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Abstract. Inthis paper, steady-state MHD calculations of nommuch lower activity than expected (Rutten efal. 1992, Di Matteo
relativistic magnetized accretion discs driving jets are presentetial.[2000). We will call this the energy problem.
For the first time, an energy equation describing the effects of It is well known that the “standard” accretion disc model of
entropy generation along streamlines is included. Using a siBhakura & SunyaeV (1973) cannot explain jets. In this model,
plified approach, we showed that thermal effects have a trematithe mass is accreted towards the central object while the lib-
dous influence on the disc capability to feed jets with mass. erated mechanical power (called accretion power) is radiated
The disc ejection efficiency is measured by the parametdrits surfaces. However, it as been recognized that, under cer-
¢ = dIn M, /dInr,wherel, (r)is the local disc accretion rate.tain circumstances, the disc could become geometrically thick,
While previous self-similar solutions were only able to produdeence allowing for an efficient advection of the thermal energy
jetswith¢ ~ 0.01, solutions with a coronal heating display hugéAbramowicz et al. 1988). This has an important observational
efficiencies up te¢ ~ 0.5. Moreover, taking thermal effectsconsequence. Indeed, these advection-dominated accretion flow
into account allows one to obtain both fast and slow magne{@DAF) models allow a sizeable fraction of the accretion power
rotators. to be actually advected onto the central object. Thus, such a
Since most of the jet properties (like asymptotic velocity ggower would be observationaly “lost” if this object happens to
degree of collimation) depend on the mass load, it arises frdma a black hole. Moreover, it has been argued that such ADAFs
this study that any quantitative result requires a detailed analysight be hot enough to provide a launching mechanism for jets
of the disc energetics. (Narayan & Yi[1995). As a consequence, one might have jets
with a high kinetic power arising from low-luminosity discs.
Key words: accretion, accretion disks — Magnetohydrodynanmill this reasoning is fine, but no comprehensive work has been
ics (MHD) — stars: formation — ISM: jets and outflows — galaxdone showing such a possibility. There is however an alternative
ies: nuclei — galaxies: jets to this energy problem.

1.2. Models of magnetized discs driving jets

1. Introduction First, we recall that a very efficient launching mechanism is the
presence of a large scale bipolar magnetic field threading the
accretion disc (for an alternative view, see Lery et al. 1999).

Astrophysical jets are observed in awide variety of objects, frohiis magnetic field can be generated by a dynamo effect (see
young protostars surrounded by a circumstellar accretion dis¢¥gkowski et al[_2000) and/or by advection of an interstellar
compact objects in either close binary systems or active galftagnetic field (Mouschovias 1976). Indeed, since the seminal
tic nuclei. In all these systems, several observational eviden®&¥k of Blandford & Payne[(1982), it has been showed that,
point towards strong links between accretion and ejection p&mbined with the disc rotation, such a field co{dljextract the
nomena (Hartigan et al. 1995, Mirabel efal. 1998 and Serjeanflfic angular momentuni2) provide an acceleration force to a
al.[1998). Thus, theorists must provide models where accretfé#ction of the mass an@) maintain the jets self-collimated by a
and ejection can be simultaneously explained in a self-consistBRPP-stress. Thus, explaining collimated jets would require one
way. More precisely, these models must provide a clear pictdferevisit the standard model by self-consistently incorporating
not only of how a fraction of the disc matter becomes an ejectBtgnetic fields. We call these objects magnetized accretion-
flow, but also of the energetics involved (e.g., the ratio of the jelection structures (MAES).

kinetic power to the accretion power). Indeed, some problem- The first attempt to describe such objects was made by

atic objects show powerful jets produced from discs showind@nigl (1989), followed by Wardle & Knigl (1993) and Li
(1995/1996). However, these works had two drawbacks. First,

Send offprint requests t&abien.Casse@obs. ujf-grenoble.fr they did not self-consistently treat the disc vertical equilibrium,

1.1. Jets and discs
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thereby obtaining huge parameter spaces and, second, the awethe force balance at the disc surface, where matter can still
all energy budget was not considered. cross the magnetic field lines. In this transition layer from a
A complete description of MAES has been presented inresistive disc to anideal MHD jet, the only force allowing matter
series of papers where, thanks to a self-similar ansatz, alldyndamgo up is the plasma pressure gradient (Ferreira & Pelletier
ical terms were included in the magnetohydrodynamic (MHI1995). Thus, the vertical profile of the temperature does play
equations (Ferreira & Pelletier 1993, 1995, Feriieira’ 1997, Cassmle in the launching process. Since it mainly occurs in the
& Ferreira’2000). In particular, it has been shown that a necessistive MHD region, a negligible enthalpy in the ideal MHD
sary condition for jet production is the reversal of the sign @bne does not mean that it had no influence on jet formation.
the magnetic torque at the disc surface: while negative at the In this paper, we will show that the precise treatment of the
disc midplane (angular momentum extraction), it must becorapergy equation must be done correctly, especially at the disc
positive at the surface in order to magnetically propell mattewurface. This is @ine qua norcondition in order to get realis-
This condition provides a strong constraint on the propertiis quantitative answers concerning the capability of accretion
of the MHD turbulence believed to exist inside discs. Cassedscs to launch jets. In particular, the presence of a hot corona
Ferreira[(2000) provided a comprehensive scan of the pararould drastically change the whole picture. Because cooling and
eter space of “cold” MAES, i.e. where enthalpy plays no roleeating processes depend on density and temperature, the con-
in jet dynamics. They assumed adiabatic magnetic surfaces dittbns at the disc surface vary with the radius and depend also
showed that, depending on the MHD turbulence properties, tan the astrophysical context studied (e.g. around a compact ob-
kinds of “cold” MAES could exist: ject or a young star). Here, our purpose is just to illustrate this
stinging but crucial point by using some crude prescription. We

(1) discs where the ma?ﬁ‘e“c tcirque due to the jets IS MYGh investigate specific astrophysical contexts in forthcoming
larger than the local “viscous” torque (of turbulent origin) apers

These MAES are called "non-dissipative”. Indeed, almost In Sect. 2, we recall the basic stationary MHD equations

all the available power feeds the jets and only a tiny frageqqrining a MAES and define the relevant disc and jet param-
tion IS locally d|s_S|pated and rad|ate_d by the disc (see filéﬁers. Sect. 3 is the cornerstone of this paper. We introduce the
Ferreira & Pelletiel 13013 and Ferrelra 199.7)' Another 'Mocal disc energy equation with the assumption we used and dis-
portqnt consequence of the_larger magnet|.c torque Is a Glgs the constraints imposed by the global energy conservation.
density that is smaller than in a standard disc (for the S8 fermal effects on stationary jet production are then analyzed.

accretion rate). A non-dissipative MAES could then be OB Sect. 4, we show some typical self-similar MAES solutions

tically thin, and is thus expected to provide a spectrum VE€Lhd describe two extreme cases. We finally conclude in Sect. 5.
much comparable to that of an ADAF.

