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equations with corresponding source terms describing neutral-
ion charge exchange.

The inner boundary of our domain is a sphere at 30 AU and
the outer boundary is at x = ±1500 AU, y = ±1500 AU,
z = ±1500 AU. Parameters of the solar wind at the
innerboundary at 30 AU are vSW = 417 km s−1,
nSW = 8.74 × 10−3 cm−3, TSW = 1.087 × 105 K (OMNI solar
data, http://omniweb.gsfc.nasa.gov/). The Mach number of the
solar wind is 7.5 and is therefore super-fast magnetosonic.
Therefore, all the flow parameters can be specified at this
boundary. The solar wind magnetic field is given by Parker
(1958),
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where R0 is the inner boundary at 30 AU, vSW is the solar wind
speed with the radial component BSW= 7.17 × 10−3 nT at the
equator at 30 AU, Θ is the polar angle of the field line, and Ω is
the equatorial angular velocity of the Sun. We assume that the
magnetic axis is aligned with the solar rotation axis.

The solar wind flow at the inner boundary is assumed to be
spherically symmetric. For the interstellar plasma, we assume
vISM = 26.4 km s−1, nISM = 0.06 cm−3, TISM = 6519 K. The
number density of H atoms in the ISM is nH = 0.18 cm−3; the
velocity and temperature are the same as for the interstellar
plasma. The coordinate system is such that the z-axis is parallel
to the solar rotation axis and the x-axis is 5° above the direction
of interstellar flow, with y completing the right-handed
coordinate system. The grid was made up of 6.05 × 107 cells
ranging in size from 0.37 AU at the inner boundary to
93.75 AU at the outer boundary. The tail region in the
heliosheath had a resolution of 0.7 AU all the way to
x = 1000 AU in the deep tail. The case with BISM was run to
480,000 time steps, which corresponds to 659 yr. The case with
no BISM was run to 660,000 time steps, which corresponds to
865 yr.

The strength of the BISM in the model is 4.4 μG. The
orientation of BISM continues to be debated in the literature.
The orientation of BISM is defined by two angles, αBV and βBV.
αBV is the angle between the interstellar magnetic field and the
flow velocity of the interstellar wind, and βBV is the angle
between the BISM–vISM plane and the solar heliographic
equator. To account for the heliospheric asymmetries, such as
the different crossing distances of the termination shock by V1
and 2, a small value of αBV ∼ 10–20° is required (Izmodenov
et al. 2009; Opher et al. 2009). Other studies (Chalov et al.
2010; Heerikhuisen & Pogorelov 2011) have used the observed
shape and location of the IBEX ribbon to constrain the
magnitude and orientation of BISM. However, such constraints
are sensitive to the specific model of the IBEX ribbon, which
continues to be uncertain. In any case, for this study the exact
direction of BISM and its intensity are not important.

3. SOLAR MAGNETIZED JETS

We performed 3D MHD simulations showing that the
heliosphere does not have a comet-like structure. The solar
magnetic field was chosen to be unipolar (Opher & Drake
2013) to avoid artificial numerical magnetic reconnection at the
nose as well as in the solar equator across the heliospheric
current sheet. We also present a simulation with an interstellar

wind but with no interstellar magnetic field to avoid artificial
reconnection at the heliopause interface.
Even with no interstellar magnetic field the heliosphere

develops a two-lobe structure organized by the solar
magnetic field (Figures 1(a)–(c)). The lobes survive due to
the resistance of the solar magnetic field to being stretched.
The magnetic tension force must therefore be sufficiently
strong to collimate the jets. To show this, we estimate the
tension on a field line with a radius of curvature R as

�� _∣ ∣B BF π B π R· 4 ( 8 )(2 )tension
2 . Ftension ∼ 2 PB/R,

where PB is the magnetic pressure. The force stretching the
magnetic field due to the flows is S �_ _∣ ∣v vF · 2streatching

S L S_ _v v R P R2 2v
2 2

ram , where κv is like the curvature
with κ ∼ 1/R and Pram is the ram pressure. So, the ratio
between the two forces Fstreatching/Ftension ∼ Pram/2PB, which
is <1 down the tail past the termination shock (Figure 1(d)).
Thus, the magnetic tension (hoop stress) is sufficient to resist
the stretching by the flows and can collimate jets. The result
is a tail divided in two separate plasmas confined by the solar
magnetic field (Figures 1(a) and (c)). The two lobes are
separated by the pressure of the interstellar plasma that flows
around the heliosphere and into the equatorial region
downstream of the heliosphere (Figure 1(a)). This behavior
can be seen in Figure 1(f) where the meridional flows Uy

