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We present the results of a radial-velocity study of seven Am stars (HD 3970, 35035, 93946, 151746, 153286, 204751 and 224002) observed at Haute-Provence and Cambridge observatories with CORAVEL instruments. We find that these systems are single-lined spectroscopic binaries whose orbital elements are determined for the first time. Among this sample HD 35035 and HD 153286 have long periods, with P = 2.8 yr and 9.5 yr, respectively, which is rather unusual for Am stars. Four systems have orbits with large eccentricities (with e 0.4). Physical parameters are inferred from this study for the primaries of those systems. We then investigate the influence of tidal interaction which has already led to the synchronism of the primaries and/or to the circularisation of the orbits of some systems belonging to this sample. We extend this study to the list of 33 objects studied in this series of papers and derive values of the critical fractional radii r = R/a for circularisation and synchronisation of Am-type binaries. We find that the stars with r 0.15 are orbiting on circular orbits and that synchronism is likely for all components with r 0.20.

INTRODUCTION

This paper is the seventh in a series devoted to the search for and the consequent study of spectroscopic binaries (SB) in a large sample (about one hundred objects) of chemically peculiar stars of type Am. The observing program started in 1992 at the CORAVEL instrument of the 1-m Swiss telescope at the Observatoire de Haute-Provence (OHP). The main goals of this investigation are:

(i) to discover new spectroscopic binaries among Am stars and determine their orbits and physical properties, (ii) to estimate the ratio of SBs and stars with constant radial velocity (RV) in the sample, (iii) to provide new material about tidal interaction and the related question of the implication of binaries in Am phenomenon.

More details about this program are presented in Paper I (Ginestet & Carquillat 1998) and in Paper VI (Carquillat et al. 2004).

We report here the results of a RV monitoring of the Am stars HD 3970, 35035, 93946, 151746, 153286, 204751 and 224002. Five stars of this group come from the Third Catalogue of Am Stars with Known Spectral Types (Hauck 1986), the mean source of our sample, and two other stars originate from Bidelman (1988)'s list (Miscellaneous Spectroscopic Notes). Those stars appeared as single-lined spectroscopic binaries (SB1) with CORAVEL. We obtain, for the first time to our knowledge, the orbital elements of those binary systems.

In Sect. 2 we present our observations and the orbital elements we derived. In Sect. 3 we give some information that we found in the literature about those seven systems. In Sect. 4 we derive some physical parameters of the primary components and examine their evolutionary status. We also estimate the minimum masses and separations of the companions. Finally in Sect. 5 we examine the influence of tidal effects on those systems: occurrence of rotation-revolution synchronism and circularisation of the orbits. We determine the critical fractional radii for circularisation and synchronisation from this sample and from the whole list of the objects studied so far in all the papers of this series.

OBSERVATIONS AND DERIVATION OF ORBITAL ELEMENTS

All the observations were performed with CORAVEL instruments by our team with the 1-meter Swiss telescope at OHP and by R.F. Griffin who kindly observed some stars of our program with his own CORAVEL mounted on the 91cm telescope at the Cambridge observatories. CORAVEL is a spectrophotometer that allows measurements of heliocentric RVs by performing a cross-correlation of the stellar spectrum with a physical mask placed in the focal plane of the spectrograph (Baranne, Mayor & Poncet 1979). In principle CORAVEL is only devoted to the study of cool stars (spectral types later than F4), but practically it also permits to obtain RVs for hotter stars which rotate slowly (v sin i < 40 km.s -1 ) and exhibit metallic lines in their spectrum, such as Am stars. For a given star, the mean internal standard error of the RV measurements strongly depends upon the v sin i value. A smaller rotational velocity induces a sharper CORAVEL correlation dip, which in turn leads to a more accurate computed radial velocity.

For the present sample, this error lies between 0.4 km.s -1 for HD 153286 (v sin i = 7.3 km.s -1 ) and 1.5 km.s -1 for HD 224002 (v sin i = 38.8 km.s -1 ). The RVs were reduced to the system of the Geneva observatory data base [START_REF] Udry | Precise Stellar Radial Velocities[END_REF], via the observation of RV standard stars conjointly with the program stars. The RVs obtained by R.F. Griffin at Cambridge were also reduced to that system applying an appropriate offset. The observed RVs for the sample stars are given in Tables 1 to 7, the measures made at Cambridge being marked with the symbol C . The spectroscopic orbital elements given in Table 8 were obtained with our least-squares program BS1 with the observed RVs, all weighted unity. Actually the main difficulty consists of finding the preliminary elements that are required for linearising the problem and starting the first iteration of the least-square minimisation performed by BS1 (Nadal et al. 1979). In the first papers of this series, the preliminary values of the periods were found "manually" by a guessand-try procedure. The selecting criterion was that the corresponding phase diagram (RV versus phase, like in Fig. 1) had to look like that of a radial velocity orbit, i.e. like one of those printed in our catalogue of curves obtained with a simulation program. The other preliminary elements were then taken equal to the parameters corresponding to the most similar curve found in that catalogue.

Since 2002 (for Paper V) we have improved this procedure by using a new program, SB INITIAL, that computes preliminary elements, provided that the period is approximately known. This program is based on the method proposed by Imbert (1972). A Fourier series development is calculated with a least-squares minimisation of the data in the phase diagram corresponding to the preliminary period. We limit this development to the first 4 or 6 terms and then use the relations found by Imbert that express the orbital elements as a function of the first terms of the Fourier coefficients.

In 2004 (for Paper VI), we developed a new program PERIOD RESID that allowed an automatic determination of all preliminary elements, including the period. We only have to select the interval of possible values for the period and the step that is to be used to explore this range. For each We have found that this program was very efficient for all the objects we have processed so far. On a PC, only a few minutes are generally required to find the period of an unknown system with PERIOD RESID, and a few seconds more are needed by BS1 to obtain the final elements, the postscript curves and the LaTeX tables, that can been used in a paper like this one. The (O -C) residuals are given in Tables 1 to 7 and an Am star. Note also the very eccentric orbit of HD 204751 (e ≈ 0.9).

