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Early studies show that a solar wind moves radially away from 
the Sun at supersonic speeds carrying ‘frozen in’ magnetic 
fields and plasmas, and interacts with interstellar magnetic 

fields and plasmas at a boundary called the heliopause1–6, which 
we define as the boundary between the magnetic fields and plas-
mas of solar origin and the magnetic fields and plasmas of stellar/
interstellar origin. Early estimates of the distance of this boundary 
from the Sun ranged from ≈5 au to hundreds of au. Observations 
of the heliopause were first made by the particles and fields instru-
ments7–10 on Voyager 1, which crossed the heliopause on 25 August 
2012 at 121.6 au, at 35.0° latitude above the solar equatorial plane 
and at 255.0° solar ecliptic longitude in the general direction of the 
nose of the heliosphere. The plasma and magnetic fields observed 
by Voyager 1 left the Sun during the early rising phase of solar cycle 
24. Unexpectedly, Voyager 1 observed no appreciable change (≤3°) 
in the direction angles of the magnetic field at the heliopause11–15. 
The Voyager 1 observations have led to theoretical papers concern-
ing the draping, reconnection and the stability of the interstellar 
magnetic field (refs. 12,16–21 and M. Opher et al., manuscript in prepa-
ration) near the heliopause.

We show that Voyager 2 crossed the heliopause and entered the 
very local interstellar medium (VLISM)6 on 5 November 2018 (day 
309) at a distance of ≈119.0 au at ≈32.2o below the solar equatorial 
plane and at 290.3o solar ecliptic longitude, in association with an 
abrupt increase in the magnetic field strength (B) and a decrease in 
the counting rate of the >0.5 MeV nucleon–1 particles. The plasma 
and magnetic fields observed by Voyager 2 left the Sun during the 
late declining phase of solar cycle 24. Observations of magnetic 
fields in the heliosheath, across the heliopause, and in the VLISM, 
made by the magnetometer22,23 on Voyager 2, from days 250 to 365, 
2018 are shown in Fig. 1a–c. The corresponding >0.5 MeV nucleon–1 

particle observations from the cosmic ray subsystem (CRS) instru-
ment on Voyager 2 are shown in Fig. 1d. The approximate time of 
the crossing of the heliopause is shown by the vertical solid line in 
the middle of Fig. 1. The hourly average magnetic field strength 
increased across the heliopause from 0.50 nT on day 308.98 in the 
heliosheath to 0.63 nT on day 309.49 in the VLISM.

It is conventional to measure magnetic field direction in a space-
craft-centred radial–tangential–normal (RTN) coordinate system. In 
the RTN coordinate system, R is the unit radius vector directed radi-
ally from the Sun, T is the cross-product of the solar rotation vector 
with R, and the unit vector N completes a right-handed system. The 
azimuthal angle λ is in the R–T plane, and it is 0° when the magnetic 
field vector B points in the radial direction. The elevation angle δ is 
with respect to the R–T plane (which is parallel to the solar equato-
rial plane) and it is zero when B is in the R–T plane. The angles λ 
and δ are plotted as a function of day in Fig. 1b and c, respectively. It 
is clear that the azimuthal angle λ was close to 270° throughout the 
interval from day 250 to day 365. Specifically, the average value of λ 
was 269 ± 4° before the heliopause crossing, during the interval from 
day 250 to day 305, and the average value of λ was 265 ± 2° from 
day 310 to day 365. The errors are the standard deviations of the 
magnetic field directions. Thus, the average azimuthal angle before 
the heliopause crossing was the same as the average azimuthal angle 
after the heliopause crossing, within the error of ≈4°. Similarly, the 
average value of the elevation angle δ was 8 ± 8° before the helio-
pause crossing, during the interval from day 250 to day 305, and the 
average value of δ was 24 ± 4° from day 310 to day 365 in the VLISM.

