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A B S T R A C T 

T Tauri stars are known to be magnetically active stars subject to strong flares observed in X-rays. These flares are likely due 
to intense magnetic reconnection events during which a part of the stored magnetic energy is converted into kinetic energy of 
supra-thermal particles. Since T Tauri stars are surrounded by an accretion disc, these particles may influence the disc dynamics 
and chemistry. This work continues on a previous stationary model, which showed that energetic particles accelerated during 

flares can produce a strong ionization rate at high column densities in the inner accretion disc. The present model includes 
non-stationary sequences of flaring events sampled by a Chandra X-ray surv e y of nearby young stellar objects. We calculate 
the averaged ionization rate expected in a radius range 0.08–0.6 au from the central star. We confirm that energetic particles 
produced by the flares dominate the ionization of the disc up to column densities of 10 

25 cm 

−2 . We further study the main 

consequences of this additional source of ionization on the viscosity, the accretion rate, the volumetric heating rate, and the 
chemical complexity of inner protoplanetary discs. 

Key words: acceleration of particles – accretion, accretion discs – magnetic reconnection – stars: flare. 
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 I N T RO D U C T I O N  

 Tauri stars are young stars, typically of a few million years
ld, still contracting and accreting material from their surrounding 
ircumstellar discs. The way T Tauri stars accrete the surrounding 
nfalling matter is still an open subject in astrophysics (Venuti et al.
014 ; Hartmann, Herczeg & Calvet 2016 ; Manara et al. 2016 ). All
echanisms that describe accretion–ejection processes involve the 

nteraction between magnetic fields and ionized disc matter (e.g. 
hakura & Sunyaev 1973 ; Blandford & Payne 1982 ). 
The magnetic field geometry of these stars is much more complex 

han those of non-accreting cool stars (Donati et al. 2007 ; Gregory
t al. 2008 ). Some field lines might become twisted due to the
ifferential rotation between the disc and the star, causing them to 
ulge outwards and possibly even eject matter (Zanni & Ferreira 
013 ). This process possibly leads to very strong flaring events 
bserved in X-rays (Feigelson & Montmerle 1999 ; Getman et al. 
008 ; Getman & Feigelson 2021 ). It is thought to be caused by
agnetic reconnection events. Magnetic reconnection transforms a 

raction of the system magnetic energy into particle kinetic energy, 
roducing bursts of high-energy particles and radiation as observed 
n our Sun (Shibata & Magara 2011 ; Benz 2017 ; Oka et al. 2018 ). T
auri flares appear to be thousands of times more energetic than solar
 E-mail: valentin.brunn@umontpellier.fr 
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ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
ares (Getman & Feigelson 2021 ). They are expected to produce
article fluxes that are five orders of magnitude higher than those
roduced by the Sun (Feigelson, Garmire & Pravdo 2002 ; Rab
t al. 2017 ). The high-energy particle flux produced by T Tauri
tars strongly impacts the surrounding environment (Rab et al. 2017 ;
odgers-Lee et al. 2017 ; Offner, Gaches & Holdship 2019 ; Waterfall
t al. 2020 ; Brunn et al. 2023 ). In particular, these particles can ionize
he gas in the surrounding disc (Brunn et al. 2023 ). Disc ionization
s a critical process in T Tauri discs, as it couples the disc material
o magnetic fields, which affects the dynamics and chemistry of the
hole disc (Cleeves, Adams & Bergin 2013 ; Offner et al. 2019 ;
aggoner & Cleeves 2022 ) and jets (Jacquemin-Ide, Ferreira & 

esur 2019 ; Sauty 2019 ; Ray & Ferreira 2021 ). Magnetic fields can
lso trigger instabilities in the gas that can drive accretion of disc
aterial on to the star (Hartmann et al. 2016 ; Lesur 2021a ). Besides,

onization drives chemistry in the disc, leading to the formation 
f molecules and complex organic compounds like amino acids 
Semenov, Wiebe & Henning 2004 ), which are the building blocks
f pre-biotic chemistry. Ionization also plays a role in the heating
nd cooling of discs (Glassgold, Galli & P ado vani 2012 ), a process
nown to be essential in the launching of jets (Ray & Ferreira 2021 ).
nderstanding the mechanisms that drive disc ionization appears 

hen necessary for understanding the formation and evolution of 
tars and the dynamics of accretion–ejection processes. 

In the first article (Brunn et al. 2023 , hereafter B23 ), we studied
n stationary framework the ionization rate produced by magnetic 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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econnection events occurring above the inner disc. We call inner
isc the region at a radial distance between R = 0.08 and 0.6 au from
he central star. We estimated ionization rates produced by protons,
lectrons, and secondary electrons accelerated from these flares. Our
odel indicates that in the close environment of the flare, ionization

y non-thermal particles is the dominant ionization source in the inner
isc of T Tauri stars. It produces ionization rates several orders of
agnitude higher than previously proposed sources such as X-rays,

alactic cosmic rays (GCRs), and radionuclides. B23 also proposed
 comparative analysis of parameters to determine the conditions
nder which ionization rates produced by magnetic reconnection
re dominant. The results suggest that energetic particles (EPs)
ccelerated abo v e the disc during magnetic reconnection ev ents
nhances the ionization rates in the inner disc region of T Tauri
tars. They are a new source of ionization important to be included
n magnetohydrodynamics (MHD) or astrochemical codes. 

Studying ionization in protoplanetary discs with a non-stationary
pproach allows to calculate the mean ionization fraction in the
isc. Ionization is a source of heat and a precise computation is
rucial for understanding how jets are launched from the disc.
uch results will be of interest for MHD simulations studying jet

aunching to constrain the heating rate based on physical constrains.
nother important aspect is to couple the ionization models with non-

deal MHD simulations of protoplanetary discs. This will provide
nsights into how the magnetic fields interact with the material in
he disc and how it may shape the system and affect its evolution.
nother goal of this work is to impro v e the astrochemical codes of
rotoplanetary discs. By developing more accurate models of the
onization processes at play in these systems, we shall have a better
nderstanding of the disc chemical evolution leading to the formation
f planetesimals and the synthesization of the building blocks of live.
In this paper we study in detail the non-thermal particle injection

n the star–disc environment. It is the first of a series in which
e shall study ionization of T Tauri discs due to flares in a non-

tationary framework. In this paper, we focus on the effects of the
ares occurring close to the star, in the inner disc. For this study, we
enefit from the X-ray observations of Chandra presented by Getman
 Feigelson ( 2021 ) and Getman, Feigelson & Garmire ( 2021 ). 
The layout of the paper is as follows. In Section 2 we summarize

he stationary model as presented in B23 , then present the physical
odel of flares, the chemical model, and the model to derive the

iscous α parameter in the disc from the ionization fraction. In
ection 3 , we present our results for the case of one flare, then we
xtend them to the time-dependent solutions from our multiple flare
odel. We consider the impact of non-thermal particle ionization
 v er disc chemistry, the development of the magnetorotational
nstability (MRI), and the heat deposition in the disc and at the base of
he jet. In Section 4 , we propose a general discussion about theoretical
erspectives of our work and its limitations before concluding in
ection 5 . 

 M E T H O D  

.1 Summary of the stationary model in B23 

laborating on the work by Orlando et al. ( 2011 ) and Colombo
t al. ( 2019 ), B23 proposed an unco v ered source of ionization in
he inner discs of T Tauri stars, the ionization by flares triggered by

agnetic reconnection. The idea was also inspired by the results of
he simulation of magnetospheric ejection by Zanni & Ferreira ( 2013 )
here the typical magnetic field topology of magnetic reconnection

an clearly be identified in the interaction zone of the magnetic field
NRAS 530, 3669–3687 (2024) 
f the star and the magnetic field of the disc. On the other hand, it has
een routinely observed in the Sun and in laboratory experiments that
uch magnetic reconnection events are very efficient at accelerating
articles to energies � 1 GeV. Given the geometry of the field lines
bo v e the disc, we expect that this geometry fa v our the propagation
f EPs from the acceleration region down to the disc. 
Once these particles penetrate into the disc, they suffer from

nergy losses. At energies � 1 GeV, particles mainly lose their energy
hrough ionization losses. In other words, they are very efficient at
onizing the disc. This supports the idea that our model could be a
ignificant source of ionization in the inner disc. B23 estimate the
onization rate produced by EPs accelerated by magnetic reconnec-
ion events in the region of star–disc magnetic field interaction and
roposes a parametric study. The methodology of the B23 model is
s follows. 

First, B23 estimate the flux of supra-thermal particles produced
y a flare. This estimation is based on X-ray observations from the
handra Orion Ultradeep Project (COUP) point source catalogue

Favata et al. 2005 ; Getman et al. 2008 ). Using these data, B23 detail
ow to estimate the flare size and the electron density of the flare
ased on the observed flare temperature. B23 then develop a model
f particle acceleration which allows to estimate the non-thermal
article flux from the temperature, thermal electron density, and size
ssociated with the flare. The acceleration model also relies on the
esults of numerical simulations of magnetic reconnection to estimate
he power-la w inde x of the flux of non-thermal particles. Thus, B23
ropose an estimation of the non-thermal particle flux produced by
ares of T Tauri star based on micro-physical considerations. This
ux takes as parameter the flare temperature, the index of the EPs
istribution, and the maximum energy of the EPs distribution. 
Subsequently, B23 describe their model for particle transport.

his transport model allows for the estimation of the propagated
article flux within the disc based on the initial particle flux
roduced by magnetic reconnection, as a function of column density.
article transport is described within the Continuous Slowing Down
pproximation (CSDA), which is applicable under the assumption

hat the pitch angle of particles remains constant and that the energy
osses due to collision with the medium are small compared to the
inetic energy of the particle. B23 computed the propagated flux for
olumn densities ranging from 10 19 to 10 25 cm 

−2 in order to treat the
ropagation of particles in the CSDA re gime (P ado vani et al. 2018 ).
ithin this approximation, given that the gyroradius of particles with

nergy E < 1 GeV is small compared to the characteristic size of the
isc, the trajectories of the particles are determined by the large-scale
agnetic field lines. B23 provide a detailed description of the energy

oss processes using the formalism of the energy loss function. The
oss function is defined as the energy loss per unit column density and
epends both on the incoming particle species (protons or electrons)
nd the composition of the target medium. 

The composition of the target medium, i.e. the abundance of
arious chemical species within the disc through which the particles
ravel, is determined using the radiation thermo-chemical code
RODIMO (see Section 2.3.1 for a further description). B23 focus
 xclusiv ely on the losses associated with the dominant species: free
lectrons, H, H 2 , and He. We have estimated that the energetic losses
ue to more complex species accounts for less than 5 per cent of
he total energy losses. Consequently, we neglect the contribution of
etals and more complex molecules to the energetic losses in order

o simplify the transport model. 
In B23 , the electron loss function is deduced from the data provided

y Dalgarno, Yan & Liu ( 1999 ) at low energy ( < 1keV), which are
ased on theoretical calculations. At high energy ( > 1keV) B23 use
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Figure 1. Non-thermal particle ionization rate as a function of column 
density for a range of flare temperature between 10 5 and 10 9 K. The results 
are obtained assuming the fiducial parameters as described in B23 . The flare 
is assumed to occur at a radius of 0.1 au from the star. 
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he National Institute of Standards and Technology data base, 1 see 
 ado vani et al. ( 2022 ) for an updated description of the electron
nergy loss function. At low energy, energy losses in molecular 
ases are controlled by rotational and vibrational excitations, at 
ntermediate energy by ionization and at high energy by radiative 
osses. The data of the Stopping and Range of Ion in Matter (Ziegler,
iegler & Biersack 2010 ) are used to construct the proton loss

unctions. At high energies, abo v e the threshold E 

π = 280 MeV, we
dd energy losses due to pion production, as reported by P ado vani
t al. ( 2018 ). At very low energy ( < 1 –10 eV) Coulomb losses are
ominant, we use the expression from Schlickeiser ( 2013 ). 
Whether the cross-sections and loss functions are determined 

xperimentally or theoretically, the uncertainties in their determi- 
ation by the authors cited in B23 are negligible compared to the
ncertainties linked to the parameters of the acceleration model. 
dditionally, B23 include the flux of secondary electrons produced 

ssued from the ionization of the medium by primary particles (Ivlev 
t al. 2015 ). 

