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Our Star...
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Charged stream of particles
escapes the Sun’s gravity and
forms a supersonic wind

(within few solar radii: big mystery)
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...and its time-varying solar wind...

* The Sun’s rotation twists
the magnetic field & its
plasma into an

Archimedean spiral
(Parker Spiral)

* These winds expand
outward supersonically
until they lose energy &
become subsonic
(Termination shock)

Jamie Sue Rankin — Voyager Deputy Project Scientist 4



...form our Astrosphere!
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e The Sun’s rotation twists

the magnetic field & its
plasma into an
Archimedean spiral

(Parker Spiral)

* These winds expand

outward supersonically
until they lose energy &
become subsonic
(Termination shock)

* The solar winds

eventually achieve a
pressure balance with the
surrounding intérstellar.
medium (Heliopause)
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The Heliosphere...In Your Kitchen Sink!

Credit: Edward C. Stone

Fast flow

Termination shock

Slow flow

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025 = 6 -



Maximum Minimum

Solar Cycle Weather Patterns
from the Sun

« 11-year solar activity pattern on the Sun
- magnetically driven!

» The magnetic field goes from highly
ordered to disordered during the 11-year
solar cycle

- solar min - ordered
- solar max - disordered

* The fields on the Sun also undergo
polarity reversal every 22 years.

* gA > 0 (positive) and gA < 0 (negative)
- q = charge, A = solar magnetic field

- A = negative when the magnetic axis is aligned
with the Sun’s rotation axis

~» The polarity reversal significantly impacts
" particle transport (drifts)

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025


https://www.nasa.gov/press-release/solar-cycle-25-is-here-nasa-noaa-scientists-explain-what-that-means
https://www.nasa.gov/press-release/solar-cycle-25-is-here-nasa-noaa-scientists-explain-what-that-means
https://www.forbes.com/sites/jamiecartereurope/2020/06/09/sherpas-unravel-secrets-of-the-suns-mysterious-corona-from-the-last-total-solar-eclipse/?sh=2eca920d2f89
https://www.forbes.com/sites/jamiecartereurope/2020/06/09/sherpas-unravel-secrets-of-the-suns-mysterious-corona-from-the-last-total-solar-eclipse/?sh=2eca920d2f89
https://www.forbes.com/sites/jamiecartereurope/2020/06/09/sherpas-unravel-secrets-of-the-suns-mysterious-corona-from-the-last-total-solar-eclipse/?sh=2eca920d2f89
https://www.forbes.com/sites/jamiecartereurope/2020/06/09/sherpas-unravel-secrets-of-the-suns-mysterious-corona-from-the-last-total-solar-eclipse/?sh=2eca920d2f89

~ Sun-Modified Measurements of Galactic Materials
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Voyagers’ Journey vovacz 1}
through the Heliosphere
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* 1989: Last planetary encounter ;_

« Voyager 2 @ Neptune 2

* 1990: Last image <
« “Solar System Family Portrait” by Voyager 1

2012: Voyager 1 exited the Heliosphere

SMOQTHED
SOLAR TILT (LOS)

-+ 2018: Voyager 2 joined its twin

10975 1980 1985 1990 1995 2000 2005 2010 2015 2020
YEAR

Jamie Sue Rankin — Voyager Deputy Project Scientist



Mission ‘

\ e Voyager 1: (now @ ~160 AU; 22 light hrs)

* August 25, 2012 @ ~122 AU
~ * Magnetic field strength: ~0.46 nT
* Plasma density: ~0.055 cm3

. T_emper,ature:'~25,000 K (modeled)

vaager 2: (now @ ~133 AU; 18.5 light hrs)
meer 5, 2019 @ ~119 AU '
e Magnetlc field strength: ~0.68 nT

-----

. Plasma density: ~0.039 cm-3
* Temperature ~40,000 KTmeasU'réd) e

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025 \ 10



Voyager Measurement Capabilities

LOW-ENERGY ULTRAVIOLET SPECTROMETER
CHARGED PARTICLE | |MAGING NARROW ANGLE
& IMAGING WIDE ANGLE
HIGH-GAIN ANTENNA BLASMA [
(3.7-meter diameter) ——T
\ .| COSMIC RAY

