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Chapter I

Objectives and methods

I.1 Presentation of the program

From 1999, I collaborated with the “Spectroscopic Binaries” group of Observatoire Midi-
Pyrénées. I present here the results we obtained concerning the study of Am-type binary
stars. It is the last part of an extensive program whose purpose was to study to determine
the frequency and properties of binaries in this stellar family (hot stars with metallic lines of
Am-type).

This program was devoted to the search and the consequent study of spectroscopic bina-
ries (SB) in a large sample (about one hundred objects) of chemically peculiar stars of type
Am.

Many Am stars are known to belong to binary systems and it seems that multiplicity plays
a key role, although poorly understood, in the formation of Am stars. Some basic questions
still to be addressed are: do all Am stars belong to binary systems and what is the influence
of tidal effects in those binary systems? The origin of their peculiarities could be a chemical
segregation in the atmosphere caused by radiative diffusion favoured by a slow rotational
velocity (Michaud al., 1983). Whereas spin breaking is difficult to explain for isolated stars,
an efficient process exists for close binary systems. Indeed tidal effects tend to synchronize
the spin and the orbital velocities, which generally corresponds to a strong breaking of the
initial spin velocities.

As presented in the first paper of this series (Ginestet & Carquillat, 1998), our program
started in 1992 and aimed at determining the binarity rate among a large sample of Am stars
(about one hundred objects) and, when possible, computing their orbital elements in order to
derive orbital and physical parameters of the systems and study the occurrence of circularized
and synchronized orbits. The main goals of this investigation were:

(i) to discover new spectroscopic binaries among Am stars and determine their orbits and
physical properties,

(i1) 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 implica-
tion of binaries in Am phenomenon.

Our sample of 91 Am stars, was mainly constituted from the Third Catalogue of Am Stars
with Known Spectral Types (Hauck, 1986). Our main purpose was to bring some observa-
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CHAPTER I. OBJECTIVES AND METHODS

tional arguments about the implication of binaries in Am phenomenon. To do so, we wanted
to:

(i) search for all the SBs in this sample and derive the rate of Am stars belonging to SBs,

(i1) monitor the radial velocities of SBs found in the sample and determine their orbital
parameters and physical properties of the stellar components,

(ii1) study the importance of tidal interaction in those systems, that may lead to the circu-
larisation of the orbits and to the spin-orbit synchronization.

Our program concerns a large sample of Am-type stars, described in Ginestet & Car-
quillat (1998), that was mainly selected from the “Third catalogue of Am stars with known
spectral types” (Hauck, 1986). When we started this study, none of the 91 stars of our sam-
ple had known SB orbital elements. Most of the orbits were then determined and published
by our team (J.-M. Carquillat, N. Ginestet, A. Pédoussaut and J.-L. Prieur) or in collabora-
tion with colleagues of Marseille (France), Cambridge (U.K.) and Geneva (Swiss). Marseille
(M. Imbert), Cambridge (R.F. Griffin) and Geneva (S. Udry and J.-Y. Debernardi).

The results of this study were published in a series of eight papers (see Table I.1). Papers I
to IV concerned the most peculiar binaries first detected in the sample, such as double-lined
(SB2) and multiple systems. Paper V was devoted to the radial velocity study of eight single-
lined (SB1) short-period (P < 10 days) spectroscopic binaries, namely HD 341, 55822,
61250, 67317, 93991, 162950, 224890, and 225137. Paper VIII dealt with statistics about
the whole programme.

Table I.1: Series of the papers devoted to the search for binarity among our sample of Am-type stars.

Name Stars Reference

Am-Paperl HD 125273 Ginestet & Carquillat (1998)
Am-Paperll HD 81976, HD 98880 Carquillat et al. (2001)
Am-PaperlIl HD 7119 Carquillat et al. (2002)
Am-PaperlV HD 100054 B, HD 187258 Ginestet et al. (2003)
Am-PaperV HD 341, 55822, 61250, 67317, 93991 Carquillat et al. (2003b)

162950, 224890, 225137
Am-PaperVI HD 19342, 19910, 36360, 102925, 126031, Carquillat et al. (2004)
127263, 138406, 155714, 195692, 199360
Am-PaperVII HD 3970, 35035, 93946, 151746, 153286,  Prieur et al. (2006b)
204751, 224002
Am-PaperVIII HD 32893, 60489, 109762, 111057, 113697, Carquillat & Prieur (2007c)
204918, 219675 and BD-+44°4512

Am-Paperl “Contribution a I’étude de la binarité des étoiles de type Am: 1. HD 125273,
binaire spectroscopique a raies doubles”
Ginestet N., Carquillat J.-M., 1998, A&AS 130, 415
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Am-Paperll “Contribution to the search for binaries among Am stars. 1. HD 81876 and
HD 98880, double-lined spectroscopic binaries.”
Carquillat J.-M., Ginestet N., Prieur J.-L., 2001, Astron. & Astrophys., 369, 908-914

Am-Paperlll “Contribution to the search for binaries among Am stars. Ill. HD 7119, a

double-lined spectroscopic binary and a triple system”
Carquillat J.-M., Ginestet N., Prieur J.-L., Udry S., 2002, MNRAS, 336, 1043-1048

Am-PaperlV “Contribution to the search for binaries among Am stars. IV. HD 100054 B
and HD 187258
Ginestet N., Prieur J.-L., Carquillat J.-M., Griffin R.F.,, 2003, MNRAS, 342, 61-68.

Am-PaperV “Contribution to the search for binaries among Am stars. V. Orbital elements of
eight short-period spectroscopic binaries”
Carquillat J.-M., Ginestet N., Prieur J.-L., Debernardi Y., 2003b, MNRAS, 346, 555—
564.

Am-PaperVI “Contribution to the search for binaries among Am stars. VI. Orbital elements
of ten new spectroscopic binaries, implications on tidal effects”
Carquillat J.-M., Prieur J.-L., Ginestet N., Oblak E., Kurpinska-Winiarska M., 2004,
MNRAS, 352, 708-720.

Am-PaperVII “Contribution to the search for binaries among Am stars. VII. Spectroscopical
orbital elements of seven new spectroscopic binaries, implications on tidal effects”

Prieur J.-L., Carquillat J.-M., Imbert M., 2006, MNRAS, 372, 703-714

Am-PaperVIIl “Contribution to the search for binaries among Am stars. VIII. New spectro-
scopic orbits of 8 systems and statistical study of a sample of 91 Am stars”
Carquillat J.-M., Prieur J.-L., 2007, MNRAS, 380, 1064—-1078
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I.2 Am stars: brief theory

Am stars are chemically peculiar hot stars of type A whose spectra show an over-abundance
of heavy elements and an under-abundance of calcium. It is now generally admitted that such
anomalies are the consequence of chemical element segregation in the outer layers of those
stars.

Observational studies (Abt, 1961, 1965; Abt & Levy, 1985) have shown that most Am
stars belonged to close binary systems and that all Am stars have small rotational velocities,
with v, sin4 < 100 km.s~*, smaller than the normal A stars. Abt (1961) first suggested that
tidal interaction with the companion could be at the origin of the Am phenomenon, through
the spin-orbit synchronism which reduces the axial rotation of the stars. Nevertheless Abt
& Levy (1985) found that there existed isolated Am stars and that another process had to be
invoked to explain their small rotational velocities.

According to the model proposed by Michaud (1980) and Michaud al. (1983), small ro-
tational velocities are required to allow helium to settle gravitationally rather quickly after
the star has reached the main sequence (a few 10° yr only), producing the vanishing of the
Hell convection zone existing in A stars that blocks the diffusion of the chemical elements
from the deep layers. After this disappearance, the diffusion can proceed higher in the star,
at the bottom of the H-Hel convection zone, where Ca is in the Ar configuration (i.e. Call)
and so has a small g,,4, causing an under-abundance of Ca that is observed in the spectra of
the Am stars. This model is also called “superficial model”, since the separation of chemical
elements occurs close to the surface of the star and implies that only a small proportion of the
star would have anomalous abundances during the main sequence (~ 1071 AL,).

A modified version of this model called “evolution model” was recently proposed by
Richer et al. (2000) and Michaud al. (2005) in which the separation of elements occurs
deeper in the star, at a radius where Ca is in the Ne configuration (i.e. CaX), which also
corresponds to a small value of g,,4(Ca), causing Ca under-abundances. In this case, anoma-
lous abundances would affect a larger fraction of the stellar mass while the star is on the main
sequence (~ 107° M,), and thus would survive after the turn-off. Thus, contrarily to the
superficial model, the evolution model would naturally explain the existence of evolved Am
stars, similar to o Leo found by Griffin (2002).

