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ABSTRACT

Confesd. Chesical T Taun stars OT TS ) ane young low-mass siellar objects that accrete mass from their aroumstellr disks, They
ax: claractereoed by high kevek ol coroml acinaty, as revealed by Xeoray observatioms. Thi activity may affect the dsk stabaldy and
the ciroumedellar enviranmem.

Alms. Here we imesfigate il an miense ooronal aciivity due & Hares that acour clese (o the accretom disk may peniurh the dability
al the mner disk, disrupd the mner panl af the disk, and maghl even ngger accretiom phenaomena with rates comquarable widh these
olterved.

flefhods, We maodkeled a magnet ed prodositar surrounded by an acoretion disk through 30 magnetohyd rechmamac smmuktons. The
mexch:] fakes mio accounit the gravity from the ceniral sarn e elfeck ol viscesfy m the dsk, the thermal conduction {mchuding
the effects of heat Hux sturation), the radive losees from oplically thin phsma, and a perametenied beating unclion o i gger
the Hares, We explored cases characieriosd by a dipale plus an octupale seellhr magnetic lizld conliguration and different densty of
the dizk ar by dilferent levek of Harmg activay.

Aeg s Asa resullof the simulaked miense Haning aciviy, we observe the ommation of several loops that Imk the st tothe disk; all
these loaps bulld upa hod extended corom with an X-ray lumanosity comparahble with typical vahies observed m OT TS5, The inlerse
Haring activily clese ko ihe dsk can sirongly pentur the disk dability. The fanes ingger overpressiun: waves that iravel throug h dhe disk
amd medify ®s monliguration. Accretion furmels may be inggered by the Haning activity and thas comrbule ko the mass accretion rale
al the star. Accretion rates symhbesized Trom the simulations ane i a range between 1077 and 100% W !, The accnetion columa
can he penturbed by the Hanes, and they can mieract wilh each other; they maght merge inlo brger sireams. As a resull, the accoretion

padern can be rather complex: the sireams are highly mhomageneows, wikth a complex demsily siructurne, and chimpaed.

Key words. acoretion, accetion disks
Merays: dlars

1. Intraduction

Classical T Tauri stars (CTTSs) are young bow-mass siars sur-
rounded by a thick quasi-Keplerian disk. Acconding 1o the com-
menly accepied magnelospheric accretion scenario, the g of
the disk accreses ondo the star through sceretion funnels (Koenigl
11, The disk is troncated intemally at a few stellar radil s
the so-called truncation radius), where the gas pressure equals
the magnetic pressure. Closer io the star, the magnetic field is
strong encugh i foree the material w mowe along the magnetic
feld lines, and to sconete onto the s llar surface. This scenarnio
i well supponied by optical and infrared observations (Berout
el al 1988 Bouvier et al. 20070, The socretion proosss plays an
impprtand mole during the carly phase of siellar Pormation by neg-
ulating the exchange of mass and angular momenium between
the star and the disk. Newenheless, despile the imponant role of
the accretion for understanding te physics of stellar formation,
sonme pesinds are nod fully wnderstood.

CTT5s are also known tobe strong X-ray emitiers, character-
izad by @ high level of corenal activity, One of the fundamental
and most debaied quetions inothis Beld i the apparent coorelation
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bemwezn comnal activity and accretion (Flaccomio ¢ al. 200Ga;
Preibiach e al. 2005). In panicular, CTTSs, which present aciive
accretion, show an X-ray luminosity that i systematically lower
than that ebserved in weak-line T Tauri gars (WTTSa), which do
nasl presend accreling signaiunes (Neuhseuser et al 1995 Drake
el al. 2009 Preibisch et al. 2005; Gregory e al. 2007 This
evidence suggests that the coronal activity may be influencsd
by accretion or viee versa, Several scenarios wene peopoded in
the past 15 years o explain if and how the coronal activity is
linked w scoretion. Some authoss sugeested that the aceretion
midulates the X-ray emission through the suppression, dismup-
tiom, or absorplion of the coronal magnetic activity {Flaocomio
el al. 0030 Stassun e al. 20040: Preibisch et al. 2005: kasdine
et al, 200 Cregory et al, 2007 Other awmhors sugeested than
the corenal activity modulates the aceretion low driving the
Xemay photoevaposation of the disk material {e.g, Drake et al.
200 . Brickhouse et al. {20000 have suggested that the score-
tion may even enhance the coronal activity in the region whene
accietion strcans impact the disk, They proposed a scenario in
which the accretion phenomena produces hot plasma thal pop-
ulates the stellar corona, which combined with different mag-
netic field confipurations can be constrained into loops of stella
winds.
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Observations show that the X-ay luminosity of a CTTS
is, in general, 3—1 osders of magnitude higher than the peak
Xeray luminesity of the Sun ai the present time (Geiman ¢ al

205, M0#ah: Favata e al. 2005 Audard e al, 2007, Par of

this X-ray emision comes from the heated plasma in the outer
part of the stellar corona with temperatuses from | e [0RE.
The plasma heating is presumably due s the strong magnetic
activity {Feigelson & Monimerle 9% in the form of highly
cnerpetic lares that are generated from a quick release of enerey
in the prosimity of the stellar surface.

In the pest years, X-say observations proved that Manes in
CTTSs are more energetic and frequent than the solar analogs
(Favata et al. 20058: Geman e al. 2005, 2008a b SAadard 1 al
2007 Aamio e oal. 20000 During the Chepedree Orion Llira-
doep Projoct (COUP observing campaign, the Chealier X-ray
ohscrvatory revealed numermus Qares in the Orion star-fomming

region (Favata e al 2005: Geiman ¢ al. 2008a by, some of

which reached emperamres in excess of =00 ME. The anal-
yais of these lares revealed that they are long-lasting and are
apparently confined 1o very long (several siellar radiiy magnetic
struciuses that may connect the disk surface to the stellar pho-
tosphere e g, Favata o al 2005 Lipez-Santiago o al 20063
Muoge recently, Beale etal. {2008 used accurate hydrodynam ic
simulations of fares confined o magnetic fux dubes 1o unam-
biguously prove that some of the ffanss observed during the
COUP campaign ane confined 1o boops that extend over several
sizllar radii and possibly connect the prowosiar o the disk. These
Mares can be generated by the econnection of magnetic feld
lines in the magnetic oorona abewe the disk, as is ofen observad
in kscal and global magne iorodational instability (MEL) sinmuila-
tions of acoretion disks Je.g., Miller & Stone 2000; Romanova
e oal. 200 Lay, or by the infaten of the field lines that connect
a star with the inner disk, s suggesied by other suthors {eg,
Crooadson et al. 1997 Goodson & Winglee 199 Bessolax ef al.
208,

The possible effects of strong faring activily on the stability
of circumstellar disks around CTTSs have For the first time been
imvestigated by Orlando ef al. (2001 hereafier Paper [ These
authors developed a 30 magnetohydrodynamics (MDY model
describing the evolution of a lare eccurr ing near the disk amound
a modating magnetized star. They explosed the case of a single
bright flare with enerey on the same order of magnitude as those
il vied in the brightest X-ray Ranes observed in COLUTP (Favaia
e oal 20050 They found that the Bare produces a hot magnetic
lospe hesit links. the star i the disk Moreover, the disk is sirongly
et bnd by the flare: & fraction of the disk makerial evaposates
in prosimity of the laring loop, and an everpressune wave ong-
inating from the Aare propagaies theough the disk. When the
overpressune reaches the opposite side of the disk, disk mate-
rial is pushed out o foom an inkense funnel stream tat is chan-
neled by the magnetic feld and accretes mass onto the central
PrElOG AT,