NOTES ON INDIVIDUAL SYSTEMS

In this section we report some information about the studied stars, in particular the origin of the Am classification and, when available, the classifications from the Ca II K line (k), hydrogen lines (h) and metallic lines (m). We give also previous information about the SB nature of the star when it was known. HD 3970 (HIP 3331). The Am classification quoted in Hauck's catalogue originates from Abt (1984) who gave F2 (k), F0 (h), F4 (m). That is somewhat unusual because the type of the K lines is later than the type derived from the hydrogen lines. Olsen (1980) also proposed an Am classification from its Strömgren indices. Note that other and different classifications can be found in the literature: δ Del (Bidelman 1983) and F2 II (Sato & Kuji 1990[START_REF] Ch | [END_REF] and Grenier et al. (1999) classified HD 3970 as a supergiant F2 Ib star and noted the variability of its RV.

HD 35035 (HIP 25160). Two classifications are reported in Hauck's catalogue: Am (A3 (k), F0 (m)), from Walther (1949) and Am (A2 (k), F4 (m)) from Zirin (1951). Strömgren photometry is available for this object, but there was no previous detection of RV variations.

HD 93946 (HIP 53081). The Am classification originates from Bidelman (1988)'s list. Here also, no previous information could be found about its RV.

HD 151746 (HIP 81757). This object was classified as Am by Bidelman (1988) who also mentioned it as SB. This star is the primary component of the close visual binary CCDM 16420+7353, for which [START_REF] Seymour | [END_REF] computed a preliminary visual orbit (with P = 32 yr and a = 0. ′′ 17) based on 15 speckle interferometry observations between 1978 and 1993. Therefore HD 151746 is a physical triple system.

HD 153286 (HIP 82864). The classification quoted in Hauck's catalogue, A3 (k), F5 (m), originates from Bertaud & Floquet (1967). The Am nature of HD 153286 was confirmed by Grenier et al. (1999) who gave the detailed classification A3 (k), A8 (h) and F4 (m). According to Babcock (1958) three spectra of this star indicate a magnetic field of "significant intensity and negative polarity", which is not usual among Am stars. The SB nature was not previously mentioned. Strömgren photometry is available.

HD 204751 (TYC 4261-1731-1). The classification reported in Hauck's catalogue, A3 (k), F1 (h), F6 (m), is from Abt (1984). Olsen (1980) proposed also an Am classification from its Strömgren indices. This object is not listed in the HIPPARCOS Catalogue but it was observed by the TYCHO mission. The parallax given in Table 9 was extracted from the TYCHO catalogue. No previous information was found about the RV of this star.

HD 224002 (HIP 117856). This star was first classified as Am by Cowley & Cowley (1965) and later by Bertaud (1970) who gives the classification A2 (k), F2 (m) that is quoted in Hauck's catalogue. More recently, Grenier et al. (1999) gave the detailed classification A3 (k), A7 (h), F3 (m) and noted the variability of the RV.

PHYSICAL PARAMETERS

In what follows, we present the procedure we used to derive the physical parameters of the primaries stars of those systems, that are listed in Table 9. They are mainly based on:

• the available data found in the literature: magnitudes, colour indices (in the UBV and Strömgren systems) and parallaxes;

• the orbital parameters of Table 8;

• grids of models used to calibrate Strömgren photometry, and evolutionary models to infer the masses and ages from the location in the HR diagram.

The final aim is, when possible, to estimate the evolutionary status of the concerned components. For this purpose we must first estimate the colour excess for each system and examine the influence of the undetected companions.

Strömgren photometry

Four stars have been measured in the Strömgren photometric system, namely HD 3970, 35035, 153286 and 204751, according to Hauck & Mermilliod (1998). The corresponding data are displayed in Table 10. When the β value was available (for HD 35035 and 153286) we estimated the effective temperatures, T eff and log g (Table 9, lines 10 and 11) using the grids, (c1)0 versus β, given by Moon & Dworetsky (1985). When β was not known, those parameters were obtained from the Relyea & Kurucz (1978) grids of (c1)0 versus (by)0. The de-reddened indices (by)0, (c1)0 and (m1)0 were computed either with Crawford (1975Crawford ( , 1979))'s formulae, when β was available, or via EB-V with Crawford (1975)'s relation.

For the stars without Strömgren photometry, we estimated the effective temperatures (except for HD 151746, see below) from the B -V values and Flower (1996)'s Tables. In this case, the temperature is given between brackets in Table 9, line 10.

We also give an estimate of the metallicity [Fe/H] (Table 9, line 12), using Cayrel's calibration as reported by Crawford (1975, Fig. 17 of this paper). The values we found are in agreement with the metallic-lined nature of the stars.

Colour excess

We estimated the reddening EB-V from the Strömgren indices, when H β measurement was available. Indeed, from the value of the β parameter (free of the effect of interstellar absorption) we can obtain (by)0, the de-reddened value of (by) (Crawford 1979), and then the colour-excess EB-V = E b-y /0.73 (see Crawford 1975). When β was unknown we used Lucke (1978)'s maps and the distance deduced from the parallax. The adopted values of EB-V are quoted in Table 9 (line 5).

Then we computed the absolute visual magnitudes of the systems using the HIPPARCOS parallaxes values [START_REF] Esa | The Hipparcos and Tycho Catalogues[END_REF] and the apparent visual magnitudes mV corrected, if needed, for the interstellar absorption: AV ≈ 3 EB-V .

Influence of the companion

Except HD 35035, all systems studied here have small mass functions, i.e. f (m) < 0.07 M⊙ (Table 8) which gives an indication of a small mass ratio µ = M2/M1 of the two components (see Sect. 4.7). When taking the statistically most likely values: M1 ≈ 2 M⊙, i ≈ 60 • and MV 1 ≈ 1.7 (cf. North 1997), we find M2 < 1 M⊙ and ∆mV > 3. So it is likely that the companions of those systems are faint and that the photometric indices are not very affected by the presence of the companions.

We can then consider that the visual absolute magnitude MV 1 of the primary of a given system lies between two limits, a minimum value MV 1, min that is the global magnitude of the system (when ∆mV is very large) and a maximum value MV 1, max, corresponding to ∆mV = 2 (which is the average limit of detection of the secondary with CORAVEL). We will adopt MV 1 = (MV 1, min + MV 1, max)/2 (Table 9, line 9). The case of HD 35035 with a larger mass function (f (m) = 0.2 M⊙) is examined hereafter.