Note that hydrodynamical codes based on those two models tend to produce too large
abundance anomalies, when only atomic diffusion is considered. There is a need of in-
troducing a competing process whose nature has been a matter of debate in the last thirty
years. A possibility would be to improve the treatment of turbulence with the introduction of
anisotropy in the vertical transport as suggested by a recent work by Talon et al. (2006) who
manages to reproduce observed Am spectra with a self-consistent model.
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1.3 coravEL measurements

Although this programme was initiated with conventional spectrographs in the years 1980,
most of observations were done after 1992 with the CORAVEL instrument (Baranne, 1979).
mounted at the Cassegrain focus of the 1-m Swiss telescope at the Observatoire de Haute-
Provence (OHP). After 2000, many measurements were also obtained with another version
of the CORAVEL instrument, that is mounted on the coudé focus of the 91-cm telescope at
the Cambridge Observatories, thanks to the collaboration of R.F. Griffin. (e.g. Ginestet et al.
(2003); Carquillat et al. (2004); Carquillat & Prieur (2007c) )

CORAVEL is a spectrophotometer that allows measurements of heliocentric radio-velocities
(RVs) by performing a cross-correlation of the stellar spectrum with a physical mask placed
in the focal plane of the spectrograph (Baranne, 1979). Although CORAVEL was designed
to be efficient for observing cool stars, with spectral types later than F4, it also permits to
measure RVs of hotter stars which rotate slowly (v, sini < 40 km.s™1) and exhibit metallic
lines in their spectrum, such as Am stars.

Fig. I1.4 shows an example of the correlation dips observed for the primary and secondary
components of HD 7119. In the case of the OHP observations, Gaussian functions are fitted
to the cross-correlation dips to derive radial velocities (Baranne, 1979); Cambridge traces
are cross-correlated with functions derived from one that was empirically established from
observations of practically non-rotating stars by convolving it with a broadening function
to mimic stellar rotation. The mean internal standard error of the measurements depends
upon the depth and the width of the correlation dip. The latter is strongly correlated with
the rotational velocity v, sini. A smaller rotational velocity induces a sharper CORAVEL
correlation dip, which in turn leads to a more accurate computed radial velocity. In fact, as
shown by Benz & Mayor (1981), the projected equatorial velocity v, sin¢ of each detected
stellar component can be derived from the analysis of the CORAVEL correlation dips.

Some measurements have to be discarded when the correlation dips are blended. For
example in the case of HD 7119, the width of these dips was about 10 km/s, and the ra-
dial velocity separation of two components had to be larger than ~20 km/s to allow reliable
measurements (Carquillat et al., 2001).

For SB2’s, the magnitude difference of the two components can be inferred from the
value of the ratio of the integrated areas of the CORAVEL dips (Lucke & Mayor, 1980). For
HD 98880 for instance, we obtained Amp = 1.25 4+ 0.1 mag (Carquillat et al., 2001).
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1.4 Orbit determination

The theory and the full description of the programs we used for computing the orbits of
spectroscopic binaries are presented in Annexe B.

I.4.1 Non-linear least-squares programs

The orbital elements of the single and double lined binaries (SB1 and SB2) were computed
with the least-square programs BS1 . for and BS2 . for respectively. Those programs were
written by R. Nadal in the early 1980°s (Nadal et al, 1979), but I revised them completely in
1999.

For some objects, like HD 7119 (see Carquillat et al. (2002)), the residuals (O—C')y; were
very large, and not randomly distributed when plotted as a function of time. For HD 7119,
their standard deviation of the residuals was o(O — C')g; = 1.7 km.s™!, which was more
than twice the mean error of the radial velocity measurements (see Carquillat et al. (2002)).
This generally reveals the presence of a perturbing third body. To handle the case of triple
systems, I wrote two programs (BS3.for and BS4. for, for double or single spectrum
detection, respectively) that simultaneously fit the two orbits of the visible and suspected
components.

1.4.2 Initial guess of the period

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. for, BS2. for, etc.

In the first papers of this series, the preliminary values of the periods needed by those
programs, were found “manually” by a guess-and-try procedure. The selecting criterion was
that the corresponding phase diagram (RV versus phase) had to look like that of a radial
velocity orbit. In practice, it had to look 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.

In 2002 (for Paper V) we 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 (1975). 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 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 measure-
ment errors. We have found that this program was very efficient for all the objects we have
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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.

1.4.3 Circular orbits

Because of observational errors, a spectroscopic orbit with a truly circular orbit will be found
to have an elliptical orbit of small, but non-zero, eccentricity.

When the eccentricity of the calculated orbit was found very close to zero, we computed
another orbit assuming it was circular (by setting e = 0) and compared the residuals obtained
in the two cases. We evaluated the validity of setting the eccentricity to zero by applying the
Lucy & Sweeney (1971)’s statistical test. For example, for the short period systems HD 93946
and HD 151746 studied in Prieur et al. (2006b), this test led us to consider as significant,
although very small, the eccentricity of the HD 93946 orbit and to adopt a circular orbit for
HD 151746.

I.4.4 Mass function

The orbital parameters determined with spectroscopic orbits lead to the determination of the
mass function f(m). As shown in Annexe B, in the case of a single detection (SB1), it is:

M3 sin® i B K}P(1— 62)_3/2

= 1.1
Jm) = 5L a0y 21G @D
In the case of an SB2, it is:
M3 sin® i My sin® i
— = 1.2
f(m) MZ(L+ M /My)? (1 + Ko/K))? 1:2)

where G is the gravity constant; M, and M, are the masses of the primary and secondary
components, respectively; K and K, are the amplitudes of the radial velocity oscillations in
the phase diagram of those two components; e and P are the eccentricity and period of the
orbit. The full description of those parameters and the demonstration of those relations are
given in Annexe B.

In Paper VIII (see 11.7.8), we used another version of Eq. (I.1):

f(m) = My sin®i 1% /(1 + p)? (I.3)

where ;1 = M, /M is the mass ratio of the components (1 = primary, 2 = secondary).
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I.5 Stromgren photometry

I.5.1 Introduction

Spectrophotometric measurements around the wavelength of the Balmer discontinuity can be
used for two-dimensional stellar classification as shown for instance by Barbier & Chalonge
(1939). A practical implementation was proposed by Stromgren (1956); Crawford (1966)),
through their “Stromgren photometric system”. This system uses the filters u, v, b, y, 5 whose
characteristics are given in Table 1.2 (see also Fig. I.1).

e The u-band (ultra-violet) is located entirely below the Balmer discontinuity and above
the atmospheric cutoff. Its is wide enough to fill most of the region between those two
wavelengths.

e The v-band (violet) is located above the Balmer discontinuity, in the region where
blanketing is strong. The Ho line is near the center of this band.

e The b (blue) and y (yellow) bands are located above the point (around 450 nm) where
blanketing absorption due to heavy elements becomes important (for stars hotter than
the Sun). As a result, the b — y color is rather free of blanketing effects, considerably
more than the B — V' index of the Johnson U BV system.

e The y band is located at 550 nm, the same central wavelength as the Johnson V' band.
As there are generally no strong feature in the V' bandpass, an y magnitude measure
can be accurately transformed to the V-magnitude of the Johnson system.

For more information about the interest of those bandwidths, see Crawford (1975).
Four indices were derived from the u, v, b, y, 7 measurements obtained with those filters:

e (b — y) to measuring Paschen continuum.
e m; = (v —b) — (b — y) measuring line blanketing, is sensitive to metallicity [F'e/H |

e ¢; = (u—v)— (v—>b) (“color difference”) indicating the magnitude of the Balmer
discontinuity, is sensitive to the surface gravity g

o 3 = [Buarrow — Pwide Measuring the strength of HF absorption line.

The color index (b — y) is sensitive to stellar temperature T, but it was found that 3 is
a better parameter to use for measuring this temperature (Crawford (1975) p 956). It appears
that (3 is the primary parameter for measuring the absolute magnitude for B-type stars and
the temperature for A- and F-type stars whereas c; is the primary parameter for measuring
the temperature for B-type stars and the absolute magnitude for A- and F-type stars (see e.g.,
Crawford (1979), p 1858).

When adding the V' magnitude derived by the y filter measurement, one obtain five param-
eters (V, (b — y), my, c1, 3) that were shown to fully characterize the physical description of
the measured star: apparent and absolute brightness (hence its distance), temperature measure
(from accurate calibrations with spectral type), and [F'e/ H| abundance. From a combination
of these, one also gets an estimate of the age of the star, through stellar evolution model
calibrations (see e.g. Fig. 1.5).
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U v b Yy ﬁnarrow ﬂwide
Acent 350 | 411 | 467 | 547 | 485.8 | 485

Half-width | 30 | 19 | 18 | 23 29 12.9

Table 1.2: Filters used in the Stromgren photometric system (wavelengths in nm).
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Figure I.1: Transmission of the filters u, v, b, y used in the Stromgren photometric system.

