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Stellar evolution with rotation and magnetic fields
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Abstract. We compare the currenffects of rotation in stellar evolution to those of the magnetic field created by the Tayler in-
stability. In stellar regions, where a magnetic field can be generated by the dynamo dierémtial rotation (Spruit 2002), we

find that the growth rate of the magnetic instability is much faster than for the thermal instability. Thus, meridional circulation

is small with respect to the magnetic fields, both for the transport of angular momentum and of chemical elements. Also, the
horizontal coupling by the magnetic field, which reaches values of a f81& much more important than th&ects of the
horizontal turbulence. The field, however, is noffmient to distort the shape of the equipotentials. We impose the condition
that the energy of the magnetic field created by the Tayler—Spruit dynamo cannot be larger than the energy excess present in the
differential rotation. This leads to a criterion for the existence of the magnetic field in stellar interiors.

Numerical tests are made in a rotating star model oML5rotating with an initial velocity of 300 knrs. We find that the
codficients of dffusion for the transport of angular momentum by the magnetic field are several orders of magnitude larger
than the transport céigcients for meridional circulation and shear mixing. The same applies to fhesidh codicients for

the chemical elements; however, very close to the core, the stragr@dient reduces the mixing by the magnetic instability to
values not too dferent from the case without magnetic field. We also find that magnetic instability is present throughout the
radiative envelope, with the exception of the very outer layers, whéiereintial rotation is indticient to build the field, a fact
consistent with the lack of evidence of strong fields at the surface of massive stars. However, the equilibrium situation reached
by a rotating star with magnetic field and rotation is still to be ascertained.
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1. Introduction times of meridional circulation and of magnetic field instabil-

_ ) ) . . ities. Section 4 considers what happens to the horizontal tur-
The inclusion of new physicalfects in stellar evolution \, ,jence in presence of magnetic fields. Section 5 shows a new
greatly improves the comparisons with observations. Abgut, jca limit on the occurrence of the magnetic field in rotat-
twenty years ago the impact of mass loss by stellar winds ppy siars section 6 gives some numerical values on the size

the evolution was found to be large. However, some signiB’T magnetic and rotationafects in the case of a 18, star.
cant discrepancies remained and the inclusion of rotation tion 7 presents the conclusions.

enabled substantial progress in the comparisons with observed

chemical abundances, with number counts and with chemical

evolution of galaxies (cf. Langer et al. 1999; Maeder & Meyn : . -~

2000). The magnetic field is the next, but certainly not the Iag', Basic properties of the magnetic field

in this series of fects which may influence all the outputs of.et us collect here some basic expressions and concepts we

stellar evolution. need below. Spruit (1999, 2002) has shown that the magnetic

In this work, we focus mainly on the relative importancéeld can be created in radiative layers of stars iffiedential

of the dfects of the magnetic field and of rotational instabilirotation. Even a small toroidal field is subject to an instabil-

ties to try to determine whichfiects can be let aside and whaity (called Tayler instability by Spruit), which creates a verti-

must be considered a priority. Section 2 summarizes the mai field component. Dierential rotation winds up this vertical

effects of the magnetic field we are considering here followwomponent, so that many new horizontal field lines are pro-

ing Spruit (1999, 2002). Section 3 compares the characteristitcced. These horizontal field lines become progressively closer
and denser in a star in a state offeiential rotation, and there-

Send gprint requests toA. Maeder, fore a much stronger horizontal field is built. This is the dy-

e-mail: Andre .Maeder@obs.unige.ch namo processs described by Spruit. The Tayler instability is a

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20031491



http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20031491
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pinch—type instability. As shown by Spruit (1999), it has a veryuantities have their usual meaning in stellar structure. There is
low threshold and is characterized by a short timescale. Alalzo a minimal extent of the magnetic instability, below which
it is the first instability to occur. The magnetic shear instabilitiy is quickly dissipated by magneticfalisivity,
may be present, but it is of much less importance (Spruit 1999).

The instability occurs in radiative zones and two cases af@l > 77_2 (7
considered by Spruit (1999, 2002) depending on the thermal ~ “A

andu—gradients through the associated oscillation frequenci@erey, is the difusivity of the magnetic field. The combina-
, g6 tion of Eq. (7) with Egs. (5) and (6) leads to a minimum value
Nf = H_P(V — Vad) (1) of the Alfvéen frequency for the occurrence of the magnetic in-
stability in the two cases considered,

N, \? 3
N2= Py 2 (%) N (L)“
T R @ ok o) =a) ®
The thermodynamic cdicientss ande are defined as follows (wA) (NT)% ( K )% (,7 )%
> _ .
1

