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Gravitational waves from neutron stars with large toroidal B fields
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We show that NS’s with large toroid® fields tend naturally to evolve into potent gravitational-w&@&V)
emitters. The toroidal field, tends to distort the NS into a prolate shape, and this magnetic distortion
dominates over the oblateness “frozen into” the NS crustBee 3.4x 10'2 G (v4/300 Hzf. An elasticNS
with frozen-in B field of this magnitude is clearly secularly unstable: the wobble angle between the NS's
angular momentund' and the star’s magnetic axniB grows on a dissipation time scale until and n‘B are
orthogonal. This final orientation is clearly the optimal one for GW emission. The basic cause of the instability
is quite general, so we conjecture that the same final state is reached for a realistic NS, with superfluid core.
Assuming this, we show that for LMXB’s witl,~2X 10'?—2x 10'* G, the spindown from GW'’s is suffi-
cient to balance the accretion torque—supporting a suggestion by Bildsten. The spindown rates of most
millisecond pulsars can also be attributed to GW emission sourced by toBofitddls, and both these sources
could be observed by LIGO II. While the first-year spindown of a newborn NS is most likely dominated by
electromagnetic processes, reasonable valuéy ahd the(external dipolar field By can lead to detectable
levels of GW emission, for a newborn NS in our own Galaxy.
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[. INTRODUCTION gestion by Bildster{5]. The spindown rates of most milli-
second pulsars can also be attributed to GW emission
Nearly periodic gravitational wave§GW's) from dis-  sourced by toroidaB fields of comparable sizeB,~ 10"
torted or wobbling neutron stafdlS’s) are among the most — 10" G. For several known millisecond pulsars, the gravi-
promising sources for the large-scale gravitational-wave detational waves would be detectable by the Laser Interfer-
tectors now coming online. In this paper we show that NS'semetic for Gravitational Wave ObservatoflGO I1). Fi-
with large toroidalB fields tend naturally to evolve into po- Nnally, while the first-year spindown of a newborn NS is most
tent GW emitters. likely dominated by electromagnetiEM) processes, reason-

While most known, young pulsars have dipolar magnetic,able values 0B, and the(externa) dipolar fieldB4 can still
field strengthsBy~ 1012 G, studies of soft-gamma repeaters lead to detectable levels of GW emission, for a newborn NS

and anomalous x-ray pulsars suggest that a substantial frall!
tion of NS’s are born with larger magnetic fieldg
~10%-10" G [1-4]. In cases where thB field is initially
“wound up” by differential rotation(as opposed to convec-
tive motiong, one would expect the field’s toroidal pieBg

to dominate the poloidal pag,. . >B,) arefirst driven orthogonal td' by dissipative forces,
The toroidal fieldB; tends to distort a NS into a prolate ,, 5 time scale of 103 yr, but then are slowly driven back
shape, and we show that this magnetic distortion dominateﬁara”d toJ' by em radiation reaction, for times 10* yr.
over the oblateness “frozen into” the NS crust B(=3.4  Tpat is, Jones estimated that at around age-10* yr, dis-
X 10*(v4/300 HzF G, wherevs is the NS spin frequency. sipative forces would diminish to the point that EM backre-
An elastic NS with frozen-inB field of this magnitude is action would drive the dynamics. Clearly, Jones was strongly
clearly secularly unstable: the wobble angle between th@uided by the observation that most young pulsarsndo
NS's angular momenturd' and the star's magnetic axis;  appear to have dipole axes orthogonaltgnor can they be
grow on a viscous time scale unfil andng are orthogonal.  perfectly aligned with)', as one would expect fd8,>B;,
This final orientation is the optimal one for GW emission. since they pulse Given his strong argument that dissipation
The basic cause of the instability seems so general that wshould drive the magnetic axis orthogonaldtp and the ap-
conjecture that the same final state is reached for a realistigarent contradiction by observation, there are three likely
NS (with crust and superfluid coyeln this paper we con- ways out:(1) assume dissipative effects become negligible
sider NS’s wherd@,>B,, we assume that most of the results on a time scale of order the ages of known, young pulsars,
for elastic NS’s can be carried over to the realistic NS case(2) assume the pulsar emission region is not aligned along a
and examine the consequences. We show that for LMXB'rincipal axis of theinternal B field, or (3) assume that the
with B,~2x10"?—2x 10" G, the spindown from GW's is internalB field is either not born with, or quickly loses, any
sufficient to balance the accretion torque—supporting a sugstrong directionality. Jones developed a model around the
first option, but found little support for it in the data.
Here we essentially resurrect the Jones argument, but con-
*Email address: cutler@aei.mpg.de centrate on a different class of objects possessing much

