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Evolution of magnetic field and spin period in accreting neutron stars
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Abstract. Based on the accretion-induced magnetic field derass, which seems to reproduce the observed field-period rela-
cay model, in which a frozen field and an incompressible fluttbns of the recycled pulsars quite well.
are assumed, we obtain the following results: (1) an analytic Theoretically, for explaining the accretion induced field de-
relation between the magnetic field and spin period, if the fasgly, some suggestions and models have been proposed (e.g.
ness parameter of the accretion disk is neglected (The evddisnovatyi-Kogan & Komberg 1974; Romani 1990; Ruderman
tionary tracks of accreting neutron stars in the P-B diagrai®91a,b,c; Ding etal. 1993; Zhang et al. 1994; Urpin & Geppert
in our model are different from the equilibrium period line4995; Geppertetal. 1996; Urpin & Konenkov 1997; Zhang et al.
when the influence of the fastness parameter is taken into 2897; Cheng & Dai 1997; Zhang 1998; Ruderman, Zhu & Chen
count.); (2) the theoretical minimum spin period of an accret998). Recently, van den Heuvel & Bitzaraki (1995a, 1995b),
: : (AM\—1p—5/14 ﬂ)‘m discovered a clear correlation between spin period and orbital
Ing neutron star isax(1.1ms (Me) B I45(M® " period, as well as between the magnetic field and orbital pe-
n independent of the accretion ratdiod from the statistical analysis of 24 binary radio pulsars with
o/ . nearly circular orbits and low mass companions. These rela-
(X-ray luminosity) but dependent on the total accretion mass . :
i . - I0ns strongly suggest that an increase in the amount of accreted
AM:; however, the minimum magnetic field depends on the ac- . i e
. . . ss leads to a decay of the magnetic field, and a “bottom” field
cretion rate; (3) the magnetic field strength decreases faster Wi : L9 :
time than does the period strength of about F0G is also implied. White & Zhang (1997)
' discovered that the spin periods of LMXBs, implied by kilo-
Key words: stars: magnetic fields — stars: neutron — stars: rot%e-’rFZ X-ray QPO, c.o.nstltute a homogenogs group W'Fh aspin
tion period of about 2 milliseconds, which has little correlation with
X-ray luminosity. The above two recent observational statistics
seem to place some constraints on the construction of a theoret-
ical model of accretion induced magnetic field decay.
1. Introduction In this paper, we study the evolution of a magnetic field and
r?ﬁp;)in period of accreting neutron stars according to an accretion

The formation of the magnetic field of a neutron star has lo o
been a complex issue ar?d one which is as yet unsolved (B’%uced magnetic field decay model (Zhang et al. 1997; Cheng

tachaya & van den Heuvel 1991; Chanmugam 1992; Phinney, hang 1998), based on the idea of van den Heuvel & Bitzaraki

. . 95a, 1995b) and Romani (1990) for the mechanism of ac-
Kulkarni 1994). There is not yeta commonly accepted model ((‘):r[]etion induced field decay. In this model, the accretion matter

the evolution of the magnetic field of a neutron star (for agen,[arts to be channeled onto the two polar caps by the strong

eral review cf. Bhattacharya_ & Srmwasan 1995). The Currem?%a{gnetic field near the Alfven radius. Part of the accreted mat-
popular idea seems to ascribe the field decay of a neutron %ta

er flowing towards the equator pushes the field lines aside and

nan X_-ray_bmary to the period du_rln_g which accretion occurﬁ.]us dilutes the polar field strength. The bottom field should
There is evidence that the magnetic fields of X-ray neutron st%rs

and recycled pulsars are correlated with the duration of the magsreached_when the polar cap extends over the ent|r_e stellar
) surface, which corresponds to the Alfven radius matching the
accretion phase, or the total amount of matter accreted (Taam, . ) e
. star’s radius, and gives a stellar magnetic field of abo&t@0

& van den Heuvel 1986; van den Heuvel et al. 1986). . ; ; :

. Since the spin period of an accreting X-ray neutron star depends
In fact, Taam and van den Heuvel have already discovered . o . ;
sedwsmvely on the magnetic field together with the influence of

a possible inverse correlation between the magnetic field af . . ;
. . e fastness parameter, some interesting results can be obtained
the estimated total mass of accreted matter for the binary X-ra}gth are coﬂsistent with the recent obgervational data on low