I I ; ; — — | = 9
5= _(g'%)w andg = (gl—EZ)T,P' The quantityHp is the lo- {0 o) 7o) \k ©)

cal pressure scale height. Following Spruit, we call case 0 Hifese are the conditions in order that the magnetic field over-
case where the-gradient dominates over the thermal gradienty mes the restoring force of buoyancy. In addition in the sec-
I.e. whenN, > Nr. Case 1 applies when the thermal gradiefg case, thefects of the thermal éusivity described by

is the main restoring force, i.e. whe), < Nr. Let us point 46 a150 accounted for. The corresponding maximum radial di-

out that cases 0 and 1 are the two simpler limits of @ MOggasjons of the instabilities are given by the above Egs. (5)
general case, where a proper account of both thermakafid 4 (6).

fects would be made. We may wonder whether we miss some Spruit (2002; Egs. (18) and (19)) considers the amplifica-

important physical situations with this simplification. IndeeqiOn timescale necessary to double the compoBgritarting
numerical tests show that in practice the intermediate situatipgm the radial componer, over the largest characteristic
between cases 0 and 1 introduced by Spruit concerns a smajlyins defined by Egs. (5) and (6). He assumes the equality
but significant part of the star as shown in Fig. 2. In this pag ihe amplification timescale with the timescale for the damp-
cases 0 and 1 give fliision codicients which have the same, by magnetic dfusivity over the above lenghtscales. In this

order of magnitude, therefore the generéeet is correctly de- oy he obtains the expressions for the A&lfivifequency. In the
scribed. However, there is little doubt that in future the genergls; case whertd dominates. this is
’ " ’

non-adiabatic case has to be examined in detail.
The growth rate of the magnetic instability is (wA ) _ L Q (10)
0 N,

Q

2
_ YA
o= 3)
wherewp is the Alfvendi frequency, i.e. the frequency of mag

netic waves. As shown by Pitts & Tayler (1986), the reductigAtion Parameter and on the ratio of the angular velocity to the
factor % in Eq. (3) results from the Coriolis force in a staPrunt-vaisdla frequency. When thermalftlision is accounted

rotating with angular velocitf. The Alfvén frequency is for (N, negligible), one has

1 1
A = L; (4) (%) = q% (g)g( K )8 , (11)
(4rp)z r Qh Nt/ \rz2 Ny

The magnetic instability works only if the unstable disthere the thermal dlusivity also intervenes. A few other recalls
placements do not lose too much energy against the stallbe made when necessary.
stratification. For this to be the case, the radial displacements
(against the buoyancy force) must be small compared to tge
horizontal displacements. Takimgas a maximum for the hor- ="
izontal displacements, this sets an upper limit on the radia

whereq = —%‘{:1?. Thus, we see that the Alén frequency (a

measure of the field amplitude) depends on tHeedéntial ro-

Growth rate of the magnetic instability
| With respect to meridional circulation

length scaléyo; of the displacements, A major question arises concerning a rotating star with a
r wa magnetic field. What happens to the meridional circulation in
Iro < N, ®) presence of the magnetic field of the Tayler—Spruit dynamo?

Basically, meridional circulation occurs because thermal equi-
librium cannot be achieved on an equipotential inside a rotating
Q\Z; K \3 star. Thus, we may wonder whether the horizontal breakdown
lp<r (N_) (m) ) (6) of thermal equilibrium in a rotating star can be compensated by
4 a magnetic stress on an equipotential.
where the indices 0 or 1 refer to the two cases considered. TheLet us define a velocityUmagn characterizing the radial

termK is the thermal dtusivity K = ;i‘fz?p, where the other growth of the magnetic instability. In the two cases 0 and 1, we

and
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Table 1. Structural parameters of the model of Wb, with v, = 300 km s* whenX; = 0.571.

Mc/Mo /R, Q e v, Viaa  Vad g s Hp K
6.5726 1.445 0.76E-04 -0.1180 0.1800 0.317 0.337 0.868D5 1.334 0.33e11 0.35E-10
11.0386 2.080 0.69E-04 -0.3380 0.32E-03 0.269 0.348 0.69B5 1.255 0.27e11 O0.79E-10
14,9421 4.159 0.60E-04 -0.84E-01 0.14E-06 0.225 0.326 @Q3E 1.455 0.19811 O0.81E-12
Table 2. Diffusion codficients of the model of 18, with v, = 300 km st whenX, = 0.571.
MI’/MO N3 N-|2- DangO DchemO Dangl Dcheml DanglP DchemlP Dshear Ucirc
6.5726 0.48E-06 0.73E-07 0.12E3 0.17209 0.15E14 0.68&10 O0.55E-14 0.49E-11 0.402-04 -0.19E-03
Umagn —0.66E+01 —0.772-02 —0.29E-03
11.0386 0.84E-09 0.26E-06 0.5¢E9 0.31E19 0.14E14 0.1511 0.52E14 0.10212 0.28607 -0.23E-04

Umagn

—0.57E+08

14.9421 0.17E-12 0.17E-06 0.1626 0.24E-28

Umagn

—-0.23E14

—0.16E-03

0.29E-15 0.19E-12

—0.42E-03

—0.59E-03

0.15E-14 0.236-10 O0.198-09 0.13E-03
—0.23E-02

consider the ratio of the appropriate maximum lengths given These velocities have to be compared with the radial com-

by Egs. (5) and (6) to the characteristic time',

Umagnot = lro1 o
For the case 0 witiN, > Nr, one gets

rwy
Umagn0 = 70
"