Regions adjoining the heliopause
The magnetic fields B(t) in the heliosheath and VLISM adjoin-
ing the heliopause are shown by B, λ and δ in the RTN coordinate  

Magnetic field and particle measurements made 
by Voyager 2 at and near the heliopause
L. F. Burlaga   1*, N. F. Ness2, D. B. Berdichevsky3,4, J. Park   2, L. K. Jian5, A. Szabo5, E. C. Stone   6 and 
J. D. Richardson   7

The heliopause is a boundary that separates the heliosheath (which contains magnetic fields and plasmas that originate in the 
Sun) from the interstellar medium (which contains magnetic fields and particles of stellar/interstellar origin). Observations of 
the heliopause were first made by the particles and fields instruments on the Voyager 1 spacecraft, moving radially in the north-
ern hemisphere, which crossed the heliopause on 25 August 2012 at a distance of 121.6 au. We show using observations of the 
magnetic field and energetic particles that Voyager 2 crossed the heliopause in the southern hemisphere on 5 November 2018 
at a distance of ≈119.0 au. Voyager 2 observed a much thinner and simpler heliopause than Voyager 1 as well as stronger inter-
stellar magnetic fields, and it discovered a ‘magnetic barrier’ in the heliosheath adjacent to the heliopause that strongly influ-
ences the entry of cosmic rays into the heliosphere. The magnetic field direction observed by Voyager 2 changed smoothly from 
the time of arrival at the magnetic barrier, through it, and onwards into the interstellar medium, with a small (a few degrees) 
or no change across the heliopause. These observations, together with the Voyager 1 observations and existing models, show 
that the magnetic barrier, the heliopause and the neighbouring very local interstellar medium form a complex interconnected 
dynamical system.

NAtuRE AStRoNoMy | www.nature.com/natureastronomy

mailto:lburlagahsp@verizon.net
http://orcid.org/0000-0002-5569-1553
http://orcid.org/0000-0002-8989-4631
http://orcid.org/0000-0002-2010-5462
http://orcid.org/0000-0003-4041-7540
http://www.nature.com/natureastronomy


Articles Nature astroNomy

system (Fig. 2) and by the components of the magnetic field (BR, 
BT, BN and its magnitude B) in Fig. 3. Both figures show the obser-
vations of 48 s averages of the magnetic field from day 301 to day 
315, 2018, and a vertical solid line on day 309 shows the heliopause, 
which was crossed during a data gap. Both figures show the 48 s 
averages of B as solid squares connected by straight lines that cor-
respond to data gaps.

Figure 2 shows that the average azimuthal angle <λ> = 267 ± 4° 
during the ≈8 days before the heliopause crossing was essentially 
the same as the angle <λ> = 266 ± 2° during the ≈5 days after the 
heliopause crossing, within the errors. Similarly, the average eleva-
tion angle was <δ> = 19 ± 4° during the ≈8 days before the helio-
pause crossing and it was <δ> = 21 ± 1° during the ≈5 days after 
Voyager 2 crossed the heliopause. Thus, there was little or no change 
in the direction of the magnetic field across the heliopause, within 
the standard deviations of the observations λ and δ, which are ±4° 
in the heliosheath and ±2° for λ and ±1° for δ in the VLISM. There 
was no change in the directions of the magnetic field measurements 
made just before and just after the heliopause crossing within the 
fluctuations of the 48 s averages, ≈±0.005 nT, which are primarily 
instrument sensor noise.

Finally, Fig. 2 shows temporary/local enhancements of B on day 
304 (corresponding to a maximum in λ and minimum in δ) and on 
day 306 (corresponding to a minimum in λ and maximum in δ). 
Approaching the heliopause, there was a trend showing a variable 
but increasing B between day 303.8 and day 309. A final increase 
in B occurred when Voyager 2 crossed the heliopause and entered 
the VLISM.

Figure 3 shows the components of B near the heliopause in the 
spacecraft-centred RTN coordinate system. The smallest compo-
nent of B was the BR component, which was close to zero. The 
largest component of B was the BT component, which was negative 
(directed opposite to the direction of solar rotation). The compo-
nents BR, BT and BN are the basic measurements provided by the 
magnetometers. The calibration procedures are very complicated23, 
but typical one sigma errors (including both statistical errors of 
approximately 0.005 nT and significantly larger systematic errors) 
are shown by the error bars in Fig. 3.