. . W

formula elatng the dEoay of the magneti Teld with acareudia=s XC12 netion sars by White & Zhang (1997) and on
9 y 9 tﬂe millisecond pulsars by van den Heuvel & Bitzaraki (1995a,
Send offprint requests 1&.S. Cheng 1995b).
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2. Models

Under the assumption that the magnetic field lines of the neutién the variation of

star are frozen in the entire crust (which has homogenous

erage mass density), we have obtained an analytical expressigtically. First we can rewrite Eq.(3) as‘}g—f

for the field evolution as follows (Cheng & Zhang 1998),

By 1)
1 — Cexp(—

B= AMA7/4
MCI')

whereC = 1—z32 andzy = (%)2/7, By is the initial magnetic
field strength M., is the crustal mas®\M = Mt and By is

the magnetic field defined by the Alfven radius matching t
radius of the neutron star, i.&?.4(By) = R, which gives,

M
By = 4.3 x 103(——)/2
Mg,
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2.1. Spin evolution with a constant fastness parameter

the fastness parameter can be

@nored, i.e. n(ws) 1, we can solve Eg.(3) an-

=50 x 107[(5) TR I BYL LY 2 Tdt sy,
where Byis B;/10"*G and z B/By. From
Eq.(1), we obtaindt —4Mer _dz - which gives

/ TMz 24/;—1'/

! —4 M., _ 12/7 71 p2/776/7 d _

#= o= 10 4%(%) TR s By Lsz yzglsyr g

wherey = z2/7. Using Eq.(2) to eliminateB;, assuming

mass and radius as constants and the initial period condition
» = oo, we obtain the field-period relation (B-P) in the

following analytic form,

B 1.5ms
~ atanh(x) — atanh(xo)

(M/Mg) ™Ry >/

(M% @ (6)

whereMpy = 108 Rggs~ is the Eddington accretion rate andvherex = y=! = (2£)%/7 2y = (%)2/7 andatanh(x) =

R is the radius of the neutron star in unitsi®f cm. [In(1 +x) — In(1 — x)]/2. There are two interesting limits for
Three consistent observational conclusions can be obtaineds. (1) and (6). FoAM <« M., Egs. (1) and (6) can be

(1) the field decay is inversely related to the accreted mass, #Rproximated as

the bottom field strength is abol@® Gauss, and (3) the bottom

YWARS G, Iis (M /0.1Mg)

field strength is proportionally related to the X-ray luminosityB ~ By AX;[ ox ¢t (7
On the basis of the above solution, we will study the spin period
evolution of accreting neutron stars. and
To acquire the magnetic field versus period relation, we use 1) .
the formula for the variation of the rotation due to accretiop ~ 1.5 ms (M) R‘5/14I45 < Mer >
given by Ghosh & Lamb (1979, hereafter GL) x Mg 0 0.1Mg
M x t727, (8)

—P=50x 10_5[(7)_3/7Ré2/71151}
i (PLay’ @ For AM > M., Egs. (1) and (6) can be approximated as
By (PL" ) *n(ws)syr™, @)

whereB is the surface field in units d0'2 G, I is the mo- B =~ By (1 + ZeXp ( A?M)) 9)
ment of inertiain units 0f0*°g cm?, L3 is the X-ray brightness er
in units of 1037ergs~! andn(w,) is a dimensionless function and
that depends primarily on the fastness parameter,
o AMN ™' 5 M\ Y2
Wy = 1.35[(M7®)72/7Ré5/7]B%7P*1L;;’/?. 4) P~ 1.1ms <®) Rg Iys <M@> . (20)

For a star rotating slowly in the same sense as the disk flsMe should note that the period of the neutron star cannot be
(ws < 1), GL found thatn(w,) ~ 1.4. They also found that shorter than the equilibrium spin-up line which represents the
the dimensionless function(w) decreases with increasing minimum period (Bhattacharya & van den Heuvel 1991)

and becoming negative far; > w.. A simple expression for

n(w;) that agrees approximately with numerical results over the M - M\ 7 16/7
. P., = 2.4msBgy | —— — Rg", (11)
whole range ofu, is, q M M., 6
1 —ws/we _ _ _ _
n(ws) = 1.4 x 1_w. ) (5)  towhichsuch a spin-up may proceed at the Eddington accretion

