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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

To the Unknown Local Interstellar Cloud
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Interstellar Probe 
Heliophysics Mission to the Local Interstellar Medium through the Outer Heliosphere

What is the Nature of the Local Interstellar Medium?
• First In-situ sampling of the Local Interstellar Cloud properties
• Mapping hydrogen distribution in the Hydrogen Wall
• 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

10 August 2020Interstellar Probe Study
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Voyager 1&2, the first visitors of the Local Cloud

NASA JPL

Local 
Interstellar 

Cloud

• Voyagers explored within 30 AU from the 
boundary

• Plasma density increase by a factor of 20 

• Unexpected direction of the magnetic field 
outside the heliosphere

• Solar disturbances reach beyond the 
heliosphere

• The nature of the LIC remains unknown!
?

Interstellar Probe Study
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Impact of LIC properties on the global heliosphere

Baranov and Malama 1993

Fully ionized  LIC Partially ionized  LIC

LIC ionization

Interstellar Probe Study
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Izmodenov & Alexashov 2020

LIC conditions largely determine how our heliosphere look like

Impact of LIC properties on the global heliosphere
LIC magnetic field

Interstellar Probe Study
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Today`s Webinar
Into the Unknown Local Interstellar Cloud

Dr. Seth Redfield
Wesleyan University

Dr. Rosine Lallement
CNRS, Observatoire de Paris-Meudon
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Charting the Physical Properties of 
the Local Interstellar Medium

Seth Redfield
Associate Professor
Wesleyan University

In collaboration with: Jeffrey Linsky (CU), Brian Wood (NRL), Hans Müller (Dartmouth)
former Wesleyan students: Julia Zachary (SAO), Julian Dann (LANL), Eric Edelman (ERAU)
current Wesleyan students: Hunter Vannier (ISM along Sun’s historical path)

Fallon Konow (survey of 37 new LISM sight lines)
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Redfield & Linsky (2008, 2015)
NASA/Goddard/Adler/U. Chicago/Wesleyan

Interstellar Probe Study
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The Pristine ISM
The Astrophysical Journal, 763:20 (13pp), 2013 January 20 Zank et al.

Figure 1. Model 1 plots of the logarithm of the plasma temperature Tp (K) (top row) and neutral H number density nH (cm!3) (bottom row) plotted in the ecliptic (left
column) and polar (right column) planes. The scale on the axes is in AU and the color logarithmic temperature is measured in K and the neutral H density in cm!3.
Here and below, the coordinate system used is such that z refers to the solar rotation axis, and x is aligned so that the LISM flow has a negative x-component and zero
y-component.
(A color version of this figure is available in the online journal.)

Voyager 1 and 2 trajectories. For these simulations, we use the
Huntsville three-dimensional (3D) MHD plasma–kinetic neu-
tral H code MSFLUKSS (Pogorelov et al. 2004, 2006, 2008,
2011; Heerikhuisen et al. 2006, 2007). This particular model
uses a kappa distribution (with ! = 1.63 everywhere) for the in-
ner heliosheath plasma (Heerikhuisen et al. 2008; see Livadiotis
& McComas 2009), which allows us, at a relatively simplified
level, to approximate the complex proton distribution in the in-
ner heliosheath (Zank et al. 2010; Desai et al. 2012). The neutral
H, both interstellar and that generated by the interaction of LISM
neutral H with the solar wind, is determined by solving the corre-
sponding charge exchange form of the Boltzmann equation with
appropriate source terms from the various plasma distributions
(Pauls et al. 1995; Zank et al. 1996b; Zank 1999; Müller et al.
2000; Heerikhuisen et al. 2006). We compute the appropriate
source terms for the plasma equations from the kinetic neutral
H distribution, thereby ensuring a self-consistent coupling of
plasma and neutral H throughout the solar-wind–LISM inter-
action region. The source terms are constructed based on the
statistics of individual events (see Heerikhuisen & Pogorelov
2010 for a description of the method).

Although we utilize a steady-state model for the solar wind,
we should be cognizant of the importance of the variable solar
wind. Factors such as solar cycle and even longer term variability
in the ram pressure (McComas et al. 2000, 2008) will affect
the location and asymmetry of the HTS and heliopause on
corresponding timescales (Zank & Müller 2003; Scherer & Fahr
2003; Izmodenov et al. 2005b; Pogorelov et al. 2009a, 2011),
and solar wind disturbances, especially during solar maximum,
lead to significant movement of the HTS and heliopause and the
generation of considerable variability in the inner heliosheath
and even beyond (Zank & Müller 2003; Washimi et al. 2011,
2012). Indeed, the solar wind induced disturbances propagating

into the LISM will heat the very localized plasma weakly and
may even create surrogate bow waves or shocks under LISM
plasma conditions corresponding to the one-shock model. Solar
wind variability is likely to be more important for the case of a
marginally super- or sub-Alfvénic LISM flow.

