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• Multi-scale structures in the solar wind
• Corotating Interaction Regions from inner to 

outer heliosphere
• Coronal Mass Ejections forming global 

disturbances (MIRs)
• Beyond the heliosphere: Shocks in the very 
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Multi-scale structure of the solar wind
• Large-scale disturbances in the solar wind (>107 km) 

o Coronal Mass Ejections (CMEs) 
o Corotating Interaction Regions (CIRs)

• Mesoscale structures (~104-106 km) in the solar wind: 
o Magnetic flux tube meandering, small-scale magnetic flux ropes, density fluctuations, CME and 

CIR substructures 
• Small ion-kinetic scale (<103 km): MHD and kinetic waves

3
Interstellar Probe Exploration Workshop | Explorer’s Club | NYC | 10-12 October, 2018.

Resolving mesoscales in global solar 
wind simulation for the first time

GAMERA-Helio (Mostafavi et al. 2022)

Stream interaction regions
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Corotating Interaction Regions

Gosling and Pizzo 1999

• Region with high plasma density, 
pressure, magnetic field

• Forward-reverse shocks form at 
distances 2-8 AU from the Sun

• Measured in-situ by L1 observatories, 
Ulysses, Voyagers, Pioneer
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CIRs are complex long-lived 3D structures

Gosling and 
Pizzo 1999

Schematic view

• Forward shocks propagate toward the equator
• Reverse shocks propagate toward the poles
• Ulysses:

• More forward shocks at low heliolatitudes (<10º)
• More reverse shocks at higher heliolatitudes (>30º)
• Both forward and reverse shocks at mid latitudes Guo and Frorinski 2014
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New Horizons observed successors of CIRs at 30-35 AU 

Kollmann+ 2019

• Interpreted at forward shocks 
associated with CIR remnants

• Similar plasma structures were 
detected by Voyager 2 at 45 AU 
(Lazarus et al. 1999)

• What processes led to a lack of 
reverse shocks at these 
heliocentric distances? 
• 3D evolution: reverse 

shocks are dominant at 
higher latitudes

• Reverse shocks become 
weak in CIR merging 
process?

Forward shocks
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Weakening of CIR shocks in the heliosphere

• Reverse shocks weaken and 
disappear due to interaction 
with rarefaction waves 
behind the CIRs in the solar 
wind.

• Forward shocks are left but 
weaken

• Fast magnetosonic waves 
propagate in the heliosheath

• Qualitatively agrees with 
solar wind speed profiles 
observed by SWAP/New 
HorizonsSimulation of CIR plasma structures

(Provornikova et al. 2012)

BU Global Model

Forward shocks 
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Simulations of complex 3D solar wind structure
GAMERA-Helio model 0.1-10 AU

• Solar wind driven by conditions in the 
solar corona 0.1 AU

• GAMERA-Helio model (Merkin+2011, 
Merkin+2016, Mostafavi+2022)

• Very complex structure of the solar wind
• Future work – to extend beyond to New 

Horizons distances

Latitude-longitude maps of the solar wind at 0.1 AU
Declining phase
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Simulations of complex 3D solar wind structure
GAMERA-Helio model 1-10 AU

Meridional 
plane

Solar Equatorial 
plane

CIR

CIR

Future work: To 
extend the model to 
New Horizons 
location and beyond, 
compare to SWAP

CIRCIR

Solar wind structure 
is much more 
complex than in 
simplified models 
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Solar Coronal Mass Ejections and MIRs

12

Magnetized clouds of plasma released from the Sun, merge in the 
heliosphere and produce large-scale disturbances in the solar wind and in 
the VLISM

CME in Inner Heliosphere

MIR in Outer Heliosphere

• CMEs expand, merge forming MIRs
• Drive shocks in outer heliosphere
• Significant change in solar wind parameters
• Modulate transport of cosmic rays

Richardson et al 2006

Voyager 2 at 79 AU

GAMERA-Helio model
Provornikova+ in prep



MIRs in transit through heliospheric boundaries

13

A&A 552, A99 (2013)

