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Introduction

 Corotating Interaction Regions (CIRs) consist of
compressed solar wind, which forms when slow
solar wind is overtaken by fast solar wind. Al

Solar Wind
* CIR compression waves can accelerate particles
through a first-order Fermi process.

(e.g., Fisk and Lee 1980, Giacalone+2002)

* CIR turbulence can accelerate particles \ fost / e
stochastically. i r\”ﬂ St N
(e.g., Richardson 1985, Schwadron+1996, 2010, 2020)

Figure adapted from Pizzo 1978



CIRs in 3 dimensions a

* Observational data out of the ecliptic:
* Ulysses (e.g., review by Richardson 2018)
* Solar Orbiter

* MHD models for the inner heliosphere

» Enlil (Odstrcil 2003), HelioMAS (Riley+2012),
HelioLFM (Merkin+2016), BATSRUS (T6th+2012),
EUHFORIA (Pomoell+2018),...

* Energetic particle transport + MHD solar wind:

» EPREM (Schwadron+2010), M-FLAMPA
(Borovikov+2018), PARADISE (Wijsen+2019)

Magnetic Axi Roatlon Axis

Rotation Axis

Rotation Axis
3 Magnetic Axis

...........
.....
.........

Rotation Axis

BlFast B Compression
[ |Slow .7 Rarefaction

Riley et al. (2012)



Synthetic CIR (wijsen+2019a,b,0)

*  EUHFORIA: a slow wind of 330 km/s with an embedded fast wind stream of 660 km/s.

PARADISE: Impulsive injection of 4 MeV protons in regions spanning 30° x 10° in longitude and
latitude at 0.1 au.
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Particle intensities at 1.5 AU

Wijsen+2019b A&A
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CIR observed in
September 2019

e STEREO-A and PSP were approx.
radially aligned.

* The CIR was accompanied by

energetic particle enhancements.
(See also Allen+2021)
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Spherical slice at 1.5 au
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PARADISE input:
e Continuous injection of 40 keV protons |
* Mean free paths: | 1, 'J Hh
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Data and simulation agree well:
1. Double peaked structure.
2. The first intensity peak has a softer energy spectrum.

3. Onset and end time agree well
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Energetic particles observed at PSP

PARADISE 50 — 554 keV intensity
PSP EPI-Lo 30 — 585 keV count rate
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2019 - Sep

Simulated intensity peak occurs too late.

- Shift 18h: qualitative match between

simulations and observations.

- Speed gradient at PSP must already have
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Spherical slice at 0.5 au Spherical slice at 1.5 au

250

2.5

intensity (cm? s sr MeV) ™!

0.25

intensity (cm? s sr MeV) ™!

«  APSP, @STEREO-A
Symbols give the magnetic connection of the spacecraft at a 24h cadence.

Gray shades: Omni-directional particle intensities in the 84.1 - 92.7 keV energy channel.

Wijsen+2021 ApJL



Some conclusions

We have coupled and MHD solar wind model (EUHFORIA) with a particle
transport model (PARADISE), to study CIR events in more detail.

SEPs propagation near a CIR (Wijsen+2019 a,b A&A, Wijsen+2020 A&A):
»The spread of the SEPs is strongly affected.

» Reacceleration and magnetic trapping of SEPs.

»Enhanced guiding centre drifts.

September 2019 CIR event (Wijsen+2021 ApJL):
»Sharp transition between the fast and slow solar wind sources.
»The compression waves accelerated low energy particles already within 1 au.

»The intricate 3D solar wind and particle distributions illustrate the necessity of
advanced models to understand CIR events.
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EUHFORIA: ‘European Heliospheric Forecasting Information Asset’
+

PARADISE: ‘Particle Radiation Asset Directed at Interplanetary Space Exploration’

EUHFORIA: 3D magnetohydrodynamic solar wind model (Pomoell & Poedts 2018).

PARADISE: energetic particle distributions by solving the 5D focused transport equation in an MHD-
generated solar wind (Wijsen+19a, Wijsen+19b, Wijsen+20, Wijsen 2020 PhD Thesis).
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Convection, streaming, guiding centre drifts, focussing and
mirroring, momentum changes, diffusion due to turbulence.



https://lirias.kuleuven.be/retrieve/573330
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A COROTATING INTERACTION REGION

* Aslow wind of 330 km/s with an embedded fast wind stream of 660 km/s.
« A corotating interaction region (CIR) is formed, bounded by a forward and a reverse shock wave.
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OBSERVER AT 1 AU Wisen+20 364
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Radial intensity evolution

e Helios + Imp 7, 0.

9-22 MeV, Hf
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PARADISE set-up

Forward comp. wave ||

* 40 keV protons are continuously injected in the forward and\
1.

R
reverse compression waves, where V - 1, < 0.

* Injected particle distribution scales as:
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e Assumed diffusion conditions:

* Constant parallel mean free path 4, = 0.3 AU.
(Pitch-angle diffusion coefficient taken from Quasi-Linear Theory
Jokippii+1966).

 Constant perpendicular mean free path 1, = 10~* AU.
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