(2) discswherethe magnetictorque is comparable tothe viscous , , L
torque, called “dissipative” MAES. Such structures dissf- Magnetized accretion-ejection structures
pate as radiation a power comparable to that carried away . Basic MHD stationary equations

by the jets. No solution has been found with a dominant ] ] - )
viscous torque. Thanks to axisymmetry, the vectorial quantities expressed in

cylindrical coordinatesr(, ¢, z), can be decomposed into poloi-
Thus, MAES quite straightforwardly address the energy prdal and toroidal components, eg.= up + Qrey and B =
blem mentioned earlier. Instead of advecting energy onto th}; + Byeg. A bipolar configuration allows us to describe the
central object, as ADAF does, MAES put a sizeable fraction gbloidal magnetic field as
the accretion energy into jets. In fact, everything depends on
the properties of the MHD turbulence inside the disc, which a8, = ;Va X egq , Q)

still unknown. _ )
wherea(r, z) is an even function of anda = constant de-

. . o scribes a surface of constant magnetic fluxrA,, A4 being
1.3. The “cold jet” approximation the toroidal component of the potential vector). The following

Nonetheless, all these results (as well as all previous wo#s&l of equations describes a steady-state, non-relativistic MAES,
on disc winds) rely on what happens to be a very important pass conservation

assumption, namely the “cold jet” approximation. Usually, in

the literature, a “cold jet” is a jet where enthalpy plays no role in V-pu=0 (2)

its launching (i.e., is negligible in the Bernoulli equation). Thus, Momentum conservation

in order to get ejection from the disc surface, the opening angle,

defined as the angle between the poloidal magnetic field and P% - Vu=-VP—-pVeg+JxB+V-T (3)

the vertical axis, must be bigger than°3®Blandford & Payne _ Ohm’s law and toroidal field induction

1982). However, the crucial question is the amount of mass that

can be loaded in the jet. Thisieveraddressed in any steady- mJpes = up X By (4)
state numerical simulation, since the underlying accretion disc is Vi, 1

" . o (—>VrBy) = V- —(B — B,Q 5
merely a boundary condition. This mass load critically depends (52 VrBs) v 7’( otp pSlr) ©)
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wherep is the density of mattei? the thermal pressuré,; = free, until the development of a full theory of MHD turbulence.
—GM, /(r?+2%)'/? the gravitational potential] = VxB/u, All other disc and jet quantities can be expressed in terms of
the currentT the “viscous” stress tensaf,, = n,,/u, andv), these parameters (see Casse & Ferfeiral2000, hereafter CF). As
the (anomalous) poloidal and toroidal magnetic diffusivitiean example, the usual alpha coefficient of Shakura & Sunyaev
All transport coefficients appearing in the above set of equia-given by

tions, namely,,,, v/, andv, (“viscosity”, contained inT), are

m

assumed to be of turbulent origin. The state equation used is the_ v — P, (12)
perfect gas law Cshl.— "
P=mnkpT (6) whereas, = vy /Csh = am(u/7)"% u = (Va/Qxh)? is

a measure of the magnetic field strendth(is the Keplerian
rotation rate) and the adiabatic index. Note that, since steady
state MAES require fields close to equipartition (ie< 1,
g[reira & Pelletier 1995), one hag, < a,.

wherek is the Boltzmann constant,= p/m, (m, being the
proton mass) and' the plasma temperature.

The last equation is the energy equation. Until now, it h
been replaced by a simple prescription on the temperature, n
mely isothermal or adiabatic magnetic surfaces (see e.g. Ferreira
& Pelletier’1995 for a discussion on this subject). The aim of tf&3. Generalized ideal MHD integrals

present paper is to study the thermal effects on jet producti?

. . . @Side the disc, accreting matter must cross the field lines. Thus,
Therefore, we must consider the energy equation, which canbe, _ . ) . . o
a stationary configuration requires turbulent magnetic diffusiv-

written as ities. This turbulence is believed to be triggered inside the disc
pTﬁ = pTu, VS =Q @) by some_MHD instapility, but decays vertically on (_say) a (jisc
dt scale height. In the ideal MHD regime characterizing the jets,

entropy, arising from the difference between heating and coolifitf
processes (see Sect. 3 for more details).

Up = B, (13)
Hop
2.2. Dynamical parameters of MAES B
Y P Qu(a) = Q-2 (14)
The set of equation§](2) tbl(7) completely describes a steady- HoPT
state, non-relativistic MAES. We recall here the definitions of) ,2 _ 2 rBy
Wy = Qrc— — (15)
the parameters used: n
— The disc aspect ratio wheren(a) = /opa IS @ constant along a magnetic surface
b andp,4 is the density at the Alfen point, where the poloidal
e = h(r) (8) velocity u,, reaches the poloidal Alan velocityV, ,. The ro-

r tation rate of a magnetic surface¥s (a) andr 4 is the Alfvén

— The MHD turbulence level (measuring the strength of thadius. Following Blandford & Paynée (1982), we introduce the

poloidal magnetic diffusivity at the disc midplane) following jet parameters
Vm, 0 7,2
Ay = — 9 _ * A
Vahl,_ @) A= Q,r2
— The magnetic Prandtl number (measuring the strength ofthe.  _ nQoTo (16)
turbulent viscosity) B,
» w o Q*’I“A
P = . (10) 4 VAp,A ’
Vm z=0
— The magnetic diffusivity anisotropy The subscript “0” refers to quantities evaluated at the disc mid-

plane, “A’" at the Alf\en surface. These parameters are directly
related to the disc parameters (see CF). The last ideal MHD
invariant is the Bernoulli integral. This invariant is modified

. . . . 3 by the presence of heating, contrary to the three former invari-
whereh(r) is the vertical disc scale height ahd the Alfvén  » s By projecting the momentum conservation on a magnetic

speed at the disc midplane. These four parameters are def@ﬁ‘f‘ace and using thermodynamics relations, one gets (Chan &
locally and could, in principle, vary along the disc. In our StUdP‘Ienriksen 1980, Sauty & Tsinganos 1994)

however, they are assumed constant. Also, while the disc aspect

ratio e remains free (because we did not treat the real ener w? P 7By

equation), the three other turbulence parameters must remgfﬂ) =5t 7 t% - *T — H(s,a) (17)

Vn,
Xm = 7,1 (11)

Vm z=0

v
2 y—1p
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where the enthalpy (second term) will be hereafter represenig@ slight discrepancy between the local heating and cooling

by H and terms, namely
s ! = Fe r ur Fea: - Ara A ur 22
H(57 (l) = / Mdsl (18) Q ( ff + turb + t) ( d + t b) ( )
st p(S 70,)’11;,(8 aa) where
is a heating term that depends on the curvilinear coordi,mat?eff _ ndeQ) + ﬁﬁng o |7-VQ|2 23)

along a given magnetic surface (labelled by a constant:)).

