outer heliosphere [Gurnett et al., 1993; Cairns and Zank, 1999, 2000]. Associated with the 11-year solar cycle, the Voyager spacecraft detect bursts of radio waves at frequencies of 2-3 kHz in the outer regions of the solar system [Kurth et al., 1984, 1987; Gurnett et al., 1993]. The radiation, generated by the strongest radio source in the solar system, is from neither the sun nor the planets [Gurnett and Kurth, 1994; Cairns, 1995], but is thought to be generated when certain  interplanetary shock waves reach the outer heliosheath region beyond the heliopause (the boundary or contact/tangential discontinuity separating shocked solar wind plasma from interstellar plasma) [Gurnett et al., 1993; Gurnett and Kurth, 1995; Cairns and Zank, 1999, 2000]. 

In this paper, we use a simple spherically symmetric 1D model of the solar wind in the presence of interstellar neutral hydrogen and pickup ions, and the interplanetary magnetic field. The solar wind is confined by a finite interstellar pressure, so allowing us to model the termination shock and the inner heliosheath (and heliopause) in the upwind direction (the direction of relative motion between the solar system and the local interstellar medium). A strong shock is initiated at 1 AU using observed parameters and we then follow its propagation into the heliosheath. The basic model is discussed further in the following section. The simulation tracks the leading shock position as a function of time under the assumption that the turn-on of the radiation occurs shortly after the shock encounters the heliopause. The 1D approach allows us to follow the Bastille Day shock accurately as it propagates and evolves in the supersonic solar wind, collides with the termination shock, and propagates and decays in the inner heliosheath. By using the duration between the observation of a strong interplanetary shock and the radio emission [Gurnett et al., 1993], we can then estimate the extent of the heliosphere. Only by following the shock numerically in the background solar wind model can the complexities of (i) shock propagation in a supersonic, pickup ion mediated solar wind, (ii) the dynamical interaction of a structured interplanetary shock with the termination shock, and (iii) the propagation of an emitted shock in the inner heliosheath, be addressed adequately. 

2. Bastille Day observations and background theory

A detailed theory is beginning to emerge for how and why the radiation turns on in the outer heliosphere at the observed frequencies. Gurnett et al. [1993] and Gurnett and Kurth [1995] suggest that the radiation is generated when global merged interaction regions (GMIRs) and their associated shocks reach the vicinity of the heliopause and propagate into the outer heliosheath (see Zank 1999 for a review of the global heliospheric structure). With respect to the shocks, the arguments to support this model are (i) the observation of GMIRs and shock waves for each major outburst of radiation; (ii) an almost identical time lag of 415 
[image: image1.wmf]±

 5 days between the initial formation of the GMIR at the sun and the onset of the radiation; and (iii) very similar GMIR propagation speeds. Estimates based on the shock propagation speed and the time lags suggest that the source is located at a distance of R ~ 115 – 180 AU [Gurnett et al., 1993; Gurnett and Kurth, 1995], which compares reasonably to model heliospheric dimensions [Zank, 1999]. The reason that the outer heliosheath was identified as the region most likely to be the source of the radiation is that the minimum frequency is approximately equal to the electron plasma frequency 
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 Hz, using reasonable local interstellar medium (LISM) parameters for the electron number density 
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Evidently, if the Bastille Day event were to excite major heliospheric radio emission, it should possess the basic characteristics of the events that preceded the 1983 and 1992 2-3 kHz radio observations. This requires essentially that the Bastille Day event propagate towards the heliospheric nose, that it be of global extent, or at least have the potential of merging with other disturbances to form a GMIR, and be extremely strong and fast. As noted in the Introduction, the Bastille Day CME has been associated with a full halo CME, suggesting that the disturbance, if not completely global in character, is nevertheless dispersed widely in heliospheric latitude. The Bastille Day shock, as noted already, was also extremely strong and fast, producing the largest SEP event since 1989. These shock characteristics are similar to those prior to the two major Voyager radio events. 

On July 14, 2000, the Earth was located at a solar ecliptic longitude of 2910, which is close to the direction of the heliospheric nose (2540). The Bastille Day events are therefore propagating approximately towards the region generally identified as the origin of the outer heliospheric 2-3 kHz radio emissions. Moreover, the full halo nature of the CME and the observations of Ulysses (longitude 1750) discussed below also argue that the Bastille Day events certainly propagated over a wider longitude range than the 370 between the Earth and the heliospheric nose. 

