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1 INTRODUCTION

The third EGRET catalog contains 271 sources detected ajieae
above 100 MeV|(Hartman etlal. 1999). Apart from extragatacti
sources at high galactic latitudes and some galactic Eusat su-
pernova remnants, the majority of these soureek8 or~62 per
cent, still remains unidentified. Among them, there are 15
located at low galactic latitudes, havifig<10°, which represents
around 45 per cent of the unidentified sources. Therefouerake
of these objects are presumably of galactic nature. Theesxis
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ABSTRACT

The population of high energy and very high energy gammasi@ayrces, detected with
EGRET and the new generation of ground-based Cherenkactades, conforms a reduced
but physically important sample. Most of these sourcesdragalactic (e.g., blazars), while
among the galactic ones there are pulsars and supernovam&nhhe microquasar LS 5039,
previously proposed to be associated with an EGRET sourdeabgdes et al. (2000), has
recently been detected at TeV energies, confirming thatogi@sars should be regarded as a
class of high energy gamma-ray sources. To model and uadersbw the energetic photons
are produced and escape from LS 5039 it is crucial to unveihtiture of the compact object,
which remains unknown. Here we present new intermediatpetision spectroscopy of this
source which, combined with values reported in the litergtprovides an orbital period of
Py, = 3.90603 £ 0.00017 d, a mass functiogf (1) = 0.0053 £ 0.0009 M, and an eccen-
tricity e = 0.35 & 0.04. Atmosphere model fitting to the spectrum of the optical campn,
together with our new distance estimatedof= 2.5 + 0.1 kpc, yieldsRo = 9.370 7 Ro,

log(Lo/Le) = 5.26 & 0.06, andMo = 22.9735 M. These, combined with our dynamical
solution and the assumption of pseudo-synchronizati@fg yn inclination = 24.9 + 2.8°

and a compact object massx = 3.7ﬂj§; M. This is above neutron star masses for most of
the standard equations of state and, therefore, we propasthte compact object in LS 5039
is a black hole. We finally discuss about the implications of orbital solution and new
parameters of the binary system on the CNO products, thetmefejection energetic bal-
ance, the supernova explosion scenario, and the behayithe wery high energy gamma-ray
emission with the new orbital period.

Key words: stars: accretion, accretion discs — binaries: close — staltvidual: LS 5039 —
X-rays: binaries — X-rays: individual: RX J1826-2450.

of similar properties between some of these sources, itedtbat
there are at least three different groups of galactic pojous: a
group of young stellar objects and star-forming regionsniRm
2001), the sources forming a halo around the galactic ceser
finally a group of sources correlated with the Gould Belt (e
2000) (see_Romero etlal. 2004 and_Grenier 2004 for recent up-
dates). The identification of their nature is of prime impoxe in
high energy astrophysics (see Cheng & Roimero 2005 for atrecen
compilation).

On the other hand, microquasars are galactic X-ray bina-
ries with relativistic collimated jet emission. The compabject

mribo@discovery.saclay.cea.(MR); (a neutron star or a black hole) accretes matter from a compan

irbas@ieec.uab.es (IR); jmparedes@ub.edu (JMP); j@aijten.es ion star, which can be a massive early type star or a low-mass
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quasars have raised a strong astrophysical interest lzethey
provide small scale counterparts of the highly energetifiaws
seen in AGNs and quasars. Their short characteristic ttakes
allow us to study the physics of accretion and outflow in a much
faster way than in AGNs. Furthermore, because of their ginar
ture, one can derive accurate orbital parameters and niassbe
accreting compact object and its donor star, which may be cor
related with jet properties. There are currently around 1&an
quasars knowrl_(Rib6_2005) from a population~a800 X-ray bi-
naries [(Liu, van Paradijs & van den Heuvel 2000, 2001), bly on
a few with well determined system parameters. Detailederevi

on microquasars can be found.in Mirabel & Rodriguez (199@) a
Eenderl(2005).

LS 5039 is the optical counterpart of the X-ray source
RX J1826.2-1450 and it was proposed as a High Mass X-
ray Binary (HMXB) by|Motch et al. [(1997). Based on archival
NVSS data and their own VLA observatidns Marti, Paredes BoRi
(1998) identified its radio counterpart, which appeared @¢oab
persistent non-thermal radio source. Subsequent VLBArohse
tions, performed by Paredes el al. (2000), revealed redtitivra-
dio jets at milliarcsecond scales, which qualified LS 5038 a%-
croguasar. In the same work, Paredes et al. draw a possible co
nection with the unidentified gamma-ray source 3EG J18%14,
and suggest, for the first time, that microquasars could beces
of high-energyy-ray emission above 100 MeV (see_Partdes|2005
and|Ribo, Combi & Mirab&l 2005 for reviews on other associa-
tions). Moreover, LS 5039 has been associated very receiittly
the very high energy gamma-ray source HESS J132B, de-
tected at energies above 250 GeV, reinforcing the assogiatith
the EGRET source_(Aharonian ef Al. 2005). The optical compo-
nent of the LS 5039 system has been classified as a 06.5W(f)) b
Clark et al. (2001) and McSwain et &l. (2001, 2004; hereafiet
and M04, respectively) derived the first orbital parametesith a
proposed orbital period of 4.4267 days and a highly ecaeothit
of e = 0.48 4+ 0.06. In addition, evidence for intrinsic polarization
at the 3 percent level was presented.in Combilef al. (2004)rand
terpreted as Thomson scattering in the stellar envelopepidsent
paper reports novel spectroscopic observations of LS 3e8%tip-
port a revised orbital period of 3.9060 days, a higher masstion
and significantly lower eccentricity than previous clair@air re-
sults have important implications for the nature of the caotb-
ject, the presence of CNO products in the optical comparthum,
mass loss of the supernova (SN) explosion, the recoil uglacid
runaway nature of LS 5039 (see Ribo €l al. 2002 and M04), ds we
as for the interpretation of the existing X-ray data (seegReal.
2003,| Bosch-Ramon etlal. 2005, and references therein) enyd v
high energy gamma-ray daia (Aharonian ¢t al. 2005).

