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Abstract. The stability properties of flierentially rotating magnetic neutron stars are considered, and the instability criteria
are obtained. The influence of the magnetic field is twofold: it may stabilize a fluid against some instabilities, on the one hand,
and it can lead to new branches of instabilities, on the other hand. It turns out that some of the instability criteria of magnetic
neutron stars can be satisfied at smaller departures from the uniform rotation than the criteria of non-magnetic stars. Interaction
of hydrodynamic motions caused by instabilities in the core with the neutron star crust can result in small irregularities in the
measured spin period of pulsars.

Key words. magnetohydrodynamics (MHD) — stars: neutron — stars: rotation — stars: pulsars: general

1. Introduction rotating faster than the envelope and, hence, such remnants can
. . ikely support a large mass, at least temporary. Hydromagnetic
Likely, young neutron stars formed in core collapse should y Supp 9 porary. 1y 9

il d dif tiallv rotating due to th . fih stabilities in the remnant can destroyfdrential rotation and
rapidly an erentially rotating due to the conservation o ?e:rld to delayed collapse and a delayed gravitational wave burst.

angular momentum of the collapsing core. Recent numerical _. . L .
9 bsing Differential rotation in neutron stars can also be induced by

simulations of rotational core collapse indicate clearly that tfgﬁe instability ofr-modes and emission of aravitational waves
remnant will indeed rotate fierentially (see Zwerger & Miler y 9 '

1997; Rampp et al. 1998; Dimmelmeier et al. 2002). Soon or instance, very weakly magnetized accreting neutron stars in

: -ray binaries can cross thhremode instability boundary when
ter collapse, the neutron star undergoes various hydrodynafnic spin period reachesl—2 ms (Spruit 1999). Anguiar mo-

instabilities (see, e.g., Miralles et al. 2000, 2002) caused wum | by th tational ¢ i
the temperature and lepton number gradients. During this st %n um loss by the gravitational waves causes stroffigrdn-

that lasts~30-40 s, the angular momentum transport is bas rotation that can amplify the magnetic_ field of such neu-
cally determined by convection and neutron fingers instabili yon Starsé Note, however, that_ evena rela.tlvgly weak magnetic
¢ld ~10'° G can prevent gravitational radiation from exciting

and the original rotation law may evolve to even a more com- L .
plex one r-mode oscillations or can damp them on a short time scale
S . . Rezzolla et al. 2000).
Differential rotation can be the key issue not only for you ) . . o .
neutron stars formed in core collapse but also for stars originat—lIn thls.pa;i]er, we consider the stablllty Cme”? ﬁffelren- .
ing in the merger of a binary neutron star system. Observaticg_ y rotating °t_ ngutron _stars in the presence ol the magqetlc
of binary pulsars suggest that the mass of neutron stars in s{Ig/fl- OUr analysis is restricted to the linear stability properties.
systems is close to the canonical maskNl, (Thorsen et al. Note that a_part from I|r_1ear |_nstab|_I|_t|_es the neu_tron s_tqr_s can
1993). The remnant of a merger will then have a mass of tﬂ@o be subject to non-linear instabilities. These instabilities re-

order of 3M, that is larger than the maximum allowed maSguire a stfficiently large initial perturbations of the star and are

for neutron stars. Therefore, the merger can lead to rapid cgfY°nd the scope of the present paper. The linear stability prop-

lapse to a black hole if there is no mechanism supporting sychi€s Of non-magnetic neutron stars have been considered by
a massive neutron star against collapse. It was pointed outLH)P'n (2003). The magnetic field can be ge_nerateq in the core,
Baumgarte et al. (2000), however, thaffelientially rotating fof e_xample, by turbulent dynamo mechanism during the C(.)n'
neutron stars can have a substantially larger rest mass than tHefive stage (see, e.g., Thompson & Duncan 1993). The field
uniformly rotating counterparts. Generally, even mode$edi can also be amplified from a weak field (.Jf the proge_nltor be-
ential rotation may easily supparB M., the expected mass Cause of the conservation of the magnetic flux (Woltjer 1964;
of merger remnants. Numerical simulations (see, e.g., Rasicg2Piro & Teukolsky 1983). _
Shapiro 1999; Shibata & Uryu 2000) show that coalescence Most likely, the distribution of the angular momentum in

