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ABSTRACT

We study the pulse profiles of the accreting X-ray millisecond pulsar SAX J1808.4—3658 at
different energies. The two main emission components, the blackbody and the Comptonized
tail, which are clearly identified in the time-averaged spectrum, show strong variability with
the first component lagging the second one. The observed variability can be explained if the
emission is produced by Comptonization in a hot slab (radiative shock) of Thomson optical
depth ~0.3-1 at the neutron star surface. The blackbody radiation is strongly beamed along
the normal to the slab (a ‘knife’-like or ‘pencil’-like emission pattern), while the Comptonized
emission has a broader angular distribution peaking at about 50°-60° from the slab normal (a
‘fan’-like pattern). We construct a detailed model of the X-ray production accounting for the
Doppler boosting, relativistic aberration and gravitational light bending in the Schwarzschild
space—time. We present also accurate analytical formulae for computations of the light curves
fromrapidly rotating neutron stars using the formalism recently developed by Beloborodov. Our
model reproduces well the pulse profiles at different energies simultaneously, corresponding
phase lags, as well as the time-averaged spectrum. We constrain the compact star mass to be
bounded between 1.2 and 1.6 M. By fitting the observed profiles, we determine the radius of
the compact object to be R ~ 11 km if M = 1.6 M, while for M = 1.2 M, the best-fitting
radius is ~6.5 km, indicating that the compact object in SAX J1808.4—3658 can be a strange
star. We obtain a lower limit on the inclination of the system of 65°.
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J1808.4—3658 — X-rays: binaries.

1 INTRODUCTION

The discovery of coherent oscillations with frequencies in the 300—
600 Hz range during X-ray bursts (see Strohmayer & Bildsten 2003
for a review) from a number of low-mass X-ray binaries (LMXBs)
has triggered efforts to use the information on the amplitude of
variability and the folded pulse shape to put constraints on the com-
pactness of the neutron star and thus its equation of state as well
as the emission pattern from the neutron star surface (e.g. Miller &
Lamb 1998). However, a rather limited photon statistics does not
allow us to reach a high accuracy (Strohmayer et al. 1997; Nath,
Strohmayer & Swank 2002; Muno, Ozel & Chakrabarty 2002).
The millisecond coherent pulsations discovered in the persis-
tent emission of the four sources — SAX J1808.4—3658 (with
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the period P = 2.5 ms; Wijnands & van der Klis 1998a),
XTE J1751-305 (P = 2.3 ms; Markwardt et al. 2002), XTE
J0929-314 (P = 5.4 ms; Galloway et al. 2002) and XTE
J1807—294 (P = 5.25 ms; Markwardt, Smith & Swank 2003)
— allow us to increase the statistics by folding the profile over a
longer observational period (days rather than seconds in the X-
ray burst oscillations). Thus, for example, SAX J1808.4—3658
showed coherent pulsations with rms amplitude of 5-7 per
cent during its 1998 April outburst (Cui, Morgan & Titarchuk
1998) with an almost constant shape of its energy spectrum
(Gilfanov et al. 1998) and very similar pulse profiles. The pulse pro-
files of SAX J1808.4—3658 show strong energy dependence with
soft photons lagging behind the hard ones (soft phase lags; see Cui
et al. 1998). By analysing the phase-resolved spectra, Gierliniski,
Done & Barret (2002) have shown that this results from the fact
that the two main spectral components — soft blackbody and hard
Comptonized — vary out of phase with the first lagging the second
one. While the variations of the blackbody flux can be described
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by a single sine wave, the pulse of the hard Comptonized com-
ponent is strongly skewed. Gierliniski et al. (2002) suggested that
the Doppler boosting can play a role in changing the shape of the
profile.

The radiation pattern of standard accreting X-ray pulsars is influ-
enced by a strong magnetic field B ~ 10'> G. On the other hand,
the magnetic field of the accreting millisecond pulsars in LMXBs is
much weaker, B = 108-10° G (see, for example, Wijnands & van der
Klis 1998a; Psaltis & Chakrabarty 1999), and does not significantly
affect the properties of the emitted radiation. Thus, these sources
can also serve as laboratories for studying radiative processes at the
surface of weakly-magnetized neutron stars.

In this paper, we construct a detailed model for the X-ray emission
from the surface of a rapidly rotating neutron star accounting for
relativistic effects. We compare the model with the data on SAX
J1808.4—3658 and put constraints on the inclination of the system,
the position of the emitting region relative to the rotational pole and
its emission pattern as well as the stellar radius. The data used for the
analysis are described in Section 2. The model and useful analytical
formulae for light-curve calculations are presented in Section 3. The
main results are given in Section 4. A discussion and summary are
given in Sections 5 and 6, respectively.

2 DATA

We study the data obtained by the Rossi X-ray Timing Explorer
(RXTE) during the 1998 April outburst of SAX J1808.4—3658, us-
ing FrooLs 5.2. To improve the statistics we average the data between
1998 April 11 and 29 (resulting in 118 ks of data). For spectral fit-
ting we extract the Proportional Counter Array (PCA) spectra from
all five detectors, top layer only, and use the data in the 3-20 keV
energy band. We also extract spectra from the High-Energy X-ray
Timing Experiment (HEXTE) in the 20-150 keV band, from clus-
ters 0 and 1. We constructed the energy-dependent pulse profiles
from the PCA data (all detectors, all layers) by following the pro-
cedure described in Cui et al. (1998) and Gierlinski et al. (2002),
correcting the photon arrival times for orbital motions of the pulsar
and the spacecraft. For pulse profile fitting, we created two folded
light curves in 16 phase bins, for energies 3—4 and 12-18 keV. The
statistical uncertainties are about the same as uncertainties in the
background, resulting in errors of 0.2 and 0.3 per cent, respectively,
in the count rate in the two considered energy bands.

3 MODEL

3.1 Calculational method

Accreting matter following the magnetic field lines close to the
neutron star is stopped in the very vicinity of the surface by radia-
tion producing radiation dominated shock (Basko & Sunyaev 1976;
Lyubarskii & Sunyaev 1982). For the source luminosity of a few per
cent of the Eddington luminosity (Gilfanov et al. 1998; Gierlifiski
et al. 2002), the vertical (i.e. along the radial direction) extension
of the shocked plasma is smaller than a characteristic horizontal
size and certainly smaller than the stellar radius. The hard X-rays
produced in the shock can irradiate the surrounding stellar surface,
so that the blackbody emission region can cover a larger area. For
our calculations, we assume that all photons originate at the stellar
surface (i.e. the height of the emitting region is set to zero).

We assume a circular spot and consider two extreme cases for the
relative positions of the blackbody and the Comptonizing regions:
(1) a homogeneous slab, i.e. the hot Comptonizing layer covering

Figure 1. The geometry of the problem. The dotted curve shows the photon
trajectory.

the whole blackbody spot; (2) a point-like Comptonizing region in
the centre of a blackbody region.

In order to compute the light curve as observed by a distant ob-
server, we first specify the radiation spectrum and angular depen-
dence in the frame corotating with the star. We then make Lorentz
transformation to obtain the radiation intensity in the non-rotating
frame close to the stellar surface. At the final step, we follow photon
trajectories in the Schwarzschild space—time to infinity.