Stanting from the resulis of Paper L here we sudy the effecis
of a stoom of faes with w0 intermediate intensity | oomparad
i Paper 13 that occurs in proximity of a disk that sumounds a
central protostar, The aim is 1o investigate i the common ooroe-
nal activity of a young star, consisting of several flares with low
Lo indermediste inensiy, is able o penur b the disk and 1o trigeer
accnetion such & the single bright Qare studied in Paper 1. To this
e, wie adopied the 30 MHD node ] of the star-disk system proe-
sented in Paper 1 the mode | ine ldes the most important physical
processcs, namely gravitational effects, disk viscosity, radiative
losaes from opically thin plasma, magnetic- beld- oriented ther-
mial conduction, and coronal heating (ineluding heat pulses that

ASC, page 2 al 12
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Fig. L. Imtial condems for the neference case. In blue we present in
lagarihmac scale the demdly map af the disk, the green hnes show the
samipled magmetic field lmes, and the white sphen: nepresents the sellr
surface that marks a boundary.

trigger the flares). We cuplored cases that are characterized by
different densities of the disk or by different levels of csonal
aclivity.

The paper & dructured & follows: in Sect. 2 we deseoribe the
phyaical model and the numerical setup, in Sect. 3 we presend
the resulis of the modeling and the comparizon with ebaerva-
tigns, and in Sect. 4 we summanize the resulls and deaw our
conclusims.

2. MHD modeling

W adopiad the mode] presented in Paper [ which describes
a rodating magnetized CTTS sumounded by oa thick quasi-
Eeplerian disk (see Fig. 1), but medified to describe the effecis
of a sworm of low 1o intermediate Mares thatl cocur close 1o the
disk. The CTTS is smsumad 1o have mass M, = 0.8 M. and
radivs B, = 2R, {see Paper [ The fames occur in proximity
of the inner ponticn of the disk. The magnewsphene & initially
aszumed 1o be force-Toee, with a wepelogy given by a dipole and
an ociupale {Donati ef al 2007, Arginoffi e al 2007, and both
magnelic moments are aligned with the solation axis of the st
In Paper 1, we sssumed the magnetic ekl to be aligned dipole-
like, We assumed that the matio of oolupole-o-dipole strength is
4, & suggestod forthe CTTS TW Hya. This satk can be diffenen
in different young accreting stas {e.g., Grepory & Donati 200 1.
{Crepory & Donati 200 1) The magnetic momenis are chosen in
ofder 1o have a magnetic field swength on the order of =3 kG a1
the surfsce of the star { Donati et al 2007, The field ratio deter-
miines the topokegy of the magnetic field lines, and 0 & therefone
expocted 1o influence the dynamical evolution of the acoretion
atrgams., The dipole componant his & magnetic Beld strength of
aboul TG oal the stellar surface and 2706 at the distance of
3R (in prosimity of the disk). Al distinces larger than 1.7 R.,
the dipole component dominates and disropis the inner poriion
of the disk sl adistance of few sellar radii. Closer 1o the star (a1
distances smaller tan 1.7 8,0, the octupoke component boosmes
dominant and the accreting plasma is expected to be guided by
the magnetic feld s higher Tatides than in the puse dipole case
je.g., Romanova etal. 200 [k

2.1. Equafions

The aystem is described by solving the time dependent MHD
cquations in a 30 spherical coprdinate sysiem (&, &, &, includ-
ing effects of graviiational force from the star, disk visoos-
iy, thermal conduction that also includes the efects of heat
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flux saturation, coronal heating {using a phenomenalogical em
composed of & steady-state conmpenent and a transient compsoe-
nend; see Sect. 2.3, and the radiative losses Prom optically thin
plasma, The time -dependent MHD equations are

3
#H?-m:ﬁ i
3
r;lrm+‘i-'-{m—.E.E + I -1V =g {23
3
rTI,uf:'+‘E-'-|-:;.-f:'+p,u—E{u-.ﬂ]—u-r]=
[
g — V- Fo— a2 AT+ (R, 8, 1) {3
)
B4V (B Bu) =0, {4
ar
where
B-B « BB
m=F+ f:'=r+u—u+— (33
2 2 2p

are the todal prossure (thermal and magnetic) and the idal pas
cnergy per unil mass {themmal, bulk Kinetic, and magneticl, o
is the density, m = g is the momenium density, @ is the fuid
bulk velocity, B is the magnetic feld, Fihe dentiy matrix, £
is the viscous siress tensor thal we tnest below in mone detail,
g = =V s the gravity accelerstion vecton, @, = GM, /R is
the gravitational potential of a central star of mass M, al a dis-
tance &, 07 is the gravitational constant, & is the heat conductive
P, s, and ny are the eleciron and hydrogen number density,
ATy is the optically thin radiative losses per wnil emission mea-
sure, T s the fuid emperatune, and O848, & &, 50 05 a function
of space and time describing the phenomenaslogical heating raie
(ae Sect. 230 We usad the keal gas law P = {y — e, where
¥ is the adiabatic index and € is the thermal energy density. The
radiative losses wene defined for T = 10F K and were derived
with the PINTof ALE {Kashyap & Diraloe 2060075 speciral code and
with the APED v 1.3 atomic line database assuming metal abun-
dances aqual o 0.5 of the solar valee (Anders & Crevwesse [989),

Wiz assumed the visoosity 1o be effective ondy inthe circum-
siellar disk and negligible in the exiended siellar corona, The
iransition beiween comona and disk was oullined through a pas-
aivie tracer (O ) that B passively advected in the same manner
a5 density {soe Paper | for more detaik). The tracer was initial-
imed with Cpy = | inthe disk region and gy = 0 elsewhene,
Dwring the aystem evelotion, the disk material and the corona
mixed, leading 1o regions with @ < O < 1. The vEcosity
wiorks only in regions with Gy = 0099, that s in 2ones con-
siting of mone than 9%% of disk material. The visoous tensor is
difined a5

2

7= e | {Tae) +{ Ty’ —gﬁ' |, {6
where 5, = vye is the dynamic visoosity, and v, & the kine-
miatic viscosity, The accepiod scenario considers the urbulence
in the disk as the main responsible factor for the losses of angu-
lar momentum | Shakura & Sunyacv 19730, posaibly trigeered
by MEL{Balbus & Hawley 191, 1998, Because it is diffucult 1o
dieseribae the phenome non and we koo Lintle about is details, the
efficiency of angular momentum transpor within the disk is in
general described through a phenomenclogical viscous & that
i5 modulated through the Shakura—Sunyaey e-parameier je.g.,
Fuvmanova e al, 2000, Paper [, As in Paper 1 the kinematic vis-
Ccoaily was cxpresaed a5 v, = m-.f g whene o is the isothe rmal
sound speed, Lk is the Keplerian angular velocity, and o < |

i5 & dimensionkss parameter regulating the efficiency of angular
memenium ransport within the disk. Simulations of Eeplerian
disks indicate that ihe iurbulence -enhanced siress fensor, which
is responsible Do the outwand transpon of cnergy and angulas
mimentum, has a typical dimensionless valie mnging beween
10r? and 0.6 (Balbus 20031 In our simulstions, we assumed
o = .02 according 1o Fomanova et al. 20027,

