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Abstract. The optical counterpart of the binary millisecond X-ray pulsar SAX J1808.4—3658 during quiescence was detected
atV = 215 mag by Homer et al. (2001). This star shows a 6% semi-amplitude sinusoidal modulation of its flux at the orbital
period of the system. It was proposed that the modulation arises from X-ray irradiation of the intrinsically faint companion
by a remnant accretion disk, and that the bulk of the optical emission arises from viscous dissipation in the disk. The serious
difficulty in this scenario lies in the estimate of the irradiating luminosity required to match the observational data, that is a
factor 10-50 higher than the quiescent X-ray luminosity of this source. To overcome this problem, we propose an alternative
scenario, in which the irradiation is due to the release of rotational energy by the fast spinning neutron star, switched on,
as magneto-dipole rotator (radio pulsar), during quiescence. Our computations indicate that the optical magnitudes are full
consistent with this hypothesis. In this case the observed optical luminosity may be the first evidence that a radio pulsar is activ
in this system in quiescence, a key phase for understanding the evolution of this class of objects.

Key words. accretion discs — stars: individual: SAX J1808.4—-3658 — stars: neutron — X-rays: stars — X-rays: binaries —
X-rays: general

1. Introduction Doppler orbital modulation with a period ef2.01 hr and neg-

. . . ligible eccentricity. The X-ray flux shows a weak modulatic
SAX J1808.4-3658 is a transient low mass X-ray binary (hefgr o4 \yith a broad minimum when the NS is behind the cor
after LMXB) first detected with the Wide Field Cameras quﬁ

. o anion. Adopting a typical NS mass &f; = 1.35 M, the
board BeppoSAX in 1996 (in't Zand et al. 1998). The sour ass function of the system suggests a very low mass c

-ShOV'\'/]-edh t);]pe | X-ray bll‘)r_Sts gnd was classifie(:] as 6]} LMN?nion, M, < 0.14 M, at 95% confidence level, of incon:
in which the compact object is a neutron star (hereafter icuous intrinsic luminosity (Chakrabarty & Morgan 1998

Arrllalysishof_ the dt_)urst emiss_ion, slrllowindg Eddington-limifte AX J1808.4-3658 was the first (low magnetized) LMXB 1
photospheric radius expansion, allowed an estimate o w coherent pulsations in the millisecond range in its pers

f\ourge distance ?f 4 kdpc (idn’t Z;lnsdket aI: 1,928)'dThiS cljisztgg{: t emission, thus providing the first evidence of the currg
as been recently updated to 2.5 kpc (in't Zand et al. olutionary scenario, the so called recycling scenario, acce

SAX J1808.4-3658 shows X-ray outbursts,_lasting afew te% to which LMXBs are the progenitors of binary millisecon

ities b B and 16° d aui luminosi fadio pulsars. These are systems containing a NS, active as
nosities between toan erggs and quiescent luminosi- pulsar, orbiting a light<0.1 My) companion and spinning

. 2 " (
ties between 1B and 16 erggs (see e.g. Wijnands et al. 2001at millisecond periods, with a relatively weak surface magne
Campana et al. 2002).

g ) field (~10®-1C° Gauss, as derived from the measure of the s
In RXTE observations performed during the 1998 OUtburﬁEriod derivative).

Wijnands & van der Klis (1998) detected coherent pulsations, )
at a frequency 0f401 Hz (corresponding to a NS spin pe- The optical counterpart of SAX J1808.4-3658 w:

riod of ~2.49 ms). Timing analysis on the same data revealiétgntified by Roche et al. (1998) with the variable st
V4584 Sagittarii. Optical spectra of the companion star shov

Send gfprint requests toL. Burderi, absorption lines which are characteristic of mid to late ty
e-mail:burderi@coma.mporzio.astro.it stars (Filippenko et al. 1998), thus supporting the conclus
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that the companion star has a very low mass (probahilyble 1.Quiescent optical apparent (de-reddened) magnitudes in three
a low-mass, irradiation-bloated, brown dwarf; Bildsten &lifferent bands of V4580 Sagittarius. The measured values are from
Chakrabarty 2001). Giles et al. (1999) reported on optical phidomer et al. (2001).

