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Ideas about the dimensions and shape of the bubble of plasma 
called the heliosphere, created by the continuously outward-
flowing solar wind as the Sun travels through the very local 

interstellar medium (VLISM), are older than the space age1. The 
distance to the boundary, as well as the overall shape of the helio-
sphere, had been modelled2 on the basis of assumptions about the 
properties of the VLISM through which the Sun moves—prin-
cipally, the magnitude of the magnetic field, the pressure of the 
local interstellar plasma and the intensity of Galactic cosmic rays 
(GCRs). Measurements of charged particles are central to determin-
ing the source, dynamics and flow directions of all of these quanti-
ties. Voyager 1 (V1) exited the heliosphere on 25 August 2012 at 
a distance of 121.6 au (18.3 × 109 km) and latitude 34.5° (using the 
heliographic inertial coordinate system) and within a few degrees 
of the nose of the heliosphere, that is, the direction of interstellar 
helium unperturbed (by the Sun)3, thus becoming the first human-
made object to cross the border between the solar astrosphere and  
the Galaxy4–6 (although other interpretations of these observations 
have been published7,8). Voyager 2 (V2), on a slower trajectory than 
V1 and south of the heliographic equatorial plane at a heliographic 
latitude of around −32.2° and at the flank of the heliosphere, had 
been in the heliosheath (HS) for over 11 years since crossing the 
termination shock (TS) in August 20079. On 5 November 2018, V2 
crossed the heliopause (HP) at a distance of 119 au (17.9 × 109 km) 
at 218° heliographic longitude, ~43° east of V1, thus becoming the 
second spacecraft to enter the Galaxy after more than 41 years in 
space. The two crossings of the HP share many similarities, but also 
some striking differences, which we describe using measurements 
of energetic ions and electrons obtained with the Low-Energy 
Charged Particle (LECP) instrument on V2, which is nearly identi-
cal to that flown on V110.

The LECP measures differential intensities of ions of 28 keV to 
~60 MeV per nucleon and of electrons of 22 keV to >10 MeV, and 

an integral measurement of >213 MeV ions. LECP also determines 
the composition of ions of >500 keV per nucleon, and provides 
angular information via a mechanically stepped platform10 (see also 
Methods). Ion angular data have provided estimates of plasma flow 
velocities at V14, and the same methodology is used to deduce flow 
velocities at V211. Data from other instruments on V2 are discussed 
in accompanying articles12–15.

The measurements of the HS region by both V1 and V2 have 
shown that it consists of a reservoir of superthermal particles and 
weak magnetic fields characterized by plasma with β values that are 
always >1 and mostly >10 (refs. 16,17), where β is the ratio of par-
ticle pressure to magnetic pressure. This large pressure is counter-
balanced by the unexpectedly strong magnetic field outside the HP 
(≥0.5 nT)12,18 and, together with the evidence using energetic neu-
tral atom (ENA) imaging from the Cassini/MIMI (Magnetospheric 
IMaging Instrument), supports the interpretation of a bubble 
shape of the heliosphere16. However, models including Interstellar 
Boundary Explorer ENAs and using a wide range of magnetic field 
strengths also support the interpretation of a comet-type helio-
sphere19. The HS is also the principal acceleration region for anoma-
lous cosmic rays (ACRs)20,21 most of which were previously thought 
to be accelerated at the TS22. V1 encountered a plasma stagnation 
region ~8 au before crossing the HP23, when the radial component 
of the solar wind became zero and later became intermittently 
negative, while the tangential flow was nearly steady at around 
−40 km s−1 in the −T direction (in conventional RTN (radial–tan-
gential–normal) heliographic polar coordinates, in which the +T 
direction is that of planetary motion around the Sun)4.