are shown and the ISM streamlines flow between the two
lobes in Figure 1(a). Thus, the interstellar wind is not
sufficiently strong to force the north and south lobes of the
heliosphere to merge together to form a comet-like structure.
The thermal pressure from the ISM balances the magnetic
and plasma pressure in the lobes in the y–z plane in the down-
tail region.
In the heliosheath the plasma pressure is generally much

higher than the magnetic pressure, so it might seem surprising
that the magnetic field controls the formation and structure of
the jets. There are two factors that explain why the magnetic
field and specifically the tension forces are critically important.
First, due to the expansion of the plasma as it flows from the
termination shock out toward the heliopause, the plasma
pressure drops until the two pressures are comparable.
Figure 3(a) shows the ratio between the two pressures in a
cut in the meridional plane (y = 0). Immediately after the
termination shock the gas (thermal) pressure dominates (by
almost an order of magnitude), but further out it becomes
weaker due to expansion. Thus, the ratio of the magnetic to
thermal pressure increases. Near the heliopause the system
approaches approximate equipartition. On the other hand,
equipartition is not a requirement at the heliopause boundary.
The ratio between the magnetic to thermal pressure at the
heliopause depends on the value of the interstellar pressure
compared with the thermal pressure downstream of the
termination shock (see for example the plasma and magnetic
profiles for the Crab in Figure 1 of Begelman & Li 1992).
Second, even in a high-β heliosheath it is the magnetic tension
force that controls the total pressure drop from the termination
shock to the heliopause. This was also noted in calculations
related to the Crab Nebula (Begelman & Li 1992). Since there
is no tension force along the axis, this same axial pressure drop
is balanced by the inertia associated with the generation of the
axial flow. This can be shown in a rigorous analytic calculation
of the structure of the heliosheath and associated flow (J. F.
Drake et al. 2015, in preparation). Similar forces have been
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equations with corresponding source terms describing neutral-
ion charge exchange.

The inner boundary of our domain is a sphere at 30 AU and
the outer boundary is at x = ±1500 AU, y = ±1500 AU,
z = ±1500 AU. Parameters of the solar wind at the
innerboundary at 30 AU are vSW = 417 km s−1,
nSW = 8.74 × 10−3 cm−3, TSW = 1.087 × 105 K (OMNI solar
data, http://omniweb.gsfc.nasa.gov/). The Mach number of the
solar wind is 7.5 and is therefore super-fast magnetosonic.
Therefore, all the flow parameters can be specified at this
boundary. The solar wind magnetic field is given by Parker
(1958),
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where R0 is the inner boundary at 30 AU, vSW is the solar wind
speed with the radial component BSW= 7.17 × 10−3 nT at the
equator at 30 AU, Θ is the polar angle of the field line, and Ω is
the equatorial angular velocity of the Sun. We assume that the
magnetic axis is aligned with the solar rotation axis.

The solar wind flow at the inner boundary is assumed to be
spherically symmetric. For the interstellar plasma, we assume
vISM = 26.4 km s−1, nISM = 0.06 cm−3, TISM = 6519 K. The
number density of H atoms in the ISM is nH = 0.18 cm−3; the
velocity and temperature are the same as for the interstellar
plasma. The coordinate system is such that the z-axis is parallel
to the solar rotation axis and the x-axis is 5° above the direction
of interstellar flow, with y completing the right-handed
coordinate system. The grid was made up of 6.05 × 107 cells
ranging in size from 0.37 AU at the inner boundary to
93.75 AU at the outer boundary. The tail region in the
heliosheath had a resolution of 0.7 AU all the way to
x = 1000 AU in the deep tail. The case with BISM was run to
480,000 time steps, which corresponds to 659 yr. The case with
no BISM was run to 660,000 time steps, which corresponds to
865 yr.

The strength of the BISM in the model is 4.4 μG. The
orientation of BISM continues to be debated in the literature.
The orientation of BISM is defined by two angles, αBV and βBV.
αBV is the angle between the interstellar magnetic field and the
flow velocity of the interstellar wind, and βBV is the angle
between the BISM–vISM plane and the solar heliographic
equator. To account for the heliospheric asymmetries, such as
the different crossing distances of the termination shock by V1
and 2, a small value of αBV ∼ 10–20° is required (Izmodenov
et al. 2009; Opher et al. 2009). Other studies (Chalov et al.
2010; Heerikhuisen & Pogorelov 2011) have used the observed
shape and location of the IBEX ribbon to constrain the
magnitude and orientation of BISM. However, such constraints
are sensitive to the specific model of the IBEX ribbon, which
continues to be uncertain. In any case, for this study the exact
direction of BISM and its intensity are not important.

