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Magnetic fields of Ap stars as a result of an instability
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Ap star magnetism is often attributed to fossil magnetidfiethich have not changed much since the pre-main-sequence
epoch of the stars. Stable magnetic field configurations acsvik which could persist probably for the entire main-
sequence life of the star, but they may not show the complexit diversity exhibited by the Ap stars observed. We
suggest that the Ap star magnetism is not a result of stabligemations, but is the result of an instability based oarsjr
toroidal magnetic fields buried in the stars. The highly ndsyanmetric remainders of the instability are reminisceht

the diversity of fields seen on Ap stars. The strengths ofthemnant magnetic fields is actually between a few per cent up
to considerable fractions of the internal toroidal fieldstmeans field strengths of the order of kGauss being conipatib
with what is observed. The magnetic fields emerge at theaurtgther quickly; rough estimates deliver time-scalefef t
order of a few years. Since rotation stabilizes the instgbilormal A stars may still host considerable, invisildedidal
magnetic fields.
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1 Introduction of their main-sequence life. This was challenged by Land-
street et al. (2007) who attributed at least part of the eftec
Chemically peculiar stars of types late B, A and early F are difficulties in determining the ages of these stars. goun
often accompanied by magnetic fields. We will call them Ajintermediate-mass stars also show magnetic fields, and the
stars here collectively and will deal with the possible orig fraction of magnetic ones of the total number is roughly the
of the magnetic fields observed at the surfaces of these stazme as for Ap stars (about 7%, Wade et al. 2009), indi-

The observations of magnetic Ap stars show a large diating that Ap star magnetism persists from the pre-main-
versity of field strengths, topologies, and rotationalpési Sequence phase into the main sequence. In a study relating
Only a fraction of roughly 10% of all A-type stars shows théhe magnetic field strength to the age, Hubrig et al. (2009)
peculiarities and notable magnetic fields. Ap stars typicalfound a decrease of field strength with age where the stars
rotate more slowly than normal A stars. The distributionsere between 0.3 and 14 Myr old, concluding that Herbig
do overlap, but the Ap stars form a separate distribution a@/Be stars are not the progenitors of Ap stars.
are not just a slow tail of the period distribution of normal
A stars (Abt & Morrell 1995). . . -

The magnetic fields have typically strengths of a fe\/@ Ap star magnetism from Tayler instability
kGauss and are not symmetric with respect to the rotati(w
axis. The variety of field strengths and geometries is Iarg.e.e
Measured fields are between 0.3 and 30 kG (Donati & Larjfy
street 2009). Especially the very slow rotators among the
stars do not show any strong magnetic fields of above 7.5
(Mathys 2008). An approximation of the magnetic fields b
dipoles leads to an axis of obliquity against the rotatias.ax

arly all magnetic-field configuration are prone to indtabi
eventually, if the field strength is large enough. Magmet
Ids B pertaining to electrical currengswill become un-

ble unless they are force-free, iR}|j or are balanced

y other forces (Duez et al. 2010). Comprehensive studies
f toroidal magnetic fields were published by Vandakurov

This was shown to be large (inclined dipole) for the faster &972) and Tayler (1973). In many cases, non-axisymmetric

the Ap stars and smaller (aligned dipole) for the slower—rotgerturpat'ons are the most unstable Ones. The term kink-
tors by Bagnulo et al. (2002). This picture was modified b nstability refers to these cases. We will refer to the whole

Mathys (2008) who found very large obliquity values als lass of current-driven instabilities by the term Tayler in
for the extremely slowly rotating Ap stars stability and will not review the extensive research that ha

been done on current-driven instabilities here.

There are also differing results on the evolutionary pic- Rotati bil h ic fields. A h esti
ture of magnetic intermediate-mass stars. Hubrig et al. otation stabilizes the magnetic fields. Arough estimate

(2000) found the Ap star phenomenon to be much less frE?—IIS that magnetic fields become unstablif ~ €2, where

guent among stars which have not completed the first 30_@0A = B/y /WSW is the Alfvén ?”gu'a.r veIocit_y ang .
is the angular velocity of the domain storing the fields &Pitt

* Corresponding author: rarlt@aip.de & Tayler 1985). At the expense of longer growth times,
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smaller fields can also become unstable. According to coffiield strengthB, and the temperature deviatiéh from a
putations by Arlt et al. (2007a) and Kitchatinov & Rudigergiven background temperature profilg:

(2008), the magnetic fields stored in the solar tachocling,, —

would be limited to a few hundred Gauss. They can be stag; = —(# - V)u+(V x B) x B+ Rar®

bilized further by adding a poloidal magnetic field, the sta- —Vp + PmAu, (1)
bility limit then being about 1000 Gauss (Arlt et al. 2007b); g

which still corresponds to fields with, < Q. 5% = V x(ux B)+AB, (2
The stability against non-axisymmetric perturbations ig)g Pm
additionally enhanced if differential rotation is preset- FrE VO —u - VT, + ﬁﬁ@, 3)

cording to the analysis by Rudiger & Kitchatinov (2010)Wherep is the pressure, the Prandtl number Pr is the ratio

a weak differential rotation of a few per cent is already; o viscosityw to the thermal diffusivityy, Pr — v/
enough o increase the stqblllty I'm.'t for the = 1 mode e the magnetic Prandtl number Pm is the ratia-db
by a factor of three, when is the azimuthal wave number. the magnetic diffusivity), Pm — v/x. The ratio ofPm to
The computations were global in the horizontal directio L is often called the R(;berts numb;prThe densityp and

Td Iog.al in the raldbialhdir_ectio_n. xvef\’\ﬂ" IQOk at t(l;e globaly,e permeability: are set to unity. The background temper-
three-dimensional behaviour in the following study. ature profile follows

Since the magnetic fields of Ap stars are virtually con-
stant in time, it is interesting to find stable magnetic field}, = (4)
configurations which are not Tayler unstable and could To —Ti
thus provide the constant fields observed. Braithwaite &counting foran entirely conductive heat transport with u
Nordlund (2006) have computed such equilibria for a noriker and lower boundary values of 0 and 1, respectively.
rotating star. They are twisted tori in which the poloidal The initial velocity field is a differential rotation accord
component is the main contributor to the magnetic energfg to

Tori/T — Ti

More complex structures of surface magnetic fields were Rm
found by Braithwaite (2008). s) = NaErTh (5)

We are going another way here: the idea is that the Ofyneres =  sin 6 is the distance from the rotation axis and
served surface magnetic fields of Ap starsreoethe man- R is the magnetic Reynolds number defined by

ifestation of initially stable magnetic-field configurat® 5

but that they are the result of unstable magnetic fields. Wgn, — R*_Q*7 (6)
explore the possibility that the observed fields are remmant n

of the Tayler instability of toroidal fields in the stellatén ~ wWhere(, is the angular velocity of the star. Lines of con-
rior. stant() are parallel to the rotation axis and cause the least
amount of hydrodynamically induced meridional flows in
which we are not interested here. We assume that the star
has undergone a rotational braking before entering the main
. . ) e sequence (Stepiefn 2000). Since this braking has afftioted
The simulations employ a spherical shell to mimic the rag, tace of the star, a differential rotation near the ZAMS
diative envelope qf an Ap ;tar. The computational domapaay be a good model for at leatst some of the young
extends from an inner radius of = 0.5 to an outer ra- +armediate-mass stars. We are uding = 20000, ¢ = 4,

dius ofr, = 1in pormaﬁzed units. We need to emphasizg,yp,, — 1 in all computations. There is a single simula-
though that the simulations are not meant to cover the vefy | employingRm = 40 000

outer zones of the star which are characterized by low den-

sity and considerably_different physics as compar_ed ot Timbers, which is the same as the non-dimensional Alfvén

bulk of the pl_Jrer rad|at|ve_ zone. The_ sygtem is S|m|_ollf|e elocity in our system of units,

to the Boussinesq approximation which ignores variations

of the background density in space and time. It does al- g — %, (7)

low for small density deviations from the background value VIR

thus permitting also simulations of convection with whichlhe initial magnetic field is a poloidal field of strengBy =

we are not concerned here. The solutions are obtained w0 which is entirely confined in the computational domain.

the spherical spectral MHD code by Hollerbach (2000). This condition is not a requirement for the instability, but
The simulations are carried out in non-dimensionansures that the radial fields finally measured on the surface

units, where lengths are measured in terms of the stellefrthe star are not relics of the initial-field configuration.

radius R.., times in diffusion timesyqiz = R2/n with n In time-dependent simulations, the magnetic diffusivity

being the magnetic diffusivity, and thus velocities and mag is far from the stellar one and typically represents a value

netic fields in terms of)/ R, and,/upn/R., respectively, between the microscopic diffusivity of the plasma and the

wherey is the magnetic permeability. The following non-turbulent diffusivity resulting from, e.g., averaged cenv

dimensional equations evolve the velocitythe magnetic tive motions. Of the quantities entering (7),is the one