Analyses of the V2 measurements in this paper show that the 
general morphology of the HP crossing is similar to that of V1, but 
that the structure of the plasma region differs in many details, sug-
gesting a much broader interaction between the heliosphere bound-
ary and the VLISM. The approach to the HP was first sensed by the 

Energetic charged particle measurements from 
Voyager 2 at the heliopause and beyond
Stamatios M. Krimigis   1,2*, Robert B. Decker1, Edmond C. Roelof1, Matthew E. Hill1, Carl O. Bostrom1, 
Konstantinos Dialynas2, George Gloeckler3, Douglas C. Hamilton4, Edward P. Keath1 and 
Louis J. Lanzerotti5

The long-anticipated encounter by Voyager 2 (V2) of the region between the heliosphere and the very local interstellar medium 
(VLISM) occurred toward the end of 2018. Here, we report measurements of energetic (>28 keV) charged particles on V2 from 
the interface region between the heliosheath, dominated by heated solar wind plasma, and the VLISM, expected to contain cold 
non-solar plasma and the Galactic magnetic field. The number of particles of solar origin began a gradual decrease on 7 August 
2018 (118.2 au), while those of Galactic origin (Galactic cosmic rays) increased ~20% in number over a period of a few weeks. 
An abrupt change occurred on 5 November when V2 was located at 119 au, with a decrease in the number of particles at ener-
gies of >28 keV and a corresponding increase in the number of Galactic cosmic rays of energy E > 213 MeV. This signature of 
the transition to the VLISM resembles, but is very different from, that observed on Voyager 1 at ~121.6 au, associated with the 
putative crossing of the heliopause some six years earlier.

NatuRE aStRONOMy | www.nature.com/natureastronomy

mailto:tom.krimigis@jhuapl.edu
http://orcid.org/0000-0003-2781-2386
http://www.nature.com/natureastronomy


Articles Nature astroNomy

electrons with a step-like decrease at a distance of ~1.3 au from the 
HP. Analyses of the radial and tangential components of the flow 
velocity suggest the presence of an HS transition region with sub-
stantial fluctuations in magnitude and direction of the plasma flow, 
beginning at ~110 au (decimal date 2015.7) and lasting through 
the crossing of the HP at ~119 au. Comparison of the HS regime 
between V1 and V2, located on opposite sides of the heliospheric 
plasma sheet, shows a similar crossing distance from the Sun for the 
two spacecraft, despite a separation of ~165 au between the two. It 
is remarkable, however, that the HP crossing distance for the two 
spacecraft is so similar, despite the fact that the solar wind pressure, 
propagated from 1 au, is apparently different in the two cases by a 
factor of ~2.

Results
Figure 1 presents an overview of the near-HP region, starting from 
mid-2018. The gradual increase in the GCR rate, shown in Fig. 1a,  
beginning around day 215 (118.2 au), culminated in an abrupt 
step-like jump on day 309 (119 au), essentially coincident with the 
disappearance of solar wind flow12 and an increase in the magnetic 
field13. The high time-resolution detail (inset) shows that the exact 
time of crossing was on day 309, hour 6, and implies that the thick-
ness of the boundary, assuming it was stationary, was less than the 
V2 spacecraft speed of ~0.004 au per hour. Note that the gyrora-
dius of a 1 GeV GCR in a 0.5 nT field is ~0.1 au. For the period in 
this paper surrounding the HP crossing, we assume that the HP 
remained stationary. The gradual increase in the GCR rate resumed 
for nearly a month, and levelled off thereafter. Figure 1b presents 

intensities of heliospheric ions that show the onset of an increase 
around days 150–153 (117.6 au), most notably in the lowest energy 
(28–43 keV) ions, then a gradual decrease at E < 1 MeV ions, and 
finally an abrupt decrease for all ions on day 309. The electrons 
reached background levels a few days earlier. The relativistic elec-
tron decrease actually commenced around day 153, before the onset 
of the GCR rate increase (2018.59), nearly 1.3 au before the even-
tual crossing, showing that the electrons were the first to signal the 
approach to the HP. The electron intensity exhibited a precipitous 
drop, beginning around day 226 (2018.62; 118.3 au), together with a 
change in the slope of the decrease. The intensity fluctuations in the 
electrons are much more pronounced than those of ions of similar 
energies, indicative of substantial plasma/magnetic field structures 
sensed by the small gyroradius (~10−5 au) and relativistic speeds 
of the electrons. There is substantial structure in the intensities of 
heliospheric ions after the nominal crossing on day 309, as shown 
in Fig. 1b. These structures drop to their background levels by day 
10 (119.6 au) of 2019, but the intensity of E > 3 MeV protons that 
include both heliospheric ACRs and low-energy GCRs dropped to 
near their GCR level some 65 days (~0.6 au) beyond the HP. There 
appears to be no corresponding structure in the magnetic field13 or 
the plasma12 after day 309. Nevertheless, the presence of apparently 
heliospheric ACR ions above the Galactic component seems to per-
sist to at least ~2019.2 (day 74; 120.12 au), that is, ~1.1 au past the 
nominal HP crossing.

