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Abstract. We ptes=nt detailed, ab inftio nometical simuolations of the dizstottsd magnetic sttuctots
of ah accteting heotion stitas a fonction of accteted mams MG (i) we evalve an initial dipole thioogh
a quasi-satic =quence of Gtad-Shaftmnov equilibtia while maintining sttict lux-freezing for the
fitzt time and (i} we impott thezs equilibtia into the time-depe ndent, ideal-mgnetohydtod y namic
(MHD) code ZEUS-I0 and lood additiohal maz= oh to the =tar dy hamically. W imvestigats the
shibility of thes= hydtomagnetic squilibtia by pettutbing them in ZEUS-ID in two and thtes
dimeinsions. Sutptizingly. in both cosex the squilibtia ate matginally stable for all M, < 6>
Lo+Mpg. On extending the ZEUS-ID simuhbtions to non-ideal MHD, preliminaty vesolts indicate
that the =qnilibtia at= still not distupted. The ohmic diffusion time-scale is 10°(10°) times longer
than th= acct=tioh tim=-zcale in 20 (3D, Th= Eq:luilil:!ti: i'mnghe‘cir moohtaing) ate in 5Ehet:||.
offet fioim the spin oxis and thos geneiate gimvitational woves. We show that the grovitbfional
wiave stiain is detectable by Advanced LTG0 even aftet Ohmic diszipation and 3D hydtomagnetic
inzabilities ate conzideted.
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INTRODUCTION

Low-field neotton stars in binary systems with a history of accretion are cbserved
to have a magnetic dipole moment g which decreases monotonically with accreted
mass, M, [1, 2]. Sevetal mechanisms have been proposed to explain the magnetic
fizld reduction: (i) accelerated Chmic decav [3, 4], where the electrical conductivity
of the crust is teduced by accretion-induced heating: (i) intetactions betwesn supetflnid
neutton vorticss (cartving citculation) and supstcondocting fluxoids (carryving magnstic
Huox) as the star spins down [5, 6], and (iii) magnetic screening ot butial [7, 8], whers
the cutents genetating the original magnetic field ars partiall v nzutralised by accretion-
induced crustal currents.

Considering magnetic butial, we implement a nometical scheme [9] to solve tor the
equilibrinm hydiomagnetic confignration ot the star, given an accrsted mass M [B].
Matter is tunnelled to the magnetic poles and piles up in magnetic mountains until the
hvdrostatic pressure overcomes the magnetic tension at the mountain's base, cansing it
to spread sideways. The pinched, Hating geometry ot the mountainis clear in Fig. 1. The
equilibria ars calculated vp to M), = lﬂ“*M@. shott of the mass requited (o 0. 1Mg) to
spin up a nentron stat to millisecond petiods. The equilibria contain steep fizld gradisnts
and are thus subject to a plethota of instabilities which we probe with ZEUS-3D for
both axisvmmetric [10] and nonaxisyvmmetric squoilibria [11], in the ideal- and non-ideal-
MHD tegimes.
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FIGURE L. Polat plot of an axizymmettic maghetic moontain showing magnetic fizld lines {zalid) and
d=nzity contonts (dazshed) for M, = 107 T.ﬁ-fg. Altitode iz matked on the oo (log =cal=) (fiom Be=t. [3]1

The spin trequencies f, ot millisecond pulsats (accreting and radio) cut ott sharply
above f, == 0.7 kHz, well below the centritugal break-op trequency [12]. It has been
atgned that in these svstems braking the star at 0.7 kHz [13]. Magnetic mountains are a
viable soutce ot the mass quadrupole requited to achieve this [14].

AXISYMMETRIC EQUILIBRIA

The steadv-state ideal-magnetohvdiod vnamic IMHD | equations tot an iscthetmal atmo-
sphere (= c;p) reduce to the torcs equoation

Vo+pVa —p~H{V «B) «B=0, (1

whet= B denctes magnetic fisld, p mass density, p pressore, and @ gravitational po-
tential. For an axisyvmimettic configutation, we obtain the Grad-Shattanov squation [8].
T close the problem, and connect the initial and final states uniquely, we enforcs the
ideal-MHD constraint that mass is confined within in Aox tubes, mainlv closest to the
magnetic poles. For the boundary conditions, we fix B to be dipolar at the stellar sutface
ilin=-tying), assume notth-sonth symmetry, and let the fizld be fr== far from thestar. The
squations are solved nometically using an itetative scheme [9]. Convergence to the final
state occuts monotonically tor M, < lD_'EMG. but iz mote etratic tor lagger M. We also
solve the problem analytically by a Green-tunction method in the small-M; limit by wav
ot vetification.