Finally, B23 show that, in a stationary configuration, EPs are a 
owerful source of local ionization, with ionization rates that exceed 
-ray, stellar EPs, and radioactivity contributions in the inner disc by 

everal orders of magnitude. For the reference case of a 1 MK flare
t 0.1 au propagating along a vertical magnetic field line, B23 find an
onization rate ζ = 10 −9 s −1 at column densities of 10 25 cm 

−2 , while
he ionization rate at this depth due to GCR or X-rays produced
n a 1 MK stellar flare is of the order of 10 −17 s −1 , while it is of
he order of 10 −18 s −1 due to radionuclides. B23 then proceed to
 parametric study where they consider various spectral indices for 
he EPs flux, various flare temperatures, different poloidal magnetic 
onfigurations as well as toroidal components along which the EPs 
an propagate, and different distance from the star where EPs are 
ntering into the disc. 

Although B23 suggest that their assumptions might result in an 
 v erestimation of the ionization rate, EPs generated by reconnection 
vents are identified as a potentially dominant source of ionization 
n the inner disc of T Tauri stars. As there are several parameters
n the model that are difficult to constrain either experimentally 
r observationally, B23 conducted a comparative analysis of these 
arameters. The aim of this analysis is to define a range of flare
arameters so that the ionization rates produced are dominant o v er
ther ionization sources. B23 anticipate that this will be the case 
or (i) a reconnection process that accelerates particles following an 
njection flux with a power law in kinetic energy j ∝ E 

−δ for δ < 6, (ii)
ares with temperatures abo v e 1 MK, and (iii) particles propagating
long the field line with a ratio of the toroidal component to the
oloidal component b g = B φ / B pol < 1. 
In this article, we have updated the method for calculating the non-

hermal particle density based on temperature of B23 (see Appendix 
 ). This revised approach is applied to determine the injected flux
f non-thermal particles. We note that the ionization rate is affected 
nly by a factor of 2, which is relatively modest regarding the lack
f constraints on the injected flux. This adjustment has insignificant 
mplications for the chemistry involved. 

According to B23 , the temperature strongly affects the ionization 
ate in the disc as it determines both the normalization and the
njection energy of the non-thermal component of the particle 
ux. Fig. 1 shows the ionization rates generated by flares with 

emperatures ranging from 10 5 to 10 9 K in the fiducial configuration 
f B23 . This configuration assumes a power law for the energy
 https:// physics.nist.gov/ PhysRefData/ Star/ Text/ ESTAR.html 

t
l
d  
istribution function F ( E ) ∝ E 

−δ , and δ = 3 for particles produced by
 magnetic reconnection event. It also assumes that magnetic field 
ines are perpendicular to the disc plane and that the EPs follow
elical trajectories around the vertical lines with a homogeneous 
istribution of pitch angles. 
The assumption that the magnetic field is perpendicular to the 

isc plane stems from the results from the simulations of Zanni &
erreira ( 2013 ) and Mattia & Fendt ( 2020a , b , 2022 ), where the
uthors take into account turbulence and dynamo. They show that, 
specially when turbulence is saturated, the magnetic field is mostly 
ertical. Simulations in Jacquemin-Ide, Lesur & Ferreira ( 2021 ) of
urbulent flo ws sho w similar results with almost vertical magnetic
eld lines. These results are comparable to what is obtained in self-
imilar accretion–ejection models (Ferreira 1997 ). Ho we ver, self- 
imilar models including MRI (Jannaud, Zanni & Ferreira 2023 ) may
how more complicated bent magnetic structures such as those we 
xplored in B23 . This ho we ver does not affect strongly the results. Of
ourse, as the disc is axisymmetric, there should be an extra toroidal
agnetic field that is acting as a guide field. 

.2 Non-stationary flare model 

s stated abo v e, the model in B23 is stationary, and it estimates
he ionization rate below the flare, at its maximum luminosity. 
onsequently, the resulting ionization rate is not representative of 

he ionization of the whole disc on an extended period of time. This
s why a time-dependent model should be considered. 

In this section, we propose a stochastic model to simulate the X-
ay emission of a T Tauri star. Our aim is to calculate the resulting
onization rate due to flares using the X-ray luminosity as an input.
herefore, it is necessary to establish a relationship between the peak
-ray luminosity ( L X, pk ) and the corresponding flare temperature T f .
To proceed, we rely on observations from Chandra . The work

f Getman et al. ( 2008 ) includes a table that displays the X-ray
uminosity and the temperature of 216 flares in the COUP sample.
inear regressions are applied to the data. First, we deduced from

his the relationship log L X, pk − log T obs linking the peak X-ray 
uminosity in the Chandra detection energy band to the temperature 
educed in this band T obs . Secondly, we deduce the relationship
MNRAS 530, 3669–3687 (2024) 
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og T f − log T obs , linking the bolometric and X-ray flare temperature.
etman et al. ( 2008 ) indicate that because the peak X-ray emission
f flares with temperature T obs > 200 MK is outside the Chandra
ensitivity band, the measurements deduced for these flares are highly
mprecise. So, to perform the regression, we only consider a restricted
ample of 179 flares with T obs < 200 MK. 

In Fig. 2 , we show the scattering plots of Chandra data points
long with their corresponding linear regression. In Fig. 2 (a), we
lot the relation between the peak X-ray luminosity and the observed

emperature of the flare L X, pk (erg s −1 ) = 9 . 63 × 10 29 
( T obs 

MK 

)0 . 75 
. In

ig. 2 (b), we plot the relation between the observed temperature in
he Chandra band and the bolometric temperature of the flare T f =
 . 35 × T 0 . 55 

obs (both temperatures are in MK units). Combining these
wo equations, the relation between the observed X-ray luminosity
nd the temperature of the flare can be derived as 

 f = 3 . 45 ×
(

L X, pk 

10 30 erg s −1 

)0 . 73 

MK. (1) 

We present now the stochastic model used for probing the
arameter space rele v ant for T Tauri flares. Our main objecti ve is
o simulate the X-ray emission from young stars during a Keplerian
eriod P K . For solar mass stars, the Keplerian period at 0.1 au, P K ,
s approximately 10 Ms ( ≈0.3 yr). 

Our methodology is based on a random sampling of flare distri-
utions, based on three parameters: the waiting time between two
vents, the X-ray luminosity, and the flare duration. To randomly
ample the distributions, we use an inverse function technique, as
etailed in Malzac ( 1999 , chapter 6). 
A comprehensi ve observ ational analysis spanning six decades

f solar activity, recorded by instruments such as ISEE-3/ICE,
XRBS/SMM, WA TCH/GRANA T, BA TSE/CGRO, and RHESSI

Aschwanden & McTiernan 2010 ), enables the identification of the
istribution of the waiting times between solar flare events. We
ssume that we can extrapolate this solar flare temporal distribution
o T Tauri star flares. This empirical distribution helps estimating
he flare frequency within our designated period of study, while also
iving a time of occurrence to each flare event. By relying on solar
bservations, we can estimate the frequency distribution of flares
ith luminosity that are lower than those observable on T Tauri

tars. 
Subsequently, to ascribe a luminosity value to every individual

are, we refer to the luminosity distribution of X-ray flares from
oung stars, as observed by Chandra (Getman & Feigelson 2021 ).
n addition, the data deduced from the X-ray flares of these young
tellar objects provide the distribution of the flares duration. 

.2.1 Waiting times distribution 

bservations of waiting times between solar flares reveal power-law
istributions. Aschwanden & McTiernan ( 2010 ) and Aschwanden,
ohnson & Nurhan ( 2021 ) propose a type II Pareto distribution based
n data collected o v er 60 yr, 

 wt ( τ ) = λ0 (1 + λ0 τ ) −m , (2) 

here τ is the time between two flares, and 1/ λ0 is the breaking
oint of the power law. We use the value 1/ λ0 = 0.80 ± 0.14 h, as
uggested by the authors. m is the power-la w inde x of the distribution.
olar observ ations sho w that m ranges from 2.1 to 2.4. The average

ime between two events decreases as the power-law index increases.
ince T Tauri stars are expected to be more magnetically active than
NRAS 530, 3669–3687 (2024) 
he Sun, we take the upper bound of the solar observed waiting time
ower-la w inde x, m = 2.4. This giv es shorter waiting times. 
From this distribution, we compute the mean waiting time between

wo flaring events, 

¯ = 

∫ ∞ 

0 
τn wt ( τ )d τ ≈ 5 ks . (3) 

.2.2 Luminosity distribution 

he e xhaustiv e study by Getman & Feigelson ( 2021 ) focused on the
nergetics of X-ray flares from pre-main-sequence (PMS) stars. Their
bserv ations re vealed that the X-ray peak luminosity distribution
f high-luminosity flares ( L > 10 32 ergs −1 ) follows a power-law
ith an index of 2.11. For luminosities below this threshold, the

rend of the power law cannot be deduced because the set of data
s incomplete. Ho we v er, this inde x of 2.11 corresponds to the value
f the power-law index observed over a wide range of luminosities,
rom optical to extreme-UV (EUV) and X-ray domains, in solar and
tellar flares. The range of validity of this power law starts from solar
anoflare energies ( E flare = 10 24 erg) up to superflare energies of
olar-type stars ( E flare = 10 35 erg) (Notsu et al. 2019 ; Okamoto et al.
021 ). This justifies our extrapolation of the power-law distribution
bserved by Getman & Feigelson ( 2021 ) to luminosity lower than
0 32 erg s −1 . 
The normalized X-ray luminosity distribution can be written as 

 X ( L ) = 

a − 1 

L c 

(
L 

L c 

)−a 

, (4) 

here a = 2.11 is the power-law index measured by Getman &
eigelson ( 2021 ) and L c is the low-luminosity cut-off of the distribu-

ion. L c is adjusted in order to reproduce the occurrence rate N MF of
ega flares, flares with peak X-ray luminosity L X, pk > L 0 = 10 32 . 5 ,

bserved by Getman & Feigelson ( 2021 ), which is N MF = 1.7 mega-
ares per year per star. 
In the previous paragraph we have calculated the mean waiting

ime between two flares τ̄ = 5 ks. We can estimate the total number
f flares per year, N tot = 6300 flares yr −1 star −1 . 
To find the low-luminosity cut-off we start from the equation 

 tot = 

N MF 

P ( L X, pk > L 0 ) 
, (5) 

here P ( L X, pk > L 0 ) is the probability of occurrence of a megaflare,
.e. 