The clear separation between the heliospheric and Galactic 
components at the low energies shown in Fig. 1b is displayed in 
Fig. 2. The top panel shows the disappearance of heliospheric 
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Fig. 1 | Overview of GCR intensities and low-energy heliospheric ions, electrons and aCRs. a, The evolution of GCR rates with time, surrounding the HP 
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(DOY) 10 indicates rates above the galactic ACR component.
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(≥0.5 MeV) protons after day ~10 of 2019, and the continued 
presence of GCR protons at higher (>2.5 MeV) energies, albeit at 
reduced intensities. The second panel displays the time evolution 
of helium nuclei, where the intensity again drops near day 10, but 
finite fluxes of the Galactic component at E ≥ 2 MeV per nucleon 
continue. The third panel shows that heliospheric oxygen is again 
present upstream of the HP up to day 10, while the Galactic com-
ponent at E ≥ 8 MeV per nucleon continues beyond that time. 
Thus, heliospheric material is apparently leaking out of the HS to 
>0.6 au beyond the HP.

The pitch angle distributions for this period are shown in Fig. 3a  
using the data resulting from the 360° rotation of the LECP instru-
ment platform10. The rates from each of six directions show that 
ions of >3 MeV inside the HP are nearly isotropic, although at 
E > 28 keV (not shown here), they show motion away from the nose 
of the heliosphere (+T direction). Those outside the HP, however, 
move primarily in the −T direction along the magnetic field, while 
those perpendicular to the magnetic field diminish rapidly the far-
ther they are from the HP. This latter behaviour is in marked con-
trast to the observations during the V1 HP crossing (Fig. 3b), where 
field-aligned ions diminished rapidly while those perpendicular to 
the magnetic field were the last to reach Galactic levels. The direc-
tional intensities in Fig. 3a continue to display variations to 2019.15, 
in concert with our inference from Fig. 1b that leakage extends to 
~1.1 au upstream of the HP.

In Fig. 4a, we examine the dynamics of the interaction between 
the HS hot plasma flow velocities24 and pressures, compared with 
the magnetic field pressure13 before, during and after the crossing 
of the HP. The top graph shows sample ion and electron intensities, 
while the second graph displays the inferred plasma velocities4,11 in 

the radial and tangential directions, beginning in 2016 when V2 was 
at a radial distance of ~110 au. The tangential component fluctuated 
between ~60 km s−1 and ~160 km s−1 in the +T direction, as depicted 
by the vectors in the third graph, with occasional excursions of 
>50 km s−1, and substantial structure, particularly close to the HP. 
The radial component ranged from a few kilometres per second to 
~100 km s−1, but was occasionally close to zero, such as on 2017.3, 
and again on 2018.4, at distances of ~114 au and ~117 au, respec-
tively. Further, there are remarkable excursions in the tangential 
component in late 2017 and 2018, suggestive of deep penetration 
of the Galactic magnetic field13 through the HP, as discussed in the 
next section. The fourth graph, comparing the partial pressure of 
the superthermal plasma with the magnetic field pressure13, shows 
that throughout this period, the hot plasma was dominant until just 
before the HP crossing. This is clearly seen in the bottom graph, 
where the value of β is >1 throughout most of this period, until 
~2018.6, within ~1 au of the HP crossing on day 309. Note that addi-
tion of the pressure due to the thermal plasma (blue line, bottom 
graph) increases the value of β, although that pressure is relatively 
small compared with that of the hot plasma. Addition of the H+ 
pressure from 5.2 keV to 24 keV, measured remotely by Cassini’s Ion 
and Neutral Camera ENAs (below the LECP threshold), dominates 
the ~5.2–3,500 keV pressure distribution, and increases the value of 
β by a substantial factor17.

