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Energetic environment of planet-forming disks

LCRs
Adapted from Henning & Semenov 2013

• enhanced stellar
energetic particle (SP)
flux in young solar like
(T Tauri) stars?

• might be responsible for
short-lived radionuclide
anomalies observed in
meteorites
(e.g Gounelle+ 2006)

• Goal: characterize the
contribution of SP to
ionization and constrain
the SP flux via molecular
ion emission
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Constraining ζCR in planet-forming disks

Reference Disk(s) Tracers ζCR [s−1]

Cleeves+ (2015) TW Hya HCO+, H13CO+,
N2H+

. 10−19

Aikawa+ (2021) MAPS
(incl. IM Lup)

HCO+, H13CO+,
N2H+, N2D+

& 10−18

Seifert+ (2021) IM Lup H13CO+, N2H+ & 10−17, r & 100 au
. 10−20, r . 100 au

Fujii & Kimura
(2022)

(IM Lup) – ≈ 10−17 − 10−16, r > 100 au
. 10−18, r < 100 au

What does this mean (my opinion) ?

• disks don’t have one number for ζ (radial & vertical gradients)
• disks are diverse (mass, stellar properties, evolution, B field, environment ...)
• derived values are (very likely) model & tracer dependent (chemistry, disk model, ...)
• well ... it’s complicated ... no complete picture yet

2



Sources of (solar) stellar energetic particles (SPs)

Impulsive SPs form in coronal
layers during stellar flares:

• short duration (minutes)
• low max energy
• soft energy spectrum

Gradual SPs are formed at Coronal Mass Ejection
shock sites associated with stellar flares:

• long duration (days)
• high max energy (GeV)
• hard energy spectrum

(Hu+ 2017; Fu+ 2019)
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Stellar energetic particles (SP)
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• Active Sun: averaged measurement of flare event (current Sun) (Mewaldt+ 2005)
• Active T Tauri: & 105 higher; particle flux Fp(E > 10MeV) ≈ 150 particles cm−2 s−1 at 1 au

(Feigelson+ 2002; Ceccarelli+ 2014; Gounelle+ 2006)
• Assumptions: SPs origin close to the star; they penetrate the disk; average/continuous flux (i.e.

high flare frequency); treat them like galactic CRs for the chemistry; details: Rab+ (2017b)
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More stellar particle spectra
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expect huge range of fluxes at GeV energies driven by super & mega flare events
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PRODIMO - PROtoplanetary DIsk MOdel
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Woitke+ (2009); Kamp+ (2010); Thi+ (2011); Aresu+ (2011); Woitke+ (2016); Rab+ (2017b,a, 2018)
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Representative T Tauri disk model

• Stellar properties
M∗ = 0.7M�
L∗ = 1L�; Teff = 4000K
LFUV = 10−2L∗
LX ≈ 10−3L∗(= 1030 erg s−1)

• Disk properties
Mdisk = 10−2 M�
total gas/dust= 100
age ≈ 1− 3 Myr
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High energy ion. sources - H2 ionization rates

several high energy ionization sources are able to ionize molecular hydrogen,
the most abundant molecule in disks

• X-rays: X-ray RT with scattering, gas & dust opacities (see Rab+ 2018)
normal: typical T Tauri spectrum (LX = 1030 erg/s)
high: LX = 5× 1030 erg/s and harder

• Stellar Particles: different transport methods and spectra (Hu+ 2022)
ballistic model: continuous slowing-down approximation (e.g. Padovani+ 2009, 2018)
diffusive model: considering magnetic fields (Rodgers-Lee+ 2017)

• Galactic Cosmic Rays: consider CR absorption
ISM (ζCR ≈ 10−17 s−1): ISM like Padovani+ (2009)
low (ζCR ≈ 10−19 s−1): modulated spectrum, ”T-Tauriosphere” Cleeves+ (2013)
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Dominant H2 ionization source

the transport models allow to calculate the H2 ionization rate at each point in the disk and to
determine the dominant H2 ionization agent

ISM CR, norm X, no SP
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Impact particle transport models and spectra

• ”ballistic”: continuous slowing-down approximation; no magnetic fields;
two spectra: ”scaled” and ”CME”; ∝ 1/r2