The thermal conduction is anisetropic bocause of the siellar
magnetic Beld, and it & highly reduced in the disection iransverse
o the magnetic field. We aplit the thernal conduction ink two
compnenis, one along and the other acoss the magnetic fGeld
lines, Feo= Fd +F L) Toallow for a smooth isansition bebyeen
the classical and satusated conduction megimes, we Followed
Dalen & Balbus (193 and described the two components of
thermal fux as (see also Orlando e al . 2008)

whene |=""‘F-‘L and |"'"‘F:']1 are the classical conductive fux along
and across the magnetic field lines, respectively, acconding io
Spiteer {1962, that is,

M

#)

|,‘,:‘F:_]| = &y [VT) = —92 = 10T [VT), L)

1

|%F:_]1 =k, [F7], =-33x= 0 S TP EN 0T, (0
where kyj and &y ase both inunits of erg K™ 57" em™ and [FT),
and [VT] . ame the thermal gradients along and across the mag-
netic feld lines. Ifthe spatial scale of the characier istic change in
tenpe ratune becomes oo short companed o the electron mean-
froe path, the hest fux sawrates and the conductive Aux along
and scness the magnetic field lines can be described & { Cowic
& MeKee 1977

[egsaa §) = —signd]| T, S iy
e ], = —signd[ TT] ) 5ec, {12

where o is the isothermal sound speed, and &, called fux limil
Facton, is & free parameter between 0 and | {Gialiani 19847 For
this work, & = | as suggesied for stellar coronae (Bodkowski
clal. 199 Fadeyew ¢ al. 200270

The calculations were performed using PLUTO, a mesdular
Crodunowv-ype code for astrophysical plamas (Mignone o al.
00T, The code is designed (o use pamalk] computers using
Message Passapge Imerface { MPD libvaries, The MHD equations
wiere aolved using the MDD module available in PLUTO with
the Haren-Lax-van Leer Riemann solver. The time evolution
was solviad using a second-order Bunge-Kutia method. The eve-
luticn of the magnetic field was calculated using the constrained
transport method { Balara & Spicer |99, which maintains the
apleneidal condition at machine acouracy. We adopied the “mag-
netic field-splitting™ tochnigue {Tanaka 19901 Powellet al. |90,
Fanni & Femeia 20000 by splitting the tota]l magnetic field inio
a contribution from the backeround stellar magnetic field and a
deviation from this initial feld; then, only the later componen
was computed numerically. Radiative losss A wene caloulated
atthe emperamre of interest using a lopkup table and intenpola-
tien method . Therma] conduction was ineated with a super-time-
atepping tochnigue, the superaie p oonsists of a cenain number of
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subsieps that ame properly chosen for optimization and stabiliy,
depending on the diffusion ope fficient, grid size, and free param-
cler v o< | (Alexiades ef al. %M. The viscosity was solved
with an explicit scheme, using a second-oader finike difference
approximation For the dissipative fuxes.

2.2 initigl and boundary conditions

As in Paper L we adopied the inital conditions. introduced by
Romanova et al. {2002, deseribing the star—disk system in qui-
cacenl configuration. In particular, the initial corona and disk
wiere sel in onder & satisfy mechanical equilibrium among oen-
irifugal, gravitational, and pressure gradient forces (see Paper |
and Fomanova ef al 2002 for more detaik); all the plasma is
barotropic and the disk and the conona are both isothermal with
temperaiures Ty and T, respoctively. The stellar rodation axis
wi el noomial o the disk mid-plane, and the proloctar was
characienizad by a rotational perisd of 9.2d {see Paper 1), The
isothermal disk was a1 T, = 10* K and dense (see Table 11
the disk motated with Keplerian veloc ity about a rodational axis
aligned with the magnetic dipele. Inthe nitial condition the disk
s iruncated ai the radivs £y, where the ram pressune of the disk
plasmia is oqual o the magnetic pressune . D our semp the cosmta-
tisn radius fwherne the disk rotates with the same angular velocity
of the prodostar) was 8. = .68, (see Paper 1), The corona was
initially issthemal with temperature T, = AME (500 Paper 1.

W simulated one hall of the whole spatial domain in spher-
ical peometry. Thus, the computational domain exiends between
Ruin = Ry and B = 1AR in the radial conndinates, between
fnin = 5 and g = 1747 in the angular copadinaie & and
between dayin = 0 and gy = [B0° inthe angular coprdinate o,
The inner and outer & boundar ics do nol ooorespond o the moa-
thonal axis boavodd very small &b that incresse the computational
codl and add o significant insight {see Paper [ fos mose details).
The radial coiwdinate was discretized using a logartmic grid
with |28 points with the mesh size increasing with &, 1o achieve
a high resolution close 1o the stellar surface AR, =3 = 10" cm
and & low resolution in the outer part AR, = 4= 107 cm. The &
and & comrdinates prids were wnifommly sampled and compossd
of 128 points cach, comesponding o the resolution of A% = |37
and A = A7, respactively

O choice 1o consider only one half of the whole spatial
domain was aimed &l reducing the computational cost due o the
complex dynamics of Manes, which requires including radiative
copling and thermal conduction. The main consequence of this
cheice B that it introduces a long-wavelength cutold on the per-
turbation specirum of the disk. For instance, long-wavelength
mides panicipating in the development of instability at the disk
truncation radius are nod represented in our model. Mewverhe-
less, we expoct that these particular periwbations ae nod likely
o dominate the system eviolution; moeserover, the siudy of these
et bt ions, 5 beyond the scope of this study.

Thee radial intemal boundany condition was defined assuming
that the infalling makerial passes through the surface of the sar
a5 in Fomanea o al, (2002, thus ignoring the dynamic of the
plasma afler it impacts onie the stellar surface. A pero-pradiend
boundary condition was set s By and ai the boundaries of $y,
and &, . Periodic boundany conditions were sel at gy, andd,,, .

2.3, Coranal heating and flanng acivity

The dem (MR & ¢ 1 in Eq. {3) B a phenomenclogical heai-
ing functicn. I is prescribed a8 a stationary component, plis a
transient component in analogy with the function proposad by

ASK, page L al 12

Tabde 1. Modk] parameters delimng the imtal conditiems al the 30D
s b .

Ftun pafem™1 ey Fyiflases h')
FL-REF  2.34= 10" 937 = 107 4
FL-HD  9.37=10'% 937 |07 4
FL-LF  234= 10" 937= 107 |
MF 937 = 10 937 = 17 0

Barbera et al, {2017 The femer was chosen o exactly balance
the radiativie losses beloy | ME in the cononsg, and maintained an
initial qussi-atationssy exte ndod tenuous oo ona.

The wransient component desenibes a stomm of low (o inemme-
diate Rares that eccur n proximity of the disk. This componen
i5 expecied to mimic the Raring activity that may be driven by a
atrgssed feld configusation resulting from the twisting of mag-
netic fizld lines induced by the differential rodation of the inner
rim of the disk and the siellar pholosphese (Shoaat al. 19T

Each flare was iriggensd by injecting a localized melese of
cnergy that produces a heat pulse. All the pulses had & 30 Gaos-
sian spatial diswibution with a widih of & = 2 x 10" cm. The
pulses wene mndomly distributed in space close o the disk sur-
face &l radial distances between the tnncation radivs and the
corolation radivs. The flares had a randomly generaied timing in
o der 1o achieve an average frequency of Bare per hour of cither
one o four Rares. The todal energy released inoa single pulse
was ako randomized, and it ranged in particolar between 107
and 10™ erp. The total time duration of each pule was 3005,
then the pulse was swiiched off. The shon dusation of the pulies
wis choden o descr ibe an impulaive relesse of energy. Tests per-
formed in Paper | prowved that a duration of 3005 represents the
miininmum pulse duration that can be managed by the oode. The
time evolution of pulse intemsity consists of three aqually spaced
phases of 1005 cach: a linearly increasing ramp, a sieady par,
and a linearly docreasing ramp.