our own galaxy.

The idea that a large, toroidal magnetic field should drive
the magnetic axis orthogonal td is not new; a literature
search revealed that Jones had this idea 28 yeard@go
Jones[7-10] went on to develop a scenario in which the
dipole axes of young pulsarsvhich he assumed havg,
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smaller external dipole fieldB,: the LMXB’s and millisec-  and foundb~2x10"’. (An older, back-of-the-envelope es-

ond pulsars. For these objects, it seems clear that dissipatidimate ofb~10~° used by many authors turned out to be too

must dominate over the EM torque in determining the align-high by a factor~40.) Therefore we adopt the estimate

ment of the NS’s axes. We are agnostic on the question of

why thenormal (i.e., young, slow pulsars are generally nei- o s 2

ther aligned nor orthogonal rotators. It is irrelevant to our €~6x10 KHz/| ° (2.2

argument whether optiofl) or (2) above is correct; option

(3) seems the least likely to us, but if opti¢8) is always  again, this estimate assumes the crust is nearly relaxed.

correct it would render this paper irrelevant. _ ~ While this might not be a good assumption for young, slow
Of course, it has been noted before that magnetically disys's it seems safe for the fast, old NS’s of interest to us

torted NS's can generate GW's; see, e.g., Bonazzola anfere, for two reasons. First, during the LMXB phase, the

Gourgouhlon[11] and Joneq12] and references therein. entjre crust is replaced by accreted matter as the NS spins up,

Also, Melatos and Phinnef13] recently showed how the anq it seems unlikely the new crust would “remember” the

poloidal B field on accreting NS's might build up “moun- nreferred shape from an earlier era. Second, the alternative

tains” of accreted matter on the magnetic poles, leading Qequires the crust to withstand average strains of order 3
GW emission. What is new here is our observation that NS's¢ 1073(,,5/300 Hz)2 for ~10"—10w° yr without relaxing

with large toroidalB fields should naturally evolve to con- 115] which also seems unlikely.
figurations with large GW emission, and our indentification” Next we needes. Of course, the actual distortion pro-

of LMXB'’s and millisecond pulsars as likely “sites” for this  4,ceq by some toroidal fielB, depends on the precise dis-

phenomenon. tribution of B field (and hence currentswithin the star,

In Sec. Il we derive the basic energetics and time scaleyich is highly uncertain. So we must be satisfied with a
These are applied to LMXB’s and millisecond pulsars in Secrough estimate o , which we derive as follows. LmiB be

”:]’ ﬁndl to newbor?hN?s" n _Sec];_(;v. _F?rNcng estlma:g;;.wealong thez axis. For an incompressible, constanstar that
shall always use the tollowing Ttiducia parametevs: s not superconductingsg=(I,,— Iy /1,, depends only on

— — — 5
=14Mo, R=10 km, and =10* g cn?. the total energy in the toroidal fie[d7,18:

Il. ENERGETICS AND TIME SCALES 15 1
_ , EB:——Eglf—dev, 2.3
Let ng be the NS’s magnetic axiso that if we calhg the 4 87
z axis, then the toroidal field®, points in the¢ direction. 210 ¢ , o .
Following Pines and Shahafil4], we can write the NS's where EG=(3/_5)GM /_R is thg star’s grawtatlonal_bmdmg
inertia tensoll! as the sum of four pieces—a spherical piece®N€rgy: The sign oég is negative because the toroidal mag-

and three quadrupolar distortions—as follows: netic field lines are like a rubber belt, pulling in the star’s
waist at the magnetic equator.
1= (el + eq nhnk, + €g N+ egnbnk].  (2.1) Now, it is generally believed that for interior temperatures