• ”diffusive”: propagation of particles due to magnetic field (Rodgers-Lee+ 2017) ; ∝ 1/r

• ISM CR, norm X

ballistic scaled
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Observational tracers - Molecules

molecular abundance structure (ISM CR, norm X, no SP)
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• molecular ion chemistry driven by high energy
ionization of H2

• HCO+ & N2H+ common disk ionization tracers
(observable)

• trace different regions of the disk as CO
destroys N2H+

(CO snow line tracer Qi+ 2013)
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Tracing H2 ionization rates (ISM CRs)
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Tracing H2 ionization rates (ISM CRs)
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Observables (ALMA) - low CRs
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Observables - transport models & spectra

ISM CR
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• testing different particle transport models (and different input spectra) is crucial to improve
observational constraints on the SP flux

• observations can provide constraints for the transport models
(i.e. importance of magnetic fields)
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Conclusions/Outlook

Conclusions

• impact of expected stellar particle flux observable in disks

• shape of particle energy spectrum and transport mechanisms are relevant

• models required to disentangle contribution of various ionization sources from observations

Outlook/ToDos

• impact form shock (Jets) accelerated LCRs

• modelling variability of flares and SP (i.e. time-dependent, observations)

• improved transport models, in particular the treatment of magnetic fields (e.g. structure)

• improved (chemical) models, model comparison

• impact on other molecules (e.g. hydrocarbons Favre+ 2018; Fontani+ 2017)

• impact on dust (e.g. Glauser+ 2009) and ices

• more embedded sources (Class I) ... have some toy models
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Thank You for Your Attention!
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Embedded sources - PRODIMO + Envelope

Motivation: low HCO+/N2H+

line/abundance ratios, abundance of complex
molecules in OMC-2 FIR 4 → high ionization
rates→ stellar energetic particles?
(Ceccarelli+ 2014; Favre+ 2018)

• study impact of X-rays, cosmic-rays,
stellar particles

• PRODIMO : Xray-RT (Rab+ 2018)
stellar particles (Rab+ 2017b)

• based on 1D Class 0/I model of Visser+
(2015) (is not OMC-2 FIR 4)

spherical sym. structure
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Embedded sources - HCO+/N2H+ line ratios
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Embedded sources - images
Simulated moment zero maps for HCO+ J = 4− 3 and N2H+ J = 4− 3

reference
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Frequency of super/mega X-ray flaresPre-Main Sequence X-ray Super-Flares 19
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Figure 8. PMS mega-flare occurrence rate as a function
of flare energy. The measured MYStIX/SFiNCs mega-flare
frequencies are the three points with ±0.2 dex error bars,
representing three stellar mass ranges, in teal, magenta, and
green. The colored bands from log(EX) = 36.2 � 38 erg
represent the observed powerlaw mega-flare distribution, and
the dashed lines extrapolate these relations to lower energies.
Frequencies of optical band super-flares from older solar-type
stars detected in Kepler satellite observations are shown in
maroon, far below the PMS flare rates. Further details are
given in the text.

based on the MYStIX+SFiNCs mega-flares. Teal and

green indicate S2+S3+S4+S5 (more massive stars with
M > 1 M�) and S1 (less massive stars with M < 1 M�),
respectively, as discussed in §§5 and 5.3. Magenta indi-

cates MYStIX/SFiNCs mega-flares averaged across the
entire stellar mass range of 0.1 � 150 M�.

The teal/magenta/green points with black error bars
and the solid teal/magenta/green lines at high ener-

gies correspond to our direct measurements for super-
flares exceeding energy completeness limit of log(EX) =
36.2 erg. The numbers of detected X-ray super-flares in

these groups with energies above the completeness limit
of log(EX) = 36.2 erg are NSupFl = 372, 450, 78 flares,
respectively (Figure 3). The error bars mark ±0.2 dex

systematic errors on log(NPMS), as the largest error
contributor in equation 33.