Let us now consider a star with an azimuthally symmetric surface
radiation intensity I'(E’, @) that can vary over the surface, where o’
is the angle between an emitted photon and the local normal to the
stellar surface. Let dS’ be a surface element (spot) at colatitude 0 (see
Fig. 1 for the geometry). The primed quantities correspond to the
frame corotating with the spot. Let k and n be unit vectors pointing
from the star centre towards the observer and the spot, respectively,
and let i be the inclination of the spin axis. The inclination of the
spot varies periodically

cosy =k -n =cosicosf + sini siné cos ¢. €8

Here, the phase ¢=27tvt, where v is the pulsar frequency and t = 0
is chosen when the spot is closest to the observer.

We compute the original direction of the photon kg near the stellar
surface (which is transformed to k at large distance from the star)
assuming Schwarzschild geometry where photon orbits are planar:

ko = [sinak + sin(yy — «)n]/ sin . 2)
Here, o is the angle between k( and n, i.e. cos o =k - n.
The relation between « and v (i.e. light bending) can be obtained
by standard techniques (Pechenick, Ftaclas & Cohen 1983)
g [Te (1 rg> o 3
- g |0 r ’
where the impact parameter

R .
b= ———sina. “)
\/1—=rg/R
ry =2GM /c? is the Schwarzschild radius, M is the mass and R is
the radius of the compact star.

The observed flux at energy E is dF g = I(E) dS2, where I(E) is
the radiation intensity at the infinity and d<2 is the solid angle occu-
pied by dS’ on the observer’s sky. The solid angle can be expressed
through the impact parameter

dQ = bdbdg/D?, (5)

where D is the distance to the source and ¢ is the azimuthal angle
corresponding to rotation around k. The impact parameter b depends
on ¥ only, but not on ¢.

© 2003 RAS, MNRAS 343, 1301-1311



X-rays from accreting millisecond pulsar SAX J1808.4—3658 1303

The apparent area of the spot as measured by photon beams in
the non-rotating frame near the stellar surface is dS = 8dS’ (see
Terrell 1959; Lightman et al. 1975; Ghisellini 1999) and the relation
between « and o’ is described by the relativistic aberration formula
(for motions parallel to the spot surface)

cosa’ = 8cosa, (6)

where § is the Doppler factor. Thus, the spot area projected on to
the plane perpendicular to the photon propagation direction, i.e. a
photon beam cross-section, is Lorentz invariant (see e.g. Lightman
et al. 1975; Lind & Blandford 1985):

dScosa =dS coso’. @
Representing dS = R? dcos ¥ dg and using equations (4) and (7)
we obtain from equation (5)

dS’ cos o 1 dcosa

aQ = . )
D> 1—ry/Rdcosy

The Doppler factor can be expressed as follows
§=1/[y(1 — Bcosé)l, ©)
where y = (1 — 82)~"/2 and B = v/c is the spot velocity as measured
in the non-rotating frame

2ntR v
RTINS

Here B, is the velocity at the equator and £ is the angle between
the spot velocity and ky. The pulsar frequency is corrected here for
the redshift /1 — r,/R. Using equation (2) it is easy to show that

Sin@ = Beqsind. (10)

B sinae 8 sino
cosé = — kg = — — k= ——
B sinyr B sin
In the case of a weak field and negligible bending, the solid angle
occupied by the spot is d2= dS’ cos o’/ D?. In reality, this formula
can be applied even when bending is significant because the relation
between cos « and cos ¥ is close to linear (Beloborodov 2002)

sini sin¢. (11)

cosa X ry/R+(1—ry/R)cos, (12)

for a star with R>2r, so that dcos «/ dcos ¢ ~ 1 —rg/R.

The radiation intensity observed at the infinity is I(E) = (1
— ry/RY?I(E, a), where E/Ey = /1 —ry/R is the redshift
(Misner, Thorn & Wheeler 1973) and the energy E is measured in
the non-rotating frame near the stellar surface. (In the actual calcu-
lations, we can neglect the redshift factor in all formulae for photon
energies, as it is the same for the photons originating at the stellar
surface.) Now we can make Lorentz transformation to the spot rest
frame where we know the angular and energy distribution of the
radiation field I'(E’,«’). The intensities are related via Iy(Eg, @) =
83I'(E’, a') with the Doppler shift given by Eq = §E’.

Combining the above equations, we obtain the expression for the
observed flux

\/1—r,/R d
ars = YT R G (g o) 9595 49 s, (13)

D? dcosy

with the visibility condition cos &’ > 0. Thus, we account here for
the special relativistic effects (Doppler boosting, relativistic aberra-
tion), the gravitational redshift and light bending in Schwarzschild
geometry. In order to evaluate the flux at a given phase ¢, we first
compute Y using equation (1), then inverting equation (3) we obtain
o and substitute the results into equations (11) and (9) to obtain the
Doppler factor, which is used later to compute ' from equation (6).
The light curve from the antipodal spot can be easily obtained by
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replacing in all formulae & — w — 6 and ¢ — 7 + ¢. We note
here that the formalism outlined above neglects the time delays due
to different photon paths (see Pechenick et al. 1983) which can
be easily incorporated. However, they are negligible compared to
the pulsar period above a few milliseconds.

For a spot of finite size, the observed flux can be obtained by
integrating over the (visible) spot area. On the other hand, if we
know from the observations the blackbody flux Fy, its temperature
T . and the distance to the source D, we can estimate the size of
the (blackbody) emitting region. The ‘observed’ radius of the spot
Tspot,oo = (Fop D?/osp Tio)'/ 2 should be corrected for the effects of
gravitation and orientation (using a procedure described in Section
3.3, see also Psaltis, Ozel & DeDeo 2000) to obtain the actual spot
area.

In our calculations of the model light curves for SAX
J1808.4—3658 we use the distance D = 2.5 kpc (in’t Zand et al.
2001), Too = 0.66 keV, and 7o 00 = 2.4 km (see Fig. 3 and
Gierliriski et al. 2002). Because the observed profiles from SAX
J1808.4—3658 have almost sinusoidal shapes, they cannot be pro-
duced by two antipodal spots. Therefore, we compute the light
curves from the primary spot (closest to the observer) only. We
also neglect multiple images because neutron or strange stars have
sizes larger than 1.5r (see, for example, Lattimer & Prakash 2001).

3.2 Incident spectrum and its angular distribution

In order to compute a light curve Fg(¢) at a given energy E, we
need to specify the intrinsic radiation pattern in the spot rest frame
I'(E’, ). In a slab geometry of the emitting region, the blackbody
photons come from the bottom of the hot Comptonizing slab. The
blackbody intensity transmitted through the slab of Thomson optical
thickness T = n.orh is 1°®(u) o< exp (— 7/u), where arccos p is
the zenith (polar) angle measured from the slab normal, n. is the
electron concentration, o1 is Thomson cross-section, and / is the
height of the slab. The radiation flux from a unit area is then strongly
peaked along the normal direction (a ‘knife’-like emission pattern;
see curves marked by 0 in Fig. 2). The scattered radiation is expected
to have a very different angular distribution, which depends on the
scattering order (and thus on photon energy). The radiation flux
no longer peaks in the normal direction, but instead peaks at some
intermediate angle (a ‘fan’-like emission pattern; see solid curves
marked by oo in Fig. 2). It approaches the asymptotic distribution
I(7, ) in a few scatterings (the exact number is a function of
the optical depth). We compute the angular distribution of radiation
following the procedure described in Sunyaev & Titarchuk (1985).

