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What is Interstellar Probe?
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Achieving a Dream: A mission to the Interstellar Medium has been 
discussed since 1960

The First Step: Interstellar Probe is a mission concept 
through the boundaries of the heliosphere, in to the 
Local Interstellar Medium

Not A Starship: Uses available or near-term technologies to 
achieve asymptotic speeds larger than those of past missions

Paving the Way: Interstellar Probe paves the way scientifically, technically and 
programmatically for longer interstellar journeys that would require future propulsion 
systems

The Science: Our heliosphere as a habitable astrosphere, the unexplored 
interstellar medium beyond, and opportunities for planetary science and 
astrophysics



• Technology ready for launch by 2030

• Capability to operate and downlink out to 1000 AU

• Power no more than 600 W at the beginning of the mission

• Mission lifetime no less than 50 years
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Mission Study Trade Space
The “Pragmatic” Interstellar Probe
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Pioneer 11 (Lost)

Voyager 1 (149.2 AU)

Voyager 2 (123.8 AU)

Pioneer 10 (Lost)

New Horizons  (47.3 AU)

Interstellar Probe
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Interstellar Probe 
Heliophysics Mission to the Local Interstellar Medium through the Outer Heliosphere

What is the Nature of the Interstellar Medium?
• First In-situ sampling of the Local Interstellar Cloud
• Discover Heliosphere Location within the Cloud
• Unique detection of Interstellar Dust grains 

How do the Sun and the Galaxy Affect 
the Dynamics of the Heliosphere?
• Discover the global response to Sun`s activity
• Influence of the Cloud on the heliosphere
• Galactic Cosmic Rays modulation

What is the global nature of the heliosphere?
• Discover the global shape
• Nature of the Heliosheath filled with energetic particles
• Physical processes behind the ENA Ribbon and Belt
• Structure of the Hydrogen Wall

22 July 2020



Our Heliospheric Shield

Merav Opher
Boston University



HST

Stars have bubbles around them: astrospheres
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Our Habitable Astrosphere

Mira

BZ Camelopardalis

Zeta Ophiuchi

Sol
G2V Main Sequence Star

24 km/s
Habitable

IRC+10216

LL Orionis
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The Heliosphere Shields 75% of Cosmic Rays (up to 1GeV) 
from Milky Way Galaxy

9

Outer Heliosphere
(BATS-R-US)

Particle Tracker
(AMPS)

np, vp, B, Tp 

Sρ, Sρv, Sε

Plasma Neutrals

Cosmic Ray Diffusion in the HS

The heliosphere shields 
>75% of the cosmic rays 
from the Milky Way

Cosmic Ray measurements at Voyager 1

Heliosheath

3

Credit: Ed Stone

• Galactic cosmic rays 
(GCRs) - highly 
energetic charged 
particles that permeate 
the ISM

• Harmful to us 
– Damaging to satellites 
– major obstacle to long 

term human spaceflight

• 75% of GCRs entering 
the heliosphere are 
shielded by the HS
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Voyager 1 and 2

Global maps
of Energetic Neutral Atoms 
(IBEX, Cassini)

In-situ data
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Our Current Models Failed to Explain Key Observations

The differences are not understood
and don’t match current models

Voyager spacecrafts lack instrumentation
capable to measure the weak magnetic
fields in the heliosheath and a key 
component of the plasma 
(energetic particles ~ keV) -> 
need to revisit this region with Interstellar 
Probe

11Interstellar Probe Webinar Series 11 June 2020
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Science Question A: 
What is the global structure of the heliosphere?
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Bubble-like shape (Dialynas et al. 2017)
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Structure of the tail was interpreted as signature of long tail
McComas et al. 2013; 2017

Comet-like shape (McComas et al. 2013)
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Models don’t agree on the shape

Opher et al. 2015; 2020 Pogorelov et al. 2015Izmodenov et al. 2015

ISM

300 AU

300 AU
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New Understanding that the Solar Magnetic Field is the 
backbone of the heliosphere

be changed. However, in this case, the modi!ed (due to the
proposed modi!cation of the Vd direction by about 5°
azimuthally) HDP is at about 30° to the HDP derived from
SOHO SWAN observations. This troubling discrepancy has
been reconciled by McComas et al. (2015), who showed that
the error bars on the IBEX measurements allow the preserving
of the Vd direction from Ulysses measurements while
increasing the LISM temperature from 6250 K to !8000 K.
In this case, the BV-plane again can be considered to be nearly
parallel to the HDP.