 ( L X, pk > L 0 ) = 

∫ ∞ 

L 0 

n X ( L )d L = 

(
L 0 

L c 

)1 −a 

, a > 1 . (6) 

rom the two abo v e equations, we get 

 c = L 0 

(
N MF 

N tot 

) 1 
a−1 

. (7) 

Taking N MF = 1.7, N tot = 6300, a = 2.11, and L 0 = 10 32 . 5 erg s −1 ,
he low-luminosity cut-off is 

 c � 1 . 9 × 10 29 erg s −1 . (8) 

.2.3 Flares luminosity profile 

e consider a simple time evolution model of flare soft X-ray
uminosity L X ( t ) as typically observed in the Sun (Benz 2002 ). It
s characterized by an exponential fast growth and gradual decay.
here are three parameters in this model. The first parameter is the
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Figure 2. Panel (a) shows the flares peak X-ray luminosity L X, pk dependence as a function of the flare observed temperature T obs in the Chandra band. Panel 
(b) shows the flares bolometric temperature T f dependence as a function of the flare observed temperature T obs in the Chandra band. The fits are plotted in solid 
orange line, while the data from Getman et al. ( 2008 ) are plotted as blue dots. 
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haracteristic rise time ( τ r ), the second is the characteristic decay 
ime ( τ d ), and the last is the peak X-ray luminosity of the flare
 L X, pk ). The temporal evolution of a flare with luminosity peaking at
 = t 0 is given by 

 X ( t) = 

{ 

L X, pk e 
( t−t 0 ) 

τr if t < t 0 

L X, pk e 
− ( t−t 0 ) 

τd otherwise. 
(9) 

The peak luminosity is randomly chosen according to the distri- 
ution in the previous section. Fig. 6 in Getman & Feigelson ( 2021 )
hows no convincing correlation between the luminosity of the flares 
nd their decay time. Thus, we derive a growth time following a
oisson distribution of the form 

 ( τr ) = λ exp ( −λτr ) , (10) 

here 1/ λ = 26 ks is the average rise time of the flares from the
bserved sample by Getman & Feigelson ( 2021 ). 
Fig. 6 in Getman & Feigelson ( 2021 ) shows a correlation between

are growth and decay times (both in ks units): 

d = 5 . 28 τ 0 . 60 
r (11) 

From the solar flare waiting time distributions, the peak X-ray 
uminosity distribution, and the rise and decay time distribution of 
he luminosity, we can model the total X-ray luminosity emitted by 
 PMS. 

In solar flares, the fast rise followed by a gradual decay of
he luminosity describes the soft X-ray component emitted by the 
hermal plasma. Conversely, the non-thermal particles, accelerated 
uring the flare, produce hard X-rays via bremsstrahlung and such 
ard X-rays are only observed during the rising phase of the soft
-ray emission (Benz 2017 ). 
The time-dependent ionization rate, represented by ζ ( t ), reflects 

he temporal profile of these non-thermal particles. Besides, the 
emporal profile of non-thermal particles follows the profile of hard 
-rays. Consequently, we assume that the profile of the ionization 

ate matches the phase of increasing soft X-ray luminosity. 

( t, L X, pk ) = 

{ 

ζpk ( L X, pk )e 
( t−t 0 ) 

τr if t < t 0 
0 otherwise, 

(12) 
here ζ pk is the ionization rate at the peak of the luminosity that is
alculated using the method described in B23 , and t 0 is the time at
he luminosity peak. 

The waiting time, the rising time, and the decaying time of
he flares are of the same order of magnitude. Thus, a luminosity
ontinuum appears. Our model produces a mean luminosity o v er
 year of 4.0 × 10 30 erg s −1 , which is close to the typical value
f 2 × 10 30 erg s −1 of the X-ray continuum observed on PMS
Flaccomio et al. 2003 ; Wolk et al. 2005 ). 

.2.4 Flare geometry model 

lares, characterized by sudden energy discharges within a tenuous 
lasma confined to a ‘magnetic bottle’, have been e xtensiv ely
xplored in various works (Reale 2007 ; Benz 2017 ). The energy
issipation in these scenarios predominantly occurs via optically 
hin radiation and efficient heat conduction directed towards the 
hromosphere of the star (Reale 2014 ). Magnetic confinement plays a
rucial role in determining the typical flare light curve. It yields a fast
ise in soft X-ray emissions due to the rapid plasma heating, followed
y a gradual, near-exponential decay resulting from combined effects 
f thermal conduction and radiation. 
This temporal evolution follows a very general trend that the 
ajority of observed flares satisfy. It has turned out to be a key

o deduce the half-length ( L f ) of the magnetic structure that go v erns
he eruption (Serio et al. 1991 ; Reale 2007 ). McCleary & Wolk
 2011 ) proposed an impro v ement to the original Serio et al. ( 1991 )
elationship, expressed as follows: 

 f = 

τd T 
1 / 2 

γF ( ε) 
, (13) 

here γ � 3.7 10 −4 is generally valid for solar-type stars and the
mpirical function F ( ε) = 

0 . 63 
ε−0 . 32 + 1 . 41 > 1. The introduction of

he function F ( ε) includes the effect of a progressive heating in
he rise phase of the flare, whereas Serio et al. ( 1991 ) assumed an
mpulsive heating with F ( ε) = 1. The parameter ε depends on the
tar. It varies for a given star from one flare to the other. McCleary &
olk ( 2011 ) derived the mean value of this parameter for a sample

f flares in Classes I, II, and III young stellar objects. In this study
MNRAS 530, 3669–3687 (2024) 
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Figure 3. Sketch of a flaring flux tube reproduced from Waterfall et al. 
( 2020 ). Magnetic reconnection takes place at the marked X-point, in the 
interaction region between the star and disc magnetic field lines. Non-thermal 
particles mo v e in a circular motion from this point, travelling along the field 
lines towards the surface of the star emitting X-rays. According to this model 
particles are entering the disc at R ≈ L f . 

Figure 4. Possible geometry of a T Tauri flare reproduced from Hamaguchi 
et al. ( 2012 ). Differential rotation between the star and the disc shears the 
stellar bipolar magnetic fields, and the magnetic fields twist and continuously 
reconnect. Matter, accelerated by the magnetic reconnection, collides with the 
stellar surface, thermalizes, and emits hard X-rays. According to this model 
particles are entering the disc at R ≈ 2 L f . 
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e are interested in Class II young stellar object and for this class
 ε〉 = 1.43 and 〈 F ( ε) 〉 � 1.98, we hence assume F ( ε) = 2 hereafter. 

The half-length of the flare loop is a proxy for the position R
here the flux tube is in contact with the disc, thus where the EPs

re released in the disc. 
We will discuss two models for the estimation of the position R .

he first model that we call the Star–Star flare (hereafter SSF) model
s supported by X-rays observations of Getman et al. ( 2021 ) where
he two footpoints of the flare are anchored on to the central star and
he flare loop-top is in the disc, see Fig. 3 . Waterfall et al. ( 2020 )
stimated the radio emission of a flare in this configuration. 

The second model that we call Star–Disc flare (hereafter SDF)
odel is supported by simulations (Orlando et al. 2011 ; Zanni &
erreira 2013 ; Colombo et al. 2019 ) and by the observations of
avata et al. ( 2005 ) with Chandra and Hamaguchi et al. ( 2012 ) with
MM –Newton and Suzaku observatories. This model assumes that
ne flare loop is anchored to the star, while the other is anchored to
he disc, and the loop-top, where reconnection occurs, is abo v e the
isc, in the magneto-ejection region, see Fig. 4 . 
The main impact that each of these models has on our results is the

osition at which the EPs produced in the reconnection region enters
he disc. Assuming the first model (SSF), with the two foot points
nchored into the star, the particles are penetrating at R ≈ L f . On the
ther hand, assuming the second model (SDF) with the flare loop
inking the stellar surface with the disc, particles are penetrating at R

2 L f . The second model injects particles farther in the disc. We show
hat this has a major impact on the ionization spatial distribution in
he inner disc, thus potentially to the extent of the MRI active region.
NRAS 530, 3669–3687 (2024) 
From equation ( 1 ), we can assign to each flare a half loop length
iven its peak X-ray luminosity L X, pk and its decay time τ d . These
alues are picked from the distributions obtained in equations ( 6 ) and
 11 ) and allow to derive a radial position R . 

Getman & Feigelson ( 2021 ) also made an estimation of χ , the
atio between the flare loop half-length and its cross-sectional radius
 . So the area of the flare cross-section A f is expressed in terms of χ
s 

 f = πχ2 L 

2 
f . (14) 

n solar and stellar flares as well as in the PMS flares observed by
etman & Feigelson ( 2021 ), the typical value of χ is 0.1. 
Each flare is given a radial location in the disc based on its

uminosity, while the azimuthal location is randomly picked in a
niform distribution of angles. 

.3 Chemical model 

.3.1 PRODIMO 

o e v aluate the column density explored by EPs, we use a model
enerated by the radiation thermochemical code PRODIMO (PROto-
lanetary DIsc MOdel, 2 Woitke, Kamp & Thi 2009 ; Kamp et al.
010 ; Thi, Woitke & Kamp 2011 ; Woitke et al. 2016 ). This model
erforms a wav elength-dependent radiativ e transfer calculation,
ncluding X-rays (Rab et al. 2018 ), which determines the gas and
ust temperatures and the local radiation field. Chemical abundances
re used to balance the heating and cooling processes, and the
hemical network contains 235 different chemical species and 3143
hemical reactions (Kamp et al. 2017 ; Rab et al. 2017 ). Here, we
se a fiducial T Tauri disc model described in Rab et al. ( 2017 ). It
as also used in Brunn et al. ( 2023 ) (see their table 1 for the main
hysical parameters). Here, we want to model in a more realistic
ay the thermal and ionization structure in the innermost region
f the disc ( R < 1 au ). Thus, we additionally include accretion
eating following D’Alessio et al. 1998 , see also Oberg et al.
022 appendix A). We use a total mass accretion rate on to the
tar of Ṁ accr = 10 −8 M � yr −1 . We added a simple treatment of the
ollisional ionization to the chemical network following Desch &
urner ( 2015 ). For further details, see Appendix B . 

.3.2 Electron density equilibrium 

n the framework of EP propagation within the protoplanetary disc,
e adopt a model based on the ‘test-particle’ approximation. We

ssume that these particles e x ert no influence on the disc chemical
tructure. None the less, our objective is to quantify their effect on the
hemistry of the disc. To this end, we determine the electron density
n regions of the disc influenced by flares. 

From the differential system equation ( 7 ) by Fromang, Terquem
 Balbus ( 2002 ), and assuming global neutrality, where the electron

ensity equals the cation density ( n e = n m 

+ ) while setting aside the
mpact of metallicity, we can simplify the system down to a single
rdinary differential equation: 

d n e 
d t 

= ζn n − βn 2 e . (15) 

In the no-flare case, assuming steady state, the initial electron
ensity and neutral species density, denoted, respectively, by n e , 0 

https://prodimo.iwf.oeaw.ac.at
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Figure 5. Plot of the electron density versus time in a range of column 
densities between 10 19 and 10 25 cm 

−2 . The flare temperature is 10 MK flare 
and the particles are penetrating into the disc at 0.1 au from the central star. 
The EP ionization rate follows the profile of equation ( 12 ) with the rising 
characteristic time τ r = 26 ks being the average value observed by Getman 
& Feigelson ( 2021 ). 
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nd n n , 0 , are computed by the PRODIMO code. Upholding particle 
umber conservation, the evolution of the neutral species density is 
elated to the electron density and the initial conditions as 

 n ( t) = n e, 0 − n e ( t) + n n, 0 . (16) 

n equation ( 15 ), the parameter β = β( T ) is the recombination rate
rom equation ( 9 ) of Fromang et al. ( 2002 ). We note that ζ , the total
onization rate, is the sum of two components, ζ = ζ f + ζ Prod , with
he stationary ionization rate, ζ Prod , computed by PRODIMO in the 
cenario without flare, ensuring a stationary n e , 0 . On the other hand,
f , the ionization rate due to flares, is derived from equation ( 12 ). 
A global study of the EP feedback on the disc chemistry via

he chemical model of PRODIMO will be studied in Section 3.3.1 .
evertheless, it is interesting to compute analytically the electron 
ensity via the abo v e-outlined rudimentary chemical model. Notably, 
emporal dynamics remain elusive within the PRODIMO framework. 
his simple model provides insights into the temporal trajectory of 
lectron density modulations induced by flares, an aspect presented 
n Section 3.1.1 . 