The observational details are outlined in sediibn 2. SefEid
presents the analysis of the radial velocities and orbisahime-
ters while sectiofiz3]12 focuses on the rotational velocitgudation
of the optical star. The determination of the stellar partanseand
chemical abundances are described in se€fidn 3.3. In s&tice
present the implications of our new orbital solution for tieure
of the compact object. Based on all the updated parametersnve
duct a general discussion in sectfdn 5.

2 OBSERVATIONSAND DATA REDUCTION

We observed LS 5039 using the Intermediate Dispersion 8pect
graph (IDS) attached to the 2.5-m Isaac Newton Telescop€)(IN

Table 1. Log of the observations.

Date Object No. Wav. Range Disp.
spect. A\ (A/pix)
23-26 Jul 02 LS 5039 4 4045-4910 0.85
27-30 Jul 02 67 3806-5865 0.63
30 Jul 02 HD 168075 B 1 " "
31 Jul 02 LS 5039 24 " "
" " 3 3920-4666 0.23
HD 168075 B 1 " "
" LS 5039 2 4497-5224 0.22
HD 168075 B 1 " "
1-10 Jul 03 LS 5039 101 3806-5865 0.63
4-7 Jul 03 ' 14 5350-6860 0.63

of 23-31 July 2002 and 1-10 July 2003. A total of 196 spectra
were obtained with the combination of the 235 mm camera and
the R900V grating which provided a useful wavelength coyera
(free from vignetting) oA A3900-5500. We used integration times
of 300-900 s. The seeing was variable (1-2 arcsec) during our
runs and we used a 1.2-arcsec slit which resulted in a résolut
of 83 km s (FWHM). In addition, we also obtained five spectra
of LS 5039 with the holographic grating H2400B with the aim of
measuring the rotational broadeningsin ) of the optical com-
panion’s absorption lines. The spectral resolution oféhgsectra
was 30 km s! and we varied the central wavelength in order to
fully cover the range\A3900-5100, where most of the prominent
Hel and Heil lines lie. The standard star HD 168075 B, of spectral
type O7 V((f)), was also observed with the same instrumestal
figurations for the purpose of rotational broadening ansly&ur-
thermore, we obtained 14ddspectra at 58 kmT resolution on
the nights of 4—7 July 2003 to derive the mass-loss rate irophe
tical star. These spectra were also taken simultaneousiyRXTE
observations with the aim of studying the correlation betuve-
ray flux and mass-loss rate proposed_ by Reiglet al. (2003)@md c
firmed by M04. These results are discussed.in Bosch-Ramdh et a
(2005). A full observing log is presented in Table 1.

The images were de-biased and flat-field corrected, and the
spectra subsequently extracted using conventional op&rteac-
tion techniques in order to maximize the signal-to-noidéraf
the outputl(Hornke 1986). CuAr and CuNe comparison lamp image
were obtained every 15-30 minutes, and Xhgixel scale was de-
rived through 4/6th-order polynomial fits to 53/86 linesgdading
on the set-up), resulting in an rms scatte0.04 A. The calibration
curves were interpolated linearly in time.

3 ANALYSIS
3.1 Radial Velocitiesand Period Search

All the spectra were rectified, by fitting a low-order spline t
the continuum, and re-binned into a uniform velocity scale o
83 km s 1. We show in Fig[L the averaged spectrum of LS 5039
along with the template star HD 168075 B of spectral type
O7V((f)). The ratio Ha A\4471/Heil A\4541 is somewhat steeper
for LS 5039, which suggests a slightly earlier spectral tifpan
O7YV, in good agreement with the O6.5V spectral type proposed
byiClark et al.|(2001). Therefore, a synthetic 06.5V termgplaas
generated for the cross-correlation analysis. This waspoosa

at the Observatorio del Roque de Los Muchachos on the nightsusing the NLTE library OSTAR200Z_(Lanz & Hubeny 2003) for
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Figure 1. Normalized average spectrum of LS 5039 (top, and offset 0.4
for display purposes) and the O7 V((f)) star HD 168075 B (toit Main
Balmer and He lines are indicated. Note the steepart4d71/Heil A\4541
ratio for LS 5039, indicative of a slightly earlier specttgbe than O7 V.
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Figure 2. Radial velocities of the 196 R900V spectra of LS 5039 obthine
when all the Balmer and He lines are included in the croseetaiion. A
4-day modulation is clearly depicted.

Ter = 39000 K, log g = 3.85, vsini = 113 km s ! (see
Sects[ZP anf3.3) and degraded to our instrument resolafio
83 km s™*. Every R900V spectrum of LS 5039 was then cross-
correlated with the synthetic spectrum, after subtradtiegcontin-
uum. The main IS absorption lines and band22@34 (Cai K),
A430, A4501, \4726, \4762, \4885, \5449 andA\5487-5550
were masked, leaving all Balmer and He lines for the analysés
present the resulting velocities in FIJ. 2. Note the nightiight
variability which supports az4-day periodicity, in line with the re-
sults of M04. Some nights also show evidence for superinthose
short time-scale~hr) variability that is likely produced by a con-
taminating wind component.