3. SOLAR MAGNETIZED JETS

We performed 3D MHD simulations showing that the
heliosphere does not have a comet-like structure. The solar
magnetic field was chosen to be unipolar (Opher & Drake
2013) to avoid artificial numerical magnetic reconnection at the
nose as well as in the solar equator across the heliospheric
current sheet. We also present a simulation with an interstellar

wind but with no interstellar magnetic field to avoid artificial
reconnection at the heliopause interface.
Even with no interstellar magnetic field the heliosphere

develops a two-lobe structure organized by the solar
magnetic field (Figures 1(a)–(c)). The lobes survive due to
the resistance of the solar magnetic field to being stretched.
The magnetic tension force must therefore be sufficiently
strong to collimate the jets. To show this, we estimate the
tension on a field line with a radius of curvature R as

�� _∣ ∣B BF π B π R· 4 ( 8 )(2 )tension
2 . Ftension ∼ 2 PB/R,

where PB is the magnetic pressure. The force stretching the
magnetic field due to the flows is S �_ _∣ ∣v vF · 2streatching

S L S_ _v v R P R2 2v
2 2

ram , where κv is like the curvature
with κ ∼ 1/R and Pram is the ram pressure. So, the ratio
between the two forces Fstreatching/Ftension ∼ Pram/2PB, which
is <1 down the tail past the termination shock (Figure 1(d)).
Thus, the magnetic tension (hoop stress) is sufficient to resist
the stretching by the flows and can collimate jets. The result
is a tail divided in two separate plasmas confined by the solar
magnetic field (Figures 1(a) and (c)). The two lobes are
separated by the pressure of the interstellar plasma that flows
around the heliosphere and into the equatorial region
downstream of the heliosphere (Figure 1(a)). This behavior
can be seen in Figure 1(f) where the meridional flows Uy

are shown and the ISM streamlines flow between the two
lobes in Figure 1(a). Thus, the interstellar wind is not
sufficiently strong to force the north and south lobes of the
heliosphere to merge together to form a comet-like structure.
The thermal pressure from the ISM balances the magnetic
and plasma pressure in the lobes in the y–z plane in the down-
tail region.
In the heliosheath the plasma pressure is generally much

higher than the magnetic pressure, so it might seem surprising
that the magnetic field controls the formation and structure of
the jets. There are two factors that explain why the magnetic
field and specifically the tension forces are critically important.
First, due to the expansion of the plasma as it flows from the
termination shock out toward the heliopause, the plasma
pressure drops until the two pressures are comparable.
Figure 3(a) shows the ratio between the two pressures in a
cut in the meridional plane (y = 0). Immediately after the
termination shock the gas (thermal) pressure dominates (by
almost an order of magnitude), but further out it becomes
weaker due to expansion. Thus, the ratio of the magnetic to
thermal pressure increases. Near the heliopause the system
approaches approximate equipartition. On the other hand,
equipartition is not a requirement at the heliopause boundary.
The ratio between the magnetic to thermal pressure at the
heliopause depends on the value of the interstellar pressure
compared with the thermal pressure downstream of the
termination shock (see for example the plasma and magnetic
profiles for the Crab in Figure 1 of Begelman & Li 1992).
Second, even in a high-β heliosheath it is the magnetic tension
force that controls the total pressure drop from the termination
shock to the heliopause. This was also noted in calculations
related to the Crab Nebula (Begelman & Li 1992). Since there
is no tension force along the axis, this same axial pressure drop
is balanced by the inertia associated with the generation of the
axial flow. This can be shown in a rigorous analytic calculation
of the structure of the heliosheath and associated flow (J. F.
Drake et al. 2015, in preparation). Similar forces have been
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•  The	
  Parker	
  spiral	
  field	
  
(dominantly	
  Bϕ)	
  produces	
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heliospheric	
  current	
  sheet	
  

•  Misalignment	
  of	
  the	
  magne0c	
  
and	
  rota0on	
  axes	
  causes	
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  sheet	
  to	
  flap	
  

•  Periodic	
  reversal	
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  sheet	
  



Sectors	
  get	
  compressed	
  aMer	
  the	
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  shock	
  



Onset	
  of	
  Collisionless	
  Reconnec0on	
  in	
  the	
  HS	
  
The	
  sectors	
  get	
  closer	
  as	
  they	
  approach	
  the	
  HP	
  

Speed	
  

Collisionless	
  reconnec0on	
  onsets	
  when	
  the	
  
current	
  layer	
  falls	
  below	
  the	
  ion	
  iner0al	
  scale	
  

Reconnec0on	
  simula0ons	
  (Cassak	
  et	
  al	
  ’05),	
  
lab	
  experiments	
  (Yamada	
  ‘07),	
  
magnetosphere	
  observa0ons	
  (Phan	
  et	
  al	
  ’07)	
  