Here,s' represents the coordinate of the transition between tisghe effective Joule and viscous heatiiig,., is a turbulent
resistive and the ideal MHD regimes (above the disc surfacBgating term which cannot be described by simple anomalous
Jets from quasi-Keplerian accretion discs are energetically pgnsport coefficients (e.g., the tedray ), I'.; is an external

sible if source of energy (typically due to some illumination by UV or
5 T+ X-rays, hence maximum at the disc surface),
_ 02,2 9 g 2
E(a) B Qoro <)\ 2 + Y= 1T, c ) ' (19) Arad =V. Srad (24)

is positive at the base of the jet. Thus, either the magnetic lel@fhe radiative cooling§;.. being the radiative flux) and;..,
arm.\ is larger thar /2 or some heating occurred in the underS @ cooling due to a turbulent energy transport, which is most
lying resistive layers. This last possibility arises whenever tiobably also taking place inside turbulent discs (see e.g. Sha-
disc is already hot (i.e. thick~ 1 or slime < 0.3 discs) and/or Kura etal[1978).

if some coronal heating leads to an increase of the temperaturel!f the disc is optically thick, the radiative flus,., can
T+ at the disc surface. be written in a simple way using the diffusion approximation

(e.g. Ferreira & Pelletier 1993). However, both the amplitude
and the vertical profile of the turbulent energy transpQqit.,
3. Entropy generation in MAES are unknown. This is really problematic, since this term could
be the leading cooling term (like convection, see Ferreira &
Pelletier 1995). On the other hand, magnetized discs may well
The local energy equatiohl (7) is have active coronae, hence a non negligihlg, mainly acting
atthe disc surface (Galeev etial. 1979, Heyvaerts & Rriest 1989,
ds dH dP . ]
pr— =p— — — Miller & Stone2000). Therefore, even if we neglect any external
dt dt dt influence, the only term whose amplitude and vertical profile are
- T kipup VT —u, - VP. (20) really knownisl'.s . Thus, following Narayan & Yi(1995) for
Ty ADAFs, we define a parametgras

3.1. Local entropy generation
Q =

In a thin (or slim) accretion disc, the gradient of any plasma [, Qav f, Qav
quantity is mostly vertical. So the main influence of an entropy = [, TeprdV =" p, (25)

. . vteff diss
source occurs whenever the plasma velocity becomes verti-
cal namely, at the disc surface. There, a non-vanistngill where the integral is made over the voluiieoccupied by the
have two distinct and important consequences. First, it raises@igc and Py, is the total power which could be dissipated
plasma temperaturd'(") and second, it causes an increase #iside the disc. With this prescription, the amplitude of the en-

the vertical plasma pressure gradient. The vertical compon&apy source? is controlled byf, but not its vertical profile.

of the momentum conservation becomes This profile depends on the relative importance of the various
9 ) terms appearing in Eq_{R2) and, as such, is beyond our actual
o, Ou. ~ _or P02z — 0B+ B . (21) knowledge. To tackle this difficult problem, we will assume the
0z 0z 0z 2p, profile and discuss the corresponding physical implications on
In this equation, the only force that can gently expell matté‘?t production.

from the disc is the vertical plasma pressure gradient. Thus,
increasing this gradient through an entropy sougcellows 3.2. Global energy conservation
new configurations to exist. For example, with parameters
Qm, Pm, Xm) Similar to those of a “cold” MAES (i.eQ ~ 0), a
fsolutlon W'th an entropy source would display a larger Vertlcﬁon equation over the whole volunié, we get the following
orce, allowing thereby a larger mass flaxOr, with the same
entropy source, one could get a steady ejection from a MAESE'SY budget
with a larger magnetic pinching, corresponding to turbulenge,.. + P..; = 2Pj; + 2Pqq (26)
parameters impossible to achieve wigh~ 0.

Thus, we see that both the amplitude and the vertical pronKJ}‘er
of the entropy sourc€) are important features for stationary
MAES. In fact, there is a local entropy sour@eonly if there Peat = /‘/Fde (27)

SA strong constraint on this parametgiarises from the global
epergy conservation. If we integrate the local energy conserva-

eP,.. is the power liberated through the accretion process,
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is the total input of energy due to an external sourgg, is the 3.3. Constraints on steady-state jet production

total power (mechanical, magnetic and thermal) carried aw: L e . .
by one jet (hence leaving the disc at its surface) Bng; the ‘?Ke trans-Alfienic condition is modified by the possible pres-

luminosity radiated at one surface (see Appendix A). ence of a heating term along the flow. This can be directly seen

. . in.the functiong, defined af) = Q.(1 — g) and evaluated at
In this paper, we do not consider any external source %f ]
.the Alfvén surface

energy, thus’,.,; = 0. Moreover, we do not expect in a quasi-

Keplerian flow the accreted turbulent energy to be significaga —1_ 3 1 + 2
with respect to the mechanical energy. Thus, we assume that the A wh N1+ 2 r)1 /2
total turbulent power is negligible, namely 2 ™ _T
+2 Y A€2 + H(SAv CL) (34)
Aly—-1 1T, 0272
Pturb = / (Fturb - Aturb)dv =0. (28)
14

The subscripts “0” and “A’ denote a quantity measured, respec-
The characteristic power, liberated by a MAES located tively, at the disc midplane and at the Adfir surface. A neces-
round a central masd/,, between the radit; andr. and fed sary condition for trans-Alfénic cold jets is usually expressed

with an accretion raté/,. = M,(r.), is as
GM, M, wi > 1, (35)
Py, = Mib =5 9 4

implying these jets are fast rotators (Michel 1969, Pelletier &
where the efficiencyy,;; is given in Appendix B. In discs pro- Pudritz[ 1992, Ferreira_1997). However, this condition is only
ducing jets, the accretion rate is a function of the radius. Werictly valid for very large magnetic lever arms { o). The

therefore define the local ejection efficiency as generalized trans-Al@nic condition is in fact
e dln M, (30) 93>0 (36)
dlnr

—— ._Thus, Eq.[(38) shows that entropy generation inside the disc
Interms of the fiducial valu€,;;,, the global energy conservation leading to a largd™) or alternatively, some coronal heating

(28) of thin (or even slim) MAES is (see Appendix B for details significanti{ (s 4, a)), allows the fulfillment of the above condi-
Pace 1 eA tionwithw4 < 1. Therefore, we expect slow rotators to emerge
Pus 1-¢) (1 + 21+A> G o (magneto-)thermally driven jets.