T<10°—10'°°K, the protons in the NS interior are a type Il

Here €'l is the flat, spatial 3_metrid,oeij is the spherically superconductor; hence the magnetic field is confined to flux

i fi —10L5
symmmetric part of the inertia tensor, and the terms proporlubes Wwith field strengttB;~10" G. (For B>By, the
tional to e, €4, andeg are the quadrupolar distortions due magnetic fluxoids overlapThen forB<B.,, the anisotropic

to the star's spin, crustal shear stresses, and the magnef?é‘rt of the mean magnetic stress tensor is increased over its
field respectively.’ ’ nonsuperconducting value by a factBg, /B, and eg in-

The centrifugal piece “follows” the instantaneous C'€ases by the same fac{@;19]. (The virial-theorem-based
derivation ofeg in Ostriker and Gunii18] makes this com-
pletely clean Putting this factor together with E¢2.3), but
using Eg=(3/4)GM?%R (i.e., the n=1 polytrope result,
which quite accurately gives the binding energy of realistic
NS’s), we adopt the estimate

(unit-)spin vectorny,, but the unit-vectorsy and ng are
assumed fixed in the body framé@lowever on long time
scalesny can be “re-set” by crustal relaxation.

The centrifugal pieces, in Eq. (2.1) is approximately
given by e,~0.3(vs/kHz)?, wherev, is the spin frequency.

The termey is due to the elastic crust’'s “memory” of some —6 5

S L . —1.6X <
preferred shape. Absent the magnetic field, it is the residual €a= 1.6x10 (<Bt2>/101 ©) Bi<Ba, (2.4)
oblateness the N@&ould have if it were spun down to zero —1.6x107%((Bf)/110*° G), B>By,

frequency, without the crust breaking or otherwise relaxing.

(To understand this, consider a rotating NS with relaxedvhere(- - -) means “volume-averaged over the NS interior.”
crust. Removing the centrifugal force would decrease théf course, the first line of Eq2.4) only applies to NS’s
NS'’s oblateness, but then shear stresses would also build w@ider than~0.1-1 yr (i.e., old and cold enough to be su-
that tended to push the crust back to its relaxed, oblatperconducting

shape. For an NS with relaxed crusty is proportional to For simplicity we are assuming, here and below, Baits

the centrifugal oblatenesgy=beq. The coefficiento was  sufficiently greater thaB,, that we can neglect the latter.
recently calculated by Cutleet al. [15], who solved the When is this a good approximation? For an incompressible,
coupled hydroelastic equations describing the deformed crusbnstante, nonsuperconducting NS, witB' of the form
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Bp%i_,_Bt(})i in the interior and matched to a dipolar field in oblatgness that is “frozen into” the star’s body frame, not the
the exterior, the deformation [47,18* centrifugal piece that “follows” the star’s angular velocity.
Therefore the condition for instability is eg>¢€q4, Or

Bl VT 29 :
€g= — —(B{) |- . v
24GM2110" 7P - 2 s
B;=3.4x 10" G 300 T (2.9
For a superconducting NS, wits, ,B,<B;, we claim this
becomes Assuming inequality(2.9) is satisfied, how does the insta-
bility grow? For an elastic star with frozen-in magnetic field,
5R4 this is completely clear. In the body fram&' precesses
EB=24GM2(2<Bch1>_<Bth1>)- (2.6 aroundni with precession frequency.es (neglecting a

small correction due to nonzekq). Because of dissipation,

[The small change (21/16)2 reflects the fact that thex- the angle betweefd) andniB steadily increases L_mtil they are
ternal poloidal magnetic field energy becomes a negligiblen€arly orthogonal(For a review of NS precessional dynam-
fraction of the total field energy in the superconducting dase.icS: see Cutler and Jongs6] and references therejn.