The case of HD 35035

For this system, the mass function of 0.2 M⊙ implies a rather massive secondary. Indeed, assuming M1 ≈ 2 M⊙, we would have M2

1.3 M⊙. This corresponds to a spectral type earlier than F6V and a magnitude difference of ∆mV < 2, according to [START_REF] Schmidt-Kaler Th | Landolt-Börnstein, Numerical Data and Functional Relationships in Science and Technology[END_REF], which is small enough to make it detectable with CORAVEL. The absence of secondary dips in the CORAVEL correlation patterns indicates that the secondary is hot, without metallic lines in its spectrum.

Other constraints come from photometric measurements of the global system: MV = 1.0 and B -V = 0.23, after correction of the interstellar absorption.

We can then tentatively propose the following composite model which satisfy all the constraints: -primary: Am, MV ≈ 1.6, B -V = 0.18 -secondary: F0 IV, MV ≈ 1.9, B -V = 0.30

The case of HD 151746

For this close visual star, the CCDM Catalogue (Dommanget & Nys 1994) quotes mV, A = 7.3 and mV, B = 7.6. With mV, A = 7.3, the visual absolute magnitude of the spectroscopic pair would be MV, A = 1.88 ± 0.15. A statistical correction for the unseen spectroscopic companion (see Sect. 4.3) leads us to adopt MV, 1 = 1.96 ± 0.15. It is difficult to make a valid estimate of the effective temperature of the Am component in the absence of Strömgren photometry and other physical information about the visual companion. Nevertheless with a visual absolute magnitude of about 2 mag. the primary Am component must be a not very evolved dwarf star (Schmidt-Kaler 1982).

The evolutionary status, masses and radii

Using the estimates of T eff and log(L/L⊙) for six stars of the present sample, we can plot them in the theoretical HR diagram of Schaller et al. (1992) (see Fig. 2) and derive the theoretical masses (Table 9, line 14). We obtained the values of log(L/L⊙) from the visual absolute magnitudes MV, 1 and the bolometric corrections tabulated by Flower (1996). For HD 204751 the TYCHO parallax, of poor quality, leads to a very faint luminosity which would set the star under the ZAMS in the HR diagram. Nevertheless, the error bars are rather large and we may assume that this component is on the ZAMS, i.e. with log L/L⊙ ≈ 0.73 (or M bol ≈ 2.9) or even a little above the ZAMS.

From Fig. 2, one sees that all the primaries have masses near 2 M⊙, which is compatible to what we assumed in Sect. 4.3.

The isochrones from Meynet et al. (1993) reported in this HR diagram indicate ages lying between 500 millions and one milliard years, except perhaps HD 204751 that may be younger.

Using the Stefan radiation law as given by Schmidt-Kaler (1982): log(R/R⊙) = -0.2M bol -2 log T eff + 8.47, we computed the theoretical radius of those stars (Table 9, line 15). HD 3970 appears as the most evolved star of the sample although it is not a supergiant. The classification as δ Del (i.e. evolved metallic-line star) proposed by Bidelman (1983) for this object seems realistic.

Minimum masses and separations of the spectroscopic companions

The mass function of a spectroscopic binary is defined as:

f (m) = M1 sin 3 i µ 3 /(1 + µ) 2 (1) 
where µ = M2/M1 is the mass ratio of the components (1 = primary, 2 = secondary). When using for each system the mass M1 quoted in line 14 of Table 9, the relation (1) gives, with i = 90 • , the minimum value of µ, from which we can derive M2, min, the minimum value of the mass of the companion (line 16 of Table 9). For HD 151746, for which very few information was available (see Sect. 4.5), we tentatively assumed a value M1 ≈ 2 M⊙ that corresponds to an average mass value for Am stars (see Sect. 4.6) and put all those mass estimates between brackets in Table 9.

The mean linear separation a between the two components of a binary system is:

a = a1(1 + 1/µ) (2)
where a1 is the semi-major axis of the orbit of the primary relative to the center of mass of the system (Col. 8 of Table 8). The relations (1) and ( 2) lead, for a given value of i, to an estimate of the separation a. Carquillat et al. (1982) brought to light that the values obtained in this way have a very small dependency on the value assumed for i. For the seven SBs of our sample we computed the values of a for 20 • < i < 90 • (range of 94% likelihood) with the constraint that µ < 1, which sometimes reduces this range. The mean values and the corresponding ranges of uncertainties are given in Table 9 (line 17).

Given their distances the mean angular separations of the two most detached systems, HD 35035 and 153286, are expected to be 0 ′′ 016 ± 0 ′′ 004 and 0 ′′ 060 ± 0 ′′ 008, respectively. For HD 35035, a separation with a multi-pupil interferometer should be possible, favoured by a faint ∆mV (see Sect. 4.4). As for HD 153286, the rather large expected separation should permit a resolution with a speckle camera Figure 2. Location of the primary components of the Am SB1 in the theoretical evolutionary HR diagram computed by Schaller et al. (1992) for Z = 0.02, with the isochrones (dotted lines) given by Meynet et al. (1993), for log age[years] varying from 8.7 to 9.2 by steps of 0.1. The solid lines correspond to the evolution tracks for mass values of 1.5, 1.7, 2.0 and 2.5 M ⊙ .

at the focus of a large telescope, provided the companion is not too faint.

IMPLICATIONS ON TIDAL EFFECTS

Theoretical studies have shown that tidal interaction between the two components of well detached binary systems lead to the circularisation of the orbits and to the synchronism of the rotation of those components with the orbital motion. In agreement with theory, observational studies have shown that tidal effects are stronger in close binaries.

Rotation-revolution synchronism

Because of energy dissipation induced by tidal effects, the orbit of a binary system evolves towards a circular orbit and the rotation of the components tends to be synchronised with the orbital motion, with a direction of spin perpendicular to the orbital plane. In such a case, when a component of a binary system rotates in synchronism with the orbital motion and when the orbit and the equator of the star are coplanar, we have the following relation:

R = P v = P v sin i/ sin i (3)
where R is the radius of the component, v its tangential equatorial velocity and P the orbital period. Hut (1981) has shown that systems formed with highly eccentric orbits can reach a state close to synchronism, called "pseudo-synchronism" before the orbit is circularised. According to Hut, this state is characterised by a pseudo-period Pps related to the orbital period P via the relation:

Pps = P
(1 + 3 e 2 + 3 8 e 4 ) (1 -e 2 ) 3/2 1 + 15 2 e 2 + 45 8 e 4 + 5 16 e 6

(4)

The parameter v sin i (projected equatorial velocity) can be obtained from the width of the CORAVEL correlation dip profiles, using Benz & Mayor (1981)'s calibration. The values are reported in line 6 of Table 9. From relation (3) we derive v sin i = R sin i/P , which leads to:

v sin i vsync with vsync = R/P (5)
Note that vsync = 50.6 (R/R⊙)/(P/d) km.s -1 . For circular orbits, the inequality ( 5) can be used as a test of synchronism when i is unknown. Indeed, if a star rotates in synchronism, its value of v sin i should verify the relation ( 5). In the case of elliptic orbits, P should be replaced with the pseudo-period Pps given in line 20 of Table 9. Note in this table the big difference between P (line 19) and Pps for the orbits with large eccentricities (e.g, HD 35035 and 204751).