Following the same reasoning as Ferrelira{1997) in Sect. 3,

providing jets powered with but considering the generalized Bernoulli equation, we obtain
2P;, A | Bf o~ T an inequality constraining the magnetic lever arm
jet __— 10 TV T ¢ (32)
Py, 1+ A |gB, vy-11, A <34 2
_ - 1/2 2 /,.2\1/2
and a disc luminosity of A=l :‘ 2+ Z?/TA))/
2v TT , H(sa,a

2Pra P(iss Pacc - 2Pe — 2———= 37

Lo (1) it (33) s T (37)
Py Py Py

Here, the parameté is the ratio of the magnetic torque to theThls quite complex relation is equivalentio> Amin = 1+C.

viscous torque at the disc midplane api a measure of the This shows that, to produce super-Adfvic jets, there must be a

radial current density at the disc midplane (see CF for moll’xa'nimum magnetic lever ar;,. Thus, steady-state MAES

cannot display an ejection efficiency larger than

details).
From the above energy budget, it becomes obvious thattwo 1 A 38
extreme cases can be accounted for, namely ™A 901+ A (38)

— [ < 1. cooling and heating processes balance each otfére exact value of is strongly dependent ap (both amplitude
very effectively at every point, so that there is no entropy and vertical profile). Basically, the more heat is added, the
generation at all@ ~ 0). In this case, the dissipated powemore mass is ejected. For example,Tof < T, ¢ = 3 while
Py is finally radiated at the disc surfaces. for Tt ~ ¢72T,, ¢ ~ 0.3. Thus, as already pointed out, the

— f = 1. alarge entropy source is generated in this cas@ajor constraints o4 arise from the disc vertical equilibrium
because of a turbulent transport more efficient than radiativethe resistive MHD regime and the energy balance.
cooling and the presence of another heating process (e.g.
coronal heatlpg). Asa consequence, No power is rfr"d'ateqﬂ\lumerical results
all, the accretion power being transferred into the jets.

. . . 4.1. The self-similar ansatz
The casée > 1 can still be obtained but requires an extra sourcé

of energy P..; or Py,)- This is also true wherfi < 1 but the In this section, we briefly describe the radial self-similarity that
disc luminosity exceeds that provided by Eql(33). enables us to consider both the resistive, viscous disc and the
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Fo(x) atypical profile corresponding to a discrepancy between cooling
P T T 7 T T T T T T T T and heating processes, occuring mainly at the disc surface. We
L | did however play with slightly different vertical profiles (see
Fig.[8).

The set of MHD equations has three critical points in the
ideal MHD regime. These critical points are the slow-magneto-
sonic, the Alfien and the fast-magnetosonic points. The solu-

» tions presented here share the same behavior obtained in pre-
os L | vious studies (Ferreifa’I997, CF). The magnetized flow passes
through the slow and Alfén points (the regularity conditions
impose the values gfi and £) and then encounters the fast-
magnetosonic point in a recollimation motion. None of these
solutions pass through the last critical point (see Vlahakis et al.
2000).

ob oy
0 0.5 1 1.5 2

x=z/h 4.2. From magnetically-driven to thermally-driven jets

Fig. 1. Vertical profile of the entropy generation functighfor a given As showed in Sect 3.1, the entropy generation increases the

ejection index = 0.1. The value of this function at the disc midplane lasma pressure gradient, thereby allowing an enhanced vertical
(z = 0) is imposed by the self-similar radial scalings (see text). TIfPe !

integral of this function is measured by the paramgteThe partic- 2SS flux. In particular, jets are now possible in configurations

ular shape shown here (increasing towards the disc surface) mimid¥f3ere the magnetic pinching force would be overwhelming and
coronal heating. squeeze the disc. Thus, thermal effects significantly enlarge the

parameter space of MAES, (v, Py Xon)-

. o ) ) In order to illustrate such an effect (strong magnetic com-
ideal MHD jet, including an exact treatment of all dynamicglession balanced by entropy generation), we choose a MAES
terms. Any physical quantit(r, z) is written as configuration described by the following parameters: 0.1,

O\ %A amy = 1.5 (o), = 0.8), P, = 1, x,n = 1.5. The chosen disc
A(r,z) = A. <> Fa(z) (39) aspectratio is relevant in the astrophysical systems we consider

N (see Appendix C). Fi¢12 shows relevant quantities obtained with
wherex = z/h(r) andr, is the outer radius of the magnetizedhe same vertical profiléy, (see Fig.1l) and increasing values
disc. This special ansatz allows to separate the variables so fhatf.
the full MHD equations become a set of non-ordinary (they First, a minimum heatingf{~ 0.001) is here required oth-
contain three singularities) differential equations. The valuesafwise the thermal plasma gradient cannot counteract the mag-
the radial exponents (given in Ferreira & Pellefier 1993) are alétic pinching force. Note that this minimum heating decreases
linked to the ejection indeg. For example, the magnetic fluxwith decreasingy,, (because of the weaker toroidal magnetic

becomes compression). Second, as expected, both the mass: fand
3 coronal temperatur&* grow asf increases. Their maximum
a(r,z) = a. (T> F,(x) (40) values depend on the chosen set of disc parameters. In a con-
Te sistent way, the magnetic lever asndiminishes withf. Third,

with 8 = 3/4 + £ /2. Inside this framework, the entropy sourc@S/ increases, thermal effects become significant and there is a
Q must be written as transition between “cold” and “hot” outflows. Indeed, whgn

is very small, the jets show the usual characteristics of a “cold”
B P\ 7 a1 outflow, namely a fast magnetic rotatar{ > 1), a large mag-
Q=0 Te Q(x) (41) netic lever arm\, a small mass loagland a coronal temperature

) ) ) ) /'™ smaller than that in the disc. At the opposite extreme, when
where, using Eq[(20), its value at the disc midplane must Satl?fYS close to unity, the jets are slow magnetic rotatars & 1),

v Potpo have small magnetic lever arms, high mass loads and high coro-
Qo = Q(r,2=0) = <7—1 + aP) — nal temperatures.
We will label as “hot” those jets whose initial enthalpy plays
= (7 +&— 5) Fotipo . (42) asignificantrole in their launching. We display in Fgs. 3 ahd 4,
-1 2 r the Bernoulli constant® (a) and their different components, for