Clearly then, as long aéB,)=4(B,), our estimates should For a realistic NS, with superfluid core, the precessional
be fairly reliable. P dynamics could be more complicated. But as long as those

We next consider the kinetic energ§E) of the spinning ~dynamics do not reduce eg beloweg (i.e, by destroying the
NS as the orientation of the body changes, for fixed angulaldrge-scale coherence of the internal field or building up an
momentumd'. While in the inertial frame the NS’s angular €qually large internal poloidal pieket seems inevitable, by
velocity Q' clearly must remain approximately fixgdear ~Simple energetics, that dissipation will tend to drivg or-
the star’s angu'ar momentu[ﬁ), Qi will migrate with re- thOgonal tOJI In What fO"OWS, V\{G shall assume this is true.
spect to the body axes as the star prece&mss as the pre- Some support for this assumption comes from the work of
cession angle secularly changedsing Ji:|iij, KE  Goldreich and Reiseneggg20], who show that the compo-

=1JiQ);, and expanding everything to lowest orderdpp,  Sition of a NS interior is stably stratified, impeding convec-
e, and e~ . we find tive motions that might otherwise distort the interi®field.
d B :
We next turn to time scales. There are four relevant ones:
J? Tew:. Tem. Tacc and 7p;s. Onceng has been realigned

KE= m[l_ €0~ €a(Ngny)®— es(ngny)?®],  (2.7) perpendicular tad', the NS spins down due to GW emission
_ on a time scalergy=J/(2Jgw), given by
wheren), is the unit vector along'.
Now consider the case wheeg<<0 and|eg|> €4, and let €5 ve |4
¢ be the “wobble angle” betweerd' and nz. Then the Urgw=5.50x10"* S_l<—7 (Wz) . (29
9-dependent piece of KE is () ~*J?(— eg)cos, which is 10
clearly minimized forf= /2. [More precisely—including

Bq

Urey=4.88<10"1 71
=M 1° G

the effect of nonzeroes—KE is minimized for [niny| We must compare this to the time scaigy=J/(2Jew)
= 1|(eq/€g)sin 28], where 8 is the angle between and ~ ©n which the NS spins 3down due to eIectro,magnetlc_pro—
n,.] In addition to the kinetic energy, the wobbling NS CESSes. Def|an52M/R ' w.he.r.e/\/l |s_the NS’s magnetic
stores potential energyPE) in the stressed crust and the Q|pole moment(Wlt.h this definition,By is the value of the
distorted fluid. One easily convinces oneself that thef!eld at thg magnetic pple, on the NS s.urfa.lce, for an external
9-dependent pieces of PE and KE have the same sign antf!d that is perfectly dipolar.Then ey is given by
same functional form« cog6), and that they have compa- ) )
rable magnitudes for NS’s with relaxed crusts. Therefore, (ﬁ) 2.10
considering the total energy=EKE+ PE leads to the same kHz) = ™
conclusion about energy-minimization or stability as consid-
ering KE alone. For a magnetic dipole rotating in v m, the RHS of Eq.
It is worth emphasizing that the NS need not _actually be(zo_l(; W(iﬂde;g g&gﬁiegt%ty gfactoarC:‘?;, \,/v:]eerea isstﬁe .
prolate 1o be unstable; |_ndeed, for the cases of interest he%gle between the spin vector and magnetic dipole direction.
(vs>100 Hz), the centrifugal oblateness will be orders ofp, qdreich and Juliafi21] showed that a realistic NS is
magnitude larger thafeg|. But what matters, for both pre- ¢ ounded by plasma, and as a result @qL0) is a reason-
cessional dynamics and stability, is the net prolateness Aple estimate of the spindown rate even for an aligfied,
a=0) rotator.

I _ o From Egs.(2.9), (2.10, spindown due to GW emission

Ostriker and Gunipl8] actually give 3, not 2.1, as the coefficient dominates EM spindown for
of (B,ZJ) in Eq. (2.5, but we claim they made an algebra error; the
coefficient on the RHS of their EA19) should be— 7/40, not 300 Hz
their — 1/4. With this correction, their coefficent 3 becomes 2.1, in B,/B¢>6.2x 10° ), B;<B, (2.113
agreement with Wentz¢lL7].