In order to obtain the orbital period of LS 5039 we have per-
formed a timing analysis on a database including our radiklos
ities (196 data points) and the ones reported in MO1 and M@4 (5
data points), to get advantage of the long baseline and &k tihe
1-year alias of our window function. We have noted a smatiesys
atic offset of—6 km s™! between McSwain’s velocities and ours
(obtained by computing the running mean of the two databases
and this has been corrected before the analysis. Becaus®-the
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Figure 3. Period search results obtained after combining our INTalac-
locities with the ones from M01 and M04. Top: PDM spectrumveing the
deepest minimum at 0.256 cycle 8. Middle: Scargle power spectrum with
the strongest peak also at 0.256 cycle'dBottom: Periodogram obtained
with the CLEAN algorithm, showing compatible results.

bital modulation may not be sinusoidal due to a possible recce
tricity (see M01 and M04), we have employed the phase disper-
sion minimization (PDM) algorithmL(Stellingwerf 1978),ahis
better suited for non-sinusoidal periodicities (see, ©tazu et &l.
2002]2004). For completeness we have also used the stedckard
gle Fourier Transform_(Scargle 1982) and the CLEAN alganith
(Roberts, Lehar & Dreher 1987). All the periodograms weran¢
puted in the frequency range = 0.05-3 cycle d™! with reso-
lution 1 x 1075 cycle d*. We show in Fig[B the power spec-
tra obtained by the three methods and they all provide sagmifi
peaks at a frequency of 0.2560.0001 cycle d*, corresponding

to 3.906:0.001 d. We plot in FiglJ4 all the radial velocities folded
on the 4.4267 d period of MO4 and our favoured 3.906 d periael. W
note that although our radial velocity measurements takeduty
2002 were compatible with the ephemeris of M04, as it is dtate
in their paper, the new measurements acquired on July 2@93 ar
not, therefore ruling out the 4.4267 d period. There arerséidT
data points that deviate from the general trend of the ragiakity
curve with the 3.906 d period around phase 0.45, which coores

to the excursion around HJD 2 452 827.5 visible in Elg. 2. The s
rious data point of McSwain around phase 0.4 correspondseto t
first value reported in M0O4, which was obtained from a singlecs
trum in that night and could be the result of a short-term esion

as the one quoted above. Since the radial velocity curvetisino
nusoidal, we subsequently decided to fit an eccentric orbideh
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Table 2. Orbital solutions from an eccentric fit to different datasséthe All solution stands for a fit performed on our INT plus Méhd M04 data for all
lines. The Balmer, He, and Hell solutions have been obtained with a fixBg.;, andTp on our INT data alone.

Parameter All Balmer He Hell (adopted)
P,,1, (days) 3.90603t 0.00017  3.90603 (fixed) 3.90603 (fixed) 3.90603 (fixed)
To (HID—2451000) 943.09 0.10 943.09 (fixed) 943.09 (fixed) 943.09 (fixed)
e 0.31+0.04 0.34+ 0.04 0.24+ 0.06 0.35+ 0.04

w (°) 226+ 8 226.7+ 3.3 228.0+ 4.2 225.8+ 3.3

v (kms—1) 8.1+05 9.2+0.8 12.9+0.8 17.24+0.7

Ky (kms™1) 19.44+0.9 30.4+ 1.6 21.1+1.3 252+ 1.4

ay sini (Re) 1.424+0.07 2.204+0.12 1.58+ 0.10 1.82+ 0.10
F(M) (Mg) 0.0025+ 0.0004 0.0094+ 0.0015 0.0035: 0.0007  0.0053t 0.0009
rms of fit (km s~1) 6.8 11.2 11.5 9.1
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Figure4.INT (filled circles) and McSwain’s (open circles) velocgitolded
on the 3.906 d and 4.4267 d periods usifig.HJD 2 451 943.09. Two or-
bital cycles are shown for better display. As can be seeméehedata rule
out the M04 period.

(see. Wilson & Devinney 1971 arid van Hamme & Wildon 2003
to our database. As McSwain’s velocities have no error barasy
signed equal weight to all the velocities in the fit. Our bedtiton
yields Po,1, = 3.90603:0.00017 d and,=HJD 2 451 943.020.10
(i.e. time of periastron passage). The rest of the orbieahehts are
listed in the first column of Tab[d 2.

1 The original Wilson & Devinney code has suffered major up-
grades since its first release, including significant imprognts in
the underlying physical models. The most recent version loé t
code together with the relevant documentation can be foumd i
ftp://astro.utl.edu/ pub/wlson/lcdcZ2003.
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Figure 5. INT velocities folded on the 3.90603 d period with
To=HJID 2451943.09. The radial velocities have been obtaiheaugh
cross-correlating all Balmer (top), Hémiddle) and Hel lines (bottom).
We superimpose the best eccentric orbital fits, the paramefevhich are
quoted in TablElR2.

