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Abstract. We present an analysis of 32 high-resolution echelle spectra of the pre-main sequence spectroscopic binary AK Sco
obtained during 1998 and 2000, as well as a total of 72 photoelectric radial-velocity observations from the period 1986-1994.
These data allow considerable improvement of the period and other orbital parameters of AK Sco. Our analysis also includes
eight series of photometric observations in thby and Geneva seven-color systems from 1987, 1989, 1990, 1992, 1994 and
1997. No eclipses or other periodic variations are seen in the photometry, but the well-determined HIPPARCOS parallax allows
us to constrain the orbital inclination of the system to the rande 65 70, leading to the following physical parameters for

the two near-identical stars = 1.35+ 0.07 My, R= 1.59+ 0.35R,, andvsini = 185+ 1.0 kms?.

Disk models have been fit to the spectral energy distribution of AK Sco from 350 nm tq10bhe above stellar parameters

permit a consistent solution with an inner rim temperature of 1250 K, instead of the usual 1500 K corresponding to the dust
evaporation temperature. Dynamicdlleets due to tidal interaction of the binary system are supposed to be responsible for
pushing the inner disk radius outwards. Combining simultaneous photometric and spectroscopic data sets allows us to compute
the dust obscuration in front of each star at several points over the orbit. The results demonstrate the existence of substructure
at scales of just a single stellar diameter, and also that one side of the orbit is more heavily obscured than the other.

The spectrum of AK Sco exhibits emission and absorption lines that show substantial variety and variability in shape. The
accretion-related lines may show both outflow and infall signatures. The system displays variations at the binary orbital period
in both the photospheric and accretion-related line intensities and equivalent widths, although with appreciable scatter. The
periodic variations in the blue and red wing g8 dre almost 180 out of phase.

We find no evidence of enhanced accretion near the periastron passage in AK Sco as expected theoretically and observed
previously in DQ Tau, a similarly young binary system with a mass ratio near unity and an eccentric orbitx €heitrhlent

width displays rather smooth variations at the stellar period, peaking around phases 0.6-0.7, far away from periastron where
theory expects the maximum accretion rate to occur.

Key words. stars: pre-main-sequence — stars: binaries: spectroscopic — stars: formation — stars: individual: AK Sco —
line: profiles
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1. Introduction a pre-main sequence star when Herbig & Rao (1972) discov-

ered strong K emission and Li absorption lines in its spec-

Classical T Tauri stars (CTTSs) are young stars of near-sqiaf, | ater, Andersen et al. (1989) showed that AK Sco is
mass U < 2 Mo). They exhibita wide variety of permitted and, 1,51y a double-lined spectroscopic binary of short period
sometimes also forbidden emission lines, together with exc%§§_6 days) and large eccentricitg & 0.47). No evidence
continuum emission that ranges from millimeter to ultravigy, ecjipses could be found in the photometry then available
Ie_t wavelengths. Thewspectral energydlstrlbutlon is consisteRtia Jiterature. Their suggestion that AK Sco belongs to
with the presence of a circumstellar disk that appears to playa Upper Sco star formation region seems confirmed by the
major role in the regulation of the mass flows in the Star—diﬂﬁpparcos distanced = 14538 pc, which is consistent with
system. A strong wind componentis also thought to be presgfiby of Upper Sco (de Zeeuw ot al 1999),

producing blueshifted absorption features commonly seen in Andersen et al. (1989) fit the infrared SED of AK Sco with

the Balmer lines. All these features can be generally underst%ogmme model consisting of two blackbody dust components.
in the framework of a magnetospheric accretion scenario Wh%rl’?eir temperatures (1700 K and 170 K) and dimensions could
accreting material leaves the disk following the magnetic fi plausibly interpreted in terms of matter bound to the binary
lines that shred the disk at a few stellar radii. The disk is saidjci plus a protoplanetary cloud. A more modern model was
to be_locked to the central star. Several of the ;pectral _featuﬁ By Jensen & Mathieu (1997), who used a geometrically thin
mentioned above can be naturally explained in the disk-logit,\ith a power-law surface-density distribution and a hole
frameyvorl_< (e.g. Hartmann 1_998)' Stellar ar!gul_ar moment%]simulate disk clearing by the binary. In order to fit the near-
evolution is also profoundly linked to the sfdisk interaction ¢ areq region and silicate emission in AK Sco they had to in-
€g. _Bouwer et al. 1993.‘; Edwards et al. 1993; Bouvier lgggl'ude a small amount of optically thin material inside the hole,
Bouvier gt al. 1997; AIIam etal. 1997). o indicating that AK Sco is not veryfcient at clearing the disk

In a binary system, disks can surround the individual corgap Their result does not preclude a dynamically cleared re-
ponents (circumstellar disks) as well as the binary systgfiyn near the star, but suggests some continued replenishment
as a whole (circumbinary disk). From a theoretical point @ the expected disk gap.
view, it is believed tha_t dynamical interactions due_ to tidal Gjyen its combination of an apparently classical binary or-
and resonant forces will open gaps between the circumsigt-of high eccentricity with several of the spectral and photo-
lar disks and the circumbinary disk, preventing the flow Qfetric attributes of CTTSs, AK Sco shouldier a favorable
material from the circumbinary to the circumstellar disk(Qpportunity to shed light on these fundamental questions. We
(Artymowicz & Lubow 1994). In fact, modeling of the ob-paye therefore obtained considerable amounts of new spectro-
served Spectral Energy Distributions (SEDs) dfefent bi-  gcqpic and photometric data for AK Sco and discuss in the fol-
nary systems (Jensen & Mathieu 1997) and disk images suchgsing the information they provide on the nature of the system

those of GG Tau (see Krist et al. 2002, and references thergjy the relationships between the flow of accreting matter and
point to the presence of gaps in circumbinary disks. the binary nature of AK Sco.

Accretion is known to occur in binary systems at the same
level as in single stars, regardless of the separation between
the components (Mathieu 1994). In spectroscopic binaries wh New observations of AK Sco
periods of a few days, the components are too close to aII%yvl Spectroscopy
for the existence of circumstellar disks around the individual ™
stars, suggesting that matter is probably being accreted dire@lyding eclipses in AK Sco would obviously greatly improve
from a circumbinary disk. How this might occur is, howevepur knowledge of the physical parameters of the system.
an open question. Artymowicz & Lubow (1996) have showmhe 19861988 photoelectric radial-velocity observations dis-
that under special circumstances, a flow of matter can occurimssed by Andersen et al. (1989) were therefore continued in
the form of time-dependent gas streams. According to their caB89-1994 in order to refine the period and spectroscopic or-
culations, in the case of binary systems with mass ratios ng#tal elements of AK Sco and allow precise prediction of pos-
one and eccentric orbite ¢ 0.5), the mass transfer rate wouldsible times of eclipse. Combined with simultaneous photome-
reach a maximum at orbital phases 0.8-1.15, i.e. near peri@g-these data also allow to determine the amount of obscuring
tron. Mathieu et al. (1997) and Basri et al. (1997) have showatter in front of each individual star at each point of the orbit.
that in the binary system DQ Tau, both spectroscopic and pitogether, CORAVEL radial velocities, usually for both stars,
tometric variations indicate that the system is very likely expare now available for a total of 72 epochs during the period
riencing episodes of pulsed accretion near the periastron peg86—1994.
sage. Brigthenings, as well as periodic variations of veiling In order to study the line profile variations of AK Sco
and Hr strength are observed to be in phase with the orbiial more detail, we also obtained high-resolution spectra of
motion. The agreement between theory and observations infi¢ system in 1998 and 2000 with the Swiss 1.2 m Euler
special case of DQ Tau is surprisingly good. telescope and CORALIE echelle spectrograph (Baranne et al.

In order to test this scenario in another well-observed et996; Queloz et al. 2000), and in 2000 with the ESO 1.52-m
centric binary system, we have undertaken a reanalysistelescope and FEROS echelle spectrograph (Kaufer & Pasquini
the Pre-Main Sequence (PMS) spectroscopic binary AK S&898; Kaufer et al. 2000), both at ESO, La Silla, Chile.
(HD 152404; F5IVeVmax = 8.9), which became known asFEROS covers the wavelength range 3500 A—9200 A at a mean
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Table 1. New spectroscopic observations of AK Sco. HJID is the Heliocentric Julian Bat400 000) the orbital phase of the observation,

va andvg are the radial velocities and (), and (O-C)g the corresponding velocity residuals for components A and B, respectively. Sources:
1 = CORAVEL, 2= CORALIE, 3= FEROS. The asterisk) symbols mark residuals deviating more than three standard deviations from the
theoretical fit (see Fig. 4).