Fig. 5. Meridional cuts through the Oz-V2 plane from a 3D MHD sim-
ulation showing the log of the solar wind number density (cm−3), the
velocity (km s−1), the log of the temperature (K), and the magnetic field
magnitude (nT) at t = 1 yr after the reverse shock crossed the TS. FS′
denotes the forward shock propagating into the heliosheath; T D1 and
T D2 are tangential discontinuities; TS is the termination shock; R de-
notes a rarefaction wave formed after the interaction of the TS and the
reverse shock.

discontinuity, and a slow rarefaction wave. Figure 5 shows the
results of our simulation; the solar wind parameters are plotted
as in Fig. 4 but at t = 1 yr when the reverse shock crossed the
TS′. It can be seen that a tangential discontinuity (denoted T D2)
and a rarefaction wave R propagate into the heliosheath after the
TS′ interaction with the reverse shock (Fig. 5). At the tangential
discontinuity, the plasma density and the magnetic field decrease
and the temperature increases, while the total pressure remain
constant. In the rarefaction wave R, the parameters change con-
tinuously. The velocity change in the rarefaction wave is negli-
gibly small. Since the configuration of a shock-shock interaction
in MHD could be very complex, some additional waves and dis-
continuities may arise in the heliosheath that are not resolved in
the simulation. Our simulation shows that after merging with the
reverse shock, the strength of the TS increases by 10% and the
TS is displaced by 2.6 AU away from the Sun due to increasing
solar wind dynamic pressure at the reverse shock.

Therefore, when an interaction region bounded by a pair
of shocks passes the TS, a new large-scale region of disturbed
solar wind plasma forms in the heliosheath and propagates to-
ward the HP. This new disturbance has a complex structure, it is
bounded by the forward shock FS′ at the front and the tangen-
tial discontinuity T D2 at the rear (see Fig. 5). The TS strength
is little changed by the passage of this pair of shocks. The for-
ward shock weakens after interacting with the TS. In the he-
liosheath, the forward shock strength varies with latitude: the
values of δFS obtained within ±10◦ from the Voyager 2 direc-
tion showed that δFS remains nearly constant toward the higher
latitudes and decreases by 5% to the equator. At the tangen-
tial discontinuity T D2, the solar wind number density decreased
by 30%. The region between FS′ and T D2 is compressed heated
plasma with an enhanced density and magnetic field, moving

into the heliosheath faster than the ambient plasma (plot of ve-
locity in Fig. 5). The solar wind is highly variable in this region
due to formation of waves and discontinuities, as shown above.
In the following section, the propagation of this large-scale dis-
turbed region through the heliosheath is discussed.

3.3. Propagation in the heliosheath

The heliosheath is a region with spatial variations of the solar
wind parameters that may affect the shock properties and ampli-
tudes of the disturbances propagating from the supersonic solar
wind. Along the Voyager 2 direction from the TS to the HP, the
plasma decelerates and the magnetic field magnitude increases.
A region with enhanced magnetic filed exists near the HP (see
Fig. 1). In our simulation the forward shock transmitted from the
supersonic solar wind into the heliosheath is a weak perpendic-
ular shock. For a weak perpendicular shock a dependence of the
shock speed on the background parameters is given by (Gurnett
& Bhattacharjee 2005)