Since hydrogen lines in early-type stars may be contanminate
by wind emissioni(Puls et El. 1996), we decided to treat wifie
line species separately. Therefore, we extracted setsd@fl nze-
locities for the H, Hel and Heil lines from our INT spectra. Fig-
urel® presents the radial velocity curves for the three gafifines
folded on the 3.90603 d period affig=HJID 2 451 943.09. We have
also fitted these velocity curves with eccentric orbital eledbut
using the data errors for the weighting scheme and fiftng and
To to the above values. Tallk 2 lists the best-fitting pararadter
the separated groups of lines, and the corresponding bsloifia
tions can be seen overplotted in Hif. 5. We note a trend inythe

(© 0000 RAS, MNRASD00, 000—-000
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Figure 6. Relative orbit as seen from above of the compact object aroun
the optical component, which lies in the ellipse focus, categ using our
adopted solution from Tabld 2. The coordinates are in uditse orbital
semi-major axis. Relevant phases such as the periastrastrap, and con-
junctions are indicated, with the dashed line joining pEr@n and apas-
tron. The grey circle represents the optical companion &tesio the case
of Ro = 9.3 Re, while the long-dashed ellipse represents the radius of the
Roche lobe at each orbital phase for the adopted masdégof= 22.9 M
and Mx = 3.7 Mg (see Secf]4). The star is at 85 per cent of filling the
Roche lobe during the periastron passage.

velocities towards redder values as one moves from Balmireto
higher excitation He and Hell lines. Blue-shifted velocities are
usually considered a signature of stellar wind, due to PRCggn-
tamination of the photospheric profiles, and can be conspEin
the low members of the Balmer series and some litees, such
as\4471. Furthermore, the fitted solutions to the Balmer and He
lines present significantly larger rms scatter than tha delution.
This is also consistent with a tentative scenario of vaeakind
contamination in Balmer and Hdines. Therefore, we decided to
give more credit to the He solution, which will be adopted as
the true orbital elements of LS 5039 for the remainder of tae p
per. As a test, we have also computed a combined solutiog usin
the weighted mean of every orbital parameter and we find this t
be fully consistent with the He solution within errors, except for
the systemic velocity which is obviously on the blue sider G
velocity yields a largef (A1) and compact object’'s mass range than
in previous works (M01, M04). To better illustrate the resg or-

bit, we show in Fig[b the relative motion of the compact objec
around the optical companion as seen from above (i.e., faban
server withi = 0°).

3.2 Rotational Broadening

As a first approach, we have followed the technique applied to
1A 0620-00 by|Marsh, Robhinson & Wobd (1994) and described
in their paper. Essentially, we subtract different broadeversions

of the O7 V((f)) template HD 168075 B from our Doppler corestt
average spectrum of LS 5039 and perforng“atest on the resid-
uals. The O7 V((f)) spectrum was broadened by convolutioth wi

(© 0000 RAS, MNRASD00, 000-000

the rotational profile of Grayl (1992) which assumes a lireesti
limb darkening coefficient. We have takela = 0.23 which is ap-
propriate for the stellar parameters of our stAs( = 39000 K,
log g = 3.85, see Secl33) in th&-band. We performed the
analysis independently for the two groups of spectra aedfit
resolutions, 83 and 30 kn$, and find minimumy? for broad-
enings of105 & 2 and 126 + 12 km s™!, respectively. Since the
template also has a rotational velocity of 79 krt §Penny 1996),
we need to sum this quadratically to get the true rotatioakdaity
of LS 5039. This yield® sini = 13142 and149+ 12 km s~ * for
the two resolutions. These numbers can be compared witli prev
ous determinations df31 + 6 km s~! (M01) and140 + 8 km s~*
(M04).

Alternatively, we attempted a refined determination follogv
the Fourier technique describediby Gray (1992); for a reappli-
cation see _Rover etial. (2002). This technique takes adyardé
the fact that the Fourier transform of the rotational prdfites ze-
roes at regular positions that depend on the projectedaontdtve-
locity. The whole line profile, being a convolution of diféart con-
tributing profiles in the wavelength domain, conservesdirzesoes
in the Fourier domain. While the natural profile does notadtrce
additional zeroes, other broadening mechanisms may dmuah
at the large rotational velocities of the O stars the firsteegof the
transformed profile are expected to be due to rotation. Hewes
the Stark effect strongly dominates the line profiles of Baliand
Hell lines, we have only used the Hénes for thewv sin ¢ deter-
mination. This method yieldssini = 113 + 8 km s™*, with the
error obtained from the dispersion of the individual lin€his is
a significantly lower projected rotational velocity tharyasf the
previously obtained ones. However, this lower value is istest
with the finding that a part of the line broadening usuallyilatted
to rotation is probably due to some kind of turbulence (seefe
ample Ryans et &l. 2002) and, therefore, we give more cethig
latter determination. We note that for the fit to the line pesfinext
section) we have used a projected rotational velocity of k6@ *
in good agreement with M04.

3.3 Stellar Parameters

We have determined the stellar parameters using the latest
version of FASTWIND [Santolaya-Rey, Puls & Hertefo 1997;
Repolust, Puls & Herrero 2004; Puls etlal. Z2005). This is a BILT
spherical, mass-losing model atmosphere code partigutanti-
mized for the analysis of massive OBA stars. We have fitted si-
multaneously the following lines: & H3, Hy, HS, Hel \4387,
A471,04922, and Hel A\4200,\4541,)\4686. From the analysis
we obtainT.g = 39000 + 1000 K andlog g = 3.85 + 0.10.
While our temperature is consistent with that of M04 our gsav
is slightly lower than the one adopted by these authorsdatth
adopted errors allow for a marginal agreement). Note, hewev
that their gravity, which was determined by model fittingyoto
the wings of the H profile, is likely biased upward by the blend
of Nl lines (see details in M04). We also confirm that LS 5039
is contaminated by CNO products (see M04), with strong N and
weak C lines, as compared to stars of similar spectral typzar
therefore be classified as a member of the ON type group stars,
its complete spectral type is ON6.5 V((f)), as given by M04.
Adopting the best-fitting extinction parameters given by4av0
(i,e. E(B—V)=1.28£0.02andR = 3.18 £ 0.07 which leads
to Ay = 4.07 £0.11, different from what they quote), the updated
My = —4.77 £+ 0.15 for an 06.5V star from the new calibra-
tion bylMartins, Schaerer & Hilliet (2005), arid = 11.33 + 0.02
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andV = 11.32 4+ 0.01 mag from.Clark et al.| (2001) we derive a
distance oR2.54 £+ 0.04 kpc. We have also considered the slightly
different values ol reported in the literature, ranging from 11.20
to 11.39 mag with typical & uncertainties of 0.03 mag@ (Drilling
1991; Lahulla & Hiltoil 1992; Marti et al. 1998; Marti et @004),
and computed the corresponding distances. The weightewdl anel
standard deviation of all these values provides a morestaatiis-
tance estimate of = 2.5 £+ 0.1 kpc, that will be adopted for
the remainder of the paper. With these numbers we get a raflius
Ro = 9.3707 R, (see, e.g. Herrero, Puls & Najgiro 2002). From
this radius we derive a luminosity éég(Lo/Le) = 5.26 £ 0.06
and a mass oMo = 22.9755 M.