MAGNETOMETER T, SUICL I
DU RSP L \ PHOTOPOLARIMETER

RADIOISOTOPE TN , INFRARED

THERMOELECTRIC GENERATOR (3) AT >N 'g}%%’;%%%“gg’*

"N OPTICAL CALIBRATION
TARGET

http://voyager.jpl.nasa.gov/spacecraft/instruments.html

PLANETARY RADIO ASTRONOMY AND
PLASMA WAVE ANTENNA (2)

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025 ik e



Voyager Measurement Capabilities

Voyager 1: On LOW-ENERGY ULTRAVIOLET SPECTROMETER

Voyager 2: Off to save power (Mar 24, 2025) CHARGED PARTICLE IMAGING NARROW ANGLE
& IMAGING WIDE ANG
I | Voyager 1: Off because of degraded performance (Feb. 1, 2007)

Voyager 1: Off to save power (Feb 25, 2025) PLASMA Voyager 2: Off to save power (Sept. 26, 2024)

Voyager 2: On ’ ‘FCOSMIC RAY

MAGNETOMETER RS oy 4\ 7 | |
BOOM RESES P L \ PHOTOPOLARIMETER
RADIOISOTOPE et : INFRARED

THERMOELECTRIC GENERATOR (3) AT >N 'g}%%’;%%%“gg’*

"N OPTICAL CALIBRATION
TARGET

https://science.nasa.gov/mission/voyager/spacecraft/

PLANETARY RADIO ASTRONOMY AND |
PLASMA WAVE ANTENNA (2)
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Welcome to Interstellar Space!

Voyager 1: Cosmic Ray Subsystem
GCR’s: > 70 MeV (Protons)
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Day of 2012 Stone et al. 2013, Science, 341:150

FACT: Voyager 1 is wandering the
cosmeos, beyond the reach of our sun

AKA: the “Very Local Interstellar Medium?” (VLISM)

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025 13-



First Measurements of Cosmic Rays in Interstellar Space
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First Measurements of Cosmic Rays in Interstellar Space

Low Energy Charged
Voyager 1 LECP: > 211 MeV Protons (3-Day Average) Particle Experiment (LECP)
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First Measurements of Cosmic Rays in Interstellar Space

Low Energy Charged
Voyager 1 LECP: > 211 MeV Protons (3-Day Average) Particle Experiment (LECP)
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First Measurements of Cosmic Rays in Interstellar Space

Low Energy Charged
Voyager 1 LECP: > 211 MeV Protons (3-Day Average) Particle Experiment (LECP)
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Surprise: Time Variations in Specific Directions!

Voyager 1 LECP: > 211 MeV Protons (3-Day Average)
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Rankin et. 2019, ApJ 873.46

1 April 2025
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Time-Varying Changes in the Magnetic Field

Voyager 1 « The Very Local Interstellar Medium
(VLISM) has a very weak magnetic field!
 Voyager 1: ~0.46 nT
 Voyager 2: ~0.68 nT
e Solar Wind: 5 nT
« Earth at Sea Level: ~50,000 nT
» Compressed Towards Ecliptic South
Toar 201 2020 * Puzzle: field direction did not change
Buriage & Ness 2016 A, 154  Voyager 1 & 2 encountered “Shocks”
* Very long lasting!
* VLISM: ~weeks to months
« Solar System: ~hours to days '
* Very Weak!
* VLISM: 20% to 50% Jump %
 Solar System: 500% to 1000% jump
 Very Thick! (107 km)
20180 20185 20190 20195 20200 20205 20210 * 1000 x’s thicker than solar- system
Buriaga et al. 2022 ApJ, 932:59 year counterparts '