V2
n = 2(c2

s + c2
A)/(δ − 1)(δmax − 1),

where Vn = (Vsw − D) · n is the normal component of upstream
plasma velocity in the shock frame, D is the shock speed, cs is
the sound speed upstream the shock, cA is the Alfven speed up-
stream the shock, δ is the ratio of upstream and downstream den-
sities at the shock, and δmax = (γ + 1)/(γ − 1), where γ = 5/3.
In the heliosheath along Voyager 2, cs decreases and cA in-
creases due to increase of magnetic field. The term (c2

s + c2
A)

remains nearly constant across the heliosheath, which gives a
constant V2

n . But the solar wind velocity decreases across the
heliosheath due to deceleration toward the HP. Therefore, a de-
celeration of the forward shock in the heliosheath should occur.
Our simulation shows that the forward shock speed decreases
by 10%. While the large-scale disturbance moves through the
heliosheath, the compression of the shock also decreases by 6%.
The 3D effects of the flow become more pronounced when the
forward shock approaches the HP. Figure 6 shows plasma den-
sity and velocity streamlines in the V2-Oz plane in different mo-
ments of time while the disturbance propagates through the he-
liosheath. Near the HP δFS = 1.3 in Voyager 2 direction. Values
of δFS within ±10◦ from the Voyager 2 direction show a latitu-
dinal dependence: δFS increases by 5% with increasing latitude
and decreases by 10% from the Voyager 2 toward the equator.
The forward shock becomes stronger with increasing latitude,
because the solar wind turns around the HP to the heliospheric
tails and compressed plasma behind the shock moves to the
higher latitudes (Fig. 6). Our analysis of 3D effects was per-
formed within the narrow highly resolved grid cone, but in gen-
eral stronger 3D variations may exist in the heliosheath.

Our simulation shows an essential radial and latitudinal ex-
pansion of the interaction region in the heliosheath. After the TS
crossing, the radial width of the interaction region is 22 AU; it
increases by 60% closer to the HP. From Fig. 6 it can be seen
that the disturbed region significantly spreads in latitudinal ex-
tent. The interaction region with latitudinal extension∼30◦ in the
supersonic solar wind produces a large-scale disturbed region in
the heliosheath with an extension of about 50◦.

Figure 7 shows the normalized solar wind number density,
the total pressure, the temperature, and the magnetic field along
the Voyager 2 direction for different moments of time while a
disturbance travels throughout the heliosheath. The disturbance
is characterized by two peaks of the magnetic field: B increases
at the forward shock FS and at the tangential discontinuity T D1.

A99, page 6 of 9
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Two-dimensional MHD interaction of two shocks

Baranov, Barmin, Pushkar` 1996

• Five dimensionless parameters define the 
flow after shocks’ interaction

• Shocks, other type discontinuities and 
waves arise in interaction

Provornikova et al. 2013

3D simulation of MIR-driven shock 
interaction with the Termination Shock

• Large fluctuations of solar wind due to 
shock-shock interaction 

• Highly variable plasma in heliosheath



Reflection of waves inside the heliosheath

14

Realistic outer heliospheric modelling 7

Figure 6. Same format as Fig. 5, but along the Sun-V2 direction, and the white line now denotes the V2 trajectory.

by W07, is found to hold when neutral hydrogen is included self-
consistently in our current simulations.

The time-varying HP surface along the Sun-V1 and Sun-V2 lines
is identified in the temperature decrease associated with the colour
change from cyan to blue at 130–135 au (V1) and 122–125 au(V2)
from the Sun in Figs 5 and 6, respectively.

A sharp increase of density is found in the heliosheath around
118–120 au in Fig. 6(d). This density-increase surface is found to
correspond to the rapid decrease of temperature in Fig. 6(c) and
also to the magnetic-intensity minimum in Fig. 6(e). Along this
line, the current should be the strongest, hence this thin and strong
current region can be identified as the current sheet. Just below
this line, a region of maximum toroidal magnetic field intensity,
illustrated in Fig. 6(f), is present. All these structures suggest that
a plasma sheet is present with a width of a few au between the
sharp density increase and the HP, and the sharp density-increase
line simply corresponds to the current sheet. A global heliospheric
current should flow along the HP surface from the equator to the

pole and also towards the heliotail, forming plasma and current
sheets. At the lower side of the current sheet, the magnetic field will
reach maximum strength (Washimi & Tanaka 1996). This magnetic-
field maximum (magnetic wall) is found at 105–115 au in Fig. 6(f).
It is reasonable that the thermal pressure in Fig. 6(b) is reduced
on the magnetic wall so that the sum of thermal and magnetic
pressures is constant along the radial direction. Fig. 6(c) shows
that the temperature in the inner heliosheath is very high but drops
abruptly at the inner boundary of the plasma sheet and beyond. Thus,
by comparing Figs 6(a)–(f), we see that the heliosheath possesses a
fine, layered structure. In summary, a magnetic wall, plasma sheet
and the current sheet can be identified in the outer region of the
heliosheath (Fig. 6).