Vs
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300 Hz Y%/ 10 G neutron superfluid vortices with electrons and nuclei in the
B,/By>2.5x 107

1/2
By ) , B>Bq1. inner crust.(E.g., Alpar and Saul$26] estimatedn~ 10
(2.11B —10* for slowly rotating NS’s, with the dissipation due to

electron scattering off pinned superfluid vortices. However

Such a large rati@®, /By would not be expected in a normal syperfluid vortices certainly wilhot remain pinned in the

pulsar, but could occur in a LMXB or recycled pulsar. For wopple regimes of interest to us—large wobble angle and

these sources, accretion apparently “buries” or otherwise ré;, =300 Hz so this particular estimate does not seem imme-

duces the external dipolar field, but the toroidal field in thediately relevant to our case: see Link and CUf2].) We

deep interior could be left largely intact. ;
. ) therefore leava as unknown parameter to be determined b
The EM torque from the external dipole field causes the P y

- i b ti [ d th . Th int is that, f
wobble angled betweenJ' and ng to damp(or grow, for opservation or mprove eory ¢ pomt 1s that for

. ) . LMXB's and millisecond pulsars, any less than~10°
[s;r122]§>2/3) on roughly the EM spindown time scalg means the dissipation time scale is much shorter than all the

others, and so should successfully drh@orthogonal tal'.
We have collected all the necessary formulas. We now
ITem, (2.12 apply them to interesting cases: LMXB's, millisecond pul-

sars, and newborn NS's.
where ¢ is the angle between the external dipole direction

and the magnetic axiBiB of the internalB field. Similarly,

gravitational radiation reaction tends to align the distortion 1. LMXB'S AND MILLISECOND PULSARS

axis ng with the spin directionindependent of the sign of

eg) on the GW spindown time scalegy [16]: 6=

— 350/ 7g\ for small wobble angled, where hererg,y is The arguments and time scales above lead to the follow-

defined as the rhs of E@2.9). ing evolution scenario fofsome large fraction ¢fLMXB’s
Next there is the time scalg,cc on which accretion can and millisecond pulsars. The NS is born wiy=4B, and

significantly change the NS's angular momentugither By~ 10'?— 10" G. At birth, ny is likely nearly aligned with

magnitude or direction We approximateracc=J/2Jacc by the NS's spin(and so is nearly aligned withl). The NS

Vs

1 dsing 1

3.
WT:_ ECOSZG 1- Esng

A. Evolution scenario

[23] spins down electromagnetically, but much later it is recycled
: by accretion from a companion. Accretion reduces the exte-
1race=9.3X10716 g1 M (300 HZ). rior field By below ~10° G; however in the interio, re-
10 Mg /yr Vs mains in the range- 10>— 10" G. As the NS spins back up

(2.13 and its externaB field decays, it reaches a state wheggs

is shorter than the other time scal@scluding gy, thanks
to the decay oBy), while | eg|> €4. Then dissipation rapidly
“flips” niB perpendicular ta)'. Initially nid flips along with
niB, but we expect the crust of a rapidly spinning NS will
crack or relax such that its new preferred ar|gis again
€ ) aligned withQ', but now is perpendicular tos . This final

Lastly, we consider the dissipation time scalg,s on
which the instability acts. Define to be the dissipation time
scale rp,5 divided by the wobble period, sey s=nP/eg,

where o5~ | €g|[J26%/(21)]/Ep s. We can rewrite this as

10 v
— -8 S
1/TD|S—3.0>< 10 5( n )(300 HZ)

