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ABSTRACT

Confed. Inermedine polr calachysmic varables (IFCVY) comam a magnetic, rolaing whle dwarl summounded by a magnetically
tnmcated accretion disk. To explam ther swong ckenmg X-ray emassiion, accestion has been successiully alen mo acooun. Never
theless, abservations sugeesd that accretion phenomena maghl ned be the anly proces hehmd 8. An miense Haning acinaty accurming
om the surface af the disk may generade a corona, comrbute o the thermal Xeray emiassion, and mbuence the system sabilit.

Alms, Owr purpeses ane: invesdigating the mmation af an exended corom above the acoretion dsk, due o an miense lanng achvity
acourring o the dek surface; studymg the elfiects al Hanes on the disk and el magnetosphene; asesmng i conlrulon ko be
oitwerved thermal Xeray Hux.

flefhods, Wi have developed a 31 magnetohy drodymamac (MHD) mede] af a IPCY system, The mede] akes mio account gravaty,
chisk viscasty, thermal conduciion, rachative losses, and coronal flare heatmg through heal injection ai randomly chosen cations «an
the chisk surface. To perform a parameter space exploration, soveral sysem condiiomn hayve been comsidered, with differem magmnetic
fiedd imermsy and disk demsty vahies. From the resiults af the evalwtion of dhe made], we have symhesooed dhethermal Xeray emassomn.
Aeguifs. The smmulations show the formation af an exlended corona, Imbang dek and dar. The Haning activity 15 caqable of srongly
miuencing the disk configuration and possidbly #s dabibity, effectively deformang the magnetic figld Imes. Hol plasma evaporation
plenomena acour m the hyer mmedadely abowve the dek. The Haning achvly gives mise (o a thermal Xeray emaision m both the
(120 ke and ibe [20-10] ke Xeray bamds.

Conclugions. An imemse coroml] activily ocouming om the disk surface of an POV can adfiect the structure of the disk depending
mdiceably onthe densaty al the dsk and dhe magnetic liekl of the central objea. Moreover, the synthess of the thermal Xeroy Humes

shows thal this Harmg aciivdly may contribuie (o the cheerved Hickening thermal Xoray emesaon.

ey words. novae, catec]ymac varahles
dari: oorome = Xerays: sirs

1. Introduction

Ce) Hier stars, also known &5 intermediaie polar catsc lysmic vari-
ables (IMCY5), contain an accreting, magnetic, rapidly modating
white dwarf. The white dwarf in IPCYs typically has & magnetic
fizld strength ranging between 000 and 1 MG {Felliar 20007,
wizaker than the field of odther clamses of cataclyamic variahles
{05, such as AM Her stars, also known a5 polar cataclysmic
varabes (PO, In particular, differently from AM Her stars,
the field & net strong enough 1o prevent an accretion disk fom
forming, but it is capable of disruping the inner pan of the disk
where the magnetosphere dominaies the sceretion So,in IMCY s,
accreling matier Folows the magnetic field lines within the mag-
netosphere delimied by the runcation radius &, that is where
the magnetic pressure is approximately equal 1o the total pas
presaure.

MY, with a medivm-strength feld, combine the charac-
teristics of a non-magnetic system {(in s culer megions) with
those of a srongly magnetized object (inthe region chse to the
white dwar [, Moseower, [PCY class stars are also strong X-ray
emitiers and the ratio betwoen X-ray and visible fux (F/0F0
is greater than wnity for this class of stars {Paterson 1990,
These stars ane indocd soft X-vay [0.0-20] ke and hand X-ray
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sitars: Hare = magnetchydrodynamacs (MHD) = accnefion, accnetion disbs

[20—-10] ke sources with asynchronous changes of beighiness.,
Nevenheless, while X-mays from [PCWYs do eshibit aperiodic
variability, this is nod the most notable aspoc of the X-ay tim-
ing properties of these objects. In fact, one of the defining ¢har-
acter Blics of IPCY 5 is the strictly periodic and coherent X-ray
apin modulation, that i, the presence of & apid and siable pe-
riedicity in the lghicurve of the CY typically observed at op-
tical or X-ray wavelengths wi1h_ P < Fus ahh::ﬁ_ugh el
stars have P, = Pou. There is a large consensus in the 1ii-
crature that the origin for this X-ray emission is the mass ac-
cretion (Patierson 19940, The value of mass accretion raie M in
IS has boen infermed Trom chaervations through various tech-
nigues based on different ssaumptions, and the expoecied value
of M usually sanges between 107" and 107 M.y {Patterson
PR, 199 Griovannelli @ al 20020 A significant amount of en-
ergy par panticle is thene fore releasad, due to shocks generated by
the accreting plasma fowing along the field lines and impaciing
onio the white dwarf's surface at, approximately, free Fall veloc-
ity Mccording 1o the model of an sccreting while dwarf, these
impac i should cause a arong emission in the hard X-ray band
[2— 10 kW] up 1o Fue = 10 erg s~ {e.g. Patterson 1994),
Anciher iniriguing feature shared by all the OV siars, includ-
ing [PCWa, i the Mickering, that is, a sandom, by osd-band and
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short term modulation of luminosity. [ appears as a sequence
of overlapping Bares and burss apparently having noe cycle or
periedicity. This phenomenen has been observed in the X-ray
lightcurves of CWs of all classes, and ranges from Nuctuations
lasting a few seconds o larper changes in brighiness with rises
and dips lasting for hours, with no patiem or period. The Fact
that flickering is a charactenstic feamre of all CVs immedi-
ately sugpests that mose than one mechanism must be insalved.
This is supporied by the ststistical properics of the flickering
of the various type of CW { Bruch 20000 In fact, studies of the
fickering in CY sars conductad by Friz & Broch {19498) sug-
gest an origin of this phenemenon for magnetized CVs {(such
as POV leading 1o propentics which ane distinet from these of
non-magnetic CVa In panicular, IPCYs show a strong fickering
on shoat timescales with & high strength. Ohservations suggesi
that in some systems Hickering may arise in the wrbokent inner
region of the disk, or from the bright spos on the surface of
the white dwarf (Hellier 206015 Aciually, the analysis of eclips-
ing lightcwrves {Home & Stiening 1995 demonsrated that the
Mickering source musi be concentrated in the inner portion of
the accretion disk b it is not necessarnly confined 1o the inme-
diate vicinity of the white dwarf, possibly spreading out in the
inner part of the accretion disk { Broch 2015).

The differentially rotating disk is thought to b a turbulent
cnvirenment. The theoretical sudics of Balbus & Hawley { 19401
predictod that the wrbulence in accoretion disks may be driven
by magneto-rotational instability (MR and this phenomenon
hes alao bocn observed through numerical models {e.g. Hawley
PFL: Stz etal. 19050, This may kead o magnetic reconnec-
tion phencmena. Begarding this, we should node that signifi-
cand parts of the disk can be turboalent, thene fone, reconnection
is possible at different distances from the star, On the other
hand, the studies of Galeey etal. (1979 showed that the differ-
citial motation of the Keplerian disk & able w lead 1o the wind-
ing of the magnetic fBeld lines, increasing the feld and dieter-
muining the phenomencn of the expulsion of the magnetic Geld
from the disk in the foom of leops. Through the magnetic @n-
crgy relesse, due o magnetic recomnection, an exiended mag-
netic conona can be buil up and sustained (Belobonodoy 19409,
Malzac et al. 2000, Similar phencmenen has beon obsanvad in
simulations of MR disks, where the magneiic oomona has been
formed and expanded above and below the disk due 1o wind-
ing of the field lings and amplification of the mametic Held
(Armitage 2002 Steinscker & Papaloizou 2002 The foema-
tion of an exended corona has alse been observed i sinmla-
tins of scoretion onio magneiized stars from an MEL-driven
dizk {Romancva ctal. 20015, Hence, the combination of a jur-
hukent disk and its differential rotation may irigeer an exponen-
tial amplibcation of a seod magnetic Geld (Belobonodoy |90,
Craleev etal. 1979, The resuliing magnetic feld & sufficiently
AWOaE W cause magnelic reoonnection ¢lose 1oothe disk susface
where the observations sugees that phenomena responsible for
flickering may oocur {Hellier 20601 Sewand & Charles 200105,