tometry during the decline of the 1998 outburst (April-June):
the source faded fro = 16.72 toV 2 20.50. The optical Band Measured Predicted
flux also showed a.06-0.08 mag semi-amplitude modulation,

roughly in antiphase with the weak X-ray orbital modulation,
at a period which is consistent with the X-ray binary period Bo 17.7 21.0 17.9 21.8
of the system. The phasing of the X-ray optical modulation is Vo 18.2 20.8 18.6 21.7
consistent with X-ray reprocessing on the facing hemisphere of
the companion star. Wang et al. (2001) interpreted the observed
optical flux in outburst as emission from an X-ray heated accre-

tion disk. . o . 3

Homer et al. (2001) reported on high time resolutioffl Iradiating flux has been estimated to g ~ 10% erggs
CCD photometry of this optical counterpart observed when tidomer et al. 2001). _ ,
X-ray source was in quiescence. The optical component was AS alréady pointed out by Homer et al. (2001) this scenario
detected a¥ ~ 21.5 mag, much fainter than the value observed€ets with some ﬂ‘icult_les. First of all, an X-ray Ium|£103|ty is
during the X-ray 1998 outburst. The two observations in quie@XPected due to accretion onto the NS at a leveli* ergs,
cence reported by Homer et al. (2001) were performed on 1G§#Pting a standardieciency of~10% for accretion onto NSs.
August 10 and on 2000 July 3, respectively. An X-ray outbur%‘t principle a propel_lerﬁect could centr!fugally inhibit accre-
of the source occurred between December 1999 and Jan(i@ &lthough a residual i?)grgs are still needed to heat the
2000 and ended around May 2000 (Wijnands et al. 200§pmpanion at the Ie_vel required from the optical data. Thls is
Therefore these observations occurred roughf shonths be- & factor of 16:50 higher than the measured X-ray luminos-
fore the start of this outburst ané-2 months after the end of Ity Of SAX J1808.4-3658 in quiescence. The quiescent X-ray
the outburst, respectively. Colour imagesBnV, andR ob- Igmmosﬂy of SAX J_1808.4—3658 haszbeen measured several
tained on 2000 July 3, were analyzed and corrected for intdff€sS, always resulting lower tharl0* erggs (Stella et al.
stellar extinction towards SAX J1808.4-3658, and are showRO0; Dotani et al. 2000; Wijnands et al. 21002; Campana et al.
in Table 1. The ratidex (2 — 10 keV)Fy is ~1100 in outburst 2002)- The most recent meastlrg ~ 5x 10°*! ergs in the 0.5—
and~10 in quiescence, respectively. This indicates that whifd k€V range, was obtained using an XMM observation taken
the optical emission in outburst is certainly due to X-ray rd? March 2001 (Campana et al. 2002). _
processing, similar to other outbursting transients, X-ray repro- I this letter we show that theseffiiculties are solved if we
cessing alone cannot be responsible of the bright optical enfRake the case that actually the irradiation of the remnant disk
sion observed in quiescence (Homer et al. 2001). andorthe_companlor! staris dug to |IIu_m|nat|on from tiaelio

In these data a-6% semi-amplitude modulation at thePulsar, which may switch on during quiescence, once the mag-
2-hr orbital period of the system is still significantly detectedi€tospheric radius is pushed beyond the light cylinder radius
The photometric minimum is found when the companion st&€€ €-9- Burderi etal. 2001). We suggest that the optical emis-
lies between the pulsar and the observer and the shape ofSi98 @nd modulation during quiescence is the first evidence that
modulation is approximately sinusoidal, similar to what is ol Magneto-dipole rotator (i.e. a radio pulsar) is active in this
served during outbursts. The faintness of the low-mass coRyStem during quiescence.
panion, as well as the lack of double-humped morphology, due
tq an ellipsoidal moduilation, echude_s the direct optical errllig—_ Irradiation of the disk and companion star
sion from the companion as the origin of the observed optical
flux and modulation.