The intensity of the blackbody radiation in the frame comoving
with the spot can be represented in the following way

1) oc exp(—1/ cos @) fin(E'\/1 — g/ R), 14

where f,(E) is the observed time-averaged blackbody flux (i.e. the
best-fitting BBODYRAD model spectrum; see Fig. 3). We assume that
the energy and angular dependences of the high-energy (scattered
many times) radiation can be separated as

I5() o Ing(7, &) foo(E"\/1 — 1/ R). (15)

Here f(E) is the observed, time-averaged energy dependence of
the Comptonized flux (i.e. the best-fitting THCOMP model spectrum;
see Fig. 3).

Because the main spectral components of the time-averaged spec-
trum of SAX J1808.4—3658 are a power-law-like Comptonized
component (with weak Compton reflection) extending at least to
200 keV and a blackbody contributing about 30 per cent to the
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Figure 2. Angular distribution of the radiation flux [normalized as f nI(w) dp = 1] escaping from the top of an electron scattering slab of Thomson optical
depth 75 = 0.3 (left) and T = 0.7 (right). Incident radiation from the bottom is a blackbody (intensity independent of the zenith angle arccos p). Computations
follow the procedure described in Sunyaev & Titarchuk (1985). Difterent scattering orders are shown and marked by numbers. In the Comptonization process,
scatterings also shift photons along the energy axis so that at a given energy one scattering order dominates (see Sunyaev & Titarchuk 1985; Poutanen &

Svensson 1996).
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Figure 3. Time-averaged spectrum of SAX J1808.4—3658 as observed
by RXTE. The model spectrum (solid curve) consists of a blackbody
(dashes/dots), thermal Comptonization (dots), and Compton reflection with
the iron line (dashes). The thermal Comptonization component (model
THCOMP in XSPEC; Zdziarski, Johnson & Magdziarz 1996) has a best-fitting
photon spectral slope I' = 1.86 (the electron temperature was fixed at 90 ke V)
and the Compton reflection amplitude €2/(27t) = 0.09. The blackbody mod-
elled by BBODYRAD from XSPEC has the best-fitting temperature kTh, =
0.66 keV and the radius of the circular emitting region rgpot,c0 = 2.4 km
(for the source distance D = 2.5 kpc).

flux in the 3-5 keV region — see Fig. 3, Gilfanov et al. (1998) and
Gierliniski et al. (2002) — we compute the total observed flux as a
function of phase Fr(¢) at every energy E summing up the contri-
butions from the blackbody and the Comptonized components. We
compute them independently and renormalize so that their phase-
averaged values are equal to the observed fluxes f,(E) and f.(E)
(see Fig. 3).

If the blackbody spot is not covered completely by a Comptoniz-
ing layer, some blackbody photons do not enter the Comptonizing
region and escape to the observer directly. In that case, the ‘effec-
tive’ T that describes the mean (i.e. averaged over the spot) angular
dependence of the blackbody radiation can be smaller than the ac-
tual optical depth in the Comptonizing region 7. that describes
the angular dependence of the Comptonized radiation. As the exact
geometry is unknown, we use 7 and 7. as two independent pa-

rameters for the light-curve computations. The emission pattern for
the blackbody radiation is given by equation (14) while the Comp-
tonized radiation is described by equation (15) where instead of t
we use T.s as a parameter for the data fitting. These patterns are
referred to as model 1 in Section 4 and Table 1.

In order to check the robustness of the results and their depen-
dence on the assumed angular distribution of radiation, we consider
a second model where instead of /,,(ts, ) we use a linear func-
tion 1 + ap with a as a free parameter (limited by —1 from below
to ensure positiveness of the function). The corresponding fits are
referred to as model 2.

Thus, the model parameters are the neutron star mass M, its ra-
dius R, rotational frequency v (=401 Hz for SAX J1808.4—3658),
inclination i, colatitude of the spot centre 6, the optical depth t and a
parameter determining the angular distribution of the Comptonized
radiation . or a (plus a free phase factor).

3.3 Analytical light curves

Using the formalism developed by Beloborodov (2002) we derive
here simple analytical formulae for the light curves and the oscil-
lation amplitudes that could be useful for understanding the main
physical effects. Let us first consider a small spot and make approx-
imation to the light bending formulae. The bolometric flux can be
obtained from equation (13) by integrating over E and using the
cosine relation (12) which describes well the light bending near a
star with R 2 2r,:

dF = (1 —ry/R)*8*I'(&)8 cosa dS'/ D*
s’

(1 _ %)255 {% + (1 - %) cos 1//} f(d)ﬁ, (16)

with the visibility condition cos ¥ > p, = —r,/(R — ry). (For the
antipodal spot, we should substitute cos ¥ — —cos i and ¢ — —¢
when computing the Doppler factor.)

Itis clear from equation (16) that the (bolometric) blackbody flux
observed from a spot at a rapidly spinning star is a factor §° times
the flux from a slowly rotating star (see Fig. 4a). Two powers of §
come from the solid angle transformation, one from the energy, one
from the arrival time contraction, and the fifth from the change in
the projected area due to aberration. The scattered radiation, on the
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Table 1. Best-fitting parameters.
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Figure 4. The bolometric blackbody and Comptonized fluxes, and the
Doppler factor § as functions of phase. The dashed curves correspond to
a slowly rotating neutron star. The solid curves give the profiles modified
by the Doppler boosting and aberration for a neutron star of rotational fre-
quency 401 Hz. (Other parameters are given in Fig. 5.) Light bending in the
Schwarzschild geometry is taken into account. The dotted curves (coincid-
ing completely with the solid curve in the upper panel) show the results of
multiplication of the dashed curves by 8> and §* for the blackbody and the
Comptonized emission, respectively (see equations 16 and 17).

other hand, has an angular distribution which differs from that of
the blackbody. In the optically thin case, it is closer to I'(«’) cos
o’'= f'=~ const (see Fig. 2). Equation (16) for the observed flux can
be rewritten then as

dF. = (1 —ry/R)*8* f'dS'/D*. 17
We see that the flux is modified by approximately factor §* (see
Fig. 4b). The angular distribution of the hard radiation (defined in
our model by parameters T or a) is reflected in the shape of the
light curve at high photon energies, where Comptonizing emission
dominates. As the Comptonization spectrum is close to a power law
I(E) o« E-T-D, with the same approximations as above, we can
easily obtain the monochromatic flux at a given energy:

dFy¥ = (1 —rg/RY*8T f'(Ey) dS'/ D2 (18)

This varies in a similar way to the bolometric flux if I' ~ 2.

© 2003 RAS, MNRAS 343, 1301-1311

Neglecting the Doppler effect and using equation (16) we can
relate the variability amplitude of the blackbody flux to the angles i
and 6 and the neutron star radius (Beloborodov 2002)

A = (Fuax — Fain)/(Finax + Fuoin) = U/ Q, (19)
where we defined

U = (1 —ry/R)sinisinb,

Q =ry/R+ (1 —ry/R)cosicos. (20)

This peak-to-peak amplitude is +/2 larger than the sometimes quoted
rms amplitude if the light curve is a pure sine wave.