3. Results

O mcede] solutions depend on s number of physical parameers,
ameng which the most nodable are the density of the disk and the
frequency of Rares. In e light of this, we considersd as arefer-
ence case {run FL-REF in Table 1) the disk configuration inves-
tigated in Paper L which is character med by a mainmm density
in the equakesial plane of 234 = 107 em—? and & frequency of
flares of four per hour, Then we exploned the case of a disk that
was five times denser than in the reference case (mun FL-HD,
and the case of a requency of Mans four imes kwer than in the
refenenoe case (run FL-LF)L We alse considered an additional
simulation identical to the n FL-HDy, but withowt Ranes {n
NFy, tohighlight the sele played by the fanes inthe formation of
accretion columns in the dmescales we covened. We considensd
the case with the densest disk because we expoct a mose effi-
cient interaction between disk and stellar magnetosphere, which
helps the foomation of accretion columns. The simulation FL-
HD genersies the highesi accretion mmies (= 107" M, yr'; see
Fig. By Tahle | summarizes the varous sinwlations and the
main parameierns thal ane characiensic of each mn gy & the
maximum density of the disk in the equatonal plane, g is the
density of the corona close 1o the disk, and Fy is the Rarc
Fregue ncy.

O main focus here is on exploring the mole played by the
Aares in perturhing the aceretion disk and possibly in triggering



5. Calambeoed al.: Corome af CTTSs: Efects of Harmg actively in croumesiellar chisks

23.4h

Fig. 2. Evaluiom af the reference case FL-REF. Fach af the six pancls shows a snapshel at a given Gme aller the imbal conditiom {defined in
Secl 2inFag. 1y at L1Th {panel A, 351 h {panel B), 1508 h {panel C), 23 2 h {pand [, J55h {panel £, and 28 88 h {panel F). Each panel
s comporasd of three images: al the top, an edges-on view of the 310 gystem, ol boMom kil and mght, the two pale on views. The cutway viows
af the dardsk syseem show the mass demny (blue) and amplkd magnetic licld Ines (green) al dilferem tmes. A 31D valume rendening of the
plazma emperature & averplalied m log scale on eachimage and shews the Harmg kops (red-yelkne j that Enk the mner pan of the disk waih the
cemiral prokeitar. The calor-coded densaty oganithmas scake & shown on the ldfit of each panel, and the anakbgowsly coded emperalune scale & on
the nght. The white armms mchicate the rottona] drection af the gy dem. The physcal §me smoe the stan of the evolution is shewn at the op

cemler af each panel.

sccrelion on Umescales shorter than those if Hames were nod
presend. For this reason, we dopped the sinulations when the
accretion s reachad a quasi-stationary regime afier the ini-
tial sudden and steep rise (see Sect. 3,30 our simulations cover

abput three days of evolution (=13 of the rotational period of

the inner disk.

Wi followed the evelution of the system without Ranes (e,
run MF) for about four days (e, on oa timescale larger than that
coverad by the odher sinmlations). We node that the iniial condi-
tions adopied provide quasi-aquilibrium. The disk was iniially
truncated @ 286 K. When the simulation staned, the magnetic
fazld lines of the slowly rotating magnesphere threading the
disk exerted a wrgue on the faster-roating disk. As a resulg

the inner pan of the disk moved nwand on a timescale thal was
shorter than the visoous timescale, and matter gradually acoumu-
lated in proximily of the truncation sadios located a1 8y = 2018,
at the end of tee simulation. As shown by long-temm 30 simula-
tigns {e.g., Romanovaet al, 20002, 201 La; Kolkarni & Romanova
A0Hy, this process of inward motion of matier sl some poind
leads 1o sccretion onke the sarwithowt any need of Bares. How-
evier, un WF shows that this initial torque helps to bring matter
toward the magnewsphere of the star, bt no scoretion stream
dievie lops inthe timescake we considercd. By the end of the sim-
ulation, there is a hint of mass socreton that leads 1o mies on
the onder of 107" M-yr~ {about an cader of magnimde lower
than in the comresponding simulation with faes see Fig, £ We
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con hudie that higher levelk of accretion driven by the magnetic
torgque in our star-disk system stan on timescales longer than
aboud four days. In the following, we discuss indetail the simu-
laticns, including the effect of fames Inthe light of the resuls of
run MF, we are confident that disk perturbations and the socne-
tion rates found inthe timescale we considensd ane entirely dus
i the flaring activity.

3.1. Referance case

For the refeence cae FL-REF, we folowed the evelution of
the Raring activily on the star-disk system for approsimately
thaee days {ie., when astationary regime was reached). Figure 2
shasy s representative Frames 1o describe this evolution. A movie
showing the entire evolution s provided & online material
(Mowie 1), The movie shews the evolution of FL-REE Each
frame is composed of three panels: st the top, an edge-on view
of the system, &t the bottom kel and right, the two pole-on views
The movie shows the mass density (blue) and sampled magnetic
ficld lines {ereend. A 3D wolume endering of the plama em-
perature i overploted in dog scale and shows the Raring loops
{red-yellow.

As discussed in Sect 23, the hest pulses wigeering the
flares ame injecied into the sysem al randomly chosen locations
abovie and below the disk through the phenomenclogical em
LM R, a1 in Eqg. 30, We found that the evolution of cach fare
is analogous 1o the evolotion of the single bright fae analyveed
in Paper 1. For example, this is evident for the firsi fae in mn
FL-REE which eccurs after ahout one hour since the initial ¢on-
dition {see the lower right panel in Fig. 2 A-B and Maovie 1) and
i5 nod peniurhed by other Mares during s entire lifetime.

The initial heat pulse determines a local increase in plasma
pressure and temperature close to the disk surface. As a resuld
the disk material is heated up and rapidly expands through the
averlying hod and tenuous cooona, resulting in a strong evapso-
ration frond. The disk evaporation is sustained by thermal con-
duction from the ower layers of hi plasma even afier the heat
pulse ends. The fraction of this hot expanding material closer
o the prodctar is confined by the magnetic feld due o8 < |
and Forms & hot flemperatuse of about 107 — L0P K) nmgnetic loop
with a length on the order of 10! cm that links the disk o the
siellar surface. The magnetic -feld-orented thermal conduction
funthers the development of this hod loop theough the foomation
of a fast thermal fromt propagating frem the disk aleng the mag-
netic field lines wowarnd the sar The remaining pan of the evapao-
rating plasma that is nod channe lad inothe keog & poosly confined
by the magnetic field (due & 8 = 10 Thus i moves away [Hoem
the sysem toward regions with higher 8, carrying away mass
and angular momentum from te sysem (see below). Inoany
case, the plasma Jeither magnetically confined or non-confined)
stans to conl down a5 soon a5 the hest deposition ends because
of the combined action of mdiative losses, temial conduction,
and plasma expansion. Aferabout [(h, the hot loop disappears