.4 Viscosity model 

s already stated, in order to develop, MRI requires a sufficiently 
igh degree of ionization for the gas to interact with the magnetic
eld. The instability can be characterized by the viscous parameter 
. 
Wardle & Salmeron ( 2012 ) pointed out that Hall diffusion could,

nder certain circumstances, counteract the resistive damping effects 
f MRI. Ho we ver, numerical simulations indicate a more complex 
cenario (Lesur, Kunz & Fromang 2014 ). Given these uncertainties, 
hi et al. ( 2019 ) chose to exclude the effects of Hall dif fusi vity

n estimating the ef fecti ve viscosity parameter. To compute the 
iscous α parameter, we rely on the model proposed by Thi et al.
 2019 ), which introduces an empirical non-ideal MHD MRI-driven 
quation for α suitable for physico-chemical protoplanetary disc 
odes such as PRODIMO . The adopted expression for α is given by 

= 

(
2 

βmag 

)1 / 2 

min(1 , � Ohm ) 

[ (
50 

Am 

1 . 2 

)2 

+ 

(
8 

Am 

0 . 8 
+ 1 

)2 
] −1 / 2 

, (17) 

f 
√ 

βmag � Ohm 

> 1 and α ≈ 0 otherwise. 
Am represents the frequency at which neutral particles collides 

ith ions normalized to the Keplerian orbital frequency, 

m ≡ νin 

�K 

= 

βin n charge 

�K 

= 

x e βin n tot 

�K 

, (18) 

here n charge = x E n tot is the total number density of charged species
nd βin = 2 × 10 −9 cm 

3 s −1 is the collisional rate coefficient for ions
o distribute their momentum to neutrals. Thus, 

m ≈ 1 
( x e 

10 −8 

)( n n 

10 10 cm 

−3 

)(
R 

1 au 

)3 / 2 

. (19) 

The Ohmic dif fusi vity is quantified by the dimensionless Elsasser
umber � Ohm 

, defined as the ratio of the Lorentz force to the Coriolis
orce, 

 Ohm 

≡ B 

2 
z 

4 πρηO 

�K 

≡ v 2 A 

ηO 

�K 

≡
(

4 πσO 

�K 

)(v A 

c 

)2 
, 

here B z is the vertical component of the magnetic field, v A is
he Alfv ̀en speed, and ρ is the mass density of the plasma and the
hmic resistivity is given by ηO 

= 

c 2 

4 πσO 
. Thi et al. ( 2019 ) derived

n approximation for the Ohmic Elsasser number in disc regions 
ele v ant to our study, where σ O ≈ σ e , O and x e > 10 −13 : 

 Ohm 

≈ 1 

(
T 

100 K 

)1 / 2 ( 10 4 

βmag 

)(
R 

1 au 

)3 / 2 ( x e 

10 −9 

)
. 
he magnetic term βmag ( R , z) is the ratio of the thermal pressure to
he magnetic pressure, given by (Thi et al. 2019 ) 

mag ( R , Z ) = βmid 
P th ( R , Z ) 

P th ( R, 0) 
= βmid 

n ( R , Z ) T ( R , Z ) 

n ( R , 0) T ( R , 0) 
, (20) 

here βmid = βmag ( R , 0) is the value of βmag on the mid-plane. βmid is
ssumed to be independent of the radius so that it can be determined
rom the thermal structure and chemical abundances of PRODIMO . 
he parameter βmid is typically in the range 10 4 –10 6 . We take βmid 

 10 4 as reference value. 

 RESULTS  

.1 Single flare effects 

.1.1 Ionization rates 

e plot in Fig. 5 the solution of equation ( 15 ) for the number density
f electrons. The solution is obtained by taking the time-dependent 
onization rate produced by the particles propagating along vertical 
eld lines emitted by a single 10 MK flare at R = 0.1 au. The
lectron density is computed for column densities ranging from 10 19 

o 10 25 cm 

−2 . It illustrates that for column densities below 10 24 cm 

−2 ,
he system rapidly returns to a steady state. In this range of column
ensities, due to the high electron density, the recombination time 
rec = ( β( T ) n e ) −1 ∼ 1 s. Thus, the increase of the electron density
nly occurs during the time during which particles are injected. 
n the other hand, at N > 10 24 cm 

−2 , despite the low temperature
 ≈500 K ), the electron density is very low so the recombination times
re longer, τ rec � 10 5 s , thus electrons remain free much longer. As
 result, the effects of the flare persist for an extended period at high
olumn density. Given that the equilibrium state discussed in this 
ection is rather basic and solely accounts for the recombination of
lectrons with H 

+ , it is necessary to refine these results. This can be
one especially by taking into account various other recombination 
rocesses, including those occurring on grains or metals. 
MNRAS 530, 3669–3687 (2024) 
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Figure 6. Ionization rate as a function of the column density. The solid 
blue line shows the effective ionization rate from a 10 MK flare averaged 
o v er a Keplerian time. In comparison, the solid orange line shows the X-ray 
ionization rate of a T Tauri star as computed by PRODIMO . 
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In the next section, we study the effect of multiple flares using the
ull chemical model of PRODIMO accounting for all recombination
rocesses. 
In B23 , we argued that the ionization rates obtained in the

tationary state were o v erestimated and in order to have more
ealistic description of the ionization processes, temporal and spatial
veraging should be performed. We propose here a simple estimation
f the spatial and temporal average of the ionization rate due to a
ingle flare and postpone a more precise treatment to next section.
e assume the same flare as abo v e, 10 MK at 0.1 au, with a rising

ime τ r = 26 ks corresponding to the average rising time observed by
etman & Feigelson ( 2021 ). We define an ef fecti v e time-av eraged

onization rate ζ eff from the average ionization fraction during a
eriod of time P , 

P , eff = 

1 

P 

〈 x e 〉 P = 

1 

P 

√ 

〈 ζ 〉 P 
βn n 

, (21) 

here β is the recombination rate, x e is the ionization fraction, and
 · 〉 P is the time av eraging o v er a period of time P . The temporal
veraging of the ionization rate produced by a single flare o v er a
eriod P is 

 ζP 〉 = 

1 

P 

∫ P 

0 
ζ ( t )d t . (22) 

Given the temporal profile of equation ( 12 ), the average ionization
ate produced by a flare occurring at t = t 0 � P is 

P = ζpk ( L X, pk ) 
τr 

P 

. (23) 

We compute ζP , eff o v er a Keplerian period at 0.1 au, so P ≈ 10
s We then define the spatially averaged ionization rate as 

eff = 

r 2 f 

( R + r f ) 2 − R 

2 
ζP , eff , (24) 

here R is the radial position of flare and r f the radius of the flare.
eff /ζP , eff is the ratio between the area illuminated by particles and the
isc ring of width 2 r f at radius R . Here, we take R = 0.1 au and r f / R =
.1. This ef fecti ve ionization rate is illustrative for comparison with
ther sources of ionization in the inner disc. The ef fecti ve ionization
ate is plotted in Fig. 6 and compared to the X-ray ionization rate
omputed by PRODIMO . It was anticipated that calculating spatial
nd temporal averaged ionization rates would result in lower values
NRAS 530, 3669–3687 (2024) 
han the ionization rate estimated at a flare maximum in B23 . This
ypothesis is validated here. Considering that observations span o v er
xtended periods of time, the averaged ionization rates calculated in
his study offer a better basis for comparison with observational data
han the ionization rate obtained in B23 . Furthermore, these averaged
onization rates also provide more rele v ant v alues to be used in
umerical models of stationary chemistry in discs such as PRODIMO .
s seen in Fig. 6 , the ef fecti ve ionization rate produced by flares

t low column densities, N � 10 22 cm 

−2 , is similar to the ionization
ate produced by X-rays. Ho we ver, at high column densities, N �
0 22 cm 

−2 , the ef fecti ve ionization rate produced by flares becomes
ne to two orders of magnitude higher than that produced by X-rays.
he increase in ionization rate by EPs compared to X-rays at high
olumn densities is an expected result as has been demonstrated in
ab et al. ( 2017 ), P ado vani et al. ( 2018 ), and Offner et al. ( 2019 ). 

.1.2 Non-thermal pr essur e 

n addition to altering the disc chemical state, non-thermal particles
lso influence its dynamics. To gauge this impact, we compare
he pressure e x erted by the non-thermal particle distribution to the

agnetic and gas pressures. The non-thermal pressure, P i , nt , e x erted
y a distribution of electrons and protons ( i = e , p ) can be expressed
s 

 i, nt = 

1 

3 

∫ ∞ 

E c 

p( E ) v( E ) F i, nt ( E ) d E , (25) 

here E is the kinetic energy, E c is the injection energy of the non-
hermal particles, and F i , nt ( E ) is the energy distribution of these
on-thermal particles i , 

 i, nt ( E) = N i, nt 

(
E 

E c 

)−δ

. (26) 

We assume equipartition of energy between non-thermal protons
nd electrons, i.e F e , nt = F p , nt . 

We consider both species with the same injection energy E c . Thus,
 e , nt = P p , nt = P nt , with 

 nt � 

2 

3 

δ − 1 

δ − 2 
E c n nt , (27) 

here n nt is the non-thermal particle density (equation A13 ) and δ �=
. We assume that the injection energy is proportional to the thermal
nergy, E c = θE th , where E th = 

3 
2 k B T ; here k B is the Boltzmann

onstant and T the flare temperature. Then, we express the pressure
f the non-thermal distribution in terms of the pressure of the thermal
istribution, 

 nt = 

3 θ2 

δ − 2 

√ 

3 θ

2 π
exp ( −3 θ

2 
) P th . (28) 

he thermal pressure can be computed as a function of the flare
emperature from P th = n th ( T ) k B T , where n th ( T ) is the plasma thermal
ensity constrained from X-ray observation, equation ( A11 ). 
Assuming the fiducial values of B23 , θ = 3 and δ = 3, 

 th = 26 

(
T 

1 MK 

)0 . 31 

erg cm 

−3 and P nt = 9 

(
T 

1 MK 

)0 . 31 

erg cm 

−3 . (29) 

The total pressure of non-thermal particles accounting for both
lectrons and protons is P tot, nt ≈ 2 P nt and the total thermal pressure
s P tot, th ≈ 2 P th . 

In Fig. 7 , we plot the total thermal and non-thermal particle
ressure alongside the gas and the magnetic pressures. Abo v e the
nner disc surface, where a flare is occurring, the magnetic field
ntensity should be in the range 10–0 G (Orlando et al. 2011 ; Colombo
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Figure 7. Different components of the pressure in the disc as a function of 
the flare temperature in the range 1–100 MK: pressure of thermal particle 
distribution produced by flares (solid blue line); pressure of the suprathermal 
component of the particle distribution (solid orange line); magnetic pressure 
resulting from a 27 G magnetic field, as used in the simulation of the thermal 
effects of flares by Colombo et al. ( 2019 ) (dashed green line); thermal pressure 
at the disc surface, with T = 10 3 K and n = 10 10 cm 

−3 (dashed red line). The 
grey shaded area shows the range of magnetic pressure exerted by a magnetic 
field with intensities between 10 and 50 G. 
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t al. 2019 ). The graph indicates that the pressure of thermal and
upra-thermal particles generated by flares is typically comparable 
o the magnetic pressure at the inner disc surface. Meanwhile, the 
article pressure greatly exceeds the disc gas pressure. Therefore, 
hese particles are expected to influence the magnetic and gas 
tructures of the discs. Earlier simulations examining the effect of 
ressure from flares focused on the pressure contribution from the 
hermal particles (Orlando et al. 2011 ; Colombo et al. 2019 ). They
ssumed a magnetic intensity of 27 G in the inner disc, resulting
n the magnetic pressure represented by the green dashed line in 
ig. 7 . Colombo et al. ( 2019 ) demonstrated that the pressure from

he thermal component could greatly alter the thermal structure of 
he disc. It can even initiate overpressure waves that cross the disc,
orming accretion funnels on the opposite side of the disc. 