The determination of the global character of GMIRs in general and the Bastille Day event in particular is complicated by the absence of a widely dispersed flotilla of spacecraft. As discussed above, a key argument used by Gurnett et al. [1993] and Gurnett and Kurth [1995] to support their suggestion that GMIRs were responsible for the 1983 and 1992 radio emissions was the observed size of the Forbush decreases measured at Earth. Since isolated shocks and related disturbances do not necessarily cause large Forbush decreases, Gurnett et al. [1993] and Gurnett and Kurth [1995] suggested that very large Forbush decreases could serve as a better indicator of the global character of the disturbance.  Since the two prior episodes of 2-3 kHz radio emissions followed, by about 410 days, large cosmic ray decreases observed by neutron monitors, we compare cosmic ray variations around the time of the Bastille Day activity with the decreases associated with the earlier radio emissions (Figure 1).

Whereas the decrease in 1982 occurred primarily during a single large (18%) Forbush decrease, the decrease in 1991 was the cumulative effect of a sequence of decreases, the largest amounting to 15%.  The recent activity displayed an intermediate behavior, with two moderate Forbush decreases on Days 195 (7%) and 197 (9%) and smaller decreases on Days 192 and 201.  Both the 1991 and 2000 episodes were punctuated by ground level enhancements caused by the arrival at Earth of relativistic solar cosmic rays.  These increases occurred 2000 Day 196 and 1991 Days 162 (barely visible at this scale) and 166.

Measured from the index level of 100 to the lowest point on the graph of Figure 1, the cumulative decrease amounted to 17%, 28%, and 21% in 2000, 1991, and 1982 respectively.  Thus the recent activity is of the same class as that associated with earlier 2-3 kHz radio emissions. 

The issue of whether the Bastille Day event will lead to, or is, a GMIR is interesting and difficult to answer definitively. It is generally accepted that a GMIR forms as a result of many temporally closely spaced but possibly distinct interplanetary disturbances and shocks merging to form a very large global structure. With respect to the model of Gurnett et al., only the section propagating towards the nose is relevant to the turn-on of radiation. In an effort to determine the global extent of interplanetary shocks that could eventually merge to form a GMIR-like structure, we considered Ulysses data during periods a little after the Bastille Day shocks were observed at 1 AU. At this time, Ulysses was at ~3 AU and at ~(-56, 175) degrees latitude and longitude in solar ecliptic coordinates. A series of shocks were seen on the 21 (Day 203) and 24 July (Day 206) and 1 August (Day 214), 2000, which are plotted in Figure 2. The timing of the arrival of these various shocks at Ulysses is close to what might be expected of the Bastille Day shocks, but is clearly not perfect either since the solar wind speeds observed at ACE were quite high. While we cannot, and do not attempt to, associate interplanetary shocks observed at Ulysses with the Bastille Day disturbances, the Ulysses observations suggest that the heliosphere is disturbed by shock waves on a global scale during the same period. This suggests that the Bastille Day events, when combined with the other temporally similar events, are prime candidates for the formation of a GMIR. Obviously, without additional spacecraft observations throughout the heliosphere, it is difficult to do more to argue that the Bastille Day disturbances are or will be of a global nature. Nonetheless, the observations of strong interplanetary shocks at 1 AU in the ecliptic and at 3 AU in the polar regions, and the observed Forbush decrease, make as compelling a case as possible for the Bastille Day event being comparable to the previous GMIR events associated with the 1983 and 1992 turn-on of outer heliospheric radiation. 

The basic model for the production of the 2-3 kHz radiation corresponds to that used to explain type II radio bursts at interplanetary shocks and emissions associated with Earth’s bow shock, viz., the formation of an electron beam in the foreshock and the subsequent generation of Langmuir waves near 
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 [Filbert and Kellogg, 1979; Anderson et al., 1981; Cairns et al., 1997; Bale et al., 1999]. The basic model is invoked in almost all explanations for the observed radio emissions, but the nature, source, and location of the shock differ in the different approaches [Kurth et al., 1984; McNutt, 1988; Macek et al., 1991; Grzedzielski and Lazarus, 1993; Cairns and Gurnett, 1992; Cairns et al., 1992; Gurnett et al., 1993; Zank et al., 1994; Whang and Burlaga, 1994; Czechowski and Grzedzielski, 1990, 1995]. 

