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We investigate production of Li in soft X-ray transients (NSSXTs) during quiescence.

Lithium is abundantly synthesized in a hot accretion flow and is transfered to the surface of a

secondary star. Almost all charged nuclei in the accretion flow are outflowed by the magneto-

centrifugal forces, so that the accretion flow is mainly composed of neutrons. Accretion

energies of neutrons liberated on the surface of the neutron star naturally explain the origin

of blackbody-like soft X-rays from a quiescent NSSXT. It is found that for reasonable values of

the mass accretion rate M = 2-4 x 10~nM© yr"1 from the secondary and the magnetic field
£ns = 2—3 x 108 G of the neutron star, the abundance of Li on the secondary is LI/Hs-10"9
and the soft X-ray luminosity is Lx = 2 - 3 x 1032ergs"1, which are comparable to the
observed values in Cen X-4 during quiescence. Moreover, the isotopic ratio 6Li/ 7Li is found

to be comparable to the observed value. The scenario for the Li production and the emission

mechanism of the soft X-ray in terms of neutron accretion explains the non-detection of Li

in Aql X-l due to strong magnetic fields. These facts strongly suggest the existence of a hot

accretion flow in an NSSXT during quiescence.

§1. Introduction

High abundances of Li have been observed in late-type secondaries of black hole

soft X-ray transients (BHSXTs) and a neutron star soft X-ray transient (NSSXT)

during quiescence,1) though Li is likely to be destroyed in the deep convective en

velope of a late-type star. The Li enrichment has not, however, been observed in a

late-type secondary of a compact binary with a white dwarf.2) These facts strongly

suggest that Li is produced in BHSXTs and NSSXTs3)'4) and that the nature of

the primaries is crucial for the production mechanism. Recently, Li production has

been examined5) on the surface of the secondary in a BHSXT through spallation of

CNO nuclei by neutrons from a hot accretion flow. The evaluated abundances of Li

has shown to be in good agreement with observed abundances of seven BHSXTs for

updated binary parameters, cross sections of neutron-induced spallation reactions,

and mass accretion rates derived from the spectrum fitting of multi-wavelength ob

servations of the quiescent BHSXTs.

However, the Li production is not enough in NSSXTs because of low accretion

rates corresponding to low X-ray luminosities. The Li enhancement on the sec

ondary is suggested3) in terms of the transportation by magneto-centrifugal forces

through propeller effects of Li synthesized by a-a reactions in an advection domi-
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nated accretion flow (ADAF) around a neutron star. Since timescale for deposition

is much shorter than that for the convective Li burning, we should take account of

Li deposition from the secondary via mass accretion onto the neutron star.

Moreover, X-ray emission from NSSXTs in quiescence is fitted with blackbody-

like soft and power-law hard components. Although the origin of the hard component

is still unclear, the energy source of the soft X-ray is considered to be residual polar

accretion onto a neutron star from ADAF.6)'7) Even when the propeller effects

operate, accretion through the polar region of the star is possible because of weak

centrifugal forces in the region. The fraction of the mass accretion rate that reaches

the neutron star surface has been estimated to be 10~3, which could be much lower if

the accretion flow has a toroidal morphology with empty funnels along the rotational

axis.7) We note that MHD simulations of ADAF show that the flow has funnels with
densities lower than that at the equatorial plane.8)

As magnetic fields of the neutron star have no influence on neutrons produced

in ADAF, neutrons can accrete onto the neutron star even after the propeller effects

operate. Consequently, the accretion flow near the neutron star consists of neutrons

only. Gravitational energy of neutrons is liberated on the surface of the star. This

is a possible energy budget to the soft X-rays from NSSXTs.

In the present study, we examine the production of Li through the transportation

of Li from ADAF to the secondary, taking into accoimt the Li deposition from the

surface via the accretion. We propose a new mechanism to produce soft X-rays from

NSSXTs through the liberation of the gravitational energy of neutrons on the surface

of the star.