Then, using the above expression (Eq. (10)) for the éifv’

frequency, we obtain

Ny

Q 4
UmagnO = q3 r Q(_) :

ponent of the radial part of the velocity of the meridional cir-
culationU(r), as given by Maeder & Zahn (1998; Eq. (4.38)).
If the circulation velocity would largely dominates, this would
mean that the magnetic field hafests which are too weak
to influence the meridional circulation and the circulation
would develop as usually supposed. If on the contrary, one has
Umagnoz1 > U(r), this means that the magnetic instability de-
velops much faster than the thermal instability at the origin of
meridional circulation. If so, this means that the thermal insta-
bility created by rotation on an equipotential will interact firstly
with the magnetic field. Tayler instability, which has the short-
(14) esttimescale, may possibly develop and create a magnetic field
which will introduce some stress horizontally on the equipo-

12)

(13)

The magnetic instability grows very fastly with the angular véential. Detailed calculations must be done with accounting for
locity and the diferential rotation parameter In case 1 with the dfects of the magnetic field in the equation for the entropy
N, < Nr, we get from Eq. (12) with Egs. (6) and (3) conservation at the basis for the calculations of meridional cir-
R L culation, (this has been made for thEeets of horizontal turbu-
Q\2/ K \7 wi
Umagn1= r (_) ( ) -

lence on the meridional circulation by Maeder & Zahn 1998).
5o (15)
Nr/ \r2Q) Q

For now, we assume in this case, in the whole region where
Using Eq. (11) for the Alfeh frequency, one has for the growtltmagno1 > U(r), that the usual circulation velocity must be
velocity of the magnetic instability setto zero. This working hypothesis is largely confirmed by the
L L comparison below (cf. Tables 1 and 2) of the velocitigs) of
Q\2( K )2
s =703 (|

meridional circulation to the velocitiddmagno,1 characterizing

the growth of the magnetic instability, the last ones being 4 to
This velocity also grows witht2 and g, but less than in the 7 orders of a magnitude larger than the first one.
case 0, because the radiativeasivity reduces the dependence Before looking more to the numerical values, we note
of the Alfvén frequency with respect to rotation parameters that some caution has to be taken so that the comparisons of
andq. Umagn 0,1 @andU(r) are done in a consistent way. The expression

(16)
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for the transfer of angular momentum by circulation anftldi 4. The importance of magnetic stress vs.

sionD is (see Zahn 1992; Maeder & Zahn 1998) horizontal turbulence
d, .- 10, ,— . .
@ (or Q)Mr = 3 (er*QU()) 4.1. Horizontal coupling

_ The turbulence in rotating stars is highly anisotropic and has
+£ 9 [p D rﬁ‘@), (17) astrong horizontal component, described byftudion codi-
r2or oar cientDy, because vertically the thermal gradient stabilizes tur-

whereQ(r) is the average angular velocity on the equipotepylence' This horizontal turbulence strongly reduces the hori-
tial. From the second member of this expression, we see thaf@gtal diferential rotation, so that rotation varies only radially.

any difusion codlicientD, one can define an associated velod-N€ rotation is therefore said to be “shellular” (Zahn 1992,
Q uniform at the surface of isobaric shells). The fméent

ity U

y-o D 90 D Dy, also plays a role in the mixing of the chemical elements

Up=5—=—=5=q (18) and meridional circulation (Maeder & Zahn 1998). A first
Q or r expression foDy, was given by Zahn (1992). Recently another

The factor 5 results from the integration of the angular Momegzpression of this cdBcient has been obtained (Maeder 2003),
tum over the star, which leads to the above Eq. (17). In order to

be correct, 'Fhe compg_rison of velocities must be made over the: Ar [rﬁ(r) V (2V - aU)]% ’ (19)
corresponding quantities as they appear in Eq. (17) for the an-

gular momentum transfer, which in turn implies Eq. (18). Nowyith A ~ 0.10, V(r) the horizontal component of meridional
we take the caicients of magnetic diusionro andys, which  circulation andy = £40°2 Typically, this new estimate

are obtained by replacing the inequalities of Egs. (8) and (8)of the order of 18 to 10 cn?s™ in a massive star, i.e.

by equalities. This means (cf. Spruit 2002) that we consider thygically 1% to 10® times larger than the céicient previously
cases of marginal stability. Now, we can associate integraigstimated. Recent developments by Zahn (private communica-
velocities to these diusion codicients thanks to Eq. (18) andtion) and entered into model calculations by Palacios (private
we find that they are just equal to the velocitldgagno and communication) confirm this higher valuesDf.