We applied this test to the primary component of the seven systems. To do so, the primary radii were assumed to be equal to the theoretical values obtained with the Stefan law or, when not available (e.g. for HD 151746), we assumed the typical value R ≈ 2 R⊙ (see Table 9, line 15). We thus obtained the equatorial velocity value for synchronism vsync, quoted in line 21 of Table 9. This value could then be compared with the measured value of v sin i (line 6) and the result of the test is given in line 22. We see that the synchronism state has probably been reached for the two shortperiod circularised systems HD 93946 and HD 151746. This could be expected since the major axes are small for those two objects, which leads to strong tidal interaction. The same occurs for HD 204751 in terms of pseudo-synchronism. It is again not very surprising because, at periastron passage of this very eccentric orbit, the distance of the components is only 12 R⊙.

Comparison with theory: characteristic times

To account for tidal effects among early type stars, Zahn (1975Zahn ( , 1977) ) proposed that the main dissipative mechanism was radiative damping acting on the dynamical tide. We have presented this model in Paper VI, with the expressions of the characteristic times tsync and tcirc relative to the synchronisation of the star rotation and the circularisation of the orbit, respectively. The values computed for the objects of this paper are given in Table 9 (lines 25 and 26) using the same procedure as described in Paper VI. When a system has a non-circular orbit, we also give in this table (in the same line and column, but separated with a slash) the value obtained with the minimum separation a(1 -e) corresponding to the periastron passage, where the tidal effects are the strongest and the most efficient. For a system with a large eccentricity, like HD 204751 with e = 0.87, the minimum separation is much smaller than the mean separation (a) and the corresponding values of tsync and tcirc are also much smaller. It should be remembered that those theoretical values are only rough estimates, since they are based on a simplified modelisation of the internal structure of those stars which is poorly known.

We obtained some estimates of the ages for all the systems displayed in Fig 2 by using the isochrones of Meynet et al. (1993) plotted in this figure as dashed lines. Those values are reported in Table 9 line 24. When taking into account the results of the synchronisation test given in line 22, we find a rather good agreement between the ages of the stars and the theoretical values of tsync:

-the estimated age of HD 93946 is larger than tsync, and indeed the synchronisation test is positive;

-the cases when this test is negative correspond to values of tsync much larger than the estimated ages.

-for HD 204751, the agreement is marginal with the value of tsync obtained with the minimum separation a(1 -e).

When considering tcirc, the agreement is rather good (lines 24 and 26), the cases of non-circular orbits corresponding to values of tcirc much larger than the estimated ages. Nevertheless the circularised systems have ages much smaller than the values computed for tcirc with Zahn's model. Indeed, log age = 9.00 for HD 93946 and log age < 10.2 for HD 151746 (since this star is younger than the age of the universe). As already discussed in Paper VI, possible origins of this discrepancy for an SB1 binary system are:

• the unseen companion has a small mass and thus must have a convective envelope. Tidal interaction is much more efficient in this case and the cool companion alone can have circularised the mutual orbit (this circularisation has probably occurred in the Hayashi phase of the pre-main sequence).

• the binary system may have formed as circular.

Synchronisation and circularisation critical fractional radii

Zahn (1977) predicted a strong dependency of the strength of tidal effects with the fractional radius r = R/a, defined as the ratio of the star radius with the semi-major axis of the orbit. For stars with a convective core and a radiative envelope, tcirc ∝ (R/a) -21/2 and tsync ∝ (R/a) -17/2 . Hence the determination of the smallest component separations, or critical fractional radii rsync and rcirc, at which synchronism or orbit circularisation become mostly observed, is a valuable test for theoretical models.

Determination from our whole sample of Am stars

The Figures 3 and4 illustrate the influence of tidal interaction on the evolution of the 33 systems we have studied in the series of our papers devoted to Am spectroscopic binary systems (see Papers I to VI in the bibliography). Those figures were made by extracting all the relevant data contained in those papers. Fig. 3 clearly shows that all stars with r 0.15 are orbiting on circular orbits.

In the diagram log(v sin i/vsync) versus r of Fig. 4a, the synchronism test of the inequality (5) corresponds to imposing a threshold with the dotted line. This would lead to rsync ≈ 0.1. We could also apply a stricter criterion involving the ratio v/vsync, where v is the true equatorial velocity. Indeed if we assume that the inclination has a uniform random distribution, the most probable value of sin i is 0.5, which corresponds to i = 60 • (dashed line). Hence the stricter test v < vsync would lead to rsync ≈ 0.20.

For the non-circular orbits, that are concerned with pseudo-synchronism only (see Fig. 4b), we have plotted log(v sin i/vsync) versus R/[a(1-e)], since the minimum separation is more relevant in this case. Indeed tidal interaction is much stronger in the portion of the orbit close to the periastron passage. From this plot it seems that the critical fractional radius, expressed as R/[a(1 -e)], is larger than 0.15, but the number of points is unfortunately too small to enable us to be more precise.

Discussion

Zahn (1977) computed the limiting separations "for which the corresponding characteristic times are equal to one quarter of the main sequence life span", for circularisation and synchronism. For a population of relatively evolved primaries (i.e. stars that have already spent one fourth of their lifetime on the main sequence), those values are thus equal to the critical radii that can be deduced from the observations. From table 2 of Zahn (1977) we obtain rsync ≈ 0.14 and rcirc ≈ 0.20, for binary systems with M1 = 2 M⊙ and µ = 1. If we assume a smaller mass ratio, µ = 0.5, which is generally more likely for single-lined spectroscopic binaries, those values become somewhat larger: rsync ≈ 0.17 and rcirc ≈ 0.24.