The heliopause was not a rotational discontinuity in the mag-
netohydrodynamic (MHD) approximation, because Voyager 2 
observed no change in the direction of the magnetic field across 
the heliopause. The heliopause could not be a contact discontinuity, 
since the velocity and the magnetic field strength changed across the 
boundary. Therefore, dismissing the possibility of a parallel shock, 
the part of the heliopause crossed by Voyager 2 must have been a 
tangential discontinuity24 in the MHD approximation. Across a tan-
gential discontinuity the pressure is constant, but the density and 
temperature as well as vector velocity (V) and vector magnetic field 
(B) (which are parallel to the plane of the discontinuity) can change 
direction and/or magnitude or they can remain unchanged. Thus, 
the part of the heliopause crossed by Voyager 2 was much simpler 
than the unstable, dynamical heliopause observed by Voyager 1.
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Fig. 1 | the heliopause crossing observed by Voyager 2 in the 
measurements of the magnetic field and the >0.5 MeV nucleon–1 
energetic particles. a–d, One-hour averages of the magnetic field strength 
B (a), the azimuthal angle λ (b), the elevation angle δ (c) and six-hour 
averages of the counting rate of the >0.5 MeV nucleon–1 energetic 
particles (d) from day 250 to day 365, 2018. The vertical solid line shows 
approximately the time that Voyager 2 crossed the heliopause. The 
horizontal dashed line in c is a reference line corresponding to B = 0. The 
average and standard deviations of the magnetic field strength and angles 
before and after the heliopause are given in the figure. The grey shading 
emphasizes the difference between the magnetic field strength and the 
energetic particles in the heliosheath and that in the VLISM.
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Fig. 2 | the heliopause crossing of Voyager 2 and the neighbouring 
heliosheath and VLISM in terms of the temporal variation of B, λ and δ. 
a–c, The 48 s averages of the magnetic field strength B (a), the azimuthal 
angle λ (b) and the elevation angle δ (c) are given by the solid squares 
that are separated by data gaps corresponding to the line segments. The 
average and standard deviations of the azimuthal and elevation angles 
before and after the heliopause are given in b and c. The horizontal dashed 
lines in these panels correspond to the zero values of these angles. Note 
that the change in the direction of B in the measurements just before 
and after the heliopause crossing is very small and within the observed 
fluctuations in the angles. The grey shading emphasizes the difference 
between the magnetic field strength in the heliosheath and that in  
the VLISM.
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We consider a slab of heliosheath plasma parallel to the part of 
the heliopause crossed by Voyager 2, containing the magnetic field 
B. The average value of the normalized BR-component of B during 
an 8-day interval before the heliopause crossing was 0.07 nT, with an 
error of ±0.06 nT. Therefore, the angle between the normal compo-
nent of the slab (which is the normal component n of the heliopause, 
since the slab was parallel to the heliopause) and the direction of the 
normalized BR-component was 90° – (cos−1(0.07) = 86°) = 4° with 
an error of a few degrees.

Voyager 2 crossed the heliopause during some interval between 
day 308.98 and day 309.49, indicating that the heliopause was 
crossed within 0.51 days. Given that the speed of Voyager 2 was 
15.3 km s–1 and assuming that the heliopause was not moving, the 
thickness of the heliopause was ≤700,000 km (~5 × 10−3 au). We can 
only give an upper limit on the thickness of the heliopause, since the 
change in B occurred during a data gap. The thickness of the helio-
pause was ≤150 RL, where the Larmor radius RL ≈ 4,600 km is the 
gyroradius of a keV proton (a pickup proton) in a 0.7 nT magnetic 
field. Pickup protons are the dominant contribution to the density 
in the heliosheath. The thickness of the heliopause (≤700,000 km) 
is very small compared with the thickness of the magnetic barrier 
(108 km = 0.7 au, see next section). In this sense, one may speak of 
the heliopause crossed by Voyager 2 as a tangential discontinuity in 
the context of large-scale MHD models. The internal structure of a 
tangential discontinuity is a current sheet, but the available data do 
not allow us to determine the structure of the current sheet.