A much more detailed discussion of the three models used
here is presented in J. Heerikhuisen et al. (2013, in preparation).
As illustrated in Figure 1, Model 1 (|B| = 2 µG, np =
0.13 cm!3) very clearly possesses a bow-shock-like transition,
although comparatively weak. The top row of Figure 1 plots the
plasma temperature on a logarithmic scale and, although a little
difficult to discern in these 2D plots, a temperature gradient is
present, extending from the heliopause into LISM beyond the
bow shock. The gradient, as we show below, is more appar-
ent in the 1D cuts below (see Figure 4 where we show values
along the "-Cen sightline). The presence of the temperature
gradient was discussed by Zank et al. (1996b) who compared
a gas-dynamic-only (i.e., no neutral H present) 2D model of
the solar-wind–LISM interaction to an otherwise identical self-
consistently coupled gas dynamic–neutral H model. In the case
of the gas-dynamic-only model, Zank et al. found that no temper-
ature gradient was present. However, the self-consistent model
showed that hot neutral H created in the hot heliosheath prop-
agated into the LISM where it eventually experienced charge
exchange to produce hot protons in the LISM. This process
leads to the formation of an extended temperature gradient. Such
non-classical transport of heat across the heliopause (a tangential
discontinuity), mediated by neutral H and the charge exchange
process, is quite unlike standard MHD. As a result of the temper-
ature gradient, there is a gradual change in the sound (and hence
magnetosonic) speed, which changes as T 1/2, increasing as it
approaches the bow shock and heliopause region. This effect
can be sufficiently strong, as noted by Pogorelov et al. (2008),
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Figure 8. 1D plots of the neutral H number density (top), neutral H temperature
(middle), and neutral H velocity (bottom) along the !-Cen sightline for
Model 1 (red curve), Model 2 (blue curve), and Model 3 (green curve).
(A color version of this figure is available in the online journal.)
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Figure 9. 1D radial velocity distribution function for neutral H at 300 AU along
the !-Cen sightline. The red curve shows the Model 1 reduced distribution
function, the blue curve that for Model 2, and the green curve is for Model 3.
The black dashed line corresponds to the Maxwellian distribution assumed at
1000 AU as the boundary condition distribution for kinetic neutral H model.
The x-axis is measured in km s"1.
(A color version of this figure is available in the online journal.)

where UH is the neutral H velocity km s"1, # is the wavelength
in Angstroms from line center in the heliocentric rest frame,
and NH is the H-wall column density. The term bH is the
“Doppler parameter” and includes the line broadening due to all
mass motions, both thermal (mass-dependent) and non-thermal
(mass-independent), the latter of which might be called turbulent
motion, and is measured in km s"1. Note that both H i and D I are
dominated by thermal broadening in the ISM, and presumably
even more so in the hotter heliosphere. Although the neutral H
column density varies across the three models, the velocity and
temperature differences can have the largest effect on optical
depth.

In closing this section, we present in Figure 9 the reduced
neutral H distribution function. Figure 9 shows the radial
velocity distribution function at 300 AU along the !-Cen
sightline for the three models considered. The 1D distribution
functions very nicely illustrate the basic physics that we have
described above. Overplotted on the figure is the assumed
neutral H Maxwellian distribution at 1000 AU (in all cases
almost identical since the temperature is equal and the number
densities are only slightly different). Because the LISM plasma
has been heated by secondary charge exchange, the neutral H
core distribution has broadened considerably in all cases. The
hot neutrals created in the inner heliosheath form an extended
tail to the Maxwellian-like core from about #70 km s"1 to
#300 km s"1. The fast neutrals created by charge exchange
with the supersonic solar wind manifest themselves as the broad
bump at the fast end of the distribution, from #300 km s"1

to #470 km s"1. It is the neutral H particles in the extended
(i.e., outflow) part of the distribution function that leads to the
physical effects associated with the bow shock-transition region
discussed here.

3. Ly! ABSORPTION

It was recognized that a very powerful diagnostic tool for
constraining the structure of the global heliosphere was the ab-
sorption of stellar Ly! light by interstellar neutral H observed by
the Hubble Space Telescope (Linsky & Wood 1996; Gayley et al.
1997). The absorption signatures in stellar Ly! will be mediated

9

AU

AU

Zank et al. (2013)
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Spectroscopy of the LISM

Konow, Redfield et al. (2020, in prep)

Local ISM
• modest column density
• Simple absorption profile
• Only detected in UV
• reliable physical 

measurements possible 
including: temperature, 
turbulent velocity, 
abundances, ionization, 
dust composition, density

• line-of-sight averaged

EK DraEP Eri
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Observations of the LISM

Konow, Redfield et al. (2020, in prep)
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Clouds of the LISM