§2. Abundance distribution in an advection dominated accretion flow

around a neutron star

We consider ADAF around a neutron star of mass M = 1AM®. Temperature

of ions is given by9)

T = 3.7 x 1012— K = 31.9— MeV. (2.1)
r r

Here r\n = Zrg is the radius at the inner edge of ADAF, where rg is the Schwarzschild

radius. Number density of gas is also given by

/ \ -3/2

n = 1.7 x lO^aT1™"1™ ( — ] cm"3, (2.2)
\rinj

where a is the viscous parameter, m = M/M<$ and m is the mass accretion rate in

units of the Eddington accretion rate MEdd = 1-4 x 1017 mgs"1, We note that the

definition of the Eddington rate in Ref. 9) is ten times larger than ours.

Once temperatures, densities and drift timescales are specified, we can follow

the evolution of abundance in ADAF from the outer boundary rout = 100 rp to nn,

using a nuclear reaction network. It is likely that rout becomes much larger during

the quiescent state,10) but the abundance distribution is independent of the choice of

larger rout> because temperature is too low to operate nuclear reactions in the outer
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Fig. 1. Distribution of abundance in ADAF for a = 0.3 and m = 1.4. The left panel indicates the

case m = 0.01 and the right is the case m = 0.1. The solid, dashed, short-dashed, dotted and

dash-dotted lines indicate the mass fractions of n, 4He, 6Li, 7Li and 7Be, respectively.

region. We have developed a nuclear reaction network with including four a — a

reactions to synthesize 6He, 6Li, 7Li and 7Be, based on a network in Ref. 5). Our

network contains 21 species of nuclei; n, p, D, T, 3He, 4He, 6He, 6Li, 7Li, 7Be, 9B,

nC, 12C, 13N, 14N, 15O, 16O, 17F, 20Ne, 21Na and 24Mg. It should be emphasized

that photodisintegrations are not important for the abundance evolution in ADAF,

since ADAF is optically thin and photons have no chance to interact with nuclei.

Therefore, nuclear statistical equilibrium cannot be realized in ADAF even at high

temperatures. Our network is appropriate in treating the production of n and Li,

but insufficient for Be, B and heavier nuclei because of the limited numbers of nuclei

and reactions. We note that 6He and 7Be decay to 6Li and 7Li with half lives of

0.806 s and 53.29 days, respectively. Initial abundances at rout are set to be the solar

composition11^ without Li.
Figure 1 shows the abundance distribution of n, 4He, 6Li, 7Li and 7Be inside

ADAF for a = 0.3 and m = 1.4. We set m = 0.01 in the left panel and 0.1 in

the right panel. Neutrons are abundant via the breakup of 4He in an inner region

r < 20 rg. The distribution of neutrons is similar to that in Ref. 12). Lithium is

appreciably synthesized at the inner region of ADAF. Note that 7Be is comparable

to and slightly lower than 7Li, while 6He is much lower than 6Li. If we adopt higher

initial abundance of 4He, we get higher abundance of Li, roughly proportional to

the initial abundance of 4He. Our Li abundance is smaller than that estimated in

Ref. 3) where viscous heating rates in nuclei are proportional to their masses, so that

nucleons have the same energy. Recent numerical simulations13) show, however, that
this is not the case and individual nuclei have the same energy.

§3. Li production on the secondaries

Lithium on the secondary is considered to be enhanced through the following two

processes; (i) the spallation of CNO nuclei on the secondary via neutrons ejected from

ADAF4)'5) and (ii) the transportation of Li from ADAF to the secondary through

the propeller effects.3)
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3.1. Neutron induced spoliation on the secondary

The surface of the secondary in NSSXT is bombarded by neutrons from ADAF.

The equilibrium abundance of Li on the secondary is evaluated with the same manner

as in BHSXT.5) Low X-ray luminosity14) of Cen X-4 during quiescence indicates a
very low mass accretion rate m < 10~6 onto the neutron star. The number fraction

of neutrons at the inner edge of ADAF is less than 2 x 10~6 for the rate. The Li

abundance on the secondary is therefore Li/H < 10~12, which is much less than the

observed abundance (Li/H)Obs — 10"9. The Li enhancement via the neutron induced
spallation is deficient for the observed amounts of Li on the secondary.