Cairns & Zank [2000] give a detailed, semi-quantitative theoretical explanation for where and why the radiation turns on, for the observed radiation frequencies, and for how the radiation propagates into the inner heliosphere. This theory provides the first detailed theoretical basis for Gurnett et al.'s [1993] “GMIR” model for the radiation, complements the interpretative and observational analyses to date, and provides detailed predictions for future testing. In the Cairns & Zank [2000] theory, the radiation turns on just beyond the heliopause due to the shock moving into a region primed by the formation of a strongly enhanced tail of superthermal electrons. A ring-beam instability associated with pick-up protons produced by the charge exchange of component 2 neutrals with outer heliosheath protons drives lower hybrid waves. The lower hybrid waves resonantly accelerate ambient electrons to generate an electron tail. The model suggests that the tail exists only beyond the heliopause nose. The shock then reflects and accelerates the electron tail into a foreshock region, forming electron beams that drive Langmuir waves which couple into radiation near the electron plasma frequency 
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. Acceleration of the tail leads to strongly enhanced 
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 emission in a region large enough to explain the observed levels of radiation, as well as 2
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 radiation. Relatively weak scattering by density turbulence and reflection at the shock density jump causes most 2
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 radiation to propagate primarily outwards into the ISM. In contrast, strong scattering of 
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 radiation and global gradients in plasma density lead to 
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 radiation diffusing around the sides of the shock until it reaches regions where the shock is sunwards of the heliopause. Significant 
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 radiation then crosses the heliopause into the inner heliosheath and solar system. The theory also makes qualitative predictions for the source shape, variations in radiation intensity with observer location, and detectability of 2
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 radiation. 

Since the theoretical models appear to have converged on (i) the outer heliosheath as the source region for the 2-3 kHz radio emission, and (ii) GMIR associated shocks as the trigger mechanism, the July 14, 2000 event offers an ideal opportunity to try and predict when the radiation should turn on. The importance of this is twofold: (i) If the radiation turns on, the association with GMIR-related shocks will be strengthened, and (ii) the timing of the turn-on may give us an indication of the size of the heliosphere. 

3. Shock propagation and the basic model

Shock propagation in the outer heliosphere is complicated by the presence of pickup ions. Beyond some ~6 – 10 AU, neutral atoms of interstellar origin are ionized by charge exchange with solar wind protons. This introduces hot pickup ions (~1 keV per nucleon) into the solar wind [see Zank 1999 for a review]. The pickup ions decelerate the solar wind and dominate the internal energy of the solar wind [Holzer, 1972; Isenberg, 1986; Zank et al., 1996; Zank and Pauls, 1997; Rice and Zank, 1999]. In the inner heliosphere (within ~ 6 AU), neutral H is largely excluded owing to its ionization by solar radiation [Holzer, 1972], so creating an ionization cavity. With the effective solar wind proton temperature decreasing with increasing heliocentric distance within the ionization cavity and increasing beyond [Holzer, 1972; Williams et al., 1995; Zank and Pauls, 1997; Rice and Zank, 1999; Fahr and Rucinski, 1999], the Mach number, and hence the propagation characteristics of interplanetary shock waves, changes from inner to outer heliosphere [Zank and Pauls, 1997; Rice and Zank, 1999, 2000]. Thus, to properly describe the propagation of the Bastille Day event throughout the heliosphere requires that we use a model in which pickup ions are included [Zank and Pauls, 1997; Rice and Zank, 1999; Whang et al., 1999; Lu et al., 1999; Wang et al., 2000]. Earlier investigations [e.g., Whang, 1991; Steinolfson and Gurnett, 1995] of shock propagation in the outer heliosphere neglected to included pickup ions and/or interstellar neutrals, with the implication that neither heliospheric structure nor shock characteristics are described adequately. 