will indeed form a diferentially rotating remnant with the coreYOUNg neutron stars is rather complex in the presence of the
magnetic field. Therefore, such stars can be subject to various

e-mail:vadim.urpin@uv.es hydromagnetic instabilities. These instabilities may generally
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differ from the instabilities arising in radiative zones of orerderinaA/r
dinary stars. In the presence of the magnetic field, the main
source of turbulization in stellar radiative zones is probably ti¥e + 22 x V1 + €,5(V1 - VQ) =

magnetic shear instability first considered by Velikhov (1959) Vp: 1

and Chandrasekhar (1960) and analyzed in detail for stellar o ~pGT1+ E(V X B1) X B+ vAVy, (2)
conditions by a number of authors (see, e.g. Fricke 1969;

Acheson 1978, 1979; Balbus 1995; Urpin 1996; Kitchatinov &1 ~ (B - V)V1 + se,(B1 - VQ), 3)
Ridiger 1997). This instability arises if the angular velocity de-

creases from the pole to the equator. The number of rotatioNalV1 = O, (4)
instabilities in magnetic neutron stars can be larger, and the

criteria of these instabilities can befgirent because of a moreV - B1 = 0, (5)
pronounced influence of kinetic processes (viscosity, thermal

diffusivity). T1+ ViD= yAT1 — &1/pCy, (6)

Note that, apart from hydromagnetic instabilities, the an-
gular momentum in magnetic neutron stars can also be YéereVi, B1, p1 and T, are perturbations of the hydrody-
distributed by a magnetic braking mechanism (Shapiro 200Tmic velocity, magnetic field, pressure and temperature, re-
if the magnetic field is siciently strong. Diferential rota- SPectively;G = g + Q®s; &, is the perturbation of the neutrino
tion twists up lines of a poloidal magnetic field and ampliemissivity;8 = —(dInp/dT), is the thermal expansion coef-
fies the toroidal field. This process generates éifuvaves, ficient;y andy are the kinematic viscosity and thermafidt
which transport the angular momentum within the star asivity, respectivelyg, is the specific heat at constant pressure;
carry out some angular momentum from the star to the sid-= VT — VaqT is the diference between the actual and adia-
rounding plasma. Thefléciency of this mechanism, howeverpatic temperature gradients; we denotespyhe unit vector in
is very sensitive to assumptions regarding the density of dke azimuthal direction.
ternal plasma. If this density is small therffdiential rotation Equation (2) is a linearized momentum equation for ro-
dissipates on a viscous timescale. tating fluid in the presence of the magnetic field (see, e.g.,
The paper is organized as follows. In Sect. 2, we derive thdandrasekhar 1961). In this equation, the density perturba-
dispersion equation governing the rotational modes offardi tion in the buoyancy forcg Vp/p?, is expressed in terms of
entially rotating magnetic neutron star. In Sects. 3, the stabilffje temperature perturbation, thus= —pBT,, in accordance

criteria of magnetic neutron stars are derived. A discussion\With the main idea of the Boussinesq approximation. The un-
the results is represented in Sect. 4. perturbed Lorentz force is neglected compared to the unper-

turbed gravity and centrifugal force in the expressionVar
sincecs > ca. In the perturbed Lorentz force, we neglect the
2. Rotational modes in magnetic neutron stars terme (V x B) x B; compared toY x B;) x B since we adopt a
hort wavelength approximation. We take into account viscos-
|i”‘yr in Eqg. (2) because its timescale is generally comparable to
the thermal timescale.
In the induction Eq. (3), the magnetic field is assumed to

Consider the axisymmetric core of a magnetic neutron s
rotating with the angular velocity dependent on bsthand
z-coordinates, s@ = Q(s,2); (s, ¢, 2 are cylindrical coor-
dinates. We assume the magnetic fidd= (Bs, By, B,), to be

weak in the sense that the Aia'speedcy, is small compared be “frozen” into the core plasma and dissipatiieets are ne-

to the sound speeds. In this case, the hydromagnetic Stabilityqlected. The electrical conductivity of hot nuclear matter is in-
can be treatedpb mékin use of ,the Bcg/ussinesg a roximatger?d very high;-1.5x10% To“s! whereTo = T/10°K (Baym
y 9 dapp ? al. 1971), and the characteristic timescale of ohmic dissi-

f[hat provides rellable_results if the growth time of mStabmt'eBation is very long £105—1CF yrs for perturbations with the
is longer than the period of sound waves.

