
 1 

Our Heliospheric Shield, a case of a Habitable Astrosphere: Open Science Questions 
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The heliosphere is an immense shield that protects the solar system from harsh galactic 
radiation. The heliosphere is a window into processes occurring in all other astrospheres. 
Understanding these processes enables predictions about the astrospheric conditions 
necessary to create habitable planets. 

As the Sun moves through the interstellar medium it carves a bubble called the 
heliosphere. A fortunate confluence of space missions has provided a treasury of data on 
this structure and its interaction with the interstellar medium and the solar wind that will 
likely not be repeated for decades. More specifically, the in-situ measurements by the 
Voyager, Pioneer and New Horizon spacecraft combined with the all-sky ENA images of 
the heliospheric boundary region by the Interstellar Boundary Explorer (IBEX) and 
Cassini missions have transformed our understanding of the heliosphere. However, many 
fundamental features of the heliosphere are still not well understood. These aspects 
include the basic “shape” of the heliosphere, the extent of its tail, the nature of the 
heliosheath (HS), and the structure of the local interstellar medium (LISM) just upstream 
of the heliopause (HP). Other remaining puzzles are: 1) The acceleration region and 
mechanism for anomalous cosmic rays (ACRs); the two Voyager spacecraft found no 
evidence of acceleration of high-energy ACRs at the termination shock (TS) but instead 
detected an increase of the ACRs as they moved across the HS.  2) The HS is 30-50% 
thinner than current models predict 3) the plasma flows (Fig. 1) and energetic particles 
intensities are drastically different at V1 and V2. At V1 there is a stagnation region where 
there is no radial flow for 8 AU in front of the HP while at V2 the radial speeds remain 
relatively high with occasional low values until very close to the HP.  4) The magnetic 
field direction does not change at the HP and we do not know how far from the HP the 
solar wind’s influence extends 5) The significant increase in Galactic Cosmic Rays 
(GCRs) just prior to the HP crossings observed by both V1 and V2 and the GCR 
anisotropies observed in the LISM are not understood fully.  

The ENA observations add to the list of puzzles. IBEX detected a global feature, the 
ribbon, that seems to be organized by the interstellar magnetic field. INCA on Cassini 
measured a similar, but broader feature at higher energies, called the “Belt”. The source 
of these features is controversial; the models proposed to explain these features rely on 
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assumptions for the interstellar conditions such as the draping of the interstellar magnetic 
field and the level of turbulence in the LISM.  

The Key Science Questions for the Outer 
Heliosphere are:  1. What is the global structure of 
the heliosphere?; 2. How do pickup ions (PUIs) 
evolve from “cradle to grave” and affect heliospheric 
processes? 3. How does the heliosphere interact with 
and influence the LISM? 4. How do cosmic rays get 
filtered by and transported through the heliosphere? 

 Among the questions mentioned above we 
highlight the one related to the shape of the 
heliosphere:  
What we know: There is an on-going debate 
concerning the shape of the heliosphere (is it a long 
comet-like shape, bubble shaped, or “croissant”-like). 
The shape of the heliosphere has been explored and 
modeled since the 1950’s1-4. Work which ignored the 
solar magnetic field5 produced the standard picture of 
the heliosphere with a comet-like shape, which was 
accepted as the dominant paradigm. Recent modeling 
and observations challenge this working paradigm. 
Recent work6-7 shows that the magnetic tension of the 
solar magnetic field plays a crucial role in organizing 
the solar wind in the HS into two jet-like structures. 
The heliosphere then has a “croissant”-like shape, 
where the distance to the HP downtail is the same 
order of magnitude as that towards the nose. A recent 
model8 that includes the thermal and the PUIs as 
separate plasmas shows that the energy loss of PUIs 
in the HS due to charge exchange with neutral H 
deflates the heliosphere, making it much more 
spherical in the nose region8 (Fig. 2 – top middle 
panel). Other models also show confinement by the 
solar magnetic field but find that the tail is still 
elongated9 (Fig. 2 – top left panel); ref. 10 (Fig. 2– 
top right panel). The shape of the heliosphere is also 
being probed by ENAs from Cassini and IBEX. 
These two missions provide shapes that contradict 
each other. Based on the same signal being observed 
toward the nose and tail, ref.  11 conclude that the 

heliosphere is round (Fig. 2- bottom panel left) although other works interpret the data 
differently12. In contrast, ref. 13 suggest that the IBEX ENA images of the tail (Fig. 2 
bottom row-right) are due to the presence of fast and slow wind in a long comet-like tail.   
 
What is the problem: Observations by Voyager indicate that it is not the thermal particles 
but the suprathermals particles, such as PUIs, that carry most of the thermal pressure in 

 
Figure 1: An overview of the HS. 
The top panel shows the magnetic 
field which varies by a factor of 
four across the HS. The second 
and third panels show the radial 
and tangential speeds observed by 
the V2 plasma instrument (black 
lines) and those derived from the 
V1 low energy charged particle 
data (red lines). The V1 data are 
time-shifted to align the TS and 
HP locations at each spacecraft. 
The bottom panel shows the 
densities at V2. Note the very 
different speed profiles at V1 and 
V2, with radial and tangential 
speeds much higher at V2 than V1 
(-VT is plotted for V1 to highlight 
the magnitude difference). These 
differences are not understood. 
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outer layers of the solar system25-26. How these suprathermal populations evolve in 
response to kinetic effects, such as turbulence18; 21, reconnection19-20 and acceleration, is 
poorly understood, but given their energy contribution they significantly impact global 
scales. Therefore, the plasma distribution in the HS is not known. One needs to understand 
how the PUIs evolve from their creation in the supersonic solar wind23, get transmitted 
through the TS16-17, 24, modified in the HS, and finally charge exchange with neutral H 
atoms and leave the system. The effects of cosmic rays22 are also not included in global 

MHD models. Another 
problem is that model 
ENA maps rely on 
assumptions such as 
the number of PUIs 
produced at the TS, 
what energy these 
PUIs have17, if they 
are accelerated at the 
TS, and how they 
evolve in the HS. 
These assumptions are 
convolved through 
complex MHD models 
to produce maps14-15.  
 
What is needed from 
a new mission: A new 

flagship mission is needed to revisit this region with the capability to measure the plasma 
with in-situ measurements. Some of instruments needed are the ones capable of measuring 
the full ion-distribution of the plasma as well as the weak magnetic fields in the HS. 
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Figure 2: A strong controversy: what is the shape of the 
heliosphere? Top row: Different numerical models give different 
shapes of the heliosphere. Bottom row: observations of ENAs from 
Cassini11 and IBEX13 infer different shapes.  
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