. rate. If we substitute the minimum B field in Eq. (11), we obtain
GL found w, ~ O._35 fr_o_m their model, but stressed that t_h‘?he minimum equilibrium period,
actual value of this critical fastness parameter was relatively
uncertain. Subsequent work (Ghosh & Lamb 1991) indicates M\ "2

. . . eq 17/14
thatw, is unlikely to be less than 0.2, but it could be as large &3, = 1.1ms (M) Rg ' (12)
0.9. In the following subsections, we study the influence of the ©
field decay on the evolution of the spin period of the neutrdfiowever, we want to point out that Eq. (12) is valid only in
star in an X-ray binary. cases where the neutron star has accreted a sufficient amount of
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Table 1. Parameters of binary neutron stars
Source B.(G) Period(s) AM(Mgp) Type Refs.
J0034-05 1.1 x108 0.00188 0.7 L a
J0437-47 4.9 x10° 0.00576  0.77 L a
B0655+64 1.2 x10%°  0.196 0.003/0.003 L/H bd
o B08204-02 3 x10" 0.8649 0.005/0.04 H b,d
53 J1045-45 3.8 x10° 0.00745 0.7 L a
9 B1620-26 3 x10° 0.0111 0.45 L ae
J1713407 2 %108 0.00457  0.65 L a
B1718-19 1.28 x10'  1.004 0.7 L? a
B1800-27 7.7 x10'° 0.3344 0.18 L? a
B1831-00 8.7 10"  0.5209 0.8 L? a
B18554-09 3.1 x10® 0.00536  0.75 L a
B1913416 2 x10%° 0.059 0.003/0.003 H b.e
7 ) ‘3 ‘2 ‘w (‘) 1‘ > B1953+29 4.3 x10* 0.00613 0.03/0.59 L a,b,e
B B B B B1957420 1.66 x10°  0.00161 L ae
LOG(P) 72019424 1.82 x10°  0.00393  0.65 L a.e
. o . . . o J2317+424 1.27 x10®  0.00345  0.79 L ae
Fig. 1. Magnetic field vs. spin period diagram. Solid diamonds are s 53s-¢6 TS 0.069 0.002 H b
observed data summarized in Table 1. Initial spin period is chosen tder X-1 3.07 x 10" 1.24 0.0001 L/H bt
be 100 s. The initial magnetic field8y = 5 x 10*2 G andBy, =  1E2259+59 sx 10t 1T 0.01 L b,i
1 x 10" G are used, and the luminosity is varied from the EddingtonGX1+4 >3 x 100 120 0.0001 L b
o T o GX5-1 6 x10° 0.01 0.02/0.5 L b
limited luminosity L3s=1 to Lss=1. The upper heavy solid line isthe ., ", 6 %10° 0.01 0.02/0.5 L b
spin-up line (equilibrium period line) given in Eq. (11) and the lower Scobx_l 5 %108 0.002 0.05/0.8 L b
solid line is the death line defined d@%2/P> = 0.2. Curve 1 and MXB1730.335 7 x10° ? 0.1/0.8 L b
curve 3 are calculated from Eq. (6) with luminosifss = 1 and ~ 4U0115+63 1.03 x10°% 3.6 Ll f
_ ; ; ions<0331+53 2.41 x10'  4.38 il f
L3e = 1respectively. Curve 2 and curve 4 are our numerical solution - 1
for Egs. (1)-(5) with luminosity.ss=1 andLs=1 respectively. Inall  -F 34 27610 663 i f
as. _ 38= 36~ p Y- 4U1907409 172 1012 438 H f
model evolution curves we have ubk! = 1M, and R = 16 cm. 4U1538-52 1.72 x10" 530 il f
Vela X-1 2.33 x10% 283 il f
. . . GX 301-2 3.45 x10" 690 H f
matter to spin-up to that period. For a given amount of accreteds03-7202 4.6 x10° 0.0148 L c
matter, the minimum period of the neutron star is J1804-2707 6.3 x10° 0.0093 L ¢
J1911-1114 2.2 x10° 0.0036 L c
-1 —1/2 J2129-5721 2.8 x10° 0.0037 L c
Prin = max(1.1 AM 355/14]45 M 7 J062141002 1.5 x10°  0.0289 L/H  d
Mg Mg 7102241001 8.2 x10° 0.0165 L/H d
A\ Y2 J0034-0534 1.1 x108 0.00188 L g
17/14 J1045-4509 3.8 x10° 0.00747 L g
1.1 (M ) Rg'" " )ms, (13) 12145-0750 6 x10° 0.01605 L/H g
© J0437-4715 5.1 x10° 0.00576 L h
an expression which is independent of the accretion rate (X-ra{f613-0200 L7 x10°  0.00306 L h
luminosity) but depends on the total accretion masd 1045-4509 2010 0.00747 L h
uminosity) but depends Olal acCretion mass. J1643-1224 2.9 x10°  0.00462 L h
We plot the field-period relation in Fig. 1, which shows the Bi257+12 8.7 x10° 0.0062 L e
evolutionary track curves of the magnetic field and spin period31534+12 9.8 x10°  0.0379 H e
cyo - 1802-07 3.4 x10° 0.023 H e
(curve 1 and curve 3). Solid dla_monds in Fig.1 are observe@mo_11 63x10 02708 p .
data summarized in Table 1. Initially, a small amount of mass2127+11 1.3%10°  0.0305 o e
is transferred, and the neutron star is spun-up from the deafbp303+46 7.9 x10'"  1.0063 H e