With our sample of Am stars we find rsync ≈ 0.20 which is very close to the predicted value. Concerning the circularisation, our determination of rcirc ≈ 0.15 is smaller than Zahn's expectations. Let us note however that Zahn assumed that the two stars forming the system had a radiative envelope, which is generally not the case for our systems. Indeed most of the objects studied in this series of papers are SB1 and the mass estimates of the unseen secondary stars are small (see e.g. Table 9, line 16). Hence those stars must have convective envelopes. As mentioned in Sect. 5.2, tidal effects acting on the companions are more effective in this case and may have led to the circularisation of the mutual orbits.

To our knowledge the only statistical study of early type stars that used the fractional radius r was made by Giuricin et al. (1984aGiuricin et al. ( , 1984b)). With early-type eclipsing binaries and double-lined spectroscopic binaries (SB2), they found rsync ≈ 0.15 and rcirc ≈ 0.25, which is very close to Zahn (1977)'s predictions. The analysis of the light curves of eclipsing binaries can provide directly the values of the fractional radii r of both components and of the inclination i of the system. For the SB2 of their sample, they determined the r values with a procedure similar to ours. The value we find for rsync is in good agreement with their value, but our determination of rcirc ≈ 0.15 is somewhat smaller than theirs. The sample of the 200 stars they used for determining rcirc (Giuricin et al. 1984b) is a compilation of many sources which include nearly main sequence detached eclipsing binaries (spectral types O, B, A) and short period SB2s (P < 200 d). A plausible explanation is that the fraction of low massive convective companions is larger in our sample. This is obvious for their group of SB2 constituted with systems with components of similar luminosities (and masses). It must also exist a high fraction of systems with comparable luminosities in the other group of the eclipsing binaries, since such a property facilitates their detection. Hence the smaller value found for rcirc in our sample than in Giuricin's would support the argument that the presence of a convective companion plays a key role in the circularisation of close binary systems containing an early type star. 
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 1 Figure 1. RV curves computed with the orbital elements of Table 8: (a) HD 3970, (b) HD 35035, (c) HD 93946, (d) HD 151746, (e) HD 153286, (f) HD 204751, and (g) HD 224002.For HD 151746 which has a circular orbit, the ascending node was taken as the origin of the phases. For the other systems, the origin of the phases corresponds to the periastron passage.

Figure 3 .

 3 Figure 3. Circularisation of the binary systems for this sample (squares), and for the systems from Paper I to Paper VI (circles).

Figure 4 .

 4 Figure 4. Synchronisation of the binary systems belonging to this sample (squares), and to the whole list of Am stars studied from Paper I to Paper VI (circles). The dotted and dashed lines correspond to the synchronisation thresholds for i = 0 and i = 60 • , respectively.

Table 1 .

 1 Radial velocities and (O -C) residuals for HD 3970.

	Date (JD)	Cycle	RV	(O -C)
	2400000+		km.s -1	km.s -1
	48936.52	-0.22	8.5	-1.6
	48937.47	-0.19	9.9	0.4
	48967.37	0.56	8.7	-0.5
	49317.43	9.41	5.9	0.3
	49318.37	9.43	6.8	0.5
	49319.36	9.46	7.0	0.0
	49323.32	9.56	9.5	0.4
	49643.47	17.65	9.7	-0.6
	50326.62	34.91	-0.5	-2.0
	50327.55	34.93	-2.7	0.5
	50328.60	34.96	-10.4	0.3
	50414.43	37.13	-12.6	-0.9
	50418.55	37.23	-3.4	-1.1
	50419.39	37.25	0.6	1.5
	50420.39	37.28	-0.3	-0.7
	50421.34	37.30	0.9	-0.7
	50480.30	38.79	10.1	0.2
	50481.29	38.82	9.5	0.3
	50741.47	45.39	6.4	1.3
	50745.52	45.50	8.1	0.2
	50836.33	47.79	10.5	0.6
	50837.30	47.81	9.4	0.1
	50838.31	47.84	9.2	0.9
	51107.48	54.64	10.8	0.6
	51108.49	54.67	9.8	-0.7
	51109.47	54.69	9.2	-1.4
	51186.32	56.63	10.9	0.7
	53012.29	102.77	11.2	1.0
	53014.25	102.82	9.4	0.4
	53261.52	109.07	-21.2	-1.0
	53297.53	109.98	-19.1 C	-1.1
	53339.39	111.04	-24.5	0.4
	53343.35	111.14	-9.2	1.3
	53344.38	111.17	-7.5	0.2
	53345.41	111.19	-5.5	-0.2
	53375.38	111.95	-7.2 C	0.1
	53379.28	112.05	-23.7 C	0.2
	53620.59	118.15	-9.6 C	0.2
	53621.57	118.17	-6.7 C	0.6
	53627.56	118.32	1.7	-0.7
	53628.52	118.35	2.8	-0.6
	53648.55	118.85	7.9 C	0.3
	53692.53	119.96	-11.2 C	0.5
	53693.42	119.99	-18.8 C	0.4
	53722.35	120.72	9.7 C	-0.9
	value, the program constructs a phase diagram, determines
	preliminary elements with SB INITIAL and then calls BS1
	to derive more accurate orbital elements (if possible) and
	the r.m.s. residual of this orbit. A good (preliminary) value
	for the period corresponds to the value which leads to the
	smallest residuals, compatible with the measurement errors.

Table 2 .