In the light of these considerations, it is plausible that the
Keray emission observed in some of the IPCY stars may have
& thermal component due 1o a Raring activity cccuring on the
surface of the acoetion disk. This Aaring activity is (o some @3-
tent similar to the fares taking place in the cosona of the Sun
and solar-like stars, and may develop and sustain an extendad
OO

[ is worth noding that in the mode ks ciked above, the presence
of the stellar magnetic feld s not requined for the Formation of
an exiended corona inthe disk; in fact, high-energy X-ray coro-
nae are alao ebaerved in objocts, whene the gellar magnetic field
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i5 mod present {e.g. black hokes). In panicular for OVs, there ane
no remarkable differences in the propenics of extended cono-
nae observed from magnetic (such as IPCYs) and non-magnetic
CWa, since the main festures differentisting these two types of
OV oare: the presence of circular polarization of the emission
due 1o the interaction of acoeting charged material with mag-
netic field; a spin period lower than orbital period Fu., < Py,
He Il emssion lines dwe o jonization of the accretion columns
by the extreme wliraviolet { EUNVY continuum of the radial score-
tign shock (Sekody etal. 2003); and te woperties of lickering
{Fritz & Bruch 199, whese origin may be mainly welaied io
accietion, that inmagnetized object is thought 10 ocour via ac-
cretion colunms or cunains {Romanaova e al, 2002, 204037,

Hizre we perfoom 30 magnetohydrodynamic | MELD) simula-
tiens of the formation of accretion disk coronse in different pro-
totypes of IPCYs thoough a hail of Ranes ocour ing on the surface
aof the disk. The fares are stocastically iriggensd injecting energy
inde the system by means of a heat pulse with random intensity
We consider a magnetized contral ehject with different intensi-
tigs of the magnetic field. Although this is nod a requiremeant fog
the formation of the comona, in this way we may reproduce the
Fosmiation of comonal leops linking star and disk. Similar swuc-
tures have boen predicied using MHD models (Orlando e al.
200 1y and observed in young slellar ohjects (Favata of al. 20053,

2. Model and numerical setup

The mosdel describes an inense Raring activity taking place on
the surface of the acoretion dsk placed arcund & modating mag-
netized compact object, a prowmype of IMCY. The central com-
pact object is sumounded by & strucwned stmesphene initialby
e urhed and approximately inoequilibrivm In ooder o study
[PCYs, we adapied the maodel described in Orlandoe e al. 20010
dievie bopeed for classical T-Tauri stars (CTTS)L

2.1. MHD sguatons

The system evolotion can be describad through the four time-
dependent classical MDD equations, extended 1o include grav-
itational foroe, viscosity, thermal conduction, sadiative oooling,
and plasma heating. These equations ame defined ina 30 spheri-
cal oonrdimate system (r, &, &) and they are here reponied inc.g s,
in the conservative fom:

ok

r—?;+‘i-‘-1pu]='-'i'. i
o +‘E‘-¢;uu]=—?#+{jx_3]+?'f + g4, {2)
dr ‘
::'::.+T"-{.r.'l.l:l=—?-{pﬂ]+u-{jtﬂ]+?'{ﬂ-f] + i -
=W - Fe — e (T3 + 50, 13, 3
r:: = —Vx E=Vxiux B, i)

whene g is the thermal pressure for a fully jonized plaama, and
the total energy per wnit vwlume (&) B the sum of inemal o
thermal { &) and kinetic energy (£, with 3 = 573

i -

-0

po=2nykn T e=g4+ = i

The mass density i defined @ p = pompig, whene sey 5 the mass
of hydsegen atony, sy 6 the nomber of hydosgen atoms per uinil
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of velume, and g = 128 {amsuming metal abundances of 1, equal
i solar ones) is the mean atomic mass (Aonders & Growesse
P99, The bulk velociy of the plasma 5 defined a5 . Moge-
ower, Eg. (4) has been taken into account in the ideal limit of
high magnetic Reynalds numbser (8, = 1L

The wiscosity is taken e acoount in MHD aquations
through the viscous tensor . The viscosily is assumed 1o be of -
fective only inothe circumsiellar disk and negligible inthe region
of the extended corona {Orlando @ al. 20101 Giovannelli ef al.
20120, The technigue used 1o rack the disk material, where vis-
coaily s effective, is based on the definition of a waoer following
the same evolutionof densiny {Le, the tracer is passively advectad
similarly 1o ihe density), We defined the tracer Oy & the disk
miss fraction inside cach computational cell, initializing the disk
material with g = | and the extendad coronawith Oy = 0. Then
the viscosily is enablad only in the computational cells contain-
ing ai leas 9% of material of the disk (e, Cy = 0099 The
viscous stress lensor B defined as:

¥
=1 wmnw:’-;w-mr, (&)

where dynamic {or shear) viEcosity np, 5 propomional to kine-
mialic viscosity v, and density & follows:

1
-

"
Hy = W = fxF—,
Iy H=F e

{7
where ¢ = ypip is the Bothermal sound speed and £ is the
angular velooity of the circumselar disk in quasi- Kepleran ro-
tation. In Eq. {7, o is a phenemenelogical dimensionkess param-
cler defined in the Shalurs & Sunysev mode ] taking into sccount
the effect of ancmalous viscosity { Shakura & Sunypacy 19733, In
this model, o can be assumed 1o be a measune of the swength
of the turbulent angular momentum transpon and varies in the
range (U011 — 006 | Balbus 20037 Inthe simulations hene presented,
wie assumed constant g = 0002 (Romanoyva ¢ al, 20000,

Thermal conduction appears in the encrgy Eq. (3) a5 minus
the heat Aux divergence {—V - F. L In socondance with the san-
dard fommulation by Spitzer { Spitzer 1962), themmal conduction
i highly anisotropic duwe o the presence of the magnetic fGeld
that drastically reduces the conductivily component wansverss
i the field. As a matter of fac, thermal Aux can be locally split
e Do oo poanents, one along and te other aciess the mag-
netic field lines:

L=-%-F.=-%-F-V.-F.. {8)

The two componants of thermal Qux can therelone be writien as
F = |"*F=-]| = —ky (T, T) = 9.2 x 107" TH{W, 1)

'“‘JJ[
T (V. 1n,
g
where & and &y ame the thermal condwction ooe fficients along
and across field lines { inunits of erg s~ K=" en ' From Eq. ()
it is clear that, if the magnetic field is sufficiently sirong, the ra-
tie &y fhy o= | oand thermal conduction behaves anisotropically
wiorking prevalently along field lines. Moreover, the classical
theory of thermal conduction is based on the assumption hat
the mean free path A s amaller than the temperature scalke height
Lo, and when the regquinemen

Fu=|ae], = -k viry = 33 10716 {9

T
daly=—0

10
T LR

i mod fullflled, Eq. (8) ovenestimates thermal flux. When fasit
phenemena oocur, like Banes in their carly phases, i is well
known thai rapid iransienis, fast dynamics, and steep gradienis
v boge o Fieale & Owlando 2008 Bo, unde s these cincumstances,
Spiters heat conduction formulation breaks down beosming
flux limited, and therefore cannod be suitable {Brown el al.
1979, For this reason the two components of themal conduc-
tign nust be redefined s Tollows (Orlande ¢ al, 2008

e
ol )

whene the ssturaied heai fux along and scross eld lines ane
{Cowie & MeKee 1977

(y

[4:acl, = —signi{ W) T) - Sy

lepecel, = —sign{ T T)- S, {12
In Eq. { 12, 15 & parameer we sl aqual o unity (Giuliani 1984,
Bodkowski et al. 1989 Fadeyev o al. 20020

