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Outline

Part 1: Ribbon intensity
* Small scales from PUI transport

 What is the IBEX Ribbon and how is it * Large scales from ISMF draping
» All scales from neutral SW/PUI source

Topical questions:

formed?

Part 2: Ribbon structure
* How is the Ribbon related to the  Both PUI dynamics and ISMF draping, turbulence

Interstellar Medium? Part 3: Ribbon position and circularity

_ _ * *Mostly* due to ISMF draping
 What are the macro and micro-physical

Part 4: Comparison with Voyager data

Processes goveming the Ribbon’s » Simulated ISMF independently derived from IBEX
pPro perties’) data compared to Voyager in situ field
. measurements

Part 5: Ribbon evolution
* Governed by solar cycle

e What is the latest information we have

about the local interstellar magnetic field
(ISMF)? Conclusions



What is the IBEX Ribbon?
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How is the Ribbon Formed?

* 1) Interstellar neutrals propagate into the
heliosphere
400

* 2) Neutral charge exchanges with solar wind ion
outer-heliosheath

e 3) Solar wind ion is neutralized (“primary ENA"),
continues its original trajectory radially outwards
and likely escapes the heliosphere

200

* 4) Neutral solar wind particle ionizes in
interstellar medium, “PUI” gyrating in local field

:

:
6 ,
termination shoc <
/5\«
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* 5) PUIl charge exchanges with another interstellar
neutral, becoming neutralized (“secondary ENA")

-200

* 6) Some secondary ENAs propagate back inside

-400
the heliosphere

7) Some secondary ENAs are observed by IBEX
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How is the Ribbon Formed?
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Zirnstein et al. (2015, ApJL)
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Polar cut of Ribbon production rate

* |socontours of ribbon: 70%, , 10%

Surface representing B -r = 0 (ris IBEX line of
sight, B is ISMF) is magenta curve

Distance from heliopause at which 50% of
Ribbon flux is accumulated is white curve

Ribbon flux is concentrated near B -r = 0O, close
to the heliopause

B - r =0 surface is “warped” as a function of
distance from the heliopause due to
compression and draping of the ISMF
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Zirnstein et al. (2015, ApJL)
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Zirnstein et al. (2015, ApJL)
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Zirnstein et al. (2015, ApJL) 7 g ;
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Draping of the ISMF and its Effects on the Ribbon

Zirnstein et al. (2020, ApJ)

Uniform B, Draped B, ||Draped B,

w/ turbulence w/ turbulence w/o turbulence
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Zirnstein et al. (2020, ApJ)
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Xu & Li (2022)

 The power level and correlation scale of

turbulence in the interstellar medium may
significantly affect the Ribbon’s shape and
position in the sky
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Zirnstein et al. (2016, ApJL)
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* Draping of the ISMF around the heliosphere
creates spatially-changing Ribbon source

* Higher energy secondary (Ribbon) ENAs originate
on average farther from the heliopause due to
longer mean free path of primary ENAs

e Causes Ribbon observed at higher energies (e.g.,
ESA 6) to appear to have a larger radius than at
lower energies (e.g., ESA 2)

* Ribbon sources still overlap



Zirnstein et al. (2016, A&A)
Ribbon centered frame
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Zirnstein et al. (201

Radius (deg)

6, ApJL)
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Comparison with Voyager Observations of ISMF

Rankin et al. (2023, ApJL)

Very Local Interstellar Magnetic Field: Voyage
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Rankin et al. (2023, ApJL)

Raw Voyager Data & Model Substitute Voyager B, from Model

o9 =1

Distance from Sun [au]
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B Ribbon Evolution

Zirnstein et al. (2023, in press) Evolution of Ribbon - ESA 3

a IBEX Ribbon b Weak Scattering c Spatial Retention x 4.0
(Ram, C/SP corrected) (NSW + NPI) (NSW + NPI)
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B Ribbon Evolution

Zirnstein et al. (2023, in press)
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« Time-dependent results shown for ol 'L b g ol
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« Again, spatial retention model is 2016
scaled up by factor of 4
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Evolution of Ribbon Radii Over Time

Zirnstein et al. (2023, to be submitted)
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Comparison of Ribbon Radius Over Time
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* Weak scattering results consistently overestimate ribbon radius (not new result; Zirnstein et al. 2021)

» Strong scattering results consistently match IBEX ribbon radius, though data uncertainties likely underestimated at ESA 5-6
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Energy-averaged Centers and Radil

Zirnstein et al. (2023, to be submitted)

Comparison of Energy-averaged
Ribbon Properties Over Time

 Both data and model ribbon centers, averaged a Center b Radius
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Evolution over Sections of Sky

Zirnstein et al. (2023, in press)

ENA flux (cm~2s~'sr 'keV™") @1.74 keV

E— .
0 10 20 30 40 50

* We show results for data, spatial
retention model, and weak
scattering model

* Also show results where we scale
IPS SW speeds to match OMNI (solid
curves), and don’t scale to OMNI
(dashed curves)

* Numbers next to labels show factors
used to scale the data/results such
that the time-average equals 1
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Evolution of Ribbon Centers Over Time

Zirnstein et al. (2023, in press)
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* While not overlapping exactly, the general trend in energy/latitude of ribbon centers is reproduced in the models

* The spatial retention model compares slightly better, particularly in 2014-2015 - just a systematic offset
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Ribbon Cross-section Shape
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