Parameters	
  upstream	
  of	
  the	
  Termina0on	
  
Shock	
  (TS)	
  

HCS	
  thickness	
  ~	
  10,000	
  km	
  based	
  on	
  1AU	
  –
Winterhalter	
  et	
  al.	
  1994	
  

This	
  is	
  a	
  significant	
  uncertainty	
  –	
  need	
  48s	
  mag	
  data	
  
upstream	
  

Ion	
  iner0al	
  scale	
  	
  ~	
  8400	
  km	
  (n	
  ~	
  0.001/cm^3)	
  
Parameters	
  downstream	
  of	
  the	
  TS	
  

HCS	
  thickness	
  ~	
  3,300	
  km	
  based	
  on	
  
compression	
  from	
  upstream	
  
Ion	
  iner0al	
  scale	
  	
  ~	
  4800	
  km	
  (n	
  ~	
  0.003/cm^3)	
  

Collisionless	
  reconnec0on	
  should	
  onset	
  in	
  the	
  
HS	
  

See	
  Opher	
  et	
  al.	
  ‘	
  2011	
  
Drake	
  et	
  al.	
  2010;	
  Swisdak	
  
et	
  al.	
  2013	
  



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. 10	
  



Imaging of the heliospheric tail through  
Energetic Neutral Atoms 

The	
  explana0on	
  was	
  that	
  the	
  slow	
  and	
  fast	
  wind	
  could	
  
explain	
  this	
  structure:	
  McComas et al. 2013; 
Schwadron et al. 2014 11	
  

ENA images from IBEX show two lobes 

with an excess of low energy ENA 
(<1keV) and a deficit at higher energy 
(>2keV) around the solar equator.   

The Astrophysical Journal, 771:77 (9pp), 2013 July 10 McComas et al.
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Figure 7. Top three energies like Figure 3, but for starboard side lobe. Again, the structure shows a clear progression toward the downwind direction (arrow) with
increasing energy.
(A color version of this figure is available in the online journal.)
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Figure 8. Schematic diagram showing (a) a meridional cut through heliotail, (b) a cut as viewed looking down the tail, and (c) the IBEX spectral index observations
from Figure 5 for comparison (note that this is a Mollweide projection spanning the entire tailward hemisphere). Fast solar wind regions in (a) and (b) are indicated in
blue and slow solar wind regions in green. The tail structure in (a) is shown fading out with distance as charge exchange losses deplete the heliospheric ions.
(A color version of this figure is available in the online journal.)

∼350 km s−1. In the downwind direction, the termination shock
is much farther from the Sun (if it even exists as a shock),
so the continuing addition of pickup ions further slows the
wind, perhaps by as much as another 50–100 km s−1. Once
thermalized at the shock (or through other processes), such

slower solar wind would naturally produce the steepest energy
spectra, as observed by IBEX.

The appearance of lobes of low to mid-latitude emissions
instead of a flat emission structure across the tail could be
due to geometric effects based on the viewing geometry and
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Global MHD models with Dipole Field  
(Flipping Orientation across the current sheet) 

12	
  

	
  

Artificial erosion of the solar magnetic field  
	
  
(e.g.	
  Opher	
  et	
  al.	
  2006;	
  Pogorelov	
  et	
  al.	
  2007;	
  Opher	
  et	
  al.	
  2009;	
  Washimi	
  et	
  al.	
  
2011;	
  Pogorelov	
  et	
  al.	
  2013;	
  Opher	
  &	
  Drake	
  2013;	
  etc)	
  
 

Opher	
  et	
  al.	
  2006	
   Pogorelov	
  et	
  al.	
  2009	
  



Meridional	
  cut	
  from	
  a	
  3D	
  MHD	
  
simula0on	
  (Opher	
  et	
  al.	
  2011).	
  
	
  

Grid-­‐induced	
  reconnec5on	
  	
  
that	
  ar0ficially	
  eroded	
  the	
  solar	
  
magne0c	
  field	
  

Global MHD models with Sector Field 
Tilting the Magnetic with Respect to the Rotation Axis 



•  We	
  used	
  a	
  technique	
  to	
  minimize	
  the	
  numerical	
  
dissipa0on,	
  using	
  a	
  monopole	
  configura0on	
  (i.e.,	
  the	
  
Parker	
  Interplanetary	
  Field	
  without	
  changing	
  sign	
  across	
  
the	
  heliospheric	
  current	
  sheet)	
  for	
  the	
  solar	
  magne0c	
  
field	
  and	
  suggested	
  a	
  change	
  in	
  our	
  view	
  of	
  the	
  large-­‐
scale	
  structure	
  of	
  the	
  heliosphere.	
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equations with corresponding source terms describing neutral-
ion charge exchange.