Heerikhuisen & Pogorelov (2011), Heerikhuisen et al.
(2014), and Zirnstein et al. (2015) have demonstrated that the
shape of the ribbon depends on the angle between Vd and B ,d
and on the magnitude of B .d This dependence is not as strong
as that on the BV-plane angle to the HDP plane. The correlation
between the directions toward the ribbon and the lines of sight
perpendicular to the ISMF draped around the HP is clearly seen
both in MHD-kinetic (Pogorelov et al. 2008, 2009b; Heer-
ikhuisen et al. 2010) and "uid-neutral simulations (Ratkiewicz
et al. 2012; Grygorczuk et al. 2014). Funsten et al. (2013) show
that the IBEX ribbon is rather circular, although this is not a
great circle on the celestial sphere, and the direction of Bd is
almost toward the ribbon center. In simulations, the deviation is
different for different ISMF strengths and directions, but
depends very little on particle energy. Additionally, it is clear
that the B R 0· � surface, where the ribbon ENAs are born in
the model, approaches the plane B R 0· �d , with the increase
of B ,d i.e., for stronger ISMF, the ribbon approaches the great
circle (Pogorelov et al. 2011). Since in reality the ribbon half-
angle is about 74° (Funsten et al. 2013), magnetic !elds greater
than 3 GN should possibly be excluded. Zank et al. (2013)
arrive at the same conclusion by analyzing the Ly! absorption
in directions to nearby stars.

Voyager 1 crossed the HP in 2012 and started measuring the
ISMF strength in the draped region (Burlaga et al. 2013).
Although these are one-point-per-time measurements, they also
provide restrictions on the direction and strength of B .d For
example, the numerical simulations of Pogorelov et al. (2009b)
provided B R 0· � directions that were consistent with the
IBEX ribbon (McComas et al. 2009; Frisch et al. 2010). The
same choice of the LISM properties also reproduced the
elevation and azimuthal angles in the ISMF beyond the HP (see
Pogorelov et al. 2013a; Borovikov & Pogorelov 2014). On the
other hand, the HP instability simulation of Borovikov &
Pogorelov (2014), which used the LISM properties from
Bzowski et al. (2012), overestimated the elevation angle.

Additionally, restrictions on the LISM properties can be
derived (Desiati & Lazarian 2013; Schwadron et al. 2014;
Zhang et al. 2014) by !tting the anisotropy of 1–10 TeV
cosmic rays observed in air shower observations by the Tibet,
Milagro, Super-Kamiokande, IceCube/EAS-Top, and ARGO-
YGB teams (see the references in Zhang et al. 2014).
According to Zhang et al. (2014), modi!cations to the
unperturbed ISMF produced by the presence of the HP affect
TeV cosmic rays in a way that is consistent with observations,
but require large computational regions, especially for higher
energies. Additionally, Lazarian & Desiati (2010) point out that
ion acceleration due to reconnection in the heliotail may affect
observed anisotropies.

For the reasons described above, heliotail simulations are
very important, especially because there is no way to view the
heliotail’s structure from outside. On the other hand, jets and

collimated out"ows are ubiquitous in astrophysics, appearing
in environments as different as young stellar objects, accreting
and isolated neutron stars, stellar mass black holes, and
supermassive black holes at the centers of active galactic

Figure 1. MHD-plasma/kinetic-neutrals simulation of the SW–LISM interac-
tion with the boundary conditions from Zank et al. (2013). (Top panel) Plasma
density distribution in the solar equatorial plane. The black lines outline the fast
magnetosonic transition, i.e., the plasma "ow is subfast magnetosonic between
these lines. (Middle panel) The shape of the heliopause for two different ISMF
strengths is shown (yellow and blue for B 3 GN�d and 4 "G, respectively).
(Bottom panel) HMF line behavior initially exhibits a Parker spiral, but further
tailward it becomes unstable. Also shown are ISMF lines draping around the
heliopause. The distribution of the plasma density is shown in the semi-
transparent equatorial plane.