Investigations on interstellar reddening effects have established to the following relations
(Crawford, 1975):

Eb—y)=073E(B-V), E(m)~—-03E(0b—y) and E(c;) = 02E(b—y) (14)

The convention is generally to use the subscript 0 for reddening corrected indices (Craw-
ford, 1979). Therefore, the correction of the observed measurements (71 )ps and (¢ )ops iS:

(m1)o = (m1)ops + 0.3 E(b—y) and (c1)o = (c1)ops — 0.2 E(b—y) 1.5

The [ parameter that measures a line strength only is unaffected by interstellar reddening.

I.5.2 Maetallicity index

The m; index is particularly useful for determining abundance differences from star to star,
such as [F'e/H] for example. Crawford (1975) introduced the blanketing parameter:

dmy = my(standard) — (my)o for a given [

where m; (standard) is the m, index value of a star belonging to the Hyades cluster with the
same (J index as the observed star. This parameter is null when the observed star has the same
blanketing as the Hyades stars.

In practice, we used the following notation:

5m1 (ﬁ) - ml,hyades(ﬁ) - (m1>0 (16)

where 1 pyades(03) 1 the expected index corresponding to the 3 measurement, using the
calibration established for the Hyades cluster A-type stars by Crawford (1979). To estimate
this value for each 5 measurement, we interpolated Crawford’s calibration table (Tab. 1.3)
in the program indices_Astars.for (see Sect. A.1). This parameter dm4((3) used for
measuring blanketing differences, has been calibrated for deriving [F'e/ H| (see Fig. 1.2).
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I1.5.3 Interstellar reddening

In a manner similar to that used for dm,, Crawford (1975) introduced the difference dc;, but
with an opposite sign:

501 (ﬁ) - (cl)obs — C1,hyades (ﬁ) (17)

where ¢ pyades 15 the ¢; index value of a star belonging to the Hyades cluster with the same /3
index as the observed star (Tab. 1.3).
From Crawford (1979)’s calibration, we can compute the expected value of (b — y):

(b= y)o = 2.946 — B — 0.18¢1(8) — 0.250my () it dmy <0
(1.8)

The interstellar reddening is then given by:

Eb—y)=0-y)—(b—y)

This value can then be used for correcting (11).4s and (c1)ps with Eq. refeq:stromgren-
redcorrection. This allows a new computation of dm; and dc; (Egs. 1.6 and 1.7). Then we
update the reddening values using Eq. [.8, and go on... It is thus necessary to perform a few
iterations until all the equations of this section are satisfied simultaneously. This is done in
my program indices_Astars. for (Sect. A.1). An example of reddening correction is
given in Table [.4.

I.5.4 Luminosity

Crawford (1979) derived a calibration of the absolute M, versus (3, limited to the ZAMS
A-type stars, that is shown in Table [.3.

The parameter dc; can then be used for checking that this calibration is valid for the
measured star. If it is too large, the Balmer discontinuity c; that is measured is too different
from that of the calibration star with the same [ value. In that case, M, ((3) is not relevant,
and should not be used. Crawford (1979) found that the limit of validity of his calibration
was dc; < 0.28.

I.5.5 Derivation of 7.4, log g and [Fe/H]|

When ubvy, § Stromgren photometry was available for the Am-type stars we studied, we de-
rived the quantities 7, and log g using the (¢ )o versus [ grids of Moon & Dworetsky (1985)
For log g determination, we applied the correction for metallicity proposed by Dworetsky &
Moon (1986) for Am stars.

The parameter [F'e/H] was estimated from the 0m, versus [F'e/H] correlation, using
Cayrel’s calibration [F'e/H| = 0.2 — 10 0,,,1 (3) (Crawford, 1975) (see Fig. 1.2).

10
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B ml(ﬂ) C1(5) My (zawms,3)
(mag.) (mag.) (mag.) (mag.)

2.88 093  0.200 2.30
2.86 0.89  0.205 2.50
2.84 0.85 0.208 2.64
2.82 0.82  0.206 2.70
2.80 0.78  0.203 2.76
2.78 0.74  0.196 2.82
2.76 0.70  0.188 2.88
2.74 0.66  0.182 2.96

2.72 0.60  0.177 3.10

Table 1.3: Calibration of Stromgren photometry: standard relations for A-type stars established for the Hyades
cluster by Crawford (1979). In column 4, My, is the V' absolute magnitude of calibrating stars located in the
ZAMS (Zero Age Main Sequence).

HD 5 b— Yy E(b — y) ma (m1)0 C1 (61)0 (5m1)0
19342 273  0.31 0.10 0.20 0.23 077 0.75 -0.05
19910 281  0.19 0.04 0.20 0.21 0.73 0.72 -0.01
36360 2.80 0.16 0.01 0.24 0.24 0.81 0.81 -0.04

126031 274 0.20 —0.01 0.23 0.23 0.66 0.67 -0.04
127263  2.83  0.14 —0.01 0.28 0.28 0.80 0.80 -0.07
155714 (2.72)  0.23 0.01 0.19 0.19 0.68 0.67 -0.01
195692 (2.78)  0.16 0.00 0.21 0.21 0.76  0.76 -0.01
199360 (2.81) 0.18 0.03 0.25 0.26 0.74 0.73 -0.06

Table 1.4: Stromgren photometry 3, (b — y), m1, ¢; of Am-type stars: example of reddening correction using
indices_Astars. for. From Carquillat et al. (2004).

o8 -
Ql2 -
arn'{ﬁ']l
006 |-
% 4 *
X X
000 B X —
[Fu.ﬂ-ﬂ =0.20-10 8m, ()
~006 3 1 ] 1 I
08 0.0 -06 -2 -8B

[FesH] (Coyrel)

Figure 1.2: Stromgren photometry: dm;i((3) versus [F'e/H| of F-type stars compared to Cayrel’s correlation
formula. From Crawford (1975).
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Figure 1.3: Theoretical grids (Tug, log g) of Kurucz’ models in the Strédmgren (c;)o versus 3 diagram. From
Moon & Dworetsky (1985).
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1.6 Determination of physical parameters

1.6.1 Method used for deriving stellar physical parameters

For deriving the physical parameters for the stars we studied (e.g., in PaperV, PaperVI, and
PaperVII), we proceeded as follows:

1 — From Hipparcos parallaxes m (ESA , 1997), we obtained the distances and the visual
absolute magnitudes of the systems and their errors.

2 — When ubvy, 3 Stromgren photometry was available, (cf. Sect. 1.5), we derived T,
log g, and [F'e/H] as described in Sect. 1.5.5. When Stromgren photometry was not
available, the effective temperature 7.g was based upon the B — V' index and Flower
(1996)’s calibration.

3 — From My, we computed M), using the bolometric correction tabulated by Flower
(1996) (see Table 1.5). From M, and T, we estimated the theoretical radius of the
stars, as shown in Sect. 1.6.4.

4 — Finally, we reported the positions of the stars in the theoretical Hertzsprung-Russell
diagram, log(L/Lg) versus log Teg, from Schaller et al. (1992), completed with the
isochrones computed by Meynet et al. (1993) (e.g. Fig. I1.18). The positions of the
stars in this diagram lead to theoretical estimates of their masses M; and ages (see
Sect. 1.6.5).

1.6.2 Absolute luminosity
My, from Hipparcos data only

For HD 7119 that we studied in Paperlll (Carquillat et al., 2002), Stromgren photometry
was not available. For determining My, we only used data from Hipparcos (ESA , 1997):
V =757,B—V =0.34, w = 3.384+0.93 mas. HD 7119 is at a distance of d = 300 (+110, -
70) pc. Using galactic charts from Lucke (1978) (see Fig. [.4), we we estimated the reddening
correction due to interstellar absorption as £(B — V') ~ 0.06 mag for HD 7119 (first level at
0.2 mg/kpc multiplied by 0.3 kpc). The de-reddenned color index is then B — V = 0.34 —
E(B — V) = 0.28, and the interstellar absorption is

Ay ~3E(B-V) 1.9)
The global apparent magnitude corrected for this absorption is then:
my =V —-Ay=V -3E(B-V) (1.10)

For HD 7119 we find my = 7.39 mag.
We have then, from Pogson’s law (see Annexe B):

My =my +5logw + 5 (I.11)

The global absolute magnitude of HD 7119 is then: My = 0.035.

13
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Photometry of the binary components from global values

Global V' photometry was available for all the Am systems we studied, and in particular m.,
was known. In the case of SB2’s the difference of 1V magnitude could be determined from
the CORAVEL correlation dips (Lucke & Mayor, 1980). We show in this section how we
estimated the absolute V' magnitudes of each component.

