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Abstract. We have investigated the turbulent mean-field dynamo action in protoneutron stars that are subject to convective ant
neutron finger instabilities. While the first one develops mostly in the inner regions of the star, the second one is favoured in
the outer regions, where the Rossby number is much smaller and a mean-field dynamo action fEeigmie By solving the
mean-field induction equation we have computed the critical spin period below which no dynamo action is possible and found
it to be~1 s for a wide range of stellar models. Because this critical period is substantially longer than the characteristic spin
period of very young pulsars, we expect that a mean-field dynamo wilffbetie for most protoneutron stars.
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1. Introduction argued that the formation of a vacuum gap in radio pulsar:

. . . . ssible if the actual surface magnetic field near the polar
The origin of the strong magnetic fields in neutron stars is Stﬂpvery strongBs ~ 10 G, irrespective of the magnetic fielc
a matter of controversy. The magnetic fields inferred from ti}ﬁ ° '

oulsar spin-down data ranges froas x 10% to ~1C8 G but easured from the spin evolution. Furthermore, the prese

these values are representative of the global magnetic confiof a strong magnetic field with a small curvaturel(f cm)
p 9 9 SR account for the radio emission of many radiopulsars t

ration rather than of the fine magnetic structure near the ste Fin the pulsar graveyard and should be radio silent (Gil
surface. X-ray spectra of some pulsars have recently starte %?ra 2001). This growing number of evidences for a compli

provide a closer look at the magnetic field strength near t fucture of the magnetic field at the surface of neutron st

neutron star surface and the absorption features in the Sps?ucdgests that this may represent a general property of puls.

trum of 1E 1207.4-5209, for instance, have been used to es'Magnetic fields with dferent strengths on ierent length-

timate a strong surface magnetic fieBs ~ 1.5 x 10'* G ) .
(Sanwal et al. 2002). This is to be contrasted with the dipol‘Z’t?aleS can be explained naturally if they are generated thro
. : a dynamo mechanism driven by turbulent motions. Indeed

magnetic field estimated from the spin-down rate of this pms%:generally accepted that protoneutron stars (PNSS) are

Bq ~ (2-4) x 10*? G (Pavlov et al. 2002), a value rather typ: - . A
ical for a radio pulsar 0£0.2-1.6 Myr. As another example, ject, shortly after their birth, to hydrodynamic instabilities ir

volving convective motions (Epstein 1979; Livio et al. 198!
Becker et al. (2002) have reported the presence of an emys- :
sion line in the X-ray spectrum of PSR B1821-24 that cou urrows & Lattimer 1986) and that these can 1ag0-40 s

: L iralles et al. 2000, 2002). We here show that, under st
be interpreted as cyclotron emission from a corona above

. : . e conditions, turbulent motions can generate magnetic f
pulsar’s polar cap. The line would be formed in a magnetic ; )
Via dynamo action and that a mean-field dynamo can be op

field Bs ~ 3 x 10'* G, approximately two orders of magnitude; .
. S ive together with small-scale dynamo processes (Thompsa
stronger than the dipolar magnetic field inferred from the SPf )
. . : ncan 1993; Xu & Busse 2001).
evolution. Both measurements provide evidence that the IocaH
magnetic fields at the neutron star surface can be well above the
dipolar one responsible for the secular spin-down of pulsars2. Convection in PNSs
Observations of radio emitting pulsars also exhibit a . L ) .
distinction between the dipole and surface magnetic ﬁeldgydrodynamlcmstabllltles|n PNSs can be driven by either le

Recently, Gil & Mitra (2001) and Gil & Melikidze (2002) haveton gradients (Epstein 1979) leading to the so-called “neutr
finger instability” (Bruenn & Dineva 1996), or by negativ