2

The Astrophysical Journal Letters, 812:L6 (7pp), 2015 October 10 Pogorelov et al.

Pogorelov et al. 2015Opher et al. 2015

The Solar Magnetic Field confine the solar wind in the 
heliosheath
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A “Croissant-Like” Heliosphere

17

The tension force collimates  the heliosheath flow in two jets (Opher et 
al. 2015; Drake et al. 2015)
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Models predict a much thicker heliosheath than 
observations
Models predict 60-70AU while thickness was 28AU at V1 and 35AU at V2

Time Dependent effects cannot reconcile these measurements 
(Izmodenov et al. 2005; 2008)

ISM

300 AU

300 AU

Indicating that some 
physics is missing in the models

Interstellar Probe Webinar Series 11 June 2020
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How Porous is the Heliopause?

Voyager 1 Voyager 2

The Properties of the Heliopause are not understood 
The crossing of the Heliopause were drastically different at Voyager 1 and 2.

Interstellar Probe Webinar Series 11 June 2020
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Science Question B: 
How do Pick-Up Ions evolve from “cradle to grave”?
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FIGURE 1. Differential intensity

of protons in the heliosheath at

110 AU measured with LECP on

Voy-ager-1 [2,4] and energetic

neutral hydrogen atoms in the V-1

direc-tion observed recently with

IBEX [1] (corrected for extinction

[15]) and C a s s i n i  [2], and

measured from 1996-2006 by

SoHO [8] ±45° from the nose

direction.  The Cassini spectrum

shown is taken from [4]. Four

model EHA spectra are computed

(see text) from four HS proton

populations: (a) HS solar wind, (b)

HS pickup H
+ 

(c) heliosphere

pickup H
+
, and (d) –1.5 power law

tail protons.  The sum of all four

model spectra (bold curve)

matches the entire re-cently

observed EHA spectrum well

within the primarily system-atic

errors of the measurements.

(II) Quasi steady-state conditions apply, and adiabatic cooling is negligible.  (III) The
radial component of the solar wind speed, Vr(r), decreases with r as observed by LECP

[10] and approaches zero at the heliopause. (IV) There is a turbulent component to the
radial speed, δur(r), whose amplitude increases with r beyond rC (where rC is about 10
AU away from the heliopause), becoming comparable to the solar wind speed.  Only
by invoking (IV) can we explain the IBEX-LO ~0.16 keV EHA differential intensity.

METHODOLOGY

The energetic hydrogen atoms (EHAs) measured by IBEX-LO, IBEX-HI, Cassini

INCA and SoHO HSTOF shown in Fig. 1 are created from energetic protons in the

heliosheath by charge exchange with the interstellar hydrogen gas that permeates the

HS.  The governing equation for the production of EHAs is

where jEHA(EEHA) is the differential intensity of energetic hydrogen atoms at energy

EEHA= (2.28•10
-8
vEHA)

2
, jP (EP,r) is the differential intensity of heliosheath protons at

energy EP = (2.28•10
-8
vP)

2
, jP(EP,r) = 1.83 EP 

 
fP(EP,r),  fP(EP,r) is the phase space density

of HS protons at energy EP and distance r, and σ(EEHA) is the charge exchange cross

section at energy EEHA.  We neglect the small speed of the interstellar hydrogen gas and

use the Lindsay and Stebbings [11] expression for the H
+
 on H charge exchange cross

section.  The calculated density of interstellar hydrogen, N(r), increases slightly with r

and we take its value at the termination shock (rTS= 90 AU) to be (0.10±0.015) cm
-3
.