Umagn 1 given above multiplied by a factor of 5. These veloci- The question is now: what happens to this horizontal tur-
ties characteristic of the magnetic instability given by Eq. (18ulence, even if it is much larger than initially supposed, in the
are those to be compared to the velocity of meridional circulgresence of the magnetic field? According to Spruit (2002), the
tion, as it appears in the equation for the transport of angutgtyler instability and the associated dynamo leads to horizontal
momentum. As we shall see below, even if we omit these véield components in cases 0 and 1,

ious considerations about Eq. (17), which result in the above

. . . QZ
factor of 5, the conclusions on the order of magnitude will b§¢,o - (4rp)irq -, (20)
the same. N,
Below in Sect. 6, a star model with an initial mass ofM§, . (Q\E[ K \P
a composition given byX = 0.705 andZ = 0.02 and an initial B,; = (47 p)2r Q g2 (N—) (W) . (22)
T T

rotation velocity of 300 kms has been computed. The pre-

scriptions for rotation are those in Maeder & Meynet (2001jor the numerical model of Tables 1 and 2, we find an horizon-

Tables 1 and 2 show the main parameters when the centralthield

content isX; = 0.60 at an age of 47 x 10° yr. We see that the

velocities 5Upagn 01 are 3x 10% to 3x 107 times larger that the Byo = 4.35x10°G  atM;/M, = 6.57, (22)

velocity U(r) of meridional circulation. This shows that, everB,; = 2.80x 100G atM,/M, = 11.04. (23)

if present, the velocity of meridional circulation is negligible

with respect to the corresponding velocity characterizing tHé&ese fields are high with respect to our current standards, but

transport of angular momentum by the magnetic field. Thife magnetic pressure,

the question whether or not meridional circulation appears in B2

the presence of magnetic field is of little relevance, since meri@y g, = Py (24)

ional circulation would anyway be totally negligible in com- T

parison of the ffect of magnetic instability. The same remarks small with respect to the total pressure. One has typically a

arises when one compares the magnetftugion codicients ratio Pmagy/P = 1.5x 1076, 2.7 x 107® in the above examples.

for the angular momentum as given in Eqgs. (40), (42) and (4B)us, the magnetic field generated by the Tayler—Spruit mech-

with the corresponding expression (28) for meridional circulanism does notfgect the shape of the equipotentials. The ratios

tion. B:/B, of the radial to the horizontal field components are given
Thus, we suggest that in the stellar regions where magndticEqgs. (21) and (23) by Spruit (2002) and the values are of the

field is presentand only thergsee Sect. 5), the meridional cir-order of 10° to a few 102.

culation may be neglected with respect to magnetic fiffebes Now, the question is how does the horizontal coupling due

for the transport of angular momentum. As is shown in Secttd the magnetic field, o1 compares with the horizontal tur-

below, the above conclusion also applies to the transport of thdence characterized 3,. Spruit (2002; Egs. (31) and (32))

chemical elements. has given an estimate of the ¢beient of the vertical coupling
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by magnetic field. However, we cannot use it here, because theahe numerical example of Tables 1 and 2, we find ratios
field is very anisotropic. The céiicient Dg, for the horizon- %ﬂ =0.11, 32x 1075, 1.9 x 10* at the 3 layers considered,
tal coupling must be much larger than the vertical one. At lotaking in each case the appropriate expressions for the case 0
rotation, we suggest to take the following estimate, and 1). Thus, we see that through most of the star the circula-
B tion (if it exists!) would have a negligiblekect for the transport
~ L. (25) of chemical elements. Only close to the core, the circulation
(4r p)2 might represent about 10% of the transport by the magnetic

At high rotation, the growth rate is also reduced by the Coriofigstability. This is small anyway and owing to the profound

factor wa/Q (as suggested by Spruit in a private communic§0ubts expressed above on the occurrence of any circulation,
tion), thus one has then we consider that any transport of chemical elements by merid-

ional circulation can generally be neglected in the presence of
Tayler—Spruit dynamo.

DBh = r2 wA

BZ
Dg, ~ 1% (wi/Q) ~ 4ﬂp¢g- (26)
Interestingly enough, this céizient is of the order of 5. An energy condition for the magnetic field
10 cn? s71 in the above examples. Thus, the horizontal ma
netic coupling is about fdarger than the horizontal coupling
by turbulence, even when we take the value given by the n@wa radiative zone, the magnetic field created by the Tayler—
codficient Dy in Eqg. (19) above. Therefore, our conclusion iSpruit instability arises from dierential rotation. Therefore,
that in the presence of Tayler-Spruit dynamo, we can anywgy must impose the condition thtite energy in the magnetic
neglect the coupling due to horizontal turbulence with respéifld cannot be larger than the excess energy ifiedéntial
to the coupling insured by the horizontal component of thetation. Tayler (1973) and Pitts & Tayler (1986) have stud-
magnetic field. More likely, we suspect that the horizontal tufed the conditions for the appearance of the magnetic instabili-
bulence may not develop in this case or occur in a veffgdint ties, which have very short growth times. The above condition
and limited way. is different, it is an energy condition, which must be satisfied
on longer timescales. Due to the magnetifidiivity, the field
once created tends to disappear. Taking the valuBgyf, = n
given for example in Fig. 6 (see also Tables 1 and 2), which are
between 185 and 162 cn? st over most of the star except
In models with rotation and without magnetic fields, the convery close to the convective core, we find that the timescale
bined efect of meridional circulation and horizontal turbulence ~ & for the difusion of the magnetic field is of the order of

may be treated as afflision with a cofficient usually called 2 » 108 to 8 x 10* yr, which is short with respect to the stel-