Send gfprint requests toV. Urpin, e-mail:vadim.urpin@uv.es entropy gradients which commonly observed in simulatio
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of supernova explosions (Bruenn & Mezzacappa 1994, 199%mber density of electrons, neutrinos, and baryons, respec-
Rampp & Janka 2000) and evolutionary models of PNSs (Kéibely. The estimated growth-time in the neutron-finger un-
& Janka 1995; Keil et al. 1996; Pons et al. 1999). This lattstable region is a couple of orders of magnitladeger than
instability is usually referred to as the “convective instabilitythe one for the convective instability, i.e;; ~ 30-100 ms
althoughbothinstabilities involve convective motions. (Miralles et al. 2000), thus yielding a mean turbulent velocity
It has been calculated that these instabilities will first ~ (1-3)x 10° cmst.
develop in the outer layers containing80% of the stellar The existence of two unstable regions with substantially
mass, with the convectively unstable region surrounded by tiigferent mean velocities is the most significanffetience
neutron-finger unstable region, the latter involving thereforewith the model by Thompson & Duncan (1993) in which the
larger portion of the stellar material. After a few seconds thwehole PNS was assumed to be convectively unstable with tur-
two unstable regions move towards the inner parts of the skarfent velocitys, ~ 10° cms™. Furthermore, a longer growth-
and after~10 s from the initial development, more than 90%me (and hence turnover time) is what promotes tffieiency
in mass of the star is hydrodynamically unstable. At this stagéthe mean-field dynamo in the neutron-finger unstable region.
the stellar core has become convectively unstable but it is silie recall, in fact, that PNSs are likely to rotate and although
surrounded by an extended neutron-finger unstable regiontte initial spin rates of pulsars are not well constrained by ob-
the ~20 s that follow, the temperature and lepton gradients aervations, they are believed to be arouid0 ms (Narayan
progressively reduced and the two unstable regions beginl@87). As a result, the Rossby numbBg = P/7_, with P
shrink, leaving the outer regions of the star. Afted0 s, most being the PNS spin period, can take substantialiiedént val-
of the PNS is stable and the instabilities disappear completalys in the two unstable regions. In particuRe ~ 100 in the
after~40 s (Miralles et al. 2000). convectively unstable region and the influence of rotation on
During this period the PNS is opaque to neutrinos and ttiee turbulence is therefore weak. As a consequence, and as al-
turbulent mean velocity can be estimated within the mixingeady pointed out by Thompson & Duncan (1993), the mean-
length approximation. The largest unstable length-scale is tHigid dynamo will not operateficiently here. In the more ex-
of the order of the pressure length-scales pidp/dr|™, and ternal regions unstable to neutron-fingers, on the other hand,
the dfective flow velocity in this scaley , can be estimated Ro ~ 1, turbulence can be strongly modified by rotation and
asv_ =~ L/7,, wherer_is the growth-time of instability which is this favours the ficiency of a mean-field dynamo. Of course,
of the order of the turnover time in the scal¢Schwarzschild in both regions turbulent magnetic fields can also be generated
1958). In some cases, can be computed by equatipg?, by small-scale dynamo driven by turbulent motions.
with p the rest-mass density, to the total neutrino energy flux To investigate more quantitatively théieiency of a mean-
(Thompson & Duncan 1993). While the two approaches yiefiéld dynamo action, we have modelled the PNS as a sphere
similar results at the peak of the convective instability, the firgf radius R having two spherical turbulent zones with sub-
one is expected to be more accurate especially when not alkgfntially diferent properties and separatedRat The inner
the energy is transported by turbulence (e.g. when the ingtarts ¢ < R;) correspond to the convectively unstable region,
bility is not fully developed), when the temperature gradient ighile the outer onesR; < r < R) to the neutron-finger un-
not significantly super-adiabatic, or when the lepton gradientdgable region. The boundary between the two regions moves

small. _ . _ inward on a timescale comparable to the cooling timescale (i.e.
~ In the convectively unstableegion, the growth-time of ~1-10s), much longer than the turnover time for both instabil-
instability is ities. HenceR; is a slowly varying variable and it is ficient

1 1 1 JAVT] to consider a sequence of PNS modefgading only forR..
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wherer is the growth-time of convectiop,is the gravitational 3. Dynamo action in PNSs

accelerationAVT is the diference between the actual and the . . . o .
adiabatic temperature gradient, gh the codicient of ther- Ngrrl])erlcal 3|£nE[Jllatlons c;nd|c|atg that thd? turbulenffe Itrr]1 PNSIS
mal expansion. Except during the last stages of the unst I'g € non-stationary, developing rapidly soon after the col-

phase, when the entropy gradients have been washed out,qﬂtﬁaﬁ reaching a _qu?s(lj—_statlonar_y reguS]e ?fter a fetw sec%nlds,
convective instability grows on a short dynamical timescal@"d tN€N Progressively disappearing as the temperature and leps