Homer et al. (2001) interpret the observed optical flux dshas been demonstrated that a rotating magnetic dipole in vac-
due to viscous dissipation in an unirradiated accretion digkm emits electromagnetic dipole radiation. Also, a wind of
truncated at the corotation radius, = (GMysP?/47%)Y3  relativistic particles associated with magnetospheric currents
(whereG is the gravitational constaniys is the NS mass along the field lines is expected to arise in a rotating NS (e.g.
and Ps is the NS spin period), that is30 km in the case Goldreich & Julian 1969). This radiative regime occurs when
of SAX J1808.4-3658, and fuelled by a mass transfer ratee space surrounding the NS is free of matter up to the light
of M ~ 101t M/yr, consistent with gravitational radiationcylinder radius {.c = cPs/2r, wherec is the speed of light,
orbital angular momentum losses. Although the adopted ae-. the radius at which an object corotating with the NS at-
cretion rate is consistent with that measured during X-ray odi&ins the speed of light; see Ruderman et al. 1989; lllarionov &
bursts (e.g. Wijnands et al. 2001), this disk model is only coBunyaev 1975). Di Salvo & Burderi (2003) have shown that a
sistent with the lower limits on the optical fluxes, indicatingnagneto-dipole rotator can easily be active in SAX J1808.4—
that the required mass accretion rate may be even higher tB&68 during quiescence. In fact, for a luminosity in quiescence
the one adopted. The optical modulation is interpreted as chfe-5x 10°! erggs (Campana et al. 2002), the NS surface mag-
to X-ray irradiation of the companion star by the remnant aoetic field should b8 < 0.05x 10° Gauss in order to trun-
cretion disk. From the amplitude modulation the required levehte the disk inside the corotation radius and allow accretion

Lower limit  Upper limit =5 pp=1

Ro 17.7 21.0 18.7 214

by rotating magneto-dipole emission
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onto the NS surface. This upper limit is incompatible with therder of (or larger than) the viscous time scale of the dit
presence of X-ray pulsations at the highest flux levels dugse = 2.6 x 10Pa~*5M_2m!/*R’* s. For SAX J1808.4—
ing outbursts, which requires the disk to be truncated bef@d658t,sc ~ 130 days, that is comparable to the time inte
the NS surface, and therefoBe> 1 x 10° Gauss (Psaltis & val between the optical observations performed in August 1¢
Chakrabarty 1999). On the other hand, the onset of a propebf@d the beginning of the following outburst (December 199
regime or the intrinsic emission in X-rays by a magneto-dipolhis means that a significant fraction of the disc could still |
rotator switched-on during quiescence, implies upper limits @mesent during the July 2000 and August 1999 observations
the magnetic field above t 10° Gauss, compatible with the A fraction fc of the pulsar spin-down luminosity will be
presence of X-ray pulsations during outbursts. reprocessed by the companion star and emitted in the opt
In the hypothesis that the magneto-dipole rotator is actiband; in this case the intercepted fraction can be written
in SAX J1808.4-3658 during quiescence, we can evaluate fae= 2ra’(1 — cost)/(4ra?), wherea is the the orbital sep-
power of the pulsar beam and, consequently the irradiation aration andd is the angle subtended by the companion s
minosity. To this aim we need an estimate of the NS magnegis seen from the central source; if the companion star fills
field in this system. As mentioned above, from a measure Rbche lobe, this can be written as: 8is= R »/a, whereR,,
the source luminosity in quiescence and using simple consisl-the Roche lobe radius of the secondary dd/a =
erations on the position of the magnetospheric radius duriag99?3/[0.69%2 + In (1 + g*/3)] (Eggleton 1983). Assuming a
guiescent periods, it is possible to estimate an upper limit arass ratio of] = my/m; = 0.14/1.35 (Chakrabarty & Morgan
the NS magnetic field oB < 5 x 10° Gauss (Di Salvo & 1998), wheram, andm, are the masses of the companion al
Burderi 2003). This, together with the lower limit mentionethe NS in solar masses, respectively, we obtkiny 1.1x1072.
above, constrains the SAX J1808.4-3658 NS magnetic field If both the outer accretion disk and the companion s|
in the quite narrow range £B) x 10° Gauss. Adopting this are reprocessing the pulsar spin-down luminosity, the tc
magnetic field we can calculate the spin-down energy lossfrdction of this luminosity that will be intercepted and reprt
the pulsar, i.e. the energy emitted by the pulsar in the casecassed isif = fp + fc ~ 3.1 x 102 (where we adopted
which the radio pulsar switches ohpsg = (2/3c®)u?w* = fp ~ 2.0 x 107?), giving an optical reprocessed luminosit
3.85x 10°°P—33, ergys ~ (1-25) x 10° erggs, wherew is  of ~3 x 10%%u3, erggs. At a distance of 2.5 kpc, and adop
the rotational frequency of the N®, 3 is the NS spin period ing an average inclination anglei > = 50° of the normal to
in millisecondsyu is the NS magnetic moment, apgs is the the plane of the disk with respect to the line of sight, this cc
NS magnetic moment in units of 10Gauss cri responds to fluxes dfc ~ 1.4 x 10732, ergscm?s™* and
In the hypothesis that the pulsar beam heats a remnant@g-~ 3.5x 1033, ergs cm?s™* from the companion and the
cretion disk angbr a side of the companion star and assunglisk, respectively. The corresponding blackbody temperatt
ing isotropic emission, we can evaluate the fraction of the mre estimated to b&: ~ 5430/1%2 K for the companion star

