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FIGURE 11. The magnetic flux observed at V2 (top) and
V1 (bottom). B is normalized by the values at 1 AU, V is
in km/s and R is in AU. The vertical dashed lines show the
TS locations.

before recovering slightly in 2011. The temperature
decrease is faster than adiabatic, which is not under-
stood.

The magnitude of the speed at V2 is constant at 150
km/s across the heliosheath. In the RT plane the flow
angles were 55◦ from radial in 2012 [Richardson 2011].
The RN angles are smaller, about 25◦. Thus the flow
at V2 is moving preferentially around the sides of the
heliosphere, parallel to the magnetic field. The plasma
flows at V2 are very different from those inferred from
the LECP data at V1 [Richardson and Wang 2011].
At V1 the flow is mostly in the RN plane and slows
across the heliosheath but shows little change in di-
rection. At V2 the flow speed does not decelerate, but
the flow direction turns tailward. These differences are
not understood.

Unexpected large fluxes of <∼1 keV Energetic Neu-
tral Hydrogen were measured with IBEX [Fuselier et.
al. 2012]. Gloeckler and Fisk [2010] concluded that if
these fluxes originate in the heliosheath, then, for these
particles to be observed at 1 AU, the velocity of the tur-
bulent motions in the outer heliosheath from 110-140

FIGURE 12. V2 plasma speed, density, temperature, and
flow angles.

AU must increase to ∼150 km/s. If these large turbu-
lent motions were present, then the plasma instrument
on V2 would observe large speed fluctuations within a
few years.

3.4.1 Future Tasks

• Determine the flow pattern through the heliosheath
to the HP.
• Discover how the rise of the solar cycle affects the
plasma in the heliosheath.
• Determine how plasma parameters change in the
stagnation region and at the heliocliff
• Look for increases in the speed fluctuations as V2
approaches the HP.

3.5 Turbulence in the heliosheath

The fluctuations of B observed in the heliosheath
are primarily compressive, in the T (direction of
B) direction [Burlaga and Ness 2012a]. Figure 13
shows compressive fluctuations observed at V1 in 2010,
when V1 was in the stagnation region near 115.7
AU. The yearly average of the daily standard devi-
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2.2.2.2 If V1 Is Not Near the HP 

McComas and Schwadron [2012] suggest that the 
boundary at 122 AU has nothing to do with the HP, but 
marks the distance where magnetic field lines wrap all 
the way around the heliosphere before they intersect the 
TS (see Figure 6). When the Voyager spacecraft crossed 
the TS, they did not find the source of the ACRs as was 
expected. The flanks of the TS were then suggested as a 
possible ACR source region. The ACRs move along the 
magnetic field lines from the TS flanks to the Voyager 
position so that peak ACR intensities in the V1 and V2 
directions are far displaced from the local TS position 
[McComas and Schwadron 2006; Schwadron et al. 
2008]. When the field lines are no longer connected to 
the TSP and ACR source at the TS, these fluxes drop 
out. Since the particle pressure decreases, the magnetic 
field increases to preserve pressure balance. One diffi-
culty with this model is that a very sharp boundary must 
be maintained as particles drift hundreds of AUs from 
their source in a time dependent system. 

 
Figure 6: Schematic from McComas and Schwadron 

[2012] that identifies two regions inside the HP: a 
“connection region,” where field lines connect to the 

TS at two points, in which ACRs are elevated and 
GCRs are modulated and a “disconnection region,” 

ACRs escape to the outer heliosphere, GCRs increase 
due to easier access from the LISM, and the magnetic 

field increases to maintain pressure balance. 

2.2.3 IBEX and the Heliocliff 

Since TSPs and ACRs are absent outside the helio-
cliff, we have no direct measurements of flow or plasma 
in this new region; V2 will eventually provide these da-
ta. However, IBEX measurements [Fuselier et al. 2012] 
of the spectra of <5 keV ENAs provide indirect evidence 
that these plasma components are present outside the 
heliocliff [Gloeckler and Fisk 2010; Opher et al. 2012]. 
High energy (>5 keV) ENAs, produced from TSP popu-
lations that are absent outside the heliocliff, gave an es-

timate of the location of the heliocliff of 121 +26-11  AU in 
the V1 direction [Krimigis et al. 2011]. The distance to 
the heliocliff in the V2 direction is expected to be sub-
stantially larger [Roelof et al. 2012].  