Miralles et al. (2000), have estimated this torge- 0.1~1 ms ton gradients are removed. Because the characteristic cooling
from which we derive the a mean turbulent velocity in the ¢ H_mescale for the F.)NS (_exceeds_beuﬂ andTC.’ the 'Furbulence
vectively unstable region ~ 10-—10° cms™. can be treated adiabatically (this assumption will cease to be

In theneutron-finger unstableegion, on the other hand, theac_curate as the instapilitie_s are _progressi\_/ely suppressed). In
lepton number gradients dominate over the temperature gre{m—s case, the mean-ﬂelt_j induction equatlon_for a turbulent,
ents and we can estimate the growth-time as magnetised and conducting plasma can be written as

1 1 1 B
=~ =~ ZgaIvY, (2 a—:Vx(va+aB)—Vx(an B), (3)
Tt 3 n

where§ is the codficient of chemical expansion, and = where n is the turbulent magnetic filusivity, « is a
(ne + n,)/n is the lepton fraction witm, n,, andn being the pseudo-scalar measuring thé&igency of the dynamo (the
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“a-parameter”). Herey is the velocity the ordered fluid mo- 200

tion, which we assume to follow a simple law,= Q x r,

but allow for the diferential rotation often observed in numer- | 1
ical simulations (Zwerger & Mller 1997; Rampp et al. 1998; 150 -
Dimmelmeier et al. 2001). As customary in dynamo theory, we ¢ 1
express this dierential rotation in terms of the radial coordi- R ~ R/R=03

o ~ ~ - -

nater and through a simple quadratic law, i.e. &t s

7'0(‘\\\\ R/R=06 _ _-|
Q(r) =Q, +r’Q,, (4) I T

where the cofiicientsQ, = Q(r = 0) > 0 andQ2, are not nec-
essarily chosen so as to satisfy the Rayleigh stability criterion.
Boundary conditions for the magnetic field need to be speci- q
fied at the stellar surface, where we impose vacuum boundF

0.5 iy, I I I L I

H% 1. Critical period as a function of thefiiérential rotation parame-
conditions, and at the centre of the star, where we impose er. The two curves refer toflierent values oR., with the solid parts

Vanishin_g of the t(_JroidaI magnetic field. corresponding to a®-dynamo and the dashed parts t@@-dynamo.
As discussed in Sect. 2, all of the PNS undergoes turbulent

motions but with properties that arefi@irent in the inner parts
(0 <r 5 Rc), where fast convection operates, from those in thgstails). The simulations reported here use 30 spherical |
outer partsRe < r < R), where the neutron-finger instabilitymonics and about 40 grid points in the radial direction; detz
operates. To model this in a simple way, we assume the relevgthe numerical procedure will appear elsewhere.

physical properties_of the two regions to vary in a smooth way Assumingy, L/3 = 101 cn2 s and progressively varying
mostly across a thin layer of thicknea® = 0.025R. More  the velocity field (4) in terms of the flerential rotation param-
precisely, we expresgas eterq = R?Q,/Q(r = R), we have solved Eq. (3) to determin
1= e + (v — 1) 11+ exf[(r — R)/AR]} /2. ©) the critical valuer, corresponding to the marginal stability o

the dynamo. Given a certain amount offdrential rotation,
wheren. andny are respectively the turbulent magnetifigi N fact, the seed magnetic field will grow dfyr > @, and in-

sivities caused by the convective and neutron-fingers instaf§iiead decay iém < a,. The diferent types of dynamo can bt
ities, anderf is the “error function”. Using (5)y ~ 7 in the distinguished according to whether thefeiential rotation is

convectively unstable zon®{ - r > AR), while 7 ~ 7 in small and the evolution of the magnetic field stationary (i.e

_ ) . :
the neutron-finger unstable zome{R; > AR). Furthermore, @ -dynamo), orvice versa (i.e.&-dynamo).