STABILITY

Distorted magnstic configntations, in which the polar flux is butisd beneath the ac-
cteted ovetbutden, ate expected to be unstable. Howevet, in a sequence ot two- and
thres-dimensional ZEUS-30 sim ulations, we have failed todistupt oot magnetic moun-
tain equilibria. This is because, in the presence ot line tving at the surtace, the Grad-



FIGURE . Ewclutich of the Patket inztability for M, = 10 Mg, with the denzity nhifotmly incteased
frve-told. Snapshots ate takenat €/ 14 = 0,200, 230, whets Ty i the AHven time.
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FIGURE X Evclution of the magn=tic mountin (M, = L0~ Mg in IDat /5, =0,1,2,3,4,5 (l=ft
to tight, top to bottom). The monntiin is defined by the izosotfacs p = 1.03 = 10Pgem™" and =calsd up
five-fold forchrity [L1].

Shafranov squilibtia tepresent final, satutated states of a nonlinear Patker (magnstic
Raylzigh-Tavlot) instability, teached quasistatically as accieted matetial is added. The
Patker instability is obsetved transiently in ZEUS-3D (Fig. 2) when the density is uni-
tormly increased actoss the grid [10]. As shownin Fig. 2, the Parker blister subsides and
a new squilibrinm state is reached with < 1% mass and Hox loss overall.

On loading the axisvmmetric Grad-Shatranow equilibriom (Fig. 1) into ZEUS-30,
pettutbing it, and evelving it torward in time, we find that the mountain cscillates
as sound and Alfvén waves propagate through it [10]. The mass quadropole moment
oscillates about its mean value, as is appatent in the s=ties of snapshots shown in Fig.
3. Cleatly the equilibrinm is not distupted. The Altven trequency varies with accreted
mass fa ro 17{M, /M )~V Hz, while the sound frequency is fixed at f5 ro 0.4 kHz [10].

On loading the Grad-Shattanov equilibriom state and allowing tull 3D evolotion,
we observe a magnetic buovancy instability, which introduces a toroidal component to
the magnetic field (ro 1077 the dipole field) atter 2007, (see Fig. 3). Again, after this
transition phase, the system settles down to a new, neatly axis vimmetric state (abouot the
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FIGURE 4. Evclufion of the m== q uadtnpo e matment in hon-id=al MHD for /14 = 107! 10°, 107,
and 107 in 2D left) and 10'°, 107 107, L0F, 1O7, 107, 107 in 3D (xight) (top to bottom ).

mizsaligned magnetic axis) without turther distuption.

OHMIC DISSIPATION

Mon-ideal -WMHD is implemented in ZEUS-MP by extending the method ot chatacteris-
tics and constrained tmnsport MOCCT) [15]. A new plethota ot resistive instabilities is
inttoduced i n non-ideal-BHD. (We do net allow for Hall cottents in any simolationsthus
tar.) The Ohmic ditfusion tim=-scals T on which resistive instabilitizs act #xcssds the
acctetion time-scale Ta, with 7o,/ Ta ~~ 10% in 2D and 7p/ T ~+ 107 in 3D [11]. Hence this
time-scale is shott enoogh to distupt the mountain duting the litetime of a millisecond
pulsar {ru 107 vt only it T = 10° vt. We plot the mass ellipticity £ a8 a tonction of time
in both two and thres dimensions in Fig. +. The tesistive instability tims-scal= is d=fin=d
as the time it takes tor £ to teach halt its initial value (e.g. 1507, tor @)/ 14 = 12° in
20, In 3D, we use the non-axisyvmimettic end-state tmached above as an initial state. The
ZEUS-MP time-step in 3D is about eight-told shorter than in 2D and hence an electron-
phonon condoctivity & = 7.6 < 10Reg—1 [156]. onitotm actoss the grid, cottesponds to
o,/ T4 = 107 *Lin 2D and 10 in 3D. The cscillation petiod seen tot vety laige resistiv-
ities is thus similar tor both 2D and 3D. Impottantly, £ decreases by 20% and 40% tor
2D and 3D respectively as soon as any resistivity is introduced - a significant bot not
detramental distuption of the magnetic mountains.