2.2.4 The Stagnation Region: Data 

Figure 7 shows the plasma velocities derived from 
the LECP and CRS experiments on V1 using the Comp-
ton-Getting effect. The N component can only be deter-
mined when the spacecraft rolls, so these points are in-
frequent (every few months). From mid-2007 to mid-
2010 the radial speed at V1 steadily decreased from 60 
km/s to 0 km/s. From mid-2010 to mid-2012 V1 ob-
served negligible and sometimes inward radial flow (VR 
= í6.5±4.1 km/s for 2011). The azimuthal flow VT de-
creased from í40 km/s before 2010 to í20 km/s in the 
stagnation region. The meridional flow VN was compa-
rable to VR before 2010 and was also small in the stagna-
tion region (VN = í3±8 km/s from LECP observations 
[Krimigis et al. 2011; Decker et al. 2012] and 28±3 km/s 
from CRS observations [Stone and Cummings 2012]). 
This low-flow region was not expected. When V2 en-
counters a similar region, the plasma data will be crucial 
for understanding this complex transition region as it 
will provide higher resolution measurements of the three 
plasma velocity components, density, and temperature, 
which can be used to distinguish spatial and temporal 
effects. The V2 flows derived from the energetic parti-
cles using the Compton-Getting effect will be compared 
with the measured plasma speeds to see if these flows 
become decoupled. 

 
Figure 7: Plasma velocity components in the heliosheath. 
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Classical View of the Heliosphere:  
Comet-like shape with a long tail; extending to 1000’s of AUs 

e.g. from Parker 1961; 
Baranov & Malama 
1993   

This view comes from the assumption that even though the solar wind becomes subsonic  
at the termination shock as it flows down the tail is able to stretch the solar magnetic field. 7	
  



Two-lobe structure heliosphere: similar 
to astrophysical jets  

The heliopause is captured at the iso-surface of lnT=12.7; the gray lines are 
the solar magnetic field lines; the red lines are the interstellar magnetic field.  8	
  

Side view Nose view 



Turbulent Lobes (Jets) 

Cut at y=150AU 

speed 

9	
  

Everywhere downstream of the termination shock 
Pram/PB  < 1 so the solar magnetic field is strong 
enough to confine the flow and resist being stretched 
by the downstream flow. 
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The distance to the heliopause down the tail between the two lobes is 250AU 
(as opposed to 560AU in the case with no BISM).  
 
 
The lobes are eroded as a result of instabilities and reconnection in the flanks  



Porous	
  Layered	
  Heliopause	
  

Swisdak,	
  Drake,	
  Opher	
  ApJL	
  2013	
  



Search for the Exit: Voyager 1 at
Heliosphere’s Border with the Galaxy
S. M. Krimigis,1,2* R. B. Decker,1 E. C. Roelof,1 M. E. Hill,1 T. P. Armstrong,3 G. Gloeckler,4

D. C. Hamilton,5 L. J. Lanzerotti6

We report measurements of energetic (>40 kiloelectron volts) charged particles on Voyager 1
from the interface region between the heliosheath, dominated by heated solar plasma, and the
local interstellar medium, which is expected to contain cold nonsolar plasma and the galactic
magnetic field. Particles of solar origin at Voyager 1, located at 18.5 billion kilometers (123
astronomical units) from the Sun, decreased by a factor of >103 on 25 August 2012, while those
of galactic origin (cosmic rays) increased by 9.3% at the same time. Intensity changes appeared
first for particles moving in the azimuthal direction and were followed by those moving in the
radial and antiradial directions with respect to the solar radius vector. This unexpected heliospheric
“depletion region” may form part of the interface between solar plasma and the galaxy.

Humankind’s quest for exploration of the
neighborhood of our solar system is cur-
rently embodied in the Voyager 1 and 2

(V1 and V2) spacecraft launched more than
35 years ago. V1 and V2 are currently at distances
of 123 and101AU (1AU=1.5× 108 km) from the
Sun, at heliographic latitudes of 34.5° and –30.2°,
respectively. Ideas about the dimensions and shape
of the bubble of plasma called the heliosphere,
created by the continuously flowing solar wind as
the Sun travels through the local interstellar me-
dium (LISM), are older than the space age (1). We
present data from V1 showing that the intensities of
energetic particles populating the hot heliosheath—
the region between the solar wind termination
shock [TS (2)] and the expected outer boundary,
the heliopause—have suddenly decreased to instru-
mental background while galactic cosmic rays
(GCRs) have simultaneously increased to levels
thought to be characteristic of the LISM (3).