The heliocentric distance of the heliopause, RHP, is a free parameter.  Its current value

in the V-1 direction will be constrained by the published recent EHAs differential

intensity spectrum in the V-1 direction and the value of N at the TS.

(1)j
EHA

(E
EHA

 ) =     j
P
(E

P
, r) σ (E

EHA
 ) N(r)dr,∫

TS

HP
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PUIs are particles with 
energy > ~0.5 keV (hotter 
than the thermal component 
of the solar wind)

Voyager  is “blind” to PUIs 
until 28keV
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The Voyager 2 crossing of the Termination Shock 
showed that 80% of energy in the heliosheath is 
carried by PUIs

Richardson et al. Nature 2005

Richardson et al. Nature 2008 
21Interstellar Probe Webinar Series 11 June 2020



The inclusion of PUIs as a separate fluid deflate the 
Heliosphere

22

Dialynas et al. 2017

The heliosphere has distances from the Sun to the heliopause similar in all directions 

ISM

300 AU

300 AU

Opher et al. Nature Astronomy 2020
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How the Pick-Up Ions evolve from “cradle to grave”?
No. 1, 2010 THE ORIGIN OF LOW-ENERGY ANOMALOUS COSMIC RAYS 93
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Figure 1. Differential intensity vs. kinetic energy in the shock-rest frame for the
three proton populations at the start of the simulation and continuously injected
with the solar wind at the left simulation boundary. Population a (dashed curve)
are thermal solar wind protons, b (solid curve) are freshly ionized pickup ions,
and c (dot-dashed curve) are a high-energy tail whose intensity is adjusted to
be just below the Voyager 2 observations of termination shock particles seen
upstream of the shock in the solar wind (symbols). The open squares represent
averages from 07/007–07/085 and the solid circle symbols are from 07/085–
07/163.

Voyager 2 shock crossings, which took place from DOY 242–
244. The open squares represent averages from DOY 007–
085 and the solid circles are averages from DOY 085–163,
presumably when Voyager 2 was closer to the shock. We assume
that the high-energy, quiet-time, tail that exists in the solar wind
distribution must be at an intensity that is lower than that of
the particles seen upstream of the termination shock. Thus,
the intensity of these particles assumed in our study can be
considered as an upper bound to the actual intensity of these
particles.

3. RESULTS AND DISCUSSION

Figure 2 shows a two-dimensional color-coded representa-
tion of the magnetic-field strength (left) and density of particles
with energies greater than 5 keV (right) at the end of one of
our simulations (the one with ! 2

1 = 1.25 ! 10"3 nT2). The
plot of the field strength reveals the rippling of the shock sur-
face in response to its interaction with upstream turbulence. In
the plot of the density all protons with energies greater than
5 keV, the shock position is indicated as a black curve, and
the white curves are magnetic field lines. The density of these
protons is not uniform along the shock. This was also seen in
our previous study (Giacalone 2005) and was attributed to the
variation in acceleration efficiency at different portions along
the shock, depending on the local geometry of the magnetic
field and shock. When the magnetic field is locally oblique to
the shock-normal direction, particles are more-easily reflected
back upstream of the shock compared to situations in which
the field is nearly normal to the shock. Because turbulent fluc-
tuations exist on scales much larger than the particle gyro-
radii, local-geometry variations such as these are expected to
exist along the shock front leading to intensity variations of
low-energy ACRs.
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Figure 2. Color-coded representations of the magnetic field strength (left) and
number density normalized to the total upstream proton density (on a logarithmic
scale) of all protons with energies greater than 5 keV (right) over the entire
domain of one of the simulations of the termination shock at the end of the
simulation (t = 100 !"1

p,1 = 5.8 hr). The legends to the right of each plot
indicate the values that the colors refer to. In the right plot, the shock front
location is shown as a black line, and several magnetic lines of force are shown
as white lines. The flow of the solar wind plasma is from left to right in these
plots.
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Figure 3. Various representations of the trajectory of an accelerated core pickup
ion. Lower left: particle kinetic energy vs. the x position measured relative to
an average shock location (x̄sh). Upper left: the particle’s z location vs. x " x̄sh.
The gray-shaded band in these two plots represent the maximum and minimum
extent of the shock front relative to the average (note that the instantaneous
location of the shock is a function of z and time). Right: particle kinetic energy
as a function of time.