Voyager 2

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025 19



Plasma Beams at
Radio Frequencies

Vovager 1: Plasma Wave

Subsystem

~ Wideband Receiver

Emission frequency: 2.65 kHz
to 3.11 kHz

First event’'s plasma density:
0.055 cm3

Radial distance: 122.6 AU
Peak plasma density: 0.12 cm-3

10 I 1.78 kHz
!
|

Electric-field strength (V m™)

Jamie Sue Rankin — Voyager Deputy Project Scientist

teeswin /|| / Vovager 2: Plasma Wave Subsystem

e NN IIllliiiliiuluﬁli i ‘Ill liﬂlmmu“~ | - Emission frequency: 178 kHz

Heliopause
Us August 2012) Voyager 1

I Feb—Nov 2014 Event Aug 2017
|
: j Oct-Nov Event i)
I 2012 = S L Eemm——
1 Event ﬁ -
1 il ’ May—June May—June
o Aug—Oct 2016 Event it M o o B ot

:4— Shock Sept-Nov 2015
| Event Power supply interference

April-May 2013
Event

Magnetic field

Day averages

2016 2017

Electron plasma oscﬂlatlcns

problem / l « 16-channel Spectrum analyzer
441

30 « Plasma density: 0.039 cm™

Day of year 2019  Radial distance: 119.7 AU
Voyager 2 Gurnett & Kurth 2078 NatAst 3:71024

1 April 2025 | 20



Shock-Energized Particles Out in Interstellar Space!?

Voyager 1

Tangent Field
*.---"""Lil‘lEI

_Cosmic Ray

Foreshock
Electron Foreshock
(Region of intense
Plasma Oscillation) Ye

| Refllected
Cosmic Rays

Gurnett ef al. 20715, ApJ, 809727

« Estimated energy of the electron
beams: ~20-100 eV

« Gurnettet al. 2021, ApJ 161:11

* Derived from relative timing of
cosmic rays and plasma
oscillations

Jamie Sue Rankin — Voyager Deputy Project Scientist
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Rate (ctsis) Rate (cts/s)

E-field {1V/m)

2015 2016 2017
Voyager 1 PWS: 3.11 kHz Channel (Daily Average)

| ETT.

2014 2015 2016 2017
Voyager 1 Magnetometer. |B| (Daily Average)

Rankin 2018, Caltech PhD Thesis (adapted)

1 April 2025
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Shock-Energized Particles Out in Interstellar Space!?

Voyager 2

Cosmic Ray Electrons (3 to 14 MeV/nuc; Daily Ave) Electron Plasma Oscillations (3.11 kHz; Daily Ave)

E-Field (uWim)

Mormalized Rate
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Buriaga ef gl 2022, ApJ, 9321589
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Outward-Traveling events that blast off from the Sun...

Wind WAVES RAD2: November 4,-2003

S e

= ==y

MHz

—~
;3
4 “on
mi S8 Tl
L.
o

o - ~—
<

_ Nov 4 2003 11:48:11

Coronal Mass Ejection

* Large flares often associated with huge ejections of mass
from the sun (up to 100 billion kg of material loss)

» Speeds can reach up to 1000 km/s

-+ Resulting shocks accelerate particles ahead of the loop

Jamie Sue Rankin — Voyager Deputy Project Scientist

AMBIENT
SOLAR WIND

$\ FAST/@MENT

@) SOLAR WIND

Corotating Interaction Region
* Afast stream runs into the slow wind, forming a compression
region between the two, which results eventually in the formation

of a forward-reverse shock pair
* Pattern rotates with the sun (source: long-lived coronal holes) .

1 April 2025 | 23


https://svs.gsfc.nasa.gov/2936

Can'merge as they travel past the planets...(how far can they go?)