The solar wind is modeled using a 1D spherically symmetric MHD model. The solar wind velocity and magnetic field directions are perpendicular, with the flow velocity being radially outward and the magnetic field having only an azimuthal component. The basic model, an extension of Zank and Pauls [1997], was developed by Rice and Zank [1999], i.e., 
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where 
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, P, u, and B denote the plasma density, gas pressure, radial flow velocity and interplanetary magnetic strength respectively. Here, 
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 is the permeability of free space, r is the heliocentric distance, 
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 the specific heat ratio, and the subscripts t and r denote differentiation with respect to the time and distance variables. The terms QM and QE are the momentum and energy source terms associated with the deposition, through charge exchange, of pickup ions in the solar wind. The cold neutral density distribution 
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 is used [Axford, 1972; Vasyliunus and Siscoe, 1976], so that 
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where the ionization cavity length scale is 
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 AU, and the temperature, number density, and radial flow velocity of neutral hydrogen entering the heliosphere is respectively 
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 km/s. The source terms are then given by [Zank, 1999]
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The charge exchange cross section is assumed to be 
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Equations (1) –  (4) are solved using a time explicit Eulerian MHD code [Rice and Zank; 1999]. The fixed boundary conditions at 1 AU used to determine the steady-state solar wind into which the shock propagates are 
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 K and B = 5 nT. In the very local interstellar medium, we assume a flow incident on the heliosphere with velocity 20 km/s, a density of 0.04 cm-3, and a temperature of 8000 K. Beyond the termination shock, the pickup ion source terms are switched off. Shocks are smoothed using a von Neumann-Richtmyer artificial viscosity. A radial grid size of 0.01 AU was used and the time step was chosen to satisfy the Courant-Fredrich-Lewy (CFL) condition. 

Using the above boundary conditions, a steady-state solar wind is computed. Thereafter, we use ACE 5 minute averaged SWEPAM and MAG data from the beginning of Day 190 to the end of Day 204 as a time varying initial condition at 1 AU.  From Day 205 onward, the 1 AU conditions return to those used to compute the steady state solar wind solution. During the period when many of the instruments on ACE were saturated (between Days 196 and 198), 30 minute  SWEPAM (the MAG instrument did not saturate) data was used. Figure 3 illustrates the 1 AU initial conditions, showing (a) density, (b) flow velocity, (c) temperature, and (d) magnetic field strength, between Day 190 and Day 210. Between Day 190 and Day 205 (the period during which ACE data was used as input) the flow is highly irregular. There are a number of shock waves present and clearly visible is the Bastille Day shock that passed 1 AU during Day 197. The flow velocity attains a value of 1100 km/s and the magnetic field in the cloud following the shock is almost 60 nT, an order of magnitude greater than that generally seen at 1 AU.

IMP-8 plasma data, for the same time period (Day 190 – Day 205), was also used together with ACE MAG data as input to the numerical code. Data gaps in the IMP-8 data were filled with either 5 minute averaged or 30 minute ACE SWEPAM data. The results obtained using the IMP-8 data were virtually identical to those obtained using the ACE data, and consequently we present only the ACE data case in Section 3.

3. Results and discussion

Depicted in Fig. 4 is the steady-state wind and two examples of the evolving Bastille Day shock complex at times t = 25 days (2000, Day 223) and t = 124 days (2000, Day 322), measured with respect to the passage of the Bastille Day shock at 1 AU. The panels depict plasma density (top) and velocity (lower) as a function of heliocentric distance R. Significant changes in the overall structure have resulted. Fig. 3 shows that a number of shock waves and density enhancements passed 1 AU both before and after the Bastille Day shock, which is clearly the strongest shock during the period shown.  As illustrated in Fig. 4, by t = 25 days the structure has evolved into two forward shocks (fs1 and fs2), a reverse shock (rs), and a pressure balanced structure (PBS). The reverse shock results from an early collision of a forward shock with a density enhancement.  The leading forward shock (fs1) is very strong with a compression ratio of 4, while the trailing forward shock (fs2) and reverse shock (rs) are much weaker. Since the trailing forward shock propagates in the subsonic region downstream of the leading strong shock, by t = 124 days it has merged with the leading forward shock.  Fig. 4 shows that the complex structure of Fig. 3 rapidly evolves (within 10 – 20 AU) into a much simpler structure dominated essentially by a strong forward shock (fs) and a much weaker reverse shock (rs). This strongly suggests that the solar wind structures seen at 1 AU around the time of the Bastille Day event may indeed merge to form a GMIR.