For a circular spot of an angular radius p emitting as a blackbody,
the observed flux can be obtained from equation (16)

2

F, = ( - %g) %JTRZ sin’p (Q—f—%g tan’ §+U cos d)), 21)
if the spot is always visible, i.e. cos (i + 6 + p)>pu,. Here the
intensity is related to the local temperature o= osgTo*/7t. We can
easily now obtain the oscillation amplitude:

U
A, = —.
Q + (rg/R)tan*(p/2)

Equation (21) allows us to estimate the size of the spot R p from the
equation

(22)

P = Rsin®p (0 4+ a2 23)
if the distance D, the temperature 7o, = To(l — re/R)"* and the
observed phase-averaged blackbody flux F, = osgTrs oo/ D’
(and thus 7o o) are known from observations. For small p, the

spot radius is Rp = rgoco Q72

4 RESULTS

We fit the observed pulse profiles in the energy bands 3—4 and 12—
18 keV simultaneously. The second band is completely dominated
by the Comptonized radiation and thus gives direct information
about its angular distribution. In the lower energy band, the black-
body affects the observed pulse profile. As the mass of the compact
star in SAX J1808.4—3658 is not known, we consider masses be-
tween M = 1.0 M and 1.6 M. Masses in the range of 1.4-1.6
M are expected for neutron stars in LMXBs that have accreted
material from their binary companions; lower masses are possible,
for example, for strange stars. We restrict the inclination to i < 82°
to be consistent with the absence of the X-ray eclipses (Bildsten
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& Chakrabarty 2001). The best-fitting parameters are presented in
Table 1. The two sets of errors correspond to the 90 and 99 per cent
confidence intervals with Ax2 = 2.71 and 6.63, respectively.

We see from Table 1 that the results obtained with the two models
1 and 2 are very consistent with each other. For both models, a large
inclination is preferred and the lower limitis i > 65° (at 99 per cent
confidence level) for M > 1.2 M. The fits become much worse
at masses higher than 1.6 M. The estimated stellar radius (even
in r, units) grows with the mass and varies between ~1.7r, and
~2.3ry(~2.8r, for model 1). Using simple analytical estimations
we explain the physical reasons behind this behaviour in Section
5.1. The radii are consistent with some of the neutron star equations
of state if M > 1.4 M. For a smaller assumed mass of 1.2 M¢),
the radius is more consistent with the equations of state for strange
stars, while for the even smaller mass of 1 M, the obtained stellar
radius of R ~ 5 km is too small even for a strange star (see Section
5.2 and Fig. 7 for details).

The colatitude 6 of the spot centre varies approximately as ocR~".
A larger 6 is needed for smaller R in order to keep the spot velocity
(and thus the Doppler factor) at an approximately constant level.

The estimated radius of the spot (not a fitting parameter) cor-
rected for orientation and gravitational effects varies between 3.0
and 3.7 km for M = 1.0 and 1.6 M, respectively. We can obtain
some estimates of the size of the Comptonizing region from a rather
large difference between the best-fitting 7., and t obtained in model
1. The values of 7. are consistent with the optical depths obtained
from the fits of the time-averaged spectrum with a Comptonization
model for a slab geometry. For example, model compps (Poutanen
& Svensson 1996),' gives 7., = 0.5 for the electron temperature
kT. =90keV (which is not well constrained because of the low sig-
nal above 100 keV). This leads us to conclude that a large fraction
of the blackbody photons reaches the observer without interaction
with the hot Comptonizing medium (contradicting the assumed ho-
mogeneous slab geometry). In order to obtain the ‘effective’ 7 ~ 0.1
(see equation 14), about 40 per cent of the blackbody area should
be covered by the Comptonizing medium with t.s ~ 0.5, while the
remaining 60 per cent should emit as a pure blackbody (i.e. with no
exp (— t/u) reduction due to scattering). Thus, we conclude that
the radius of the Comptonizing region gy is about 2 km.

The angular distributions of the scattered radiation (see the dashed
curve in Fig. 5b) determined by parameters 7., and a is also very
similar for models 1 and 2. Model 2 is less restrictive and therefore
gives generally better fits. The required emission pattern is certainly
very different from that given by the Lambert law and more radiation
escapes at intermediate angles o’~50° than along the normal. It
is this pattern which is responsible for the origin of a strong first
harmonic (i.e. at double spin frequency) in the pulsar light curve
at high energies (modified also by Doppler effects; see Fig. 4 and
Section 3.3).

In order to check the dependence of the results on the assumed
geometry, we repeated the fitting procedure considering an extreme
case with a point-like Comptonizing source at the centre of the
blackbody spot. The best-fitting parameters are similar to the situa-
tion where both emitting regions coincide. This is expected because
the size of the emission region should not play a large role as r gy =
Rp < R.However, when estimating the size of the spot, we assume
that the soft emission is a blackbody, i.e. the observed colour tem-
perature is equal to the effective temperature. For the hydrogen and
helium atmospheres of weakly magnetized neutron stars, we expect

! compps is available at ftp://ftp.astro.su.se/pub/juri/XSPEC/ COMPPS.
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Figure 5. (a) Observed normalized pulse profiles in the energy bands 3—
4 keV (circles) and 12-18 keV (squares) and the best-fitting model light
curves (solid and dashed curves) as a function of pulsar phase (two periods
are plotted, zero phase is chosen when a spot is closest to the observer). A
neutron star is assumed to have mass M = 1.4 M, radius R =2r, = 8.4 km
and inclination i = 80°. The best-fitting parameters (model 2) are 6 = 11°,
7=0.16,a = —0.78 (corresponding to 7 s &~ 0.5-0.7) and x %/dof = 40.1/28.
(b) The angular distribution of the intrinsic blackbody (solid curve) and
Comptonized (dashed curve) fluxes 1 1(u) (here u=cosa’) in the corotating
frame normalized as f nl(p)dp = 1. Only the range of angles between the
dotted lines is actually observed. (c) The observed (crosses) and the model
(solid curve) phase lags at the pulsar frequency relative to the 3—4 keV band.

that the colour correction is fcoy = Teo/Ter = 1.6-1.8 (Zavlin,
Pavlov & Shibanov 1996). The shift of the peak of the emission
towards higher energies from the corresponding blackbody emis-
sion results from the fact that the outer layers of the atmosphere
are cooler than the deeper layers. Because the bound—free and free—
free cross-sections rapidly decrease with increasing photon energy,
we see deeper and hotter layers at high energies. However, when the
accretion takes place and the radiative shock forms (its existence is
supported by the presence of the hard X-ray tail), the soft radiation
can be produced by reprocessing the hard photons from the shock.
The temperature gradient of the atmosphere then can be opposite to
that of standard neutron star atmospheres. Now the hot layers are at
the top, softer photons come from the hotter region (as the absorp-
tion cross-section is large for small energies), while hard photons
come from the cooler region below and the colour correction can be
smaller than unity. The actual vertical temperature dependence is,
however, unknown.