3.2. Transportation of Li to the secondary through the propeller effect

Sudden transitions in spectral states observed NSSXTs6)'15) canbe explained as

the termination of mass accretion via the propeller effects. The material in ADAF is

outflowed via the propeller effects, so that a fraction of Li produced in ADAF can be

transfered to the secondary. Furthermore, Li on the secondary is returned to ADAF

through mass accretion. We estimate an equilibrium abundance of Li. For isotropic

ejection of Li from ADAF, the production rate of Li on the secondary is given by

+ = M%ADAF(y) , (3.1)

where Xli,adaf is the mass fraction of Li at the ejection radius rej of ADAF, 12* is

the radius of the secondary and a is the binary separation. If we take into account

7Li decayed from 7Be, M^j is doubled. The mass transfer rate of Li from the surface

to ADAF is expressed as M£j = MXu, where Xu is the mass fraction of Li on the

secondary. For equilibrium between the production and deposition, we set ^

M£j. Then the equilibrium abundance is obtained to be

Li,eq = 7 ( ~ ) (3.2)

where the average mass number of Li is set to be 7, because of larger fractions of 7Li

compared with 6Li. We find that lu,eq is comparable to (Li/H)obs for Aj^adaf —
10~7, which is realized at r = 14.1 rg and 18.4 rg in ADAF with m = 0.01 and

0.1, respectively (see Fig. 1). Note that isotopic ratio 6Li/7Li ~ 0.19 , which is

comparable to the observed ratio.16)
The ejection radius rej is given by the Alfoen radius as

U) U01J r"
if rej is larger than the corotation radius3)

^)2/J ,3.4)

otherwise the propeller effects do not work. Here Bns and P^s are the magnetic

field and the rotational period of the neutron star, respectively. Figure 2 shows
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§4. New interpretation of soft X-ray emission in terms of neutron

ADAF induced via the propeller effects

The propeller effects operating in NSSXTs during quiescence play an important

role in ADAF. As shown in Fig. 1, an appreciable fraction of neutrons is produced at

rej, which is smaller than 20 rg for a reasonable set of parameters. Although almost all

charged particles are ejected by magneto-centrifugal forces near rej, neutrons are not

affected by magnetic field of the neutron star. Consequently, even after the operation

of the propeller effects, neutrons continues to accrete onto the neutron star. There

forms neutron ADAF around the neutron star. Since neutrons are predominantly

produced in a dense region toward the equatorial plane, neutron ADAF becomes

thin compared with usual ADAF.

As neutron ADAF emits little radiation during accretion, neutrons accreting

onto the neutron star liberate almost all the gravitational binding energy onto the

surface of the neutron star. The liberated energy is a possible candidate for a energy

budget of the blackbody-like soft X-rays. Then X-ray luminosities of 1032 erg s"1

correspond to mn ~ 10~"6.

We evaluate ran = rh-X^ADAF* where Xn,ADAF is the mass fraction of neutrons

at rej. The resulting mn is shown in Fig. 3 as a function of m for J3ns = 108 — 109 G.

We find mn is roughly proportional to ra3. Using XnjADAF <x mr~* from Fig. 1 and

rej oc rhr2l7 from Eq. (3.3), one obtains the same the relation.

When i?NS increases for a given to, rej increases and thus rhn decreases. It folows

that the soft X-rays of 1032 erg s""1 require to > 7 x 1(T3 for £Ns > 108 G. The radii

at which mn = lx 10~6 and 5 x 10~~6 are shown in Figure 2 by the thin and thick

dash-dotted lines, respectively.