3 Numerical model

Magnetic fields are measured in terms of Lundquist
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Table 1 The simulations described in this Paper. In the

symmetry column, S means symmetric and A means an-
tisymmetric with respect to the equatds., is the di- 3
menionless maximum magnetic field at the surface, Whi|§

10000 T T T T T T

1000

T

tiop — tpers IS the time when this maximum occurs, mea-5 i
sured as a difference to the instance of perturbation in difz 100} ;
fusion times. o : H
m i
Initial . Z  10b ._,_“_: ______ msg 4
Run symmetry Ra Biop  tiop — tpert ‘523 Eo Clmesinew
NLAO u:S, B: 0 1075  0.00296 LS I e asurace |
. . 1 1 1 1 1 1 1
NLSO U. A' B:S 0 167 0.00494 0.002 0.004 0.006 0.008 0.010 0.012 0.014
NLA-1E9 w:S,B:A —1-10° 199 0.00582 DIFFUSION TIMES
NLS-1E9 w: A, B:S —1-10° 64  0.00914 _ o _ _ _
NLS-5E9 w:A, B:S —5-10° 60  0.00842 Fig.1 Magnetic field fluctuations as functions of time for

the run NLAO withRa = 0 and a perturbation which is
antisymmetric inB.

which is known least. It is therefore best to eliminatby
Rm and thus retrieve the physical magnetic fields by com-

paring its Alfvén speed with the rotational velocity, variables, we update the time-step only every 100 integra-

tion steps. This is certainly a compromise but turned out to

Bphys = v/Jip Q. R, RE g) ensure —together with the safety factor of 0.2 — enough sta-
m

bility to run the code through the injection and growth of

The boundary conditions for the flow are stress-free at bothe unstable mode.
r; andr,. There is no imposed velocity, neither in the bulk

of the computational domain nor at the boundaries. VacquP Results
conditions are employed at bothandr, for the magnetic
f'eld.' .SUCh (.:OHd't'O”S may lOOk.Odd atthe inner boundar)&" the simulations are first evolving the axisymmetric ini-
but it is a fairly good way of getting the least amount of ar:.

tifacts from the inner boundary which, as such, does not eg@l conditions in a three-dimensional domain. The energy

o ) S in the non-axisymmetric modes remains about 30 orders of
ist in reality. Perfect-conductor conditions are much \eors

. : magnitude smaller than the energy in the = 0 mode.
since they cause strong currents near the inner boundary as® . : : : o .
o ) “The differential rotation winds up the initial poloidal mag
soon as the magnetic field tends to fill the whole stellar in-

) L netic field very quickly. At the same time, Maxwell stresses
terior fromr = 0 to r, which is prevented by the boundary T ) i :
conditions. grow and diminish the differential rotation. The whole pro-

] ] cess reaches a maximum toroidal field after a time which

Note that the use of spherical harmonics allows thgsn pe estimated by = \/ZiPR./Bo. In our case with
implementation of exact vacuum conditions which are Qb — 300, this corresponds to a dampig time for the differ-
straight-forward in grid cpdes. The boundary conditions fasntial rotation Oft gamyp = 0.0033 diffusion times. Note that
the temperature fluctuations &ri) = 0 andO(r.) = 0. this time-scale does not depend on the Reynolds number. In

The velocity and the magnetic field are expressed by twpsystem of coupled equations of motion and induction, a
scalar potentials each. These and the temperature fluctgsonger differential rotation also means stronger magnet
tions are decomposed in Chebyshev polynomials in the rields and thus stronger Maxwell stresses changing the dif-
dial direction and in spherical harmonics for the horizbntderential rotation.
directions. The potentials are thus functions of the Cheby- aAn earlier stability analysis delivered the maximum
shev degreé, the Legendre degrde the azimuthal wave field strength of the axisymmetric configuration, be-
numberm, and the time. The spectral truncations were alyond which the system becomes unstable under non-
kmax = 40 Chebyshev polynomials and all spherical haraxisymmetric perturbations (Arlt & Rudiger 2010). In the
monics up td,ax = 60 andm running from—/to /. present study, we inject a non-axisymmetric perturbation