As illustrated in Fig. 4, the Bastille Day shock weakens noticeably with increasing R. In addition, the shock complex has propagated out of the ionization cavity into the outer solar wind region which is dominated by pickup ions. As discussed by Zank and Pauls [1997] and Rice and Zank [1999], the presence of pickup ions implies that the magnetosonic speed is dominated now by the sound speed rather than the Alfv(n speed, as in the purely MHD case [e.g., Whang, 1991]. A second important consequence of pickup ions on solar wind structures is that pressure balanced structures (PBSs) are noticeably present, again unlike purely MHD solar wind models. This is a consequence of the dominance of the pickup ion pressure in the outer heliosphere. The magnetic pressure change needed to balance a plasma pressure change is therefore greater with pickup ions than without. PBSs are likely to be detectable in the outer heliosphere only because the pickup ion pressure is sufficiently large that it can maintain the corresponding magnetic pressure [Burlaga et al., 1994; Rice and Zank, 1999].

Fig. 5 illustrates in more detail the evolution of the Bastille Day shock complex in the supersonic solar wind. Plotted are three columns, corresponding to when the shock was between 2 and 10 AU (left column), 20 and 50 AU (middle column), and 36 and 80 AU (right column) respectively. At 1 AU there were clearly a number of shocks present between Day 190 and Day 205. In the left column of Fig. 5, the Bastille Day complex has formed a strong forward shock (fs), located at 6.2 AU, and a weaker reverse shock (rs), located at ~4 AU. The characteristic N-shock velocity profile is evident. The temperature plot of column 1 shows the increase in temperature downstream of each shock. The evolution of the interplanetary shock is in complete accord with that expected of shock waves propagating in a pure MHD solar wind. Beyond  ~ 6 AU, the influence of the pickup ions becomes significant and column 2 shows that the evolution in shock structure changes noticeably beyond the ionization cavity. The forward shock continues to weaken with increasing heliocentric distance, decreasing from a compression ratio of 4 at ~6 AU to one of 1.9 at ~46 AU, 1.6 at ~75 AU, and 1.55 at 84 AU, just ahead of the termination shock located at ~85 AU (which has a compression ratio of 3.2). Besides the forward shock weakening, the reverse shock has almost completely disappeared by ~30 AU. The beginnings of a PBS are just discernable in the middle column of Fig. 2, and are seen best in the right column. A clear density “hole” (right column) is inversely correlated with temperature and magnetic field. As described above and in Rice and Zank [1999], a larger magnetic pressure is needed to balance the large pickup ion pressure in the outer heliosphere. 

After about 273 days, the merged forward shock of the Bastille Day event collides with the termination shock. Fig. 6 shows a time sequence of plots as the complex collides and is transmitted through the termination shock. The left column shows three snapshots of the interaction, equally spaced in time. The solid line is just prior to the collision and the interplanetary shock is clearly much weaker than the termination shock. The dashed line corresponds to the first moments of the collision, just as the termination shock is being driven back by the impact. Finally, the dotted line shows the transmission of the forward shock and the continued interaction of the complex with the termination shock. As discussed by Story and Zank [1995, 1997], the finite extent and structure of an interplanetary shock incident on the termination shock (TS) renders the displacement of the TS and the transmission of the interplanetary shock very complicated (see also Naidu and Barnes, 1994). Initially, a fast magnetosonic shock is emitted into the inner heliosheath, and a tangential discontinuity separates the outwardly moving TS and the transmitted shock. This is seen clearly in the density plot in the left column of Fig. 6. Not plotted is the magnetic field since it follows the density profile very closely. The trailing triangular downstream region of the interplanetary shock continues to interact with the TS, but the total upstream pressure on the TS (
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) is now decreasing and a rarefaction subsequently forms between the separating TS and transmitted interplanetary shock. The rarefaction propagates through the tangential discontinuity, eventually catching the transmitted forward shock and forming a triangular shock wave, which propagates towards the heliopause. The triangular shock decays according to the Story and Zank [1997] generalization of a rule given in Landau and Lifshitz [1987]. The fast magnetosonic speed in the heliosheath is significantly greater than in the solar wind (~200 km s-1 in the heliosheath compared to ~100 km s-1 in the outer heliosphere) due to both the heating of the gas and the compression of the magnetic field. The transmitted shock is consequently much weaker than it was in the supersonic solar wind, with a compression ratio of 1.22 at ~100 AU. In the right column of Fig. 6, the evolution and decay of the triangular shock in the heliosheath is seen clearly. Also seen is the subsequent interaction of the TS with the trailing PBS. This is especially noticeable in the dashed line where the density panel shows the large density depletion just ahead of the TS and the dotted line shows the depletion just downstream of the TS. Since the total pressure in a PBS is constant, the TS does not move in response to the collision and the PBS is simply compressed on transmission, and the elevated temperature and magnetic field and depressed density are maintained. 