The inner boundary of our domain is a sphere at 30 AU and
the outer boundary is at x = ±1500 AU, y = ±1500 AU,
z = ±1500 AU. Parameters of the solar wind at the
innerboundary at 30 AU are vSW = 417 km s−1,
nSW = 8.74 × 10−3 cm−3, TSW = 1.087 × 105 K (OMNI solar
data, http://omniweb.gsfc.nasa.gov/). The Mach number of the
solar wind is 7.5 and is therefore super-fast magnetosonic.
Therefore, all the flow parameters can be specified at this
boundary. The solar wind magnetic field is given by Parker
(1958),
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where R0 is the inner boundary at 30 AU, vSW is the solar wind
speed with the radial component BSW= 7.17 × 10−3 nT at the
equator at 30 AU, Θ is the polar angle of the field line, and Ω is
the equatorial angular velocity of the Sun. We assume that the
magnetic axis is aligned with the solar rotation axis.

The solar wind flow at the inner boundary is assumed to be
spherically symmetric. For the interstellar plasma, we assume
vISM = 26.4 km s−1, nISM = 0.06 cm−3, TISM = 6519 K. The
number density of H atoms in the ISM is nH = 0.18 cm−3; the
velocity and temperature are the same as for the interstellar
plasma. The coordinate system is such that the z-axis is parallel
to the solar rotation axis and the x-axis is 5° above the direction
of interstellar flow, with y completing the right-handed
coordinate system. The grid was made up of 6.05 × 107 cells
ranging in size from 0.37 AU at the inner boundary to
93.75 AU at the outer boundary. The tail region in the
heliosheath had a resolution of 0.7 AU all the way to
x = 1000 AU in the deep tail. The case with BISM was run to
480,000 time steps, which corresponds to 659 yr. The case with
no BISM was run to 660,000 time steps, which corresponds to
865 yr.

The strength of the BISM in the model is 4.4 μG. The
orientation of BISM continues to be debated in the literature.
The orientation of BISM is defined by two angles, αBV and βBV.
αBV is the angle between the interstellar magnetic field and the
flow velocity of the interstellar wind, and βBV is the angle
between the BISM–vISM plane and the solar heliographic
equator. To account for the heliospheric asymmetries, such as
the different crossing distances of the termination shock by V1
and 2, a small value of αBV ∼ 10–20° is required (Izmodenov
et al. 2009; Opher et al. 2009). Other studies (Chalov et al.
2010; Heerikhuisen & Pogorelov 2011) have used the observed
shape and location of the IBEX ribbon to constrain the
magnitude and orientation of BISM. However, such constraints
are sensitive to the specific model of the IBEX ribbon, which
continues to be uncertain. In any case, for this study the exact
direction of BISM and its intensity are not important.

3. SOLAR MAGNETIZED JETS

We performed 3D MHD simulations showing that the
heliosphere does not have a comet-like structure. The solar
magnetic field was chosen to be unipolar (Opher & Drake
2013) to avoid artificial numerical magnetic reconnection at the
nose as well as in the solar equator across the heliospheric
current sheet. We also present a simulation with an interstellar

wind but with no interstellar magnetic field to avoid artificial
reconnection at the heliopause interface.
Even with no interstellar magnetic field the heliosphere

develops a two-lobe structure organized by the solar
magnetic field (Figures 1(a)–(c)). The lobes survive due to
the resistance of the solar magnetic field to being stretched.
The magnetic tension force must therefore be sufficiently
strong to collimate the jets. To show this, we estimate the
tension on a field line with a radius of curvature R as

�� _∣ ∣B BF π B π R· 4 ( 8 )(2 )tension
2 . Ftension ∼ 2 PB/R,

where PB is the magnetic pressure. The force stretching the
magnetic field due to the flows is S �_ _∣ ∣v vF · 2streatching