The mass-loss rate has been derived from the ptofile,
which appears to be variable on a secular time-scale (Reaily et
2003; M04; Bosch-Ramon etlal. 2005). Our 2003 data show a very
stable equivalent width with a mean value6f%V = 2.8 + 0.1 A
and no variations above a 5 per cent level over 1 orbital cycle
Despite this, we have selected two extreme profiles showing m
imum and maximumEW for the calculation, that we have per-
formed by using again the latest version of FASTWIND (Pulaliet
2005; see examples of uselin Repolust Et al. 12004). For therlow
state (i.e., largest absorption) we obtain a wind mass+aies of
3.7x 1077 Mg yr~'. While we can put an upper limit for this state
of 5.0 x 1077 Mg yr~!, the lower limit is much more uncertain,
as the sensitivity of i to mass-loss rate falls off rapidly at such
low values. For the high state, we obtain a best value®ok 1077
Mo yr~!, i.e., a factor of two if we interpret the small difference
in the profiles as due to the stellar wind and not to the lowalign
to-noise ratio. Agains.0 x 1077 My yr~' can be considered a
lower limit for this state, while we can set an absolute ugeit
to the high state mass-loss rateldi x 10~¢ Mg yr=!. With these
values, the Modified Wind Momentum of the upper state coexid
with the values quoted kiy Repolust et al. (2004), being afauft
two lower for the low state, but still within their uncertéigs. We
also note that our values are a factod—8 higher than those de-
rived by M04 from data acquired in 2002, but compare well with
average mass-loss rates in 06.5V stars (Howarth & Frinj&)198

4 MASSOF THE COMPACT OBJECT

Our revised mass function and stellar parameters providecoa-
straints on the mass of the compact object in LS 5039. Firatl pf
considering the adopted value (M) = 0.0053 £ 0.0009 Mg
and using an inclination of = 90° we obtain a strict lower limit
for the mass of the compact object as a functiod/&f. This limit
is represented by the lowest solid line in fily. 7, where we plet
similar relationships for other inclination angles. Foe tlange of
possible masses of the optical companzh9™3-5 M, we obtain
a lower limit on the mass of the compact object in the rangé-1.3
1.61 M., with an additional linear & uncertainty of 0.11 M, due
to the mass function error bar.

Another constraint comes from the fact that no X-ray eckpse

are seen in LS 5039. With the new ephemeris reported here,

the BeppoSAXobservations performed hy Reig el al. (2003) cover
phases between 0.969 and 0.205, while an eventual X-rgysecli
should be centered at phase 0.058 (seelfig. 6). In fact,sperma
takes place at = (1.0 + 0.9) x 10* s in figure 1 ol Reig et al.
(2003), while superior conjunction of the compact objedteta
place att = (3.0 £ 0.9) x 10* s, where the errors come from
the uncertainty in ouffy. The X-ray flux is nearly constant dur-
ing this last interval, implying that X-ray eclipses can befii-

MX (MSUN)

1
20
Mo (Mgyy)

25 30 35 40 45 50

Figure7. Mass constraints for the two stars in LS 5039 derived fromoour
bital solution. The thin solid lines have been calculatedising our adopted
mass functionf(M) = 0.0053 M, and the quoted inclination angles.
The dashed line indicates the lower limit bfx from the absence of X-ray
eclipses. The dotted lines enclose the area of valid solsifior the interval

of likely values of M. The thicker line represents the valid solutions by
assuming pseudo-synchronization, while the dark-grelpnagpresents all
their possible & errors, and the light-grey region theis 8rrors. The cross
indicates the case difo = 22.9 Mg, which impliesip_g = 24.9° and
Mx =3.7Mg.

tively ruled out in LS 5039. This condition has been used tm-co
pute the lower limit onMx as a function ofMo (which in turn
is also a function ofRo). This is represented as a dashed line in
Fig.[d, which yieldsi < 64.6° and Mx > 1.49 Mg, for the case
of Mo = 20.0 Mg, andi < 63.3° and Mx > 1.81 Mg for
Mo = 26.3 Mg . Therefore, this condition provides a compact ob-
ject mass abové&.49+0.11 Mg (the errorbar due to thg(M) un-
certainty). This value is still below the 1.75-2.44-Mheutron star
mass in Vela X-1i(Quaintrell et &al. 2003), or the (95 per cemtfic
dence) lower limit of 1.68 M for at least one of the two pulsars in
binaries with eccentric orbits within the globular clust@rzan 5
(Ransom et al. 2005). Therefore, all the previously obthireues
are compatible with a massive or even a canonical heutron sta