Figure 3 shows the evolution of the maxinmm tempse raiure
and emission measune {EM) of the second Maring loop (see Fig. 2
B and Movie 13, This evolrtion can be considerod 1o be nep-
resentative of all the fares simulsted here and is analogous o
that observed on Sun and fas. We disinguished two different
phases in the evolution: a heating and a conling phase. The first
staris with the ingection of the heal pulse and lasts for a few
hundred seconds. During this phase the temperatuse increases
viery rapidly and reaches naxinum st = 1P K. The disk maie-
rial evaporates wnder the effect of the thermal conduction and
the heated plasma expands, illing a magnetic Mux tubse that links
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Fiig. A Bvalwton of the masamam temperature (red hne) and miegrated
EM {black hne)h al the plasma with og{Th = 6.3 for the second Hare in
run FL-REF. The mitm] time i al the szlease af e commesponding heat
pulse.

the disk with the star. As a resul, the EM rapidly incresses and
peaks al laier times, about Hmin after the maximom e psers-
twre. Al later dmes, the mdiative losses and the ther mal conduc-
tiom very e fliciently cool the plasma down and the conling phase
starts. Both the emperawre and te EM decrease slowly, A fer
about four houss since the heating, the tem peratune of the faring
plasma is siill on the crder of 107 K. The EM develops a sec-
oid by about one hour after the peal, which is a1 odds with
the expected evolution en the base of 1D medels of Banes (eg.,
Fealeetal. 1988 As discussed in Paper | each ftame of our sim-
ulations is only partially confined by the magnetic field at the
I Fondpazint anchored st the disk surface, which is al variance
with | D mediels where the Qares are sssumed o be Pully confined
by the magnetic field. The second bump of EM in Fig. 3 origi-
nakes from the fat expansion of the non-confined hod plasma in
the surrounding envirenmen. From this point of view, our sim-
ulated Nares can be considered o be inermediate bBetween those
of medels of fully confined Mares (e, Beale e al 198H) and
these of mode ks of non-confined Manes {e.g, Reale ¢ al. 20020,
We ako note that the magnetic feld in the demain is idealized.
In a more realistic case the evolwd magnetic feld may have a
miode comples configusation, and may be more intense than in
the case sudied bocause of magnetic Held twisting. For this rea-
aon we expect o ohserve a grester confinement in a real case
than inthe simulations.

I adadition to the fommation of tee hot loop, the initial heat
pulse produces an overpressure wave al the loop Foodpsoint 1hat
i5 anchorad 1o the disk, which propagates through the disk. In
the case of the energetic flare investigated in Paper 1, when the
overpressune reaches the opposite side of the disk, it pushes the
magterial out of the equilibrivm position and drives it inte a fun-
nel Aoy (see Paper | for more details), Then the gravistional
force accelerates the plasma wowand the central star where the
accielion stream impacis. Inrun FL- REF, however, the Bares anc
less energetic than the fRare in Paper [ The ovenpressune wiave
pencrated by the first flare & nod streng encugh o significanthy
penur the disk and o eventually i goer an scoretion evient.

After the fra Nare, other Qares occur close to the disk sur-
facz. Each of them produces a significant amount of hod plasma
{with temperstunes up 1o = 10" K) that is thresn out in the mag-
newaphere { Fig, 2 C-Fand Movie 1 A Tor the first fare, pan of
ithis hot maierial & channeled by the magnetic field in Aux iuhes
that form hot magnetic loops that link the disk 1o the central
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Fig. 4 Evohition ol the imegrated EM for plsma with og{T = 6.3 for
the run FL-REE. The red sguare 15 zoomexl-m inFig. 5

protoatar. Nevenheless, most of the evaporated disk makerial is
o]y confined by the magnetc field {espocially in faes tha
oocur &l larger digtancss from the star) and it escapes from the
ayaiem, contributing toe the plasma outflow from the star with a
mass koss ke M, = 10 "'.M' _yr-l and angular momentum
loss rate Ly, = 10°—107 gem? M= yr-'. As a result, the mag-
netic field |I.|1.|_5 are pradually distoried by the escaping plasma.
Al this hadt plasma, either confinsd o loops or escaping fnoem
the star, forms an exiended ot corona that once fommed, persisis
wndil the end of the simulation.

Figure 4 shows the evelution of the inegrated EM of the
whaole system. After the first heat pulse, the emission messure
incredies papidly. In this transient phase, the estended oosona
i5 md deve koped yel and the effect of each heat pulse is clearly
visible in the curve with the sudden increase and slower decay
of EM. Afer the fira flares, the amount of plasma al emnpena-
tures greater than 2 ME continues (o incresse, reaching a quasi-
stationary regime afier =10 h. Ad this tme the hot exiendad
cofona is well developed. The resulting values of EM for plasma
abovie 2 ME indicate that the Baring activity is expeciod 1o pro-
duce a significant X-ray emission. During this phase, the pro-
nouneed peaks of EM are produced by the most energetic fanes

We synithesized the X-ray hmincsiy (Ly) in the  hand
[1, 00 b fromn the seference case. We applicd a proceduse
anakspous 1o the one described in Paper | {see also Barbera
e al. 2007, We found that during the stationary phase, Ly =
10™%ergs=!. This value is in the range of luminesities typically
infizrmed from observations (Preibisch e al, 200583, A detailed
study of the evolution and origin of the X-ray emission will be
the subject of & futuse paper.

A5 for the frst Aare, cach subsequent abrupt release of
cnergy produced a local increase in plasma pressure in regions
of the disk that correspond &0 the oop fooipoins. These local
incredses in presaune produce overpressune waves thal poogpa-
gate theough the disk. In general, given the low enerey of mosi
of the Nares, the single overpressune wave is nol sufficient 1o
significanily penurh the disk and trigeer an aceretion oolummn.
Howewer, the combination of a series of these overpressunes can
strongly penurh and dison the disk, espocially in proximity of
the truncation radivs (s Fig, 2 F and Mowvie 1), Eventually,
the overpressures can produce mass sccretion episodes. Afier
=15 h, several accretion columns gan o develop (Fig. 2 C and

: Effects of flarmg activily in crcumesiellar chisks

Movie 1) The first colimn impacis onto the stellar surface afier
=Xih (Fig. 2 Dand Movie 1), Then, the scoetion poocess opn-
tinues wndil the end of the simulation.