It is of some interest to compare the simulations presented here with those of Whang and his co-authors [Whang et al., 1995, 1999; Whang and Burlaga, 1999; Lu et al., 1999]. These authors took an observed GMIR shock as initial input for several simulations and examined its subsequent evolution throughout the heliosphere and interaction with the termination shock. Like our simulations, both the magnetic field and pickup ions are included explicitly in those of Whang et al. Whang and Burlaga [1999] found that a particular GMIR shock was observed to have a compression ratio of 2.6 at 36 AU, which is greater than our computed compression ratio of 2.1 at 36 AU.  At 71 AU, Whang et al [1999] found that the compression ratio of the evolved GMIR was ~2.3, which is stronger than the compression ratio of ~1.65 at 71 AU found for the Bastille Day simulation. The post-termination shock evolution of the GMIR and the Bastille Day event are a little more difficult to compare since Whang et al. [1999] locate the termination shock at 71 AU. Nonetheless, they and Lu et al. [1999] see considerable weakening of the transmitted GMIR shock although with compression ratios slightly higher than those found here (~1.6 at 100 AU compared to ~1.22). Thus, it appears that the basic propagation characteristics found from our simulation are in very reasonable accord with the simulations of an evolving real GMIR [Whang et al., 1995, 1999; Whang and Burlaga, 1999; Lu et al., 1999]. An interesting point that emerges from both studies is the weakness of the GMIR after it is transmitted through the termination shock. The evident weakness of the transmitted shock reinforces the need for a mechanism to prime the outer heliosheath region. 

Fig. 7 illustrates the location of the Bastille Day shock as a function of time, now measured in days since the passage of the Bastille Day shock at 1 AU (2000, Day 197). Two examples are plotted in Fig. 7 – the solid line corresponds to the Bastille Day complex, and the dashed line to a single shock initially stronger than the July 14, 2000 forward shock at 1 AU. The Bastille Day shock had a compression ratio of ~1.55 just ahead of the termination shock and the generic strong shock had a compression ratio of ~2.0. As can be seen from the discussion above, the generic strong shock may be more similar to the GMIR shock characteristics modeled by Whang et al. [1995, 1999], Whang and Burlaga [1999], and Lu et al. [1999] than the Bastille Day shock. 

The R(t) curves are clearly different in the supersonic and subsonic solar wind regions, with a change occurring when the interplanetary shock encounters the termination shock. However, while the transition from the supersonic to subsonic solar wind is clear, the difference in the slopes is not very dramatic since the interplanetary shock was already weak (compression ratio less than 2) just ahead of the termination shock. The straight line plotted in Fig. 7 has a slope corresponding to the 1 AU Bastille Day shock speed and illustrates the significant deceleration experienced by shock waves as they propagate through the solar wind. Because pickup ions are present in the outer heliosphere, the shock deceleration is accompanied by a significant reduction in the shock strength; this because the shock Mach number, unlike the purely MHD case [Rice and Zank, 1999], decreases in the presence of hot pickup ions. 

Fig. 7 offers two very interesting and important interpretations. On the one hand, we can use the approximately 420 day difference in time between the in situ observation of the interplanetary shock associated by Gurnett et al. [1993] with the observed turn-on of the radio emissions as the canonical time for strong shocks to propagate to the heliopause. From Fig. 7, the Bastille Day shock would then be located at ~113 AU which would be the putative site for the turn-on of low frequency radiation i.e., immediately downstream of the heliopause in the upwind direction. The generic strong shock is located at ~120 AU after 420 days. If the ~420 day delay between the observation of a strong interplanetary shock and the first emitted radiation is consistent with the interpretation that the turn-on occurs in the region immediately downstream of the heliopause, then Fig. 7 suggests that the heliosphere is significantly smaller than is commonly assumed. Even increasing the timing delay to 500 days does not alter this conclusion significantly since the Bastille Day and the generic strong shock yield upwind heliopause distances of ~127 AU and ~135 AU respectively, both of which correspond to a relatively small heliosphere. Alternatively, since nominal distances to the heliopause for global heliospheric models that include interstellar neutrals self-consistently [see Zank, 1999 for a review] range typically from 130 AU to 150 AU, this would imply a ~530 day to ~660 day delay between the observed shock and the onset of the radiation. 