A further constraint can be obtained by assuming that the op-
tical companion star is pseudo-synchronized, i.e. itianal and
orbital angular velocities are synchronized at periasprassage
(Kopall1978| Claret & Giménkz 1993). We have estimatedyhe s
chronization time-scale of the optical component of LS 508@g
the formalism by_Zahn (1939) (as formulatedLin_Claret & Ciinha
1997) and the tidal evolution parameters of the stellar sode
Claret (2004). We find a synchronization time-scale of aliddyr.
This value is similar to the (rough) upper limit to the age %039
(Ribo et al1 2002) and, therefore, the system appears te has
time to reach orbital pseudo-synchronism. Note, howekiat,lioth
the synchronization timescale and the age are only accasasm
order of magnitude estimate and, consequently, we can ey s
that both quantities do not exclude each other. On the otdwed,h
the theoretical orbital circularization time-scale cormes to be a
much larger value of 10 Myr, compatible with the observatiban
eccentric orbit. Therefore, assuming pseudo-synchrbaizgP-S)
we can combine our determinationofin ¢ and radius to estimate
the binary inclinationp_g, i.e.
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. . —1
vsini = 27 F Ro sinip_s P,

where F = (1 + ¢)¥/2/(1 — €)*? = 2.22 4+ 0.17, and we find
values ofip_g in the range 26.8-2322depending onV/o. These
inclinations set strong constraints to the compact olgentiss, as
is displayed by the thicker solid line in Figl 7. The possitsd-
ues of Mx range from 3.14 to 4.35 M. The Ir uncertainty re-
gion (obtained through propagating errorsiin.g and f(M)) is
marked by the dark-grey area in Fig. 7. This leads to compact o
ject masses in the range 2.75-5.09 M'he 3 uncertainty region
is also indicated in Fig7 with a light-grey area and yieldsses in
the range 2.14-6.78 M The central value al/o = 22.9 Mg im-
pliesip_s = 24.9+2.8° (1o uncertainty) and/x = 3.771:3 Mg,
(10 uncertainty in all involved parameters), and is indicatgdab
cross in Fig[l. Therefore, if the plausible assumption @&upe-
synchronization is correct, the compact object is consistgth
being a black hole.

Since there is no significantddemission and the binary sys-
tem does not exhibit strong X-ray outbursts during the s
passage (see, e.g., Bosch-Ramonlét al.l2005), the donds stzr
expected to overflow its Roche lobe at any orbital phase. &olch
this, we have generated a grid of solutions in the followireyw
for each possible optical companion mass in Hig. 7 we haretéd
for all possible inclination angles and obtained the cqoesling
Mx (and its error) through the mass function. Thefx is used
to compute the Roche lobe at periastron and its uncertairsing
the semi-analytical expressionlin Egaleton 1983). We firad, tior
the possible range of optical star masdds = 20.0-26.3 Mg
and within Ir, the Roche lobe is not overflown at periastron for
Mx < 8 Mg (ori > 13.4°).

A final constraint on the inclination angle comes from the ro-
tational velocity. The break-up speed, or critical rotatibveloc-
ity, can be obtained by means af.i: = \/(2/3)GMo/Ro (see
Porterl 1996). Considering the limits of our likely values fbe
mass and radius of the optical companion we obtain = 540-
580 km s™*. Finally, by using our measured rotational velocity of
vsini = 113 + 8 km s7!, we can constrain the inclination angle
to be above 11-12 which in turn provides upper limits for the
compact object mass of 8-10Mdepending on\/o).

In summary, the lack of X-ray eclipses, Roche lobe overflow,
and break-up speed constrain the inclination angle to beeireinge
13-64, and the compact object mass to 1.5—8 Mf the primary
in LS 5039 is pseudo-synchronized the inclination anglti§ +
2.8°, and the compact object maésx = 3.77}'5 M.

The inclination angle could be tested through accurate pho-
tometry near the periastron passage. We have simulatedytite |
curve of the tidally distorted optical component using othital
parameters and predict-20.02 mag increase in brightness near
the periastron foi = 45°, which could be revealed by 2—-3 mmag
accuracy photometry. If this variability is not detectedobelow
0.01 mag, the inclination angle must be below 3&nd the mass
of the compact object above 3.0\ confirming its black hole
nature. We have looked for this effect in our existing phattm
(Marti et al..2004) but the results are not conclusive durdise
and scarce phase sampling. More observations are currtgrys-
way.

5 DISCUSSION

In this section we evaluate the implications of all the updapa-
rameters on several properties of LS 5039.

(© 0000 RAS, MNRASD00, 000-000

5.1 Optical companion

The contamination of the optical companion by CNO products
may be a consequence of mass transfer of CNO-processed mate-
rial from the supernova progenitor prior to the explosion0g)l
Alternatively, it might be caused by mixing processes (oetl

by rotation) which brings CNO processed material from the in
ner regions into the stellar atmosphere_(Heger, | anger &3léyo
2000). Indeed, if the system is pseudo-synchronized, themea-
suredvsini = 113 & 8 km s~! translates into a large rotational
velocity of v = 268 + 34 km s, which is ~0.5v.,i;. There-
fore, although we cannot discard the hypothesis of massfean
prior to the SN explosion, we favour the mixing scenario te ex
plain the presence of CNO products. We also note that the opti
cal companion in LS 5039 is slightly undermassive for itscéag
type, since from the calibration bf Martins et al. (2005) a5V
star should havé\fspec = 29.0 Mg, while our measured mass
of Mo = 22.9755 Mg covers spectral types between O7V and
08.5V in their calibration. This effect has been observedthrer
HMXB (see, e.g.. van den Heuvel ei lal. 1983).