the magnetic barrier
Let us now turn our attention from the heliopause to a broader view 
of B(t) during 2018 and its relationship to the density N, tempera-
ture T and speed V measured by the plasma instrument on Voyager 
2, which are shown in Fig. 4. The most important feature is the 

magnetic barrier in the heliosheath that was observed by Voyager 
2 from ≈day 229 to the heliopause on day 309, as estimated from 
the magnetic field observations. The existence of such a barrier was 
predicted13,25–29, but was not identified until now. The average B field 
from day 229 to the heliopause was ≈0.40 ± 0.06 nT, which is signifi-
cantly greater than the average B ≈ 0.13 nT in the distant heliosheath 
from day 1 to day 229, 2018 (Fig. 4). The magnetic field in the mag-
netic barrier was stronger than any magnetic field observed previ-
ously in the heliosheath, and it was comparable to the magnetic field 
in the VLISM observed by Voyager 1. The magnetic barrier moved 
past Voyager 2 during an interval of ≈80 days, from day 229 to day 
309, corresponding to a size of 0.7 au, which was much larger than 
the thickness of the heliopause (<5 × 10−3 au) but much smaller than 
the thickness of the heliosheath (35.3 au).

The magnetic field near the heliopause was first modelled25 
using a stationary kinematic model and assuming that B is fro-
zen into the plasma. That model predicts that, as the heliosheath 
plasma moves toward the null point on the heliopause, the plasma 
will decelerate and B will increase. It was found that eventually the 
flow will carry B tailward along the heliopause in all directions 
from the null point. A later kinematic model showed that the alter-
nating polarities of the solar field between successive solar cycles 
would be imprinted on the heliopause26. The kinematic theory is 
invalid close to the neutral point.

More recent dynamical 3D MHD models13,27–29 predict that, as 
the heliosheath flow moves toward the heliopause, two magnetic 
barriers form, one in the northern hemisphere and the other in the 
southern hemisphere. They evolve from relatively thick structures 
in the heliosheath to elongated thin structures as they approach 
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Fig. 4 | the magnetic field and plasma in the outer heliosheath, the 
magnetic barrier and the VLISM, as measured by Voyager 2. a–d, Daily 
averages of the magnetic field strength B (a), the density N (b), the 
temperature T (c) and the speed V (d) observed by Voyager 2 in the outer 
heliosheath, in the magnetic barrier and in the VLISM are indicated. Note 
the large increase in density just ahead of the heliopause. The red curves 
in c and d are cubic polynomial fits to the observations of the temperature 
and speed. The red curve in b is a fit to the observations of the density with 
a fifth-order polynomial. Voyager 2 crossed the boundary of the magnetic 
barrier on ≈day 228 (dotted vertical line), when B increased to ≈0.3 nT. 
There was no corresponding change in the density, temperature and bulk 
speed. The time of the heliopause (hp) crossing is indicated by the vertical 
solid line. The grey areas are intended to emphasize the larger changes in 
the parameters as opposed to the fluctuations.
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the heliopause where they move northward and southward in the 
northern and southern hemispheres, respectively13. A very thin 
magnetic barrier in the southern hemisphere is shown in the plot of 
the magnetic field strength in Fig. 5, from the model in ref. 13. The 
radial thickness of this theoretical magnetic barrier is comparable 
to that observed by Voyager 2, ≈0.7 au. The magnetic polarity of the 
magnetic barriers changes in successive solar cycles. It is predicted 
that alternating magnetic field polarities from previous solar cycles 
might be observed near the heliopause. The Voyager 2 observations 
show no evidence of alternating magnetic polarities in the vicinity 
of the heliopause. One hypothesis is that the alternating magnetic 
polarities were destroyed by magnetic reconnection30.