We assume that, in the unperturbed state, the star is in hi/qgthscal_e of the order of the pressure Ien_gthscale). Therefqre,
drostatic equilibriun"; and ' He induction Eg. (3) describes the e\_/olutlon of the r_nagnet|c
' field caused only by perturbed advection and stretching of the
Vp 5 1 perturbed field lines due to unperturbeftfeiential rotation.

— =9+ Qs+ —(VxB)xB, (1) In the continuity Eq. (4), we neglect the term proportional
P P . . g . . -

to o1 that is small in the Boussinesq approximation. We also
wherep andp are the pressure and density, respectively,gandake into account that the term; - Vp is small compared
is the gravity. Ifcs > ca, the Lorentz force is small comparedo pV - V; for short lengthscale perturbations. Thiéeet of
to the pressure force. thermal difusivity is included in the standard thermal balance

Small linear perturbations are governed by the linearizéd). (6) (see, e.g., Landau & Lifshitz 1981) since thiteet
magnetohydrodynamic equations. In this paper, we consigdan be significant for perturbations with very short wavelength.
stability to axisymmetric short lengthscale perturbations witlVe neglect, however, viscous dissipation in Eq. (6) since its
the lengthscalel < r = V< + Z2. Small perturbations will contribution is much smaller than advection of heat. Note the
be indicated by subscript 1, whilst unperturbed quantities wdbsence of terms proportional |3 on the left hand side of
have no subscript. Then, the linearized magnetohydrodynafag: (6) because these terms are negligible in the Boussinesq
equations in the Boussinesq approximation read in the lowagproximation.
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The neutrino emissivity can generally be represented asapidly when the wavelength decreases, and neither of the
function of p and T, & = &(p,T) (see, e.g, Maxwell 1979). inequalities (9) can be satisfied for very short wavelengths.

Then, Therefore, perturbations with very short wavelengths are al-
5 5 5 ways stable, and instability can arise only for perturbations
£ = 6__‘|9_Tl + 8_8'01 ( & 5,0 ) (7) with k satisfying the condition
0
min(lwgl, [Ql) > w, ~ w, > w,. (20)

We consider the behaviour of axisymmetric short wavelength
perturbations with the space-time dependenceyxpik - r) Using the expression for given by Cutler et al. (1990) and
wherek = (ks, 0, ky) is the wavevectotk - r| > 1. The disper- taking into accountthabg > |Q| ~ €, we obtain from Eg. (10)

sion equation for such perturbations reads the following inequality for a wavelengti,= 2x/k,
5/8
Y +ant+ay+ay’+ary+a =0, ® s 2 =334 P14 17 cm (11)
9
where

wherepiy = p/10% g/em®, To = T/10° K, andP = 27/Q is
= wr +2w,, 8 =2w; +ws + Q + w,(w, + 2w7), the spin period (in seconds). Only such perturbations will be
treated in this paper.

ap = wr(2w} + Q@ + Wl) + w, (2w} + W),
2
a = wi (wA " w + Q% — 402 ||z2 + Zwva) 1. The condition @< 0
o o 2k§ The second inequality (9) describes the criterion of the magne-
ag = wtw; (w; + Q —-4Q : : -
T@A YA K’ torotational instability and reads
k2
and 2 Q?-40%% + wf <0. (12)
k k. [, 0Q aQ
= 4022 + 2Q05— [ky— — ks— i i
Q* = 2 Siz ( TG ) We can rewrite this equation as
K ke [, 0Q%  0Q? )
w? = —B(AVT) - [G -k G)}, wy = VK, Sz (kzg —ks | < —wa- (13)
3 _ 2 1 (de Oe Both the radial and vertical gradients of the angular velocity
WT = Wy + W, Wy =K, We = pco \oT ™ ap can contribute to instability. Note that the conditiag < 0O

appears only due to taking into account the thermgusiv-
wy is the frequency of buoyancy waves; = (k - B)/ \/L?p ity and neutrino emissivity. It does not appear if one considers
is the Alfvén frequencyq, andw, are the inverse timescaleshe instability in adiabatic approximation{ — 0) sinceay is
of dissipation due to the thermal conductivity and viscosity, r@roportional towr. In adiabatic limit, the criterion of magne-
spectively;w, characterizes the cooling rate due to neutrin@rotational instability contains an additional termf,, on the
emission. left hand side that provides a strong stabilizirftget if strat-
ification is stable. An fiicient heat exchange between pertur-
bations and surrounding plasma decreases the stabilizing influ-
ence of bouyancy in neutron stars compared to ordinary stars.
The magnetic field in Egs. (12) and (13) plays a stabilizing role
Equation (8) describes five low-frequency modes which can é3d, generally, a sficiently strong magnetic field can com-
ist in rotating magnetic neutron star. The condition that at leadetely suppress the instability. From Eq. (13), we can estimate
one of the roots of Eq. (8) has a positive real part (unstaifee stabilizing fieldBs;, as