HJD & va g —— Source  HJD & va g T Source  HJID ) va g T Source
46652502 08632 -2344 1937 -1.27 087 1 47664779 Q2437 1901 -2380 054 -1.11 1 49165756 05330 3088 -37.29 -0.34 -1.68 1
46654628 Q0194 8631 -0.49 1 4766587 Q3177 2694 -3204 -0.07 -0.70 1 49166720 06038 2741 -3142 -057 091 1
46667555 Q9693 -8845 057 1 4766800 03922 3165 -3482 054 067 1 4916782 06745 2520 -2652 315 -0.20 1
46668566 Q0436 -7115 117 1 47667175 Q4711 3257 034 1 4916899 Q7492 -9.31 6.3« 1
46668574 Q0442 6851 -0.33 1 4766789 Q4722 -37.44 -0.81 1 49169753 08266 -0.24 —4.3x 1
46669580 01181 -2126 1424 -195 -1.36 1 47668756 05359 2962 -151 1 49170717 Q8975 -3940 3553 081 -1.25 1
46670532 01880 -2.87 82« 1 47668770 05369 -3366 183 1 49172660 Q0403 -7260 241 1
46686501 03614 2804 -3413 -1.79 007 1 47669751 Q6090 2856 091 1 49172666 Q0407 7001 -1.68 1
46687501 04349 -3546 101 1 47669759 06096 -3100 Q095 1 4917%84 Q2624 2208 -2451 087 Q95 1
46687511 Q4356 3332 124 1 47670754 06827 —25.58 -0.18 1 49510671 08767 -2748 2615 120 105 1
46688563 05129 3172 -3466 000 146 1 47670768 06837 2135 1 51003758 05863 2926 -3373 026 -0.37 2
46690553 06592 2442 -2876 081 -0.86 1 47671777 Q7579 006 140+ 1 51004730 Q6577 2454 -2850 Q79 -0.46 2
46691598 Q7359 1243 -2042 -1.34 -250 1 47672779 08315 -0.74 —6.4x 1 51005747 Q7324 1462 -1878 028 -0.27 2
46693547 08791 -3054 2746 -0.62 110 1 4767364 09112 -50.68 -178 1 5100819 08112 -2.83 076 019 167 2
46694569 Q9542 -7813 145 1 4767371 Q9117 4696 1 5100799 08759 -27.86 2413 038 -0.52 2
46 694578 09549 7745 Q030 1 47674797 Q9798 -95.14 -1.36 1 5100%83 00143 -9256 9005 -0.38 059 2
46695551 Q0264 -8559 -0.30 1 47674826 Q9819 9170 -0.10 1 51010742 Q0995 -30.83 2750 -0.89 113 2
46 695560 Q0271 8330 128 1 47674852 Q9838 -9527 -0.21 1 51011681 Q1685 -3.07 -0.38 -4.5+ 50« 2
46696554 Q1001 -2996 2647 -0.40 048 1 47675721 Q0477 -66.87 211 1 51012800 Q2507 2015 -2294 060 084 2
46716509 Q5664 3017 -3249 019 187 1 47675730 Q0483 6561 022 1 51013711 Q3176 2723 -3120 023 013 2
46717503 Q6394 2677 138 1 47676748 Q1231 1021 -2.79 1 51648766 09804 -9412 9400 -0.10 268 3
46717520 06406 -25.95 364 1 4801406 Q9631 -85.32 Q07 1 51652791 Q2761 2267 -2704 -026 016 3
46718514 Q7137 1794 -2289 Q75 -150 1 48014827 Q9646 8122 -231 1 51653744 03462 2864 -3290 -0.35 045 3
46723512 Q0809 4021 112 1 48016835 Q1121 -2387 1902 -1.37 019 1 5165405 04315 3019 -3592 -1.83 051 3
46723522 Q0817 -4250 1 48027713 Q09114 -50.20 -114 1 51655760 Q4943 3233 -3597 029 047 3
46724524 Q1553 -1.90 -1.06 1 48028316 09925 -96.14 042 1 51656781 05693 3301 -3234 316 188 3
46725511 Q2278 1524 -2099 -0.54 -1.03 1 48028326 09932 9203 -191 1 51664861 Q1630 556 -800 60+ -444 2
46837828 Q4807 3214 -0.04 1 48029759 00618 -60.87 -3.53 1 5166327 02340 1746 -1888 057 220 2
46837837 04813 -36.68 -0.10 1 48029771 Q0627 5496 155 1 5166870 03107 2667 -3087 024 -0.12 2
46839837 06283 2649 022 1 48783705 Q4605 3036 —-37.38 -1.88 -0.73 1 5166792 03858 2666 —-3534 -4.22 -0.07 2
46839845 06289 -2953 102 1 48784688 05327 2836 —-3490 -236 072 1 5166906 05338 3185 -3547 066 011 2
46979769 Q9103 4625 130 1 4878%93 06066 2613 -3236 -1.67 -0.21 1 5167007 Q6073 2847 -3097 071 113 2
46980748 Q9822 9300 110 1 48786849 06915 2242 -2572 231 -1.37 1 51671910 06810 2113 -2525 -0.20 034 2
46980759 Q9830 -94.93 -0.10 1 48788713 08285 Q70 -3.93 1 51672935 Q7563 842 -1509 -1.70 -0.86 2
47042531 Q05219 -34.95 096 1 48789705 Q9013 -4208 049 1 5167407 Q9012 -4232 4075 014 169 2
47042542 (05227 3278 128 1 48789713 Q9019 3575 -3.80 1 51678001 Q0477 -69.89 6823 -0.96 234 2
47044553 06705 2225 -2699 -0.23 -0.24 1 4915838 00246 -86.66 -0.22 1 5168304 05623 2967 -37.28 -0.49 -274 2
47047494 08866 —-3385 Q006 1 4915846 00252 8232 -0.93 1 51684385 06344 2592 -3156 012 -1.44 2
47047506 08875 3020 -0.70 1 4915%44 Q0839 3627 -0.68 1 5168304 07092 1950 -2191 169 011 2
47049545 Q0373 7328 -114 1 49160661 Q01586 -2.52 -0.49 1 51688033 Q7849 153 -1473 -244 -6.7x 2
47049553 Q0379 -7569 120 1 49161650 02313 1587 -20.70 -0.53 -0.11 1 5168890 09287 -6089 5784 015 -0.05 2
47050535 Q1100 -2422 2130 -054 127 1 4916583 02998 2410 -3112 -1.34 -1.36 1 5168324 Q9311 -6247 5960 037 -0.12 2
47070503 Q5772 -35.05 -121 1 4916369 03796 3142 -3554 Q77 -051 1
47070511 Q5778 3005 061 1 49164686 04543 3222 -37.77 -0.01 -1.14 1

resolution of 4/A1 ~ 48000, while the CORALIE spectrathe CCF dip and the widths() of the CCF. The typical internal
cover a shorter spectral range 3690 A—6900 A with a resolviegror of the radial-velocity measurements is about 200'm s
power of 47 000, similar to FEROS. Typical CORALIE expofCovino et al. 2001). FEROS CCFs were computfdine us-
sure times an&/N ratios were about 30 min and 40, while foling the same procedures and mask as the CORALIE on-line
FEROS a 20 min exposure was enough to reacB/hhratio reduction system.
near 100 in the ki region. Altogether, the 72 CORAVEL observations and 32 high-

The reduction of the FEROS spectra was performed by ttesolution spectra thus provide 104 radial velocities covering
on-line software, including flatfielding, background subtrae total span of 5036 days or 371 orbital cycles; these data are
tion, removal of cosmic rays, wavelength calibration, barycelisted in Table 1.
tric velocity correction, and continuum normalization. A sim-  Projected rotational velocities §ini) were computed using
ilar on-line reduction system exists for CORALIE: aftethe calibrations given by Melo et al. (2001) for FEROS and by
read-out, the spectrum is extracted, flat-fielded and wavelen§tntos et al. (2002) for CORALIE. The FEROS and CORALIE
calibrated, producing a 2D image which is saved on the disksini agree very well, giving mean rotational velocities of
Cosmic ray cleaning is performed only prior to the crosssinia = 18+ 1 kms?! andvsinig = 19+ 1 kms™. These
correlation (see below). Barycentric correction is applied afalues are also in agreement with the previous rotational veloc-
terwards directly on the cross-correlation function (CCF) onlty measurements given by Andersen et al. (1989). We adopt an
and not on the spectrum as in the FEROS case. average sini for both components of 18+ 1.0 kmsL.