 2 Radial velocities and (O -C) residuals for HD 35035.

	Date (JD)	Cycle	RV	(O -C)
	2400000+		km.s -1	km.s -1
	48670.37	-0.67	36.4	-0.9
	48672.34	-0.67	36.7	-0.6
	48676.31	-0.66	37.4	0.1
	48936.61	-0.41	38.2	-0.3
	48938.64	-0.41	38.8	0.3
	48970.52	-0.38	38.8	-0.2
	49000.43	-0.35	39.6	0.1
	49003.52	-0.35	39.8	0.3
	49317.63	-0.04	63.7	0.7
	49318.54	-0.04	62.8	-0.4
	49319.53	-0.04	64.3	0.9
	49427.32	0.07	48.6	-0.5
	49430.37	0.07	47.2	-1.3
	49640.66	0.28	38.5	0.9
	49715.35	0.35	36.6	-0.6
	49725.57	0.36	38.3	1.1
	49781.36	0.41	36.3	-0.9
	49785.33	0.42	38.2	1.0
	50123.41	0.75	41.4	-0.3
	50193.32	0.81	43.2	-1.3
	50324.64	0.94	56.8	-2.0
	50414.57	1.03	59.0	-0.1
	50421.47	1.04	58.4	1.6
	50478.44	1.09	44.3	-0.9
	50482.35	1.10	43.8	-0.9
	50705.60	1.31	36.1	-1.2
	50835.38	1.44	38.9	1.6
	51106.59	1.71	39.8	-0.8
	51185.45	1.78	43.1	0.1
	51572.41	2.16	41.8	1.6
	51959.35	2.54	38.8	0.8
	52676.40	3.24	38.6	0.5
	53011.47	3.56	39.7	1.5
	53261.64	3.81	42.9	-1.2
	53297.71	3.84	46.6 C	0.4
	53339.49	3.88	48.1	-1.5
	53344.56	3.89	49.3	-0.8
	53357.59	3.90	51.2 C	-0.5
	53365.59	3.91	53.8 C	1.1
	53375.51	3.92	56.2 C	2.0
	53392.52	3.94	58.0 C	0.8
	53410.41	3.95	62.2 C	1.1
	53444.42	3.99	67.9	-0.1
	53445.35	3.99	67.8	-0.3
	53448.32	3.99	68.1	-0.2
	53454.41	4.00	67.3 C	-1.0
	53464.37	4.01	66.7 C	-0.3
	53482.34	4.02	63.0 C	1.2
	53625.66	4.16	39.5	-0.6
	the computed RV curves in Fig 1. In all cases, the standard
	deviation of the residuals, σ (O-C) , is consistent with the
	RV mean error, which indicates the absence of detectable
	spectroscopic third components in those systems.
	For the short period systems HD 93946 and HD 151746,
	the Lucy & Sweeney (1971)'s test led us to consider as signif-
	icant, although very small, the eccentricity of the HD 93946
	orbit and to adopt a circular orbit for HD 151746. The sys-
	tems HD 35035 and 153286 have long periods of 2.8 yr and
	9.5 yr, respectively, which is unusual for systems involving

Table 3 .

 3 Radial velocities and (O -C) residuals for HD 93946.

	Date (JD)	Cycle	RV	(O -C)
	2400000+		km.s -1	km.s -1
	53087.48	-1.07	-43.9	-0.1
	53088.44	-0.80	22.8	1.2
	53088.57	-0.77	30.8	-0.6
	53089.36	-0.54	46.5	0.2
	53090.40	-0.25	-26.2	0.8
	53090.61	-0.19	-38.3	0.5
	53091.36	0.02	-29.5	0.4
	53091.59	0.08	-12.2	-0.1
	53343.71	71.00	-34.2	-0.4
	53344.65	71.26	37.0	-0.6
	53345.66	71.55	29.1	0.3
	53444.47	99.34	49.2	0.2
	53445.43	99.61	11.5	-0.4
	53445.60	99.66	-2.6	-0.9
	53446.38	99.88	-46.2	-1.2
	53446.63	99.95	-41.3	0.8
	53447.39	100.16	10.4	-0.2
	53447.59	100.22	26.8	-0.4
	53448.37	100.44	48.3	-0.3
	53448.62	100.51	37.4	-0.7
	53704.71	172.54	31.8	0.5
	53705.57	172.78	-33.7	0.0
	53746.57	184.31	46.5	0.6
	53747.53	184.58	20.7	0.5

Table 4 .

 4 Radial velocities and (O -C) residuals for HD 151746.

	Date (JD)	Cycle	RV	(O -C)
	2400000+		km.s -1	km.s -1
	52822.48	-0.77	-10.3	-0.3
	52824.44	-0.37	-34.9	0.2
	52824.59	-0.33	-29.5	0.5
	53087.69	54.05	16.6	0.7
	53088.64	54.25	-14.7	-0.5
	53089.57	54.44	-42.9	1.0
	53090.59	54.65	-31.8	0.1
	53091.52	54.85	3.7	-0.6
	53091.67	54.88	9.3	0.4
	53258.38	89.34	-31.3	0.0
	53259.35	89.54	-45.1	-0.4
	53260.38	89.75	-14.1	-0.7
	53261.37	89.96	17.3	0.6
	53262.31	90.15	5.0	1.0
	53445.68	128.06	15.3	-0.3
	53446.60	128.25	-13.8	0.2
	53447.70	128.48	-45.7	-0.2
	53524.39	144.33	-30.0	-0.4
	53526.58	144.78	-8.0	-0.7
	53625.29	165.19	-3.1	-0.7
	53626.28	165.39	-39.0	0.0
	53627.29	165.60	-40.1	-0.6
	53628.31	165.81	-0.9	0.7
	53705.20	181.71	-21.1	0.9
	53706.21	181.92	12.6	-1.0
	53746.71	190.29	-22.1	0.1

Table 5 .