radiation luminosity that will be intercepted and reprocesse@d Ty ~ 5080;4;22 K for the irradiated surface of the disk
by the disk and the companion star, respectively. For the Fom the sum of two blackbodies of temperatuT@sandTD
cretion disk this fractionfp, is given by the projected area ofand fluxes=c andFp, respectively, we have calculated the pr;
the disk as seen by the central sourceR& 2H(R) (whereR  dicted apparent magnitudes in three optical bands, which
is the disk outer radius and(R) is the disk semi-thicknessperfectly in agreement with the measures reported by Hor
at R) divided by the total area,7R?. Adopting a standard et al. (2001) in the same optical bands. The results are shi
Shakura-Sunyaev disk model (Shakura & Sunyaev 1973), Werable 1.

find: fo =~ 1.6 x 1020 1M m ¥°R°, wherea is the In our model, the optical modulation should again |
viscosity parameteiM_jo is the mass accretion rate in unitgaused by the heated side of the companion star, in agreel

of 10°1% Mo/yr, my is the NS mass in solar masses, &glis  with the lack of ellipsoidal variations that should be expect
the outer radius of the disk in units of cm assumed to be i the intrinsic optical emission if the companion star fills il

at~0.8 of the Roche lobe radiuB, 4, of the primary. For area- Roche lobe, as required in this system.
sonable value of the viscosity parametes 0.1, and adopting
Rio ~ 2.9 andM_jo = 0.1-1 (note thatfp depends weakly on
the mass accretion rate), we fifigl ~ (1.5-2.1) x 1072,