The CORALIE on-line reduction system (Queloz 1995)
cross-correlates the stellar spectrum with a CORAVEL-ty
numerical mask (Baranne et al. 1979; Queloz 1995) and as'oz' Photometry
performs a Gaussian fit to the CCF. The procedure yiel@fter the data discussed by Andersen et al. (1989), eight series
the Gaussian center, giving the radial velocity, the depth of photoelectric photometry of AK Sco have been obtained at
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Table 2. Summary of observing periods. Table 4. Orbital parameters and physical elemerdiss the time of
periastron passage in Heliocentric Julian Days.

Number  Number of

H Epoch
Serie (JD—ZEZ)SOOCD) SyStem of nights observations Orbital parameters
1987 68238B-68848 uvhy 16 54 P (days) 13609453+ 0.000026
198% 75878-77875 Geneva 138 278 T D)) 46 6543634+ 0.0086
198% 76619-76769 uvhy 11 336 Ka (kms™) 64.45+ 0.23
198k 76926-77146 uvby 17 474 Kg (kms?) 6532+ 0.24
1990 8013%-80138 uwwby 1 18 v (km s’l) -1.97+0.10
1992 8785-87887 uwwby 5 28 e 0.4712+ 0.0020
1993 913%-91658 by 18 198 w 18540° + 0.33
1994 951(B-95498 uvhy 31 145 o(1 obs) (kms?) 1.4
Physical elements
Mg /Ma 0.987+ 0.005
Table 3. by and Geneva photometry of AK Sco obtained between asini (AU) 0.14318+ 0.00005
1987 and 1994 at ESO, La Silla. The firstuiby observations (SAT, M, sini® (Mg) 1.064+ 0.007
instrumental system, SAO 208122 used as comparison star), obtained Mg sini® (Mo) 1.050+ 0.007
in 1993, are shown in the upper part while those in the Geneva system,
obtained in 1989 with the Swiss telescope, are shown in the lower part. ‘ - ‘ ‘
Th let ion of Table 3 is only available in electronic format _, o[- =~ | L A S |
e oDa e Y T T R RN
RN A Y S
[ ]
s Ay Ab-y) A Ac i ‘ o« g8 3o f 1
2440000 Y y) Ay 1 ~051 g 1S4 o a A e ¥ s, % R
| . i
913556551 —-0.367 Q056 Q081 -0.466 > - e ﬁ'. 4 ° ‘; o * 'ﬁf °
913557031 -0.363 Q052 Q088 -0.464 [ o, 3 > | i
913557744 -0.360 Q054 Q082 -0.482 oo # l o '8 .
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2440000 VM U V Bl B2 Vi G | Eii‘éﬁl g ! |
7587846 9219 1699 Q083 1104 1296 0835 1110 05l g 199 ! o | ]
7588855 9450 1755 Q023 1112 1277 Q777 1031 Ofo ofz 0f4 0‘6 0‘8 1‘0
7590856 9451 1636 Q105 1085 1302 Q850 1130 phase

Fig. 1.y magnitude dferences between AK Sco and SAO 208122 ob-

tained from 1987 and 1994, phased with the spectroscopic ephemeris

(i.e. periastron passage at phase 0.0, see Table 4). The dashed line:
La Silla, Chile. The data set denoted 188®as obtained in the show the phases when eclipses are expected to occur.

Geneva photometric system (Golay 1980) with the photome-
ter P7 (Burnet & Rufener 1979) on the 70 cm Swiss telescope;
reduction procedures are described by Rufener (1964, 198&)ipses could occur, combining the spectroscopic orbital
The seven other sets, all in the @trigrenuvby system, were elements with a range of assumed inclinations: In orbits of
obtained in 1987, 198%(andc), 1990, 1992, 1993 and 1994jarge eccentricity and the orientation seen in AK Sco, the time
with the 50 cm Siimgren Automatic Telescope (SAT) and sixef light minimum may deviate significantly from the (spec-
channel photometer (Nielsen et al. 1987). The reduction proegscopically determined) moment of conjunction. Despite the
dure for these data is described by Vaz et al. (1998). The chiglod coverage of the critical phases, no trace of any eclipses or
characteristics of the observing periods are briefly summarizagl other periodic variations was found, showing that the or-
in Table 2, while the table with the individual photometric datsital inclination is relatively low (further discussion in Sect. 5).
will be available in electronic form at the CDS. Table 3 contains The color-magnitude diagrams show that the star becomes
an excerpt of the data. redder when fainter, as expected for dust obscuration and found
Figure 1 shows thg magnitude dferences (instrumentalalso by Andersen et al. (1989). However, considerable scatter
system) between AK Sco and SAO 208122, contained in thed some systematic deviations are seen; e.g.,\hear9.4
complete version of Table 3. the magnitude may vary at constant color and vice versa, and
The observed time series and color-magnitude diagrams ateasionally AK Sco even gets bluer in the deepest minima
shown in Figs. 2 and 3. The irregular light variations in AKV ~ 10), as is sometimes seen in Herbig/Be stars. The
Sco are similar to those of Herbig /&e stars (see e.g. Biboanomalous, steep extinction law characteristic of circumstellar
& The 1991). The variations are quite large, with brightnestist with large grains is also seen in the new data, Rith) =
changes of up to one magnitude between consecutive nighfgE, , ~ 6-7 against 4.3 for normal interstellar dust. The
and globally exceeding 1.5 mag. non-unique color-magnitude relations suggest that dust with a
In order to check for the presence of eclipses, synthetange of grain sizes afat other properties is present in the
light curves were generated to predict the precise times wh&k Sco system.
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Fig. 2. Light variations and color-magnitude correlations for AK Sco in 1987 and 1989 (data sets 1987, 1989a, 1989b, and 1989c). The system
generally becomes redder when fainter, but no unique relationship is observed.

3. Orbital and stellar parameters As a backdrop for the following discussion, we note that
the system is seen “side-on”, the orbital major axis lying very
3.1. Improved spectroscopic orbital elements nearly in the plane of the sky. Any eclipses would be expected

to occur at phases 0.098 and 0.886 {fer90°; 0.095 and 0.886

From the radial-velocity data in Table 1 we recompute the spd@r i = 80°; 0.085 and 0.888 far= 70°), counted from perias-
troscopic orbital elements for both components, using the p#n passage as in Fig. 4.

gram SBOP (Etzel 1985). The results are presented in Table 4,

and the final orbital solution is shown in Fig. 4. There is good ) .

agreement with the elements determined by Andersen ethl SPectroscopic analysis

(1989), but our errors are substantially smaller. In partic_ula}{_,l_ Overview of line profiles

the error of the period is reduced by a factor 18, due primar-

ily to the longer time base of the data, which allows preci&amples of the line profiles observed dtetient orbital phases
calculations of orbital phases over many years, both past amtl some of the cross-correlation profiles discussed in the fol-
future. lowing are shown in Fig. 5. bl is generally in emission and
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Fig. 3. Light curves and color-magnitude diagrams in four observing epochs (1990, 1992, 1993, 1994). The star generally becomes redder
fainter, but significant deviations from a single-valued relation occur.

may present both blue and red absorptiongid-hlways in ab- present at other phases, and one at higher negative velocities.
sorption, as expected for F5 stars with hot photospheres in cdhe spectra close to phase 0.80, on the other hand, present typ-
trast to typical K7-MO CTTSs, and varies substantially both ical mean kb profiles, with emission in both wings and nearly
the blue and red wings. Spectra taken at phases with large lieatral absorption. As the stars have the same radial velocity
separations (Figs. 5a,c) clearly show the strong Li lines thatboth phases 0.16 and 0.80, the profil@edlences cannot be
indicate the PMS nature of both stars. Figure 5 also includeatiributed to photospheric line variations. Since no eclipses are
sample of NaD and CCF profiles. observed, the dierent line profiles at similar stellar radial ve-
Figure 6 shows a sample ofaHorofiles corresponding to locities indicate that the circumstellar environment is not uni-
nearly the same orbital phases, but taken almost two yefosm. Most of the line profile variations must be due to ac-
apart. These profiles clearly fiér, but nonetheless presentretion angor outflows since the stellar velocities only reach
some common characteristics. The spectra close to phas®4 kms*! (cf. Fig. 4). Figure 6 shows that these flows vary,
0.16 present the strongest absorptions in the blue wirysth over the orbit and with time, slightly dependent on orbital
among all the observations. In these spectra we clearly gdmse.
two blueshifted absorptions, one near zero that is also generally
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Fig. 4. Radial velocity curve of AK Sco for the orbital solution of Table 4. Filled circles show the CORAVEL measurements; open circles are
the FEROBCORALIE results; star A has its minimum velocity at phase 0.00. The standard deviation of the fit is shown at lower right.