3. The criteria of instability of magnetic neutron
stars

mode) is equivalent to one of the following inequalities 1

Bt ~ P \ArpsV Q2. (14)
ay<0, ap<0,
A = aja3—ap <0, Estimating|VQ?| as 22AQ/s whereAQ is the departure from

a uniform rotation, we have
Az = ax(ayag — @) — ay(auay — ag) < 0,
As = (11 — ao) [az(auds — &) — au(asar — ao)] Bst ~ % VB1pQAQ. (15)
—ap(ayaz — ax)® < 0 9

%o(@ds ~ ) ' ®) ForQ ~ AQ ~ 1% the stabilizing field isBs; ~ 1015 G
being fulfilled (see, e.g., Aleksandrov et al. 1985). The firgihere A5 = 1/10° cm. This field is much stronger than the
condition, a; < 0, cannot be satisfied sincer > 0 standard pulsar fieldy10>~10" G, if 15 ~ 1. For suchis,
andw, > 0, therefore, only the four other conditions determinge pulsar field can suppress only a very weak departure from
the instability. a uniform rotation with

In young neutron stars, we have typically ~ w, > w,. 0

Sincew, o« w, o K* dissipative terms in Egs. (9) increasey- < 2.5B 3aP2A5%, (16)
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whereBy3 = B/10'3 G. Therefore, the stabilizing influence of  Consider the dficient condition of instability (21). This
the magnetic field is probably relatively weak in typical neutrocondition depends on the directionkfif the centrifugal force
stars except perturbations with a very short wavelength. Feweak compared to the gravity;> Q?s, thenAVT andg are
example, the standard field can bef®ient to suppress the approximately radial, and we have

instability of perturbations withh < 10 m if AQ ~ Q. 2
To satisfy the inequality (13), the necessary condition is wé ~ FwZBV, (25)
2 2
% (kzai _ ksai) <0. (17) Wherek, is theg-component of a wavevectds; = k3 cos 6 —
K Js 0z 2ksk, cosgsing + k2 sin? 6, 6 is the polar anglew?,, = —B(g -

For the particular case of the angular velocity being constdhYT) is the Brunt-Vaisala frequency,g, > 0 for stable
on cylinders, this condition can be satisfied onlggi/ds < 0. Stratification.

If 9Q/z # 0 then, for any dependence @fon s andz, there To obtain the true criterion of instability, we have to mini-
exists a region in the plané k,) where the condition (17) is mize the left hand side of inequality (21) as a function of the
fulfilled. The components of a wavevector should satisfy tifrection ofk. Equation (21) can be rewritten as

inequality ER — Choks + FK2 < 0, (26)
5 . |aQ/654’ (18) where
kel 10©/02 2 1,545 2
) . . E=Qf+ -pfwgy sinf 6 + Wa 27)
and ks and k; are of the samepposite sign if the quantity 2
; " ; 2
(0Q/09)/(02/02) is positivgnegative. C - Sag% + 1202, COSHSING — 2wpstons, (28)

2. The condition A< 0 =

1
E:“Z‘UZBV cog 0 + wa, (29)

_Substituting the values Qf cﬁh:ierlltsa.u, az andaz and assum- andwasaz = kBsy/ \/‘WD- Note that the caicientsE, C andF
ing 4> Ac, we can rewrite the third inequality (9) as depend ork? but do not depend on the direction kf At a
(wy + Wv)ws + 20,(Q + w2) < 0. (19) given k, the left hand sid_e_ of Eq. (26)_ reaches its minimum
if k; = Cks/2F, and the minimum value i€(E — C2/4F). The
This inequality generalizes the condition of convective instabihinimum is negative if
ity. In the case of inviscid fluid witly || AVT, Eq. (19) reduces C2s AEE (30)
to the well-known Schwarzschild criterion of convection, > ’
Substituting the value of cdécients E, C and F, we can