%_.1. Energy condition

4.2. Remarks on further consequences: The case
of Defr

Derr (cf. Chaboyer & Zahn 1992), lar lifetimes. This means that the field created by Tayler—Spruit
[r U(n)]? dynamo will exist only if the energy of the magnetic field is
Deft = (57— (27)  continuously replenished byftirential rotation during the MS

30Dn evolution. Therefore, we need to apply the above condition.
Now, sinceDy, is negligible, we may wonder what happens to  For a magnetic instability with a displacement of ampli-
the transport of chemical elements by meridional circulatiofude¢, the kinetic energyg by unit of mass is
As well known, it is in general not correct to express an advec-
tion as a dffusion, but let us do it here just for the purpose afg = = wi £, (31)
comparing orders of magnitude. Thefdsion codicient we 2
may associate to the meridional circulation is in this case, The excess enerdy, in the diferential rotation is the tlier-

ence of energy between the existing flow witkteliential rota-

Deire ~ Ir U (r)l. (28) tion and a flow with an average rotation over the considered ra-
This must be compared to the dheientsDenem o, 1, Which are  dial distance. Let us consider a horizontal velocity fielu(r).
obtained by imposing equality in Egs. (8) and (9) and takdver a vertical distancerdthe energy excesssd over the ex-
ing Dehemo.1 = 70.1. The equality means that one consider§nt of the magnetic instability is
the case of marginal stability as determining for the transport.
Then, in the obtained relations, the Adfw’frequency is ex- dEg

2
%[W2+(W+d\/\/)2]—%-2(W+ dlv)

pressed with the help of Egs. (10) and (11). In this way, Spruit 2
obtains (2002; Eqgs. (42) and (43)), _ w2 (32)
4
Q 6
Dchemo = 2 Q q4(N—) , (29) If I, andly, are the radial and horizontal components of the dis-
" placement of the magnetic oscillation (cf. Spruit 2002), the
and energy excess over the displacemgnan be written,

Q)3 i 1(dW\? , [1:\?
Dchem]_: rZQq(N—T) (m) . (30) EQ = Z(E) fz (m) . (33)
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The horizontal velocityV(r) = r sin® Q, whered is the colat- This means that the degree offdrential rotationq must at

itude. Thus, one has least be larger thar/3 times the ratidg- of the Alfvén to the
dinQ rotation frequency, in order that there is enough energy in the
— =rsing — = Qsing —— = -Qsind q. (34) differential rotation to allow the Tayler—Spruit dynamo to oper-
dr dr dinr . o L -
" ate and build a magnetic field. We insist that this is a necessary
The conditionEq > Eg leads to condition. If this condition is not realized, there is certainly no
2 magnetic field created by the dynamo. Further work may per-
1 22 i r 2 .. L
> sir ¢ NG (35) haps lead to an even more constraining condition. The numer-

ical factor, herev3, may depend on the exact geometry of the
This would apply to a given colatitud This equation as it magnetic displacements in a rotating star. We note also that if
stands means that the reservoir of available rotational enef¥re are several types of instabilities generated Bgrdintial
is larger at the equator, while we know (cf. Spruit 1999) on thetation, the available energy given by Eq. (33) would in some
other hand that Tayler instability is stronger away from equat@yay be shared between the instabilities. However, as mentioned
Now, for the ratio {-) of the vertical to the horizontal displace-above, the Tayler instability is the main one and shear instabil-
ment, we could take for example in the outer layers, where difies appear negligible in comparison.
ferential rotation is generally small, the value given by Eq. (6) We can go a step further, since the Adfvfrequencywa
above (case 1). This promptly leads to the following criteriag a function of rotation and tferential parameteg|. For the

with account of Eq. (11), case 0, where the—gradient dominates, the rati is given
1, o0 1 by the above Eg. (10). Thus, the above condition (37) becomes
Nry# (FENT) in this case
lal>3 (o K (36)

Q 1
This equation ignores the geometry of the field. However, vig, < Vi 0.5774 (38)

have to consider carefully the geometry of the problemin 2 spe-

cific respects: This is the necessary condition in order that a magnetic field
1. We must account for the fact that in the model of shellulgiay develop from dierential rotation in case 0. At first glance,
rotation the energy of rotation is not a local quantity dependifigiS condition may look strange, since it means tfamust

on (r, ), but onr only. The physical reason in the usual rotabe smaller that some value. The reason is thagrows like

ing models is the strong horizontal turbulence (cf. Zahn 1992). % while the upper limitingwa expressed by Eq. (37)