The dynamic interaction at the interface during the crossing of 
V1 some six years earlier4 is illustrated in Fig. 4b. Here, the onset 
of the plasma stagnation region (second graph) begins at ~113 au 
with radial velocity VR ≈ 0 km s−1 and continues to the HP. There are, 
however, extended periods of plasma inflow (negative VR value) that 
indicate mixing of cold Galactic plasma with the hot HS population.  
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This was cited as evidence that a flux interchange instability  
operates at the boundary region4,21,25. The partial hot plasma pres-
sure (fourth and bottom graph) is similar to that at V2, but β 
becomes <1 within 1 au of the HP. The tangential velocity is fluc-
tuating, but on average is ~40 km s−1 and in the −T direction. Thus, 
there is dramatic contrast between the plasma flow regime in the 
two encounters surrounding the HP crossing north (V1) and south 

(V2) of the heliographic equatorial plane. There is a plasma stag-
nation region in the north and probably inflow of VLISM plasma, 
while in the south, there is a transition region of about the same 
width (~8.2 au) (onset at 2016.25 in the top graph), with a highly 
variable plasma flow pattern in both the radial and azimuthal direc-
tions. Further, at V1, the azimuthal flow is toward the nose, whereas 
at V2, it is principally in the opposite direction.
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To gain appreciation for the similarities and differences 
between the two crossings (see also Methods), we show in Fig. 5  
the data from similar channels from both V1 (Fig. 5a) and V2  
(Fig. 5b) over roughly the same scale, covering ~2.74 au surround-
ing the HP region. Inside the heliosphere, there appears to be 
a region of similar dimensions in the cosmic ray intensities, of 
width ~1 au, in both cases. At V1, however, there were multiple 
episodes of magnetic flux tubes containing enhanced field and 
GCR intensities, beginning on day 210 of 2012 and culminating 
in the final crossing on day 238 of 2012, at a distance of ~0.3 au. 
The situation with heliospheric ions at low energies appears at 
first glance to be similar. There is an increase in the low ener-
gies >28 keV at V2 on day 153 of 2018, as pointed out in Fig. 1a, 
~1.3 au from the HP. Examination of the V1 HP encounter data 
in Fig. 4b suggests the onset of a similar increase at 2011.85 and 
~119 au before that HP crossing at 121.6 au (ref. 4). Interpretation 
of this increase as a plasma/magnetic field spatial structure would 
mean that the thickness of a layer in the V1 case was ~2.6 au, that 
is, twice as large as seen at V2. The most striking difference is the 
extent of the upstream region before the disappearance of solar 
material, being ~25 days or 0.25 au at V1 and ~65 days or 0.6 au 
at V2. Further, there is substantial structure in the ions at V2 
upstream, but virtually none at V1.

Discussion
The V2 crossing from the solar wind into the VLISM is most impor-
tant, as V2 is likely to be the last spacecraft to cross this boundary 
for the next 25 years, at least. Thus, the principal questions of this 
crossing are not only about the nature of the local environment near 
119 au at −32.2°, but also the global picture as we compare it with 
the V1 transit through a nearly conjugate region (121.6 au, 34.5°) 
of the heliosphere. We begin by assessing the likely configuration 
of the interconnection between the heliospheric and the Galactic 
magnetic fields by using the pitch angle distributions in Fig. 3 and 
the radial and azimuthal velocities in Fig. 4.

A schematic representation is shown in Fig. 6. Magnetic field 
lines at the HP boundary, assumed to be convex with respect to the 
Sun, have essentially two topologies in terms of their end points:  
(1) both end points at ‘infinity’ in the VLISM or (2) one end point 
at the Sun and the other in the VLISM. Figure 6a shows notional pie 
plots of the observed angular distributions (incident particles) inside 
and outside the HP. It is clear from Fig. 4a that no radial inflow was 
seen on the upwind flank of the HP. The contrast with the interaction 
at V1 (Fig. 6b) is obvious. There is inflow of cold Galactic plasma in 
this case. The observed angular distributions reflect this inflow and 
suggest a field line interchange, all consistent with a flux interchange 
instability at the HP boundary4. On the basis of the 3–17 MeV  
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proton angular distributions from Fig. 3a,b, we infer the topological 
properties of the magnetic field lines on which they occur (sketched 
schematically as projected into the R–T′ plane). Loss-cone distribu-
tions streaming out of the HS imply that one of the end points of 
those field lines must originate in the solar wind, while the other 
end must lie far beyond the HP in the ISM. Residual ‘trapped’ distri-
butions (on which field-aligned protons are streaming away in both 
directions, leaving only the residual protons near 90° pitch angles) 
must occur on field lines with both ends in the ISM.