1ot /ne = 0.1. Similarly, we have modelled the-parameter as @ critical value for the spin perio®, = 2rL/ao, such that
being negligibly small in the convectively unstable region arfi@gnetic field generation via a mean-field dynamo action v

equal toars in the neutron-finger unstable region, i.e. possible only if the stellar spin period is shorter than the cr
cal one. In Fig. 1, we plot the critical period as a function of tl

a(r, 0) = ans cosf {1 + erf[(r — R.)/AR]} /2, (6) differential rotation parametgr Note thaig < 0 andq > O cor-
respond to situations in which the stellar surface rotates fa:

where the angular dependence chosen in (6) is the simpl@s§ slower than the centre, respectively (valges —1 corre-
guaranteeing antisymmetry across the equator. spond to a counter-rotation and may be not physically releva
We recall that in a rotating turbulence with Iengthscﬁle As shown in F|g 1, a Stationaryz-dynamo dominates
and moderate Rossby number,~ —Q¢?VIn(pv?) (Ridiger the magnetic field generation process for < 1, while a
& Kitchatinov 1993) In PNSs, however, the pressure is det%{g_dynamo is more facient f0r|q| > 1. This latter case will
mined by degenerate neutrons and can, in a first approximatiga.characterised by a magnetic field of oscillating strength
be expressed with a simple relation of the type p”, where given the large dferential rotation required, it may beffi
y = 5/3 for a non-relativistic neutron gas and= 4/3 for ¢yt to achieve in practice. Hence, th&-dynamo appears to be

a relativistic one. As a result, the density lengthscale is coffre most likely source of magnetic field generation via dynau
parable to the pressure oheand, as mentioned in Sect. 2, tyrocesses in PNSs.

plification since we can express the isotropic turbulence in th 3 PNS rotating uniformly (i.eq = 0), a mean-field dynamo
neutron-finger unstable zone simply@s ~ QL. will develop if P < 1 s whenR:/R = 0.6 and ifP < 1.5s
whenR;/R = 0.3. This diference is due to the fact that a PN
with a more extended neutron-finger unstable region can
tate proportionally more slowly while maintaining the same d
The induction Eq. (3) withy anda given by (5) and (6) has namo action. Furthermore, if the star rotateBedentially with
been solved with a numerical code employing finitfetence |q| ~ 1, P, is further reduced, being approximately 20% short,
techniques for the radial dependence and a polynomial expas-a result, only PNSs witR 2 1-1.5 swill not developa tur-
sion for the angular dependence (see Bonanno et al. 2002olent mean-field dynamo. Such slow rotation rates should

4. Numerical results
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found to beP, ~ 1 s for a wide range of models and is essen-
tially larger than the characteristic spin period of young pulsars
as inferred from observations. As a result, a turbulent mean-
field dynamo can befiective in the early stages of the life of
most PNSs. The magnetic field produced in this way is concen-
trated mostly where the generation occurs, but turbulefu-di
sivity transports part of it also in the inner regions of the star.
We have here considered the generation of axisymmetric
magnetic fields, but the?>-dynamo could also lead to the gen-
eration of non-axisymmetric magnetic fields, with the critical
spin period being not very fferent from the one discussed in
the axisymmetric case (Riiger et al. 2003). The generation of
non-axisymmetric magnetic fields and thiéeet of saturation
Fig. 2. Toroidal (B,) and the poloidal B,) m_a_gnetic field Iin_es. Solid \ill be considered in a forthcoming paper.
and dgshed contours corre;pond to positive .a'nd negative values, '®\\e note that the production of the mean magnetic field by
spectively. The dot-dashed line marks the positioRof: 0.6 R a turbulent dynamo is accompanied by the generation of small-
scale magnetic fields which are likely to be stronger than the
rather dificult to achieve if angular momentum is conserveshean one and that have not been considered here. However
during the collapse to a PNS and, indeed, observations suggestlinear &ects associated to these small-scale fields can in-
that the initial periods of pulsars are considerably shorter thiimence the dynamo and need to be taken properly into account.
the critical periodP, obtained here. We expect, therefore, that a

turbulent mean-field dynamo will befective during the initial ACknOWbdgemer.‘the.thank the referee, A. Bran.denburg’ for use-
. ful comments. Financial support has been provided by the MIUR
stages of the life of most PNSs.
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