The dynamics of the accretion columns B comples,
as expecled because the cordation sadivs of our sysem
(R, = B6R,) is much lrper than the magnetospheric radius
(=2-3R,). In these conditions, the material acoretes in oa
atrongly unstable regime {Blinovaet al, 2006), where one or two
unstable filaments {“tongues™) form and rodste approsimate by
with the angular velocity of the inner disk. [noour sinulation, the
ayalem evolution is analogous and acoretion colunms develop
from the disk surface in regions close 1o the truncation adius.
There, the disk material is channelled by the magnetic field in
accrelion sireams thal accelersie towand ithe ceniral slar under
the effect of gravity, Then the accretion sreams impact onio
the stellar surface at high latiudes (=407 see Sect 347, The
accnelion paliern suggests aconetion driven by Bayleigh—Taylos
{RT) instabiliy {e.g., Blinowa et al. 2006 As expected for BT
unstable accnetion, the formation of small-scale Alaments along
the edge of the disk and the formation of several funnek is
indeed visible, Their cocumence and shape are typical of unsta-
e tongues: they Form frequently and disappsear sapidly, and they
are mitially tall and namow {e.g, Kulkami & Bomanova 2008,
200 Fomancya el al. 2008 Blinova ef al. 2006). In 30 simu-
lations of accretion ente stars with a tiled dipode, the nsiabiling
is triggened and supporied by the non-axisymmetry introdwosd
by the dipele and by the pressure gradient foroe that develops
clise o the wuncation radivs through accumulation of mater
by disk viscosily (Romanova ef al. 20020 Inour case of 8 non-
tilied dipole-cotupek simulated on shon tinmescales, the X-ray
Mares provide the necessary amount of nen-axisymmewy and
dtermines the pressune gradient force (o star and suppon acore-
tign through nstabilite. Inithe simulation withoot fanes{mn NE)
nos sign of instability s present in the timescale covered {aboul
four days). Therefore, even if matie s wene (o acorete ondo the pro-
toatar through MHD processes of the disk-magnewosphene inter-
action, this phenomenon would cocur on timescales longer than
these covered here inoouwr simulations. The Nares there fore pro-
vide the conditicns to speed upthe prooess on tmescales signif-
icantly shomer {only a fow hours) than those presant in the case
without Mares.

The streams can be heavily penurbed during their lifetime
by the Baring activity and by other streams. For instance, a fang
occuring on the oppoesiie side of the disk may rigeer an over-
pressure wavie that may enhance the scoretion rake of the siream.
A flare occwrring close 1o the acoretion coumn may inject mone
mizss inde the stream increasing its lifetime (see Fig. 5 or it may
produce a periurbation that is strong encugh io disoapd the base
of the sireamand, 55 & consoquence, the whole sccretion column.
The streams may interact with each other, merging inte larger
streams {see Movie 1), As a resultl of this comples. dynamic, the
streams are highly unstable and time variabde, and the acoretion
colimns are highly nhomogeneous, structused in density, and
clumped {e.g., Matsakos cal 2003, Colombe et al. 200163, This
mdy suppeon the idea that the persistent low-level hous-timescale
var iability observed n CTTSs may meflect the intemal ¢ lungi-
ness of the streams (Gullbring et al. |94 Salser 1998 Bouvier
etal. 2000k Giardine et al. 2007 Cranmer 20090

3.2 Companson with other modals

We explored the effects of cither the disk density or the fane
Froquency on the dynamics of the sta-disk system. To this end,
we considiened the case of & disk that was five times dienser than
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Fig. 5. Example of the perurbation af an aconestion calumn by meahy
Harmg activity. The ligure shows smapshaot disp I.J.}':ing iscrsu e

where the panticle number density equals 53¢ 10° cm™ im run FL-REF.
W shenw the southern pale-an view al the slar. The sosurfaces, which
caincide wthithe cokld and dense disk material, ane shown at the hbekd
times (upper lefl comer af cach panel). The colos give the pressune (m
units al dyncm™) em the isosudace, and the colorcading is defined on
the right af each pane]. Lpper panel: red armow pomis al Hare that per
turte the aconstiom column (see high-pressiure region m the disk ) MWid
e ame fenwer paned: ned arreny pomis ad the pontiom af the dsk materal
that perturbs the accnetion column.

in the reference case {nun FL-HD in Table 1) and had the same
sequence of MRanss, We found that the evoluion in un FL-HD
is analogous i that of the refenence case. In panicular, the ran-
dom hest pulses produce ot plasma in prosimity of the disk
surface; then pan of this plasma is channeled in hot loops, and
the ether part cscapes from the system. All this had material
forms an extended and stroctused hot comona. As for the e fer-
cnce casz, the heat pulses also gencrate gverpressune waves 1hat
progea gaie through the disk, evemually pushing the disk material
ot of aquilibrivm o oo aceretion colunms. In the case of a
denser disk, however, the e ffects of these waves moving through
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Fiig. 6. Cleseup view ol dhe siructure af the aconstion calumans for mms
FL-REF {foyp panely, FL-HD {middle panel ), and FL-LF (baidom panel).
Each pamel shoms a slice in the (R, 7) phne passing though the mad
dle af one of the streams. The white hemssphere represents the siellr
surface.

the disk are mild in comparison with mn FL-REF. The perir ba-
tigan of the disk is limited tothe surface of te disk and the laiters
i5 less distonted than in FL-BEF {see Figs, &T) Mewverihaless,
the disk material channeled in accretion sifcams is on average
denser than in FL- REF so that the accrefion column are in gen-
cral denser than inthe reference case {see Fig. 60,

For the dependence of the system evelution on the Mare fre-
queency, we found that the dynanics can be significantly diffenem
if the fare frequency is four times lower than in FL-REE In this
case, the system neads mose time for a significant penurbation
of the disk that is able to prodwc: mass aceretion enie the central
prodostar. The dynamics of the acoretion columns, ence formed,
i5 similar o thai in runs FL-REF and FL-HD. The main differ-
cioe s the number of streans, which is lewer in nun FL-LF than
in e other twie cases. This s a direst consagquence of the leyver
number of fares inrun FL-LE which can contribute 1o the disk
penurbation with their overnpressure waves, Afer about G0 by
only ene prominent accretion oolumn is poesent, wheeas inruns
FL-REF and FL-FID, twao or muore aceretion columns ane clearly
visible {see Fig. 7). Nevertheless, a significant mass accretion is
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Fig. 7. Repressnttive claseup views af the mmner region af the str-disk
syslem for nns FL-REF (fap paned), FL-HD (middl panel), and FL-LF
{hogom panel ). Inbhie we show the soeurfaces whene the disk material
has a panlicle number density o = 1000 cm~ . The while sphene in each
pame] epresents Uhe siellr surface.

prescnd in the sysiem at the end of the simulation, even though
the ftare frequency is lower than in FL-REF.

3.3, Accration rates

From the modeling resuls, we derved the mass aocnetion mies
due i the various streams irigoerad by the Qares, We considerad
a5 accreling material the amount of mass that crosses the inder-
nal bpundary representing the stellar surface, namely the mate-
rial that falls ondo the central siar. Figure 8 shows the evolution
of the accretion rakes for the four simulations in Table 1. The
thaee cases with fares show qualitatively the same trend. Afier
the fust swream hits the gellar surface (during the first 20h of
evelution: in run FL-LF this cocurs afler about 50 k), the socne-
tien rate rapidly increases due 1o the rapid development of new
sccretion columns. This phise B transient and last for about
IOk {see Fig, 2 Doand Movie 1o Afier this, the acoration rate
increases more slowly and eners a phase in which the numbser
of active accretion oolumns is roughly constant.

Aufter the transient phase, the three cases show socnetion mics
ranging between =107"" M- yr=' and =107" M- yr~', with the
highest values shown by mun FL-HD because the sireams are
dienser than in the other two cases, and FL-LFand FL- REF show
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Fig. ¥ Evalutiom af accnetion rates symhesoed from runs FL-RF (hlack
Imeh, FL-HIY ired hne), FL-LF {green hnel, and NF {meple hneb
The creses represemd the values of mass accretion rades mberned Trom
aplical -near L'V obs ervatioms for a ample of lowemass siars and brown
dwarfs (green, Herceeg & Hillenbrand 2008 ), for a sample of salarmass
yemung acereters {red, Herceeg & Hillenbrand 200%), and for an X-ray
selecled ample af CTTS: (blue, Curran et al. 2311 ) ther position an
the ime aods 1% chosen ko facil dake comparnison wilh the mode] negules.

the Jowest values because the disk is less dense {see Sect. 3,20
Acfter abouwt TOh of evolution, run FL-LF shows acoretion males
that are comparable 1o those of un FL-REF. These two cases dif-
fer only for the frequency of faes, and they consider the same
density struciure of the disk; thus run FL-LF neads mere time io
reach the accretion rate vales shown in mun FL-REF. We con-
clude that the acoretion rates depend mose sirongly on the disk
density than on the lare fequency.