From equation ( 29 ), we have shown that the non-thermal com-
onent accounts for o v er a third of the thermal pressure. Thus, it
epresents a non-negligible portion of the particle pressure e x erted by
articles from a flare. It appears essential for future flare simulations
n T Tauri stars to consider the effect of the supra-thermal component.

.2 Ionization by multiple flares 

 single flare appears to cause a temporary change in the disc
hemistry, but the system comes back to its original chemical state 
 v er time. Waggoner & Cleeves ( 2022 ) observed that the collective
ffects the X-rays produced by flares can push some chemical species 
nto a ‘new pseudo-steady state’ if their formation or destruction 
ime-scales are longer than the intervals between flares. For instance, 
n their study, if the creation of a particular species is boosted by
 byproduct of a flare and its decay time exceeds the time between
trong flares, the system will not come back to the original state before
he next flare occurs. The specific time-scales for these changes 
ary depending on the molecule in question and the pre v ailing local
onditions. Ilgner & Nelson ( 2006 ) also argued that for flares, the
hemistry of ions in the disc should be modelled using time-averaged 
onization rates. 
So, in order to have a more complete understanding of the effects
f EPs produced by multiple flares, we compute the spatial and
emporal averaged ionization rate. We use a sample of flares that are
andomly drawn using the method described in Section 2.2 , o v er a
ime period P . 

First, we need to deal with the temporal averaging of the ionization
ate produced by a single flare o v er a period P , as in equation ( 22 ). 

Given the temporal profile of equation ( 12 ), the average ionization
ate produced by a flare occurring at t = t 0 is 

P = ζpk ( L X, pk ) 
τr 

P 

(
1 − e −

P−t 0 
τr 

)
(30) 

We now calculate the spatial average of the ionization rate 
roduced by the whole sample of flares. The spatial average is
omputed in disc rings with a radius R and width � R . The area
f such a ring is A R = π ( R 

2 − ( R − � R ) 2 ). 
The flux tube of each flare i from the sample intersects the disc

ing with an area A i , where A i is smaller than A f . The flare cross-
ection with the whole disc is given by equation ( 14 ). Flares produce
 time-averaged ionization rate ζ P , i ( N ) in a volume of section A i . 

The spatial average ionization rate ζ P , R in a disc ring with a large
adius R is given by 

P ,R ( N ) = 

1 

A R 

∑ 

i 

A i ζP ,i ( N ) . (31) 

We have calculated the average ionization rate by varying the 
uration P . On shorter time-scales, the likelihood of encountering a
owerful flare capable of emitting particles at large distances from 

he central star is relatively low . Consequently , the primary variation
ntroduced by changing the period is the radial extent of the region
mpacted by flares. The spatial average ionization rate plotted in 
ig. 8 (a) is obtained by taking � R � R and averaging over 1000 yr.
From the numerical results we propose a parametrization of the 

verage ionization rate due to the EPs produced by flares of the form

( R, N ) = ζ0 

(
1 + 

N 

N 0 

)−a 

e −b( R−R 0 ) . (32) 

he parameters for the SSF and SDF models are presented in Table
 . This e xpression pro vides a fit matching the numerical results with
n average relati ve de viation of less than 10 per cent for column
ensities ranging from 10 19 to 10 25 cm 

−2 , for radii 0.1–0.3 au and
.1–0.6 au for SSF and SDF, respectively. 

.3 Feedback on the disc 

.3.1 Effects on the disc chemistry 

n this section, we explore how the ionization rate, resulting from
aring activities, influences the chemical composition of the disc. 
his impact is quantified using PRODIMO , which takes as inputs the
patial distribution of the ionization rate generated by both SSF and
DF represented in Fig. 8 . PRODIMO then recalculates the entire disc
hemistry, accounting for this new ionization source. Our model 
omputes ionization rate for column densities N < 10 25 cm 

−2 . At
igher column density the ionization rate is extrapolated using linear 
nterpolation in log space. The revised disc structures are displayed 
n Fig. 9 where we specifically examine the ionization fraction. In
ig. 10 , we examine the distribution of the most abundant cation

n the inner disc. On these figures, we plot the effects of three flare
odels on disc structures, with the horizontal axis indicating the disc

adius R in astronomical units (au) and the vertical axis representing
 / R . We show the reference disc structure without flare contributions
nd those incorporating effects from SSF and SDF. 
MNRAS 530, 3669–3687 (2024) 
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Figure 8. Time-averaged ionization rate in the range 10 19 –10 25 cm 

−2 o v er 
a period of 1000 yr. Panel (a) shows the results obtained from the SSF model. 
Panel (b) shows the results from the SDF model. 

Table 1. Parameters of the ionization rate expression equation ( 32 ). 

Parameters ζ 0 [s −1 ] N 0 [cm 

−2 ] a b [au −1 ] R 0 [au] 

SSF 1.5 × 10 −4 1.2 × 10 22 2.35 26.5 0.075 
SDF 4.6 × 10 −5 7.9 × 10 21 2.28 11.3 0.15 
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In addition to the ionization fraction, in Fig. 9 , the solid black
ine shows the delimitation of the MRI-inactive region, where α = 0
i.e. where 

√ 

βmag � Ohm 

< 1). We assume βmid = 10 4 (see equation
0 ). The method to determine the MRI-active region is explained in
ection 2.4 , and further discussed in Section 3.3.2 . 
The o v erall ionization fraction within the disc is determined by the

quilibrium between ionization sources, namely UV, X-rays, cosmic
ays, and EPs from flares, and recombination as well as charge
xchange reactions. The principal charge carriers in this system are
ree electrons for ne gativ e charges and gas-phase cations for positive
harges. 

Panels (b) and (c) in Fig. 9 reveal that, in disc structures influenced
y flaring activity, the ionization fraction is higher by more than one
rder of magnitude compared to structures that do not account for
NRAS 530, 3669–3687 (2024) 
ares (panel a) at heights where the Z/R ratio is between 0.05 and
.2. 
Due to the longer loops of SDF compared to SSF, the impact of the

ormer on the ionization fraction extends farther radially, see Fig. 9 .
pecifically, the region in which the ionization fraction increases by
ore than one order of magnitude compared to the structure without
ares extends up to ∼0.6 au in structures that account for SDF.
onversely, it is limited to ∼0.3 au in structures accounting for SSF.
he sharp profile observed in the ionization fraction distribution at
.3 and 0.6 au in Fig. 9 (b) and (c), respectively, can be attributed to
he maximum distances from the star that particles produced by the
ares can reach. 
Panel (a) in Fig. 10 shows the distribution of the most abundant

on species in the inner disc without flares. At the disc surface,
he ionizing flux arising from the Far Ultraviolet (FUV) photons is
redominant, and the gas layer essentially acts as a photodissociation
egion (PDR). In this region, atomic ions like H 

+ , C 

+ , S 

+ , and Mg + 

re the most abundant cations. 
In the UV- and X-ray-shielded inner disc, collisions due to high

emperature ionize atoms having low ionization potential like the al-
ali, producing a region where Na + is the dominant cation.Ho we ver,
njection of non-thermal particles have additional effects on the
hemistry. In the region undergoing the increased ionization rate,
t R < R i , where R i = 0.3 au and R i = 0.6 au for SSF and SDF,
espectively, the chemical structure is similarly modified for both
are models. The disc surface layer is no more a standard PDR,
ominated by C 

+ and S 

+ , but the most abundant ion is H 

+ . Ho we ver,
 surprising feature appears. There is an HCNH 

+ -dominated layer
hat is absent in the model without flare. 

An important aspect for the chemistry in the context of variable
ares is the time-scales attached to chemical reactions. In case of the
P-induced ionization the picture is twofold. The ionization due to

he particles does not affect only the upper UV-dominated layers, but
lso deeper regions of the disc (towards the disc mid-plane). These
wo regions can roughly be separated by the location of the A V = 1
ayer (see e.g. Fig. 11 ). As a consequence the region affected by the
articles also spans a huge range in chemical time-scales. In the UV-
ominated layers those time-scales a very short (about 1 d), whereas
owards the mid-plane they span from ≈10 3 to � 10 6 yr (see Woitke
t al. 2009 , figs. 12 , 13 and equation 117 for the definition of the
hemical time-scale in our model). 

In our model the HCNH 

+ -dominated layer crossed the A V = 1
ayer and hence an interpretation of the chemistry in this region is
omplex. One of the consequences of the increase in the abundance of
CNH 

+ is an enhancement of HCN abundances through HCNH 

+ +
 −→ HCN + H (e.g. Long et al. 2021 ). This process is the most
mportant in deeper layers (below the A V = 1 limit) of the disc
ith longer chemical time-scales and is a consequence of the ion-
olecular formation pathway as described in Walsh, Nomura &

an Dishoeck ( 2015 , see e.g. their fig. 5), which also affects other
olecules such as CN. Woitke et al. ( 2024 ) pointed out that X-ray

onization plays an important role for the formation of HCN but
lso C 2 H 2 in UV-shielded regions. Ho we ver, compared to X-rays, an
rradiation by EPs produce higher ionization rates deeper in the disc
nd hence those formation pathways become even more important. 

In Fig. 13 we show the HCN column density for models with
nd without flares. This result is given by the PRODIMO steady-state
hemistry model assuming averaged particle ionization rates from
he flares. As the chemical time-scales are long in the deeper layers
f the disc (which dominate the column density), we expect that
his result does not depend strongly on the flare frequency, but more
mportantly on the period of time in which the disc suffers from
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Figure 9. Expected distribution of the ionization fraction as a function of the disc radius, R , and the normalized height, Z / R , in the case of no flare (panel a), 
SSF (panel b), and SDF (panel c). The hatched areas show the MRI-inactive regions. 

Figure 10. Expected distribution of the most abundant cation as a function of the disc radius, R , and the normalized height, Z / R , in the case of no flare (panel 
a), SSF (panel b), and SDF flare (panel c). The white areas are regions where other cations are dominant like H 3 O 

+ , NH 

+ 
4 , or SiOH 

+ . 

Figure 11. From left to right: disc models with no flares, SSF, and SDF . T op row: total (X-ray + SP + cosmic rays) ionization rate per molecular hydrogen. 
Bottom panel: gas temperature. The red solid contour shows the visual extinction of unity, and the orange solid contour shows the total vertical column density 
of 10 25 cm 

−2 . 
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Figure 12. Accretion rate in the inner disc assuming a disc model impacted 
by the EPs produced by SDF (orange), SSF (blue), and in the absence of flare 
(green). 

Figure 13. Vertically integrated column densities for HCN in the inner one 
au, for models without flares, with SDF and SSF. 
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nhanced particle irradiation due to flares. Ho we ver, a more detailed
nalysis of the complex chemistry and the time-dependent behaviour
f the disc is required to make more firm conclusions and will be
reated in a forthcoming work. 

Nevertheless, the enhancement of HCN is a promising outcome
f our study and interesting in tw o w ays. First, the increase in HCN
bundance due to flare suggests that this species may become a
andidate tracer for comparing our model with observational data.
econdly, on the theoretical side, further hydrolysis of HCN may
roduce amino acids. Indeed, several chemical mechanisms have
een suggested for the abiotic formation of pre-biotic molecules.
or instance, amino acids are commonly believed to originate from
uch processes. An aldehyde interacts with HCN and NH 3 , resulting
ither in an aminonitrile, which is then hydrolysed to produce the
orresponding amino acid or in a reaction between an aldehyde,
CN, NH 3 , and CO 2 that leads to the production of amino acids

hrough hydrolysis (Taillades et al. 1998 ). Our model, accounting
or the ionization by flares, produces a strong increase in the HCN
bundance in region at distance R = 0.1–1 au from the central star.
t may be of interest for the synthesis of the ‘building blocks of life’
n primitive Earth-like systems. 