Figure 3 shows the trajectory of a core pickup ion accelerated
to high energies. The right plot shows the particle kinetic energy
as a function of time. The left two plots show the particle z
location (top) and kinetic energy (bottom) as functions of the x
position relative to the average shock-rest frame. Because the
shock surface is rippled and also moves back and forth in time,
the instantaneous shock location cannot easily be represented
on this plot. Instead, we indicate the maximum and minimum
extent of the shock surface relative to an average position as a
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How and where the Anomalous Cosmic Rays 
(ACRs) accelerated?

Old paradigm: PUIs are accelerated at the Termination Shock to ACRs (MeV energies).
NOT seen at Voyager 1 and 2
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ACRs intensities evolve throughout the Heliosheath

The intensity peaked just 
before the Heliopause

Broad Implications for acceleration 
of particles in space physics and 
astrophysics
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Science Question C: 
How does the heliosphere interacts with Interstellar 
Medium?
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The medium ahead of the Heliosphere in the ISM is 
disturbed by the Heliosphere 

Gurnett et al. 

How far does the heliospheric influence extends into the ISM?
27



Models predicted 
a dramatic 
rotation of the 
magnetic field 
direction upstream 
of the Heliopause

Opher et al. 2006

28

Need to understand the draping of Interstellar Magnetic Field a
round the heliosphere 

McComas et al. 2009
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The Interstellar Magnetic Field is Solar Ahead of the 
Heliosphere at Voyager 1 and 2 

Voyager 1 Voyager 2
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ISM

300 AU

300 AU

Proposed Trajectory of Interstellar Probe: Through the 
Flanks

30

Science to be gain:

• Acceleration of ACRs
• New region in space: flows and 

particles; evolution of PUIs from 
“cradle to grave”

• Draping of BISM 

Voyager spacecrafts lack instrumentation
capable to measure the weak magnetic
fields in the heliosheath and PUIs

Need to revisit this region with Interstellar Probe

Interstellar Probe Webinar Series 11 June 2020



Solar Transients through the Heliosphere and 
Beyond: Opportunities for Interstellar Probe
Jamie Sue Rankin

Interstellar Probe Webinar
June 11, 2020
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Welcome to Interstellar Space

Cummings et al. 2016, ApJ, 831:18

Voyager 1 Cosmic Rays (>70 MeV; Proton-Dominated)

AKA: the “Very Local Interstellar Medium” (VLISM)
Interstellar Probe Webinar Series 11 June 2020
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Electron Plasma Oscillations (Voyager 1)

Gurnett & Kurth 2019, NatAst 3:1024
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Transient-Perturbed Magnetic Field (Voyager 1)
• “Shocks”

• weak, subcritical, laminar, 
resistive, and quasi-
perpendicular.

• 107 km thick 
• à1,000 x’s thicker than 1-

AU counterparts
• small jump ratios 

• à ~1.4 in 2012; ~1.1 in 
2014

• Ramp takes ~5 days 
• à ~minutes near 1 AU

• Likely collisional

Burlaga & Ness 2016, ApJ, 829:134
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Shock-Energized Particles Beyond the Heliopause

Rankin et al. 2020, ApJ 895:103 

Gurnett et al. 2015, ApJ, 809:121
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Galactic Cosmic Ray Anisotropies (Voyager 1)

Rankin et. 2019, ApJ 873:46

Voyager 1 CRS: >20 MeV Protons (Daily Average)

Voyager 1 LECP: >211 MeV Protons (3-Day Average)

Voyager 1 CRS: >70 MeV Protons (Daily Average)
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Anisotropies: Centered on 90° Pitch Angle (Voyager 1)

Rankin et al. 2019, ApJ 873:46

(b)

(a)