When My, is known, the global bolometric magnitude of the system can be derived by
applying a bolometric correction C'y, (see Table 1.5 from Flower (1996)):

My, = My + Cy (I.12)

Since Ly = 4.75 (Schmidt-Kaler, 1982), the intrinsic luminosity L /L is related to the
absolute bolometric magnitude My, as:

Moy = —2.51log L/ L + 4.75 (1.13)

Therefore:
logL/Le = 1.9 — 0.4My (1.14)

The two components (with indices 1 and 2) contribute to this global luminosity as L =
L1 + Lo, and therefore:

MV =-2.5 IOg(Ll + LQ) - C\/ +4.75 and MV2 - MVI = —2.5 10g<L2/L1) (115)

where L and L, are in L, units

Ly + Ly = 10704Mv=Cv=4T  and  [,/L, = 107044mv (1.16)
Finally:
10—0.4 (My —Cy—4.75) 10—0.4 (My+AmV —Cy—4.75)

d L=
(1+ 10-04amyy A4 =2 (1 + 10-044my)

L= (1.17)

My, =—-251logL; +4.75 —Cy and Myy = —251log Ly +4.75 — Cy (I1.18)

For HD 7119, Cy = —0.1, and My, = 0.035 (see Sect. 1.6.2). As we measured Amy =
0.7 from the CORAVEL correlation dips, those relations lead to My, = 0.69 and My, =
1.39.

My, from ubvy 3 Stromgren photometry and Hipparcos parallax

When [ was available, the de-reddened indices (b — y)q, (m1)o, (¢1)o and (dm;)o were com-
puted with Crawford (1975, 1979)’s formulae, as explained in Sect. [.5.3. The colour-excess
was then derived with the relation established by Crawford (1975):

Ep_v =Ey,/0.73 (1.19)

When [ was not known, Eg_y was estimated from Lucke (1978)’s opacity maps and the
distance deduced from the parallax. Then the same relation allowed to retrieve E;_, which
we could use to correct the Stromgren indices for reddening effects.

The values found for Eg_y are then used to correct the apparent visual magnitudes my
for the interstellar absorption Ay ~ 3 Eg_y (Eq. [.9). When the Hipparcos parallaxes o were
available those corrected my, magnitudes allowed the computation of the absolute magnitudes

14
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logioTer (K)| 47 46 45 44 43 42 41 40 39 38 37 36 35

Cy -45 -39 -31 -25 -19 -14 -0.84 -0.25 +0.03 -0.01 -0.3 -1.2 -3.8
B-V ]-0.34 -0.32 -0.30 -0.27 -0.23 -0.19 -0.13 -0.03 0.17 0.49 0.91 1.50 1.76

Table 1.5: Bolometric correction Cy and B — V index as a function of Teg for main sequence stars. From
Flower (1996).

My, from ubvy3 Stromgren photometry only

In Paper VIII, for HD 109762, whose parallax was not measured by Hipparcos, we estimated
its absolute magnitude from the Stromgren photometry only. We used the calibration derived
by North et al. (1997) from a sample of stars of types A and Am observed by Hipparcos:

My =12.6 —3.73 — 8.3 (0c1)o + 6.5 (dmy)o + 7.2107° (v, sin ).

1.6.3 Effective temperature from B — V color index

When Stromgren photometry was not available, we used the empirical calibration proposed
by Flower (1996) that gives T.¢ as a function of B — V' (see Table 1.5). The reddening
correction E(B — V') due to interstellar absorption was estimated from the galactic charts of
Lucke (1978) (see Fig. 1.4).

For example, for HD 7119, we estimated T.gz ~ 7500 K, on the basis of a de-reddened
colour index B — V' = 0.28 (Carquillat et al., 2002).

1.6.4 Stellar radius

The stellar radii can be estimated from L /L. and Tt using Stefan’s law, assuming that the
stars radiate as black bodies, as calibrated by (Schmidt-Kaler, 1982):

log R/Re = —0.2Mye — 2log Teg + 8.47 (1.20)
As My, = —2.5 log L/ L + 4.75 (Eq. 1.13), we have:

log R/Re = 0.5log L/Le, — 2log Tug + 7.52 1.21)

I.6.5 Masses and ages

The lack of knowledge of the orbital inclination ¢ forbids a direct determination of the
component masses from the mass function f(m) derived from the spectroscopic orbits (see
Sect. 1.4.4). To estimate the stellar masses, we used Schaller et al. (1992)’s theoretical HR
diagram with evolution tracks, and the isochrones given by Meynet et al. (1993) (see Fig. 1.5).
To position the stars in this diagram, we determined their effective temperature 7. and in-
trinsic luminosity L /L, using the method described in Sect. 1.6.1. Most of the Am stars we
studied lay in the main-sequence domain and showed different degrees of evolution.
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Figure .4: Galactic charts of reddening correction E(B — V') due to interstellar absorption. From Lucke (1978).

16



I1.6. DETERMINATION OF PHYSICAL PARAMETERS

For example in Paperll, for HD 7119, we determined L /L, from photometric measure-
ments and Hipparcos parallax (Sect. 1.6.2) and T from its color index (Sect. 1.6.3). Tak-
ing into account the uncertainties on these values, the two stars were plotted on the same
isochrone with the constraint of a mass ratio equal to K,/ K; = 1.10, as observed. The corre-
sponding mass values are 91, = 2.2 + 0.3M and 91, = 2.0 4+ 0.3M,, with an age of about
8. 10® years (Carquillat et al., 2001).

1.6.6 Masses and separations of the secondaries of SB1’s

When only one component was detected, it is not possible to position the secondary in the
HR diagram. However, the absence of detection gives some indications that can be used for
estimating the mass and separation of those secondaries.

From the values computed for f(m) and a; sin ¢ obtained when computing the spectro-
scopic binaries orbits, and assuming that the masses M; of the primaries are equal to the
theoretical values, we can obtain, for a given value of the orbital inclination i, the values of
Mo, the mass of the secondary, and a, the true mean separation of the components. To do so,
we use the following formulae (see Sect. [.4.4 and Annexe B):

f(m) = My xsin®i x p® / (14 p)?, 1.22)
where p = My /M, is the mass-ratio in the system, and
a=a;+ay = (a;sini) X (1+1/u)/sini. (1.23)

The minimum values for p, My and a correspond to sin: = 1 (i.e., ¢ = 90°). As for
the maxima of M and p, they can estimated taking into account the absence of CORAVEL
correlation dips from the secondary spectroscopic components, that implies roughly Am,y >
2.0, i.e., via the mass—luminosity relation, ¢ < 0.6 (see Carquillat et al. (2004)). We then
deduce minimum and maximum values of a and ¢+ An example of this determination is given
in Table 1.6 of PaperVI).

As pointed out by Carquillat et al (1982), the separations obtained from Eq. 1.23 have a
small dependence on the value chosen for ¢ (e.g., see line 15 of Table 1.6). If ag is the sepa-
ration corresponding ¢ = 90°, and «a the true separation, the ratio a/ay may be approximated
by the function (sin)~'/4, which is also an upper estimate of a/a,. Hence, when i decreases
from 90° to 20° (the most probable range for SBs, with a corresponding probability of 94%),
a increases by less than 30% of its initial value, a.
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Figure 1.5: Stromgren photometry has allowed us to position the primary components of the Am SB1 studied
in PaperVII, 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. The ages
found were then compared with tgync and tcirc (see Table 1.7). From Prieur et al. (2006b).

18



L.7. TIDAL EFFECTS

I.7 Tidal effects

Tidal interaction is an important factor in changing the orbit of a close detached binary. Each
star raises tides on the other that deviate from an instantaneous equipotential shape. This
result in misalignment of the tides with respect to the line joining the centers of the two stars,
which produces a torque component in the gravitational attraction of the stars. Via this spin-
orbit coupling, angular momentum is exchanged between the orbit and the rotation of each
star. At the same time, energy is dissipated in the tides, which diminishes the total energy
of orbit and rotation. In a detached close binary, tidal evolution will continually change
the orbital and rotational system parameters. Ultimately either an equilibrium state will be
reached asymptotically, or the two stars will spiral in towards each other at an increasing rate,
leading to a collision (see Zahn (1977); Hut (1981)).
In the case of detached binaries, an equilibrium state is characterized by:

e coplanarity (the equatorial planes of the two stars coincide with the orbital planes),
e circularity (of the orbit),

e corotation (the rotation periods of the two stars equal the revolution period).

Such an equilibrium state is stable (resp. unstable) if more (resp. less) than 3/4 of the total
angular momentum is in the form of orbital momentum, as shown by Hut (1980) (see Annexe
B).