Hex HB NaD Lil (6708A) CCF

normalized intensity

normalized intensity

normalized intensity

normalized intensity

0.2 : + |o.2

-500-250 0 250 500-500-250 O 250 500 -250 0 250 500 -200-100 O 100 200 —200-100 O 100 200
v(km/s) v(km/s) v(km/s) v(km/s) v(km/s)
Fig. 5. Samples of spectral line and Cross Correlation Function profiles fiareint orbital phases. The dotted lines mark the radial velocities

of the stars in AK Sco. The dashed line shows the normalized continuum level, and the vertical (intensity) scale of the plots is given in the
lower left of each column, in continuum units.
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Fig. 6. Ha line profiles observed at similar phases, but almost 2 years apart. The profiles show both remaffieableceds and some common
characteristics. Each panel shows the phasarid Julian date for each profile.

4.2. Photospheric line profiles and Cross Correlation
Functions

From our larger data set we do find some periodic variations
in the CCF strength ratio at the orbital period. Figure 7 shows
the CCF depth ratio (lotf{s /Ha)) as a function of orbital phase
Individual photospheric lines show lo/N ratios in many of (¢ = O at the time of periastron passage). Observations with
our spectra, so we decided to focus on the CCFs, which r&prall radial velocity dferences were not included, as the sepa-
resent the mean photospheric profiles. Because the two stat®n of their CCF profiles is very uncertain. The CCF changes
are almost identical, their intrinsic photospheric lines shoulfl 1998-2000 were linked to the orbital motion (cf. Fig. 7),
be equal at all phases. Andersen et al. (1989), however, alre$fjy most of the variations centered near phases 0.3 to 0.5.
noted that while the CCF dips show almost constant width,
their depths and thus equivalent widths vary appreciably. They It is notable that Andersen et al. (1989) found no similar
found no systematic variation with orbital phase and suggestaetiodicity. Figure 7 also shows the CCF depth ratio for all
that the changes in the CCF profiles as well as the overdile double-lined CORAVEL observations. No periodic varia-
brightness variations might be caused by variable obscuration is apparent in the CORAVEL data, but phases near pe-
on scales of a few stellar diameters. Some of the CCF van@stron clearly show the least scatter, while most of the varia-
tions we observe may be produced on the stars themselves tiouts occur near phases 0.2-0.5, as in 1998-2000. It is not clear
if luminosity changes by factors of 2 or more were due to largehether the dterent results for the 1986—-1994 and 1998—-2000
starspots, one would expect significant spectroscopic chandata are due to theftierent number of observations, or whether
(e.g. in the excitation temperatures), which have not been setbey reflect a true change in the stellar environment (Sect. 6.2).
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040y . 2 22 spectra taken over a period of 40 nights. We looked for pe-
0.50¢ | © - | 7 riodicities in the line’s intensities using the Scargle (1982) pe-
= 0.20EF | © | < riodogram estimator as modified by Horne & Baliunas (1986)
E 010 , + :+ o, OO - 3 7 that is appropriate to handle irregqlgrly spaced data. To evalu-
% 000E | 4oL + . | 2 ate the robustness of the periodicities, we calculated the false
= l N oy of 3 alarm probability (FAP) that the peak of each periodicity oc-
~0.10F | PRo 4 . . .
* y X : curred just by chance and display the FAP as a greyscale in
0208 ; .., .3 Figs.8and9. Darker regions correspond to lower FAPs, indi-
0.8F | | : . : . . S
oeb  (0)! o | 1 cating a possible period detection. We found periodicities near
r | © 5 | 1 the orbital period in the blue wing of &iand in the blue and
i o o o 1 1 red wings of K8 as shown in Figs. 8 and 9. We show in Fig. 10
e 028 @ ° %5 @o0® o, 7 the mean K and H3 profiles from April and May 2000; the
L r | o 5 Q@ B . . .
z —0.0p §aQ o o 2Lo -0y 7 dashed lines show the regions that presented the above period-
- -0.2F ? © o ° S - cities. It is not easy to associate the periodic regionsgrid
—0.4F ! B < a specific structure of the line as will be discussed further on.
—0.6¢L w w .3 Also shown as shaded areas are the normalized variance pro-

0.0 0.2 0.4 0.6 0.8 1.0 files as defined by Johns & Basri (1995a), which measure the
phase amount of variability of each velocity bin in the line.

Fig.7.The C_CF depth ratio lo¢{sg /Ha) as a_function_of orbital phase. We calculated the equivalent widths of the nd H3 line
In panela), different symbols refer to theftiérent orbital cycles of the rofiles. The total it equivalent width also displays variations
1998-2000 spectra. Parg)l shows the CORAVEL data. The dashedy 1o ohital period (with some scatter, see Fig. 11), while the
lines show the phases when eclipses could occur. . . . .

total HB line equivalent width does not. Instead of trying to
decompose the #line, we calculated the equivalent width of
the diferent regions of the line profile that displayed the pe-
riodic variabilities presented in Fig. 9. Both regions show pe-
H’ <_jic equivalent width variations near the orbital period with

ut the same amplitude, but nearly 18t of phase (see

If clumpy dust clouds exist in the disk afwd inside the or-
bit of the system, the CCF dip ratio will béacted by diferen-
tial extinction (assuming the stars themselves remain consta
Any dust inside the orbit would on average obscure the star t . : T :
is most distant (“behind”) most strongly, causing its CCF dip 50- 12), which explains the lack of periodicity of the total line

become the shallowest. If, on the other hand, the binary systgﬂwva_lemvvidth' The Iow-velocityilriregion th‘?‘t displays be-
riodicities (part of the blue absorption) varies in phase with the

is located in a clear central region of a thick, clumpy, incline bl ) q | f oh ith B
disk, we would be more likely to have a clear line of sight t 3 blue wing and consequently out of phase with threld-

the more distant star, leading to the opposite result. Because'Wed periodical region.
know the precise positions of both stars at any given time, we Itis not straightforward to associate each region gfiith
can test these predictions. any given process, like accretion or outflow, since the broad
Given the adopted component notations and our “side-ohotospheric, accretion and outflow components of both stars
view of AK Sco, star A is seen “in front” from spectroscopiguperimpose to form the total line profiles. However, compar-
phases 0 to 0.5. Dust inside the system would then weakenitig the H3 and NaD profiles, we see in Fig. 13 that when
dip of star B, giving a dip ratiddz/Ha < 1 in this phase inter- the H3 line is most redshifted, the NaD lines also exhibit an ex-
val andHg/Ha > 1 in the other half — most markedly aroundra redshifted absorption component at high velocities. These
the conjunctions at phases 0.88 and 0.10 (marked by the vesimponents cannot be associated with the photospheric varia-
cal lines in Fig. 7). If the dust is primarily in a disk outside th&ons and are clearly visible in the NaD lines because they are
system, we would see the reverse. much narrower than the Balmer lines, making it possible to dis-
Figure 7 does in fact show that, in genettds/Ha > 1 at tinguish the diferent contributions to the observed profiles.

phases 0.0 to 0.5 arfds/Ha < 1 otherwise, as expected for  Redshifted absorptions at high velocities are generally as-
dust located in a circumbinary disk. But there are also excefpciated with infall of material; hence we infer that the red
tions from the pattern corresponding to an “ideal” disk (e.g. @ling of H3 shows signatures of infalling material in the mag-
phases 0.10 and 0.86), indicating a more complicated situatigstosphere. The blue region of thes Hine presenting peri-
with dust clumps both in a disk and inside the orbit, or pebdicities is located at low velocities and varies in phase with
haps entirely detached from the disk. The structure of the digle blue absorption wing of &1. This could be partly due to

is further discussed in Sect. 6.2. winds, in which case infall and outflow components would be
out of phase in the Biline of AK Sco. This is in fact what
was observed by Johns & Basri (1995b) when analysing the
profile variations of the CTTS SU Aur. They invoked a magne-
The Balmer line profiles are highly variable (see Fig. 5). Wespheric accretion model with an inclined dipole field in order
searched for periodic variations in these lines using our spedivaexplain the phase lag of thesHine variabilities. Due to the
from April and May 2000, the only dataset that can be usediteclination of the dipole with respect to the stelttisk rotation
study variations with the orbital period (13.61 days), as we haagis, accretion and outflow are favored in opposite phases.