 5 Radial velocities and (O -C) residuals for HD 153286.

	Date (JD)	Cycle	RV	(O -C)
	2400000+		km.s -1	km.s -1
	48671.73	-0.11	-15.2	0.0
	48672.71	-0.11	-15.1	0.1
	48675.69	-0.11	-15.4	-0.1
	49141.48	0.03	-18.5	0.0
	49142.51	0.03	-18.3	0.2
	49144.52	0.03	-18.7	-0.2
	49427.59	0.11	-13.9	0.4
	49430.67	0.11	-14.2	0.0
	49640.32	0.17	-11.8	-0.2
	49644.32	0.17	-11.5	0.1
	49782.69	0.21	-10.5	-0.1
	49786.66	0.21	-10.8	-0.5
	50193.57	0.33	-8.7	-0.3
	50324.43	0.37	-8.1	0.0
	50328.38	0.37	-8.1	0.0
	50477.73	0.41	-7.8	0.1
	50741.27	0.49	-7.9	-0.1
	50745.27	0.49	-7.6	0.2
	50834.75	0.52	-7.6	0.3
	50974.60	0.56	-8.3	-0.3
	50978.49	0.56	-8.4	-0.4
	51105.31	0.59	-8.1	0.1
	51320.51	0.66	-8.4	0.4
	51640.64	0.75	-10.5	-0.2
	51687.40	0.76	-10.7	-0.1
	52448.48	0.98	-19.1 C	0.0
	52470.46	0.99	-19.0 C	0.1
	52501.42	1.00	-19.1 C	0.0
	52551.33	1.01	-19.0 C	0.0
	52613.23	1.03	-18.7 C	-0.3
	52688.73	1.05	-17.3 C	0.1
	52736.64	1.07	-16.9 C	-0.3
	52760.60	1.07	-16.3 C	-0.1
	52780.55	1.08	-16.0	-0.1
	52801.55	1.08	-15.4 C	0.2
	52820.46	1.09	-14.8	0.5
	52822.47	1.09	-15.6	-0.4
	52854.41	1.10	-14.4 C	0.3
	52893.40	1.11	-14.2 C	-0.1
	52951.26	1.13	-13.6 C	-0.3
	53019.79	1.15	-12.6 C	-0.1
	53061.73	1.16	-12.1 C	-0.1
	53087.70	1.17	-11.4	0.3
	53095.64	1.17	-11.7 C	-0.1
	53132.60	1.18	-11.2 C	0.1
	53143.51	1.18	-11.1	0.1
	53192.50	1.20	-10.3 C	0.4
	53250.41	1.21	-10.2 C	0.1
	53261.36	1.22	-10.5	-0.3
	53336.23	1.24	-9.9 C	-0.2
	53357.20	1.25	-9.8 C	-0.2
	53445.68	1.27	-8.9	0.3
	53452.70	1.27	-9.1 C	0.0
	53518.52	1.29	-8.6 C	0.3

Table 6 .

 6 Radial velocities and (O -C) residuals for HD 204751.

	Date (JD)	Cycle	RV	(O -C)
	2400000+		km s -1	km s -1
	49643.38	-47.44	-26.9	0.3
	49644.36	-47.42	-27.6	-0.3
	50325.59	-36.01	-18.1	-0.2
	50327.51	-35.98	-4.1	0.1
	50328.51	-35.96	-10.6	-0.6
	50416.32	-34.49	-27.4	-0.8
	50418.36	-34.46	-26.4	0.6
	50419.33	-34.44	-26.6	0.5
	50420.30	-34.42	-27.5	-0.2
	50740.45	-29.06	-31.3	-0.5
	50745.43	-28.98	-5.0	-0.6
	50746.41	-28.96	-9.5	0.5
	50834.26	-27.49	-25.8	0.8
	50836.29	-27.45	-27.5	-0.5
	50837.27	-27.44	-26.8	0.3
	50838.27	-27.42	-27.1	0.2
	50975.60	-25.12	-30.6	0.0
	50977.62	-25.09	-29.3	1.5
	51106.39	-22.93	-13.2	1.7
	51107.39	-22.91	-17.0	-0.5
	51108.39	-22.90	-19.3	-1.6
	51109.40	-22.88	-19.2	-0.5
	51110.37	-22.86	-20.4	-0.9
	51185.29	-21.61	-23.7	1.5
	51186.26	-21.59	-25.2	0.2
	53258.48	13.12	-19.3	-0.7
	53261.39	13.17	-21.1	-0.4
	53343.29	14.54	-26.2	0.7
	53495.59	17.09	-15.5 C	1.3
	53549.55	17.99	-11.6 C	-0.3
	53568.54	18.31	-24.3 C	-0.3
	53589.55	18.66	-29.2 C	-1.0
	53593.56	18.73	-29.8 C	-0.9
	53597.58	18.80	-29.9 C	-0.2
	53608.44	18.98	-26.9 C	-0.3
	53608.57	18.98	-25.3 C	0.2
	53609.51	19.00	0.9 C	0.5
	53609.62	19.00	5.4 C	0.4
	53610.39	19.01	2.8 C	0.7
	53624.40	19.25	-22.0	0.8
	53630.55	19.35	-25.0 C	-0.4
	53637.43	19.47	-27.1 C	-1.0
	53669.29	20.00	3.5 C	-0.2
	53669.38	20.00	6.7 C	0.1
	53669.47	20.00	7.6 C	-0.7
	53670.47	20.02	-2.5 C	-0.1
	53671.32	20.03	-7.9 C	0.5
	53673.40	20.07	-15.1 C	-0.3
	53683.25	20.23	-21.8 C	0.7
	53684.37	20.25	-22.9 C	0.0

Table 7 .

 7 Radial velocities and (O -C) residuals for HD 224002.

	Date (JD)	Cycle	RV	(O -C)
	2400000+		km s -1	km s -1
	49643.44	-0.70	-41.2	1.1
	49644.40	-0.65	-33.0	2.1
	50124.26	23.58	-1.5	-2.1
	50125.25	23.63	5.7	-0.5
	50127.25	23.73	12.8	1.2
	50419.38	38.48	-13.0	0.9
	50420.41	38.53	-6.3	-0.4
	50421.37	38.58	0.9	0.2
	50478.28	41.45	-19.5	-1.3
	50479.25	41.50	-9.8	0.5
	50480.29	41.55	-4.4	-1.8
	50481.24	41.60	3.7	0.3
	50482.26	41.65	7.5	-0.8
	50741.54	54.74	9.6	-1.9
	50745.48	54.94	-16.0	0.4
	50746.46	54.99	-31.1	-2.4
	50837.32	59.58	0.7	-0.2
	50838.28	59.63	7.9	1.7
	50976.62	66.61	6.7	2.0
	50978.58	66.71	10.4	-1.0
	51005.57	68.07	-43.0	2.7
	51106.43	73.16	-52.5	0.3
	51107.46	73.22	-51.5	-0.5
	51108.41	73.26	-49.1	-2.5
	51109.39	73.31	-42.2	-2.1
	51185.32	77.15	-54.0	-1.4
	53011.29	169.34	-34.6	1.4
	53012.25	169.39	-27.6	0.6
	53014.24	169.49	-10.0	1.6
	53258.50	181.82	8.4	2.2
	53259.46	181.87	-1.5	-0.2
	53261.52	181.98	-25.5	-0.5
	53343.43	186.11	-49.5	0.9
	53344.37	186.16	-53.2	-0.4
	53345.34	186.21	-50.8	0.8
	53746.27	206.45	-18.9	-0.8

Table 8 .

 8 Orbital elements of the spectroscopic binaries. In Col. 3 T 0 is the epoch of periastron passage, except for HD 151746 for which T 0 corresponds to the ascending node passage.