2
wg <0 (20) represent the sficient condition (30) as

We can transform Eq. (19) into 90 \2 90
(—) >3 (0052 6Q2 — Zssinecos«m—)
sﬁ(ka—gz— 6—92)+w2 +4§22k—§+#—2w2<0 (21) o s o
k% as oz )T “A kT 2%t +%(wAssin9 + Wz COSH)?

whereu? = 1+ y/v. The magnetic field plays a stabilizing role

in this condition as usual. However, a stabilizing influence is +@(
also provided by a stable stratification and by rotation itself. 5 5
Compared to the criterion (13), the condition (21) is harder yghereas = (u%/2)(wsv /). .

fulfil since the both additional terms on the right hand side are T theé magnetic field is weak in the sens@ >

positive. The necessary (but notfiscient) condition of insta- MaX@as waz), then we recover the instability condition for
bility represented by the inequality (21) is non-magnetic stars (see Eq. (23) of the paper by Urpin 2003).
Assumingwas ~ waz ~ wa = KB/ 4/4mp, we obtain that the

0Q
ngis + ZQSE('UASQ)AZ) y (31)

Q* <0, (22) non-magnetic criterion applies if
PB
or > == 2.8x 10°B1sPpy,/* cm. (32)
LK koks 002 P
Qo272 57 <% (23) For example, ifB ~ 101 G andP ~ 10 ms then the non-
where magnetic criterion applies for perturbations with the wave-
lengthA > 30 m.
02— 0 (£40?) (24) If the star rotates slowlywgy > Q (anda; > 1), but
€ SB8s ' the magnetic field is strongya > Q, then the condition of

If the Rayleigh stability criterionQ2 > 0, is fulfilled, the ">tPIIY IS
condition (23) (and, hence, the condition (21)) applies on(wg

2
07 .
if 9092 % 0, c’)z) > é(wAssme+wAZcose)2. (33)
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This condition is much more restricting than the correspondifitne first inequality is a non-magnetic limit of the condi-
criterion for non-magnetic stars. Estimatif@§2/0z ~ AQ/s, tion (19), and the second inequality represent the criterion of

we obtain from Eq. (33) instability of non-magnetic stars considered by Urpin (2003).
AQ If the Rayleigh stability criterion is fulfilled, the condi-
Qv H  Wey WA (34) tion (39) can be satisfied only a0/dz # 0. Generally, the
Q V2 Q@ Q presence of the magnetic field stabilizefetiential rotation in

Sincewsy > Q andwa > Q, the condition (34) (and, hence the same manner as it does in the criterion (19). Infiacsently
the condition (21)) likely does not fulfil in slowly rotating mag-Strong field withwa > maxwy, ©2), one needs a very large

netic neutron stars. z-gradient ofQ to satisfy Eq. (39),
If the star rotates rapidQ > wpy (a1 < 1), then the |5Q 1 Q
condition of instability in a strong field witbs > Q is E’ Z QUAswAz > = (44)
00\? 1 b 5 00 If the magnetic field is weak in the sence that < min(wg, Q)

(E) > 202 (QewAs + ZQSEWASCUAZ)- (35)  but rotation is fastQ > wgy), then the inequality (39) can be
satisfied if

This inequality can be satisfied if
0Q Q3
'E > a3/? cost) e e, (45)

(36)

0Q 1 1
== [wAswAz + JoR (2, +Q2)
; wherea, = n(wey/Q)>%. If we estimatdoQ/oz ~ AQ/s and

or Qe ~ Q then the inequality (43) applies at

oQ 1 ]
57 < ) [wASwAZ - wlwis(wiz + Qé)_ .

(37) AQ > nY2wgy. (46)

Sincen ~ 1 andwgy ~ 10°—10° s71, the instability can oc-
cur even in stars with a relatively weakfidirential rotation,
AQ > wgy ~ 10°7-10° s1. Note thatwgy decreases when

Assumingwas ~ waz ~ wa, We can estimate that these in
equalities apply if

AQ  (wa)\2 AQ the neutron star cools down and, hence, older neutron stars re-
o > (5) >1 or ——=<-1 (38) quire a smaller vertical gradient of the angular velocity to set
instability.