.3.2 Effects on MRI and accretion rates 

ig. 14 displays the distribution of the ef fecti ve viscosity parameter
for a βmid value of 10 4 . This parameter traces the turbulence
NRAS 530, 3669–3687 (2024) 
fficiency, see Section 2.4 . Three zones can be distinguished: the
RI-activ e re gion with high v alues of α, the Ohmic dif fusion-limited

dead zone’ delimited by the total damping criterion β1 / 2 
mag � Ohm 

< 1,
nd the portion of the disc where βmag < 1 in the disc atmospheres
eading to a drop of α < 0.01. The decrease in α, as one mo v es
utwards the disc, is linked to the reduction in gas pressure and
onsequently, βmag . 

In regions with higher ionization rates, the coupling between the
as and the magnetic field is stronger, leading to more efficient MRI-
riven turbulence and angular momentum transport, see Section 2.4
nd Turner, Sano & Dziourkevitch ( 2007 ). 

We focus now on the effects of additional ionization due to flares.
n the region undergoing an increased ionization rate, at R < R i ,
here R i = 0.3 au and R i = 0.6 au for SSF and SDF, respectively, the
alues of the viscosity parameters increase from 0 to a finite value
 0.01, acti v ating MRI. On Fig. 14 panels (b) and (c), we see that

he size of the MRI-active region increases from Z / R ≈ 0.1 to Z / R ≈
.06. In this interval, the MRI-active region size increases by more
han one order of magnitude in terms of column density. 

By controlling the disc viscosity, ionization processes regulate
he mass accretion rate on to the central star. If the mass accretion
s driven by turbulence originating from either hydrodynamical
r magnetohydrodynamical processes, assuming efficient angular
omentum transport via the MRI, the disc mass accretion rate can be

pproximated in terms of an α-disc model (Perez-Becker & Chiang
011 ), 

˙
 = 3 πν� = 2 × 3 πμm p N g αc 2 s (33) 

= 2 . 5 × 10 −9 
(

α
0 . 01 

) ( N g 

10 24 cm 

−2 

) (
T 

10 3 K 

)
M � yr −1 , (34) 

here the ef fecti ve viscosity is given by ν = αc s h and μ is the
ean molecular weight. c s and h are the sound speed and the

eight scale of the disc, respectively, defined in Section 2.4 . The
actor of 2 accounts for accretion along the upper and lower disc
urfaces; N g is the gas column density abo v e the mid-plane and
 is the disc temperature. This formula is an approximation in
ur case as it assumes very efficient angular momentum transport,
amely l in � l , where l = R 

2 � is the specific angular momentum.
his is correct far from the inner disc radius, but it may not
ecessarily be the case here. Nevertheless, the formula provides
n order of magnitude estimation, which requires to be further
ested using numerical simulations, like in Orlando et al. ( 2011 ).
n the region undergoing the increased ionization rate, i.e. at R
 R i , where R i = 0.3 au and R i = 0.6 au for SSF and SDF,

espectiv ely, o v er 1000 yr, the averaged accretion rate increases
y a factor of 7–10 compared to the model without flares, see
ig. 12 . 

.3.3 Disc heating by EPs 

onization processes in T Tauri discs contribute to the heating of the
isc material, which affects the disc thermal structure (D’Alessio
t al. 1998 ; Ercolano, Clarke & Drake 2009 ). Various ionization
echanisms, including cosmic rays, X-rays, and UV radiation,

eposit energy into the disc gas, which in turn raises the gas
emperature and modifies the thermal equilibrium (Igea & Glassgold
999 ; Rab et al. 2017 ). In this section, we compute the volumetric
eating rate due to the ionization of EPs produced by flares. 
When they are separated from their nucleus, electrons deposit

eat in the surrounding medium. The amount of energy deposited
er unit time and unit volume is called the volumetric heating rate.
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Figure 14. Expected distribution of the ef fecti ve viscosity parameter (equation 17 ) as a function of the disc radius, R , and the normalized height, Z / R , in the 
case of no flare (panel a), SSF (panel b), and SDF (panel c). The white area delimits the MRI-inactive region, inside which 
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βmag � Ohm 

< 1. 
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he volumetric heating rate due to EPs, �, is computed assuming that
he ionization by each atomic hydrogen releases an amount of energy 
 H = 4.3 eV and ionization by each molecular hydrogen releases 
 H 2 = 18 eV (Glassgold et al. 2012 ). Q H and Q H 2 are the sum

f the heating produced by elastic collisions, rotational excitation, 
xcitation of H 2 vibrational levels, dissociation of H 2 , and chemical 
eating produced by the reactions of the H 

+ and H 

+ 

2 ions with other
hemical species in the disc. All these heating processes are detailed 
n (Glassgold et al. 2012 ). So, 

 ( R , N ) = 

(
n H ( R , N ) Q H + n H 2 ( R , N ) Q H 2 

)
ζ ( R, N ) , (35) 

here ζ is the ionization rate per H nuclei. The volumetric heating 
ate in the disc as calculated in PRODIMO is shown in Fig. 15 . 

Previous works have indicated that heating the surface of the 
isc can lead to an increase in the mass of the outflow (Casse &
erreira 2000 ; Bai et al. 2016 ). Casse & Ferreira ( 2000 ) showed

hat introducing a heating source comparable to emissions from 

n embedded stellar object could offset magnetic compression, 
hereby allowing for lower mass loads. Previous works simulating 
he launching of jets incorporate heating rates at the disc surface. 
he primary sources of disc ionization previously considered were 
igh-energy stellar X-ray and UV radiation, which also act as the 
redominant heating agents for both the disc surface and its entire 
ind zone. In the absence of magnetic fields, this level of heating is
owerful enough to initiate the photoe v aporation of protoplanetary 
iscs. This process is widely considered as the leading mechanism 

or disc mass-loss and dissipation, as highlighted in the re vie w by
lexander et al. ( 2014 ).The intensity of this volumetric heating rate

nfluences in turn the jet and the wind characteristics, such as the
egree of collimation, velocities, mass-loss rates, and temperatures, 
ee Meskini et al. in preparation. In these studies ho we ver, the
icrophysical origin of the volumetric heating rate is not discussed. 

n the context of the recent advances in the development of thermal-
HD outflow models (Wang, Bai & Goodman 2019 ; Gressel et al.

020 ; Rodenkirch et al. 2020 ; Lesur 2021b ), we derive a heat source
ased on microphysical consideration. We compute � S , the average 
olumetric heating rate in the surface layer, at column densities 
etween 10 −19 and 10 −20 cm 

−2 . Fig. 16 shows the trends of � S ,
hich is parametrized by the power law 

 S ≈ a × 10 −6 

(
R 

0 . 1 au 

)−b 

erg cm 

−3 s −1 , (36) 

here a = 3 and b = 6.3 for the SSF model, while a = 8 and b =
.2 for the SDF model. 
The volumetric heating rate computed here can be considered as 

n upper limit for the volumetric heating rate in outflows. In outflows,
he density is lower than the density in the disc. This would lead to
ower heating rates in the outflows, see equation ( 35 ). Thermal MHD
imulations show that strong heating rates as the one computed here
ead to uncollimated outflows, see Meskini et al. (in preparation). 

While MHD winds are generally considered to drive stellar 
ccretion through mass-loss, thermal winds have been suggested 
s a mechanism for dispersing protoplanetary discs. Specifically, 
hese thermal winds, also known as photoevaporative winds, are 
riven purely by thermal forces and do not contribute to the angular
omentum transfer. They were initially proposed by Hollenbach 

t al. ( 1994 ) to explain the relatively short lifetimes of discs, of the
rder of a few million years. In these models, the gas at the surface is
eated by photons and forms a wind that is thermally energized. The
otating gas has enough energy to escape from the stellar gravitational 
otential. Although the launching radius of a thermal wind for a T
auri star is around ≈ 1 au (e.g. Ercolano & Picogna 2022 ) there

s also a non-zero flow inside the launching radius (e.g. Dullemond
t al. 2007 ). 

We show here that the ionizing particles produced by flares are also
 source of heating that should be taken into account in the thermal
quilibrium of the disc for the launching of magneto-thermal winds 
e.g. Bai et al. 2016 ). 

 DI SCUSSI ON  

.1 Viscous heating 

he thermal equilibrium in discs should not only integrate chemical 
nd radiative heating and cooling processes but also account for 
iscous accretion heating � acc . For a thin disc, this last quantity can
e expressed as (Pringle 1981 ), 

 acc = 

9 

4 
αρc 2 s , (37) 

here ρ is the gas mass density and c s is the sound speed. In this
ramework, the parameter α links the viscous heating to the gas pres-
ure ( P g = ρc 2 s ). This equation is fundamentally phenomenological 
nd comes with substantial uncertainties. We use it here just to build
n illustrative idea of the physical processes at play. 

Disc models that include such a heating source are particularly 
ependent on the value of α for determining thermal structure. 
ormer studies, such as those by D’Alessio et al. ( 1998 , 1999 ) and
lassgold, Najita & Igea ( 2004 ), hav e inv estigated the impact of
if ferent v alues of α on the thermal properties of the gas, commonly
ased on models with α ≈ 0.01. In the aforementioned models, X- 
MNRAS 530, 3669–3687 (2024) 
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Figure 15. Expected distribution of the volumetric heating rate as a function of the disc radius, R , and the normalized height, Z / R , as calculated in PRODIMO in 
the case of SSF (panel a), and SDF (panel b). The white solid contour lines show the total vertical column density. 

Figure 16. Average volumetric heating rate at the surface layer in the range 
10 19 –10 20 cm 

−2 . We consider the SSF model (green) and the SDF model 
(blue). The solid lines plot the fits for the volumetric heating rate (equation 
36 ). 
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ay heating dominates in the disc corona, while accretion heating is
ore important in the inner disc regions. 
In our study, we propose that EPs from flares could serve as a

ignificant source of heating, both at the surface and within the inner
isc, primarily emanating from two mechanisms. First, heating is
eleased through the ionization of the disc atoms and molecules
see Fig. 15 ). Secondly, these EPs alter the chemical and ionization
tructure, thereby increasing the disc viscosity (see Fig. 14 ). This
ncreased viscosity triggers an increase of the accretion rate, leading
o enhanced accretion heating (see equation 37 ). 

These two additional sources of heating could, in turn, alter the
isc thermal structure. We will quantify these changes caused by
he additional heating sources in an upcoming paper. Meanwhile,
e speculate that the temperature increase due to heating by EPs
roduced by flares may lead to an expansion of the region in which
he disc temperature is high enough to maintain sufficient ionization
evels for triggering the MRI. 

.2 Variability of accretion–ejection processes 

ccretion variability depends on the physical conditions within the
isc and the processes that generate unstable flows. Additionally, the
NRAS 530, 3669–3687 (2024) 
mplitude of this variability depends on how efficiently the involved
rocesses can extract energy and angular momentum from the disc. 
F or ev ents occurring at a disc radius R and influenced by gravita-

ional forces, the local Keplerian time is given by 

 K 

∼ 1 

(
M ∗
M�

)−1 / 2 (
R 

1 au 

)3 / 2 

yr. (38) 

t ranges from just a few days near the inner edge of the disc to
enturies for material in the outer disc. Ho we ver, if the diffusion
f the disc material is the determinant process as in viscous α-disc
odels for mass transport, then the diffusion time, t diff = 

R 2 

ν
, is 

 diff ( R) ∼ 10 4 
(

0 . 01 

α

)(
0 . 1 

h/R 

)2 

t K 

( R) . (39) 

t sets the time-scale. Here, h represents the disc scale height, where
ypically α < 0.01 and h / R < 0.1. Consequently, even in the innermost
arts of the disc, viscous diffusion is expected to require a minimum
ime-scale of several years. 