The calculation  were  performed wsing  PLUTO
(Mignone ctal. 20607, a modular Godunov-iype oode  de-
veloped mainly for aswophysical plasmas  involving  high
Mach number fows in multiple spatial dimensions. The code
cmbeds different physics modules {allowing the treatment of
hydradynamics and magneto-hydrsdynamics both relativiaic
and non-relativistic in Caresian or curvilinear coordinaies) and
multiple algerithms pariculardy orented toward the treaimen
of asirophysical lows in the presence of discontinuities. These
Festures make PLUTO & fexible and vessatile modular oomputa-
tional framework o sl the equations describing asirophysical
plasma fows. PLUTO B entirely writien in the C programming
language and was designed to make efficient use of massive
parallel computers using the message-passing interface (MPD
library For inter processer commmunications. The MHD equations
ane soked wsing the available MHD module, configured o
compule inker-cell fuxes with te Hanen-Lax-Van Leer { HLL)
approximaie Biemann solver. In onder 1o sobve the equation ver-
aus time, we used a second crder Runge- Kutta { RK) integration
acheme, Moreover, a minmoed limier for the primitive variables
hais been wsed, in order toavoid sparious esc llations that could
odherwise eocur due o shocks, discontinuities, of shamp changes
in the solution domain. As for magnetic fiekl, s evolution
i5 compuied adopling the oconstrained iranspost  approach
{Balsara & Spicer 19949 that maintains the solencidal condition
(W - B = ) al machine accuracy. Moroover, we adopied the
magnetic feld-spliing technique {Tanaka 90, Powell el al.
[P Fanni & Femeira 20000 by aplitting the dolal magnetic
field e & contribution coming from the hackground stellar
miagneiic feldand a penurbation 1o this iniial Geld. Then only
the lter component is computed numerically. This approach
is particularly useful when dealing with low-# plasma s is the
cade in the prosimity of the stellar surfsce (Sanni & Romeia
200 PLUTO takes into acoount madiative losses from oplically
thin plasma. The radiative losses are computed as

e
T
AJOS, page 3 af 15
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Fig. 1. Radmive lesses per undl emiassion measurne A0T as a himction af
empeTature.

al the temperatune of nerest, using & lookup-table and interpo-
lstion meithod!, whene A; = AT s available alog with T &
asampling &l & discrete point {see Fig. 1), The themmal con-
duction as well the vicosiy B ireated separately fom advec-
tion terms through operator aplitting. In panicular we adopted
ihe supe r-time -stepping technigque (Alexiades e al. 1949 which
hes been proved to be very effective o speed wp explicit time-
stepping schemes for pasabolic problens. This approsach s cru-
cial when high valus of plasma lemperature are nesched (5
during fares), the explicit scheme being subject W oa rather
resirictive stability condition (e, A < (AP 200, whene s
is the maximum diffusion coefficient), as the termal conduc-
tion timescale T, is typically shorer than the dynamical one
T (Hpiral & Camenzind 2000; Hujeirat 2005 Orlando o al
2005, 2008).

2.2 initigl and boundary conditions: barotropic stellar
atmosphara

Mot IPCYs have a0U8-0.9 M- whine dwar§ for which an appro-
priste radius is B, = 6.0 = 107 em {ie. 100® R.). Nevenheless,
being aware of this, we deliberaiely docided o consider a ar
mere massive, with a mass s the limit of s class. This chaice
hers bocn made in osder 10 have a mose rapidly evolving system,
dwe 1o higher oobital velocity, thus reduc ing computational costs,
Afer all, the mass of the central compact objoct has no other of -
fiect o (hae qualitative evolution of the system. For these feasons,
wiz located a compact object of mass M, = L4 M and spin
perisd of 5.4 min (Pateson 1996, Noron @ al. 199 Puiney
1P at the origin of @ 30 spherical coordinate system.

The magnetic field of the white dwarl is supposed 1o be in
a foace-free dipole-like initial configuration | Hellier 200077, with
the magnetic dipele aligned with the rotation axis of the star The
dipabar magnetic feld may be decompsed intdo iy o compenenis
in apherical coordinate a5 folloys:

B, = 1:;" cosfl, By = ’% sin#. i L4y
The magnetic moment g has boon chosen so & W get the de-
sired magnetc field intensity at the siellar surface Sap, rang-
ing between 1.5 = 1P G and 107 G in the several configura-
tions explored {see Table 1) The maenetosphene is defined &
a quasi-cylindrical region of radius equal W the tuncation ra-
dius 8y where the disk simciune begins in the equatosial plane.
This e ion, sunyrounding the central slar, is saumed 1o rolale 25 4

' The lesrkoup table wsed was gemerated wath Cloudy W10 for an opél
cally ihin plazma and salar abundances, thanks ko T. Plewa.
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Fig. L ap Scheme of the cros seclion of the difereminlly motiimg
domain regions and delimtion af some physcal quantges; bp calour
caded lag scale of demily denbuion in the compuistcoml demain
e im e prelimamary 2510 somulation . White Enes nepreseni projecied
magnedic lickl Imes, whildl the magent hne {marked by amows) i the
A= 1 surface (run FATL(Ka).

rigid body with the same angular velocity as the star (o, =t )
(s Figs. 2a and 3b).

The accretion disk in our model consist of melatively cold
(7= 5 107 K isothermal plasma rotating with angular vekocity
clome w the Keplerian value (Oulandoeet al. 201 1 Disk densiny
is stmuciured in order do follow the baminopic prescription {see
bz boww's and hes been chosen in ooder o get an inner disk pasticle
density sy ranging beiween =10 cm—? and =104 cm— in the
wvarious system confipurations considened (see Table 1) The disk
i5 iniially truncaied by the sellar magnetosphere ai the trunca-
tign radius Ky, where there is equilibrivm between plasma and
magnetic presaune and there fone the ratie of the plasma pressune
to the magnetic pressuse, 8 = Bm{p+ )/ B, is close o unity. In
accordance with the ether parameters chosen, £y has been placed
#1275 10" em from the centre of the star (Hellier 1993). The co-
rotation radius, where plasma rotakes at the same angular ve loc-
ity &s the star is imposed 1o be identical wothe truncation radius,
that is #ae = Ry, This msumpiion is based on the beliel thai
meal intemediake polas ane inoa son of rolational equilibsium
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Fig. 3. Diasiribudion of some physical quamnides: a b densty prolike alng
asphericl surface for fiwed radns (F = L7210 cmjand for @ hetw e
(F {restatiem axis) and WF {equatorial plane), the hormemtal dashed hnes
sheny the densaty of the disk {ggh and the corma (g ol e conlact
layer; b angulr velociy of the disk m the equakonal plane, the vwr
tical chshed hne idenilies the runcaton rad s (Rg) (run FAT k).

(Warner |9 Noaon el al. 1999, Basically, the scoretion disk
is disrupied at the radius (8 wherne the Keplerian sotation of the
dizk is equal tothat of the white dwarf, that is s = wg{R).