In the present models, the horizontal magnetic coupling is eV§hes like L Q. Thus, if Q would be too big, the actuaba

stronger, as seen above in Sect. 4.1, so that shellular rma%gfbld overcome the critical value. In the numerical examples

is a valid assumption here. In such a case, the average st ables 1 and 2, case 0 is relevant at the edge of the core at
structure of the rotating star corresponds very well to the strqgl—r/MO — 6.57. There is 0.11, (typically£ lies between 0.1
= 6.57. N, A1, N, .

ture at a_colahtudé given by Fhe root of the S‘?.CO”‘?' Legendrend 0.15 throughout the star). This is smaller th&7@4 and
polynomial P»(cos#) = 0, (this has been verified in a recen o .
hus the magnetic field can be present in these layers.

work, Maeder 2001). Thus it is appropriate to consider for the We now consider case 1 with thermaffdision, the Alfen

. . . W . . . .
differential rotaﬂoer—r in Eqg. (34) on a given equipotential thefrequency is given by Eq. (11). With the above condition (37),

2
average valugd)” = 2 Q%c?. one obtains
2. The geometry of the field is also particular (cf. Spruit ) .
1999, 2002). It consists of stacks of magnetic loops concentiét _ [ Q \*( K }?
. . , . : — > — . (39)
with the rotation axis. The main component of the displace3 Nt/ \r2 Ny

ment due to the Tayler instability is perpendicular to the r

tation axis. This means that at colatituflethe ratio ﬁ) be- | h to be able t te th tic field. In th
haves essentially as tén Since the polar caps are most unarge enough to be able to generate the magnetic Tield. 1n the
riwmencal examples in Sect. 6, the condition is not satisfied in

stable, while the equatorial regions are not, it is clear thatth ter] hich h i aftatintial rot
the polar regions one has a ratii'(h—J)(smaIIer than 1. However, . € very outeriayers, which have a too we ential rota-

in 1D models as here we must consider the significant aVEP_”-
age for the whole range of colatitudes. The field behaves as
B, ~ sind cosy (cf. Spruit 1999; Eq. (35)) and the Tayler in-5.2. Collection of formulae and recipes

stability develops only fo#t < n/4, therefore it is necessary . ) .
on a given isobar to consider colatitudésmaller or at most Let us collect here the various expressions we have for the dif-

equal tor/4. If we take this last value as the limit, this givedusion coelicients by the Tayler-Spruit dynamo in radiative
the upper bound tah = () < 1 zones. Case 0 applies whilp > Nr. Magnetic field is present
=(F) <1,

From these two geometrical remarks, we obtain the nec88lY When the criterion given by Eq. (38) is satisfied. Then the

sary condition for the existence of a magnetic field generaf@ffusion codicients for the transport of the angular momen-
by the Tayler—Spruit dynamo as follows tum and chemical elements are respectively,

q:his means that the fierential rotation parametgq has to be

4
(37) DangO= rZqu(E) P (40)
Nll

w
wa _la

Q3
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Fig. 1. Internal H—profile in the 15M, test model withv, = Fig.2. The oscillation frequencies in the model of Fig.N is indi-

300 kms*. The model is at an age ofG#x 10° yr. This is the refer- cated by a continuous line amé is given by a dashed line.
ence model in which we examine the properties of the magnetic field

in detail. a\8
DchemlP= rZQQA (N_T) . (45)
6
Q
Dehemo= r*Qq’ (N_) . (41) These are the same equations as in case 0, butNyithstead
W

of N,. This means that we are considering only the restoring
Case 1 applies wheN, < Ny, then account is given to theforce of the thermal gradient and that we are ignoring the non—
thermal difusivity. Magnetic field is present only when the criadiabatic radiative losses.

terion given by Eq. (39) is satisfied. Thefldision codicients For case 1, we compare the éidgient with indices “1” and
for the angular momentum and chemical elements are respdd®” and must take the larger ones. From Fig. (5) below, we
tively see that the cdicients “1P” may be larger than the dbe
cients “1” in some parts of the star. Of course, we have also
S (VP K2 to test whether the magnetic field can be created frofiierdi
Dangy =1 Q(N_T) (m) ’ (42) ential rotation. For such zones of case 1P, the criterion for the
0\ Kk \¥4 existence of the magnetic field is evidently the following one
Dchem1= rZQ |Q| (_) (2_) . (43) Q 1
Nr/  AreNr =2 < = -05774 (46)

Normally, these cd@cients are larger than those which WouldNT V3

be obtained in case 0 witNr instead ofN,, because the ac-and the appropriate test has to be made in the concerned layers.
count for thermal fects reduces the buoyancy force which op-
poses to the magnetic instability. However, as noted by Sprgit
(2002), it may happen in some cases that thesfficmats with
index “1” are smaller. As noted by Spruit (2002), this is an arté.1. Magnetic vs. rotational transports of angular

fact from the simplification introduced by considering only the  momentum and of chemical elements