Similarly, fine structure is also found in Fig. 5. However, the
situation is more complicated: in this case, we find that two current
sheets are formed in Fig. 5(e), and the opposite polarity magnetic
field is found to occupy the region (red zone in Fig. 5f) between
the two current sheets. This means that so-called equatorial current

C© 2011 The Authors
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

Washimi et al. 2011

• Shocks and pressure pulses 
bounce to heliopause moving 
it outward

• Magnetosonic waves reflect 
from the heliopause (or 
plasma depletion layer?) back 
inside heliosheath

• Reflected waves bounce to 
termination shock and  move 
it inward
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Voyager 1 observations beyond the Heliopause

Voyager 1 observations: 2 shocks and 2 pressure fronts

Parisa Mostafavi.                                                                                                            COSPAR 2022
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Voyager 1 observations (sh1)
• Shock 1 (sh1):
• In situ observations of plasma oscillations that 

were generated by electrons accelerated by a 
shock. 

• Also an increase in B. 

• Weak MHD shock: B2/B1 = 1.4

• Laminar, subcritical, resistive, quasi-perpendicular 
shock. 

• Shock thickness = 8.7 days

• ~104 broader than a shock with similar properties 
at 1 au.  (30-60s). Burlaga et al. (2013)

Parisa Mostafavi.                                                                                                            COSPAR 2022
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What is the origin of shocks in VLISM?
• Driven by disturbances originated near the Sun (CMEs, 

CIRs, GMIRs). They evolve as they propagate. 

• Shocks can merge and generate stronger shocks. 

§ The interaction of a shock and HTS and HP is a very 
complicated problem. 

§ Different model of shock propagation: 
§ Whang & Burlaga; Story & Zank; Washimi et al; 

Provornikova et al., Washimi et al., … : shock propagation, 
collision of shock with HTS and HP. Movement of HTS and 
HP and propagation of shocks in the VLISM. 

§ Kim et al. (2017):  3D data-driven time-dependent model 
can predict the arrival of disturbances and corresponding 
radio emissions to V1 in the VLISM with reasonable 
accuracy.

Parisa Mostafavi.                                                                                                            COSPAR 2022

Credit: JHU/APL
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• Focusing and defocusing of the interstellar dust in 
the heliosphere is the effect of the global static 
magnetic field configuration

• Do large-scale disturbances in the solar wind like 
GMIRs affect propagation of interstellar dust? 

• For small particles gyroradii is larger or 
comparable with the scales of GMIRs – dust 
scattering?

Interaction of interstellar dust with solar wind structures

Slavin+2012, 
Alexashov et al. 2016, 
Sterken+2022
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• Lack of reverse shocks observed by SWAP/New Horizons may be a result of their 
weakening in the interaction with the rarefaction regions 

• Merged CIRs and CMEs drive large-scale disturbances in the distant solar wind 
and heliosheath, cause displacements of the TS and HP

• Modeling solar wind structures with GAMERA-Helio model at the New Horizons 
location is in progress 

Summary

• What will New Horizons observe with an increasing number of CMEs (seen by 
Parker Solar Probe) as we are transitioning to solar maximum?

• How are solar wind structures measured by New Horizons at large distances 
linked to the solar corona structure and dynamics?

• What processes control evolution of structures and shocks through the vast region 
between inner heliosphere observatories and New Horizons?

• Are there effects of large scale solar wind structures on motion of small dust 
particles? 

Open Questions