S L S_ _v v R P R2 2v
2 2

ram , where κv is like the curvature
with κ ∼ 1/R and Pram is the ram pressure. So, the ratio
between the two forces Fstreatching/Ftension ∼ Pram/2PB, which
is <1 down the tail past the termination shock (Figure 1(d)).
Thus, the magnetic tension (hoop stress) is sufficient to resist
the stretching by the flows and can collimate jets. The result
is a tail divided in two separate plasmas confined by the solar
magnetic field (Figures 1(a) and (c)). The two lobes are
separated by the pressure of the interstellar plasma that flows
around the heliosphere and into the equatorial region
downstream of the heliosphere (Figure 1(a)). This behavior
can be seen in Figure 1(f) where the meridional flows Uy

are shown and the ISM streamlines flow between the two
lobes in Figure 1(a). Thus, the interstellar wind is not
sufficiently strong to force the north and south lobes of the
heliosphere to merge together to form a comet-like structure.
The thermal pressure from the ISM balances the magnetic
and plasma pressure in the lobes in the y–z plane in the down-
tail region.
In the heliosheath the plasma pressure is generally much

higher than the magnetic pressure, so it might seem surprising
that the magnetic field controls the formation and structure of
the jets. There are two factors that explain why the magnetic
field and specifically the tension forces are critically important.
First, due to the expansion of the plasma as it flows from the
termination shock out toward the heliopause, the plasma
pressure drops until the two pressures are comparable.
Figure 3(a) shows the ratio between the two pressures in a
cut in the meridional plane (y = 0). Immediately after the
termination shock the gas (thermal) pressure dominates (by
almost an order of magnitude), but further out it becomes
weaker due to expansion. Thus, the ratio of the magnetic to
thermal pressure increases. Near the heliopause the system
approaches approximate equipartition. On the other hand,
equipartition is not a requirement at the heliopause boundary.
The ratio between the magnetic to thermal pressure at the
heliopause depends on the value of the interstellar pressure
compared with the thermal pressure downstream of the
termination shock (see for example the plasma and magnetic
profiles for the Crab in Figure 1 of Begelman & Li 1992).
Second, even in a high-β heliosheath it is the magnetic tension
force that controls the total pressure drop from the termination
shock to the heliopause. This was also noted in calculations
related to the Crab Nebula (Begelman & Li 1992). Since there
is no tension force along the axis, this same axial pressure drop
is balanced by the inertia associated with the generation of the
axial flow. This can be shown in a rigorous analytic calculation
of the structure of the heliosheath and associated flow (J. F.
Drake et al. 2015, in preparation). Similar forces have been
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Grid with ~ 0.7AU extending to 
1000AU down the tail 

Inner boundary conditions  
(at 30AU): 
Uniform solar wind: 400km/s 
 
Monopole BSW 
parker spiral with same polarity  
in the north as the southern 
hemisphere 

Outer boundary conditions: 
BISM = 4.4 µG; motion 
Through the ISM of 25 km/s 
(also without BISM) 

Simulations with Highly Resolved Grid at the Tail 
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3D MHD Multifluid (Opher et al. 
2009) 
(ionized + neutral H atoms)	
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Upstream the Termination Shock, in the supersonic 
regime Pram/PB > 1 with Pram the local flow kinetic energy  
 
But in the subsonic regime, in the heliosheath 
Pram/PB < 1 

CASE	
  with	
  no	
  BISM	
  



Cut at y=150AU 

speed 
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In the subsonic regime, in the heliosheath, Pram/PB < 1 
and the solar magnetic field has sufficient tension to 
collimate the down-tail flow and funnel it.  

CASE	
  with	
  BISM	
  



Two solar-jets 

Lobes present as well; organized by the solar magnetic field 
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Resistance	
  of	
  the	
  solar	
  magne0c	
  field	
  to	
  
being	
  stretched	
  	
  
The	
  tension	
  on	
  a	
  field	
  line	
  with	
  a	
  radius	
  of	
  
curvature	
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Ftension = B ⋅∇B / 4π ≈ B2 / 8π( ) 2 / R( ) Ftension ≈ 2PB / R

Fstreatching ≈ ρ v ⋅∇v / 2 ≈ ρv
2κV 2 ≈ ρv

2 2R ≈ Pram R

Fstreatching Ftension ≈ Pram 2PB



Resistance	
  of	
  the	
  solar	
  magne0c	
  field	
  to	
  
being	
  stretched	
  	
  
	
  
The	
  ra0o	
  between	
  the	
  two	
  forces	
  is	
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Fstreatch
FB

=
ρ(#/ cm3)
10−3

"

#
$

%

&
'
u(km / s)
50

"

#
$

%

&
'
2 0.1
B(nT )
"

#
$

%

&
'

2

0.175

Taking	
  nominal	
  values	
  u	
  =	
  50km/s;	
  ρ	
  ~	
  0.001#/cm3	
  	
  	
  	
  	
  

FB > FstreatchFor	
  B	
  >	
  0.04nT	
  	
  



Turbulent Lobes 

Cut at y=150AU 

Density 

B 
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In this case the distance to the heliopause down the tail between the two 
lobes is much closer to the Sun (250AU as opposed to 560AU in the case 
with no BISM).  
 