Such a long delay between the interplanetary shock at 1 AU and the onset of radiation seems excessive yet the combined theory of Gurnett et al. [1993] and Cairns and Zank [1999, 2000] is far more compelling than alternative scenarios. The only possibility for increasing the distance to the heliopause while decreasing the delay time might be to increase the distance to the termination shock in our simulation. M(ller et al. [2000] present a 2D self-consistent plasma/neutral hydrogen simulation using a LISM electron number density of 0.04 cm-3 and neutral hydrogen number density of 0.24 cm-3, finding that the TS is located at ~110 AU and the HP at ~155 AU. No magnetic field is included in this simulation. In Fig. 8, we show the Bastille Day shock for two cases; one now propagating into a solar wind for which the TS is located at 85 AU and the other with a TS located at 108 AU. In the former case, the Bastille Day shock encounters the TS after ~280 days and reaches ~113 AU after 420 days. The latter case collides with the TS after ~360 days and reaches ~118 AU after 420 days. Alternatively, taking the opposite view, for a HP located at 130 AU and a TS at 85 AU, the shock collision occurs ~520 days later, or if the TS is at 108 AU, ~490 days later. 

The GMIR formed by the Bastille Day shock complex should reach the Voyager 2 satellite before crossing the termination shock.  During early 2001, Voyager 2 was at a radial distance of ~62 AU. Figure 7 shows that the Bastille Day shock complex should reach Voyager 2 about 192 days after the Bastille Day shock crossed 1 AU.  If this is correct, Voyager 2 should see a GMIR on 23 January 2001. On 12 January 2001, a GMIR-like structure passed Voyager 2 (J.D. Richardson – private communication, 2001), 11 days before the time predicted from our model. This is reasonably close considering the simplicity of the model but could imply a 6% error in either our prediction of the turn-on time of radiation (assuming a heliopause at 130 AU) or in the position of the heliopause (assuming a 420 day delay between the shock crossing 1 AU and the radiation turn-on). It is, however, expected that the percentage error (6% at ~60 AU) should decrease with radial distance. At small radial distances the shock speed, measured in the spacecraft frame, can be significantly greater than the solar wind flow speed and depends very strongly on the initial conditions of the ejecta. Shock waves, however, decelerate fairly rapidly and their speeds, in the spacecraft frame, tend asymptotically to the solar wind flow speed plus a characteristic wave speed (the fast magnetosonic speed in this case). Shocks in the far outer heliosphere, beyond the distance of Voyager 2, will therefore propagate at approximately the same speed.  Hence, it is the time difference between the observed arrival of the GMIR at Voyager 2 (12 January 2001) and the predicted arrival time (23 January 2001) that should remain constant. By varying our steady state solar wind conditions, and using the same initial conditions for the Bastille Day complex, we were easily able to produce a shock wave that passed Voyager 2 on the expected date. After 420 days, this shock was at a radial distance of 115.5 AU, and reached 130 AU after 505 days, compared to 113 AU and 520 days for the shock shown in Fig. 7.  This result does not change our conclusion that the heliopause is either at a smaller radial distance than expected (if the radiation is observed after 420 days), or the radiation turn-on time will be significantly later than during the previous two solar cycles (if the heliopause is at a distance of ~ 130 AU).  