An implicit scheme integrates the diffusive terms irinto the system at,.,: = 0.003 diffusion times which is
spectral decomposition, whereas the nonlinear terms awvben the axisymmetric configuration is already supercriti-
treated on a collocation grid in real space. We implementedl. The perturbation has the topology of(cos 6) cos ¢
a variable time-step determined by the Courant-Friedricepherical harmonic for the antisymmetric cases (‘A’ in Ta-
Levy (CFL) criterion from the velocity and the Alfvén ve-ble[d) and that of &, (cos 6) cos ¢ spherical harmonic for
locity of the magnetic field. An additional safety factor ofthe symmetric cases (‘S’ in Takilé 1) in the poloidal potdntia
0.2 is applied to the maximum possible time-step accordf the magnetic field. This also corresponds to an antisym-
ing to the CFL criterion. Since a new time-step requires exaetric and a symmetric magnetic field perturbation, respec-
pensive inversions of the time-stepping matrices for adi fivtively. The simulations presented here are listed in Table 1
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Fig.2 Magnetic field fluctuations as functions of timeFig.4 Magnetic field fluctuations as functions of time for
for the run NLA-1E9 withRa = —10? and a perturbation the run NLS-1E9 witfRa = —10° and a perturbation which
which is antisymmetric irB. is symmetric inB.

1000 while the run withRa = 0 shows much smaller azimuthal

scales. Stable stratification seems to cause smoothecsurfa
fields in general, regardless of the symmetry of the perturba
tion, and also weaker magnetic fields. A purely antisymmet-
ric solution has to showB,. = 0 in the equatorial plane of
the rotating sphere, thereby excluding an obliquitpof.

E It is thus interesting to excite a symmetric mode by a sym-
...... e ] metric perturbation, and to test whether maximum obliquity
= = +«rms B_theta’

. rms B_phi' ] can be achieved.

=—+++ max B_r" at surface

1 : : : : Figured 8 andl4 show the corresponding rms magnetic
0.005 0.010 0.015 0.020 0.025 . . . . .
DIFFUSION TIMES fields for symmetric perturbations. The fields emerging are
typically weaker and tend to reach their maximum about
Fig.3 Magnetlcfleld fluctuations as functions of time forpg_309% |ater than the fields emerging from an antisym-
the run NLSO withRa = 0 and a perturbation which is metric perturbation. Both symmetries have been shown to
symmetric inB. be unstable in the analysis by Arlt & Rudiger (2010) near
t = 0.003. However, a look at the surface plots in Figk. 7
and38 tells us that there is no pure symmetry anymore after a
The nonlinear evolution of the instability of a pertur-certain time; the plots were made at the times of maximum
bation which is antisymmetric in the magnetic field (rursurface field, i.et — t,ex = 0.00494 diffusion times for
NLAO; resulting in a symmetric flow perturbation) is showrNLSO and att — ¢, = 0.00914 diffusion times for NLS-
in Fig.[D forRa = 0 in terms of the rms magnetic field com-1E9, respectively. Numerical noise is apparently growing
ponentsB™s = /(B’2) etc. The maximum radial mag- and delivering a substantial contribution from the antisym
netic field Bm2*, determined only on the outermost surfacénetric mode. We conclude that antisymmetric configura-
of the coIIocat|0n grid, is also shown. The surface is logatdions are more likely to become visible on the stellar swefac
at a distance of\r = 5 - 10~5 from the outer radial bound- than symmetric ones. This of course excludes an obliquity
ary. It is interesting to note that the maximum surface r&f precisely90°.
dial field supercedes the rms values of the internal fluctuat- The field strengths appearing at the surface are quite
ing magnetic field. The corresponding run NLA-1E9 wittsubstantial. They range from 4% to 76% of the maximum
Ra = —10° is shown in Fig[R. The emerging fields areoroidal field strength inside the computational domaire Th
lower in general, and the maximum is reached at a lateprresponding field strengths are between 1 kG and 29 kG
time. The maximun®B, at the surface remains almost conaccording to[(B) for stars with radii betwearb R, and
stant for the rest of the simulation. 2.5R and a rotation period of 10 days. This is a nice match
Figures[b and6 show the surface magnetic fields yfith the observed surface magnetic fields. For longer rota-
the simulations NLAO and NLA-1E9, respectively. Both ardion periods, the dimensionless field strengths correspmnd
taken at the moment when the radial surface field reachesitaller physical field strengths.
maximum; these are at— ¢, = 0.00296 diffusion times The next question concerns the time it takes a real star
for NLAO and att — t,ere = 0.00582 for NLA-1E9. The to show substantial fields on their surfaces, as a result of
m = 1 mode is evidently the dominating one for NLA-1E9the Tayler instability of internal toroidal fields. Quest®
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Fig.5 Surface plot of the magnetic field from the simulation NLAG at ¢, = 0.00296. The contours represe,
while the arrows shouBy andB,,. For the sake of clarity, a smaller number of arrows is ptbéte compared to the actual
number of collocation points in the simulation.