To investigate the influence of different possible colour correc-
tions on our best-fitting parameters, we have considered two ex-
treme cases of f., = 1.5 and 0.7 and we have fitted the data with
model 2. The area of the ‘blackbody’ spot now changes by a factor
f gol. For f., = 1.5, the spot centre colatitude 6 increases by about
20 per cent compared with the case of no colour correction. Be-
cause now the spot is larger, 6 has to increase to keep the same
oscillation amplitude (see equation 22). The best-fitting stellar ra-
dius increases significantly only for the smallest considered mass of
M = 1Mg reaching 5.5 km; for M = 1.2 M, the radius is 6.7 km,
while for higher masses the change is negligible. In the case of
feor = 0.7, the spot becomes smaller and 6 also slightly decreases.
At M = 1 Mg, the best-fitting radius is now 4.8 km, while all other
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parameters remain the same within the errors. There is no change
in the best-fitting parameters for higher stellar masses. This results
from the fact that the light curve depends weakly on the spot size
if it is small compared with the stellar radius (see equations 21 and
22).

One of the important assumptions that can affect our results is that
the two emission components are assumed to be co-spatial or are
at least co-centred. In our interpretation the Comptonized emission
peaks earlier than the blackbody due to a different angular distri-
bution more affected by the Doppler effect. However, an additional
phase shift is possible if the Comptonized emission region is phys-
ically shifted on the stellar surface. We fitted the data with model
2 and the phase shift A¢ of the Comptonized emission as an ad-
ditional free parameter. A major effect of adding a new parameter
is that the confidence interval for the stellar radius increases. Thus,
for example, for M = 1.4 M, the best fit with x2/dof=34/25 was
obtained for A¢ = 0.1 rad (a positive shift corresponds to an earlier
arrival time) and other parameters very similar to those presented
in Table 1, while the constraints on the radius weaken: R = 8.87;7
(90 per cent confidence limits). An F-test gives F' = 3.5 which cor-
responds to a 7 per cent chance that the decrease in x2 is random
(i.e. the improvement is not highly statistically significant).

We show one of the fits to the pulse profiles with fixed M, i
and R in Fig. 5(a). The corresponding intrinsic angular distribution
of the radiation flux in the two spectral components is shown in
Fig. 5(b). We see a dramatic difference between the dependences of
the blackbody and Comptonized components. The observed energy
dependence of the pulse profiles and the phase lags at the pulsar
frequency between different energies (Fig. 5c) are reproduced rea-
sonably well. A natural consequence of the model is that the phase
lags change significantly at smaller energies together with the black-
body contribution to the total flux, while they reach a constant value
at about 68 keV where the blackbody flux becomes negligible (see
also Gierlifiski et al. 2002). Because in reality the angular depen-
dence of Comptonization radiation is a function of energy, we would
expect a weaker dependence of lags on energy even above 10 keV.

“); Reo //‘L?‘
R
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5 DISCUSSION

5.1 Constraints from the oscillation amplitude
and the Doppler factor

Let us consider first for simplicity the blackbody emission from a
single spot. In this case, the Doppler effect does not significantly
change the light curve (compare the dashed and solid curves in
Fig. 4a) and thus it is mainly characterized by the amplitude A,
which can be estimated for a slowly rotating star using equation (19).
For a given R/r,, the amplitude in its turn depends on i and 6
only. Thus, at the i—6 plane we can determine a curve that would
correspond to a given amplitude A (see the solid curves in Fig. 6a).
We note that this curve is symmetric around the i = 0 line, as we
can exchange i and 6 in the expression for A (see equations 19 and
20) without affecting the result. If the blackbody emission is more
beamed towards the spot normal because of a non-zero t, this curve
will be shifted down and left as A then increases. For example, the
blackbody variability amplitude observed in SAX J1808.4—3658 is
~25 per cent (Gierlifiski et al. 2002) and, correcting for 7, we can
determine the region at the i—6 plane where it can be reproduced for
agiven R/r,.

The situation is different when we consider a less beamed emis-
sion pattern /(o) o« 1 + acos o with @ < O (i.e. in our case ra-
diation above ~8 keV). The oscillation amplitude is then strongly
affected by the Doppler effect (compare the dashed and solid curves
in Fig. 4b). The maximum of the Doppler factor and the spot pro-
jected area are shifted in phase by ~0.25 of the period and the peak
of the emission is then shifted towards the phase where § has the
maximum. However, the amplitude and the shape of the profile carry
the information needed to determine a and the maximum Doppler
factor §,,.x. Again at the i—6 plane we can determine the curve of
constant 8, (see the dashed curves in Fig. 6a). Note that because
the Doppler factor (to the first order in 8) depends on the product
sin i sin 0 (see equations 9—11), but not on i and € individually, this
curve is almost symmetric around the i = 6 line.

80 x\.llllllllllll—_
Al v

0 (deg)

Figure 6. (a) Contours of the constant variability amplitude A given by equation (19) (solid curves) and the contours of constant maximum Doppler factor
dmax (dashed curves) for a blackbody spot (v = 401 Hz, M = 1.4 M) and R = 2rg = 8.4 km). The dotted curves define the i relation where the photon
trajectories from the antipodal spot (that without the disc would reach the observer) cross the disc at the minimum distance of 2R and the corotation radius
R¢o. These curves are computed using approximate photon trajectories from Beloborodov (2002). The inner disc radius smaller than 2R (or R.,) would block
the antipodal spot from the observer in the area above the corresponding curve. (b) Contours of the constant variability amplitude A = 0.18 (solid curves)
computed using equation (19) for different stellar radii measured in r¢ units and the interception points of these curves with the contours of constant 8,y =
1.015 for different stellar masses: M = 1.0 M, (squares), 1.2 M (triangles), 1.4 M, (circles) and 1.6 M) (diamonds).
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A very important point here is that the curves of constant A and
8max do not coincide (see Fig. 6a). Thus, at the i—6 plane, there are
at most two points (for a given star mass M and radius R) with the
given values of these two parameters: points of the crossing of the
curves of constant A and &, This leaves some ambiguity regarding
the exchange of i and 6. It is possible, however, that the number of
crossing points is one or even zero which would then mean that
there is no physical solution with a given Doppler factor and the
variability amplitude within the considered model.

Let us now apply our simple arguments to the data on SAX
J1808.4—3658. The observed light curve implies a maximum
Doppler factor of about 1.015 and the variability amplitude A for a
blackbody spot given by equation (19) of ~0.18 (the actually ob-
served higher value results from a sharper emission pattern with
T ~ 0.1, see equation 14). The contours of constant A do not de-
pend on the stellar mass but only on the radius measured in r, (see
Fig. 6b). We can now find a point at the i—6 plane that satisfies
both constraints. The curves of the constant A and §,,,x intercept at
two points: at a large inclination and small 6 as well as at a small
inclination i < 20° and large 6.