The extended corona is a shell of optically thin and hot gas
absovie the acceretion disk ({iovannelli et al. 20025, In our modie]
this region has a density following the barotropic prescription
(e below ), whilat tenmperaiune is impesed o be initially wni-
fioem and equal o T, = 107 K, defining an isothermal low den-
sily region extending above the surface of the disk and conmeci-
ing it with the czniral star

In g dlier do e fine & circunstellar madivm inoaquiescent con-
figuration, we adopied the barotropic conditions intreduced by
Fomanova of al. {20020, These nitial conditions satily mechan-
ical equilibrivm imvolving centrifugal, gravitational, and pres-
sure gradient fosces. Generalizing hydrostatic balance equation,
wiz can condider diffesent contributions to the force, beyond the
gravitational onse:

Vi = —putgem = pWF =;J?{951;:F—g'.l!—g5._-:|. {15)

The wvarious contributions o the F funclion are gravistional
{ah ), centrifugal (¢}, and a non-Kepletan cormection (g, ).
They ane defined s follows:

{;M
dth—{.l:—H i L)
Ry
LM,
dy = . ' i L)
—ﬁ‘u.-jrd.r‘ —£u§;d.r‘=
N, Bi-rt
e = & i T ] ir= R {16
—Lujrd.r‘ =k%l (= B
Here, # = Rsind is the cylindrical madivs and & = 101 is

a parameler taking imo account that the disk is slighdy non-
Bepkerian, Moseover, {soe Figs. 2a and 38 the angular velocity
of the plasma is given by

o kEE re R
o = (17
uﬁ.' =.I:{T1f' iF = Ry

In Eg. {17 we distinguish oy, the angular veloc ity of the magne-
toaphere, whene plasma is mtating & a ngid body, from oy, the
angular veloc i13.r ::u|'1}u_ quasi-Keplerian region. Using the perfiect
oas law {p = J. wi can compute the presaire ai the condact

layer Between the corona and disk:
_ 2ok Te
Ly
2 T
_ 2k Ty T, = Putmu (%)
FL Lok

Here we take as npul parameters cosonal temperaiure (T2,
coronal density oo, and disk density {og), for which the satio
e = 200 al disk surface (see Table 1), Finally, Eq. {15) vields

pressure &5 oa function of F
" dip _ piny ‘I"’
_.I:hT daF

Tp = pTF = p;“—’;,vfr ;

b ke T |

= p= i.ml_"'; Al {l‘}]
and finally we get presaure and density s follows
e e Cid i Py Ciod i
p= o= {20)
me’ B Disk ping;  Disk

From these values we obiain an analyiic function describing den-
aity and peessuse with the whole domain taken ink acopunt {ee
Figs. 2 and 3a).

[ is impertand & node that bamdmopic initial conditions poe-
wide a amosih star-up for the evolution of the system and, inpar-
ticular, of the magnetic Beld, threading the disk and the corona.
In fact, the corona above the disk rodates with the same angu-
lar velocity & the disk, and there B o contact discontinuiny
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Talde 1. Main impad parameters delimng imtial conddion described in Sect. 2.2

Fun i lghem®] gy [glom®] T (K] ay fem~] Bop 1G] FF[57'] foue lerg cm? 571
Fafl.oie Lo 10-% 20 10717 107 1 8= 100 L6 10F /5 [0
Fafla 10= 1077 20x 108 1’ L&= 10 Lex1of /5 i
Faflola  10x= 107" 2.0 o' 1’ L& 109 500100 /5 i
Fafl.ofe L0 10-% 20 1079 107 1 &= 109 5.0 10 L/ 10 10
FAMOIT  Lo= 107" 20 o' 1o’ L& 109 5010 125 i
FAfLOOF  1L0= 107" 20 o' 1o’ L& 109 5010 125 i
Faflpdg Lo 107 2.0 1074 107 1&= 109 S0x10f 17100 [
Fafloig Lo 107" 2ox 107" 10’ &= 1Y Soxiof 1100 L™
F5fl.00a 40 107" g0 107 107 Toi=10"  LoxI1y’ /5 1o

Modes. Coromal densaty g and disk demsily gy refer o dhe values at the byer between coroma and disk . The demsty of panticles ny & the masmam

cemsity m the bulk of the dsk. FF is the Irecuency of fare elease.

which & expecied otherwise, if the corona wene el modating
{Romanova et al. 2002, 3003,

Barsiropic inidial conditions along with a dipole-like mag-
netic field configuration may be considensd an useful analytic
description of a quasi equilibrium sysiem. Mevenheless, due wo
the interaction with the disk, where # = | and plasma dynamics
dominate, the magnetic Geld is strongly influenced by the Beple-
rian rodation of the disk, Consaquently, afier a conain amount of
time, the magnetic ek is expectad 1o be deformed and put indo
acoil shape dwe 1o the nteraction with the disk. In onder to gt
a configuration of the sysiem as realistic a5 possible, we divided
the mumerical simulations into twe distine steps.

Asoa st fep, we ran sevieral 2,50 sinulations with a square
computational domain of 114 = &1 celk in spherical ¢ oondi-
nates (e d) and initial conditiens defined by Eqs. | 15200,
The radial direction has been discredized on a grid with space
Ak im:r-_*aiing cxponentially with £ The domwin estends from
Rain = 9 3 10" cm 10 R = 18 % 10'? em. With this choice,
the inmer boundany doses ot coinc ide with the stellar sur face and,
therne fiore, the region ¢ boser (o the star is nod @ken into scoount in
ouf simulations. Wi made this choeice for two main ressons: firsy,
this region does nod have a relevant impact on our study, which is
rather focused on the evolution of the region ahove the disk sw-
face; scoond, in this way we avold computational cells having
viery amall A mesh size, because they dramatically incnease the
computational time. The radial grid is made of 0, = 114 poinis
witha maxinmm rescltion of AR = 42 = 1P cm, close 1o the
star, and AR = 82 ¢ 10" o, st the extemal end of the do-
main. The disk has been externally wuncaied a1 = 9= 10 om,
that i, approximately at half radial domain. The boundary con-
ditions at &, (e al the end close o the dan ae assumed 5o
that infalling makerial follows Geld lines, passing through the
surface of the houndary s an ouiflow (Romanoyvaet al. 200020,
Al R 8 pero-gradient boundary condition is sssumed. As for
the angular conadinate & i mnges from OF {rotation axis) 1o
G {equaiorial plane) and has been discretized wniformly using
iy = & poinds, giving a resolution of A% ~ 147, For & =07 {1z
rodation axi), axiymmelnic boundary conditions ane assumed;
that is, we prescribe a sign change acress the boundary of all
v il components, excepl for components along the axis ii-
self. For & = W7 (e equatonial plane), aquaiesial-symmeir ic
boundary conditions are assumed; that is, we prescribs a sign
change acnoss the boundary of the nommal oem penent of veloc-
ity and of the component of the magnetic held tangential 1o the
inderface. W et the magnetic field inersct with the disk for al-
el 25 hoof physical time a0 88 00 nreach an almost seady state
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confipuration. [ & wonh noting that, in this preliminary step of
the implemented wo-phase technique, the whole size of the do-
main and disk has boen indentionally overestimatod in order io
avid undesived bowndary effects during the evolution of the sys-
tem. In fact, several st showed that the prescription of & sen-
eradient boundary condition {Le. an “outllow b ™ at the outer
cnd of the disk might nod reproduce comectly the dmamics of
the plasma, resulting in an underestimaie of te plasma inflos.
T this end, in the following phaze we take into scoount enly the
inner pan of the 250 domain (see Fig. 4.

As g second phase, we then use such a virually relaxed and
steady state & the inital conditions for our project. To this end
we map the cwtput of the 250 MHD simulations (namely the
fully developad physical quantities: mass densiy, iemperaiune,
v bocity, and magnetic Geld), perfommed in the st phase, onio
a 3D demain in osder to provide the initial condition of a 30
miede] describing the fusther evolution of the star-disk system
{aee Fig, 40 Due tothe fas dhat dhe 250 domain covers only a
slice of half hemisphere of the system, the 250-ine-30 map-
ping has been performed theough a preliminany refleciion across
the equaksial plane folleyed by arigid rotation about the ;2 axis.
We nowe that the 250 domain has boen selecied in order i
describe in 30 only the inner pan of the whole 250 domain,
where faring activity is expacied 1o occur, thus reducing the
computational cos. Moreover, no phenomena relevant for the
present study involve the extemal region of the disk. Inthe ini-
tial configuration of the 30 simulations {see Figs. db and 5) the
miagnetic Beld lines appear &ill in & dipole-like oo, This is
paricularly evident inthe corona closer to the stard Le. the mag-
newsphene), whene # < | and the region is field-dominated. On
the eiher hand, inthe exemal corona and, especially, inside the
disk, whene @ = |, the dynamics are matter-dominated and the
differential rotation of the plasma induces 8 ndiceable defomma-
tign of the field lines. The 30 computational domiain obiained
in this way is defined in spherical coordinaies (¢, & &) and con-
sists of a computational cube of 1287 cells. The radial direction
has boon discretized onaorid with interval size exponentially in-
creasing with ®. The domain exends from Rum = 9 10" em o
R = 1B = 10" cm. The radial grid is made of n, = 128 points
with & maxinmum resolution of AR = 2.1 = 107 em, chse o the
star, and AR = 4.2% 10" cny chose 1o the extemal pan of the
disk. The boundarny conditions at B and Bae are the same as
those used in the 250 muns. As for the angular copadinate &,
the computational domain spans an angle Trom ~ 77 10 - 1737,
leaving twoe cones above the star poles as nod modellad. Henoz,
the boundsries in & do wot coincide with the sotational axis of