This is a very strong constraint which also occurs in self-similf#€ two extreme jets obtained in Fig. 2 (respectivgly- 0.82
ADAF models. There¢ = 0, so an ADAF must have # 5/3 andf = 0.002). In the “hot” jet, the. enthalpy at 'Fhe base is qf
in order to get some advected heating at the disc midplaffze same order as the MHD Poynting flux. The jet acceleration
Here, we choose an adiabatic index= 5/3 and scale the in the sub-Alfienic region is mostly due to the decrease in the
vertical profileF, (z) with the parametef. We display in Fig[lL enthalpy. This shows the importance of thermal effects, although
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order as the MHD Poynting flux in the corona, the signature of a “hot”

1 | | 1072 | | et

107? 1 107% 1 .
f f 10 “ T ” T " T
E(a)

Fig. 2. Variation of several quantities with the entropy paramgtéar 10! T T Wz ]
a given magnetic configuration: = 0.1, a,, = 1.5 (o), = 0.8), ]
Pm = 1, xm = 1.5. Non-relativistic jets from Keplerian accretion , poynting

. . = 1E-__¢ o |
discs can be either fast_rotatom( > 1) or slow rotators&;A_ <1), * N
depending on the amplitude ¢f The coronal temperature increases: 1
monotonously withf. The plots in mass loagland magnetic lever arm f 107 ¢ kS — E
Xillustrate the fact that the more entropy generated, the more mass,is or/2
loaded (see Sect. 3.1). TS ,\4 enthalpy .
the Blandford & Payne criterion (opening angle larger tB@éf) ol TS —gravity 7

is, here, still verified. In the “cold” jet however, the enthalpy is o
negligible and the acceleration is due to the decrease of the o+ Lo i i i e
1 10 10 10

poloidal current. o)
In order to clearly di_sting_uish “cold” (magnetically-driven)Fig.4_ Same plot as in Fil]3, but for the coldest jgt€ 0.002) of
from “hot’ (thermally-driven) jets, we look at the decrease alon‘gg_m The enthalpy does not play any role in the jet energetics. This

the jet of the poloidal current, defined as is the signature of a “cold” jet.
2
1="B,. (43)
Ho straint) coming from the requirement that must always re-

Indeed, this current is a measure of the transfer of MHD Poymgain smaller than unity (i.€3, remains negative). Indeed, the
ing flux into kinetic energy flux (see Ferrelra 1997). We plavailable current at the Al&n point is given by
in Fig.[d the ratiol 4 /Is)s of the current still available at the A
Alfv én point to the current provided at the base of the fIO\?nri =9Ay 7"
(at the slow-magnetosonic point). For smalfheref < 0.1), M -
this ratio remains high because a tiny fraction of mass has b@ére increase of this ratio for increasirfgs mainly due to the
loaded in the jet. Ag increases, this ratio decreases becauserease ofj 4 (see Figl2). Thus, there is a maximyfallowed
the enhanced mass load requires more magnetic energy tgvldgich can be smaller than unity) for steady-state MAES.
used. But at some poinf (> 0.1), the thermal energy reservoir A transition from “cold” to “hot” jets requires the cross-
supplants the MHD Poynting flux in propelling matter until théng of a zone where a large mass load (provided by the en-
Alfv én point. Thus, the ratio is now increasing because of thianced plasma pressure gradient) is still accelerated. This is
new energy supply. The two regimes shown in Eig. 5 defineoaly achieved if a sufficient amount of toroidal magnetic field
“cold jet” and a “hot jet” zone. is present By is the most relevant ingredient of the Poynting
For a given MAES, there is always an upper limit to the erilux) and/or if the thermal energy reservoir is sufficient. How-
tropy generation (besides the overall energy conservation cewer, depending on the magnetic configuration, the jet mass load

(44)
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Fig. 5. Ratio 14 /Iss Of the current at the Alfén point to the current " i ’ i
at the slow-magnetosonic point as a function of the entropy parameter

£, for the same MAES as in Fill 2. Asincreases, there is a transitionFig- 6. Same plots as in Fifl 2, but for a weaker turbulence level=
from one regime to the other. The first regime corresponds to “cold*2. The two jet regimes are now split. “Cold” jets exist only for<
jets, where the thermal energy is insignificant and the mass loadi§2, “hot” jets only for a large entropy generatiofi,> 0.5.

small. The second regime corresponds to “hot” jets, where a large

thermal energy supplants the Poynting flux in propelling matter in the1 I/ Isy
sub-Alfvénic region. T

08l Cold jets No jet Hot jets |
could increase witlf faster than the enthalpy. As a result, con-
figurations with a weak toroidal magnetic field would not be
able to steadily launch jets in a zone where the enthalpy is (6t [
sufficient. As an example, we provide in Figs. Gl&ha mag-
netic configuration with a smaller turbulence leve){ = 1.2), 0.4 |
hence atoroidal magnetic field smaller thanin the previous case.|

This time, no solution was found betwee2 < f < 0.5.

T
|

0.2 -

4.3. Two extreme MAES

- (3073 P ““‘1‘0172 A ““‘1‘0171 P Hui
Because of the extreme sensibility of the mass lead the P

entropy source&), we will not give a parameter space includ-_ o _
ing these thermal effects. Indeed, both the amplitfided the Fig. 7.Same plotasin F@]S, but for a MAES with a weaker turbulence
vertical profile Fp should be obtained by the resolution of level Om = 12. A forbidden zone appears where both the MHD

L o . . . oynting flux and the thermal energy are too small to propel the mass
realistic energy equation including cooling and heating termg, jeq.

These terms (especially the cooling function) depend critically

onthe astrophysical context studied. Our purpose here is to show

the broad range of available solutions by providing two extrennetic and viscous torques). The required magnetic field must
MAES configurations. be quite smally = 0.26 (ie. a plasma beta of 7.7 at the disc
midplane).

The enormous release of thermal energy allowed avery large
ejection, namel¥ = 0.456. The corresponding jet parameters
In this extreme solution, a hugg & 1) entropy generation oc- are a mass load = 1.04, a magnetic lever armh = 1.9 and a
curs above the disc surface, see pannel e) i Fig. 8. This mightator parameter, = 1.65. Although this solution is “hot”,
be achieved with some sort of non-local coronal heating, efi-is still a fast rotator. This is because the toroidal field at the
ciently transporting upwards the thermal energy released in tiisc surface is higH,B(;H = 0.94B,, despite straight poloidal
underlying layers of the disc. field lines (largev,,, see CF).