In both cases, to set instability one needs a stronger verti- ¢ rotation is slow andugy > Q then the instability arises

cal gradient of (positive or negative) than in non-magneti¢ yiferential rotation is strong with either
stars. Therefore, we have to conclude that the instability as-

sociated with the conditio®y; < O can likely manifest it- |cos€sin9|a—Q > coL0 Q2 (47)
self only for perturbations with the wavelength satisfying the 0z 250’
inequality (32). or
0Q Q|
3. The condition A< 0 57 < s |singcosd. (48)

The condition (47) requireAQ ~ Q, at least (except the re-
gion near the equator), whereas the condition (48) applies at an
2 2 2 2 2 2 extremely large negative gradient@f
[ + w)ug + sz? [ @+ o)+ w)‘wz Note that the condition (39) can be very much weakened if
W+ 2 (mzﬁ vl + 2Q2) 1167022 ] <0, (39) theinequality (19)is fuffilled. Of course, an additional criterion
k2 k2 has no impact on the principal conclusion concerning stability
in this case. However, if both criteria (19) and (39) are satisfied

where.r] - V/).(' If v = 0 and stratlflcat!on_ IS sta- then the number of unstable modes can be larger in accordance
ble, this inequality recovers the well-known criterion of the

Goldreich-Schubert instability, modified by the magnetic field''t" the Routh theorem (see, e.g., DiStefano il etal. 1994).

The conditionA; < 0 is equivalent to

X

Q*+wi <0. (40) 4. The condition A< 0
If B =0, then we have from Eq. (39) In general, the conditioAs < 0 is too cumbersome for anal-
2 5 5 2 ysis. Some important qualitative conclusions, however, can be
[(w)( +w)wg +20,Q ](w)‘Q * wvwg) <0. (41) obtained for this condition in the limiting cases of strong and
This criterion can be fulfilled if either weak magnetic fields.
In a strong magnetic field withwal > max(yg, Q), the
(wy + wy)ws +2w,Q% <0, (42) inequalityAs < O can be fulfilled only in the region where the

or gradient ofQ is extremely large,

|wa|
W0 @ + w2 < 0. (43) IvQl> - (49)
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Unlikely that such a large gradient exists in neutron stars arfig/ds as strong as 1®-10' G. Certainly, such fields could in-
therefore, perturbations witlvua| > maxwg, Q) are probably fluence the stability properties offtirentially rotating neutron
stable. stars.

In the case of a weak magnetic field withy | < Q or, that In non-magnetic neutron stars,flidirential rotation satis-
is the same, witht stisfying the condition (32), the instability fying the Rayleigh stability criterion can be unstable only
condition requires again a very largféQ| if rotation is slow, if the angular velocity depends on tlzecoordinate (Urpin
wey > Q. In rapidly rotating stars withr - VQ| > wgy, how- 2003). Contrary to ordinary stars where instability arises at
ever, the situation seems to be more favorable. The conditimy0Q/dz # 0, the rotational instability can appear in neutron
of instability reads stars only ifl0Q/d2 exceeds some threshold value. This value

depends on the the angular velocity as well as on the kinetic

(50) codficients, and can be small for rapidly rotating stars with

Q > wgy or large for slowly rotating stars witf < wgy. The

difference to ordinary stars is caused by a particular character

of kinetic processes in neutron stars where viscosity is large
Q<0 (51) and generally comparab_le tp the t.hermafuﬁivity. The c_:riti-

’ cal value of the period, discriminating between the rapid unsta-
or ble and slow stable rotation in non-magnetic neutron stars, lies
around 0.£0.01 s.

The situation can be essentiallyffdrent if there is the mag-
netic field in the neutron star core. It is well known that the

o magnetic field may stabilize a fluid against instabilities. On the
If both Egs. (51) and (52) are satisfied th&n> 0. The con-  er hand, the field can lead to new branches of instability