E. Barbera etal.: Acoretion disk comomae of micrmechate polar catach smic vanabkes

82 m,_!'mﬂ 5

Fig. 4. Resuli of the smulon performed o gemerate the imal conliguration of the 31 simuldon: ab cotrway view of the amulatons afier
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Fig. 5. Calour-ooded kog scalke of denaly dxtnbufion im a shice af e
compidaticmal domam wied as mAm] conddon m the 30 smmulation
(meze Fig. dhp. Wik Imes represeni the magnetic lield lmes prajecksd m
the |r, 8] phne, whiki the hlack line is the § = 1 surface with dhe g <
regiem em the lef (run F301 Khc).

the star-disk system in osder i aveid exiremely small A values
which cause a strongly incressing computational cost. On the

ather hand, the modeling of the whoele computational domain,
including the two cones above the star poles, has boen per fomaed
in the amdies of the magnetespheric accretion one the surface
of the star { Remaneyva ¢ al. 2003, 20040 Kulkami & Romanova
2013, Moreover, all events relevant for the present study dio nast
invilvie any region close to the rodation axis. In Fact, in our pech-
lem we concentraie on the disk-magnetosphene interaction and
heating of the inner disk. The angular coordinate & has beon dis-
cretized uwniformly using n, = 128 poins, giving a resolution
of Af ~ |37, Zepo-pradient boundary conditions are asaumed
for &l =7 and ~ 1737, Finally, in the angular coordinaie &, the
computational domain spans the angle from <07 1o - 1807, with
an uni form fesolution of Ad - 147, This the computational dio-
main covers enly hallof the star-disk systen. The boundary con-
ditions fior the coordinaie ¢ ae ssumed o be periodic.

2.3, Coronal heating and flaring acivity

The corenal heating has boen prescribed as a phenomenockogi-
cal term, composad of twe components. The fist one works ai
temperaiure T < 2 = 107 K and balanoes exactly the Jocal ra-
digtive losaes, Nevenheless, several tests on the 30 simulations
showed that incressing this value 1o T < | ME determines a
miwch mose stable caleulation and significant reduction of com-
putational oosts, with comparable resulis inoterms of the dynam-
ics of the plasma and X-ray emission.

The second component is iransient and consiss of Bares oc-
curring on the surface of the disk. Every single Bare is simu-
lated and iriggened injecting energy indo the sysiem through a
heat pulse. We considened the release of several Ranes with a
randomly generated timing in osder to achieve a frequency rang-
ing from approximately one flae every 2.5 s 1o one fare ev-
ery 100 s {Tamburini eial. 20050, The location of every heat
pulse is randomly chosen in an angular interval &8 = 37 reck-
oned from the asccretion disk surface. The area subjoct o far-
ing activity is the snnular region between 54 ¢ 10" em and
1.3 5 10" cm. This assumption stems from an observation con-
ceming the measuwement of the sze of acoetion disk cononae,
based on ingress and epress timing, in anoteer but similar con-
text {Chwrch & Balucinska-Church 20040, The 30 spatial distri-
bution of cach pulse is defined to be Gaussian with a widih of
o o= 52 10f em. The total time durstion of every pulse is set
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at 100 5, afterwards the puke is comphletely switched off. The
time evolution of pulse inensiy is divided ino three equally
apaced pans! a linearly incressing rang, a steady part, and a lin-
carly docreasing ramp. The ener gy is injected with & maximum
intensity of Hy =2 = 10F esgem™ 57", This value of power per
il vislumie yvields a maxinum iotal encrgy of a single fae of
Cree = L0F erg. As a conservative choice, we have taken val-
wes iypical of large solar Nares (Pricst 20040, Mevenheless, the
elfective intensity of faes has boen randomly generated with a
power law with ar = =201 {Priest 20040, apwoximating the in-
tensity disiribution of faes onihe Sun.

2.4, Synthasis of the tharmal X-ray emission

From the model resulis we synthesize the themmal X-ray emis-
sion originating from the disk-corona system in different spec-
tral bands of interesy [001-2.0] ke and [2.0-10] ke We ap-
ply a method analegous 1o the one described by Orlando o al
{2004, The resulis of numernical simulations are the evolution of
the various physical quantities of inensst (density, temperatune,
vielocity, and magnetic feld) of the plasma in half of the spatial
domain. In order o get the total emitted radiation, we recon-
atruct the 30 spatial diswibution of these physical quantities in
the whale spatial domain, We mtate the system anound the 1 axis
1o explone different inclinations of the odbital plane melative o the
sky plane. From the value of emperare and emission measure
of the jth computational cell we synthesize the corresponding
thermal X-ray emission, using the asvophysical plasma emis-
sion oode (A PEC: Smith etal 2000 of hot collisicnally jonized
plasma. APEC midelk provide emissivity tables of both line and
continuum emission which may be used 1o calculate predicied
fluxes, These predicted fuxes may, in fum, b2 compancd with
ohscrved speciral features. The predicied Bux 5 given by

r s
F= % f.lr:.lrj[d'l-’ = F;= :{—‘Ear; V..

where & T is the emissivity in ergem’s, ® is the distince 1o
the sourc: inocm, and the integral is the emission measuse in
em™ . Therefore, defining § as the index of a cell of the compu-
tational domain, (73 & the emisivity of the cell &t empera-
tuge T, whilst the emission messune i defined & EM; = .-rfﬂ.
where a; is the proton numbser density inothe cell and V; s the
vinhime of the ol where plasma is assumed to be fully onized.
The apactral synihesis takes nde acoount the Doppler shifi of
emission lines due 1o the plaama velocily component along the
line of sight {LoS). We assume the solar metal sbundances of
Aunders & Grevesae {1989 for the circumaie Dar medivm (CSM).
The X-ray spocirum emited by cach computational cell is fl-
tered theough the C5SM absorpiion column, going from the ozl
o the observer along the Lo&, The CEM absorption i computed
using the absoopiion cross-section as a function of wavelength
from  Balue inska-Chusch & MoCammaon { 19920 The thesmal
Keray emission, integrated aleng the LoS in the whole compu-
tational domain, defines an image describing the disw ibution of
the the mal X -ray Mux; the Qux vahes are computed assuming a
distance of 500 pc and no interstellar abaorption. Then, through
the integration of the Auxes of the inages, we obiain the todal
cmission al the selectad time ! the sequence of all these values st
different times yvields the lightcurve inthe selectad encrey bands

(20

3. Rasulls

The model described in Sect 2 allows us io cxplose differ-
et configurations of the system, changing some main gl
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pammekrs. In fbol, onoe we sel the truncation radius al 8,
whene the 8 of plasma is imposed equal to unily, we can change
the valwe of density at the surface of the disk and, conseguent]y,
obtain the surface magnetic field of te white dwsarl needad 1o
keep 8 = | at the truncation radivs 8. The varkous configu-
rations of the sysem taken inio acoount have been chosen in
aorder i have a sampling & wide & possible of magnetic fGeld
strengih found in this kind of aysen, that anges bemween 0.1
and [0 MG, We take as a eference model the one defined as
Fafl .00 in Takle 1, in which the surface magnetic Geld inten-
sity is =5 MG, Other parameters have boen taken ime account in
our explosation of the parameter space. In panticular we exploned
the mzsimum intensity of the Bares and their frequency & well.
Table | summarizes the various simulations and details the main
parametens chamacter stic of each rune o and gy are, respectively,
coronal density and disk density at the Layer betwoen cosona and
disk: T & ihe initial wniform emperature of the comna; iy is the
masimum density of panicles inthe bulk of the disk; Sue is the
miagneiic Geld intensity at the surface of the stan, FF s the fre-
quency of fane release, and fnally £, is the maimuum energy
release of the Manes