For this pedagogical example, we choose a magnetic con- The disc corona is hot and quite dense and the jet does
figuration described by the following disc parameters: 0.1, not widen much before recollimation occurs (see Hig. 8). This
am = 4 (af, = 1.8), P, = 1, x,m = 1.4. It exhibits widening is, however, sufficient to produce jets where most of
straight poloidal magnetic field lines inside the disc and a factibre available energy has been transferred into poloidal kinetic
g = 1.012, leading to a torque ratié = 2.6 (comparable mag- energy, namely

4.3.1. A dense, slow “hot” jet
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Magnetic surface u,/Q,r, 4.3.2. Atenuous, fast “cold” jet

3 rr—— R e e

] 0L A o] Here, we show an example of a jet launched from a MAES with
A an almost negligible entropy generation, namgly= 5 10=°
see panndl in Fig.[8. This slight discrepancy between heating

and cooling processes occurs only inside the disc. Thus, this
solution requires no energy source above the disc, neither a
coronal heating nor an illumination.

The MAES is described by the following disc parameters:
e =01, a, =03}, =02),P, =1, x,m = 0.047. It
exhibits a very strong curvature of the poloidal magnetic field
lines inside the disc and a facter= 0.25, leading to a torque
ratio A = 15.67 (dominant magnetic torque at the disc mid-
plane). Here, the required magnetic field is closer to equiparti-
R I & ] tion, 1 = 0.745 (ie. a plasma beta of 2.7 at the disc midplane).
A i TaA In this case, the strong compression due to the vertical mag-

10

o
<

\ 1 -
N 4

10’3 1

107° o .

el \"w‘; ] i B f‘**a i netic pressure gradient almost forbids the formation of a jet.
Zéa)/h 1o Zza)/h 1 The presence of a slight entropy generation however allows an
© ° ejection with an efficienc¢ = 0.001. The corresponding jet
_ _ parameters are a tiny mass loae- 2.8 10—, a huge magnetic
Hot, dense jet Cold, tenuous jet .
200 [ g A lever arm)\ = 440 and a rotator parameter, = 1.2. Again,
ok feﬁ o ] ) —"\\Feff y ] this is not a “very” fast rotator despite the small mass load, be-
i ] N ] cause of the small value of the toroidal field at the disc surface
oo ; Q f (1B} =0.12B,).
50 ,x\ Q E ot L L i The jet is “cold”, with a very strong adiabatic cooling due
SN N to its large widening (see Figl 8). This widening resulted in a
o 1 2z 3 4 o 1 2z 3 4 very efficient acceleration of the ejected plasma, leading to an
z/h z/h asymptotic poloidal velocity- 23 times the Keplerian speed at

_ _ o the field lines footpoint. This is because of the huge magnetic
Fig. 8. Plots of various characteristics of the two extreme (*hot” angbyer arm). In particular, relativistic speeds could be expected
“cold”) jets presented in Sect. 4.8poloidal cross-section of the magd-ir such a MAES is settled in the vicinity of a compact object.

netic surfaces anchored at a radiysb poloidal velocity of the plasma Indeed. if we definer— as the asvmptotic ratio of the MHD
along a magnetic surface in units of the Keplerian speed at its footpoi r} ’ o0 ymp

candd, plasma density and temperature along a magnetic surface r‘%@/ntlng flux to the kinetic energy flux, one gets an asymptotic
malized to their values at the disc midplane. The “hot”, dense jet"'rsorentZ factor of

drawn in solid line while the “cold”, tenuous jet is in dashed line. The 4 2\ —3 3&
cross symbolizes the locus of the slow-magnetosonic (SM) point aef ~ 12(1 4+ 0s0) ’

the star the locus of the Alén (A) point. Pannelg andf show the 9 . .
effective (viscous and Ohmic) heating teffn;; and the prescribed wherer, = 2G M, /c* is the Schwarzschild radius of the central

entropy source) at a constant radius, normalized to the same quanti§Piect. Of course, a full calculation of the relativistic MHD
equations should be performed in order to get the value,of
As an example, if some equipartition is achieved,(= 1, Li
up. ~ /2E(a) (45) et al.[1992), one could, in principle, get jets with asymptotic
Lorentz factors ranging from- 36 (r, ~ 3r,) to ~ 4 (r, ~
along every magnetic surface. The presence of a large therstal,).
energy allows a terminal velocity larger th&nr,v/2\ — 3, Fig[d shows a cross section of such a solution, settled around
which is the characteristic value obtained in “cold” flowk,{, a compact object (lower image). The opening arglds quite
isroughly the Keplerian speed at the footpoeinofthe magnetic large,53°, typical of a “cold” outflow. The global energy budget
surface). Fid.19 shows a cross section of such a solution, setieHere more subtle than in the previous case. Indeed, we obtain
around a compact object (upper image). Even in this extremely accretion power of,.. ~ 1.09 Pj;, jets fed with a total
“hot” solution, the jet opening angle at the transition betwegrower of only2P;.; ~ 0.45 P;, with the remaining power
resistive and ideal MHD regimesds = 37¢, thus still fulfilling  being radiated at the disc surfaces, nan2dhy,; ~ 0.64 P;.
the Blandford & Payne condition for “cold” jets. Thus, we do have a dissipative MAES producing “cold” jets.
The global energy budget is here exceedingly simple. Sinthe very strong curvature of the poloidal magnetic field lines
f = 1,allthe accretion power is finally converted into jet kinetigields a strong toroidal current, hence a large Ohmic dissipation.
power, Po.. = 2Pje: ~ 0.58 Py;. Again, we do not claim Moreover, the large anisotropy of the MHD turbulengs,(=
this is a realistic solution, but we want to point at the extrente047), provides also a large dissipation of the toroidal magnetic
sensibility of the produced jets to the disc energetics. field (see Eql(23)). Hence, the dissipated powgt,, which

(46)

To
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Logarithmic temperature of plasma

10 20 30 40 50
R (rgSchwarzchild radius)

Fig. 9. Cross-sections of two extreme magnetized accretion-ejection structures (MAES), settled around a neutrdd,star bt M and

fed with an accretion rate df/,. = 10™2 M, /yr. The poloidal magnetic field is shown in solid lines, streamlines are dashed and the grey
contours represent the logarithm of the plasma temperature. Both MAES have the same temperature at the disc midplane. The upper image is an
extremely “hot” MAES (f = 1) with an entropy source located above the disc surface. This solution has a huge ejection effigendy. 436,

plasma reaching an asymptotic velocity 1.6 times the Keplerian $pgedat the magnetic field lines footpoing. The lower image is a “cold”

MAES (f = 5 10~°) with no heating source above the disc. Such a solutiorf kag).001 with asymptotic velocities 23 time,r,.