The second solution is much less probable. First, we do not see
any emission from the secondary antipodal spot. This implies that
either it is blocked by the star itself (which in turn requires the stellar
radius to be Z4r, for i ~ 15° and # ~ 60°), or it is blocked by the
accretion disc. In the latter case, we have additional constraints. At
inclinations smaller than ~50° an upper limit on the inner disc radius
(i.e. the magnetospheric radius) required to block the secondary
spot is Ry, < 2R (see the lower dotted curve in Fig. 6a). With
such a small inner radius, the expected amplitude of the Compton
reflection component should be probably larger than the observed
/27t~ 0.1 (unless the inner disc is highly ionized) and the shock
should appear at an uncomfortably large angle from the rotational
pole if the magnetic field is a central dipole. On the other hand,
at inclinations i 2 70° the antipodal spot is blocked by the disc
if the magnetospheric radius is smaller than the corotation radius
Reo =31 (M /1.4 Mp)'/(P /2.5 ms)*? km which is also required
for accretion to take place. Secondly, small i is inconsistent with
the X-ray (Chakrabarty & Morgan 1998) and optical (Giles, Hill &
Greenhill 1999; Homer et al. 2001) modulations at the binary period,
and finally, it is also inconsistent with the lower limit i > 28° obtained
by Wang et al. (2001) based on the modelling of the optical/infrared
emission with the X-ray irradiated disc. We conclude that large
inclinations i>50° and small 6 ~ 5°-20° are preferred to small i
and large 6.

For small stellar masses M = 1.0 M), the interception point
for given A and 8., fixes the possible inclination i between 55°
and 80° depending on the assumed radius. The minimum possible
radius still satisfying constraints on the inclination angle i < 82°
is R = 1.8r,. For higher masses, the minimum possible radius (in
7 units) increases, reaching R = 2.5r, for M = 1.4 M, and for
M = 1.6 Mg, there is no solution whatsoever. Thus, itis quite natural
that x2 is worse for the high mass star (see Table 1). This simple
analysis also explains why the higher the stellar mass is, the higher
the inclination should be in order to satisfy constraints on both A
and 6 yax -

5.2 Stellar masses and radii

Our results (see Table 1 and Fig. 7) put constraints on mass of the
compact object. For M = 1 M, the obtained stellar radius of R ~
5 km is too small to be consistent with any existing equations of
state for neutron or strange stars. For masses higher than 1.6 M),
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Figure 7. Constraints on the radius of the compact star depending on the
assumed mass are shown by circles with double error bars (for 90 and 99 per
cent confidence intervals) for the fits with model 2. For comparison we also
show the relations between the compact star mass and its radius for several
equations of state of neutron stars and strange stars. The labels for neutron
star equations of state are BBB1 and BBB2 (Baldo et al. 1997), BPAL12
(Prakash et al. 1997), SBD (Sahu et al. 1993), while for the strange stars SS1
and SS2 correspond to the MIT bag model (see Gondek-Rosinska, KluZniak
& Stergioulas 2003 for details) and DEY1 and DEY?2 to the equation of
state of Dey et al. (1998) computed as in Gondek-Rosifiska et al. (2000). All
realistic equations of state lie to the right of the causality line. The line R =
2rg is shown to guide the eye.

the fits are much worse than for smaller masses. Thus, we conclude
that the stellar mass is bound between 1.2 and 1.6 solar masses.

‘We can also put constraints on the equations of state of compact
stars (which, of course, could be much stronger if the mass of the
compact object were known). Thus, if M = 1.2 M, the only possi-
ble solution is a strange star (Chakrabarty 1991; Li et al. 1999; Ray
et al. 2000; Gondek-Rosinska et al. 2000) with the equation of state
derived by Dey et al. (1998). For the mass about 1.4 M), almost all
known neutron star equations of state predict larger radii than our
best-fitting value. The exceptions are the models similar to BPAL12
from Prakash et al. (1997) and the models with a kaon condensate
(Glendenning & Schaftner-Bielich 1999; see Lattimer & Prakash
2001 for more details). Strange stars (MIT bag models) with max-
imum masses in the range of 1.5-1.7 M would also fit into our
constraints. At larger mass of M = 1.6 M, a strange star is still a
possible solution as well as a neutron star described by equations
of state similar to that of Baldo, Bombaci & Burgio (1997), while
the most stiff equations of state, such as for example that by Sahu,
Basu & Datta (1993), can be ruled out (see Fig. 7).

Assuming alignment of the orbital angular momentum and that
of the compact object, we can estimate the mass of the companion
star M. from our lower limits on the inclination of the rotational
axis (see Table 1). Using the measured mass function f, = (M.
sin i) /(M + M.)> = 3.78 x 107 Mg (Chakrabarty & Morgan
1998) we find that M. = 0.041 £ 0.002, 0.0445 £ 0.0015 and
0.0478 4 0.0005 My for M = 1.2, 1.4 and 1.6 My, respectively.
The companion radius is about 0.13 R (Bildsten & Chakrabarty
2001).

The mass measurements of radio pulsars in binary systems and
their neutron star companions have revealed their very narrow
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distribution with the mean M ~ 1.35 M) and a very small dis-
persion (Thorsett & Chakrabarty 1999). No evidence for extensive
mass accretion was found. In order to spin up a star with the mo-
ment of inertia ~10* g cm? to the frequency of 400 Hz one needs to
accrete just about AM ~ 0.1 M. Thus, if the initial mass is within
the same distribution we do not expect the mass of the compact ob-
ject to exceed 1.5-1.6 M. For a mass of 1.4 M), our best-fitting
radius (with model 2) is R = 8.37($ km (90 per cent confidence
interval). Such a radius is consistent with the upper limit R < 7.5
(M/M@)'? km obtained from the fact that pulsations are observed
at fluxes differing by a factor of 100 (Burderi & King 1998; Li et al.
1999). Here, we assume that the magnetic and the ram pressure from
the accreting material are equal at the magnetospheric radius, which
is larger than the stellar radius R and smaller than the corotation ra-
dius R,. For M = 1.5 M@, our best fit R =9.5 £ 0.5 km is already
inconsistent with the given upper limit. This constraint, however, is
more relaxed if the magnetic field does not have a dipole structure
and/or the accretion disc is not gas-pressure dominated (Psaltis &
Chakrabarty 1999).

5.3 Emission mechanism

The angular dependence of the hard radiation that is needed to pro-
duce the observed pulse profiles above 8 keV is consistent with that
expected from the electron scattering dominated slab with Thom-
son optical depth 7, ~ 0.3-1. It would be natural to assume that the
emission originates in a plane—parallel shock at the surface of the
compact star (Basko & Sunyaev 1976). The observed spectral slope
I ~ 2 (the energy spectrum E~!) is expected from bulk motion
Comptonization in a radiation dominated strong shock (Blandford
& Payne 1981). Most of the papers on this subject neglect the gen-
eration of new soft photons by reprocessing the hard radiation at
the neutron star surface, which would significantly soften the emer-
gent spectra. Thus, in order to reproduce the I' ~ 2 slope, ther-
mal Comptonization should play an important role (Lyubarskii &
Sunyaev 1982). As discussed in Gilfanov et al. (1998), there should
exist amechanism that adjusts the spectrum so that it does not change
much when the accretion rate varies by a factor of 100. Reprocessing
of the hard photons produced in a shocked region into soft ones that
cool the shock (the feedback effect) could be such a mechanism.
This two-phase structure in the energy balance is known to stabilize
the spectrum at the observed values when the optical depth is of the
order of unity (Haardt & Maraschi 1993; Stern et al. 1995). The elec-
tron temperature adjusts itself to the variations of the optical depth
(and luminosity) so that the product of the electron temperature and
optical depth is approximately constant.