3.1. System dynamics

For our refenence case, FITL00a, the energy release of the in-
temse flaring activity was follvwed for approximaiely 20 min.
Each heat pulse is njected into the sysiem through the para-
meric i (N x 8, d, D in Eg. (30 st randomly chosen locations
on boeth the upper and lower surfaces of the disk, and inig-
pers & MHD shock wave that develops above the disk, prefer-
entially propagating sway from the central stag in the region
where # = |. The abrupt release of energy determines a local
increase of temperaiune and pressuse, heating the dense plasma
of the disk. While cach fare develops, the heat pulse determines
an overpressure in the region of the disk comesponding 1o the
footpoint of the loop®. This overpressuse travelk & & pressuse
wave theough the bulk of the disk, eventually reaching the oppso-
site surface of the disk. The heated disk material expands inothe
miagneiosphere propagating abowve the disk with a srong evap-
oration front moving &t a speed of the order of 107 cmy's. The
hested and expanding plasma interacts with the magnetic feld,
with muual effect. Asa matier of fact, during the evolution of
the system, the feld lines, innegions whene 8 has high valees, ane
dragoed away and slowly deformed by the action of the Rares,
and, evenuwally, cnly the magneteaphen: close 1o the star keeps
an approsimaiely dipolar shape. Analogously, the het evapora-
tign front iriggensd by each Nae s arongly affecied by the in-
teraction with the magnetcsphere, and, where § < |, the st
plasma is channelled along the magnetic field lines soward the
central white dwarf. A few minuiss afer cach energy ekase, a
hot{T ~ 10" K) magnetic loop of length of the order of 10" cm
is formed, linking the disk with the star. The loop continues o
euxpand for almoest eight minwes, and the temperatune decresies
by almost two osders of magniude. The frames in Fig. & show
the evolution of density, pressuse and temperature distnbution
of two succesaive Hanes in a slice of the domain perpe ndicular
o the equatorial plane and aligned with the symmetry axis, The
first Nare cocws in & ow # region closer ioihe siar, whereas the
second ene oocurs inoa high @ region. Both Rares ane rigeensd
al approximately the same angle ¢ For the first Qare, the mag-
netic feld, due tooa w8, produces the channelling of the ot

* The fecdpoint af 2 magnetic loop i the negion at which fubes af mag
netic lickl Imes reach the surface of the dek o frm coronal laops.
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Fig. 6 Twa fallowing fring loops during their evoluiom. The ligune shows the disirbution of demsily (upper panelcl, pressiune (middle panels,
and femperatune (faer panels) ina shoe mothe [08)] plhne passang though the maddle of e loops. In dhe yooer panels whte lines represent
magnetic lickl ines projected m e | @) plane, while the black Ime shews the § = 1 surface. The slice encompasses an angular seclar gaing from
the rottion axs & the dsk equakrnl phne The fird lare ocours in 2§ = ] regon, surmounded with § < 1 region, and produces a magnetically
comlined loop lmbang star and disk. The secemd fane 15 also releassd moa § > 1 region, bt ad a larger dstan oz froms dhe star and o appeoo makely
the same angle o, compared with the lirst Hare. [ appears a bt ter m tmme, at time @ = 95 %, and becomes bright at § = 155 5 Dilferenly from the
firsd Hare, the ho plsma ol the second Hare 15 nol magnetically comtined {mm FAF] Ok}

plasma, forming a magnetic loop linking the star and disk, while
thee e onad one appeans asnol magnetically confined. The plasma

stans conling as seon &5 the heat deposition is over, &5 aresult of

the combined action of the ¢fickem radiative cooling and ther-
mial conduction. In particular, on ene hand, thermal conduction
from the outer layer of hod plasma sustains the disk evaporation
that goes on even after the flare decays Onthe oiher hand, ther-
mial conduction, due 1o its high anisow opy inthe presence of the
magnetic feld (see Eqg. (99, prometes the development of a hot
magnetic iuhe {loopd linking star and disk, theeugh the foemation
of & fas thermal front propagating aleng te magnetic field lines
tmvand the star and reaching it in a timescale of =1 min {bwer
pane b of Fig. &)

In Fig. 7 a 30 rendering of the evolution of the system is mep-
resented. During the sysiem evwlution, the combined & oot of the
siorm of ares causes the fomation of an extendied corona be-

tween disk and sar (see panels in Fig. T Nevenheless, most of

the evaporaied disk material, panicularly inihe extemal regions
of the disk, 5 o completely confined by the magnetic field and
i5 mol e ficiendy channelled inte the loops but it cscapes upwand
and is ejected away into the cuter regions, canmying away mass
and angular momenium,

The main difference between the varous models explosad
lizs in the density of the circunsiella stmosphere and in the

magneiic feld intensity, 1 & wosth noding that 8 must be always
grester than uniy inside the disk. This implies ihat, for example,
in a low density disk the magnetic Geld intensity is cornespond-
ingly low, and the encrgy melease during the reconnection pro-
cess s alae analler. Thesefone, a low-density disk could noet e
capable of penerting strong fares, With an analogous eason-
ing, the revierse oocurs in high density confi gurations. For this
reason, inoall the configpurations exploned we havie always taken
in account valoes of magnetic feld inensity and disk density w
keep B = | inside the disk. Keeping this crucial caution in mind,
we cxplored disks with different densities, however, we kept the
miaximum energy elessad by fares the same, inorder 1o ehiain
comparabk: simulations of the varous configurations taken inio
account. Due mainly ioa demer disk, the effects of the pressune
wave moving across the disk caused by cach fare are mild in
configurations with a denser disk and a stronger magnetic field
(e muns FATLO0a and FAFL.O0a, soe botlom panels in Fig. 81
In these twe cases, the perurbation of the disk is limied & the
surface of the disk and the field lines ane slowly deformed by the
action of the MHD shock. Onthe other hand, the Rares cause a
penurbation that is more evident in low density and weak fiekd
configurations {ie. runs F37 1 00c and F&FL00a, see top pancls
in Fig. 81 Moseover, inthese configurations, the pertus bation of
the disk causes a Fastand evident de formation of the Geld lines.
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Fiige. 9. Tedal emaseaon memsure v, fme af plasma hotter than 1 ME. AS
fer a few manuies, the value of emsssion measune approaches a vimually
seachy -date cond#ion frun FAF] ).

o, due tooa less dense disk, the Raring activity can strongly alier
the configuration of the disk, polentially hampering s overall
stability.

Anather impontant element differentiating the various mod-
els is how often and how intense is the energy melease associatod
i cach fare. As expected, Fequency and intensity of the lares
have remarkable eifect on the disk and on the magnetc fGeld
lines. In fact, & higher are frequency or a mone inkense enerey
redease produces anoticeable disk disruplion along with a deeper
dislecation of the magnetic feld lines, companed 1o anal spous
midels characierized by a less intense and less frequent Baring
aclivity.

[ is worth noding teat we have simulaied an intense Baring
activity through randomly parame i zed heat releases, thus lares
do med develop as a mesult of the dynamics of the syatem, al-
though their presence is justified by the magnetic interaction in a
turbabent and diferentially sotating disk. In our nedel, the seed
miagnetic Beld in the disk is due tothe presence of a magnetized
white dwarfl. However, &8 mentionad in Sect. |, a magnetized
central object is nod reguined for the formation of an extendad
disk corona. In the presence of & non-magnetized central ob-
Joct, we expect that loops nmay fom @5 oa consequence of the
phenemencn of the expulsion of the magnetic field from the
disk {Craleoy ot al. 1999, thenefore linking different regions of
the disk. We conc hude, thene fione, that the only signifcant differ-
cnce between the cases exploned here and those considering a
non-magne tized central objoct is the presence of magnetic loops
linking the disk to the star, as observed in ow simulations.