7,-102

Bo—— 182

Fig.6 Surface plot of the magnetic field of the simulation NLA-1E9 & ¢, = 0.00582. The contours represemt.
while the arrows showBy and By.

about time-scales are always difficult to answer from notield of ¢, — tpere = 0.00242. The results indicate g, —
linear simulations since the magnetic Reynolds number wil} e, ~ Rm ™! dependence. That has the advantage that the
always be much smaller than the stellar one. This eithemergence time is simply a multiple of the angular velocity
means that the angular velocity in the simulation is way toQ:

small, or the magnetic diffusivity is much larger than the )

microscopic value in stars. It is thus necessary to run sip- _ ¢ f _ € ©)
ulations at various magnetic Reynolds numbers to see how'> Rm n Q’

the results scale with Rm. ) o ) )
whereC = 98 is the result of fitting the two points with

While a full exploration of this dependence goes beyona power law. A 10-day rotation period of the star results in
the scope of this paper, we ran a simulation like NLSO, batn emergence aftéx43 yr for NLSO, while it is ten times
with Rm = 40, 000 and obtain a time of maximum surfacelonger for a 100-day rotation period. The longest emergence

www.an-journal.org (© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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B,-182

H--16%

Fig.7 Surface plot of the magnetic field from the simulation NLS® at¢,..+ = 0.00494. The contours represe,
while the arrows showBy and By.

Ho=—b.2

Fig.8 Surface plot of the magnetic field from the simulation NLSS1& ¢t — ...« = 0.00914. The contours represent
B, while the arrows showBy and B.

delays seen in the simulations are about 8 yr with a stronghpserved on most Ap stars. The emergence of the remnant
stable stratification. fields from the instability at the surface of the star is dethy

by several tens of stellar rotations. This estimate holdig on

if teop — tpert ~ 271, however. In reality, it is a lower limit

5 Discussion for the emergence delays.

We simulated the nonlinear, three-dimensional evolution o This is certainly a too simple way of getting the time de-
the Tayler instability in a spherical shell. The instapifiro- lays between the instability and flux emergence at the sur-
vides magnetic field configurations of mostly large scaldace, but we can conclude that the time necessary to ob-
with a preference to modes which are nonaxisymmetric asérve the remnant fields are shorter than evolutionary time-
antisymmetric with respect to the equator. The field stfengscales. By contrast, Arlt & Rudiger (2010) argued that the
of the maximum radial magnetic field at the stellar surfackux rise is of diffusive nature and obtained delays of sev-
was found to be between 1 and 29 kG which is what isral Myr. The present study indicates that the time-scale

(© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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will be shorter. As a consequence, if magnetic fields wouldhe star has a relatively low mass among the “A-star descen-

appear on Ap stars at later times during their evolution, @dants” its age of roughly 1 Gyr may be even compatible

must be by other factors which influence the stability limitsvith the diffusive emergence of fields discussed by Mestel

of the potentially stored toroidal fields. Since the indtabi & Moss (2010) though.

ity as well as the rise of fields to the surface are very fast, The critical question now is how Ap stars are discrimi-

it is highly unlikely that the phenomenon itself is seen imated from normal A stars in an early stage of stellar evolu-

progress. tion. This problem cannot be solved in the context of this
As the instability drains energy from the magnetic fieldPaper, but it is suggested that it is differences in the ro-

the growth quickly halts and the remaining magnetic fieltational evolution during the pre-main-sequence phase tha

suffers only from the flows excited by the instability andlecides whether stars evolve into normal A stars or Ap stars.

from Ohmic diffusion which is very slow. The rms veloc-It would not be necessary to think of a presence or absence

ities are about three times weaker than the rms magne@itmagnetic fields during star formation. These “primortial

fields shown in Fig$.1134 and do not cause quick changesfisfids are most likely processed during the Hayashi phase

the surface structure. This gives the impression of statipn and will be highly modified.

magnetic fields, while the period of instability is very shor

and most likely missed by observations. References
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and must become unstable. This would imply that nearly

all stars on the giant branch having intermediate-mass star

as progenitors should show magnetic fields. These are of

course much weaker because of the larger radius and the

steep decrease of field strength with radius, especially for

higher modes than dipoles. The giant EK Eri has been con-

sidered a descendant of an Ap star (Stepien 1993; Dall et

al. 2010), i.e. the star would have shown surface magnetic

fields through nearly all its life. However, the magnetic

fields may have been emerging only when the star evolved

away from the main sequence and became a slow rotator,

and the progenitor would actually be a normal A star. Since
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