4.3. Accretion related lines
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Fig.11. Total Ho equivalent width folded at the orbital period.Fig.12. Equivalent width variation of the two giregions that pre-
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respond to the 1998 observations and the other symbols to the 288 almost 180 out of phase. The blueshifted region corresponds to
ones. Negative values indicate that the line was mostly in absorptionl00 kms'< v < —20 kms™, the redshifted region to 150 km's<
v < 340 kms?.
AK Sco consists of two F5 stars, and not much is known

about convection, dynamos and magnetlc fle!ds in F stargtﬁ% fit to the SED of AK Sco becomes poor a+Mg >
general. However, UV excesses associated with shock regi L
o (see Sect. 6). As the masses and luminosities of the two

at the footprints of accretion columns have been Mmeasuigers are indistinguishable, we assume that also their radii are
E?\lruﬁe? C’zﬁj\;egezgrs(S#glbcr?r?ns;naill:.aﬁg(r:;) )sﬁg\?vir?othgtr 'm(ggr)]iggntical. A modified version of the WD light-curve synthesis
P ’ g 9 rogram (Wilson & Devinney 1971; Wilson 1993; Vaz et al.

tospheric accretion seems to occur in F-G type stars as wel z%%_)) combined with a set of scripts and programs developed
atlater spectral types. The magnetosphere geometry that W%Jy az, was used to calculate the stellar and orbital parameters

allow for such an out-of-phase behavior jfith AK Sco is not AT g ; . .

) : : . for each assumed inclination, using theoretical radial velocity
obvious either. We do not know if there is a global magnetic . )
. ) : . . . . curves identical to those observed. No attempt was made to
field associated with the circumbinary disk, or if the magneto- L o ) .

model the non-periodic light variations in AK Sco (see Fig. 1).

sphere of the two stars interact individually with the circumbi-~ _ . .
P y Figure 14 summarizes our results. The dashed area is the re-

nary disk and with each other as they approach at penastrong.ion where eclipses would occur. The dashed line corresponds

to the Hipparcos distance to the systebh € 145 pc). The
solid horizontal lines indicate the range in stellar radii which
The masses and radii of the stars in AK Sco are key paramsatisfy the upper and lowerldistance limits defined by the
ters in any theoretical modeling of the system. Unfortunateltjpparcos parallax (14j§§ pc). The dotted line shows the ra-
as no eclipses are observed, the orbital inclination and hewldes of a star rotating synchronously at periastron passage with
the absolute masses and radii cannot be determined diredtig observed sini (~18.5 kms?). At the Hipparcos distance
However, indirect evidence allows us to constrain the paran{dashed line), the stars rotate faster than the expected syn-
ters within narrow ranges. Briefly, the absence of eclipses adtronous rotation at periastron, in which case the stars would
fines an upper limit to the inclination, hence a lower limit tstill be braking down. This is expected for PMS systems but
the masses, while the distance from the Hipparcos parallax asdhot always the rule: the primary of TY CrA, for example,
the known luminosity andféective temperatures of the starseems to be highly subsynchronous (Casey et al. 1998).
constrain the radii, as do the observed rotational velocities. To In summary, the stellar radii should be below the dotted
exploit these facts, we proceed as follows. line, above the lower solid line and to the left of the dashed

We assume that the de-reddened magnitude at maximaraa in Fig. 14, although values between the dotted line and
light (Vo = 8.28) corresponds to the brightness of the noithe upper solid line cannot be excluded. The corresponding
obscured stars, fix theirfective temperatures at 6500 K (asadii and masses are significantly smaller and closer to the
estimated by Andersen et al. 1989,from the spectral class), @#&MS values for F5 stars than those proposed by Andersen
use bolometric corrections for this temperature from Poppetal. (1989) who did not, however, have the Hipparcos paral-
(1980). Adopting our spectroscopic orbital elements (Table 43x available to constrain the luminosity of the system. For in-
the size of the orbit and the stellar masses depend only on ttieations within the acceptable range°’65i < 70° we find
orbital inclination, which we have varied from 8%0 60, cor- the following mean physical parameters for these two near-
responding to a total binary mass of 2.W4, to 3.26 M, re- identical starsM = 1.35+ 0.07 My, R = 1.59+ 0.35 R,,
spectively. We did not investigate lower inclinations, becauaadv sini = 185+ 1.0 kms™.

5. Constraining the system parameters
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Fig. 13. Some particularly redshifted gHprofiles and corresponding Andersen et al. (1989 BVRI), Herbst et al. (1994)BVRI)
profiles for NaD. The horizontal dotted lines indicate the continuurig-lkenny etal. (1985 BVRIJ'HKI_) Hutchinson et al (1954
position, the vertical dotted lines show the velocity of the system, al RIJH KMNQ Jensen & Mathieu (1997JH KLlMNQ ’

the short vertical solid lines correspond to the two stellar velocities. . .
The highly redshifted components of the NaD lines clearly canngf'"ow band 1Qim filters), Weaver & Jones (1992, improved

be associated with the stars themselves. The numbers on the left &@S fluxes) and Jensen et al. (1996, 450, 800 and 100
JD-2 400 000.0. At optical wavelengths, we chose the brightest available ob-

servations to represent the stellar SED, assuming that the light

In order to check if our final parameters are consistent witariations are mostly due variable extinction, as seems to be
those of a PMS star we calculated the luminosity of each cothe case for AK Sco. At longer wavelengths there are much
ponent for the range of radii obtained in Fig. 14 and an assuniess data available, and the cause of the variations is much less
Ter = 6500+ 100 K. TheTer and luminosities were then com-clear: we have then adopted the mean value of the observa-
pared with the latest Palla & Stahler (2001) evolutionary trackéons at wavelengths greater thauth. The error bars at op-
Figure 15 shows that our luminosity afiig; values correspond tical and near-infrared wavelengths correspond to the range of
to stellar masses of 1.3—1M, and ages of 10-30 Myr, con-the available photometry, while the errors at other wavelengths
sistent with our spectroscopic orbits for inclinations within thare those of the individual measurements. Except in the optical,
acceptable range 65 i < 70°. these errors could easily be underestimated due to undetectec

AK Sco seems to be a member of the Upper Sco star faygriability.
mation region according to its distand2 £ 14573 pc), which The visual extinction calculated from the brightest obser-
is consistent with the derived Hipparcos distance to Upper Sations isAy = 0.5+ 0.1, assumed to be interstellar rather
(de Zeeuw et al. 1999). The age of this star formation regidiman circumstellar in origin. We have therefore de-reddened the
was estimated by several authors and varies from 5 to 10 Myther fluxes from the optical to 256n using the Mathis (1990)
(de Geus et al. 1989; Preibisch & Zinnecker 1999; Sartori et &iterstellar reddening law arld = 3.1. Fluxes at wavelengths
2003; Preibisch et al. 2002), agreeing only marginally with trgreater than 250m were not de-reddened, as the extinction at
age we obtained for AK Sco using the Palla & Stahler (2001h)ese wavelengths is almost negligible. Our de-reddened fluxes
evolutionary tracks. This discrepancy could in part be due to thgree with those of Andersen et al. (1989).
methods used to calculate the birthline of evolutionary models, Despite its relatively late spectral type of F5, AK Sco pho-

recently called into question by Hartmann (2003). tometrically resembles the Herbig A= stars and has a total
luminosity of 8.40L,. It also shows a near infrared bump in the
6. Disk models SED, which is typical of Herbig Ae systems (Natta et al. 2001).
. . . For these reasons we decided to fit the SED of AK Sco with the
6.1. Overall disk configuration disk model for Herbig AgBe stars by Dullemond et al. (2001,

We have derived the spectral energy distribution (SED) be&nceforth DDNO1). This is a modified version of the Chiang
AK Sco from optical to millimeter wavelengths, using ou& Goldreich (1997) flaring disk model, with the central disk
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. ) ) o observational errors are discussed in the text and could be underesti-
Fig. 15. Palla & Stahler (2001) evolutionary tracks (thick solid "nes)nated due to variability.