Redfield & Linsky (2008)
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Global Morphology of the LISM

Redfield & Linsky (2002) 
Linsky, Redfield, & Tilipman (2019)
Frisch, Redfield, & Slavin (2011)

Provides the only global picture 
of morphology and physical 

properties of the LISM

Global dynamical structure, but 
clearly small-scale structure that 

remains unobserved Blue 

Aur 

Gem G Aql 

Eri 

Hyades 

Oph 

Mic 

LIC 
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Dust in the LISM

Wood, Redfield, et al. (2003) Dann & Redfield (2017)

Frisch, Redfield, & Slavin (2011)

infer dust composition apply dust model
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The Sun’s Historical Trajectory

A Hubble UV survey 
of the LISM along 
the path the Sun 

traversed over the 
last ~4 Myr

Vannier, Redfield et al. (2020; in prep) 
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The Sun’s Historical Trajectory

Vannier, Redfield et al. (2020; in prep) 

A Hubble UV survey 
of the LISM along 
the path the Sun 

traversed over the 
last ~4 Myr
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The Interaction of Stars with the LISM
Lyman-𝛂 absorption enables 
observations of astrospheres 

around nearby, planet-hosting, stars

The heliosphere will be the gold-
standard when evaluating 

astrospheres of other (planet-
hosting) stars

Provides perhaps the only measure 
of solar-like wind strengths, which is 
critical to evaluating the habitability 

of planets

Vannier, Redfield et al. (2020; in prep) 
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Outline/Conclusions
Why this is so compelling…
• Closest example of general interstellar physics that dominates galaxies and galaxy evolution
• The Sun is in the midst of a rich and complex suite of interstellar clouds
• UV spectroscopy has opened a new window into immediate surroundings (but, tied to Hubble’s mission lifetime)
• Provides the only global picture of morphology and physical properties of the LISM

Key Questions and Discoveries Enabled by Interstellar Probe…
• Limited by line-of-sight averaging… and stars are few and far between
• Global dynamical structure, but clearly there is small-scale structure that remains unobserved
• Density, temperature, and turbulence are fundamental properties that are extremely difficult to measure
• Need a comprehensive inventory of abundances across ions, neutrals, and dust
• Dust size distribution important (particularly as an environmental hazard if moving at very high speed)
• The heliosphere will be the gold-standard when evaluating astrospheres of other (planet-hosting) stars
• Provides perhaps the only measure of solar-like wind strengths, which is so important to habitability of planets

Interstellar Probe Study



Into the Unknown Local Interstellar 
Cloud 
Why are “in situ” measurements of the ambient “circumsolar” 
interstellar medium so essential?
Rosine Lallement
CNRS Directeur de Recherche Emeritus
GEPI / Observatoire de Paris France
rosine.lallement@obspm.fr
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Termination shock

Heliopause
Flot of interstellar
plasma

Voyager 1
TERMINATION SHOCK xing 12/2004 at 
94 A.U.

HELIOPAUSE  09/2012 at 122 A.U.

Voyager 2
TERMINATION SHOCK 
08/2007 at 84 A.U.

HELIOPAUSE 
12/2018 at 119 A.U
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V= 25.5 km/s
l= 255°
b= +5°
N(H) ~ 0.15cm-3
N(He) ~ 0.015cm-3 
N(e-) ~ 0.05 cm-3
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• ESSAIS

Solar proton (fast)
interstellar
H atom (slow)

e-
Electron capture 

STEP 1

STEP 2

STEP 3

STEPS 4, etc.....

Fast neutral atomSlow H+
counterstreaming

H+

energized pickup H+
=suprathermal solar
wind H

ESCAPE OF
HOT
NEUTRAL 
H ATOM
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Neutrals explain most “surprises” [the “cool” shocked wind, 
the IBEX “ribbon”,..] and probably remaining “mysteries” 

= > ISP data mandatory to achieve a self-consistent picture of the whole heliospheric “system” and 
apply to other astrospheres (especially harbouring habitable planets)

They would supplemental Voyager (the low-energy plasma instruments were not designed for the IS 
characteristics=> large uncertainties on direct measurements

-Unanswered questions: nature of the “stagnation region” encountered by Voyager 1? magnetic 
field draping?  existence of bow shock? round or asymetric haliosphere? see e.g. see Opher et al, 
2020 and  Dialynas et al, 2017,  vs McComas et al 2020 

Latest state-of-the-art heliospheric models and data still disagree on the neutral H density and 
on the adopted electron density by factors of two see e.g. Izmodenov and Alexashov, 2020,  Zirnstein 
et al, 2020, Gurnett & Kurth (2020) etc..

Interstellar Probe Study
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Results of the TOF analysis : very 
low or totally absent carbon!!! 