The V1 data used herein are from the Low
Energy Charged Particle (LECP) instrument that
measures differential intensities of ions with en-
ergies of 40keV to~60MeVnuc−1 andof electrons
with energies of 26 keV to >10 MeV (together
with an integral ion measurement >211 MeV),
determines the composition of ions with energies
of >200 keV nuc−1, and provides angular infor-
mation via a mechanically stepped platform (4).
Ion angular data provide estimates of plasma flow
velocities at V1 (2) (fig. S1) in the absence of
directmeasurements from theV1 Plasma Science
instrument (which failed in 1980). Data from oth-
er instruments on V1 are discussed in (5, 6).

The heliopause is expected to be a tangential
discontinuity that separates the solar wind plasma

from plasma in the LISM.Models of the interface
take into account the solar wind and LISM plas-
ma, neutral (hydrogen atom) components, the in-
terstellar and heliosphericmagnetic fields, GCRs,
anomalous cosmic rays (ACRs), and latitudinal
and solar-cycle variations of the solar wind [(7, 8)
and references therein]. V1 and V2 are the only
spacemissions able to provide quantitative in situ
measurements that can test the predictions of the
various models.

LECP observations since 2004 have delin-
eated the properties of the TS (2, 9) and have

detected the cessation of radial expansion of the
solar windwithin the heliosheath at ~113AU (10),
marking the beginning of a transition region
while establishing that there was no statistically
significant meridional flow at distances of >119
AU (11) at V1. The latter two observations have
been interpreted differently in different models
(12–14). Plasma flow has beenmostly azimuthal,
averaging ~ –26 km s−1 (11)—that is, in the di-
rection opposite that of planetary motion. Subse-
quent LECP measurements on V1 over the past
several months have revealed unexpected spatial
and temporal structures, as discussed below.

Figure 1A shows changes of several percent
in GCR intensity of both short (a few days) and
long (a few months) duration in hourly averaged
intensities since mid-2012. The overall increase
from 2012.365 (7 May) to the beginning of 2013
was ~30%. If the structures are stationary, V1
traveling at ~0.01AU day−1 traverses 0.05AU in
5 days; this is comparable to the gyroradius of a
1-GeVGCR (0.1AU) in amagnetic field of 0.4 nT
(6) and may be interpreted as spatial variations.
The data in Fig. 1B demonstrate, however, that
near-simultaneous decreases of an order of mag-
nitude occurred within a single day in low-energy
ions with gyroradii of only ~3 × 10−4 AU, a
distance comparable to that traversed by V1 in an
hour. Electrons with a gyroradius of ~10−5 AU
correspond to a V1 travel time of only a few
minutes. We note, however, that electron inten-
sities began a slow decay months earlier (at the

REPORTS

1Applied Physics Laboratory, Johns Hopkins University, Laurel,
MD 20723, USA. 2Office for Space Research and Technology,
Academy of Athens, 106 79 Athens, Greece. 3Fundamental
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Michigan, Ann Arbor, MI 48109, USA. 5University of Maryland,
College Park, MD 20742, USA. 6New Jersey Institute of Tech-
nology, Newark, NJ 07102, USA.

*Corresponding author. E-mail: tom.krimigis@jhuapl.edu

Fig. 1. OverviewofenergeticparticleobservationsatV1,2012.35 to2013.40, showing the contrary
behavior of GCRs and lower-energy particles. (A) Hourly averages of GCR activity and the pronounced
boundary crossing on 25 August 2012 (day 238). GCR error bars are T1s. (B) Intensities of low- to medium-
energy ions and low-energy electrons. The time evolution is very different, depending on energy and species.
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field must have a component in the north-south
direction (19–21) and is not parallel to the east-
west direction of the solar magnetic field in the
heliosheath. Consequently, the magnetic field di-
rection should change when V1 crosses the helio-
pause (fig. S1). The magnetic field direction could
remain constant across the heliopause only if the
interstellar magnetic field were nearly parallel to
the solar ecliptic plane and tangential to the helio-
spheric magnetic field. Such a configuration is
highly improbable and would have to be a remark-
able coincidence, because the interstellar magnetic
field has no causal relation to the solar magnetic
field (22, 23).