labeled by the mass in solar units and isochrones (dashed lines) given
in units of 1¢ yr. The dotted line is the birthline and the thin solid
line represents the Main-Sequence. The observed luminosity and tefijst size distribution and the dust species, but these turn out to
perature of the mean component of AK Sco are shown as a Crqgye a rather minor influence on the results. For the dust opac-
;Zeté%nsggﬁ)r/eeg%rsc%rﬁeizger:?s!rlgdor?:rsnpetar;fr;fupt?ezl(;%s@ (Ez)ira”a}ﬁ/ we choose a mixture of 95% astronomical silicate grains of
" 0.1um and 5% graphite grains, also of Qui.
The best model haRyy: = 12 AU, Mgisk = 0.02 M, and

regions removed and a fiad-up inner rim included. The in- constant surface density as a function of radius. We assume a
ner rim is hotter than the rest of the disk because it is directips-to-dust ratio of 100. The SED computed for an inclination
exposed to the stellar flux. This rim is responsible for the neafi = 70°, consistent with the results of Sect. 5, is shown as
infrared bump, while the rest of the disk produces the mid- aadsolid line in Fig. 16, where the stellar spectrum is approx-
far-infrared emission. The main parameters of the model are threated by a blackbody curve. It is clear that this model, al-
mass of the disk, the distribution of this mass within the diskjough qualitatively good, slightly underpredicts the flux at all
and the inner and outer disk radii. The disk models discussadvelengths up to 100m. We have found no set of parame-
here are all passive; i.e. they emit reprocessed stellar radiatiers for which a higher infrared flux could be obtained, unless
only, with no additional luminosity generated by the accretiome reduced the total stellar masshb = 2 Mg, for which a
process itself. very good fit is obtained. This happens because if the mass of

In the original model of DDNOL1 the inner radius is fixedhe star is lowered, then the vertical gravity is lowered, so the
by assuming it to have the dust evaporation temperaturedigk is geometrically thicker and it covers a larger fraction of
1500 K. But dynamicalféects could push this inner radius farthe sky of the star, capturing more stellar flux, which increases
ther outwards, yielding a cooler rim and therefore a near ithe predicted SED and therefore fits the measured SED better.
frared bump that is slightly shifted towards longer wavelengthdowever, our spectroscopic orbit only allows a minimum total
This is precisely what appears to be the case in AK Sco: instgadss oM, = 2.11 M, for an inclination of 90. The maximum
of the usual inner-rim temperature of 1500 K, a temperatureiotlination that does not cause an obscuration of the stars by the
1250 K (atRj, = 0.4 AU) is required to fit the near-infrareddisk is 78, corresponding to a total masshf, = 2.26 M.
bump. Since AK Sco has a projected semi-major orbital axis of Jensen & Mathieu (1997, hereafter IM97) obtained as good
asini = 0.143 AU, thus occupying an appreciable fraction dd fit to the SED of AK Sco as we, but within affirent physical
the central gap, the tidal interaction of the binary with the ciscenario. They used a geometrically thin disk with a power-law
cumbinary disk could plausibly cause that gap to be wider thanrface-density distribution and a hole to simulate disk clear-
expected. An exact theoretical prediction for this inner radiusiigy by the binary. In order to fit the AK Sco SED (more pre-
difficult to give, but the simulations of Artymowicz & Lubowcisely the near-infrared and the silicate emission) they had to
(1997) suggest that an eccentric binary like AK Sco will cleariaclude ~10° M, of optically thin material inside the hole.
gap in the circumbinary disk with a radius of about three tim@heir result does not preclude a dynamically cleared region
the orbital semi-major axis or about 0.43 AU for AK Sco, imear the star, but indicates that there is some continued replen-
good agreement with what we infer from the SED. ishment of the expected disk gap. They obtained a disk mass

The strength of the near-infrared bump and the shape of tfel.7 x 10~ M, roughly 10 times smaller than our estimated
SED at longer wavelengths depend on the disk mass, the diglisk mass.
bution of this mass, and the outer radius of the disk. There are This difference between the models is easy to explain. We
a number of fine-tuning parameters in the model, related to thave also tried optically thin disks at mm wavelengths and
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obtainedMgisk = 2 x 1072 My, in agreement with JM97. fundamental emission, for there the line profiles provide kine-
In our best fit model, however, the disk is optically thicknatic information which allows positioning the emitting mate-
even at mm wavelengths. In this way, the interior of the disial. In a recent paper on the PMS binary DQ Tau, Carr et al.
may contain a lot of mass without having it show up at mif2001) showed that the width of the CO lines strongly indi-
wavelengths. This model corresponds to a more massive disite that the emission is coming from inside the disk gap rather
with Mgisk = 2 x 102 My, and in order to become opticallythan the circumbinary disk atmosphere in Keplerian rotation.
thick, the disk then has to be very smaR,(; = 12 AU). A Similar results were also obtained for the binary systems UZ
similar dfect is found for Herbig A@e stars having a com- Tau E and GW Ori (Mathieu, studies in progress) and such an
paratively weak far-IR excess (group Il sources, in the terniivestigation of AK Sco would be very important.

nology of Meeus et al. 2001). By fitting these sources with the e should finally remember that there may well be a con-
DDNO1 model, Dominik et al. (2003) found parameters regribution to the SED due to accretion which is not included in
resenting small, massive and mostly optically thick disks, justir passive disk models. We do not know the accretion rate
as our fit for AK Sco. However, it is known from CO Subm”'of AK Sco and we are not aware of any measurements of |t’
limeter mapping that Herbig ABe disks can in some cases byt assumindvlacc = 108 M, yr-1, the viscous energy release
much larger than that. The reason for this apparent paradogy{sactive accretion contributes negligibly to the SED. It may,
still unknown. however, change the temperature of the disk in the midplane,
Based on the SED alone, it isflicult to distinguish be- thereby modifying the geometry of the disk somewhat. This, in
tween the models of DDNO1 and JM97 and decide if the diSkf@rrL may dfect the Shape of the SED. We have verified that
optically thin or thick at mm wavelengths and whether the negjr 5 viscosity parameter less than 10, this efect does not
infrared emission comes from material in the cleared region §gnificantly modify our model results.
from the inner edge of the circumbinary disk. Thisis nottotally \v« hote that neither our disk scenario nor that of JM97 is
unexpected since the physical state of disks, especially in bigge 15 reproduce exactly the height of the silicate emission

ries, is not yet vyell unde_rstood. Optically thin_m_aterial in th?eature, so something is probably still missing in them. They
gap W(I)u.ld %ertamly_contnbutg tothe SED.and Is in partneedgg, |4 4150 hoth be basically correct but just incomplete, and
to explain the ongoing accretion process in AK Sco. Howevege near infrared emission could come from the circumbinary
even the small optically thick disk should be resolvable wi ner edge and also from some optically thin material in the
the large submillimeter array ALMA now under construction|ooraq region

in Chile, so it may become possible to settle the issue in the
relatively near future.
One may speculate whether the contribution of this opt.2. Small scale structure in the disk
cally thin material is energetically significant. For it to con-
tribute significantly to the SED the dust particles would have fssuming that all the brightness decreases of AK Sco from
cover a significant portion of the sky around the binary so asf@ximum are due to non-uniform dust obscuration in front
create the bump in the SED aroungdm. In order to estimate Of the two stars, the photometry will give the total absorption
the portion of the total flux emitted aroung&m’ we subtracted while a simultaneous CCF equivalent width ratio will give its
the stellar contribution from the SED and fitted a b|ackbod§jstribution between the two stars. We may therefore calculate
curve of T = 1250 K to the 4um bump part of the SED. This the dust extinction in front of each component at each point of
blackbody fit contains 60% of the total flux of the disk, correthe orbit using the subset of the simultaneaoulsy photome-
sponding to 18% of the stellar luminosity. This means that th& and CORAVEL observations, which cover nearly two full
material emitting this part of the SED must cover at least 189bital cycles separated by four years (photometry data sets
of the sky seen from the two central stars. That may Hecdit 198% and 1993) plus a few scattered additional points. The
to achieve with optically thin material alone. Considering th&€sults are shown in Fig. 17. There are clear variations from
this part of the SED accounts for 60% of the total disk flux, tHe&ycle to cycle, and in general the largest absorption is in front
matter responsible for them flux is in fact a dominant con- of the nearest of the two stars, as expected if the dust clumps are
tributor to the SED of the disk and we would not expect this fgcated preferentially in a circumbinary disk instead of inside
be a small amount of matter f|0W|ng through the gap. the binary orbit, in agreement with the results of Flg 7. Some
If one gives up the assumption that the matter needs to@¢eptions are seen in Fig. 17, however, when the greatest ab-
optically thin, one may be able to explain this strong contrib§orption occurs in front of the more distant star, indicating the
tion. But then the question naturally arises if this contributiopresence of dust clumfesouds inside the binary orbit or en-
is not just the disk itself that reaches through the gap, insteadifgly out of the disk plane. These conclusions are reinforced by
a small amount of matter within the cleared-out gap. Followirf§e full CORAVEL data set, which yields a value for the lumi-
this possibility one can try to determine the temperature of tR@Sity ratio ateveryobservation, even when non-photometric
optically thick matter inside the gap, which must be arourf@@nditions prevented us from determining the total extinction
1250 K, which automatically gives back the inner radius of thig the system at the same time.
large bulk of matter. In the optically thick case we are then al- Itis remarkable that the dust obscuration in front of an indi-
most naturally back at the disk and inner rim scenario. vidual star in AK Sco may change significantly over a projected
One way to investigate the presence of material withitistance of just a single stellar diameteB{4R;), indicating
the circumbinary gap would be through the detection of Cthat substructure in the disk or cloud exists at such small scales.
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] 0 ? profiles if the accretion lines thus formed are modulated by gas
| = and dust orbiting the system. The magnetic fields are not nec-
11 8 essarily related to the orbital motion in this particular scenario.
| h £ Not much is currently known about the existence of mag-
| Bul ln I Lol I L 0 i netospheres in mid-F stars. There is compelling evidence that
1wl B A lower-mass T Tauri stars have an overall dipole field struc-
> J 3 ture that governs the accretion process (Johns-Krull & Valenti
% K * °e . 2000), but the physical scenario for F stars is still very un-
S or % . .. * ) o certain. Some UV excesses associated to accretion shock re-
N ° c e * gions have been measured for SU Aur (G2) (Gullbring et al.
-10} 2000) and CO Ori (F8) (Nuria Calvet, personal communica-
T S S tion) showing that magnetospheric accretion may be going on
-30 R0 ’1°X Coor"d 7o) o 20 30 in F-G type stars as well. According to the magnetospheric ac-
©