The direct comparison of the overall interaction with the VLISM 
presented in Fig. 5 shows that there are some gross similarities 
between V1 and V2. In both cases, the onset of the increase in 
the GCR rate suggests a boundary layer ~1 au wide, a feature that 
is apparently coincident with the increase in heliospheric plasma 
density12 and the magnetic field increase13 at V2 and, by extension, 
at V1. Further, the approach to the HP was forecast at V2 by the 
step decrease in electrons ~1.3 au from the HP, consistent with a 
general decrease in the electrons at V1. In addition, the modulation 
(>50%) of the electron intensities at V2, and to a lesser extent at V1, 
may well reflect motion of the distant HP boundary that could be 
sensed only by relativistic electrons (velocity ~70 au per day, gyro-
radius ~10−5 au). Beyond the HP, however, there are striking differ-
ences between the two encounters. At V1, there are no low-energy 
ions upstream of the HP, and only a few ACR protons that fall below 
their GCR level within ~0.2 au. By contrast, at V2, there are both 

low- and high-energy ions upstream of the HP, and they persist to at 
least ~0.6 au, while ACR protons are apparently present to >1.1 au. 
Not surprisingly, they flow along the interstellar magnetic field away 
from the HP (Fig. 3a), consistent with particle leakage from the HS, 
that is, not unlike the phenomena observed upstream of planetary 
bow shocks26.

The picture described in our analyses is presented schematically 
in Fig. 7. Here, we show the crossings of the TS and HP by both 
V1 and V2, spanning the period from 2002 to 2019. The stagna-
tion region at V1 can be contrasted with the transition region at 
V2, both of which have similar dimensions (~8.6 au and ~8.2 au, 
respectively), but not the same properties. The upstream region at 
V2 extends to ~1.1 au, but is essentially absent at V1. The solar wind 
plasma is in the −T direction at V1, but in the +T direction at V2. 
This is to be expected, given that V1 is ~17° east while V2 is ~19° 
west from the solar apex. The asymmetry of the TS crossings, at 
~94 au and ~84 au for V1 and V2, respectively, must be contrasted 
with the symmetry of the HP crossings (within ~2%), even though 
these were separated by more than six years. The putative near-TS 
crossing27 by V1, at ~84 au, is indicated in Fig. 7 by a dashed line.

It is important to examine the solar wind pressure when each of 
the crossings of the TS and HP took place. This is presented in more 
detail in Fig. 8. The invariance of the solar wind dynamic pressure 
and energy flux with latitude has been established by several stud-
ies28,29. The pressure from 1 au can be propagated to the position of 
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V1 and V2 using delay times of ~1 year for the TS crossings and 2.5 
years for the HP, by taking into account the propagation velocities 
in the solar wind and HS, respectively. It is found that the pressure 

near 84 au at V1 during the putative TS crossing in 2002 was in the 
range of 1.8–2.4 nPa, while at the V2 TS crossing, the pressure was 
in the range of 1.8–2.2 nPa; at the actual V1 TS crossing at 94 au, the 
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pressure is estimated at 2.2–3.2 nPa. Thus, the location of the TS 
for the same solar wind pressure was probably the same, but dur-
ing the V1 crossing at 94 au, the pressure was nearly twice as high. 
For the V1 crossing of the HP, the pressure was 1.2–1.6 nPa, while 
during the V2 crossing, it was 2.1–2.3 nPa, that is, nearly twice as 
much, yet the HP crossing distance was nearly the same in both 
cases. Apparently, the solar wind pressure has a large effect on the 
position of the TS, by as much as 10 au (recent modelling argues 
for a TS fluctuation of ±9.0 au (ref. 30) over the last solar cycle), but 
minimal effect at the position of the HP.