Voyager 1 CRS: >70 MeV Protons During 7 Roll Maneuvers (HET 2)

Voyager 1 CRS: >70 MeV Protons During 7 Roll Maneuvers (HET 1)
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Anisotropies: Species-Dependent (Voyager 1)

Rankin et al. 2020, ApJ 895:103 
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Transients in the Very Local Interstellar Medium (VLISM)

Rankin 2018, Caltech Thesis

Interstellar Probe Webinar Series 11 June 2020
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Pressure Pulses: Drivers of Interstellar Transients

Richardson et al. 2017, ApJ 834:190 

Transients Observed by Voyager 2 in the Heliosheath

Kim et al. 2017, ApJ 843:2  

Solar-Wind Data-Driven Model

Interstellar Probe Webinar Series 11 June 2020
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Heliosheath Pressure Derived from a Voyager 2 to 
Voyager 1 Transient
• Very Local Interstellar Medium

• T!"#$% = 20,000 K

• 𝑣!"#$% ~46 km/s

• Heliosheath
• 𝑣&'() ~ 410 km/s

• 𝑐𝑠*+ ~ 310 km/s

• 𝑃,-,./ ~270 fPa

• 𝑷𝑻𝒐𝒕𝒂𝒍 ~ 270 fpa
• Magnetic, thermal, dynamic: ~15%
• IBEX PUI: ~45%
• ACR/GCR: ~22%
• Remaining: ~18%

Rankin et al. 2019, ApJ 883:101
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Heliosheath vs. Very Local Interstellar Medium

Rankin et al. 2019, ApJ 883:101

Interstellar Probe Webinar Series 11 June 2020
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“Heliosphere Responds to Large Solar Wind 
Intensification: Decisive Observations from IBEX”

McComas et al. 2018, ApJL 856:L10
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Massive Pressure Fronts Arrive at Voyager 2 and Voyager 1

Richardson et al. 2017, ApJ 834:190 

Voyager 2 Plasma Observations in the Heliosheath

Burlaga et al. 2019, ApJ 877:31 

~340 days

~35 days

Voyager 1 Magnetic Field Observations in the VLISM

Interstellar Probe Webinar Series 11 June 2020
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A Selection of Open Questions
• How far beyond the heliopause can the effects of transients from the sun be 

observed?
• Why are the galactic cosmic ray perturbations isotropic in the heliosheath but anisotropic 

in the very local interstellar medium?
• Why is the pitch angle anisotropy seen in protons but not in electrons?
• How do in-situ observations caused by merged events differ from those caused by large 

changes in solar wind dynamic pressure?
• What can these events tell us about fundamental physics in the heliosheath and very 

local interstellar medium?
• What drives particle transport and acceleration beyond the heliopause?
• How do these effects compare to the solar wind?
• How do different particle populations contribute to the total pressure in the heliosheath?
• What are the characteristics of the plasma near and beyond the heliopause?

Interstellar Probe Webinar Series 11 June 2020
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A Selection of Open Questions

How far into the 
interstellar 

medium can 
these transients 

be observed?

Why are there 
anisotropies beyond 

the heliopause but not 
in the heliosphere?

Why do the cosmic 
ray electrons behave 

so differently than 
the protons?

What new things can 
we learn about 

fundamental physics 
in the interstellar 

medium?
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Opportunities for Interstellar Probe
• Monitor space weather beyond the heliopause

- Connect to the broader heliophysics fleet
- Track events from the Sun to the interstellar medium
- Map the boundaries of the Sun’s material influence
- Gain perspective on the heliosphere from outside-in

• Provide in-situ context for global observations
- Interstellar Mapping and Acceleration Probe (IMAP)

• Watch the heliosphere evolve under very different solar 
conditions
- Cosmic ray modulation through the heliosphere
- Boundary conditions
- Transient propagation

• Uncover yet-to-be understood properties of the heliosheath and 
interstellar medium
- à temperature beyond the heliopause
- à pressures in the heliosheath
- à plasma and suprathermal particles
- à electrons
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