 
The lobes are more eroded as well as a result of instabilities and 
reconnection in the flanks  



Turbulent Lobes 

375 years  404 years  546 years  

Absence	
  of	
  instabili0es	
  in	
  astrophysical	
  jets:	
  high	
  expansion	
  rate	
  
of	
  astrophysical	
  jets	
  leads	
  to	
  a	
  causal	
  disconnec0on	
  of	
  the	
  opposite	
  sides	
  of	
  the	
  jet	
  
(Porth	
  &	
  Komissarov	
  (2014)	
  	
  
	
  
In	
  the	
  subsonic	
  flow	
  regime	
  the	
  jets	
  are	
  causally	
  connected	
  at	
  their	
  
largest	
  spa0al	
  scales.	
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Implication for Particle Acceleration 

Ln T 
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The presence of turbulent lobes has significant implications for 
reconnection and particle acceleration and might even generate shocks 
 
Ø  Could be a site for Anomalous Cosmic Rays? 



An analytic model of the outer heliosphere 

•  Construct an analytic model of the outer heliosphere with 
the termination shock as the inner boundary condition 
and the LISM as the outer boundary condition 

•  Axi-symmetric solution – VLISM and BLISM zero 
•  Goals 

–  What is the radius of the HP and what controls it? 
–  What drives the jets to the North and South? 

–  What is the structure of B, n, P and V? 
–  Why does the weak magnetic field in the HS control the global 

structure of the heliosphere? 

Drake, Swisdak, Opher ApJL 2015 



Basic MHD equations 

•  Axi-symmetric system with no VLISM and no BISM 

•  Pressure of ISM: PLISM 
•  Steady state 
•  Continuity 
	
  

–  Where	
  ψ	
  is	
  the	
  stream	
  func0on	
  

•  Pressure	
  	
  

•  Magne0c	
  field	
  

•  Boundary Conditions at the TS – spherical TS at radius R0 
–  P = P0 , n = n0 , B = B0sin(θ) where θ = 0 along the axis and π/2 at 

the equator, uniform radial flow V0  


∇•n


V = 0


V =

1
n

∇ϕ ×


∇ψ

P
nΓ

= f (ψ)


∇× (


V ×

B) = 0 B

nr
= g(ψ)



Basic MHD equations 

•  Axi-symmetric system with no VLISM and no BISM 

•  Pressure of ISM: PLISM 
•  Steady state 

•  Boundary Conditions at the TS with a radius R0 
–  P = P0 , n = n0 , B = B0sin(θ) where θ = 0 along the axis and π/2 

at the equator, uniform  radial flow V0  

– 3 –

The overall shape of the HS takes the classic form of an astrophysical jet: the flows through

the TS are accelerated to the North and South by the solar magnetic field. The heliopause
radius is determined by continuity: the plasma flow through the TS must balance the outflow
through the jets. We present parallel global MHD simulations in the limit of zero magnetic

field and flow in the LISM which support the analytic model.

One reason the influence of the solar magnetic field on the structure of the heliosphere
is often neglected in the literature is because the pressure of the ambient plasma is large
compared with that of the magnetic field – β = 8πnT/B2 ∼ 10 just downstream of the TS.

We show, however, that the total plasma pressure does not control either the flows in or the
thickness of the HS. The overall pressure in the HS is balanced by the pressure in the LISM.

It is the tension force of the HS magnetic field that controls the pressure difference between
the TS and HP (Axford 1972). To the North and South there is no tension force and this

same pressure difference drives the axial flow of the heliospheric jets. Thus, it is ultimately
the solar magnetic field that controls the large-scale structure of the HS.

2. Analytic Model of the Heliosheath and Heliopause

We consider a simple axisymmetric system in which there is no LISM flow or magnetic
field and the LISM is specified by its ambient pressure PLISM . We write down the steady-

state MHD equations, including continuity, pressure, momentum and magnetic field,

∇ · nV = 0, (1)

∇ · P 1/ΓV = 0, (2)

M∇ · nVV = −∇
(

P +
B2

8π

)

−
B2

4πr
∇r, (3)

∇× (V ×B) = 0, (4)

where r is the radius in cylindrical coordinates, Γ is the ratio of specific heats and B is in the

azimuthal direction. These equations are solved in the HS with boundary conditions on the
density, pressure, magnetic field and flow given just downstream of the spherical TS which

has a spherical coordinate radius Rs. At the TS we assume that the azimuth flow Vφ is zero
and since there are no forces in the φ direction (Eq. (3)), we can take Vφ = 0 everywhere.
Thus, from Eq. (1) we can write

nV = ∇φ×∇ψ, (5)