These considerations of solar wind pressure indicate that the 
HP may remain roughly symmetric, with an offset of ~3–4 au 

as predicted in heliosphere models30–32, despite the substantial 
changes in the solar wind pressure at 1 au. Note that the V1 cross-
ing of the HP coincides with the minimum of solar cycle 23 (con-
sidering the ~2.5 yr time difference explained above), whereas the 
V2 crossing from the HP coincides with the maximum of solar 
cycle 24. Most importantly, this observation corroborates the 
recently reported conceptual heliosphere model16 that argued for a 
roughly symmetric, diamagnetic bubble, consistent also with ENA 
measurements from the Interstellar Boundary Explorer33,34 as well 
as with recent models showing a rounder heliosphere32,35. Comet-
type configurations also show a symmetric HP36, as do intermedi-
ate configurations where both the external dynamic and magnetic 
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Fig. 8 | Propagation of the solar wind dynamic pressure from 1 au to the locations of V1 and V2 during crossings of the tS and HP. Middle right: the solar 
wind (SW) dynamic pressure and speed at 1 au (27-day averages) from the OMNI dataset (OMNIWeb) from 2000 to mid-2019. The blue and purple 
vertical lines correspond to 1 yr before the reported V1 and V2 TS crossings, while the black line corresponds to the near-crossing of V1 in 2002 (see text). 
The orange and red lines correspond to 2.5 yr before the V1 and V2 HP crossings, respectively. Centre: the upwind hemisphere of the global heliosphere, 
showing the TS and the HP, marked at the distances observed by V1 and V2 from 2002 to 2018 in their traversal of the HS. The black and white texture 
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pressures strongly affect the heliosphere37. The diamagnetic bub-
ble concept is based on the combination of remotely sensed ENA 
and in-situ LECP ion flux histories, implying that the HS reservoir 
forms a time-dependent obstacle to the inward interstellar flow, 
efficient in balancing the external VLISM pressure at all times 
over the solar cycle.

In conclusion, the findings of the LECP have shown mostly simi-
larities in the HS between the nearly conjugate crossings of V1 and 
V2, but substantial differences immediately upstream of the HP, 
including particle leakage in the V2 case that presents similarities 
to the phenomena observed in such regions of planetary magneto-
spheres. Most importantly, in both cases, the superthermal plasma 
pressure in the HS suggests a strong interstellar magnetic field17,38, as 
subsequently observed in situ by the magnetic field instrument5,13. 
The discussions and interpretations in this article are made on the 
basis of our present data and understanding. Some interpretive 
details could change with future data and models, and we look for-
ward to a research future that will bring new findings and under-
standings not only from the continuation of the V1 and V2 mission, 
but also from future heliospheric missions to the Solar System’s 
interface with the Galaxy.

Methods
Data analysis techniques. Description of the LECP instrument is found in ref. 10, 
and methods of data analyses have been described in detail in several papers since 
1978. A comprehensive description of methodologies in analysing the data can 

be found in ref. 39, including calculations of superthermal plasma pressures and 
densities. In particular, the use of sectored data to generate angular distributions 
and deduce both pitch angles and superthermal plasma flow directions is described 
in detail in ref. 40. The methodology of deducing particle identification matrices 
and resulting composition and spectra for each species is given in ref. 40. In ref. 41,  
a more detailed description of the instrument response is presented with the 
evolution of analysis tools first used in ref. 39. The computation of solar wind 
velocities from angular distributions of superthermal ions is given in the methods 
of ref. 27 and detailed in ref. 4 for deducing flows in the HS. This method is validated 
further by direct comparison with the plasma instrument on V224.

Comparison of V1 and V2 HP crossings. Table 1 provides an overview of the 
parameters that signify the crossings of both V1 and V2 from the HP from the 
perspective of the V1 and V2/LECP, as detailed in the main text. Note that the last 
row of the table includes some parameters concerning the crossings of both V1 and 
V2 from the TS (see Discussion), but the details that stem from the measurements 
over these periods are thoroughly explained in past publications (references are 
provided in the table).