Cassini/CDA experiment (Altobelli et al: Nature, 2016)

Interstellar dust analysis: impact on 
target  + Time-Of-Flight analysis 

Interstellar dust size 
distribution and composition: a 

widespread issue in the 
astrophysical community 

From Jones (2017)

a-C = aromatic-rich amorphous carbon
a-C:H= aliphatic-rich amorphous carbon 

BUT !!!!!!

C+

There are probably two main 
types of cosmic grains

Interstellar Probe Study
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Obtaining the “ground truth”on cosmic grains 
• Potential explanations for the lack of carbon:

• -All carbonaceous envelops and the carbonaceous grains have evaporated, however 
this is contradicted by the carbon depletion in the local clouds

• - Carbonaceous grains are lighter than other “metallic “grains , and the resulting high 
charge/mass ratio prevents the grains to enter the heliosphere => carbon grains 
preferentially deflected outside the heliosphere boundary

• The IS Probe provides an unprecedented opportunity to test in-situ the grain size 
distribution and the grain composition

The size/composition distribution influences the interpretation of the reddening curves (=> stellar 
astrophysics), the emission spectra (=>star/planet formation) and.. the dust polarized emission 
(=>CMB foreground) THERE is a strong need for a validation of such models   

Interstellar Probe Study
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Our “Galactic Corner”: an inevitable foreground for 
extragalactic observations   

Planck sub-mm polarized dust emission:
a foreground to the CMB 

?

-Detailed models of the nearby 
dust distribution and the
magnetic field structure are 
needed to predict grain 
alignments and the resulting 
polarized emission

High-latitude (nearby) dust 
shells

Interstellar Probe Study
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SUN

REDDENING/extinction of the light of  a large catalog of stars
+ Gaia parallax distances 

Interstellar Probe Study
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SUN

REDDENING/extinction of the light of  a large catalog of stars: inversion
to produce 3D maps of the intervening dust

3D reconstruction of dust is made possible by Gaia parallax distances (>1.3 billion stars) and
photometric/spectrophotometric stellar surveys (ground and Gaia) 



10 August 2020 32

Dust clouds in the Galactic Plane
Galactic Plane

D
ust extinction

m
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=>Gal.
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Galactic Plane

North Gal. Pole

Planar cut
Vertical
plane

Gal. North Pole 

to
Gal.
center

Gal. 
center

Gal. N.Pole 

?

?

?

Questions:
-1 or 2 “bubbles”?
-bubble(s) formation
scenario? nature of the 
gas/dust in cavities
=> influences the 
magnetic field structure 
close to the sun and in 
the shells 

Dust clouds in the Meridian Plane: the Local Bubble(s)

Charge states+  
temperatures of ionized 
and neutral gas in the 
pristine LIC bring clues on 
the bubble “hot gas” and 
cloud/hot gas interfaces, 
and on formation 
scenariosndaries

Interstellar Probe Study
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Summary
-The heliosphere and its boundary: a unique natural laboratory for processes in partially 

ionized media and many unanswered questionsè the need to supplement Voyager data
by information on the pristine, majoritarily neutral interstellar gas 

=>Ground truth for heliospheric models 

-”in situ” direct measurements of the interstellar dust on board an Interstellar Probe would 
be of considerable interest for many fields in astrophysics=> size distribution, 
composition of grains according to size are known indirectly 

Ground truth for physical models of the dusty interstellar medium 

- IS Probe data on nearby interstellar ionization states, temperatures, turbulence, magnetic 
fields would help establishing the past history of our “Galactic Corner” =>  help modeling 
Galactic foregrounds to extragalatic data/background  

Interstellar Probe Study
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Interstellar Probe Study: 
Possibilities for Planetary Science and Astrophysics
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• Casey Lisse
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Flow of
interstellar
matter 
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Voyager 2
TERMINATION SHOCK 
08/2007 at 84 A.U.

HELIOPAUSE 
12/2018 at 119 A.U

Voyager 1
TERMINATION SHOCK xing 12/2004 at 
94 A.U.

HELIOPAUSE  09/2012 at 122 A.U.
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Expectation:T> 106 K

Richardson et al, Nature, 2008 

2007
Voyager 2

380 è 140 km/s

PLS

PLS

Interstellar Probe Study
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The IBEX “ribbon” of energetic neutral atoms

McComas et al, ApJS, 2020

-This totally unexpected structure has its source
in at least 3 consecutive charge-exchanges !! 

=>Neutrals travel successively outside and inside,
transforming the heliosphere into a “gigantic tennis 
court” for neutral atoms    

Interstellar Probe Study
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Cassini/CDA experiment (Altobelli et al: Nature, 2016)

Cassini/CDA experiment (Altobelli et al: Na, 2016)
ssini/CDA experiment (Altobelli et al: Nature, 2016)

Interstellar dust analysis: impact on target  + Time-Of-Flight analysis 

Interstellar Probe Study