The plasma density, temperature and speed observed by Voyager 
2 from day 1 to day 305, 2018, are shown in Fig. 4 together with 
polynomial fits that highlight the important trends. A fifth-order 
fit to the density observations, and cubic polynomial fits are used to 
show the magnitudes and qualitative trends of the temperature and 
velocity. The plasma observations demonstrate that Voyager 2 was 
still in the heliosheath when it was measuring the strong magnetic 
fields in the magnetic barrier. Note that there is no clear signature 
of the arrival of Voyager 2 at the magnetic barrier in the plasma 
data. There was a large increase in density and the corresponding 
decrease in the speed just before the heliopause crossing that could 
be significant, and these changes merit further study. Beyond 
the heliopause, the plasma instrument cannot observe densities, 
temperatures and speeds like those shown before the heliopause 
crossing in Fig. 4, except during spacecraft rolls, which are infre-
quent. Between day 100 and day 250 of 2018, the plasma speed 
was decreasing while the density and temperature were increasing. 
However, the B field was strong only after ≈day 229. Within the 
magnetic barrier, the density was relatively high (reaching a maxi-
mum ≈0.004 cm−3), the temperature was high (≈60,000 K) and the 

speed was relatively low (but still ≈100 km s–1) until day 305, 2018, 
after which Voyager 2 must have crossed a thin boundary layer just 
ahead of the heliopause in which the velocity decreased to zero at 
the heliopause.

Finally, we discuss Fig. 6, which shows the important roles of 
the magnetic barrier as a porous barrier to the >70 MeV nucleon–1 
cosmic rays and as a transition region for the direction of B given 
by λ(t) and δ(t). The observed cosmic ray counting rate increased 
slowly from day 90 until ≈day 238, 2018, when the cosmic ray 
intensity began to increase at a faster rate that continued through-
out the magnetic barrier until Voyager 2 crossed the heliopause. At 
that time (≈day 309), the cosmic ray intensity abruptly increased, 
and it approached an asymptotic value at the end of 2018. Thus, the 
magnetic barrier, with its strong magnetic fields in the heliosheath, 
acted as a ‘leaky barrier’ to the cosmic rays from the VLISM. Figure 
6 shows a relatively smooth variation of the direction of B(t) from 
λ = 284° and δ = −28° (when Voyager 2 entered the magnetic bar-
rier) to λ = 266° and δ = 22° (when Voyager 2 crossed the magnetic 
barrier and the heliopause), and to λ = 266°, δ = 24° (when Voyager 
2 moved through the VLISM and reached its asymptotic value at 
the end of 2018). This variation of the direction of B(t) is described 
quantitatively by the quadratic polynomials plotted as red curves in 
Fig. 6b,c. (The coefficient of determination is R2 = 0.93 for δ(day) 
and R2 = 0.71 for λ(day).) Voyager 1 also observed a smooth varia-
tion over an extended interval between the heliosheath and the 
VLISM, except for the crossings of sector boundaries14.

Discussion
Voyager 2 crossed the heliopause from the magnetic barrier and 
entered the VLISM on 5 November 2018 (day 309) at a distance of 
≈119.0 au from the Sun. The magnetic field strength increased to 
0.68 nT across the heliopause and the counting rate of the >0.5 MeV 
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nucleon–1 particles decreased across the heliopause, as observed by 
Voyager 1 when it crossed the heliopause in 2012. The heliopause 
observed by Voyager 2 was stable and thin, in contrast to the unsta-
ble thick heliopause observed by Voyager 1. The thickness of the 
heliopause was ≤700,000 km = 5 × 10−3 au, assuming that the helio-
pause was not moving. For a characteristic magnetic field strength 
of 0.7 nT, the Larmor radius is RL ≤ 4,600 km, which gives a thick-
ness ≤150 RL for the current sheet associated with the heliopause 
modelled approximately as a simple MHD tangential discontinu-
ity. Observations from Voyager 1 have shown that shock waves 
and pressure waves can propagate through the heliopause and into 
the VLISM31,32. The normal to the heliopause was <~4° from the 
radial direction. The magnetic field strength observed by Voyager 2  
in the VLISM (0.68 ± 0.03 nT) was significantly larger than the 
draped magnetic field (0.49 nT) of the VLISM observed by Voyager 
1, indicating an asymmetry of the heliosheath and heliopause. As 
observed by Voyager 2, there was either no net change or a very 
small change (<3°) in the magnetic field direction from one side of 
the heliopause to the other. The average direction of the magnetic 
field in the VLISM at the location of Voyager 2 from day 310 to day 
365 was λ = 265 ± 2° and δ = 24 ± 2°.