The observations show that short orbital period detached systems are generally in an
equilibrium state: the orbits are circular and the equatorial rotation of each companion is
synchronized with the orbital motion (see Sect. I.7.1). Conversely, long period systems may
still be in the evolution stage towards this final state. The orbital parameters will then asymp-
totically reach their equilibrium values, with different time scales. Theoretical studies have
shown that the rotation of each component quickly synchronizes with the instantaneous or-
bital angular velocity at periastron, and could reach an intermediary state is called “pseudo-
synchronism” before the orbit is fully circularized (Zahn, 1977; Hut, 1981; Claret & Cunha,
1997) (see Fig. 1.6 and Hut (1981)). Pseudo-synchronization is caused by the fact that tidal
interaction is strongest around periastron in elliptical orbits.

Synchronization (or pseudo-synchronization) is a powerful process for slowing the axial
rotation of a star. This is therefore very important for Am stars, since it seems established
that such a slow rotation is required to form Am-type stars through the diffusion of chemical
elements (Michaud al., 1983).

I.7.1 Rotation-revolution synchronism test

A star belonging to a binary system is synchronized when its spin-axis rotation period is
equal to its orbital period.

Synchronization test (circular orbits)

Kitamura & Kondo (1978) proposed a simple test to check whether synchronization has been
reached by the components of a detached binary system. This test assumes that synchronism
is verified and then estimates the value of the component radius corresponding to the observed
rotation velocity and orbital period.
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Figure 1.6: Pseudo-synchronism: example of Mercury. Its (sidereal) rotation period is equal to 2/3 of its orbital
period (2:3 resonance). Through a permanent asymmetry in its shape (exaggerated here), Mercury is locked in
a state of pseudo-synchronization of orbit and rotation around perihelion. From Hut (1981).

Let Ryyne, the expected value of the radius of a stellar component obtained when assuming
that (1) synchronism has been reached, and (i) that the orbit and the equator of the star are
coplanar. In that case the spin-axis angular rotation velocity €1, is equal to the mean orbital

motion n;:
Qs o Ue/Rsync o

n 506/P
where v, is the tangential equatorial velocity in km.s™!, P is the orbital period in days, and
Rgyn is the star radius in solar radii (Rg).

We have then have the relation:

(1.24)

Ve P

Rs nc — tn o
v 50.6

(1.25)
The Kitamura and Kondo’s test (hereafter KK-test). consists of comparing the estimated
radius R, of each component (x = 1 or 2 for the primary, or secondary component, respec-
tively) with Rgy,.. The KK-test is positive when their values are similar: synchronism is
likely to be verified by the corresponding component.

In fact, v. cannot be determined from our spectroscopic observations. Only the projected
equatorial velocity v, sin 7 is an observational datum, that can be derived from the analysis of
the CORAVEL correlation dips (see Benz & Mayor 1981, 1984). We thus preferred using the
following relation derived from Eq. [.24:

Ve sini P

Rs nc — Fn o 1.26
Y 50.6sin ¢ (1:26)

As sint < 1, this relation implies a constraint on R, the radius of the star:
R, > Reynemin with  Rsyne, min = Ve sind x P/50.6 1.27)

which is a necessary condition for synchronism. Indeed, given P and v., sin ¢, a stellar com-
ponent whose radius R, is such that R, < Rgyn., has an angular rotation §2 = v, sini/R,
which is too large for synchronism (i.e., it rotates too quickly).
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Another formulation is based on the rotation velocity only, assuming the stellar radius R,
is known. From Eq. .26, we have:

50.6 R,

Usyne = Iz (1.28)
As sinz < 1, the observed projected velocity v, sin ¢ must be smaller than vgyy:
Ve SIN T < Vgyne (1.29)

This inequality constitutes another test for synchronism, since it is a necessary condition for
synchronism.

Pseudo-synchronization test (elliptical orbits)

For non circular orbits, the pseudo-synchronism test involves a larger rotational velocity than
for the equilibrium state: €2,,; > ), in Eq. [.24. According to (Hut (1981), eq. 43), in the case
of small elliptical orbits (i.e. e < 1) pseudo-synchronization is reached when the rotational
velocity of each component is equal to:

Qs
P %14—662—}-%64—1—%66 (I.30)
n

Hence, Eq. [.24 becomes:

Vex / Rpsync

— 3 223
50.6/P =1+6e*+2e! +22¢°

where Ry 18 the expected value of component radius in the case of pseudo-synchronization.
We then have:

VesSing P
50.6sin?
or when introducing the pseudo-synchronization period Pgync:

Rpsyne = (14662 + 2t 4+ 228 c6)

V. 51n17 P,
Rsncze—psync with Psnc: 1+6€2+§€4+%66P
pey 50.6 sin i payne = ; 23 ¢6)

In the case of pseudo-synchronization, we then derive a condition similar to (1.27):
R, > Rpsync,min with  Rpsyne, min = Vex SIN G X Pygyne/50.6 1.31)

Since Pysyne > Psyne We have: Rpgyne min > Msynemin: the condition of pseudo-synchronization

(I.31) seems more restrictive than the synchronization condition (I.27). In fact, assuming that
the component radius remains the same, pseudo-synchronization of non-circular orbit occurs
with a larger rotational velocity v., than synchronization of the circular orbit with the same
semi-major axis a. In the tidal evolution process starting with a non-circular orbit and a large
rotational velocity, (pseudo)-synchronization may thus reached before synchronization (i.e.
before circularization). This is the case of HD 127263 and HD 138406 in Table 1.6, and
HD 204251 in Table 1.7. But there is also the case of HD 19342 and HD 102925 (Table 1.6)
where circularisation has occurred before synchronization.
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Note that the term of pseudo-synchronization period that we used for P 1s somewhat
misleading, because one should expect that a shorter period than P be involved in the case of
eccentric orbits since tidal effects are maximum close to the periastron. Indeed, the osculating
mean motion 7y at the periastron is larger than n, the mean motion of a circular orbit of
period P. More precisely (Hut (1981), eq. 44):

(1+e)?
Nperi = (1 _ 62)3/2 n (1.32)
To illustrate its dominance in the case of highly eccentric orbits, n, can be used in the pseudo-
synchronization condition (Hut (1981), eq. 45):

152 45,4 | 5 .6
Qs 1+ Fe+ e+ 5e

= 1.33
Nperi (14 3e? + 2e*)(1 +e)? @33)

Example of application: binaries of PaperVII

We applied this test to the primary component of the seven systems studied in Prieur et al.
(2006b). 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 Ry, (see Table 1.7, line 15). We thus obtained the equatorial velocity value
for synchronism vy, quoted in of Table 1.7. This value could then be compared with the
measured value of v, sin ¢ (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 short-period 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.

1.7.2 'Theory on synchronization and circularization of the orbits

To account for tidal effects occurring among early type stars, Zahn (1975, 1977) proposed
that the main dissipative mechanism was radiative damping acting on the “dynamical tide”
(whereas in late-type stars with a large convective zone, the “static tide” plays a major role,
see Annexe B). He has studied in detail the theoretical aspects of the dissipative phenomena
occurring in tidal interaction between early-type close binaries that finally lead to orbital
circularization and synchronization between spin and orbital period. The *“Spectroscopic
Binary group” have had many fruitful discussions about tidal interaction with J.-P. Zahn who
worked for many years in the same institute, in Toulouse We present here some results of his
theory that can be confronted to our observations. More details can be found in Annexe B.
In Annexe B, we discussed the alternative solution of meridional circulation proposed by
Tassoul (1987); Tassoul & Tassoul (1992) that we mentioned in Carquillat et al. (2004), but
it was shown that those authors used wrong boundary conditions (Rieutord & Zahn, 1997).

Synchronization and circularization characteristic times

For stars with an outer radiative zone, like Am stars, Zahn (1975, 1977) proposed that the
main dissipative mechanism was radiative damping acting on the “dynamical tide”, and
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showed that the circularization timescale, .. (defined such that 1/t = —é/e), was a
steep function of the fractional radius R/a:
1 21 (GM\'? . R\*?
. :?(?) q(1+q)"/°E, (E) (1.34)

where Es is related with the dynamic tidal contribution to the total perturbed potential.
The tidal constant F5 is dependent on the stellar structure and on the mass of the star:

e For a given mass, it is a strongly decreasing function of the convective core size. When
the star evolves off the main sequence, its core shrinks and I/, decreases very quickly.
It was shown that E»5 can change in several decades during stellar evolution for a given
mass (Claret & Cunha, 1997).

e For nearly homogeneous models of stars near the ZAMS, with masses of 1.6 to 5 M,
log F5 changes from —8.5 to —6.8 (Zahn, 1975; Claret & Cunha, 1997).