§5* Comparison with observations

5.1. CenX-4

Cen X-4 is an NSSXT at distance 1.2 kpc and stays in a long quiescent phase

from the last outburst.17) At the decline phase of the outburst, an X-ray burst has

been observed,18) justifying the existence of an accreting neutron star. For a mass

of the secondary Mm = O.23M016) we evaluate R*/a = 0.46(1 + M/M*)"1/3 =

0.239. The observed abundance16) (Li/H)Obs = 7.4 x 10~10 corresponds to YLi,eq =
6.67 x 10-10(Yp/0.9). We obtain XLi,ADAF = 0.817 x 10"7(yp/0.9) from Eq. (3.2).

The quiescent soft X-ray luminosity19) is Lx = 2 - 3 x 1032ergs~\ which requires

rhn = 1 - 2 x 10"6. Finally we find m = 0.01 - 0.02 and BNS = 2 - 3 x 108 G.
It should be noted that the above accretion rate is comparable to the mass

transfer rate predicted by binary evolution models7)'20) and is consistent with the

average rate21) based on an outburst luminosity and a quiescent duration.

In brief, the scenario for the Li enhancement on the secondary in an NSSXT

via the propeller effects well explain the observed high Li abundances on the sec

ondary and the observed low blackbody-like soft X-ray luminosity, simultaneously,

for reasonable values of rh and
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Fig. 4. Same as Fig. 2, but for a = 0.1.

to lose their energies through the Coulomb interaction with electrons during the

transportation. The timescale is estimated to be 0.0015 s at 10 rg in ADAF for

a = 0.3, m = 1.4, m = 0.01 and electron temperature 5 x 1010 K. Therefore, protons

cannot participate in producing Li.

We have shown that appreciable neutrons accrete onto a neutron star even if the

propeller effects turn on. A fraction of the accreted neutrons interacts with protons

on the surface of the star to synthesize D and to emit 7-ray photons with 2.223 MeV.

We estimate the luminosity of the 7-ray as

~ 4.2 x 1030
/ m\ ( mn\

\IA) VIO-5;
ergs

-1
(6.1)

which corresponds to the photon flus 4.1 x 10"9 cm 2 s l at a distance of 2 kpc.

This is, however, much lower than a line sensitivity of the current spectrometer.

Magnetic fields of binary radio pulsars with low-mass companions clearly cor

relate with the orbital periods of the binaries and the rotational period.25) The
correlation strongly suggests that the magnetic fields decay due to mass accretion

in light of binary evolution model. The magnetic fields of Cen X-4 and Aql X-l

estimated in the previous section are consistent with an empirical relation between

the magnetic fields and the orbital periods.25)
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§7. Summary

We have examined the Li enhancement on the surface of a secondary in a NSSXT

during quiescence. Lithium is synthesized via a - a spallation reactions in ADAF

around a neutron star and is transfered to the secondary by the propeller effects.

Although accretion of almost all charged nuclei and electrons in ADAF is terminated

by magneto-centrifugal forces, neutrons produced in ADAF continue to accrete onto

the neutron star. Accretion energy of neutrons is liberated on the surface of the star

to be a possible energy budget of soft X-rays from NSSXTs. We have evaluated the

mass accretion rates and magnetic fields of the neutron star from the observed values

of Li abundance and soft X-ray luminosity. Our results are M = 2 — 4 x 1O~11M0

yr"1 and 5NS = 2 - 3 x 108G for Cen X-4, and M > 2 x 1O-1OM0 yr"1 and

5ns > 1 — 2 x 109 G for Aql X-l. Moreover, the isotopic ratio 6Li/7Li is found to be

comparable to the observed value in Cen X-4.

We have shown that neutrons accrete onto the surface of a neutron star, and

a fraction of the neutrons interact with protons to synthesize D abundantly. The

residual neutrons could interact with D to produce heavier nuclei. A sequene of

neutron captures might synthesize heavier neutron-rich nuclei. More importantly,

accretion of neutrons possibly change the composition of the material on the surface,

and could affect the duration and shape of light curves of X-ray bursts. These

subjects are solved in our future works.
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