SAX J1808.4—3658 shows strong aperiodic variability with
about 30 per cent rms amplitude (Wijnands & van der Klis 1998b).
The power-density spectrum is also very similar to that in other
low-luminosity neutron star LMXBs that do not show coherent pul-
sations. This variability could be caused by variations of the mass
accretion rate close to the neutron star surface rather than far in the
disc. Such a model would be in agreement with the recent findings
that it is the boundary layer that causes aperiodic variability in the
luminous LM XBs (Gilfanov, Revnivtsev & Molkov 2003) while the
accretion disc itself is much less variable. The changing accretion
rate causes corresponding changes in the optical depth, but not in the
spectral shape due to the feedback. However, the relative amplitude
of the blackbody and Comptonized components can vary. Indeed,
at small luminosities the blackbody seems to be more prominent
(Gilfanov et al. 1998) which would correspond to a smaller optical
depth of the Comptonizing layer. A larger relative normalization of
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the blackbody component should result also in a higher variability
amplitude and, in fact, the rms amplitude of the coherent pulsations
increased from 4 to 7 per cent over the duration of the 1998 April
outburst (Cui et al. 1998).

There could be additional effects related to the electron—positron
pair production (by photon—photon interactions) which becomes
important when the compactness parameter [ = Lo t/(rspot,c mec?)
is larger than unity. For the luminosity of L ~ 3 x 103 erg s~! (which
is a characteristic luminosity during the 1998 April outburst of SAX
J1808.4—3658; see Gierlifiski et al. 2002) and the emission region
size of 7o = 2 km, the compactness is about 400 and it could be
much larger if the region has a smaller height. Thus, the data are
consistent with the presence of pairs which could be responsible for
producing the optical depth in the range 7., ~ 0.3—1 depending on
the compactness and for fixing the electron temperature in the range
50-100 keV working as a thermostat (Stern et al. 1995; Poutanen
& Svensson 1996; Malzac, Beloborodov & Poutanen 2001). If the
hard radiation is slightly beamed towards the neutron star surface
due to the bulk motion, the amount of soft photons produced will be
larger than from an isotropic source and there will be no problem in
reproducing the observed spectrum that satisfies the energy balance
(cf. Gierlinski et al. 2002).

The radiation escaping from the shock can be affected by cold
plasma in the accretion column. Assuming the area of the emission
region of 77 %.c ~ 12 km? and the accretion rate M = 2 x 10'® g
s~! (needed to produce the observed luminosity at an efficiency of
0.15) we can estimate from the continuity equation the characteris-
tic optical depth of the plasma over the distance equal to the spot
radius T = n.o 17 gporc A 0.8. (At higher distances from the star, the
magnetic field lines diverge and photons can escape freely.) This
means that the flow can affect the radiation escaping along the nor-
mal to the spot and the radiation can be blocked from the observer
at certain phases. Because the area emitting the blackbody radiation
is larger than the cross-section of the accretion column, we would
expect that the effect of shadowing is smaller for the blackbody.
Possibly, this effect is observed in the light curve where the hard
radiation has a break at ¢ = 0 (see Fig. 5a). We may also see this
effect from the best-fitting angular distribution (see Fig. 5b) which
shows a drop along the normal at i = cosa’~ 1.

5.4 Origin of soft lags

Our results confirm the proposal by Gierlifiski et al. (2002) that
the main physical reason behind the soft lags is a two-component
nature of the spectrum. A natural consequence of this model is a
break in the phase lag at the energy where the blackbody component
vanishes, i.e. around 8 keV (see Fig. 5c). We have shown here that
the blackbody and the Comptonized components having different
angular distribution generate light curves which are affected by the
Doppler effect in a different way. The Doppler shift is an important
ingredient but not the major cause of the soft lags. In our model,
the Doppler effect comes into play only through its influence on the
variability amplitude of the bolometric flux.

On the other hand, Ford (2000) and Weinberg, Miller & Lamb
(2001) proposed a model where the lags in SAX J1808.4—3658
are produced by the Doppler effect alone through its influence on
the monochromatic flux. In both papers, a blackbody emission from
the spot is assumed. When the spot moves towards the observer, the
Doppler effect shifts the spectrum towards higher energies, while
motions away from the observer soften the spectrum and generate
a deficit at high energies. Thus, higher-energy photons in the tail
of the blackbody distribution arrive only at phases when motion
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is predominantly towards the observer, while the flux of photons
at the peak of the blackbody distribution has a maximum together
with the projected area, i.e. quarter of the period later. This results
in hard leads (or soft lags) as well. As discussed in Gierlifiski et al.
(2002), there are a number of problems with this proposal. First,
the photons in the blackbody tail contribute very little to the total
observed spectrum above 8 keV which is dominated by the hard
Comptonized component. Thus, any soft lags in the blackbody flux
would be completely invisible in the total flux. Secondly, a break
in the phase lag energy dependence does not have any physical
explanation in that model.

Even stronger Doppler boosting is expected when photons from
the spot are scattered off a much more rapidly rotating inner disc
(Sazonov & Sunyaev 2001). The scattered radiation will be leading
or lagging the incident spot radiation depending on whether the disc
is corotating or counter-rotating. For a blackbody radiation from
the spot, this would translate into soft lags or leads, respectively.
However, as the spectrum from the spot is closer to a power law,
no phase lags should appear (Chen & Shaham 1989). A different
angular distribution of the blackbody and Comptonized components
as well as a non-coherent nature of scattering can affect this result.
This could be an interesting problem for future studies. We believe
that this model is not directly related to SAX J1808.4—3658, as the
spot is probably situated close to the rotational pole and the fraction
of the spot photons scattered in the disc is negligibly small.

Cui et al. (1998) interpreted soft lags as due to Compton down-
scattering of intrinsic hard photons with energies above 10 keV in a
cold electron cloud of Thomson optical depth t., ~ 10. The softer
photons (scattered more times) escape from the medium later pro-
ducing soft lags. As the authors pointed out, the hard photons should
escape to the observer directly through some kind of hole in the cloud
because otherwise a spectral cut-off should appear at ~511/12, ~ 5
keV (e.g. Sunyaev & Titarchuk 1980; Lightman, Lamb & Rybicki
1981). This model, however, predicts a significantly reduced vari-
ability in the softer energy band (Chang & Kylafis 1983; Brainerd
& Lamb 1987) contrary to what is observed.

6 SUMMARY

The two main spectral components, blackbody and Comptonized,
are clearly identified in the time-averaged spectrum of SAX
J1808.4—3658. The pulse profiles show significant energy depen-
dence and the softer photons lag the harder ones. Such a behaviour
can be reproduced if the hard Comptonized emission peaks earlier
than the blackbody emission (Gierliiski et al. 2002). The blackbody
component shows about 25 per cent (peak-to-peak) variability am-
plitude and the Doppler effect (producing a ~7 per cent variability)
does not change its pulse profile much (Fig. 4). The Comptonized
emission from an optically thin slab with a broader (‘fan’-like) an-
gular distribution has an intrinsically smaller variability amplitude.
The Doppler effect then significantly shifts the peak of the pulse
producing soft lags.