Plasma Disturbance from 1 to 60 AU

Wind @ 1 AU

PaAIaSOO

10 AU

20 AU

Year

30 AU

~46 km/s CC: 91.2%
. @20,000 K At: 130 days

=2
£
=)
<
?
-»

€ pare[nul

Rate [s7')

P: ~270 ff!g

2012.6 2012.8 2013.0 2013.2 20134
Year

Voyager 2: Heliosheath

Rankin et al.
2019, ApJ 883:101

paAlasqo |

Wang & Richardson (2003)

200 < Day of Year 2000 - Particle Disturbances from 100 to 125 AU

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025



He”Oanse

~90 AU

5 ‘ Voyager 1
S, _
AT i
L i Interstellar
DAY © i
. ol ~120 AU Material
- - a’
Supersonic solar wind & & (separate gas)
(fast-flowing; ~450 km/s) OO
B
Subsonic solar wind ROVEUET
aka the “Heliosheath”
(slow-flowing; ~150 km/s) a
Very Local Insterstellar Medium

(region highly influenced by the Sun)
- (very slow-flowing; ~26 km/s)

Jamie Sue Rankin — Voyager Deputy Project Scientist

.to eventually collide with the edge of the Heliosphere...

Voyager 2: Plasma Pressure
Pulses in the Heliosheath

2014 2015

Year

Richardson et al. 2017, ApJ 834:180

1 April 2025
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..;an’d send ripples into the surrounding interstellar space!

Voyager 1: Magnetic Fields
Voyager 2: Plasma Pressure & Radio Waves in the VLISM
Pulses in the Heliosheath ’
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Jamie Sue Rankin — Voyager Deputy Project Scientist Kim et al. 2017, ApJ 843:2



D'is'c':overy: Pressure Runs High at the Solar System’s Edge!

Rare event from Voyager 2 = Voyager 1 enabled first-time * Very Local Interstellar Medium
measurements of the healiosheath’s total pressure! . Temperature: 20,000 K

* Plasma Speed: ~46 km/s

* Heliosheath
' * Event Speed: ~ 410 km/s
« * Wave Speed: ~ 310 km/s

0137 30134 20136 20138 « Total Pressure: ~3.92 x 1017 psi

Heliosheath
/ / Heliopause

' ﬁ Voyager 1

Global Merged
Interaction
Region

(GMIR)

~46 km/s
@20,000 K

-~
-
~
-~
-
-~
-
-
~
-~
-
-
7S
-

Voyager 2

INTERSTELLAR SPACE

!

Termination Shock

Solar Wind ® 2012.6 20128 2013.0 2013.2 20134
Year

Rankin et al. 2019, ApJ 883:101

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025 23 i



D'is'c':overy: Pressure Runs High at the Solar System’s Edge!

=2 Newsweek SUBSCRIBEFOR$1  Login | ()

* Very Local Interstellar Medium

Pressure at the Edge of the Solar System Is Far

Higher Than Expected, Scientists Discover « Temperature: 20,000 K

Published Oct 10, 2019 at \M EDT Updated Oct 12, 2019 a

* Plasma Speed: ~46 km/s
« Very Local Interstellar Medium

» Temperature: 20,000 K
» Plasma Speed: ~46 km/s

» Heliosheath
* Event Speed: ~ 410 km/s

- Heliosheath  Wave Speed: ~ 310 km/s

° = gy} =17 .
- Event Speed: ~ 410 km/s Total Pressure: ~3.92 X 10~/ psi

* WaveSpeed: ~ 310km/s - What factors contribute? 4%
* TotalPressure: ~3.92 x 1077 psi « Solar Wind Plasma & Magnetic Field: 415%
- What factors contribute? '
» Solar Wind Plasma & Magnetic Field: ~15%
» Energized Interstellar Particles: ~45%

* Energized Interstellar Particles: ~45%

« Cosmic Rays: ~22%

- Cosmic Rays: ~22%

Rankin et al. 2019, ApJ 883:101

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025 28



Happ'ening Now: The Strangest Event Yet! 14 billon miles from the Sun,

Voyager 1 observed a puzzling
increase in pressure that continues
to this day!