Moreo v er, the thermal time-scale defined from the sound speed c s 
 α−1 v turb falls between the dynamical and diffusion times, 

 th ( R) ∼ 10 2 
(

0 . 01 

α

)
t K 

( R) , (40) 

nd corresponds to months near the disc inner edge. 
Considering these two characteristic time-scales, we infer that the

ncrease in the accretion rate due to flares can be triggered by a
orresponding average increase in ionization o v er periods larger or
imilar to t diff . Consequently, viscous accretion likely does not play a
ole in accretion variability o v er periods shorter than a hundred years
n the inner disc. 

On the other hand, flare activity can impact the thermal structure
n shorter time-scales. Accretion triggered by the heating pulse of
 flare, as simulated by Orlando et al. ( 2011 ) and Colombo et al.
 2019 ), may play a role on the accretion variability on time-scale of
onths, which is the typical time-scale of superflares as observed by
etman & Feigelson ( 2021 ). 
In addition, as the modification of the thermal structure also affects

he launching of winds and jets, the variability in flare activity might
lay a role in the variability of outflows at time-scales of months. 
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.3 Effects of EP in jets and winds launching 

n the current understanding, the chemical state and the thermal 
nergy equilibrium in wind regions is determined by the local flux 
f stellar high-energy UV and X-rays photons. Determining the gas 
emperature is crucial for accurately calculating pressure gradients, 
ind flow characteristics, and interpreting line emissions. The gas 

emperature is influenced by the interplay between various heating 
nd cooling processes. As for the heating, factors like collisions 
ith dust grains, and line emissions from ions, atoms, and molecules 

ome into play. These molecular abundances are also dependent on 
nderlying chemical reactions. 
At the surface of the disc, where the wind originates, multiple 

actors contribute to the gas heating. This includes grain photo- 
lectric heating by FUV photons. It also includes the conversion 
f binding energy to heating during the formation of molecular 
ydrogen. Finally, it includes the excess electron energy resulting 
rom photodissociation and photoionization by various forms of 
adiation, i.e. FUV , EUV , and X-rays. We have shown that in this
urface layer, EPs produced by flares may be an important additional 
onizing and heating source. 

Abo v e the disc, magnetized jets and winds may also experience
eating through non-ideal MHD processes like Alfv ́en wave damping 
eating, Ohmic heating, and ambipolar diffusion heating, especially 
t altitudes where photoheating is less ef fecti ve, as sho wn by v arious
tudies (e.g. Garcia et al. 2001 ; Panoglou et al. 2012 ; Wang et al.
019 ). Based on the results presented in this article, which focuses
n discs, we emphasize the importance of studying the effects of
articles generated by flares also on winds and jets. Such a model
ill be presented in a forthcoming publication. 

.4 Dependence of the results to the model parameters 

.4.1 Waiting-time distribution 

n this section, we explore how the distribution of waiting intervals 
etween two flares affects the ionization rate. The aim of this analysis
s to assess the possible variation in ionization rates considering the 
ncertainty associated with the determination of the parameters of 
his distribution. To randomly generate the luminosity of the flares, 
e hav e dev eloped this distribution using three parameters: the total

nnual frequency of flares ( N tot ), the annual frequency of super flares
 N MF ), and the power-la w inde x ( a ), see Section 2.2.1 . The estimation
f N tot and a is based on the extrapolation of solar properties,
hich is a strong assumption and introduces significant uncertainty. 
onversely, the estimation of N MF is supported by robust statistics 
ue to observations of flares on young stars made by Getman &
eigelson ( 2021 ) and Getman et al. ( 2021 ), leading to short range of
cceptable values. 

We note that our model is primarily dependent on the frequency of
uper flares N MF , because, according to our flare geometry model, the
oops of these high-luminosity flares are only long enough to send 
articles into the disc. Ho we ver, gi ven the short range of acceptable
alues for this quantity, its variation has minimal impact on the 
esults. On the other hand, although the uncertainty on the parameters 
 tot and a is larger, their limited influence on the ionization rate means

his uncertainty does not significantly affect the results. Varying N tot 

nd a with N MF constant is equi v alent to varying the flare frequency
hile keeping the energy deposited by the super flares constant. 
In conclusion, varying the three parameters of the waiting time 

istribution within their uncertainty range does not significantly 
ffect the average ionization rate. 
.4.2 EP density entering the disc 

he most critical parameter in our model is the density of EPs
enetrating the disc. This quantity is notably challenging to be 
onstrained by observations. We have outlined a method in B23 
ased on the assumption that energetic electrons emit the observed 
-ray radiation via bremsstrahlung. From these observations, we 
ave estimated the density of the thermal plasma emitting X-rays. 
ssuming that this density is that of the reconnection region, we
ormalized the number of supra-thermal particles entering the disc. 
he uncertainty in our approach is that we are not certain whether

he density derived from bremsstrahlung radiation corresponds to 
hat of the reconnection zone. It could actually be the density of
he stellar or the disc chromosphere heated by the particles. If this
s the case, the density that we assumed would be o v erestimated.

e find that if the density of EPs entering the disc is reduced by
 factor greater than about three orders of magnitude compared to
hat estimated in B23 , the ionization rate from particles produced by
ares would be negligible compared to the ionization rate by the star
-ray radiation. In their study, Fleishman et al. ( 2022 ) have shown

he challenges and requisite resolution for determining the density 
f supra-thermal electrons in solar flares through radio emission 
bservations. This highlights the complexities involved and suggests 
hat the observational determination of supra-thermal particle density 
n T Tauri flares is not currently feasible. In Section 4.5.1 , we propose
 numerical approach that could allow for a more accurate estimation
f the density of supra-thermal particles penetrating the disc. 

.5 Model limitations 

.5.1 Particle model 

irst, there are aspects of the particle propagation model that we have
ot addressed, especially when it comes to propagation at column 
ensities greater than 10 25 cm 

−2 . Beyond this column density, the
ominant losses for protons are through pion production. During 
ion production, protons lose a significant portion of their energy 
nd change their pitch angle. Due to these factors, particle transport
an no longer be approached using the CSDA framework (P ado vani,
alli & Glassgold 2009 ). Dif fusi ve processes need to be considered.
or a more detailed discussion, see Padovani et al. ( 2018 ). 
Secondly, in our particle model, we must establish what is the

raction of particles accelerated in the reconnection zone of the flare
hat penetrate into the disc. This aspect relies on the flare geometry
nd the magnetic field structure within the star–disc interaction 
one. For now, we will restrict ourselves to a parametric study.
e scale down the incoming particle flux to estimate the minimum

raction of particles that must enter the disc to significantly impact its
hemistry and dynamics. For a quantitative assessment, a test particle 
istrib ution would ha v e to be inte grated into a reconnection zone of
n MHD simulation of the inner disc. This should allow to compute
he fraction of particles that penetrate the disc, fall on to the stellar
urface, and propagate into the outflows. 

Lastly, we are also aware that the particle acceleration model from
23 is somewhat simple. However, the models and simulations of 
article acceleration by magnetic reconnection are an active research 
eld, see Marcowith et al. ( 2020 ) and Ji et al. ( 2022 ) for re vie ws. The
agnetic structure of the star–disc interaction region does not only 

nfluence the location and proportion of particles entering the disc 
ut also, as detailed in B23 , the particle acceleration process itself.
s shown in B23 , the presence of a guide field, the magnetic field

omponent that is not involved in the reconnection process, dimin- 
MNRAS 530, 3669–3687 (2024) 
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shes the particle acceleration efficiency. We have not accounted for
 guide field here, placing us in an optimal configuration for particle
cceleration. In a model with a more realistic magnetic structure,
eaturing a toroidal component that could act as a guide field, the
cceleration process would be less ef fecti ve, thus resulting in lower
onization rates. 

While the literature discusses the possibility whether superflares
re sufficiently long to connect the star with the disc (Favata et al.
005 ; Hamaguchi et al. 2012 ) or not (Getman et al. 2008 ; Getman
 Feigelson 2021 ), we highlight the potential for particles to be

roduced by magnetic reconnection events resulting from Keplerian
hearing. Indeed, Fatuzzo et al. ( 2023 ) conducted simulations to
odel the occurrence of magnetic reconnection events within cir-

umstellar discs, induced by Keplerian shear. The simulations show
he generation of turbulence within the magnetic truncation region,
eading to flaring phenomena. The resultant energy and luminosity
istributions are characterized by power-law behaviours. This is what
e postulate in our work based on observations of soft X-rays. This

s now corroborated through numerical support. These distributions
xhibit a universal character, consistent under various conditions
uch as the nature of the reconnection mechanisms and the boundary
onditions implemented. Such universality leads Fatuzzo et al. ( 2023 )
o draw analogies between magnetic reconnection processes in inner
ircumstellar discs and solar flares, a significant assumption of our
tudy. 

To summarize, the particle model used here provides an upper
imit to the impact of particles on discs. A model that describes
arge-scale particle acceleration by magnetic reconnection in the
pecific magnetic environment of T Tauri stars is currently not
v ailable. Ne vertheless, such a model would be crucial for a complete
nderstanding of the effects of particles produced by magnetic
econnection on discs. For a more realistic picture, a first step could
e to add particles in an MHD code in the test-particle limit or
eyond, i.e. including a back reaction term. 

.5.2 Disc model 

 crucial point for interpreting our results is that all our conclusions
bout the impact of particles are specific to the chemical structure
omputed by PRODIMO . For a more complete picture, it would be
nteresting to examine the impact of the particles by varying the
tructure of PRODIMO discs. For instance, we anticipate that the
article impact would depend on the radial and vertical structure of
he disc mass, and this dependence will be e v aluated in a forthcoming
aper. 

In addition, we would like to caution about the increase in the
ensity of HCNH 

+ and HCN due to the additional ionization rate
rom particles. The PRODIMO code, although it considers hundreds
f chemical species and thousands of reactions, does not take into
ccount molecules with more than four atoms, except for methanol.
or details, we refer to Kamp et al. ( 2017 ). Therefore, the rise in the
bundance of HCNH 

+ might not be physical but rather a dead-end
n the reaction network calculated by PRODIMO . The recombination
f HCNH 

+ would then lead to an increase in HCN, which might
e o v erestimated. To assess the increase of the abundance of HCN,
e would need to conduct a more detailed analysis of the chemical

eactions leading to this increase. Subsequently, we could assess the
nfluence of particles from flares in a chemical model that considers

ore complex molecules with additional atoms. Nevertheless, we
an highlight that our conclusions on the increasing complexity of
olecules remain valid. Even if the rise in HCN abundance might
NRAS 530, 3669–3687 (2024) 
e due to a chemical reaction dead-end in the network, the chemistry
f more complex species will surely be boosted anyway if EPs from
ares are included in the model. 
Another limitation concerns the calculation of the viscous pa-

ameter α inside the disc. Although α was initially treated as a
arameter to study accretion processes in discs, this parameter can
e physically deduced from the stress tensor of the Navier–Stokes’
quations. The physics underlying this parameter is thus inherently of
HD origin. In this paper, we computed the value of this parameter

ased on the properties of a static disc. Hence, the deri ved α v alue is
nevitably imperfect. The intent of this computation is more a proof
f concept, illustrating that the size of a disc dead zone is reduced
hen considering ionization by flares. From the α calculation, we
ave also estimated the mass accretion rate, taking ionization due to
ares into account. This estimation too should be viewed as a proof
f concepts, given that it relies on the thin disc model of Shakura &
unyaev ( 1973 ), applicable far from the disc inner edge, a criterion
ot necessarily met in our study. 