The simulation without Rares (run NF) doss nod shay score-
tion during the first approximaiely 65 h of evolution. Inthis ime
the magnetic woque brings mater wowand the magneiosphens of
the star, and after 65h leads (o inflow of matier that penerates a
sudden increase in the accretion rate up io =107'" M y' . The
rate then slowly increases until the end of the simulation, when
it reaches values that do not exceed =3 = 107" M. v In the
comesponding simulation with Rares (run FL-HD, the acoretion
atarts much earlier, about 20 houwss afier the stan of the simula-
tien, with rakes more than an order of magnitude higher than in
run MF on the timescale we coveraed. The disk penusbation and
the mass acoretion we ohserved in simulstions with flares ane
therefone due o the faring activity in proximity of ihe disk.

We compared the accretion makes derived from our 30 sim-
ulations with those available in the literature derived from
optica LY observations. In panicular, we considened two sam-
ples of low-nwmss young accreling stas analyzed by Herceeg &
Hillenbrand (2008 that were observed with the Low Resolu-
tion Imaging Spectrometer (LEIS) o Keck Land with the Space
Telescops Imaging Spocwograph (STIS) on boand the Hobble
Space Telescope, and an X-ray selected sample of CTTS: ana-
Iymed by Corean et al. (2001 thai was observed with varioos
optical telesoopes. W found that the theee simulations repsoducs
mist of the accretion rakes mesurad in ley -mass stas quite well
and are kower than those of fas-accreting ohjocts such & BP
Tau, B Lugp, or T Tau. On the other hand, it is worth noting ihat
the timescale we explored hene is rmther short {about 800h) s
ithat the disk viscosity, for instance, has a negligible eifect on the
dynamics.
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3.4, Hoitspois

The disk material flowing through the acoretion colunns is
e perctod to impact onto the stelar surfaoe and (o poodwce shock-
heated spots. We do nod have encugh spatial rescution in our
simulations 1o mede] these impacts (see, ep., Orlando ¢ al
M1, Al -"I The mosdel does not include a '\J-\.'.‘ll\.'.l'i[!l'l.i'\.:ll'l ol the
I\.'J'l.l'l\.:lll.'h.hphl\.'.l'l.' af the CTTS either, which would be M OCSEATY
to peoduce shocks at the base of accretion columns afier the
impacts. Meverthe less, we can infier the expacied size and evislu-
tion of the hotspots and the atiude s whene the spots ane located
from the simulations.

Figure 9 shows maps of panicle number density close to the
siellar surface afier about S0h of evolution {when the accretion
columns ane well developad). A movie showing the time evolu-
tion of panticle number density on the stellar susface is available
s online material { Movie 23, The movie shows the evislution
fior FL-REF of the particle number density in log scake close o
the s llar surface. During the initial wansient phase, only a few
fome o Twe) small and Caind hotspots ane present on the aellar
surface, each comesponding (o an scoretion column (Fig. 2 -E
and Maowvie 1. A later times, the number of accretion columns
in general increase Following the disk penurbation that is due 1o
the Rares (Fig. 2 Fand Movie 1. The number of hotspaots, o -
evier, does nod incresase with the number of acoretion oolumns,
and no moese than four spods are visible on the siellar surface
during the whaole evolution {see Fig. 9. The accretion sireams
inderact with each other and often merge o Form larger aceretion
columns before impsct (Fig. 2 F and Movie 1) This complex
dynamics B typical of accretion in the strongly unstable regme,
where smaller wngues meree and foom one o0 twoe large r tongues
{e.g., Blinova atal. 20060 As aresull, the spois ane larper st later
Limes.

In the reference case (FL-REF), two prominent hotspaods are
evident inthe visible hemisphene of the gar (op pane] of Fig. @
both with a density of around 3 = 10 cm—? {the shock-heatad
plasma afler impact s expected to b four times denser in sirong-
shock conditions; eg., Sacco e al 20000, A slightly faimer
{density of about 10" em—) spod & also present in the nosih-
crn hemisphene. The spods cover asignificant postion of the sel-
lar surface {=20%). Simulation FL-HD {middle pane] of Fig. 9
shisws a similar density strocture on the stellar susface . In this
case, three large hotpots with a density of betwoen 10" and
52 10" em™ are presemt in the visible hemisphere of the sar
In this case, the filling facior of the spods is =30%. Run FL-LF
presenls & density sneciure on the stellar surface that is signifi-
candly different than in the other two cases. The density contrast
of the spots s much weaker than in muns FL-EEF and FL-HD.
A main hotspot with density p = 2 x 10" en and two less
dense o = 10" em™) and smaller spots are present in the vis-
ible hemisphere. In this case, the filling facior of the spods is
lomw o thean 1000

Figure @ ako shows that the holspots ane character mad by
a dense inner cone that 5 sumoundsd by lower density mate-
rial & found by Romanova e al. (2004 see also Bonio ¢ al
20040 The apods are clearly visible in uns FL-BEF and FL- D
{in general, yvielding higher sceretion mes); in run FL-LF, the
accrelod mater is mose diffuse theoughout the entire siellar sus-
face and the spods have a lower contrast in density. Inoall the
cuxploned cases, the accretion oocurs prefeentially at high lai-
imdies and the hotspot are located above (below) 400 (=00
this is an effec of the g netic field I\."\.:-I'I|5Il.'|J.I'.'.‘I'|i'\.:ll'l chmen for
the modiel {see Sect. 2 and, e.g., Bomanova ei al. 200 [h) Mose
apecifically, high-latitude hotapois ane fawred when dipele and
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FL_IREF

FLID

Fiig. 9. Maps of panicle number dem=ity in kg scale chse o the sielhbr
surface afier about G0h of evoluion fer rums FL-REF (upper panel),
FL-HD {micdle panel), and FL-LP {fmver panel). The hgh-demay
regioms (paimted at by while ammows ) cormespend (0 acoretion calumns
imquctmg ama the siellar surface. Buns FL-REF and FL-HID exhibit
clear hotspots, whereas m nn FLLE, the mader & mone ditfused and
the mmired indemnly is weaker.

ocupele component ae parallel {e.g., Romanova etal 200 1b);
comersely, if dipole and octupol: components ae amliparallel,
low-latitude spts sre Favored (e.g., Donati et al. 2001, Ear-
lier 30 sinulations of sccretion onie stas with dipole-plus-
ocupele aligned components (a5 in our case) have shown ihat
the eoiupok: component domimaies indriving matter closer o the
atar, puiding the Moy s tewand the high-latinude peles, and pan of
the matier into eciupaelar belis or rings {e.g., Long i al. 2008,
200 1 Bromanovaet al. 200 Lab) As a result, the shape and posi-
tiom of the hotpots differ from these expeciad ina puse dipolar
case, where the spods ame iypically ehserved at intermediste 1ai-
iudics. In our simulations, we observe that initally, the maiter
Mo indo accretion streams guided by the dipelde magnetic feld.
Then, the trajectory of te Bows is sligthly redisected in paos-
imity of the star, a1 distances belvw =178, . by the dominand
ociupEsle compenent