F configuration is clearly a minimum of both KE and Rier
(2.14 fixed J, independent of the relative sizes ef and |eg|.
Thus while the NS continues to spin up, dissipation will
Then factor is hard to estimate, but fortunately most of ourensyre than!, remains aligned wittd", with ni; perpendicu-
conclusions are essentially independentnobver a huge  |5¢ g photh. This is important becausg increases quadrati-

range. Prgvious authors who have considered precessipr‘@ény with spin frequency, and s@s we shall seeeventually
damping in NS’s have generally concluded that preceSS|ogurpasse$éB| for the fastest LMXB's and millisecond pul-

damps quickly. E.g., Chau and Henriksg¥] considered sars. Our point is that as long a§has already been “re-set”

dissipation in the elastic crust & (and hence the centrifu- i P .
gal bulgé precess through the body frame. The crust is pe_alongJ beforethat happens, themg will remain orthogonal

riodically distorted by the wobbling motion, and the elasticto J'- After accretion stops, the NS continues to spin down
energy stored in the crust is some fractiBnof the total by GW emission. And becausg, is time-varying(rotating
wobble energy, where we estimate 0<065<0.5. (For the aroundJ' with frequencyrs) while ng is not, it is the mag-
Earth, F is 0.11[25].) If some fraction 1) of the elastic netic distortion that sources the gravitational waves.

energy is dissipated in each wobble period, tmenQ/F. A potential objection to this scenario arises if one assumes
Typically Q~10* for terrestrial metals, so one might esti- that the pulsar beam is aligned with the anjsof the B field
maten=<10°. Other mechanisms seem likely to lead to fasterin deep interior, since then we would predict tiatlarge
damping: the core and crust will not wobble together rigidly, fraction off millisecond pulsars should be orthogonal rota-
and relative internal motions will lead to frictional damping, tors, which is not observed. So for our picture to be sensible,
e.g., at the crust-core interface, or through interactions ofve should assume that th® field near the NS surface
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evolves(e.g., via accretion and crust-crackjrig such away their magnetic axes were flipped orthogonaltavhile they

that that the pulsar beam it aligned withnj . were being spun up, and will not flip back if the crust has
relaxed.
B. LMXB's Given a millisecond pulsar at distanBe spinning down

The distribution of LMXB spin periods suggest that many by_(_SW emission, it_is straightforward to compute the detect-
have “hit a wall” at vs~260-590 Hz—far below the likely ability of -the .GW S|gnalh(t). Th(_a rmsS/N (averaged over
maximum rotation rate of 1-1.5 kHE5,28]. Bildsten [5] source direction and polarizatiprs
proposed that they had reached an equilibrium where accre-
tion torque was balanced by spindown from gravitational

radiation(resuscitating an idea of Wagonef29)). (1 kpe)[ Ty \M210% yr\M2[2x 107
Equilibrium between accretion torque and GW spindown SIN=1. D 1 yr Te Sﬁ’z(f) '
implies an ellipticity 3.3

} M 21300 Hz| 52
e=4.5x108 (3.0 _ _ ,
10 °Mg /yr Vs where f=2v, is the gravity-wave frequencyg,(f) is the

(single-sided noise spectral density, ant, is the observa-
For the LMXB'’s with known spin rates, the range Mfs is  tion time. The broad-band LIGO-II noise curve has a broad
~10"11-2Xx10 %M /yr, with implied €'s in the range minimum at fg,~400 Hz, with S{4(f)~2x10"2* there
~3%x10 9-3%x10 7 [28]. [31]. Using this fiducial value foSt'4f), ones finds there

On this assumption, GW's from the brightest LMXB'’s are at least 4 known millisecond pulsars w8iN>2.7 in a
(especially Sco X-Lshould be detectable by LIGO Il. Ush- 1 yr observation. PSR J0437-4715y( =347 Hz, 7.=0.6
omirskyet al.[23] showed that crustal “mountains” can pro- x 10 yr, andD=0.18 kpc[32]) gives the highes&/N ra-
vide the required ellipticity, but only if the crustal breaking tio: S/N=7.9. Also, PSR J1744-1134f {,= 491 Hz, 7,
strain oy is larger than~10"2—1072. Toroidal B fields ~ —0.72< 101 yr, D=0.36 kpc[34]) yields SIN=3.6; PSR
place no such requirement on the crust’s breaking st&in: J1024-0719 {,w=387 Hz, 7,=2.7x 10 yr, D=0.20 kpc
~2x10"-2x10" G provides the required ellipticity. Our [32]) yields S/N=3.3; and PSR J10125307 Fow
picture requires that GW torque dominates EM torque, of=381 Hz, r,=0.6x 101 yr, D=0.52 kpc[33]) gives SIN
By=5x10°~5Xx 10" G, by Eq.(2.119. There are no direct —2.7. Factor~2.5 improvements in these SNR'’s could be
measurements d in LMXB's to compare this to, buBy  obtained by operating the detector in narrow-band, signal-
=<10° G is indicated by the lack of x-ray pulses. recycling mode.