Higher-resolution magnetic field observations
from 210, 2012 to 270, 2012 (Fig. 2) suggest that
V1 did not observe a significant change in the
direction of B at any of the five crossings of the
boundary. Table 1 shows the angles on the low
field (subscript L) and high field (subscript H)
sides of each boundary crossing as well as the
absolute value of the differences of these angles.
The changes in the direction of B for each of the
five boundary crossings are indeed very small. The
weighted averages of the changes in direction
angles are <Dl> = <| lH – lL|> = 1.8° T 1.9° and
<Dd> = <|dH – dL |> = 1.8° T 1.5°, consistent with
no change in the direction of B.

During the last boundary crossing (Fig. 3), the
strength of B increased from 0.272 to 0.438 nT
during an interval of ≈18.4 hours centered at
day 237.7. The changes in the angles across B5
are Dd = 0° T 2° and Dl = 1° T 3°. Because the
uncertainties refer to differences of angles within
one day, they probably represent statistical un-
certainties, relatively unaffected by drifts and other
systematic errors. Because there was no change
in the direction of B with a high degree of cer-
tainty, it is very unlikely that the boundary B5 is
the heliopause.

The magnetic properties of the HDR from
238, 2012 to at least 270, 2012 define the region,
because they differ from all previous observations
within the heliosheath. The average magnetic
field strength is 0.436 T 0.010 nT. An inter-
stellar magnetic field strength of this magni-
tude or greater has been ruled out as being too
high to explain the ribbon of energetic neutral par-
ticles discovered by NASA’s Interstellar Bound-
ary Explorer (24), which adds support to our
conclusion that the HDR is associated with the
heliosheath rather than the interstellar medium.
The magnetic field vector in the RTN coordinate
system is B = (0.126 ± 0.008, 0.400 ± 0.010,
0.120 ± 0.013) nT. The uncertainties in these
average values are the standard deviations, and
their values are close to the digitization level and
root mean square noise of the instrument, 0.004
and 0.003 nT, respectively. Thus, the fluctuations
in the components of B are extremely small in
the HDR. The region is not turbulent.

The average direction of the magnetic field
in the HDR is lA = 287° T 1° and dA = 14° T 2°.
The average magnetic field direction is close to
the Parker spiral magnetic field direction (Fig. 2),

A

B

C

Fig. 2. High-resolution observations of the magnetic field strength and direction. 48-s averages
of the magnetic field strength B (A), azimuthal angle l (B), and elevation angle d (C), as a function of time
measured from DOY 150 to 270, 2012. The angles are in RTN coordinates (28). Before 210, 2012, V1
observed magnetic fields characteristic of the heliosheath (26). The elevation and azimuthal angles are
close to the Parker spiral direction, dP ≈ 0° and lP ≈ 90° or 270°, respectively. A magnetic sector in which
B was directed sunward along the Parker spiral angle was observed between 171, 2012 and 208, 2012.
The magnetic field strength varied from 0.07 to 3.36 nT before the boundary crossings.

A

B

C

Fig. 3. Themagnetic profile as V1passed through the boundary into theHDR. (A toC) 48-s averages of
the magnetic field profile during the fifth crossing of the boundary into the heliosheath depletion region (Fig. 2).
The solid curve is a sigmoid function, B(t) = B2 + [B1 – B2]/[1 + exp(t – to)/(w/4.4)], which provides an excellent fit
to the data (coefficient of determinationR2=0.98). The parameterwgives the time required forB to change from
10 to 90%of the way to the asymptotic values (15). t is the time inDOY; to is a parameter that corresponds to the
center of the profile.
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Fig. 3. Comparison of heliospheric 2 to 3 kHz radio emissions 
to local plasma oscillations. The top panel (A) shows a frequency-
time spectrogram of the 1992-93 heliospheric radio emission event 
detected remotely by Voyager 1 (19), and the bottom panel (B) 
shows a re-scaled spectrogram of the plasma oscillation frequencies 
given in Fig. 2B. To facilitate a comparison, the time scales in the 
two spectrograms have been adjusted so that the white dashed lines 
have the same slope. 
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