valley (Chen & Ruderman 1993) where it has a long period; Yan den Heuvel and Bitzaraki 1995

am and van den Heuvel 1986

. X b:
which causes a modest field decay and produces systems s(y(ﬁiimer et al 1996. d: Camilo ot al 1996

as PSR0655+64 and PSR1913+16. The binaries with longerTaylor et al 1993, f: Mikishima 1992

lived accretion phases, e.g. LMXB, will accept sufficient masg Bailes et al 1994, h: Bell et al 1997, i: Corbet et al 1995

from their companions and yield a substantial field decay, as
in the case of millisecond pulsars such as PSR1953+10 and

1003

PSR1620+21. Our analytic model B-P curves, which are olmum mass accreted in LMXB from the companion could be
tained by assuming(w;) = 1, can go beyond the spin-up line~ 1.0M (van den Heuvel & Bitzaraki 1995a, 1995b), the

(the equilibrium period line). This results from the fact that themass of the neutron star after accretion could reach4 M,

influence of the fastness parameter is neglected, thereforelith a radiusRs ~ 1 for realistic equations of state (cf. Ta-

spin-up torque still exists even when the spin of the neutron skde | of Cheng & Dai 1997) and§ o« M. The minimum spin
is faster than the Keplerian angular velocity of the accretigeriod given by Eq. (10) is abow,,;,, ~ 1.7 ms. Further, un-

disk at the inner radius. From the analytical P-B relation, wike the bottom field, the minimum period is independent of the
find that the minimum period can be obtained if the magneticcretion rate (X-ray luminosity) (cf. Egs. (10) and (12)). Our
field reaches the bottom field strength (cf. Eq. 6). The maxxpression seems to be supported by the recent work of White &
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Zhang (1997). They find that the luminosities in the ten samplemrist take this factor into account. On the other hand, the min-
of QPO LMXB vary by two order of magnitude fross = 1  imum period should not depend on the details of the evolution
to Lsg = 1, but the spin periods of the sources diffuse into @ajectories; it only depends on the final values of the stellar pa-
narrow region from 2.76 ms to 3.8 ms. rameters which are equations of state dependent. Observing the
minimum period in LMXB may provide useful constraints on
the equation of state for high density matter. Bav/ < 1M,

the minimum period is longer than 1.7 ms for a wide range of
Numerical solutions (curve 2 and curve 4) for Egs. (1), (3), (4¢alistic equations of state (Wiringa et al. 1988).

and (5), where the critical fastness parameter is set at 0.9, AL
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the observed data (White & Zhang 1997). However, in this pa- . ;
. (eds.) 21st Centuary Chinese Astronomy Conference, World Sci-

per we have ignored the fact that the stellar parametersyi,e.

. . entific, Singapore, p. 301
R and I, are all time dependent. The exact evolution curves

2.2. Spin evolution with a non-constant fastness parameter

3. Conclusion
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