3.2 Thaermal X-ray amission

Since we are inencsted in investigating the thermal X-ray emis-
sion eriginating from the activity eccurring on the surface of the
disk, finally, weanal ysed the emission messune (see Soc. 240 of
the plasna atl & temperature capable of producing themal X-ray
emission {T = 10F K). Figure 9 shows that, immediately after
the beginning of the release of heat pulses, the amount of plasma
al a temperature greater than | ME, increases sieadily seaching
an almes seady-stae condition afer 100 s, The valoes of emis-
sion measure found indicate that the flaring activity leads io a
atroag thermal X-ray emission.

From the mosde] resulis, we synthesized the thermal X-ray
cmission originating from the whoele sysem alng the whole in-
terval of time considered in our sinmlations. The method ap-
pliad is described in Sect. 2.4, The X-mmy emission has boen
aynihesized inotwo bands: the soft (001 -20] ke and the hard
(20— 10) kel Figuse 10 shows some of the synthesized X-ray
images. Each image shows the simulated spatial distribution of
Keray s observed st different times during the evolution of the
ayslem. The sysiem B obaerved from a line of sight forming &
A57 angle with the aquatosial plane. From these X-say images
we can infer where the coronal emissio is mone Conspicuous.
We ldentily the fieet of the coronal loops & the regions whene
the X-ray emission is concentraied. On the whole, the flaring ac-
tivity seems 1o be capable of iriggering the fomuation of a ho
and tenuous layer of plasma exiending on the disk surface. This
layer is accountable for the bulk of the cosenal X -ray emission,
that is concentrated inthe prosimity of the disk surface.

The Mux valwes of the themmal X-ray emission have been
used in eoder 1o obtain the lighicurves for each mode ], The fhux
i5 defined & the todal energy per unit of surface and per unit
of time and the comesponding luminesity is obiained from the
Aus valwes supposed de be memued s oa distnce of 500 pe.
Figuse |1 shows the comparizon between the lighioures of the
wvarious configurations sudied impesing a frequency of a Rane
every five soconds {assumed & reference walue), The Tuminoes-
iy, inevery configuration ¢ xplorad, reaches ina few minuies the
quasi-stationary condition and exhibiis a clear oacillation. This
cffiect is acmally less noticeable in ow feld confipusations {ie.
runs F371.00c and F&L.00&) because these configurations ane
characterizad by low density values, The density, theough the
temm serip (o Eq. {300, strongly affect the madiative cooling. 5o,
in low density configurations, the energy injocted by each heat
pulse 5 mose slowly dissipated than in high density ones, and,
when ancther pulse is released, the effoct of the enerpy injected
by the previous one has ot been dissipated yet. In this case the
effoct of cach fare B kess evident in the global light curnve.

Amoiher key element, that we can infer from the lightourves,
is the maximum luminesity achieved: the denser the disk (and,
consequently, given the way ow maodel is devised, the sironger
the magnetic field), the higher the luminesity. In facl, a denser
plamma determines a higher value of emission messure, henos
the conribution 1o the emisson is greaster Comparing the
lightcurves of the harder band with the comresponding ones of
the sofer band, we find a hardness ratio of the specia, namely
the matio between hand and sofi X -ray luminosity, approsimate by
=01,

I the context of the meference model, we ako explrad the
effect of the frequency and intensity of larss on the lightourves.
Figuse 12 shows how the lighicurves are affecied by diffenent
Mare release equencies. The difference bemwyoon maxinum and
mean valwe ranges between a fBowe of five and eight of the
miean value in high fane frequency contigurations {man FAT]00F,
FAfL.00a and FAF 10000, whilst, in low fare frequency ones
{rum FAFLOOg and FAFLDLO0EY, this valee rises up o 57 times the
mican vahee, From this comparison, we can infer that the wari-
ability of X-ray emission swrongly depends on the rate of ing-
pered flares. Aciually, as long as the pericd between two sub-
sequent flares B shorier than the dusation of cach energy pulse
{10sy, the varability of the luminesity value is less noticeable
and the effect of each single Mare is mixed and super imposed
aon the ones of the other neightouring flarcs. We acually ob-
serve a background emission due o many small fares evolving
simulianeeusly while higher peaks are due iothe strongest lares.
When the period between lares is the same a5 the duration of the
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cnergy pulse, the effect of cach single pulse is easily dentifiable.
Wiz can observe the Fast mise andihe subseguent slow decayol the
thermal X-ray emission characieristic of cach Mare. Indoad, Tor
high emperamre plasma the conductive and the radiative cool-
ing are more effective (soe Fig. 1), causing a quicker decrease
of emission. This feamre determines & nodiceable modulation of
lwminesity as asequence of partally over lapping bursis, Funher-
moe, the variahbility of the luminosity is genemally mose evident
in the hard than inthe sofl band, because the hotier plasma is the
dominant source of the hard emission.

Figure 13 shows a compar son between lighicurves, taken in
the context of te refenence mode] with the same lae Prequency
butdifferent maximum intensity. This comparson shows that the
Keray variability strongly depends on the flae frequency, while
the main effect of a higher intensity of Nares B 1o bring up the av-
crage nminosity keeping, st the same time, the modulated shape
almost unchanged.

Finally, we note that moedulation n X-wmy, UV, and WVis
lightcurves may be observed in [PCYs, due 1o the foomation
of a lighthouse beam, when the white dwarl's spin and mag-
netic &nes ae ol alipned, and the star magnetic feld ro-
tates with a tiled axis. This is due w the energy release
of shocks genemated by the acereting material impacting onto
the star's surface, creating an intense beight spod &l one of

both of the white dwarf's magnetic poles. Hence, pulsations
and additional pericds can emerge when the rotating search-
light illuminaies the various swuctuses in the binary {e.g.
Patterson 19 Bomanova e al, 2003 Eulkami & Bomanova
2008 Giovannelli etal 2012 Ronanova et al. 2003 Nevenhe-
less, mas pulsation of the coronal radiation has been observed so
far ge.g. Yenier & Meintjes 2007, In ow work, the seed mag-
netic fickd in the disk B due io the presence of a magnetized
central object In panicular we adopied the simplea magneto-
aphere configuration: a non-tilked dipole. Henee, our model can-
ot e preduce any rotational modulation of the cononal radistion.
Adthough the search for a possible pulsation of the coronal radia-
i s ot of the soope of the present paper, we node that the lack
of observed modulation may be clesely melated to the fact that
Mares are nod dependent on the large-scale configuration of the
magnetic feld (in fact the formation of an exiended corona does
ol pegquine a central magnetized object) and strongly depend on
the local magnetic feld configusation in the disk.

4, Conclusions
We investigated the eifect of an intense aring activity ocourring
on the surface of the scenetion disk of various IPCY protodypes.

The prowtypes taken into acoount consdider different values of
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density and magnetic field. We focused on different sspeck: the
formation of an exiended corona above the disk: the contribution
of the related coronal activity tothe temal X-ray emission from
these objecis; the conditions able io jeopardize the stabiity of the
disk.

Wiz have developed a 30 MHD micdel taking into scomunt all
the key physical processes: viscesily of the disk, magnetic-field-
oriented themal conduction, radiative conling, and gravitational
forces. In order o set up the initial conditions of the 30 simuo-
lations, we devised a two-step technique. As a first sep, we ran
250 simubsiions in order io obtain a developed configurstion
of the magnetic field. From this we reconstructed a 30 initial
condition where we then simulated & hail of Qaes distributed
siochastically on the surface of the inner pan of the accretion
dizk. Finally, we synthesmed the thermal X-ray emission fhom
cach system all along the whok evolution.