2 limiting cases 0 and 1. Spruit suggests to introduce an inter- ) L
polation formula depending ap We hesitate to do so, becausd'€ calculate evolutionary models of a %, star with initial
this extra—dependence on thefeiiential rotation parameter COMPOsitionX = 0.705 andZ = 0.02. The physics of the mod-

is unphysical, since the interpolation should rather depend §f3 (OPacities, nuclear reactions, mass loss rates, treatment of
the thermal and magneticfiisivitiesK and. Thus, the sug- rotation, increase of the mass loss rates with rotation, etc.) are

gested treatment might introduce spurioffeets in some evo- (€ Same as in Meynet & Maeder (2003). We compute the MS

lutionary stages. The general case where therriats and evolution of a model with an initial velocity of 300 km's

p—gradient are accounted for needs to be worked out in futufgich leads to an average velocity during the MS phase of
For now, we prefer to do the following by considering thgbout 220 km's', which corresponds to the observed average
codficients rotation velocity. We now consider in detail the properties of

a particular model with rotation to see the variousfiiognts
o 5 4 and criteria characterizing the growth of the magnetic field. We
Dang1p="Qq° | — (44) :
ang Nt/ take the model at an agel& x 10° yr with a central H—content

Numerical applications to stellar models
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Fig. 3. The distribution of the angular velocity in the reference modelig. 5. The difusion codicients for angular momentuBgng (contin-
of Fig. 1 with rotation (continuous line). uous line) andng1p(dotted line). The dfusion codficients for chem-
ical elementD nem1 (dashed line) an®qpemip(long dashed line). In
each case, the largesfitision codicient has to be taken.

30—/

value, the main restoring force is no longer thegradient, but
the stable temperature gradient.

In case 1, where thermal gradients dominate, tifi@isibn
codficients are illustrated in Fig. 5. We see that for the trans-
ports of angular momentum and of chemical elements, the co-
efficients with indices “1” dominate in the external parts of the
star above /R, = 2.69. However, we also notice that in a size-

e able region, i.e. betweariR, = 1.59 and 269, the coéicients
with indices “1P” dominate over those with “1”. This occurs, as
expected, at some limited distance above the edge of the con-
vective core, at the place where tlaegradient becomes small
enough, but is still dferent from zero. In these regions, more
general developments having case 0 and 1 as limiting cases
6 would be a progress. We see that thfedences between the
/R, two cases “1P” and “1” amounts to a maximum of 0.4 dex and
Fig. 4. The difusion cogicients Dango (continuous line) an®eneno 0.6 dex for the transport of angular momentum and chemical

(dashed line) corresponding to case 0. As discussed in the t&gments respectively. This is limited, but non negligible, and

these cosiicients apply only in the rising part betweefR, = 1.32 It may justify a further study of the physics of the general case.
and 1.59. However, we notice that thisflierence is small when compared

to the diferences resulting from the inclusion of the magnetic
field or not, which as shown below amounts to several orders
X = 0.571. The H—profile inside the star is illustrated in Fig. &f magnitude. Thus, we conclude that the presentfabents
and the oscillation frequencid¢? and NZ in Fig. 2. We see of diffusion need to be further improved, but they nevertheless

that case 0 applies betweefR, = 1.32 and 1.59, which cor- describe correctly the main results of the inclusion of the mag-
responds to mass coordinates 5.53 ant M, respectively. netic field.

The internal profilef)(r) is illustrated in Fig. 3. Tables 1 and 2 provides some useful structural parameters,
The difusion codficients Dango and Dcnemo are illustrated e gitusion codficients and the velocities of meridional circu-

in Fig. 4. These cd@icients grow very fastly at the edge of thation and of magnetic instability at 3 locations in the reference

core sinceN; decreases very fastly there and the dependenggdel of 15M, with an initial velocity of 300 kms! at an age

in the ratio C\,%) goes like the power 4 and 6 for the two coef4.17x 10° yr. The three levels considered illustrate the case 0,

ficients respectively. These diieients apply only in the rising 1P and 1 respectively. These Tables permit further quantitative

part betweerr/R, = 1.32 and 1.59 as indicated. Above thisinalysis of the various terms intervening in the equations.

20 -

Log D [em? sec-!]

10 —
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Fig. 6. The figure shows the complete description of thféudion coef-  Fig.7. The diferencez — 7 when case 0 applies, i.e. in the re-

ficient Dang for angular momentum (continuous line) made accordingion between /R, = 1. f:,z and 159. According to criterion (38), if

to prescriptions of Sect. 5.2. The complete description of tfieidi this difference is negative, magnetic field is created. Thus, we see that
sion codficient Denem for chemical elements is given by the dashegh the region where the—gradient dominates, magnetic field can be
line. The dotted line shows the sheaffdsion codicient Dshearffom  generated by the Tayler—Spruit dynamo.

Maeder (1997). The thermalfflisivity codficientK is represented by

a long—dashed line.

