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Scientific context

Commercon et al 2022 non ideal MHD simulations

e Star formation / Accretion & ejection o M. —51Mo  age—14.2 kyr
in YSO an L

 Ambipolar diffusion, magnetic
resistivity effects essential to fix
disc properties
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Rodriguez-Kamenetzky + 2017

Non-thermal signatures in YSO D il
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e Synchrotron radiation : growing number of objects do show non-thermal radio
emission from their jets (both massive and solar mass stars)
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 Purser et al 2017 : mean spectral index : -0.55 compatible with optically thin
synchrotron emission
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STEP 2: Evolution at SHOCK conditions . _ . . .
(n,,=10° cm™®, T=70 K) e |onization with main parameter

¢ = CR ionization per H atom
per unit time.

 Enhanced ionisation rates
deduced from HCO+/ NoH+
abundances (eg Podio et al
2014)

LH1157-B1

DG Tau hotspot C



Galactic Cosmic Ray contribution

» Likely restricted to outer enveloppes using simple energetic arguments (Padovani et al 2015)

Full gravitational luminosity Cosmic Ray luminosity reaching the stellar core
~ GMM

— ~3x10erg/s  Class 0 low mass protostar RzorevaeCR ~1.2%x10% erg/s  ecr CR energy density

sh

> even a fraction of % of L, converted into in-situ accelerated EPs takes over Lg

Molecular cloud to cloud core scales Protoplanetary discs scales
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— N>1ed cm—?3
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CR contribute to rates 1 I at disc mid-plane, difficult to explain ion species

Fitz-Axen et al 2024 : bi-fluid MHD simulations abundances at inner discs



In-situ acceleration sites / mechanisms

 Shocks (part |, cf Padovani et al 2015, 2016, 2021,
Araudo et al 2021) :

e Accretion shocks

 Shocks in jet

 Termination shock & hot-spot/back flows (weak

shocks + turbulence reacceleration) * back flows not
treated yet.

» Stellar flares (magnetic reconnection) interacting with the
accretion disc (part |l, cf Brunn’s talk, Brunn et al 2023, ara
2024). z turbulent
ish : « corona » |
» MRI-induced Turbulent « corona » (magnetic |
reconnection + Stochastic Fermi acceleration) (
Brunn et al 2025 in prep).




Part | shock acceleration

Main model parameters (W/S = jet, W = slow shock, S = fast shock, P=protostellar
shock) and main results (see Padovani et al 2016)

Model U B Ny X I r Enax F CR A Pinj Pmax
[km s~ '] [G] [cm™] [10* K] [GeV] [1072] [MeV/c] [GeV/c]

%% 40 5% 107 10° 0.33 1 2977  0.13 0.88 4.010 0.306 0.505
S 160 1072 6 x 10° 0.60 1 3.890 129 470  4.062 1.146 13.762
P 260 S 1.9 x 10 0.30 94 2290 114 0.03  3.950 2.058 12.306

EP pressure is low enough for shock to be
unmodified, so EP distribution follows the
test-particle solution.



Confront theory and observations

DG Tau hot spot LH 1157-B1 OMC2-FIR4

diffusive transport
R 1

U, =200 kms™'

ballistic transport
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—— Razin Effect
— FFA

LH spots distance where
lonization rates have been
iInferred, in dashed derived
lonization rate.
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Anisotropic MHD

YSO as source EPs

d dynam

Time = 30.30 kyr

Two moment MHD
Sink: 1878.14 yr, 0.11 My, 5.30e-05 Mg /yr

Two moment NiMHD
Sink: 1840.17 yr, 0.11 My, 6.23e-05 M4 /yr

05 Mg /yr
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, 0.12 Mg,

69 yr

Sink: 1874
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Part |l : stellar flares and magnetosphere - accretion
disc interaction

star-disc interaction configurations

Line of sight

cales ~0.3 AU

star

A ok P ~1day \X-rays
T-Taur 50MK
Plasma
Star Central

scales ~0.6 AU

from Watertfall et al 2020 from Hamaguchi et al 2012

> EPs are injected during episodic magnetic reconnection events, with energetics sampled
from Chandra data (COUP) and solar flare observations.

> EPs produced above/close to the disc propagate along disc magnetic fields
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lonisation rates

single 10 MK (luminous) flare ionisation rate

101 100 102! 10#% 10¥® 10# 10®
N (cm™?)

versus effect of stellar X-rays

see talk by V. Brunn
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Waterfall-like geometry

0.10 0.15 0.20 0.25 0.30 0.35
R (au)

(a) SSF model ionisation rates

Hamaguchi-like geometry

0.2 0.3 0.4 0.5 0.6
R (au)

(b) SDF model ionisation rates

Multiple flares ionisation rate
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Part lll : turbulently-driven magnetic reconnection in
accretion discs

Prodimo profiles : alpha parameter

height (Z/R) The sketch

star-disk
interaction Z/R~0.2

jonised layer (MR unstable)

Internal disc (MRI stable) ontinuous slowing down radius (R)

approximation (CSDA)

X >/, alternative
K

forms
|

~10-30 AU

the red curve delimits regions with o = «,, ., where MRI is saturated (Bai & Stone 2011),
based on a condition over plasma beta parameter.
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First estimations : ionisation rates

a

Injection Np(E) = Ny| — | exp(—E/E_ . .) in the MRI saturated zone at a given radius, N, deduced from free electron density,
EP 0 5 P max 0

C

E. = 3kgT (see Brunn et al 2023), E_ ., fixed by the size of reconnection regions L fixed by the scale at which MRI grows the fastest.

Hence the parametersare: N,, T, a, L .., , continuous slowing down approximation is used for EP transport.

Casea = 3.7,k .. = 15MeV, X-ray luminosity L, = 103Oerg/s

max

Ionisation Rates at R =1.0AU, « =3.7, E;;;; =15 MeV
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lonisation as function of (£ .., @)

dX?

Ionisation Rates at R =30AU, a =3, E;;;;x =15 MeV lonisation Rates at R =30AU, & =3, E ., =150 MeV
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Conclusions

e In-situ EP should take over CR contribution at YSO inner disc and in jets.

 The model can help explaining non-thermal radio emission and high ionization rates
@ 100-1000 AU

=>Y SO should hence be proper sources of EPs and of local ionization (YSO
clusters) of the parent molecular cloud (Padovani et al in prep)

 EP can contribute to dynamics because of ionization and pressure effects (see N.C.
Lin)

 EP can potentially be a source of ionization @ 1-10 AU and explain some ALMA data.
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lonisation Rates at R =0.3AU, « =3.7, E,;,;,,, =15 MeV
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lonisation Rates at R =1.0AU, « =3.7, E,;,;,,, =15 MeV
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Ionisation Rates at R =3.0AU, « =3.7, E,;,;,, =15 MeV
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lonisation Rates at R =10AU, « =3.7, E,,,;,, =15 MeV
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lonisation Rates at R =30AU, « =3.7,E,,;,, =15 MeV
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