	HD	P	T 0 (JD)	ω	e	K 1	V 0	a 1 sin i	f (m)	σ (O-C)
		(d)	2400000+	( • )		(km.s -1 ) (km.s -1 ) (Gm)	(M ⊙ )	(km s -1 )
	3970	39.5743	48945.06	148.6	0.521	18.17	0.52	8.44	0.015	0.78
		± 0.0012	± 0.16	± 1.3	± 0.011	± 0.30	± 0.13	± 0.21	± 0.001	
	35035	1025.21	49357.9	14.0	0.613	15.59	43.51	173.7	0.199	0.95
		± 0.67	± 2.4	± 1.6	± 0.009	± 0.25	± 0.16	± 4.4	± 0.015	
	93946	3.55527	53091.29	220.5	0.014	48.02	3.36	2.347	0.0409	0.59
		± 0.00004	0.19	± 19.8	± 0.004	± 0.20	± 0.15	± 0.010	± 0.0005	
	151746	4.83737	52826.205	-	0.0	31.78	-14.02	2.114	0.0161	0.57
		± 0.00006	± 0.008		(fixed)	± 0.19	± 0.12	± 0.013	± 0.0003	
	153286	3458.18	49051.3	185.3	0.367	5.67	-11.41	251.0	0.053	0.22
		± 7.74	± 12.4	± 1.6	± 0.008	± 0.06	± 0.04	± 4.0	± 0.002	
	204751	59.6993	52475.31	320.9	0.867	19.78	-24.44	8.08	0.0059	0.70
		± 0.0006	± 0.02	± 1.1	± 0.002	± 0.26	± 0.12	± 0.18	± 0.0004	
	224002	19.8059	49657.33	109.0	0.107	32.21	-19.48	8.72	0.068	1.38
		± 0.0006	± 0.35	± 6.3	± 0.012	± 0.41	± 0.29	± 0.12	± 0.003	

Table 9 .

 9 Physical parameters derived from this study, and from the knowledge of mv , B -V and π. The subscripts 1 and 2 refer to the primary and secondary components, respectively. ± 0.81 5.33 ± 1.24 3.61 ± 1.15 8.26 ± 0.59 9.43 ± 0.60 12.0 ± 4.1 6.47 ± 0.86

	(1)	HD	3970	35035	93946	151746	153286	204751	224002
	(2)	HIP	3331	25160	53081	81757	82864	-	117856
	(3)	m V	7.20	7.56	8.65	6.82	7.03	7.93	7.99
	(4)	B -V	0.34	0.31	0.28	0.22	0.31	0.33	0.31
	(5)	E B-V	0.04	0.08	0.00	0.00	0.00	0.03	0.06
	(6)	v sin i (km.s -1 ) 29.1 ± 2.9 22.1 ± 2.2 25.3 ± 1.3	13.1 ± 2.6	7.3 ± 0.2	27.3 ± 2.7 38.8 ± 3.9
	(7) 5.40 (8) π (mas) d (pc) 185 +33 -24	188 +56 -36	277 +130 -67	121 +9 -8	106 +7 -6	83 +44 -21	155 +23 -19
	(9)	M V, 1	0.83 ± 0.33 1.6 ± 0.5	1.52 ± 0.69 2.0 ± 0.2	1.98 ± 0.14 3.31 ± 0.74 1.94 ± 0.28
	(10) T eff (K)	7400 ± 100 8000 ± 100 (7300 ± 100) -	7500 ± 100 7300 ± 100 (7500 ± 100)
	(11) log g (cgs)	3.7	4.1	-	-	4.0	4.0	-
	(12) [Fe/H]	0.68	0.43	-	-	0.71	0.86	-
	(13) log(L/L ⊙ )	1.55 ± 0.13 1.25 ± 0.20 1.28 ± 0.28 -	1.09 ± 0.06 0.73 +0.13 -0	1.11 ± 0.11
	(14) M 1 (M ⊙ )	2.2 ± 0.2	1.9 ± 0.2	1.9 ± 0.3	(∼ 2)	1.80 ± 0.05 ∼ 1.6	1.8 ± 0.1
	(15) R 1 (R ⊙ )	3.6 ± 0.6	2.2 ± 0.6	2.7 ± 0.9	(∼ 2)	2.0 ± 0.2	∼ 1.6	2.1 ± 0.3
	(16) M 2, min (M ⊙ ) 0.5	1.3	0.6	(∼ 0.5)	0.7	∼ 0.3	0.8
	(17) a (R ⊙ )	71.5 ± 4.0 647 ± 20	14.3 ± 1.0	(17.5 ± 1.2) 1386 ± 85 89.5 ± 4.5 44.5 ± 2.5
	(18) a(1 -e) (R ⊙ ) 35 ± 2.0	250 ± 8	14.2 ± 1.0	-	863 ± 54	11.6 ± 0.6 39.6 ± 2.2
	(19) P (days)	40	1025	3.6	4.8	3458	60	20
	(20) Pps (days)	16.62	238.14	-	-	1872.04	2.57	18.47
	(21) vsync (km.s -1 ) 11.0	0.5	38.4	(21)	0.05	31.5	5.8
	(22) Synchronised? no	no	likely	likely	no	likely	no
	(23) Circularised?	no	no	yes	yes	no	no	no
	(24) log age (yr)	8.90 +0.1 -0.1	8.87 +0.1 -0.1	9.00 +0.04 -0.10	-	8.95 +0.05 -0.05	< 8.95	9.00 +0.01 -0.05
	(25) log tsync (yr)	13/10.6	23/20	8.4	(10)	26/25	17/10.0	14/13
	(26) log t circ (yr)	17/13	29/25	10.7	(13)	33/31	22/12.5	17/16
	0000 RAS, MNRAS 000, 000-000						

Table 10 .

 10 Strömgren photometry and derived data withCrawford (1975Crawford ( , 1979))'s calibration (see Sect. 4.1).HDβ by E (b-y) m 1 (m 1 ) 0 c 1 (c 1 ) 0 (δm 1 ) 0

	3970	-0.21	0.03 0.23 0.25 0.83 0.83 -0.06
	35035 2.83 0.18	0.06 0.21 0.23 0.88 0.87 -0.03
	153286 2.79 0.18	0.01 0.25 0.26 0.81 0.81 -0.06
	204751 -0.22	0.02 0.24 0.25 0.69 0.68 -0.07

0000 RAS, MNRAS 000, 000-000
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