While for simplicity we have assumeg>B,, it should Note that since the GW signal is almost completely
be clear that the basic picture remains the same if they arnenown from radio observationg.e., up to polarization, am-
comparable, so long as the tote} is negative andeg|  plitude and overall phageS/N=2.7 is enough for confident
~108-10"". detection.

C. Millisecond pulsars

We turn now to millisecond radio pulsathich we de- IV. NEWBORN PULSARS
fine as those with spin period3<10 ms), which are com-  As another application of our basic idea, consider the
monly assumed to be the descendants of LMXB's. Our piCspindown GW’s from a supernova in our own galaxy (
ture suggests than many should now be spinning_ down by_ 10 kpc). (The supernova rate in our galaxy 4s1/40 yr,
GW emission. The NS’s characteristic age=P/(2P) is  so this author expects to be around for the next)oiheloes

then justrgy. We can rewrite Eq(2.9) as not seem outlandish to posit field streng®g~10* G and
0 5 B~10" G. Now EM radiation dominates the spindown
|eg|=6.0% 109( 1 yr)( P c) 3.2 torque, but there is significant GW emission as well.
Te 5 mseg ’ The matched-filtering $/N)? for a NS spinning down

solelyduel=m=2 GW's is[30]
or B,~4x 10" G for our fiducial millisecond pulsar values
(7.=10yr and P=5 msec)—consistent with the lower

end of the range we inferred for LMXB’$A comparison of 2G fmaxdJ/d f
derived eg's in the LMXB and millisecond pulsar popula- (SIN)?2= 5 3f ST df. 4.1
tions would be interesting, but is clearly complicated by se- 5mD%C ) fin T SalF)

lection effects; e.g., loweg| millisecond pulsars live longer,

and so will dominate the observed samplote that|eg| _ _ .

> ey only for P=4.0 msec ¢,/10% yr)* [from Egs. (2.2 For our case, we just need to multiply the numerator in Eq.
and(3.2)], so the oldest or fastest millisecond pulsars would(4.1) by Jgw/Jem= Tem/ Tow™ f2. Approximating the high-
not be unstable in the way we described in Sec. Il. Howeverfrequency part of the broad-band, LIGO-II noise spectrum by
as explained in Sec. IllA, that probably does not matterS,(f)=2.1x10 %" s (f/10° Hz)? [31], we find
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10 kpd [ e |[104 G foa) 112 [IN(fax frin Y2~ 1, we findS/N="75 for D =10 kpc, which
SIN= 11.7( D C) s ( B )[In( ” . would likely be detectable even in a semi-blind search—i.e.,
10 d one where neutrino detectors and other channels give the
(4.2) collapse time and a rough position, but where there is no

Here we can také, to be the frequency-500 Hz) where r_adio signal to give us the rotational phase as a function of

the actual LIGO-II broad-band noise curve “flattens out.” tme.
E.g., consider a NS withB,=2x10"G and By

=10 G, which spins down fromwvs~1 kHz to v

=250 Hz in~10 days(and tovs~80 Hz after one yearin

order forng to “flip” before the NS spins down substan- It is a pleasure to thank Lars Bildsten, lan Jones, Bernard

tially, we needrp;s<7gy, or N<1.3x10°, by Egs.(2.10 Schutz, Chris Thompson, and Greg Ushomirsky for helpful

and (2.14. Assuming n is this small, and taking discussions.

fmin
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