Indeed the outer accretion disk can still be present in thi@e optical counterpart of the binary millisecond X-ray pu
system during the optical observations performed in quiescesae SAX J1808.4—3658 during quiescence was detectéd-at
by Homer et al. (2001). In fact, the observations in July 2015 mag by Homer et al. (2001). This star showsG semi-
were performed approximately-2 months from the end of amplitude sinusoidal modulation of its flux a2.01 hr, i.e. at
the nearest outburst (May 2000). This time interval can bige orbital period of SAX J1808.4—-3658. The absence of a d
compared with the time scale to “evaporate” the disk, ontde peaked profile, expected in case of ellipsoidal modulati
the magneto-dipole rotator is active. This time can be conmplies that the bulk of the optical flux does not arise from tl
puted from the relatiorLpsrfptevap = 0.5 < Up > Mp, isothermal photosphere of the companion, that is believed tc
where < Up > and Mp are the average potential and thés Roche lobe because of the presence of accretion episode
mass of the disk, respectively. For SAX J1808.4—36%8cated by frequent X-ray outbursts, and suggest irradiatior
this rough calculation give&vap, ~ 30 days. On the other the companion star. In order to explain these puzzling obsel
hand, the time scale to re-form the disk will be of théons we have proposed here that this irradiation is due to

3. Conclusions
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on as a magneto-dipole rotator (radio pulsar) once the magneestions. This work was partially supported by a grant from the
spheric radius is pushed beyond the light cylinder radius duritiglian Ministry of University and Research (MURST Cofin 2001) and
quiescence. Our computations indicate that the optical maghie Netherlands Organization for Scientific Research (NWO).
tudes are fully consistent with this hypothesis. The scenario we
propose does not require a high mass accretion rate throughRkéerences
disk nor a quiescent X-ray Iuminos_ity of ﬁ)erggs, becaus_e Bildsten, L., & Chakrabarty, D. 2001, ApJ, 557, 292
the luminosity for the reprocessing is supplied by the rotationg, qeri . Possenti, A., D’Antona, F., et al. 2001, ApJ, 560, L71
energy of the pulsai,psg ~ (1-25) x 10°* erggs. Also, we Byrderi, L., D'Antona, F., & Burgay, M. 2002, ApJ, 574, 325
can explain why a similar semi-amplitude 8% is observed Burgay, M., Burderi, L., Possenti, A., D'’Amico, N., & Manchester,
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quiescence in SAX J1808.4-3658 as required in this s@®tani. T. Asai, K., & Wijnands, R. 2000, ApJ, 543, L145
nario, suggest that SAX J1808.4—3658 should show radio pf@d'€ton. P- P. 1983, ApJ, 268, 368
sations in quiescence. Indeed, despite thoroughly searche rgma, E., & Antipova, J. 1999, A&A, 343, L45

dio during its X . h lsed radi ilippenko, A. V., Leonard, D. C., Gilfanov, M., Revnivtsev, M., &
radio during its X-ray quiescent phase, no pulsed radio emis- Sunyaev, R. 1998, IAUC, 6897, 2

sion has been detected from this source up to now. In pariigsensier, B. M., Stappers, B. W., & Getts, T. J. 1999, ApJ, 522, L117
ular Gaensler et al. (1999) found an upper limit on the rgiles, A. B., Hill, K. M., & Greenhill, J. G. 1999, MNRAS, 304, 47
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found an upper limit of 0.98 mJy at 1.4 GHz searching for MNRAS, 325, 1471
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the pulsar, as predicted in the so-called radio-ejection moe(]lj:;ezlilt's’ D., & Chakrabarty, D. 1999, ApJ, 521, 332

. . . he, P., Chakrabarty, D., Morales-Rueda, L., et al. 1998, IAUC,
(Burderi et al. 2001; see also Burderi et al. 2002). This means ggo: ; y
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searched), where the free-free absorption is less severe, as ¥y, Z., Chakrabarty, D., Roche, P., et al. 2001, ApJ, 563, L61
gested by Ergma & Antipova (1999). We therefore suggest tiitakura, N. I, & Sunyaev, R. A. 1973, A&A, 24, 337

the observed optical flux and modulation in quiescence m#§inands, R., Mndez, M., Markwardt, C., etal. 2001, ApJ, 560, 892

be the first evidence that a radio pulsar is active in this systéiinands, R., & van der Klis, M. 1998, Nature, 394, 344
when it is in quiescence. Wijnands, R., Kuiper, L., in't Zand, J., et al. 2002, ApJ, 571, 429