3.5, Limits of the modal

O setup B analopous o @hers that have ofien been used inothe
literaiure {eg., Romaneva ¢ al. 2002 Orlando et al. 200 1) and
i5 appropriate 0o dese ribing the stella-disk system in the condext
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of young accreting stars. Nevenheless, a number of simplifica-
tiens and assumptions have been made that we discuss in the
fil lomav g

First, many works {eg., Gregory ¢ al. 20000 Geepory &
Cronati 200 1) suggested that a stellar magnetic field can have
a more complex confipuration than we adopied here, namely
an aligned cotupele-dipole. In addition, n our setugp, the nitial
magnetic feld configuration dees ned acopunt for the twisting
and expansion of the field lines driven by the differential soda-
tien of the disk and the diffesent sotation period of the disk with
respect io the star, A more complex magnetic Beld configusa-
tion is expected o change the dynamics of acoretion streams
disscribad here, leading i a possibly more complex patiem of
accretion. Moreover, we expect that the fares are generaed by
phenemena such a5 magnetic reconnection {soe Sect. 1) For this
redinn, in the region where the magnetic field may penerate a
heatrelease, we expect an even mose complex oonfiguration than
that assumed in our sinulations. Then, the magnetic confinement
of the hot plasma might be more e ficient than in our simulations;
this should enhance the effecs of Rare energy deposition in the
SY¥SIE.

The description of the viscosily of the disk issimplified. Sim-
ulations of MRl sugeesis that the disk visoesity can b highly
inhomogeneous and depending on time { Balbos 2005, However,
the timescale considenad here (B0 h) is negligible companed w
the viscosity timescale (several stellar periods, ep Romanos
e al. 2002 Fanni & Ferreira 20000, we thene foe do nod ¢ xpact i
observe any effects considering a more realistic visoosity. Last,
the description in terms of geomelry and dusation of the heat
rekese that penerates the single Qare B dealized (see Sec. 230
Wiz expect that the peometry of the heat release strongly depends
on the specific magnetc field configuration st the site where the
cnerpy release oocurs. Moreover, in realistic conditions we do
nasl expect that each heast release would have the same duration
s owe have sssumed. Nevertheless, we are nod inderested in a
ditailed study of the fare evolution hene, but only in its conse-
quences in terms of dynamical penurbation of te disk. From
this point of view, the flanes we simulated produce realisic per-
Tt ions.

4. Summary and conclusions

Wi investigated the effect of an intense Haring activity local-
ized in proximity of the accretion disk of a CTTS. To this end,
wie adopted the 30 MDD model, presented in Paper 1, 8 mag-
netized prowostar surmounded by a Keplerian acenetion disk. The
midel has been adapied 1o include a stom of faes with low 1o
iniermediate inensiy that cccurs in proximity of the disk. The
mpdie] takes into acoount all the relevan physical procesaes: sel-
lar gravity, viscosity of the disk, thermal condwction, radistive
losaes from optically thin plasne, and & parameter od hesting
functicn & irigger the Nares. We explorad cases with different
dizk densitics and different kewels of Baring activity. Our resulis
lesad o the folley ing oonc lusions.

— The coronal activity due 1o a seres of Jow o intermediate
fares thal oocur in proximity of the disk surface heats the
disk material i emperawres of several million degrees. Pan
of this hot plasns B channeled and Bows in magnetic loops
ihat link the inner pan of the disk toothe central prodostarn
the remaining pan of the hested plasma is poordy confined
by the magnetic beld (especially in Hares that cocur at larger
digances from the star) and escapes From the system, camy-
ing sway mass and angular momenm. The coronal loops
gencrated by the fames have typical kengths on the osder

of 10 em, maximum emperatores ranging between 107 K
and 107 K, and a lifetime of abowt 10h, These charseiernis-
tics are similar o those derived from the analysis of lwmi-
nous X-ray Nares observed in young low-mifss stas (eg.,
Favala o al. 2005, The cscaping disk material contributes
i increase the plasma cutflow from the system with mass-
loss rates My, = 107" and angulsr momenium loss rate
Fase = 10°F—107 g em™ Mz vr='. The disk material, either
confined in keops or cscaping rom the star, fomms a lenwous
haot corona extending from the contral protostar (o the innes
prtion of the disk.

— The circumsiellar disk is heavily penurbed by the laring
activity. In the aftermath of the Banes, disk material evapo-
rates inothe ower siellar simosphere under the efect of the
thermal conduction. As previeusly ststed in Paper 1, over-
pressuge waves ane generated by the heat pulses o the disk
al the fostpoing of the hod loops that form the comona. The
overpressune waves wavel through the disk and diston Qs
struciure. Eventually, the overnpressure waves can reach the
side of the disk opposibe o where hest pulses were injecied.
These, the overpressuse wavies can push the disk material ot
of equilibsivm to foom funne] Bows that accrete disk nmite-
rial cndo the prowostan We found that the effects of the over-
pressune wavies are larger in disks that ane less dense and fos
a higher frequency of Manes. This type of accretion Eooess
starts about 20 hours afier the first heat puke, which is a
timescake much shorer than that requined by the disk vis-
cosily 1o irigger the scoetion. The acoretion rabes derived
by the simulations range between 10" and 107 Ayl
Wi found that the higher the disk density, the higher the
accretion rate. The accretion raies are comparable with
these inferred from observations of low-mass stars and
brwn dwarfs and in some solar mass sconeigs | Hercreg &
Hillenheand 2008 Cusran e al. 20117,

— The accretion colimns generaiad by the Ranng activity on
the disk have a complex dynamics and a lifetime ranging
between a few hours and wens of hourss, They can e per-
turbed by the faring activity isell; for instance, a flame
that ocous clode o oan acoetion column can disoop i1 of
atherwise increase the amount of downfalling plasmes. The
streams can also ineract with each other if they ane suf-
ficiently close, possibly merging inke larper streams. As a
result of this complex dynamics, the streans ane highly inho-
megeneous, with a conmplex density simciure, and clumped,
with clumps of typical size comparable & the section of
the accretion column., In general, they hawe a dense inner
core surmounded by Jower density makerial, as has also boen
Found by Bomnanova et al, {20000 These findings suppon the
idiza that the persisient low-lkeviel hour-dimescale varniabiling
obscived in CTTSs reflecs te inemal climpiness of the
streams {Gullbring e al. |9 Safer 1998 Bouvier o al.
200k Giarding et al. 2007 Cranmes 2009

O sinmlations open a number of interesting questions. The ot
plasma generated by the fares produces a hot exiended corona
that imadiatcs strong X-rays with a different spatial distrbution
than in the standand scenarnio of a corona confined 1o the siel-
lar surface. A corona above the disk rradiaies the disk from
above with near nommal incidence: the radistion resches outer
regicns of the disk that may be shieldad from the stellar-emited
A-maya This may influence the chemical and physical evolution
of the disk in a different way, with imponant consequences, for
instance, on the femation of planets. This effoct can be even
more relevant than that due to X-my emssion from the base
of prodestellar jets located at lager distances from the disks
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{hundseds of astronomical units; Bonito e al, 20075, In addition,
the imadistion produced by the fares can alse increme the ion-
ization level of the disk. As a resuli, 8 betier coupling beiween
magnetic el and plasma can be realized, which might increase
the MBI afficiency.
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