In the light of our findings, we can draw the folley ing main
conclusions: (a)an intense Raring activity close to the surface of
the accretion disk can build up an extended corena linking the
star 1o the disk alng the magnetic Geld lines: {b) the themmal
Keray emision from the oorona is mainly emitted from a thin
layer immediately above the surface of the disk; (¢ the thermal
Keray luminesity due b the faring activity may condribute to the
cmission ohserved from these ohjects: (d) this coronal activity
can influence the disk configuration and its stability, efectively
deforming the magnetic field lines, with effecis sirongly depen-
dient on density and magnetc Geld intensity; (e) the radiative
and conductive cooling has a crucial roke inthe modulation of
luminosity duwe o the chain of Aanes, and it has a different im-
pact on the lighicurves depending onthe X-ray band considered
and on the lempersiure of the emiting plasns, contributing ef -
ficaciously 1o the phenomenon of fickering originating from the
inner megion of the disk.

[ is worth noding that the synthesized themmal X-may emis-
sion exhibiis luminosity values ranging between 10 and
10 ergh. These values, especially those for the high den-
sty oonfigusations ofed, afe in general agrecment with
previcus studies {Patiersonetal 1980; vander Woerd 1987,
Eracloous etal. 1991 Chaietal 1999 Wenter & Meintjes
20T

To summarize, the resulis presemted above suggest thal an
inense Baring activity ocouring on the surface of the accretion
disk of IMCY stars may tum out ie have an im elfiect on
the structuge of the system and s stabiliy, and a key role in the

AlDS, page 14 al 15

formation of an exendad corona, whose e ffects may contr ibute
i the thermal X-ray emission observed friom these objocts.
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Bz el s s wiowes bl Banve eenprowed the paper. This work wis seppoiad
it by ol Toa b Bl sory of U siversiny oo B oo b ¢ TR b osd By B ioeno
M zmoea e di Asorofecn (1A F). PLUTC & developed ook T Asarosoesne al
e v oy i ool o e el e et oof Py s of T Usdversany
W ackmondadge ol dee CINECA Avord HPIOCSH aed dher HIPC i iy
CEC AN od dhe 1N AF O sarvanores Asrosomico di Puleenio, o dhe ool iy

o Bl pefoarenme o O onpRatisg PE ot & o5 seppoit.

References

Aleamdes Y. Ameez G & Cresoed P-A 199G Comermsicooes @
M cull hiadods i Exgineering. 13, 11

Anders B & Grevesse, Mo 1989, oo i Cosenocbien . Ace, 33, 197

Armamge P I 000 RINRAS 330, 85945

Bakes 50 3003, ARAGS 41, 335

Babes §_ A & Hawley, ILF 1991 Apl 376 214

Babara, [} 5 & Spicer, [x 5 1999 1. Comper. Phs . 149, 210

Baler imeka-Chee, ML & beCamence, [ 1992 Apd., 400, 695

Beloboroadon, A b 199599, Apd. 300, L1233

Posfomski, K 1 Shell, I i & MeHee © F 1989 Apl. 336 479

Bwrwm, L C Spocer. [ 5 & Melwes, [ B 1979, Apl 30 39

Boech A 00 Ak 1AG G

Boarh A 05 Ak AT9 ASO

o, -5 Dosasa, T S Al PO 19959, Apl, 325, 354

Chasmck, M & Baber pbekio Cherch, M 23000, MNEAS 345 955

Cowte, L L & MeKee, © F 19TT, Apl, 210 134

FEroclecis, b Holpees, 1. & Pamarson, I 1990, Apd, 353 90

Fodevew, Y. A Le Corollee H_ & Giller, [r. 30000, &85, 390 TI5

Fovara, F Flacooemo, E Reale, Fo ool 2005, apds ] 160, 4649

Fore, T Bneck, A 199 AS0A 330 S5

Gobev, A& A Rosser, B & Youea, G5 1979, Apl, 2729 312

Giaovmse Il F Sabae- Graeaes, 1 & VOHIE W 2002 Mo Soe Asorom. k5L
Lo ]

Ginelioma Je ). Lo 1984, Apd, 2TT, 608

Himwlew, ILF. 1991 Apl, 351 496

Helbee 19953, PASE 105, S

Helber, © 300, Comclysrnie wribde sers, Sproger Prias Books/S poce
[Eon pibowran s | Sperisrer |

Helber, © 307, i SweTiek Istraomon o Yoy Swers, eds | Bosvier, &
L Appeseellar, LWL Syang, 243, 328

Horme, K & Soenang. B F 1985, MNEAS, 216, 933

Higewa, A 3008, Coanpet. Phys Comeres . 162 1

Hugpewra, A & Covespind, M0, A% 0 363 141

Kilinea. A K S Hoenmona, b M 300 RNEAS, 386 6T

Koaclime . A Ko d Roenmsona, M ML 2003, MNEAS, 433 3048

Bfllee . J Beloboacadon: A ML S Posnee s ] 3000 BMEAS 204 417

vl g, A Baoado, i Bvliesaglio, 5 enall 20007, ApldE. 170, 225

Mowmom, A I Beardeore, A P, Allms A & Hellsr, O 19989, Afes 4T 33



E. Barbera etal.: Acoretion disk comomae of micrmechate polar catach smic vanabkes

Chiamdo, 5 Pares, G Reole Fooenal 3005, ade s, d4dd. 305

Chiamde, 5 Bocokdso F_ Reale, F Pewes, G & Pogano, P 306 Apl 6T 274

Chiamdo, 5 Dwvake, I & Lomisg, 1 W 308 A58 4905 100

Chiamde, 5 Reale, F_ Pores, G & Migmome, A 2000 MSNRAS 415, 3350

Pumepsm, I 1984, AplS, 5. 443

Pamepsce, J. 1994, PASE. 106 204

Pumepscm, J, Brasch [ Chascaris. O & Robaace, [E L 1980, ApD, 2401133

Pl L B G B, P L Limde, T 0 Gomnbeosa, T 1L & P [k L 3 19589,
I Crengest - Fhiws . 154, 284

Priesr, E 23004, Magse pobiydirodymoe e s of e 5 i Cambradge, UK C enbradge

Usnersmy Piess)

Pepsey, A 1999 & 10tk Eeropes om White Deads, ade 5-E
Solbeim & E G Mers, ASP Conf Ser 1649, 19

Redle. F_ & Ondando, § 2068 Apl. &84 T15

o s, A B U o G W Koddoba, A W & Lowelice, B WE 02
Apl ATE 40

o s, M B Usmvepon, G Y Koldoba, A W, Wick, 1. & Lovelace.
RWE M0, Apdl 898 100k

o s, A B U s G W Koddoba, A W & Lowelice, B WUE 200,
Apl. B0,

Koo A B U svegpon, G Roddoda, A% & Lovelee, B_W E_ 2000,
BENEAS, 4164 48

e A B U svegpon, G Roddoda, A% & Lovellee, B_W E 2003,
BNRAS, 430, &

Heward, F . & Chorles, B A 2000, Fapdorg oo X-my Usiverse (Combeadge
Uzdvarsay Pres)

Sholera, W_ 1 & Sesyaev, B A 1973, ado 34, 33T

Soae, B K. Brickboes e M. 5. Liedabl 3 AL & Rovenced I 200, Apd.
356, 191

Spazar. Lo 1963 Pryvsics of Rellly Tosdred Gasess | ]niarse i o Publsbes |

Sosmoc ke, A & Papaloizoes | C B30 Aapl ST 413

Soome, I B Howdey, JLF_ Govenie, © F & Balbes, 5 A 199 Apl, 443 &34

Heuody, P Freer, (b, Sihvesm, B eral 2000 a0l 126, 144949

Tanbsarisa, F_ de Marsme, I¥. & Biockas, & 508, A8 At ]

Tmaka T 1994, 100, 351

vas dar Woard, Ho 1987, Ap&SE 130, X35

Wemer, LA Menges, B 3007, MBELAS ATE 61

Whmer, B 199 Apd 55 341 241

Fomed & Fovesra. I 0008, Ade s SOE 1007

AL, page 15 af 15