dition (51) is that of the Goldreich-Schubert instability thaéssociated, for instance, with A’ waves. In magnetic neu-
occurs if the angular velocity depends on heoordinate. If 4 stars, one of these new branches represented by the cri-
QF > 0 then the condition (51) can be satisfied by a propgliion (12) can be unstable even at a relatively wedlern-
choice of the wavevector (see Eq. (18)). The condition (52) cggy rotation. The criterion (12) requires eithéds < 0 or
even be less restricting if > 1. In this case, the right handq 3, » o for instability. The condition (12) can be fulfilled for
side is positive, and the range of unstable wavevectors is Wl%th rapidly and slowly rotating neutron stars if the magnetic
Note, however, that both Egs. (51) and (52) have been derivedy i the core is not too strong. This conclusion is of princi-
under the assumptiofs > wey andir-VQ| > wey thatimplies ) giference to non-magnetic stars where only rapftedn-
a fast diferential rotation. tial rotation can be unstable. Note that instabilities represented
by other criteria can operate in rapidly rotating magnetic neu-
tron stars as well, but probably they are suppressed in slowly
rotating magnetic stars.
We have considered the stability properties ofetentially The number of modes which are unstable may vary de-
rotating magnetic neutron stars. figirential rotation can be pending on the rotational law. This number is determined by
caused either by core collapse or the merger of a binary n@®outh criterium (DiStefano Il et al. 1994). For Eq. (8) with
tron star. Numerical simulations indicate indeed that the rotay > 0, the number of unstable modes is given by the number
tion law can be complex in newly formed neutron stars. Thef changes of sign in the sequence
characteristic timescale of viscous dissipation diadential ro- A A
tation is rather long and, therefore, these stars can be subje({tI,OAl, A ao}-
various hydromagnetic instabilities. A Ao

The presence of the magnetic field can essentially inflder example, if only the criterioay < 0 is fulfilled then one
ence the stability properties of neutron stars. The origin of theal mode is unstable. Sineg is proportional toy instabil-
magnetic field in neutron stars is still debatable but it caity associated with the condition (12) turns out to be secular
not be excluded that the field exists in the core during thather than dynamical. Therefore, this unstable mode in mag-
early evolutionary stage. For example, the field in a collapsetic neutron stars grows on the thermal time scale that is much
ing star can be amplified by many orders of magnitude blenger compared to the period of rotation. If some other crite-
cause of the conservation of the magnetic flux. At the end & (9) are also fulfilled then the number of unstable modes can
core collapse, the protoneutron star may have a poloidal még-larger.
netic field~10'? G, comparable to that observed in young ra- A stabilizing influence of the magnetic field is of particular
dio pulsars. The toroidal field, however, might be even strongenportance for perturbations with a short wavelength. For in-
(Ardelyan et al. 1980). The magnetic field in the core can alstance, the standard pulsar magnetic field'?>-10'3 G can
be generated by turbulent dynamo mechanism since protonprovide a stabilizing #ect only for perturbations witil <
tron stars are convectively unstable at the beginning of th&i® m whereas perturbations with longérwill be unstable.
evolution. The most optimistic estimates lead some authdiste that the field with the strengtil0*°-10' G that is be-
(Thompson & Duncan 1993; Thompson & Murray 2001) to thigeved to be typical for magnetars can stabilize arffedential
conclusion that the turbulent dynamo could generate magnettation.

k2
Q?|2n(1+2)Q® +8(1+ 1 - 2n2)92k—§ <0.

This inequality can be fulfilled if either

_A@+n-2p) K,

Q< n(l+2n) k- (52)

4. Conclusion

(53)
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In the present paper, we have addressed the behaviouCkdindrasekhar, S. 1961, Hydrodynamic and Hydromagnetic Stability
only axisymmetric short wavelength perturbations. It is quite (Oxford: Clarendon)
probable, however, that the considered instabilities can op€gtler, C., Lindblom, L., & Splinter, R. 1990, ApJ, 230, 847
ate on larger scales and for non-axisymmetric perturbatioRénmelmeier, H., Font, J. A., & Miler, E. 2002, A&A, 393, 523

We will address this problem elsewhere. Interaction of the ndi[icke: K. 1969, A&A, 1, 388
chatinov, L., & Ruidiger, G. 1997, MNRAS, 286, 757

. . . i
tron Star cru_st Wlth. FL.”bmem hydrodynamlc motlons_gaused l&ndau, L. D., & Lifshitz, E. M. 1981, Fluid Mechanics (London:
considered instabilities may result in small irregularities in the Pergamon)
measured periods of young pulsars. These irregularities shoyld e o v. 1979 ApJ, 231, 201

be more pronounced in rapidly rotating stars. Miralles, J. A., Pons, J. A., & Urpin, V. 2000, ApJ, 543, 1001
Miralles, J. A., Pons, J. A., & Urpin, V. 2002, ApJ, 574, 356
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