Basic MHD equations (cont) 

•  Boundary Conditions at the TS of  radius R0 
–  P = P0 , n = n0 , B = B0sin(θ0) where θ0 = 0 along the axis and π/

2 at the equator, uniform  radial flow V0.. One found that:  

–  Where ψ is the stream function 
–  Consequence is that P, n and B are linked throughout the HS 
 

P
nΓ

= f (ψ) = P0
n0
Γ

B
nr
= g(ψ) = B0

n0R0

P = P0
BR0
B0r
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"
#

$
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&

Γ



The	
  Heliosheath:	
  High	
  β	
  limit	
  
•  The plasma in the HS has high β so carry out an 

expansion of the momentum equation in the weak field 
limit with subsonic flows e.g.  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  P=	
  P(0)	
  +	
  P(1)	
  +	
  …..	
  
•  To lowest order  

–  So P(0) = P0 is a constant everywhere in the HS 

– Or 
	
  
	
  

	
  

0 = −

∇P(0)

B(0) = B0
r
R0

P(0) = P0 = P0
BR0
B0r

!

"
#

$

%
&

Γ

(Axford 1972; Chevalier & Lou 1994)	
  



The Heliosheath: High β limit 

•  Expanding in β; with β >>1 
•  First order – keep inertia and B 

•  Neglect the inertia in the r direction and integrate 
from the TS outwards 

mn0

∇•

V (0)

V (0) = −
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∇ P(1) + B0
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8πR0
2

#

$
%

&

'
(−

B0
2r

4πR0
2


∇r

P(1)(r) = − B0
2

4πR0
2 (r

2 − R0
2 sin2θ0 )

P(r) = P0 −
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Radius of the HP 

•  From the pressure balance at the HP 

•  This yields the HP radius rhp 

•  The requirement that the mass flow into the HS 
balance that our of the jets constrain P0-PLISM 
(Drake et al. 2015) 

rhp
2

R0
2 =

8π
B0
2 (P0 −PLISM )+ 2sin

2θ0

P(rhp )+
B0
2rhp
2

8πR0
2 = PLISM



MHD results (no BISM; no VISM) 

N=1000	
   N=10000	
   N=240000	
  

Heliosphere	
  as	
  it	
  expands	
  into	
  the	
  ISM	
  collimate	
  the	
  
heliosheath	
  (subsonic)	
  flows	
  in	
  two	
  jets	
  

nISM	
  =	
  0.4#/cm3	
  	
  so	
  pISM=8.72E-­‐14	
  

Drake,	
  Swisdak,	
  Opher	
  ApJL	
  2015	
  



Magne0c	
  field	
  and	
  speed	
  

Radial	
  flows	
  gets	
  collimated	
  in	
  the	
  Heliosheath	
  

Drake,	
  Swisdak,	
  Opher	
  ApJL	
  (2015)	
  



HP	
  yellow	
  	
  
Iso	
  surface	
  
at	
  logT=13.9	
  



Analytic versus MHD solution 

•  Analytic vs the MHD results;  
•  Note that PB remains  << Pplasma throughout the HS 

TS	
   HP	
  

– 12 –

Fig. 2.— Cuts through the data of Fig. 1 of the total pressure (solid), plasma pressure
(dotted) and magnetic pressure (dashed) versus r at the equator in (a) and within the jet in

(b). In (c) cuts from the MHD simulation of Fig. 4 along the equator.

– 12 –

Fig. 2.— Cuts through the data of Fig. 1 of the total pressure (solid), plasma pressure
(dotted) and magnetic pressure (dashed) versus r at the equator in (a) and within the jet in

(b). In (c) cuts from the MHD simulation of Fig. 4 along the equator.



The jets are still present besides in locations where there is 
artificial dissipation of the magnetic field due to numerical 
reconnection in the current sheet;  

Case with Dipole Magnetic Field 



Density and Speed 





The jets in the case of the heliosphere are driven downstream of the 
termination shock similar to what was proposed for the Crab Nebula 
(Chevalier & Luo 1994; Lyubarsky 2002). In this region of subsonic flow 
the magnetic tension (hoop) force is strong enough to collimate the wind. 
The tension force is also the primary driver of the outflow.  
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Two-lobe structure heliosphere:  
similar to astrophysical jets  

Opher	
  et	
  al.	
  ApJL	
  2015	
  
X-­‐Ray	
  image	
  of	
  the	
  Crab	
  Nebula	
  Jets	
  