cretion scenario (Shu et al. 1994), if circumstellar disks were
Fig. 17. Optical dust extinction at points along the binary orbit as dgsresent in AK Sco they would likely be truncated near the
termined from simultaneous photometry and spectroscopy over tégaydisk co-rotation point, which can be regarded as a lower
orbital cycles in 1989 and 1993. The lower panel shows the two orbjigit for the size of the stellar magnetosphere. However, in
in physical units and the position of both stars at each observed poilit scq the stars approach each other too closely at periastron
(open and filled symbols indicating the 1989 and 1993 cycles, respgg-l5 R, or 10 stellar radii) for circumstellar disks to survive
tively); the direction of the orbital motion is indicated. The major axiatnd be considered the source of accreted material. Therefore

of the orbit is in the plane of the sky; the orbit is shown face-on, b . .
the XY plane is actually observed under the poorly-determined inc'ﬂ-1e stars are expected to be tidally synchronized rather than

nation angld. At each instant the two stars are located at symmetftiSk locked. _ _ S
locations in their orbits, and we know which one is in front (i.e. at 1he fact that we needed a circumbinary disk with a sub-

negativeY coordinates). The upper bar plot shows the extinction Btantial gap to fit the SED does not preclude the existence of
magnitudes for each star at each point, empty and filled bars referriyas inside the gap to power accretion, but only indicates an op-
to the 1989 and 1993 data (bars for star A wider than those for staally thin inner region. Some level of replenishment of the
B). Thin bars indicate a few scattered additional observations (seeifiger circumbinary disk region is still necessary in AK Sco to
electronic version of the paper for a color coded version of this ﬁgur@xplain the accretion related lines. The replenishment mecha-
nism proposed by Artymowicz & Lubow (1996) may apply in
part to AK Sco except that we do not see the accretion out-
It is perhaps even more remarkable that the dust is obvioublyrsts near periastron passage predicted for eccentric binaries
not symmetrically disposed around the binary orbit, as starwith mass ratio close to one. Instead, we obserwegduiva-
sufers significantly more obscuration near apastron than staledt width variations that are smooth with an amplitude of more
when they are located at opposite extremes of the orbit, at le@istn 3 times the mean value (Fig. 11), and which look rather
when our 1993 observations were obtained. Thus, the “lowkke the mass accretion rate variations predicted by Artymowicz
right-hand” part of the disk in Fig. 17 (the true orientation o& Lubow (1996) for low eccentricity systems with unequal
the figure on the sky is, of course, unknown) obscures starcAmponents (see their Fig. 2 — top panel), which is rather puz-
most strongly at phases 0.2-0.5, resultinddigyHa > 1;if zling.
this part of the disk is not only denser but also more clumpy, The orbital motion was also shown to be roughly related to
Hg/Ha would also show stronger scatter at these phases,tlas variability of the luminosity ratio between the two stellar
indeed observed (cf. Fig. 7). components, probably due to dust clumps in the disk because
the components have almost equal masses and are supposedly
coeval. Once again, most of the variability occurs near phases
0.3-0.5, while phases near periastron present the least scatter.
In the previous sections we saw that the AK Sco binary or- Another intriguing result is related to the variable circum-
bit governs accretion and outflow related features such as stellar extinction, which one would like to connect to the disk.
and blue regions of the widegrofile and the k& equivalent However, at our favored inclination range (65 i < 70°) the
widths. This might indicate that the magnetic field structumaodeled disk does not obscure the central binary. Obscuration
of the system (if accretion goes through magnetic field linéy the disk would only begin for > 78, but then ai > 80°
in F5 stars) is deeply related to the orbital motion. Anotheclipses by the stars themselves are predicted and we do not ob-
possibility is that there are accretion flows in the system froserve them. This indicates that the real disk must be more tur-
the circumbinary disk to the stars, perhaps as suggestedbijent and clumpy than the adopted model, whichis an interest-
Artymowicz & Lubow (1996). As the stars orbit each other theing but still idealized view of a young circumbinary disk. Tidal
are constantly presenting to us dfdient geometric perspec-forces of the binary system, for example, could be responsible
tive on those flows, both in the gap itself and as the gas flofes perturbations near the disk inner boundary, moving mate-
meet the stellar magnetospheres and slide down along theirrlal out of the disk upper surface, and thus creating some ob-
cal magnetic field lines, producing the observed emission linesuring clumpy structure near the disk inner edge. Remarkably,
This could naturally result in an orbital periodicity in the lineour 1993 simultaneous data indicate that (at least the inner,

7. Discussion
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obscuring part of) the disk was not axially symmetric arourmh the several dierent models which are obtained from the
the binary at that time. SED fit alone.

Another possible circumstellar scenario for the system AK Sco shows emission and absorption lines that vary sub-
would be of an optically thin circumstellar envelope added &antially. The accretion-related lines may show both infall and
a geometrically thin and optically thick circumbinary disk (seeutflow signatures and resemble those observed in T Tauri
Miroshnichenko et al. 1999). In that case the inhomogeneitigiars. The system displays variations at the binary orbital
that cause the photometric variability could be out of the digleriod in both the photospheric and accretion-related line inten-
plane and be part of the envelope itself. But then the “opticaiijties and equivalent widths, although with appreciable scatter.
thin” envelope must still allow for enough dust extinction to In AK Sco, we see no signs of enhanced accretion
dim the whole system by a magnitude and a half at times.near periastron, as expected theoretically for binary systems
is still very difficult to distinguish between the two scenariowith high eccentricity and nearly equal components. Instead,
from the SED fit only (see Chiang et al. 2001, for a recent dige Hr equivalent width displays rather smooth variations at
cussion). For most of the spectroscopic observations we hle stellar period, peaking around phases 0.6-0.7 — indeed just
no simultaneous photometry. However, since our photomewen the stars ariarthestapart. Clearly, much remains to be
shows no sign of any periodicity, it is not expected to correlal@arned about accretion from circumbinary disks.

with the periodic SpeC.tI’OSCOpIC variations. AcknowledgementsThis research is based on data collected at the
Although young binary systems are expected to be MUERG 1 52-m telescope at La Silla, partly operated by the Obseiwat”

more complex than single stars, they often seem to show Mygltional-CNPq as a result of the Brazilian-ESO agreement, and at
of the same signs of accretion, meaning that somehow tAg 0.5-m and 1.54-m Danish telescopes at ESO, La Silla, Chile.
staydisk interaction is not extremelyffacted by the binarity We thank the observers at the Geneva 70-cm photometric telescope
of the system, which is rather surprising. Like the results far ESO La Silla, G. Burki, N. Cramer and B. Nicolet for the care-
DQ Tau (Basri et al. 1997), our data seem to imply that tHié¢ reduction of these data, and G. Burki for permission to analyse
accretion related line profiles do not depend on the formatiigm in this paper and include them in Table 3. S.H.P.A. acknowl-
of a well-organized circumstellar disk structure. Itis also intefdges support from FAPESP (grant numbe06@44-9) and CAPES
esting to note that AK Sco is composed of two F5 stars whiéRROPOC program), J.A. acknowledges support from the Danish