5.2 X-ray variability and accretion/g ection energetic balance

An interesting consequence of our orbital solution is thalten
eccentricity,e = 0.35 4+ 0.04, compared to McSwain’s solution,
e = 0.48 £ 0.06. A lower eccentricity is easier to reconcile with
the weak orbital X-ray modulation, with the X-ray flux vargima
factor of 2.5, observed hy Bosch-Ramon etlal. (2005). In g@ksm
tic Bondi-Hoyle scenario (i.e. spherical accretion thiowgnds)
our eccentricity, together with the updated masses, pesvith X-
ray variability with a factor of 12 between maximum and minim
flux, which is still a factor=5 higher than observed (see Reig et al.
2003 for details about the method). Even when consideriagath
possible uncertainties conspire in one or the oppositetiire, the
expected variability is in the range 7—24, which is a factet®
higher than observed. This led Bosch-Ramon ki al. (2005)jde p
pose the existence of an accretion disc that would partBescthe
compact object from direct wind accretion.

We can now compare the luminosity released in the vicinity
of the compact object (i.e., excluding the contributionnirohe
companion which dominates in the optical domain) with thailav
able accretion luminosity. The first one includes the raiizay,
high energy, and very high energy (VHE) gamma-ray domains. |
is maximum in the high energy gamma-ray domain since, usiing o
new distance estimate of 2.5 kpc, we halg;qio, 0.1—100 GHz =
8 x 10*° (Marti et al.| 1998),Ix, 3-30 kev = 1.0-2.5 x 10
(Bosch-Ramon et al. 2005, after removing the diffuse bamkgd
contamination) /., 100 Mev = 2.7 x 10*® (Hartman et &l. 1999),
andLyue, 250 gev = 4 x 1033 erg s7! (Aharonian et gl. 2005).
Regarding the accretion luminosity, we have used the Bbiugie
scenario to obtain a rough estimate of the accreted mattethen
energy that can be released from the accretion process. By us
the updated parameterd/p = 22.9 My, Ro = 9.3 Rp, Mx =
3.7 Mg, Rx = Rsan = QGZ\J)(/C2 2.95 (Mx/Mep) km,
Powp = 3.90603 d, e = 0.35, M = 5 x 1077 Mg yr ), vins =
2440 km s~ from M04 and3 = 0.8 we obtain an accretion lumi-
nosity averaged through the orbit&f L... >= 8 x 10%° erg s™*.
Therefore, around 1/3 of the accreted luminosity would lb-ra
ated within the relativistic jet of LS 5039, while the remiaim
available luminosity could be lost by the advection of matte
wards the black hole. Of course, the scenario is not so sirfpl
of all, we should include the kinetic luminosity of the jefyen
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by L, = (I' — 1)Miec® (wherel is the bulk Lorentz factor of
the jet, and we have neglected the energy needed to abanelon th
potential well). For a jet with a velocityy = v/c = 0.2 (from
Bcosf = 0.17 £ 0.05 found byl Paredes etlal. 2002 and assuming
0 =ip_g ~ 25°),0rT" = 1.02, we obtainL,, = 1.0x10¢ ergs™!
(see details on how to estimaﬂéiet in [Paredes et al. 2000). This
luminosity is slightly higher than the accretion lumingsélthough
this discrepancy could be solved by increasing the maseafdn-
pact object up to 5 M and/or the mass-loss rate of the primary
up to107% Mg yr—!. However, the Bondi-Hoyle accretion sce-
nario is an oversimplification of the real accretion proessthat
take place in this source, because: 1) the presence of adhick
cretion disc around the compact object seems to be necetssary
launch the relativistic jets in microquasars (see, le.0dEe@005
and references therein); 2) the presence of a disc also rpdae
necessary to explain the weak orbital X-ray variability i 5039
(Bosch-Ramon et 3l. 2005). Moreover, we note that due taéast
tation of the optical star and its proximity to fill the Rochabé
during periastron passage, we cannot discard additions$oas

in the equatorial plane of the binary system, which could/il®
the needed amount of additional accretion luminosity. We tioat
we have neglected the energy stored in magnetic fields thrallg
this discussion. In any case, we can say that the currembasts

of accretion/ejection luminosities agree quite well byngsbur new
set of parameters. We note that if the compact object wereia ne
tron star withMx = 1.4 Mg and Rx = 10 km we would have

< Lace >= 5 x 103! erg s7!. This value is more than one order
of magnitude lower than for the case of a 3.% Mlack hole, and
~2.5 times smaller than the gamma-ray luminosity of LS 5039.