is here converted into radiation, is quite large. Eg|. (32) showsass can only be lifted from the disc by the plasma pressure gra-
that the exact amount of energy powering the jets dependsdi@nt. Because a local entropy generation enhances this gradient
the ratio|B;§/qB0|. Here this ratio is equal t6.48, namely (see Eq[{20)), the amount of mass escaping the disc can be much
a generated toroidal magnetic field at the disc surface half faeger. Alternatively, tiny mass loads, impossible to achieve in
expected value (measured @) This decrease of the toroidalprevious MAES calculations, are now reachable. Indeed, a huge
magnetic field is due to this enhanced magnetic diffusivjty magnetic compression can be now balanced by some amount of
heating. Moreover, there is a second important consequence of
entropy generation, namely enthalpy generation. This enthalpy
is carried away by the outflowing material and can be converted
In this paper, we removed a basic assumption of most theorefiterwards into kinetic energy. To summarize, entropy gener-
cal works dealing with axisymmetric, stationary Keplerian disegion results in dynamical (measured by the ejection ingex
launching jets (MAES). Indeed, the disc energy equation is usind thermal (measured by the coronal temperakurgeffects.
ally neglected, using either adiabatic (Casse & Ferfeiral200@)r the first time, this is self-consistently illustrated in a global
or isothermal (Wardle & Knigl[1993, Li1995. 1996, Ferreiraenergy budget of MAES. This paper has illustrated that heating
1997) magnetic surfaces. is as important in steady jet formation from a accretion disc as
We used a self-similar ansatz allowing us to take into accountsteady outflow release around embedded sources (e.g. Lery
all dynamical terms in the resistive, viscous disc as well asdal.[1999).
the ideal MHD jet. The transition between the accretion and the We are now in a position to provide clear diagnostics on
ejection motions is self-consistently described. We modellgteady-state MHD simulations of jets from Keplerian accretion
the entropy increase along each streamline by prescribing thecs. Indeed, all effects acting on the ejection process itself are
vertical profile of the heat effectively converted into entropyaken into account. Of course, this study was done under the
This is an approach very similar to that used in ADAF modelsglf-similar assumption, but the links between MHD invariants
with a significant distinction. Indeed, in the case of MAES, thare local and, as such, independent of this ansatz. Besides, in a
main part of the heat released in the disc could be absorbedjowsi-Keplerian disc where gravity (which is self-similar) is the
the jet instead of being advected onto the central object.  dominant driving term, we expect self-similar solutions to be
The ability to steadily produce jets lies in the rather subttguite reasonable. For example, local jet parameters (mass load
disc vertical equilibrium. Both gravity and the chosen bipas, magnetic lever arml and rotator parameter,) as well as
lar magnetic topology vertically pinch the accretion disc. Thus,

5. Conclusion
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the shape of the Al#n surface (ie. conical), are comparable ‘
to stationary solutions obtained with full 2D, time-dependent
numerical simulations of “cold” jets (Krasnopolsky et al. 7999).

Ustyugova et al[(1999), using another MHD code and start-

ing with a split-monopole poloidal magnetic field, obtained a - L &
non-conical Alfién surface. However, their local jet param:’i ‘ 5, l/J/] =

ters remain comparable to those obtained in this study. Inde e
they have larger mass loads and smaller magnetic lever arms, >

but with a prescribed temperature satisfyi@g /Q k.7, = Fig.A.1. Cross-section of the volumié occupied by the disc and the
(T*/T,)*/?c > 0.3. Because the authors assumed a flat disc (a@rresponding bounding surfaces (latefaland =, upperS* and
flaring at all, hence < 1), this boundary condition requireslower 7). The upper and lower surfaces correspond to the location
a coronal temperature larger than the temperature at the @& vanishing radial velocity (typically at" ~ h(r)).

midplane. As a consequence, a significant entropy generation

must take place in the underlying accretion disc. Thus MAES with large ejection efficiencies would display a
Ouyed & Pudrltz (1997) glso obtained stationary jets fromt distribution (possibly uptdl,;; oc r~1/2). However, only a
Keplerian discs with full 2D, time-dependent MHD simulationgyecise treatment of the plasma energetics (including all heating,
They assumed power-law mag‘r‘1et|c”f|el<_js for their boundagyoling and transport processes) provides the exact value of the
conditions at the jet basis and “cold” adiabatic magnetic Syjisc ejection efficiency. This can only be done for a given
faces. Surprisingly, they obtained jets with very large mass loaglgrophysical context, since all these energetic processes (and
(x > 0.6) and very small magnetic lever arms € 3.5). Th.|s _ possibly MHD turbulencey,,,, P,, and y,.) strongly depend
large mass flux is compatible with a large toroidal magnetic fielgh the plasma properties. Therefore, any quantitative modelling

atthe jet basis+¢ 1.5 times the vertical field). However, the discys 5 MAES must include a complete treatment of the energy
vertical equilibrium cannot handle such a strong pinching ingyation.

non-dissipative discf{ < 1, see CF). Besides, we showed in

Sect. 3.3 that thin discs with™ < T, require\ > 4, a value AcknowledgementsThe authors would like to thank Guy Pelletier and
smaller than those obtained in these simulations. One possililen Heyvaerts for useful comments and fruitful discussions.

way to reconcile our analytical result with their numerical simu-

lation is to realize that the jet basis used in all MHD simulatio i A ;

of that kind isnot the disc surface but some surface above it.?ﬁppenmx A: global energy conservation

particular, it could be located above a region where a cororfdie local energy conservation equation can be written as
heating (allowing a large mass loajlwas followed by a very 9

strong cooling (negligible enthalpy at the “jet basis”). One musy . (pup(i + ¢ +H) + Sypp — u-T) =

then be very cautious when identifying boundary conditions as 2

being the disc surface. Indeed, the real issue of jet formation is pTup - VS — Leyy - (A1)

the mass load provided by the uqderlying acpretion disc._ whereS ;1 p is the MHD Poynting fluxT the turbulent stress
The effects of entropy generation, theoratically showninthignsor, 77 the enthalpy,S the specific entropy anél, s the

paper, were numerically confirmed by the self-similar solutiongtfective Ohmic and viscous heating (see Sect. 3.1). The second
For example, the surplus of thermal energy, obtained withi gy of thermodynamicg(22),

significant parametef, allowed jets that would be labelled as

slow magnetic rotators{y < 1). We did not intent to explore pTup - VS = Tepp + (Tiurs — Apurs) + et

any parameter space because of the extreme sensitivity of the — V- Srad (A.2)

mass loadk to the entropy sourc€ (both vertical profile and

amplitude, measured hf). For example, a very weak entropyis then incorporated into Eq.(A.1). To get the global energy

generation triggered inside the disc could give birth to vefpnservation, we integrate this equation on the whole volume

tenuous, fast jets while a huge entropy generation just above th@ccupied by the disc (Ferreira 1994, Henriksen 1996). We

disc surface could make dense, slow jets. thus defineX* and ¥~ as the disc surfaces ang (X.) the
Without exploring the parameter space, we nevertheless &eral surfaces at= r; (r = r., see FigLA.IL). The disc surface

tained a much wider range of MAES parameters than underiﬁmere precisely defined at the locus where the radial velocity

adiabatic assumption (CF), namely mass loktis! < x < 1 vanishes, namely whetg. (r, z* = 2" h(r)) = 0.