The strong dependence of E on the internal stellar structure, which is unfortunately badly
known, induces large uncertainties on ;.

With the same theoretical description of radiative dissipation induced by tidal effects,
Zahn (1975) also predicted values for ¢y, the characteristic synchronization time of binary

systems:
GM 1/2 MRQ R 17/2
=5 x 2°/3 x (?> (14 q)°°E, i <5) (1.35)

sync
where [ is the momentum of inertia of the star.

In Carquillat et al. (2004) and Prieur et al. (2006b), we computed i, and tsn. by per-
forming a parabolic interpolation of the tabulated Es values computed by Zahn (1975), which
are in very good agreement with more recent computations by Claret & Cunha (1997). This
was done with the program t sync_tcirc. c (see Sect. A.2) that I wrote for this purpose.

1.7.3 Comparison with theoretical characteristic times
Binaries studied in PaperVI

In Carquillat et al. (2004) we computed .. and tsync for 10 binary systems, with the program
tsync_tirc.c (see Sect. A.2). that interpolates the tabulated E, and M R?/I of Zahn
(1975). Except for HD 126031, for which ¢ = 0.75 was known, we assumed ¢ = 0.5 for all
systems.

Circularization The results found in Carquillat et al. (2004) are reported in Table II.10.
Unexpectedly, for every object, the characteristic circularization time %, we computed is
larger (for HD 199360), or much larger (for the other systems) than the estimated age of
the system. Hence the circular orbits of HD 19342, 102925, 126031, 155714, 195692 and
199360 cannot be explained by tidal effects acting on the Am stars during their life in the
main sequence, in the context of Zahn’s theory.

There are more circularized systems than what is expected from models with radiative
dissipation of dynamical tides. However, let us recall that Eq. .34 is valid for homogeneous
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systems, made of two stars possessing a radiative envelope. As seen in Sect. [1.5.8, the sys-
tems SBI studied in PaperVI are not homogeneous, and the unseen companions are likely
to be convective late-type stars, with masses less than 1.4 M. For stars having a convec-
tive envelope, dissipation by turbulent viscosity is the dominant process. According to Zahn
(1989), the circularization of orbits takes place in the very beginning of the Hayashi phase of
pre-main sequence phase, for late-type binaries. There is little further decrease of the eccen-
tricity on the main sequence. Hence the convective dissipation acting on the cool companion
may circularize the orbit of a non-homogeneous binary system. Zahn & Bouchet showed
that the theoretical cut-off period, which separates the circular from the eccentric systems is
P ~ 8 days for convective stars with masses ranging from 0.5 to 1.25 M. This would pro-
vide a natural explanation for the presence of circular orbits for the shortest period systems
of our sample, namely HD 126031, 155714 and 199360. The case of HD 19342 and 102925
with periods longer than 42 days and 16 days, respectively, is more puzzling: those systems
may have formed as circular, indeed.

Conclusion: the radiative dissipation of dynamical tides as presented by Zahn (1975) seems
not efficient enough to circularize the binary systems we have studied in PaperVI. Circular-
ization of the orbit may have occurred during the pre-main sequence stage, with a greater
efficiency by convective dissipation of tidal effects acting on the cool companion, and some
systems may have formed with circular orbits.

Synchronization When comparing the results of Carquillat et al. (2004) with the predic-
tions of Zahn’s radiative theory for ty,., we found:

e All systems for which KK-test is negative have tyyn. > tage, Where .4 1s the age of
the star (Line 23 of Table 11.10);

e For HD 199360, tsyn. < f.g and indeed this system is very likely to be synchronized
(since KK-test is positive and the period is very short, P = 1.99 d);

e The agreement with Zahn’s theory is marginal with log tsn. ~ logt,e. for HD 126031
(synchronized) and HD 155714 (very likely to be synchronized with a positive KK-test
and a very short period).

e A clear disagreement is found for the systems HD 127263, 138406 and 195692 which
have a positive KK-test and tqyyc > tage X 102.

Hence the tidal effects seem more efficient for synchronizing binaries than what is ex-
pected from Zahn’s theory of radiative dissipation. A possible explanation could be that
synchronization by tidal effects starts from the upper layers of the star and then proceeds
inwards to the center (J.-P. Zahn, 2003, private communication). As observational data (ro-
tation velocity) concern the surface of the star, there is a possible bias of considering as
synchronized stars objects for which synchronism state is not fully reached on the whole star.
A theoretical problem would then be to derive the characteristic time ¢4,,+ when the process
starts in the surface and the typical duration At of this migration process, from the sur-
face to the center. For HD 127263, 138406 and 195692, this time would be very large with
start < 10_2 tsync and Atmig ~ tsync-

Conclusion: Observations of PaperVI suggest that synchronization of the radiative primaries
occurred much earlier than indicated by the characteristic times. This may be explained by the
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Table 1.6: Physical and tidal parameters derived from the study of the primary components of the seven new
binaries studied in PaperVI. For the reddened objects, the magnitudes corrected for interstellar absorption are
indicated in brackets (lines 3 and 4). For the eclipsing binary HD 126031, we assumed ¢ = 83°. From Carquillat
et al. (2004).

HD 19342 19910 36360 102925 126031 127263 138406 155714 195692 199360
HIP 14653 - 25995 57813 70287 70814 75764 84230 101300 103335
\% 8.00 (7.59) 9.34(9.19) 7.17 7.24 (7.14) 7.54 8.14 6.91 (6.74) 7.06 6.51 7.85(7.73)
B-V 0.47 (0.33) 0.30(0.25) 0.28 0.18 (0.15) 0.34 0.24 0.13 (0.07) 0.38 0.26 0.31(0.27)
vesini (km/s) 9.9 +1.0 14.1+1.0 200£1.0 8.0£1.0 244424 11.0£1.0 66+1.0 174£1.0 9.6=£1.0 13.5 +1.0
7 (mas) 552 £1.11 - 7.29 +1.08 8.78 +£0.64 7.38 £0.92 7.14 £0.74 3.55 £0.54 11.06 +=1.21 12.33 £0.70 6.78 £0.90
d (pe) 181 738 - 137135 114713 135730 14015 282130 90 Ti2 81712 147 133
My 1.30 £0.51 - 1.48 +0.32 1.86 +0.16 2.14 £0.3 2.41 +0.23 -0.51 +0.36 2.28 +£0.24 1.96 +0.13 1.89 £0.29
log L/Lg 1.37 £022 - 1.30 +0.14 1.14 £0.08 1.03 £0.15 0.92 £0.10 2.09 £0.16 0.98 £0.11 1.10 £0.06 1.13 £0.13
Ter (K) 7100 £70 7800 £70 7700 £70 8100 £100 7370 80 7900 £70 8700 +150 7000 £80 7500 £80 7800 80
log glcgs] 3.6 4.4 4.0 - 4.1 4.1 - 4.0 4.1 42
[Fe/H] +0.67 +0.29 +0.55 - +0.64 +0.93 - +0.34 +0.30 +0.75
Ri/Re 32408 ~2 25+04 19402 21+£03 15£02 49£1.0 21403 2.1+0.2 2.0+04
M /Mg 2.00 £0.20 ~2.0 1.95 +£0.10 1.85 £0.05 1.70 £0.10 1.70 £0.05 ~ 3 1.65 +0.10 1.80 +£0.05 1.80 £0.10
M min/Me 0.9 1.1 0.7 0.6 - 0.4 0.3 0.06 0.3 0.1

M2 max/Mg 1.2 1.2 1.2 1.1 - 1.0 1.8 1.0 1.1 1.1
amin/Ro 73.1 38.2 209 36.5 14.5 31.8 54.8 11.2 28.8 8.3
amax/Roe 75.6 38.4 222 39.0 - 345 61.9 13.0 29.8 9.5

a 74.4 38.3 216 37.8 14.5 332 58.4 12.1 29.3 8.9

R/a 0.04 0.05 0.01 0.05 0.13 0.05 0.08 0.17 0.07 0.22

imin (deg.) 53 75 39 36 - 31 13 5 53 7
Rsync,min/Re 83 £08 43+03 79.6+40 2.6+03 1.84+02 19402 26+04 1154007 2.1£02 0.53 £0.04
Synchronized? no no no no yes ~likely likely likely likely likely
Circularized?  yes no no yes yes no no yes yes yes

log agelyr] ~ 9.00 7549 - 8.94 7602 877 70-9% 9.00 7693 ~8£0.7 ~8.7 9.13 1553 900 T3-02 8.90 593
log teirclyr] 17.6 16.3 234 16.7 12.3 17.2 14.1 11.4 15.4 9.9

log tsynclyr] 14.1 12.9 18.7 133 9.6 13.7 11.1 9.1 12.2 7.8

P (days) 42.6 15.4 216.5 16.4 3.8 14.2 259 33 11.3 2.0

theory: synchronization of the whole star is a progressive process starting from the surface,
and observations only detect the rotational velocity of the surface (see Annexe B).