5.3 Beforeand after the SN explosion

Using our new radial velocity of the binary system= 17.2 +
0.7 km s~! and an updated proper motions estimat@ofos s =
4.8+0.8masyr!, us = —10.940.9 mas yr* (including a new
radio position obtained with VLA+Pie Town observations; iifla
Rib6 & Paredes, in preparation), we can recompute the syl
temic velocity of LS 5039. We find.,. = 126 9 km s™* (see
details on the method In_Rib6 etlAl. 2002). On the other hand,
improved masses and eccentricity have an impact on the famma
history of LS 5039. Tidal forces act to circularize the binarbit
and hence the current eccentricity= 0.35 + 0.04 can be taken as
a lower limit to e, ost—sn, the post-SN eccentricity. In the context
of a symmetric SN explosior,.st—sn IS related to the mass lost
in the SN eventA M throughAM = epost—sn X (Mx + Mo)
which yieldsAM > 9+ 2 Mg and Pre—cire = 3.2 + 0.2 d (us-
ing our current values foP,,, ande). With these numbers, and
using the equations In_Nelemans €t al. (1999), we obtainadhe
ical recoil velocity of130 & 20 km s™%, in good agreement with
our new space velocity. The previous discrepancy betweeseth
two values reported by M04 vanishes thanks, mainly, to thefo
value ofe, since the equations are only slightly sensitivelfs .
Therefore a high mass loss 6f9 Mg during the SN explosion
could provide both the eccentricity and the space velotity e
currently observe in LS 5039. We note that our predictedtalbi
period prior to the SN explosion of 1.8 d yields a Roche lolaius
of ~ 8.7 Rg, which is compatible within errors to the O star ra-
dius. Finally, the relatively large mass of the SN progen#oound
13 Mg, is compatible with the< 10-15 M, upper limit found by
Frver & Kalogera|(2001).

The kinetic energy of the binary systemti@+0.8 x 10*® erg,
i.e., merely4 x 10~ times the energy of a typical SN, although
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Figure 8. VHE gamma-ray fluxes of HESS J182648, the proposed
TeV counterpart of LS 5039, folded with our orbital ephersdf,,;, =
3.90603 d with Tp=HJID 2451 943.09). The dashed line represents the
weighted mean of all data points. Despite the large erra, llaere seems to
be a quasi-sinusoidal variation with a maximum around pBa&ea similar
behaviour to the one seen in X-rays.

nearly one order of magnitude higher than in GRO J16&5
(Mirabel et all 2002). On the other hand, from the pulsahbig-
locity value of ~ 400 4 40 km s~' (Hobbs et &ll 2005), and as-
suming a pulsar mass of 1.4dJlwe obtain that their typical linear
momentum is~ 560 + 56 Mo km s~. In contrast, the linear mo-
mentum of the LS 5039 binary systen8ig850 + 450 M km s,
well above the previous value and above the value of any indi-
vidual pulsar. To our knowledge, this value is also signifiba
higher than in all other binary systems with measured ve&si
being a possible exception 4U 17087. For this system, moving
at70 = 5 km s~ !, and using different masses fram_Ankay et al.
(2001) and Clark et al. (2002), we obtain a linear momentuthen
range 2300-4200 M km s™!, encompassing the value found for
LS 5039.

We note that once the orbit is re-circularized, with a period
of 3.2 d, the expected Roche radius will be 15,Rvell above
the current radius of the star. After leaving the main seqegen
the star will fill its Roche lobe, leading to unstable massigra
fer that will probably turn-off the X-ray binary and microagear
phase of LS 5039 (Frank, King & Ralhe 2002). From the evohitio
ary tracks by Mevnet et al. (1994) we know that the main secgien
lifetime is between 4.5 and 6.5 Myr (assuming a solar metgjlof
Z = 0.02 and for stars with initial masses between 40 and 25 M
On the other hand, the LS 5039 trip from the galactic midpkane
its current position would take 0.5 Myr (explained in_Ribo et al.
2002 and independent of the distance to the source). Coastiygu
the X-ray binary could survive as a microquasar up to 4-6 Myr
from now, placing the system at galactic latitudes-d to —13°.
Therefore, relatively nearby systems similar to LS 5039 dde
the counterparts of unidentified EGRET sources With> 5°.

5.4 Orbital behaviour of the TeV counterpart

Aharonian et gl. [(2005) have recently reported the detectib

a very high energy gamma-ray source at TeV energies, namely
HESS J1826-148, with a position consistent at the &evel with

that of LS 5039. Moreover, the spectral energy distribuibhigh
energies makes the association between the HESS and EGRET
sources virtually certain. These authors state that nogiervaria-

tions are apparent when folding the data using the orbitateyeris

of M04. We show in Fig[IB the HESS data folded using our new
orbital period. Despite the large error bars, we notice asipos
ble flux variation of a factor~3 with the orbital period, with
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a quasi-sinusoidal pattern and maximum around phase 0i8. Th REFERENCES

behaviour is reminiscent to the one recently found in X-rays
RX J1826.2-1450/LS 5039 by Bosch-Ramon et al. (2005), with
a flux variation of a factor-2.5 and a maximum around phase 0.8.
Although further HESS observations would be necessary s co
firm this orbital variability, this similarity reinforcesie association
between LS 5039 and HESS J182K8 and, therefore, practically
confirms the association between the microquasar and theeEGR
source.

6 SUMMARY

We have reported new optical spectroscopy of the microguasa
LS 5039 and obtained a new orbital solution. In particulae,find
Porb = 3.90603 £ 0.00017 d, e = 0.35 + 0.04, systemic ve-
locity v = 17.2 + 0.7 km s~! and a mass function for the com-
pact objectf (M) = 0.0053 £ 0.0009 Mg, significantly different
from previous results. We have also derived a new distanie es
mate ofd = 2.5 + 0.1 kpc and a mass of the optical compan-
ion of Mo = 22.9755 M. Using this information and assuming
pseudo-synchronization we obtain an inclination ef 25 + 3°,
which yields toMx = 3.7713 M. This strongly suggests that
the compact object in LS 5039 is a black hole. With our newtatbi
parameters there is a good agreement between the accration a
ejection luminosities around the compact object. The spatm-
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reminiscent to the one seen in X-rays, reinforcing the daton
between LS 5039, HESS J182648 and 3EG J18241514.
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