By modelling the observed pulse profiles, we have obtained an
upper limit on the mass of the compact object M < 1.6 M. We also
put the lower limit of M 2 1.2 M, on the stellar mass because for
smaller masses the obtained radii are too small to be consistent with
any published equation of state for neutron or strange stars. This
also constrains the inclination of the system to be larger than 65°.
For the masses 1.4 M < M < 1.6 My, the best-fitting stellar radii
R = 8-11 km are consistent with those given by the neutron star
equations of states as well as some strange star models, while for

M ~ 1.2 M, they are consistent with those given by the equations
of state for strange stars only.

ACKNOWLEDGMENTS

We thank Andrei Beloborodov, Tomasz Bulik, Marat Gilfanov,
George Pavlov and Boris Stern for useful discussions. We are grate-
ful to Marat Gilfanov for providing the pulse profiles of SAX
J1808.4—3658 for comparison and to Dorota Gondek-Rosifiska for
the data on the equations of state for the neutron and strange stars.
This research has been supported by the Academy of Finland and
the Jenny and Antti Wihuri Foundation. JP is grateful to NORDITA
(Copenhagen) and to Didier Barret at Centre d’Etude Spatiale des
Rayonnements (Toulouse) for their hospitality during his visits.

REFERENCES

Baldo M., Bombaci I., Burgio G. E, 1997, A&A, 328, 274

Basko M. M., Sunyaev R. A., 1976, MNRAS, 175, 395

Beloborodov A. M., 2002, ApJ, 566, L85

Bildsten L., Chakrabarty D., 2001, ApJ, 557, 292

Blandford R., Payne D., 1981, MNRAS, 194, 1033

Brainerd J., Lamb F. K., 1987, ApJ, 317, L33

Burderi L., King A., 1998, ApJ, 505, L135

Chakrabarty S., 1991, Phys. Rev. D, 43, 627

Chakrabarty D., Morgan E. H., 1998, Nat, 394, 346

Chang K. M., Kylafis N. D., 1983, ApJ, 265, 1005

Chen K., Shaham J., 1989, ApJ, 339, 279

Cui W., Morgan E. H., Titarchuk L. G., 1998, ApJ, 504, L27

Dey M., Bombaci L., Dey J., Ray S., Samanta B. C., 1998, Phys. Lett. B,
438,123

Ford E. C., 2000, ApJ, 535,L119

Galloway D. K., Chakrabarty D., Morgan E. H., Remillard R. A., 2002, ApJ,
576, L137

Ghisellini G., 1999, in Casciaro B., Fortunato D., Francaviglia M., Masiello
A., eds, XIII National Meeting on General Relativity of the SIGRAYV,
Recent developments in General Relativity. Springer-Verlag, Berlin

Gierliniski M., Done C., Barret D., 2002, MNRAS, 331, 141

Giles A. B., Hill K. M., Greenhill J. G., 1999, MNRAS, 304, 47

Gilfanov M., Revnivtsev M., Sunyaev R., Churazov E., 1998, A&A, 338,
L83

Gilfanov M., Revnivtsev M., Molkov S., 2003, A&A, submitted

Glendenning N. K., Schaffner-Bielich J., 1999, Phys. Rev. C, 60, 025803

Gondek-Rosiniska D., Bulik T., Zdunik L., Gourgoulhon E., Ray S., Dey J.,
Dey M., 2000, A&A, 363, 1005

Gondek-Rosiniska D., Kluzniak W., Stergioulas N., 2003, A&A, submitted
(astro-ph/0206470)

Haardt F., Maraschi L., 1993, ApJ, 413, 507

Homer L., Charles P. A., Chakrabarty D., van Zyl L., 2001, MNRAS, 325,
1471

in"t Zand J. J. M. et al., 2001, A&A, 372,916

Lattimer J. M., Prakash M., 2001, ApJ, 550, 426

Li X. D., Bombaci I., Dey M., Dey J., van der Heuvel E. P. J., 1999, Phys.
Rev. Lett., 83, 3776

Lightman A. P, Press W. H., Price R. H., Teukolsky S. A., 1975, Problem
Book in Relativity and Gravitation. Princeton Univ. Press, Princeton

Lightman A. P, Lamb D. Q., Rybicki G. B., 1981, ApJ, 166, 301

Lind K. R., Blandford R. D., 1985, ApJ, 295, 358

Lyubarskii Yu. E., Sunyaev R. A., 1982, Soviet Astron. Lett., 8, 330

Malzac J., Beloborodov A. M., Poutanen J., 2001, MNRAS, 326, 417

Markwardt C. B., Swank J. H., Strohmayer T. E., in’t Zand J. J. M., Marshall
F. E., 2002, ApJ, 575, L21

Markwardt C. B., Smith E., Swank J. H., 2003, IAU Circ. 8080

Miller M. C., Lamb F. K., 1998, ApJ, 499, L37

Misner C. W., Thorn K. S., Wheeler J. A., 1973, Gravitation. Freeman, San
Francisco

Muno M. P,, Ozel E, Chakrabarty D., 2002, ApJ, 581, 550

© 2003 RAS, MNRAS 343, 1301-1311



X-rays from accreting millisecond pulsar SAX J1808.4—3658 1311

Nath N. R., Strohmayer T. E., Swank J. H., 2002, ApJ, 564, 353

Pechenick K. R., Ftaclas C., Cohen J. M., 1983, ApJ, 274, 846

Poutanen J., Svensson R., 1996, ApJ, 470, 249

Prakash M., Bombaci 1., Prakash M., Ellis P. J., Lattimer J. M., Knorren R.,
1997, Phys. Rep., 280, 1

Psaltis D., Chakrabarty D., 1999, ApJ, 521, 332

Psaltis D., Ozel F., DeDeo S., 2000, ApJ, 544, 390

Ray S., Dey J., Dey M., Ray K., Samanta B. C., 2000, A&A, 364, L89

Sahu P. K., Basu R., Datta B., 1993, ApJ, 416, 267

Sazonov S. Y., Sunyaev R. A., 2001, A&A, 373, 241

Stern B. E., Poutanen J., Svensson R., Sikora M., Begelman M. C., 1995,
AplJ, 449, L13

Strohmayer T., Bildsten L., 2003, in Lewin W. H. G, van der Klis M., eds,
Compact Stellar X-Ray Sources. Cambridge Univ. Press, Cambridge, in
press (astro-ph/0301544)

© 2003 RAS, MNRAS 343, 1301-1311

Strohmayer T. E., Jahoda K., Giles A. B., Lee U., 1997, ApJ, 486, 355
Sunyaev R. A., Titarchuk L. G., 1980, A&A, 86, 121

Sunyaev R. A., Titarchuk L. G., 1985, A&A, 143, 374

Terrell J., 1959, Phys. Rev., 116, 1041

Thorsett S. E., Chakrabarty D., 1999, ApJ, 512, 288

Wang Z. et al., 2001, ApJ, 563, L61

Weinberg N., Miller M. C., Lamb D. Q., 2001, ApJ, 546, 1098
Wijnands R., van der Klis M., 1998a, Nat, 394, 344

Wijnands R., van der Klis M., 1998b, ApJ, 507, L63

Zavlin V. E., Pavlov G. G., Shibanov Yu. A., 1996, A&A, 315, 141
Zdziarski A. A., Johnson W. N., Magdziarz P., 1996, MNRAS, 283, 193

This paper has been typeset from a TEX/IATEX file prepared by the author.