Binaries studied in PaperVII

The values of t.,. and %, computed for the objects of Prieur et al. (2006b) are given in
Table 1.7 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 = (.87,
the minimum separation is much smaller than the mean separation (a) and the corresponding
values of t.,. and ¢, are also much smaller. Note 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 estimated the ages for primary stars of the systems displayed in Fig 1.5 by using the
isochrones of Meynet et al. (1993) plotted in this figure as dashed lines. Those values are
reported in Table 1.7 (line 24).

Circularization We found a fair agreement between the ages of the stars and the theoretical
values of #giyc:
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Table 1.7: Physical and tidal parameters derived from the study of nine new binaries of PaperVII. The sub-
scripts 1 and 2 refer to the primary and secondary components, respectively. From Prieur et al. (2006b).

HD 3970 35035 93946 151746 153286 204751 224002
HIP 3331 25160 53081 81757 82864 — 117856
my 7.20 7.56 8.65 6.82 7.03 7.93 7.99
B-V 0.34 0.31 0.28 0.22 0.31 0.33 0.31

Ep_v 0.04 0.08 0.00 0.00 0.00 0.03 0.06
Vesini (km.s™1)29.1 £29 221422 253413 131426 73+02 273+27 388439
7 (mas) 540+ 0.81 533 £1.243.61 +1.15 826+ 0.59 9.43 +0.60 120 £ 4.1 6.47 + 0.86
d (pc) 185733 188T5% 277l 12179 10677 83751 155755
My, 0.83+£0331.64+05 1524069 20+02 198+0.14 3.31 £ 0.74 1.94 + 0.28
Tog (K) 7400 £ 100 8000 = 100 (7300 + 100) — 7500 4 100 7300 = 100 (7500 + 100)
log g (cgs) 3.7 4.1 — — 4.0 4.0 —

[Fe/H] 0.68 0.43 — — 0.71 0.86 —
log(L/Lg) 1.55+0.13 1.25+0.20 1.28 + 0.28 — 1.09 +0.06 0.73701*  1.11 £ 0.11
M; (My) 22402 19402 19+03 (~2) 1.80 £0.05 ~ 1.6 1.8+0.1
R (Rg) 36406 22406 27409 (~2) 20402 ~1.6 21403
My, min Mg) 0.5 1.3 0.6 (~05) 07 ~0.3 0.8

a (Re) 715440 647+20 143+1.0 (175+£12)1386+85 89.5+45 445+25
a(l—e)(Re) 35420 250+8 142+10 — 863 +54 11.6+0.6 39.6 422
P (days) 40 1025 3.6 4.8 3458 60 20

P, (days) 16.62 238.14 — — 1872.04  2.57 18.47

Vegne (km.s™!) 110 0.5 38.4 (21) 0.05 31.5 5.8
Synchronised? no no likely likely no likely no
Circularised?  no no yes yes no no no

logage (yr) 890791  887t01 90090 8951005 <895  9.00%50!
10g tegne (yr)  13/10.6  23/20 8.4 (10) 26/25 17100 14/13

l0g teire (yr)  17/13 29/25 10.7 (13) 33/31 22/125 1716
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e the cases of non-circular orbits correspond to values of .. much larger than the esti-
mated ages.

e But the circularised systems have ages much smaller than the values computed for %
with Zahn’s model (e.g., HD 93946 and HD 151746).

As in PaperVI, we have found in PaperVII circularized systems with t .. much larger
than their ages.

As already discussed in Carquillat et al. (2004), possible origins of this discrepancy for
an SB1 binary system are:

e the unseen companions have 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).

e the binary system may have formed as circular.

Synchronization We found a rather good agreement between the ages of the stars and the
theoretical values of Zyn:

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

— the cases when this test is negative correspond to values of ¢y, much larger than the
estimated ages.

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

Observations of Paper VII are in good agreement with the expectations of Zahn’s theory
concerning synchronization.

Another conclusion would be that there is a good agreement between the physical param-
eters deduced from our observations, Zahn’s model and Meynet et al. isochrones.

I.7.4 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, ¢ o< (R/ a)*m/ %i (Eq. 1.34) and
tene o< (R/a)™'7/2 (Eq. 1.35). Hence the determination of the smallest component separa-
tions, or critical fractional radii 74y, and 7., at which synchronism or orbit circularisation
become mostly observed, is a valuable test for theoretical models.
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Figure 1.7: Circularisation of the 33 binary systems we studied from Paper I to Paper VII. From Prieur et al.
(2006b).

Curve e versus R/a

Giuricin et al. (1984a) showed on a sample of 200 early-type binaries (O, B, A-type) that the
transition between eccentric and circular, or quasi-circular (i.e., e < 0.05) orbits was rather
sharp and occurred at about (R/a). ~ 0.24, which agreed well with Zahn’s theory.

Following those authors, we computed in Paper VI the fractional radius for each object
of our sample by using for a the mean value @ of a3, and @, (Line 17 of Table 1.6) and for
the 8 short-period systems studied in Carquillat et al. (2003b). The resulting plot (Fig 11.20)
suggested that the critical value of the fractional radius is (R/a). ~ 0.15. This was smaller
than that proposed by Giuricin et al., that was in full agreement with Zahn’s model.

In Paper VII, we built a new plot (Fig. 1.7) with the 33 stars studied in the series of our
papers devoted to Am spectroscopic binary systems (see Papers I to VI in the bibliography).
We report in Table 1.8 the ellipticity and synchronisation parameters obtained by using all
the relevant data contained in those papers. Fig. [.7 confirms what we found in Paper VI and
clearly shows that all stars with » > (.15 are orbiting on circular orbits.

Curve log(vsini/vsy.) versus R/a

Using Table 1.8, we built in Paper VII the two curves of Fig. [.8a and 1.8b in order to determine
the critical fractional radius for synchronization and pseudo-synchronization.

In the diagram log(v. sini/vsy,.) versus r of Fig. 1.8a, the synchronism test of the in-
equality v sini < vgyne (1.29) corresponds to imposing a threshold with the dotted line. This
would lead to 7y, &~ 0.1. We could also apply a stricter criterion involving the ratio v, /vsync,
with the unprojected equatorial velocity v.. If we assume that the inclination has a uniform
random distribution, the most probable value of sin¢ is 0.5, which corresponds to ¢ = 60°
(dashed line). In Fig. 1.8a, the test v, < Vsyne Would lead to 74y, =~ 0.20.

For the non-circular orbits, that are concerned with pseudo-synchronism we have plotted
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Table 1.8: Tidal effects on Am-type binary systems: ellipticity and synchronisation parameters obtained in our
series of papers, Paper I to Paper VI. In col. 4: v = v, sin ¢. Those data are used in Figs. 1.7 and L.8.

Name R/a e log(ve sini) /vsyne  R/[a(1 —e€)] Reference
HD 341 0.157 0.00 —0.40 0.16 Paper V
HD 3970 0.05 0.51 0.42 0.10 Paper VII
HD 7119 (prim) 0.27 0.03 —0.43 0.28 Paper 111
HD 7119 (sec) 0.19 0.03 —0.50 0.20 Paper II1
HD 19342 0.04 0.00 0.42 0.04 Paper VI
HD 19910 0.05 0.06 0.33 0.06 Paper VI
HD 35035 0.003 0.61 1.65 0.01 Paper VII
HD 36360 0.01 0.11 1.50 0.01 Paper VI
HD 55822 0.11 0.12 —0.01 0.13 Paper V
HD 61250 0.19 0.00 —-0.23 0.19 Paper V
HD 67317 0.11 0.00 —0.19 0.11 Paper V
HD 81976 0.11 0.06 —0.18 0.12 Paper 11
HD 93946 0.19 0.01 —0.18 0.19 Paper VII
HD 93991 0.25 0.00 —0.32 0.25 Paper V
HD 98880 (prim) 0.09 0.00 —0.05 0.09 Paper 11
HD 98880 (sec) 0.05 0.00 0.13 0.05 Paper 11
HD 100054B 0.06 0.03 -0.17 0.06 Paper IV
HD 102925 0.05 0.00 0.13 0.05 Paper VI
HD 125273 (prim) 0.12 0.07 —-0.29 0.13 Paper 1
HD 125273 (sec) 0.123 0.07 —0.31 0.13 Paper I
HD 126031 0.15 0.00 —0.06 0.14 Paper VI
HD 127263 0.04 0.32 0.10 0.07 Paper VI
HD 138406 0.08 0.21 -0.27 0.08 Paper VI
HD 153286 0.002 0.37 2.16 0.02 Paper VII
HD 155714 0.16 0.00 -0.27 0.17 Paper VI
HD 162950 0.06 0.20 —0.08 0.08 Paper V
HD 187258 0.05 0.37 —0.06 0.09 Paper IV
HD 195692 0.07 0.00 0.01 0.07 Paper VI
HD 199360 0.22 0.00 —-0.57 0.22 Paper VI
HD 204751 0.02 0.87 —0.06 0.14 Paper VII
HD 224002 0.05 0.11 0.83 0.05 Paper VII
HD 224890 0.06 0.21 0.02 0.08 Paper V
HD 225137 0.163 0.00 —0.25 0.16 Paper V
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Figure 1.8: Synchronisation of the binary systems belonging to the sample of PaperVII (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 ¢ = 0 and ¢ = 60°, respectively. From Prieur et al. (2006b).

log(ve 8in i /vgync) versus R/[a(1 — e)] (see Fig. 1.8b), since the minimum separation a(1 — e)
is more relevant in this case. Indeed tidal interaction is the strongest 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 syn-
chronism. 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.