GRAVITATIONAL WAVES

Rapidlv rotating nentron stars are a prime candidate tor gravitational-wave detection by
long-baseline intettetometers like the Laset Interterom etet Gravitational-Wave Obsetva-
tory (LLG0). They allow cohetent matched filt=ting without a com putational ly expensive
hiestarchical Foorier search [17] as thev emit continnonsl v at trequencies and sky posi-
tions that are, in principle, knowna prioti from X-rav timing. The spin frequencies f, ot
accteting millisecond pulsars, measoted tiom X-tay pulses and/ot thetinohuclear borst
oscillations [12, 18], have a distribution that cuts ott shatply above f, = 0.7 kHz, well
below the centritugal break-up trequency tor most nuclear equations of state [19]. This
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FIGURE 5. Pohtiztion- and otientatioh-mveimged g itatiohal wove sttain Jio a2 a fonction of wove
fteque ncy fi showing the noiz= cotves tot [nitial (dazhed) and Advanced (dotted) LTG0 . Thect=ticl
cotves at= ovetlaid for vatying M, ficm 1072 (lowmst) to L0 ihighe:ﬂ.Ftuq_uehrie::bme n=14
LH:= ate shaded (datk, tight). Moontain quadtopoles limited by Cthmic spreading ate also shaded (light).

can be explained it a gravitational-wave torque balances the accretion torque, provided
that the =llipticity satisfies £ ro 1072 [13]. Several mechanisms of prodocing such ellip-
ticitizs have been proposed incloding tem petature gradients [13], latge totoidal maghetic
fizlds in the stellar intetior [20], and polar magnetic burial [16, 14, this wotk].

Lnitial LLGO has have already set oppet limits on £ for isolated radio pulsars, reaching
as low as £ < 4.5 = 1079 for 121243358, Fignre 5 shows the LIGD noise corves
ovetlaid with the calcolated sighal tor ditterent valoes of M. Qlobal MHD cacillations
of the mountain (ses above), whethet natotal ot stochasticall v dtiven, act to modulate the
gravitational wave signal, creating sidebands in the trequency spectrum around f and
2 f,. The signal-to-noise tatio (SR achisved by LIG30 with coherent matched filt=ting

can be enhanced by up to 15%, depending on whete f lies relative to the noise cuoive
minimum (Fig. 5). We find SMR 3 tor f, =0.6 kHz [14]

DISCUSSION

Magnetic mountains totmingdoting polar accretion onto a neotion stat are stable when
petturbed and allowed to evolve in ZEUS-3D in ideal MHD. The moontains are calou-
lated with a Grad-Shatranow iterative al gorithm, which produces equilibria which are
satutated, nonlinear, final states ot the Parker instability. Transient Parker instabilities
ate seen in ZEUS-3D betote new stable equilibtia ate teached. Resistive instabilities act
on time-scales longet than the accretion time-scale in both two and three dimensions.
The mouontains are oftset genetally from the spin axis and produce gravitational radia-
tion, spread around f, and 2 f, by MHD cscillations. This signal is potentially detectable
bv laset-intettetometer gravitational -wave detectots such as LIGO. Compuotation of tem-
plates tor use with LIGO data are onder wav [21].

Ot analysis applies to a biaxial star whose principal axis of inettia coincides with the
magnetic axis and is thos genetally inclined with tespect to the angular momentom axis.



Such a star precesses [22], a tact neglected thos tar and discussed totther by Pavne and
Melatos [14]. To compute the polarization wavetorms with precession included, one can
employ the small-wobble-angle expansion tor a neatly spherical star [23, 24].

Magnetic botial predicts the magnetic dipole moment g and £ as a tunction ot M.
Eliminating M, gives a ditect relation £{p) and thus Ao (p) (A is wave strain). Ones
gravitational waves are detected, these relations motivate observational tests tor the
burial model. In addition, the equilibtia have a strong equatotial magnetic belt which
can inhibit heat transpott (and thus thermonoclear borst spreading) by conduoction,
convection, tadiation, and agecstrophic shear [25]. This may explain the petsistence
and highly sinuscidal profilz of cscillations cbserved in the tails of typs [ X-tay buists
in low-mass X-tay binaties [26].
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