Voyager 1

Voyager 1

Key observations:
sudden increase in
magnetic field
strength & electron
number density
(concentration

of electrons).

| M
| le{;.:i_, |_--..,_,_l'|'."

|ii|-"t,"-' L

2020.0 20205 2021.0 2021.5

Electron Density (cm-2;

Scientists are wondering:
Could this extended region of increased pressure be due to a solar
0-%12 2014 2016 2018 2020 2022 cycle effect and the Sun's lingering influence on what's outside?
Time (Year Or, could this region be telling us something new about the nature

of the interstellar medium?
Kurth, W. S et al., ApJ 951:71, (2023)

Voyager 1 has been monitoring Sun-caused disturbances of the Very Local gtpiil/g‘épgcf”?igt’-Zﬁ’axgej’18-53341’5135538&;%5;%Cd440 j
: . . u (A ok = 2 ;
Lnterste_llar. Medium for over a dgcade, but the event currently being tracked by the hitos iopscience iop.orlAktiei b 3647/ 5an At eroits
magnetic field (MAG) and radio instruments (PWS) is the strangest yet. 2

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025 29


https://iopscience.iop.org/article/10.3847/1538-4357/acd44c
https://iopscience.iop.org/article/10.3847/1538-4357/acd6eb

'Big Trending Questions

What caused
the strange

new event at
Voyager 17

What is the
heliosphere’s 3D
size & shape?

How does the
Interstellar
medium
Influence the

Without the Sun and our
heliosphere, Solar System?
would life

event exist?

Jamie Sue Rankin — Voyager Deputy Project Scientist 1 April 2025 | 30



-Backups
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Interstellar Boundary Explorer (IBEX)

* Mission Summary

* NASA's first mission designed to
“discover the nature of the
interactions between the solar
wind and the interstellar medium
at the edge of our solar system.”

NASA Small Explorer (SMEX) —
Proposed 2003 (~$100M)

- Pl Mission (SwRI prime — now
Princeton University)

- International: Switzerland (incl. key
flight hardware development),
Poland, Germany Russia, others

Launched 19 October 2008

of service

Launch: Pegasus Rocket - October 19, 2008 Energetic neutral atom map projected on the boundary of the heliosphere

www.nasa.gov

Two year mission now in 15t year

Jamie Sue Rankin — Voyager Deputy Project Scientist
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IBEX-Hi (0.9-1.5 keV)

@V1

e Nose

@VZ

Mollweide all-sky projection showing locations of Voyagers
Voyagers provide detailed information in these two directions



Differential Flux [ENAs/(cm? s sr keV)]

0 100 200 300



Hot-Topic: What is
the Heliosphere’s Shape?

Dynamic

IBEX Energetic
Neutral Atom (ENA)
: flux painted on the

® Heliopause

External Forces

.Voyager 2
\ | V'
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X

Dynamic ~ Magnetic =~ McComas et al. 2009

b

Croissant Shaped?

Opher et
al. 2017

ISMF

Interstellar Magnetic Field tion Shock

i Helioshealth

Bubble Shaped?

https://watchers.news/201'7/04/24/new—datafshow—
heliosphere-is-nearly-round-and-symmetricalk I




: Coming Soon: Interstellar Mapping and Acceleration Probe (IMAP)

Unique combination of local and remote

observations I“lﬂrStB“ar Mﬂl]l]mg and
Acceleration Probe: IVIAP b

Surveying the edge of our solar system and beyond— Understanding

Mission Pl: Dave McComas
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* “IMAP will go far beyond the work of
IBEX and other missions, exploring and
revealing the intricacies of the outer
heliosphere in three dimensions to a
much higher level than ever before
imagined.”
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Phpsics. An Intuitive Look at Cosmic Ray Transport
Princeton

Charged Particle Motion in a Magnetic Field

° E2 — p2C2 + m02 C4
* Lorentz force: F=q(E +v x B)
e But the electric field cannot do work:
VxE=0
* Therefore:F=qvxB=qvBsin a=mv?%r

- > can solve for the radius of curvature of .
the particle’s motion known as the |
particle’s gyroradius:

+ Iy =mvsina/(gB) =P/B ¢

Moraal (2013), SSRv 176:299-319
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