 C O N C L U S I O N S  

he ionization of protoplanetary discs is crucial for the triggering of
HD instabilities, responsible for the accretion of matter on to the

entral star and is crucial in the disc chemistry, key to understand the
ormation of planets, and the synthesis of the building blocks of life.

In the first paper of this series ( B23 ), we examined the effects of
n additional ionization source based on microphysical and obser-
ational considerations. A stationary state of the particle emission
as assumed leading to an o v erestimation of the ionization rate. In

his paper, we address this issue by incorporating time-dependent
omponents into our model. 

We started by examining the average ionization rate generated by
 flare to compare it to the ionization rate from the stellar X-rays.
e conclude that both sources produce similar average ionization

ates at low column densities ( N < 10 22 cm 

−2 ). Ho we ver, particles
enerated by the flares produce an ionization rate between one and
hree orders of magnitude higher than the ionization rate from X-rays
t high column densities ( N > 10 22 cm 

−2 ). 
We used a Monte Carlo analysis to determine the spatial distribu-

ion of a temporally averaged ionization rate. To facilitate the reuse
f our numerical results, we proposed a parametric expression for the
patial distribution of the ionization rate produced by flares (equation
2 ). 
Based on the thermo-chemical disc structures computed with

RODIMO , accounting for EPs produced by flares, we studied the
mpact of this additional ionization source on the chemistry , viscosity ,
ccretion rate, and volumetric heating rate of protoplanetary discs. 

Impact on chemistry: The ionization fraction increases by at least
n order of magnitude up to N ∼ 10 25 cm 

−2 in disc region where
articles penetrate. The distribution of cations is also significantly
ltered, especially the density of H 

+ increases in the photodissoci-
tion region. Additionally, taking into account particles from flares
eads to the formation of a layer where HCNH 

+ is the most abundant
ation at Z / R ≈ 0.12. The recombination of this cation leads to an
ncrease of a factor of 2–3 in the column density of hydrogen cyanide,
CN. This molecule is crucial in pre-biotic chemistry to understand

he synthesization of amino-acids, the building blocks of life. 
Impact on viscosity and accretion: The extent of the MRI-stable

egion or ‘dead zone’ is reduced. We estimated that the mass accretion
ate increases by almost one order of magnitude in disc regions where
he EPs produced by flares penetrate. 
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Impact on the volumetric heating rate: We determined the volu- 
etric heating rate resulting from the ionization of disc matter by 
Ps produced by flares. We showed that this volumetric heating rate 

s strong and would lead to collimated outflows. To facilitate the use
f our numerical results, we proposed a parametric expression for 
he volumetric heating rate at the disc surface (equation 36 ). 

Given that particles from flares affect both the chemical and the 
hermal structure of the disc in regions that JWST /MIRI is capable
f tracing, it is reasonable to expect that these flares would impact
WST spectra. We plan to refine our flare model using the synthetic
pectra production feature of PRODIMO . Ho we ver, multiple aspects 
elated to synthetic JWST spectra production are currently under 
evelopment within PRODIMO . So, we postpone this study to a 
orthcoming publication. 

We have shown that EPs produced by flares have strong impact 
n the inner disc of T Tauri discs. In a forthcoming work, we will
resent a particle acceleration model due to magnetic reconnection 
hat could occur further out, at the surface of the discs. This work
ill extend the study presented in this paper to study the impact of
Ps produced by turbulence-induced reconnection events. 
Additionally , until now , our focus has been on the influence of EPs

n the ionization rates, which subsequently affect the disc dynamics 
nd chemistry. Ho we ver, EPs can also collide with stable isotopes,
reating radioactive isotopes, such as p + 

25 Al → 

26 Al. The increased 
bundance of these radioactive species acts as a heat source within 
he disc. Previous work (e.g Gaches et al. 2020 ) has shown that planet
ormation is significantly influenced by this heating source. Although 
he formation of planets was not the research topic of this paper, our
article acceleration model could be applied to this broader subject. 
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PPENDIX  A :  N O R M A L I Z I N G  T H E  PA RTICLE  

N J E C T I O N  FLUX-REVISION  O F  B 2 3  

e present here a revision of the calculation of B23 of the non-
hermal particle flux produced by the flare. 

The energy distribution per unit volume, denoted as F ( E ), or the
ux, denoted as j ( E ), is expressed in terms of the kinetic energy, E ,
or both electrons and protons, where 

( E) = F ( E) 
v( E) 

4 π
, (A1) 

nd v is the particle speed. The flux and distribution consist of a
hermal and a non-thermal component, denoted by the subscript ‘th’
NRAS 530, 3669–3687 (2024) 
nd ‘nt’, respectively. It is expressed in units of particles per unit
nergy, time, area, and solid angle. 

The thermal component is defined by its temperature T and its
ormalization n th , where n th is the thermal particle density in cm 

−3 .
or energetic protons and electrons we assume equal temperatures.
his gives us the following equation for their energy distribution, 

 th ( E) = n th 
2 √ 

π

√ 

E 

kT 

1 

kT 
exp ( −E/kT ) . (A2) 

ere, the peak value is at E = 3/2 kT ≡ E th . 
As it is usually assumed in reconnection models for solar flares

Ripperda et al. 2017 ) and supported by observation of solar flares
Emslie et al. 2012 ; Matthews et al. 2021 ) energy equipartition
etween non-thermal protons and electrons below 1 GeV is a good
roxy of non-thermal content energetics. The energy density of non-
hermal particles can be represented as 

 e, nt = U p, nt = 

∫ ∞ 

E c 

E F p ( E ) d E = 

∫ ∞ 

E c 

E F e ( E ) d E . (A3) 

If we assume that electrons and protons have the same injection
nergy E c , they also share the same non-thermal energy distribution, 

 e ( E) = F p ( E) = F nt ( E) . (A4) 

As a result of the magnetic reconnection process, we introduce the
on-thermal component of the energy distribution function F nt . The
on-thermal energy distribution is determined by its normalization
 nt . In the following text, we show a way to derive this quantity. 
We define a maximum energy for the non-thermal distribution, E U 

 E c . The distribution is a power law between these two energies.
he index of the power law is called δ. This model is consistent with

he non-thermal electron distribution observed in solar flares. 
The injection energy, E c , is proportional to the thermal energy, E c 

 θE th . Most T Tauri flare models exhibit a single power law. We
ssume an exponential cut-off beyond E U , 

 nt ( E) = N nt 

(
E 

E c 

)−δ

exp 

(
− E 

E U 

)
, (A5) 

The normalization factor N nt can be expressed in terms of the
on-thermal particle density, 

 nt = 

∫ ∞ 

E c 

(
E 

Ec 

)−δ

exp 

(
− E 

E U 

)
d E � N nt 

E c 

δ − 1 
. (A6) 

The total electron density as a function of the flare temperature T
erived from X-ray observation ( B23 ): 

 e ( T ) = 20 . 5 × 10 10 

(
T 

1 MK 

)−0 . 69 

cm 

−3 (A7) 

is the sum of the thermal and non-thermal components, n = n th +
 nt . By setting the non-thermal and the thermal energy distribution
o be equal at the injection energy ( E = E c = θE th ), we can derive
 nt , 

 nt = 

3 θ

δ − 1 

√ 

3 θ

2 π
exp 

(
−3 

2 
θ

)
n th . (A8) 

he non-thermal particle density depends on the local density of
he thermal plasma. We use the total plasma density n from X-ray
bserv ations gi ven by equation ( A7 ) to deduce the thermal and non-
hermal densities. Given that n = n nt + n th , we get 

 = n th 

( 

1 + 

3 θ

δ − 1 

√ 

3 θ

2 π
exp 

(
−3 

2 
θ

)) 

. (A9) 
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From equations ( A9 ) and ( A7 ), the thermal and non-thermal
article densities can be expressed as a function of the observed 
emperature, 

 th = 20 . 5 × 10 10 

(
T 

1 MK 

)−0 . 69 

1 + 

3 θ
δ−1 

√ 

3 θ
2 π exp 

(− 3 θ
2 

) cm 

−3 . (A10) 

ssuming the fiducial values θ = 3 and δ = 3, 

 th = 19 × 10 10 

(
T 

1 MK 

)−0 . 69 

cm 

−3 . (A11) 

The non-thermal particle density n nt is then reco v ered from
quations ( A10 ) and ( A8 ), 

 nt = 20 . 5 × 10 10 

(
T 

1 MK 

)−0 . 69 

1 + 

δ−1 
3 

√ 

2 π
3 θ exp 

(
3 

2 θ

) cm 

−3 (A12) 

ssuming the fiducial values θ = 3 and δ = 3, 

 nt = 10 10 

(
T 

1 MK 

)−0 . 69 

cm 

−3 . (A13) 

We highlight here the difference between equation ( A9 ) and equa-
ion ( 15 ) of B23 . In that article, equation ( 15 ) is non-homogeneous.
here is obviously a confusion between the normalization factor 
f the non-thermal flux and the non-thermal particle density. We 
orrected the issue in this section. The wrong estimation of the 
ormalization factor N B23 lead to an o v erestimation of the flux in B23 .
e compare the normalization N B23 with the corrected normalization 

actor N nt , 

N B23 

N nt 
= 

E c 

kT ( δ − 1) 
= 

3 θ

2( δ − 1) 
. (A14) 

Taking the fiducial values of B23 , δ = 3 and θ = 3, N B23 ≈ 2 N nt ,
he fluxes and ionization rates are reduced by a factor of 2 compared
o B23 . 

PPENDIX  B:  COLLISIONA L  IONIZATIO N  

n the chemical network used in Rab et al. ( 2017 ), collisional ion-
zation, which can dominate the ionization fraction in the innermost 
igh density and high temperature ( T > 1000 K) (e.g. Fromang et al.
002 ; Desch & Turner 2015 ) region of the disc, is not included. To
odel this process, which is usually described by the Saha equation, 
e add the following reaction to our network: 

 2 + Na → H 2 + Na + + e −. (B1) 

sually, gas-phase potassium K is used because of its low ionization 
otential (see Desch & Turner 2015 ). Ho we ver, K is not included in
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
igure B17. Comparison of the ionization fraction for different models and
semi-)analytical expressions in the disc mid-plane. The coloured solid lines 
ho w the dif ferent thermo-chemical models. In blue, the model from Rab
t al. ( 2017 ), in green the same model but including accretion heating and in
reen including accretion heating (AH) and our approximation for collisional 
onization (CI). The red dashed line shows the mid-plane gas temperature
onsidering accretion heating. The dotted and dash–dotted grey lines show 

he ionization fraction using equation (13) of Fromang et al. ( 2002 ) for the
o-metals and metal-dominated cases. The solid black line shows the results
f solving the Saha equation. The vertical dotted line indicates T = 1000 K. 

ur chemical network, and including it would require adding a couple
f other chemical reactions (e.g. recombination). We therefore use the 
lement Na as it is already in our network, but assume the ionization
otential of K to calculate the rate coefficient using equation (6) of
esch & Turner ( 2015 ). 
To verify our approximation, we compare our models to various 

nalytical expressions in Fig. B17 . By simply including accre- 
ion heating, which increases the temperature in the mid-plane, 
he ionization fraction increases by two orders of magnitude at 
 ≈ 0 . 1 au . The inclusion of collisional ionization increase by two
rders of magnitude and expands the high ionization region radially. 
his last model is in good agreement with the ionization fraction
olely considering the Saha equation (using Na as the main element
ith the ionization potential of K). Close to the inner radius, our

pproximation underpredicts the ionization rate compared to the 
aha equation. This might be because our chemical network also 
onsiders other elements and molecules, which are neglected in 
he Saha equation. Nevertheless, with the addition of the accretion 
eating and collisional ionization, the disc regions with T = 1000 K
ow have a high enough ionization rate to become MRI-active, which
as not the case in the model of Rab et al. ( 2017 ) (see Section 3.3.2 ).
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