Application of the methods from §4.2 to the S1-green

and S2+S3+S4+S5-teal samples yields Pareto slopes of
� = 1.31 ± 0.24 and � = 0.90 ± 0.08, respectively.
The teal/magenta/green lines are the powerlaw rela-

tions with uncertainty envelopes bounded by the lines
with the minimum (upper line) and maximum (lower
line) powerlaw slopes; i.e., � � err� and � + err� . The
color-coded lines in Figure 8 are:

log N(E > EX) = � � ⇥ log EX , (4)

where  = 46.94, 34.62, 33.62 flares (star-yr)�1and � =

1.31, 0.95, 0.90 for the low-mass (green), full IMF (ma-
genta), and intermediate-mass (teal) flare groups, re-
spectively. The dashed lines extrapolate the frequencies
with corresponding � slopes to lower flare energies as-

suming no change in the powerlaw relations.
Frequencies of Kepler flares for solar-type stars are in

maroon: the solid line is from Shibayama et al. (2013)

and the four points are from Okamoto et al. (2020).
Okamoto et al. revised the solar-type flare rates of
the earlier study to lower values by accounting for the

contamination from subgiants in their Kepler sample of
flaring G-type main sequence stars. The optical flare
energies from these studies were multiplied by ⇥1/15 to
give equivalent X-ray energies extrapolating the PMS

optical-X-ray flare relation measured by Flaccomio et al.
(2018) from simultaneous multi-band observations of a
nearby PMS population.

The resulting frequencies of the MYStIX+SFiNCs
mega-flares with log(EX) > 36.2 erg using equation (3)
are 0.3+0.2

�0.1, 1.7+1.0
�0.6, and 11.0+6.4

�4.1 flares per star per year
for the low-mass (green), full IMF (magenta), and high-

mass (teal) groups, respectively. The mega-flare occur-
rence rates, at a fixed EX value, decrease with decreas-
ing flare-host mass.

The MYStIX/SFiNCs sample includes roughly 6.5
times more log(EX) > 36.2 erg flares than the COUP
flare sample of Albacete Colombo et al. (2007). Despite

this large flare number di↵erence, after re-normalization
of the Albacete Colombo et al. (2007) frequency from
the total detected COUP point sources (1616, includ-
ing contaminating AGNs) to the total stellar popula-

tion in the COUP field of the Orion Nebula region

3 For each of the three flare groups, the statistical errors on NSupFl

and Med(tobs) contribute less than 11% to the uncertainty on
fSupFl. The systematic error on NPMS due to the uncertainty
in the methods used to derive total stellar populations, such as
XLF versus initial mass function (IMF), is about 0.2 dex on
log(NPMS) (Figure 4 in Kuhn et al. 2015b). This provides the
largest contribution to the error on the inferred occurrence rate.

young stars

older stars

• Getman & Feigelson (2021)

• Chandra MYStIX and SFiNCs surveys,
sample of 1,086 X-ray super-flares and
mega-flares

• flares in young (PMS) stars are more
energetic and more frequent by orders
of magnitude than older (MS) stars
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Impact particle transport models and spectra

• ”ballistic”: continuous slowing-down approximation; no magnetic fields;
two spectra: ”scaled” and ”CME”

• ”diffusive”: propagation of particles; includes treatment of magnetic fields (Rodgers-Lee+ 2017)

• low CR, norm X

ballistic scaled
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Tracing H2 ionization rates (low CRs)

10-1 100 101 1020.0

0.1

0.2

0.3

0.4
z/

r

no stellar particles (SP)

1e-17

1e-15

1e-13

10-1 100 101 1020.0

0.1

0.2

0.3

0.4
SP ballistic scaled

1e-17

1e-15

1e-13

10-1 100 101 102

r [au]

0.0

0.1

0.2

0.3

0.4

z/
r

SP ballistic CME

1e-17
1e-15

1e-13

10-1 100 101 102

r [au]

0.0

0.1

0.2

0.3

0.4
SP diffuse

1e-17

1e-15

1e
-1

3

-19
-18
-17
-16
-15
-14
-13
-12

-19
-18
-17
-16
-15
-14
-13
-12

lo
g

to
t,

H
2
[s

-1
]

-19
-18
-17
-16
-15
-14
-13
-12

-19
-18
-17
-16
-15
-14
-13
-12

lo
g

to
t,

H
2
[s

-1
]

23



Tracing H2 ionization rates (low CRs)
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Dominant H2 ionization source with SPs (ballistic)
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Observables (ALMA) - ISM CR
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