. . . Natural Science Research Council and the Carlsberg Foundation and
show many of the same signs of accretion as typical CTTSSL.P.R.V. acknowledges support from the Brazilian Institutions CNPq

and FAPEMIG. We thank Dr. Inge Heyer, STScl, for permission to

. include her unpublished 1988by photometry in this study.
8. Conclusions

We have analysed 3thelle spectra of the PMS binary systerReferences
AK S(.:o ob;erved d!mng 1998 gnd 2000, as well as 72 pho%l_ain, S., Queloz, D., Bouvier, J., Mermilliod, J. C., & Mayor, M.
electric radial-velocity observations from 1986 to 1994. These
d I iderable i fth iod and 1997, Mem. Soc. Astron. It., 68, 899

atf”l allow considerable improvement of the period an Oﬂ)ﬁdersen, J., Lindgren, H., Hazen, M. L., & Mayor, M. 1989, A&A,
orbital parameters of the system. We have also analysed 8 setg g 142
of photometric observations from 1987, 1989, 1990, 199Rstymowicz, P., & Lubow, S. H. 1994, ApJ, 421, 651
1994 and 1997. Artymowicz, P., & Lubow, S. H. 1996, ApJ, 467, L77

We detected no signs of any eclipses in the photometBgranne, A., Mayor, M., & Poncet, J. L. 1979, Vis. Astron., 23, 279
which is dominated by large, non-periodic variations of uparanne, A, Queloz, D., Mayor, M., et al. 1996, A&AS, 119, 373
to one magnitude from night to night. However, the wellBasri, G., Johns-Krull, C. M., & Mathieu, R. D. 1997, AJ, 114, 781
determined Hipparcos parallax allows us to constrain the &bo. E. A, & T, P. S. 1991, AZAS, 89, 319 h
bital inclination to 65 < i < 70, leading to the following B°UVier, J., Cabrit, S., Fernandez, M., Martin, E. L., & Matthews,
. . . J. M. 1993, A&A, 272, 176

mean physical parameters for these two near-identical stays:

L. ouvier, J. 1997, Mem. Soc. Astron. It., 68, 881
M = 135+ 007 Mo, R = 1.59+ 035 Ry, andusini = g vier 3., Forestini, M., & Allain, S. 1997, A&A, 326, 1023

185+ 1.0 kms™. Burnet, M., & Rufener, F. 1979, A&AS, 74, 54

We have successfully fitted a set of passive disk modesrr, J. S., Mathieu, R. D., & Najita, J. R. 2001, ApJ, 551, 454
to the SED of AK Sco, respecting the above parameter rangesasey, B. W., Mathieu, R. D., Vaz, L. P. R., Andersen, J. & Sufitze
The disk models place the inner rim at an usually large distanceN. B. 1998, AJ, 115, 1617
from the stars, and we speculate that dynamiéfalots due to Chiang, E. ., & Goldreich, P. 1997, ApJ, 490, 368
tidal interactions of the binary system are responsible for pugtiiang, E. 1., Joung, M. K., Creech-Eakman, M. J., et al. 2001, ApJ,
ing the disk inner radius outwards. At our adopted inclination z{‘ll:o 1I§7T\/Ielo C. Alcat 1. M. et al. 2001 AGA. 375, 130
range the stars are not obscured by the model disk, which t o Sy R ' ' D
nee%s to be more clumpy and turbL)J/Ient than predicted in or §rGeus’ E.J., de Zeeuw, P.T., & Lub, J. 1989, A&A, 216, 44

. . ) L . Zeeuw, P. T., Hoogerwerf, R., de Bruijne, J. H. J., Brown, A. G. A.,

to explain the variable cwcur_nstellar extln_ctlo_n seen in the pho-g Blaauw, A. 1999 AJ, 117, 354
tometry. Moreover, our detailed 1993 extinction data appearggminik, C.. Dullemond, C. P., Waters, L. B. F. M., & Walch, S. 2003,
indicate significant asymmetries in the inner part of the disk ogA, submitted
at that time. Future sub-mm interferometric observations withullemond, C. P., Dominik, C., & Natta, A. 2001, ApJ, 560, 957
high spatial resolution may give valuable additional constrairsiwards, S., Strom, S. E., Hartigan, P., et al. 1993, AJ, 106, 372



S. H. P. Alencar et al.: The pre-main sequence spectroscopic binary AK Scorpii revisited 1053

Etzel, P. B. 1985, SBOP — Spectroscopic Binary Orbit Programlelo, C., Pasquini, L., & De Medeiros, J. R. 2001, A&A, 375, 85

Program Manual, UCLA Miroshnichenko, A., Ivezj',Zteko, Vinkovi¢, D., & Elitzur, M. 1999,
Golay, M. 1980, Vist. Astron., 24, 141 ApJ, 520, L115
Gray, D. F. 1976, The observation and analysis of stellar photosphexdta, A., Prusti, T., Neri, R., et al. 2001, A&A, 371, 186

(New York, Wiley-Interscience) Nielsen, R. F., Ngrregaard, P., & Olsen, E. H. 1987, ESO Messenger
Gullbring, E., Calvet, N., Muzerolle, J., & Hartmann, L. 2000, ApJ, 50, 45

544, 927 Palla, F., & Stahler, S. W. 2001, ApJ, 553, 299

Hartmann, L. 1998, Accretion Processes in Star Formati¢opper, D. M. 1980, ARA&A, 18, 175
(Cambridge University Press), Cambridge Astrophysics Series, B2eibisch, T., & Zinnecker, H. 1999, AJ, 117, 2381

Hartmann, L. 2003, ApJ, 585, 398 Preibisch, T., Brown, A. G. A., Bridges, T., Guenther, E., & Zinnecker,
Herbig, G. H., & Rao, N. K. 1972, ApJ, 174, 401 H. 2002, AJ, 124, 404
Herbst, W., Herbst, D. K., Grossman, E. J., & Weinstein, D. 1994, AQueloz, D. 1995, Ph.D. Thesis 2788, University of Geneva

108, 1906 Queloz, D., Mayor, M., Naef, D., et al. 2000, From Extrasolar Planets
Horne, J. H., & Baliunas, S. L. 1986, ApJ, 302, 757 to Cosmology: The VLT Opening Symposium, ed. J. Bergeron, &
Hutchinson, M. G., Albinson, J. S., Barrett, P, et al. 1994, A&A, 285, A. Renzini (Berlin: Springer-Verlag), 548

883 Rufener, F. 1964, Publ. Obs. Gare, A, 66, 413
Jensen, E. L. N., Mathieu, R. D., & Fuller, G. A. 1996, ApJ, 458, 31Rufener, F. 1985, in Calibration of Fundamental Stellar Quantities, ed.
Jensen, E. L. N., & Mathieu, R. D. 1997, AJ, 114, 301 D. S. Hayes, et al. (Dordrecht: Reidel Publ. Co.), IAU Symp., 111,
Johns, C. M., & Basri, G. 1995a, AJ, 109, 2800 253
Johns, C. M., & Basri, G. 1995b, ApJ, 449, 341 Santos, N., Mayor, M., Naef, D., et al. 2002, A&A, 392 215

Johns-Krull, C. M., & Valenti, J. A. 2000, Stellar ClustersSartori, M. J., [Epine, J. R. D., & Dias, W. S. 2003, A&A, 404, 913
and Associations: Convection, Rotation, and Dynamos, AStargle, J. D. 1982, ApJ, 263, 835
Conf. Ser., 198, 371 Shu, F., Najita, J., Ostriker, E., et al. 1994, ApJ, 429, 781
Kaufer, A., & Pasquini, L. 1998, Proc. SPIE, 3355, 844 Vaz, L. P. R., Andersen, J., & Rabello Soares, M. C. A. 1995, A&A,
Kaufer, A., Stahl, O., Tubbesing, S., et al. 2000, Proc. SPIE, 4008, 459301, 693
Kilkenny, D., Whittet, D. C. B., Davies, J. K., et al. 1985, Soutiaz, L. P. R., Andersen, J., Casey, B. W., et al. 1998, A&AS, 130, 245

African Astronomical Observatory Circular, 9, 55 Weaver, W. B., & Jones, G. 1992, ApJS, 78, 239
Krist, J. E., Stapelfeldt, K. R., & Watson, A. M. 2002, ApJ, 570, 785Wilson, R. E., & Devinney, E. J. 1971, ApJ, 166, 605
Mathieu, R. D. 1994, ARA&A, 32, 465 Wilson, R. E. 1993, Documentation of Eclipsing Binary Computer

Mathieu, R. D., Stassun, K., Basri, G., etal. 1997, AJ, 113, 1841 Model (revision of 1992 May, updated 1993 January)
Mathis, J. S. 1990, ARA&A, 28, 37
Meeus, G., Waters, L. B. F. M., Bouwman, J., et al. 2001, A&A, 365,

476