(ie. 0.001 < ¢ < 0.5), magnetic lever arm$.9 < \ < 440 After integration, we get

and magnetic rotator parametéx§ < w4 < 2.2. Such huge

ejection efficiencies could have a strong impact on disc spect{?{iFC + Peat + Prury = 2Pjet + 2Fraa (A-3)

energy distributions. Indeed, if the disc is optically thick, th@here the accretion powek,.. is the power liberated by the

effective temperature can be written (Ferreira & Pelletier 1998¢cretion flow (the difference between what comes in @nd

goes out at;), P,y = fV I'e.:dV is the power provided by
(47) an external sourc&,» = fV(Fturb — Avurp)dV is a source

,%Jr

NS

Teff xXr
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of turbulent energyP;.; is the power carried by the outflowingwhile the MHD Poynting flux gives a positive contribution
matter andP,,q = fzi Saq - dS is the luminosity emitted at

. +
the disc surfaces. PP L1-8 A By tan 0 52 (B.4)
The available turbulent powe®,,., comes from the small P 2 1+ A|¢B,

scale turbulent motions, but is carried along by the laminar ac- . o
cretion flow. Therefore, there is also a flux of specific turbuledthered™ is the angle between the magnetic field lines and the

energye;..., crossing the inner and outer sides of the disc, whigfgrtical axis at the disc surface & =*). The presence of a
implies turbulent viscosity produces a radial angular momentum flux

through the disc, hence a flux of energy. This contribution to
Prury = _/ pupEiury - dS — / pupEiyry - dS (A.4) Poccis
Ei Ee

We redefine the accretion powg,.. by including P, inside. Poce = — 1+ A2 ro /E_(u -T)-dS (B.5)
The total accretion power is then ’
where the second term is evaluated at the inner edge of the disc.

P,.. = ,/ [pupE + Spiip + Srad — u-T] - dS There, it is usually assumed that the viscous torque is equal to
o8 zero,T(r;) = 0, leaving only a loss of energy at the disc outer
' edge.
- / lpupE + Syup + Sraa —u-T|-dS (A.5) Finally, the total power carried by the jets is
where the expression of the MHD Poynting flux in the resistivep; ., A B; n T
regime is given in Ferreira & Pelletiér (1993) and Py 1+A |¢B, (1 —ea™ tan67)o
2 +
E=" 1 PG+ H+ Eun (A.6) T B
2 v—1T,
is the advected specific energy of the flow (laminar and turbu- 2 ut \2
lent). The jet power is given by —¢ [(1 + e2g12)1/2 - (Qo7'o> (B.6)

Pjer = / [SvmuD + pupl] - dS = / pupE(a) - dS whereu is the total velocity of matter.
PIES »+

(A.7) : .
Appendix C: disc thickness

where E(a) is the Bernoulli invariant[{1l7) since, at the disc . . . .
surface, the flow is in ideal MHD regime. Finally, we obtain In this appendix, we focus on the calculation of the disc aspect
ratioimposed by the energy transport. To illustrate the full range

Pucec + Pegt = 2Pjet + 2Pyqq4 (A.8) of possible astrophysical contexts, we first consider systems
o ] ] where the disc plasma is “cold”, dense and slow (young stellar
which is the global energy conservation equation of a MAESypjects) then systems where the disc plasma is “hot”, tenuous

and fast (around compact objects).

Appendix B: self-similar energy conservation It is useful to identify which heating process dominates. In
the case of MAES, we are able to estimate the ratio of viscous

In the self-similar framework used here, the global energy C%sating to Ohmic heating at the disc midplane, namely
servation can be expressed in terms of the fiducial power ’

2
NE n [rVOT 9 (C.1)
M. () - (%) Wl Dol + A2 -
Py = mip——— where n, = ~—~—~———~-  (B.1) #=0
27"i 1-— f
and

and local disc parameters. The accretion power is a sum of )
various terms, namelg,., = Pmee 4 pth 4 pMHD | prad . 1, [rV)| _ 3 (C.2)
PV 4 P, The mechanical contribution 8. is dy |, €
prec ~ (1= €)(2 = 6% — m2e?) (B.2) For thin ¢ < 1) or even slim discq < 0.3), we haveP,, ~ 1,

Py iw~1 xnm < 1landA < e~ The viscous heating is always

5§ = 0,/ (Qx is the Keplerian rotation rate) and, — dominant for solutions with comparable torqués~ 1).

wyo/Qcho being defined in CF. The advection of enthalpy bg We have the same approach than in the standard model

i . . ?hakura & Sunyaelv 1973) since the viscous heating is the
the accreting material decreases the liberated energy by a faglor . : : . .
ominant heating source (we neglect Ohmic heating) and since

pih Yoo, the disc is assumed to be optically thick. Although the energy

p(;:bc ~ —2(1-¢) N — 1° (B.3) transport processes are unknown, we can safely assume that the
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fraction(1— f) of heating is fully transported to the disc surface M 3/5 M.\ 25
where it is radiated at the photosphere, X 7 — (C.7)
P P Mo [yr <M®>
h 2
aijf = / i <rdQ> dz . (C.3) As long as the photospheric disc aspect ratio remains smaller
° T

than unity, these discs remain optically thick. We must keep
The effective temperatufg ; is related to the central temperain mind that the photospheric height given in this appendix is
ture viathe optical depth of the disE{, , ~ 7** /7). Because we a lower limit since we have neglected other heating sources.
have assumed that the total pressure gradient equals the plastheed we can see, by looking at Egs.{C.1) dndl(C.2), that
pressure gradient, there is a direct link between the central tdAES dominated by the magnetic torque & 1) can pro-
peraturel,, and the “photospheric” height of the disc. vide Ohmic heating larger (but of the same order) than viscous

We thus validate the assumption of thin discs in the innbeating. We thus choose a disc aspect ratio larger than those
regions and checked the assumption of an optically thick disealculated here, namely= 0.1 (a value at the intersection of
thin and slim discs).

C.1. Young stellar objects
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