Tayler—Spruit dynamo are in general equal or larger than ther-
mal dfects. Globally thermalféects may be relatively more

Figure 6 shows the comparison of thédsion codficients . " .= :
significant in the outer layers.

due to the magnetic field compared to thfukion codicient

Dshearby shear instability in the rotating star and to the thermal

diffusivity K. The transport of angular momentum by the mag.2. Existence of a magnetic field due to the energy

netic field is 6-7 orders of magnitude stronger than by shear  condition of differential rotation

instability in a rotating star. Similarly, as discussed in Sect. 4.2,

the magnetic transport of angu|ar momentum is alspdrders AN important queStion in the models is to determine at each

of magnitude larger than by meridional circulation. Thereforéhell mass whether fierential rotation described by parame-

we conclude that transport of angular momentum by magnei@ g is suficient to create the Tayler—Spruit dynamo to produce

field is totally dominating, if magnetic field is present. a magnetic field. We examine here whether these conditions are
For the transport of chemical elements, th&atence be- fulfilled in the model with rotation only studied in the previous

tween the two dfusion codficients amount to 35 orders of Subsection. Firstly, we examine the regions adjacent to the core

magnitude in favour of the transport by magnetic field. The diRetween /R, = 1.32 and 1.59, where case 0 applles sihge

ference is especially large in deep regions at some distanc&@finates. Figure 7 shows thefidrenceg: — -, we see that

the convective core. At the very edge of the convective core, tiiethe concerned region betweerR, = 1.32 and 159, this

dependence of the ciientDenemo in the power 6 of%) re- difference is negative, thus magnetic field is present there. This

duces the magneticfilision drastically, so that as mentioned ifs an interesting result because it means that despite the strong

Sect. 4.2 the ratio of the transport of chemical elements by tigstoring buoyancy force due to the very lafggradient, the

magnetic instability to the transport by circulation may amouftiferential rotation is high enough to develop magnetic insta-

to about 1 order of magnitude. Some tests indicate that tRifity- At each time step during evolution, such tests need to be

makes the chemical enrichments in helium and nitrogen at fprformed.

stellar surface are stronger, but not todfetient, from those ~ Secondly, we examine the zone aboyB, = 1.59 and up

without magnetic field, despite the fact that théulion coef- t0r/Ro = 2.69, where case 1P applies. There, we check for the

ficients with magnetic field are orders of magnitude larger ovéifferencesr — 7 If this expression is negative, magnetic field

most of the stellar interior. On the whole, we see that for chems-created. This expression lies betwe®¥0 and-0.50 in this

ical mixing also, the magnetic instability plays a great role. whole intermediate region. Thus, we conclude that magnetic
It is also interesting to see thatfllision codicients by field is also present there.

the magnetic field are almost equal (transport of chemical ele- The criterion for the existence of the magnetic field in the

ments) or even larger (transport of the angular momentum) thexternal zone, which corresponds to case 1 is given by Eq. (39).

the thermal dtusivity. This means that magnetiffects by the From Fig. 8, we see that in this zone which lies between
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A reduced down to a stage where the criterion (37) discussed in

Sect. 5.1 is just marginally satisfied, i.e.

0.1 -
- - _ V3 A
| l=v3 g (47)

Indeed, if diferential rotation is higher than given by this
criterion, magnetic field develops and the associated coupling
reduces dferential rotation. If, at the opposite, fiirential
rotation is lower than given by criterion (47), the growth of
mean molecular weight by nuclear reactions in the central
regions together with angular momentum conservation will
produce an enhancement offdrential rotation. Thus, a stage

- 1 of marginal equilibrium is most likely reached during MS
evolution. It may also be that the outer layers never have
sufficient diferential rotation to build Tayler-Spruit dynamo.
Further numerical models will explore the evolution of stars
- 1 with rotation and magnetic field, and analyse the coupling

T e between magnetic field andftérential rotation.
0 1 2 3 4 5

r/R,

0.05 -

0_

Note added in proofThe above calculations determine the
Fig. 8. The quantityd - (Ng)i (£ )% given by Eq. (39) vsr/R,. Magnetic field which develops in a rotating star, which had no
When this quantity is positive in the region where case 1 applies, ffi€ld until a considered specific evolutionary stage. Recent cal-
abover/R, = 2.69, diferential rotation is sficient to generate the culations have confirmed, as suggested in the conclusions, that
magnetic field, which is the case here. models with magnetic field included throughout MS evolution
reach an equilibrium situation with very little féérential ro-
tation. This happens in turn to make a feedback on the field
1 1 amplitude and on the velocity of meridional circulation. This
r/Ro = 2.70 and the surface, theftrence > ()" gﬁ) has two consequences: a) the internal magnetic fields are re-
is generally positive, which means that magnetic field is pres@ffced to a few 19G; b) the velocity of meridional circulation
over that region. However, we notice that very close to the increased to about #@m sL. This confirms that magnetic
surface this dference goes to zero. This means that at tg|gs play an essential role. However, in the equilibrium mod-
surface, dierential rotation is becoming inficient to gener- g|s some fects of meridional circulation could also influence

ate the magnetic instability. This is interesting because it M@y internal profile of2(r) due to the above feedback.

explain why there is in general no strong magnetic field ob- .
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