Fig.’s 7 and 8 appear to suggest an inescapable conclusion if we are to assume the combined model of Gurnett et al. [1993] and Cairns and Zank [2000] for the emission of low-frequency radiation in the outer heliosphere; the heliosphere is smaller than assumed commonly. The range of upwind termination shock distances considered in Fig.’s 7 and 8 appears reasonable. However, as illustrated in Fig. 8, for a TS located at a large heliocentric distance, the assumed timing of 420 days for the onset of radiation implies a separation distance between the heliopause and termination shock of only 10 – 20 AU. For a TS located at ~85 AU, the heliopause, by the same criterion, is located ~30 – 40 AU downstream of the TS. Since the typical separation between the termination shock and heliopause found in almost all self-consistent heliospheric global models is typically in the range 30 – 70 AU in the nose direction and only very rarely less than 20 AU [Zank, 1999], our results favor the steady-state model underlying Fig. 7 i.e., a termination shock located at ~85 AU and a heliopause at ~110 – 120 AU. By varying our initial solar wind conditions, we find that our estimated position of the heliopause can vary by ~
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 AU (assuming a 420 day delay, as before) or 
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 days for a heliopause at 130 AU. Thus, we expect an uncertainty of 4 – 7 % in our predictions, based on reasonable assumptions about the changing solar wind conditions. Such estimates for the TS are similar to those estimated by Stone et al. [1996] using quite different methods. According to this model, we should then predict that the Bastille Day shock, were it to turn on in the outer heliosheath, would begin to emit 2-3 kHz radiation during mid October, 2001. 

Finally, we should recognize that the simulation results also offer a further conclusion. The shock compression ratio of the transmitted Bastille Day shock at ~110 AU is less than 1.2 for the example depicted in Fig.’s 4 – 8 (and less than 1.3 for the strong shock example). Clearly, the Bastille Day shock will be very weak as it enters the outer heliosheath beyond the heliopause, This conclusion is equally true for all interplanetary shocks, including those already associated with emission of low frequency radiation. This implies (i) that very weak shocks therefore need a pre-existing primed plasma [Cairns and Zank, 2000] with an energized electron population if they are to generate radio emissions, and (ii) that perhaps the Bastille Day shock will simply be too weak, even though it appears very strong at 1 AU, to drive radio emissions in the outer heliosheath, and even stronger shocks are needed.
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Figure captions

Figure 1. Comparison of Forbush decreases observed around the time of the Bastille Day (2000) activity with prior decreases associated with 2-3 kHz emissions in the outer heliosphere. Light lines show relative hourly count rates recorded by neutron monitors in Thule, Greenland and McMurdo, Antarctica.  The heavy line is their average. Each monitor was normalized to an index value of 100 on the first day plotted. These data are available at <http://www.bartol.udel.edu/~neutronm/>.

Figure 2. Each of the three panels shows the  (top) density (cm-3), (top middle) flow speed (km/s), (bottom middle) temperature (K), and (bottom) magnetic field strength (nT) measured by the Ulysses SWOOPS and Magnetic Field instruments for the three shocks observed between days 203 - 214 of 2000 (21 July, 24 July, 1 August 2001).  The shocks are indicated by vertical dashed lines. 

Figure 3. Initial (a) density, (b) flow velocity, (c) temperature, and (d) magnetic field conditions used for the Bastille Day simulation. Between Day 190 and Day 205 ACE SWEPAM and MAG 5 minute averaged and 30 minute averaged (where there are gaps in the 5 minute averages) data are used as input to the numerical simulation.  From Day 205 onward the values at 1 AU return to those used to generate the initial steady state solution.

Figure 4. The Bastille Day shock structure 33 days (solid line) and 132 days (dashed line) after it passes 1 AU. Density and velocity profiles are shown. The termination shock (TS) and heliopause (HP) are at 80 AU and 145 AU respectively.

Figure 5. The Bastille Day shock structure at 3 different radial distances, (a) 1 – 10 AU, (b) 20 –50 AU, and (c) 35 – 80 AU. Density, velocity, temperature and magnetic field plots are shown.  A pressure balanced structure (PBS) can be clearly seen in (c) but is also evident in (a) and (b).

Figure 6. Figure showing the interaction between the Bastille Day shock structure and the termination shock. The solid line in (a) is prior to the Bastille Day shock reaching the termination shock, the dashed line is the moment at which the two shocks meet, and the dotted line is a later time still. (b) shows the interaction between the termination shock and the structure behind the forward shock of the Bastille day event. The dashed and dotted lines clearly shows how the pressure balanced structure is affected by the interaction with the termination shock.  In both (a) and (b) the three curves are equally spaced in time although, the time spacing in (a) is not the same as in (b). 

Figure 7. The location of the Bastille Day shock (solid line) as a function of time. The dotted line shows a generic strong shock result. The straight line shows how the location of the Bastille Day shock would vary with time if it maintained a constant speed from 1 AU. 

Figure 8. Location of the Bastille Day shock as a function of time for a termination shock at 80 AU (solid line) and 105 AU (dashed line). 
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