Data availability
The V1 and V2 LECP measurements, including the in-situ LECP ion data used  
in this study, can be accessed through NASA’s public Planetary Data System 
(https://pds.nasa.gov/), while the solar wind dynamic pressure measurements  
can be accessed through the OMNI web page (ftp://spdf.gsfc.nasa.gov/pub/data/
omni/low_res_omni/). Any other data that support the plots within this paper  
and other findings of this study are available from the corresponding author  
upon reasonable request.
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Table 1 | Parameters of V1 and V2 crossings of the heliopause and termination shock

V1 V2

HP crossing 25 August 20124–6,42 5 November 2018
Distance from Sun 18.3 × 109 km, 121.6 au 17.9 × 109 km, 119 au
Latitude and longitude (heliographic 
inertial coordinate system)

Latitude 34.5°, longitude 174° Latitude −32.2°, longitude 218.3° (~43° east of V1)

GCR protons >211 MeV: onset of increase on day 129 of 2012 that lasted 
for ~108 days (~1.08 au), followed by multiple episodes 
of magnetic flux tubes (no step-like increase) starting on 
day 210 of 2012 up to day 238 of 2012 over a distance of 
~0.3 au. Overall increase in GCR rate of ~30% (ref. 4).

>213 MeV: onset of increase on day 215 of 2018 (~118.2 au) 
that lasted for ~95 days (~0.82 au), followed by a step-like 
increase on day 309 of 2018 (~119 au), with the count rates 
increasing before flattening out on day 10 of 2019, that is, 
over a period of ~65 days (~0.57 au). Overall increase in GCR 
rate of ~20%.

Heliospheric ions and electrons 53 keV–17.6 MeV ions: onset of increase on day 310 of 2011 
(~119 au) and a gradual decrease up to day 210 of 2012, 
showing multiple episodes (as in the GCR measurements; 
anticorrelated) up to day 238 of 2012 (~121.6 au).

28 keV–17.3 MeV ions: onset of increase on days 150–153 of 
2018 (~117 au), most noticeable in 28–43 keV ions, followed 
by a gradual decrease and punctuated by an abrupt decrease 
on day 309 of 2018 (~119 au).

37–70 keV electrons: similar to V2 signature showing a 
decrease up to day 210 of 2012.

35–61 keV electrons: onset of decrease on days 150–153 
of 2018, but exhibiting a precipitous drop on day 226 of 
2018 (~118.3 au) with much more pronounced intensity 
fluctuations than ions, reaching background levels a few days 
before day 309 of 2018.

Extent of upstream region ~25 days, or ~0.25 au before the disappearance of solar 
material, with no substantial structure in ions.

~65 days, or ~0.6 au before the disappearance of solar 
material, with substantial structure in ions.

HS plasma velocities over 2010–2012 
for V1 and 2016–2018 for V2

tangential component: relatively small fluctuations, but on 
average ~40 km s−1 (−T direction).

tangential component: fluctuated between ~60 km s−1 and 
~160 km s−1(+T direction), with occasional excursions of 
>50 km s−1.

Radial component: stagnation region23 beginning at ~113 au 
(with a width of ~8.6 au), where VR ≈ 0 km s−1 up to the HP, 
showing periods of VR < 0 km s−1, possibly due to flux tube 
interchange instability4,21.

Radial component: <100 km s−1, but occasionally close to 
0 km s−1 (for example, 2017.3, ~114 au and 2018.4, ~117 au). 
Measurements indicate a transition region (onset ~2016.25, 
width ~8.2 au) with variable flow patterns in both radial and 
azimuthal components.

HS plasma pressure and β values 
over 2010–2012 for V1 and 2016–
2018 for V2

0.04–4 MeV particle pressure dominates the magnetic 
field pressure, similar to V2, and β > 1, but β becomes <1 
within 1 au of the HP.

0.03–3.5 MeV particle pressure dominates the magnetic 
field pressure before the HP crossing. The β value is >1 until 
2018.6, within 1 au from the HP crossing.

Solar wind dynamic pressure ~2.5 yr 
before the HP crossings

~1.2–1.6 nPa in January to March 2010 that coincides with 
the minimum of solar cycle 23.

~2.1–2.3 nPa in April to June 2016 that coincides with the 
maximum of solar cycle 24.

tS crossings (1) Near-TS crossing in August 200227 at a distance of 
~84 au (solar wind dynamic pressure ~1 yr before was 
~1.8–2.4 nPa).(2) TS crossing in August 20079 at a distance 
of ~84 au (solar wind dynamic pressure ~1 yr before was 
~1.8–2.2 nPa).

TS crossing in December 200443,44 at a distance of ~94 au 
(solar wind dynamic pressure ~1 yr before was ~2.2–3.2 nPa).
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