We discovered a magnetic barrier (also called a ‘magnetic wall’) 
in the region sunward of the heliopause, as predicted13,27–29. The mag-
netic field strength in the magnetic barrier was 0.40 ± 0.06 nT, which 
is intermediate between the heliosheath value B ≈ 0.13 nT during 
2018 and the average interstellar value B = 0.68 nT. The magnetic bar-
rier produced a significant decrease in counting rate of the cosmic 
rays >70 MeV nucleon–1 from the VLISM to the heliosheath. The azi-
muthal angle of the magnetic field decreased quadratically from 284° 
when Voyager 2 entered the magnetic barrier on day ≈238, to 266° 
at the heliopause on day 309, and it remained at 266° in the VLISM 
until the end of 2018. The elevation angle of the magnetic field varied 
nearly quadratically from −28° when Voyager 2 entered the mag-
netic barrier, to 22° at the heliopause, and 24° at the end of 2018, 
indicating a relatively smooth transition from the encounter with the 
magnetic barrier, through the magnetic barrier, across heliopause on 
day 309, and in the VLISM until the end of 2018.

Our observations show that the heliopause is the boundary 
between two flowing fluids, the magnetic barrier and the VLISM. 
The new observations, together with the Voyager 1 observations 
and existing models, suggest that the magnetic barrier, the helio-
pause and the neighbouring VLISM form a complex interconnected 
dynamical system, as modelled in ref. 13 for example. The magnetic 
barriers in the northern and southern hemisphere are dynamical 
evolving flows, which become thin as they approach the heliopause, 
and move forward along the heliopause until the next solar cycle, 
when the process repeats with opposite magnetic polarities. Perhaps 
the observation that there was little or no change in the direction of 
the magnetic field across the heliopause can be explained by mag-
netic diffusion in the vicinity of the heliopause and by magnetic 
stress in the surrounding region.

Methods
Originally, Voyager 1 and Voyager 2 operated as a ‘dual magnetometer system’ with 
two triads of sensors mounted, one at the end of a boom and the other closer to 
the spacecraft, as described in ref. 22. The spacecraft are not spinning and therefore 
a ‘flipper’ was used in the early years of planetary exploration. Later, it became 
necessary to work with each triad of sensors independently and the flippers failed, 
so procedures for data calibration and data reduction were developed. The primary 
sources of error are systematic errors, sensor noise and sensor drifts (which are on 
the order of 0.1 nT per year and highly variable, sometimes discontinuous). The data 
products are described at https://vgrmag.gsfc.nasa.gov/data.html. The instrument 
was initially calibrated by rolling the spacecraft ten times every few months, giving 
corrections to two components of the magnetic field in the spacecraft coordinate 
system, in which one component pointed nearly in the radial direction at large 
distances. More recently, because of power constraints, it has been only possible 
to roll the spacecraft two times at less frequent intervals. During 2018, the interval 
considered in this paper, in anticipation of the heliopause crossing, the rolls of the 
spacecraft were on days 131, 215, 256 and 351. The most recent procedures, used for 

the analysis of the N- and T-components of the 2018 data in this paper, are described 
in ref. 23. The calibration of the R-component is more difficult and less accurate, but 
the R-component is smaller than the other two components. The procedure used to 
calibrate the R-component is described in ref. 33.

The uncertainties in the Voyager 2 observations during 2018 after making 
calibrations with the methods described in refs. 23,33 are given in the text and figures 
of this paper.

Data availability
The 48 s averages of the magnetic field data are posted on NASA’s Space Science 
Data Facility (SPDF) CDAWeb site: https://cdaweb.gsfc.nasa.gov/index.html/. The 
hour averages of the magnetic field data are posted on NASA’s Space Science Data 
Facility (SPDF) COHOWeb site https://omniweb.sci.gsfc.nasa.gov/coho/.
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