Compared to the sample studied by Giuricin, our sample is limited to Am-type stars,
which facilitates theoretical studies since it has a much more limited range of physical pa-
rameters (temperature, radius, mass). From table 2 of Zahn (1977) we obtain rg,. ~ 0.14
and 7. ~ 0.20, for binary systems with M; = 2 Mg and ¢ = 1. If we assume a smaller
mass ratio, ¢ = 0.5, which is generally more likely for single-lined spectroscopic binaries,
those values become somewhat larger: rgy,. ~ 0.17 and 7. = 0.24.

With our sample of Am stars we find 74y, ~ 0.20 which is very close to the predicted
value. Concerning the circularisation, our determination of 7. ~ 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 1.7, line 16). Hence those stars must have convective envelopes.
As mentioned in Sect. [.7.3, tidal effects acting on the companions are more effective in this
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case and may have led to the circularisation of the mutual orbits.

Zahn (1977) recognized that his theoretical predictions were rather imprecise, since they
relied on many assumptions on the internal stellar structure, with very few observational
constraints. He said that observations leading to the determination of the limiting separations,
would be very helpful to revise the values of the tidal coefficients E5, and precise the internal
stellar structure. With those new values of rgy. and 7., for Am-stars, we hope that this
study will contribute to refining theoretical models.
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Chapter 11

Detailed study of our sample

II.1 Paper II: HD 81976 (SB2) and HD 98880 (SB2)

In Carquillat et al. (2001), we presented the results of the observations of two Am stars of
eighth magnitude, the double-lined spectroscopic binaries HD 81976 and HD 98880, car-
ried out with the CORAVEL instrument at the Observatoire de Haute-Provence in order to
determine their orbital elements.

The first system, HD 81976, is formed by two quasi-identical stars, and the Hipparcos
data (My,, B-V) are consistent with late A stars in effective temperature; it is likely that the
components rotate synchronised with the orbital motion. A third body may be present in this
system since (i) the orbit has a significant eccentricity despite its short period and (ii) the
systemic velocity V[, shows a possible drift.

For the second system, HD 98880, we obtained Amp = 1.25 and we proposed a simple
model based upon Stromgren photometric indices and the HR theoretical diagram of Schaller
et al (1992) in addition to orbital parameters and Hipparcos data: Teg = 7000 K, log,, g =
4.0, My = 1.9 Mg, My = 1.6 Mg, log,,(age) = 9.12. The components do not rotate
synchronously contrary to HD 81976.

Both binaries appear to be detached systems without possibility of eclipses.

The first of these two stars, HD 81976, was reported as Am in a paper by Bidelman (1988),
in his “Miscellaneous spectroscopic notes”, whereas the second, HD 98880, was included in
the “Third catalogue of Am stars with known spectral types” (Hauck, 1986), which was
the main source used for constructing our sample. Note that the Am type was attributed
to HD 98880 by Abt (1984) during his spectroscopic investigation of a sample of possible
peculiar stars which had peculiar indices in Stromgren photometry (Olsen 1980). Concerning
their binarity, only HD 81976 had already been reported in the past as having a double lined
spectrum (Adam 1915) from observations carried out at Mount Wilson, but to our knowledge,
no spectroscopic orbit had ever been obtained.

II.1.1 HD 81976

The correlation dips measured with CORAVEL are quite similar for both components, which
indicates that the two stars must have a similar type (Am in that case). This is supported by
the value of the mass ratio r = K; /K> = 0.97, very close to unity. Assuming that these stars
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Table II.1: Orbital elements and standard errors for the systems HD 81976 and HD 98880. In 2nd line, T, is the
periastron passage for HD 81976, and the ascending node passage for HD 98880. From Carquillat et al. (2001).

Element HD 81976  Std error HD 98880  Std error
P (days) 5.655750 0.000050 14.20783 0.00018
To (HID) 2449785941 0.045 2448682.883 0.015

w (degrees) 3414 3.0

e 0.061 0.003 0 (fixed)

K, (km.s™!) 61.68 0.26 42.47 0.17

K5 (km.s™!) 63.84 0.28 49.16 0.33

Vo (km.s™1h) 19.85 0.14 2.40 0.11

aq sin¢ (Gm) 4.788 0.020 8.298 0.033
ag sint (Gm) 4.956 0.022 9.604 0.064
M, sin®i (M) 0.5875 0.0057 0.6091 0.0088
My sin®i (Mg) 0.5676 0.0054 0.5262 0.0056
o1 (0-C) (km.s™1) 1.0 0.55

o9 (O-C) (km.s™1) 1.2 1.7

have a mass of the order of 2 M, the value obtained for M, sin®i = 0.5875 M, would lead
to ¢ = 42°, which implies a quasi-certain impossibility of eclipse occurrence. With the same
assumption, we would have @ = a; + ay = 14.66 Gm= 21 R, and the system would appear
as detached.

Comparison with the Hipparcos measurements

For HD 81976 = HIP 46588, the Hipparcos catalogue (ESA 1997) gives: V = 8.17, 7 =
5,60 £ 1.18 mas, B—V =0.285,V — I =0.32.

From the value for the trigonometric parallax, the distance of this system is about 180 pc,
and the absolute I magnitude can be estimated at 1.93+0.46, assuming negligible interstellar
absorption. If we assume both component have the same luminosity, we obtain My = 2.68 +
0.46 for each component. This value is compatible with Am-type stars as shown by North et
al. (1997), who obtained absolute V' magnitues in the range +0.3 and +2.8 for a sample of
96 Am stars observed with the Hipparcos satellite.

Note also that the color indices as measured by Hipparcos are consistent with a late A-
type star, about A7-A8 (Schmidt-Kaler, 1982). Such a spectral type should correspond to the
strength of hydrogen lines and the effective temperature of the star (Bidelman does not give
any detail for his classification but only the result: “Am”). This is also consistent with the dA7
classification given in the Mount Wilson catalogue (Wilson 1953), since such a classification
was done at a time when the Am stars were not yet known as a family of its own.

Rotation-revolution synchronism

Since the orbital period is rather short, a synchronism can be expected between the axial
rotation and the orbital revolution of the components. The test proposed by Kitamura &
Kondo (1978) consists of calculating the radii that the two stars would have if synchronism
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was effective. If the values found for these radii are compatible with those expected for
stars of similar spectral type, one can deduce that the hypothesis of synchronism is plausible.
Actually, the equatorial velocity for synchronism is V; = 50.6(R/Rg)/P.

In our case, V; can be estimated from v. sin ¢ as deduced from the profile of the correlation
dips (method described in Benz & Mayor 1981), which is 14.5 & 0.5 km s~'. Assuming
1 = 42° and the coplanarity between the equatorial and the orbital planes, one finds V; =
21.8 km s~! and hence R = 2.4 R.. This value is quite compatible with those deduced
from the study of similar systems showing eclipses (Kitamura & Kondo 1978). We can then
conclude that the hypothesis of synchronism is relevant for HD 81976.

Figure II.1:

Radial velocity curves for HD 81976. Filled circles: main component, open circles: secondary

component. The origin for phases corresponds to the periastron passage. From Carquillat et al. (2001).
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Figure I1.2: Variation of the residuals (O-C) versus time for HD 81976. Filled circles: primary component, open
circles: secondary component. The straight line with a negative slope corresponds to the least square fit. From
Carquillat et al. (2001).
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Hypothesis of a third body

In Sect. 2, we noticed that the eccentricity of the orbit of HD 81976 was not zero and that
the other system studied here has a period nearly 2.5 times larger with a circular orbit. The
existence of a non-circular orbit for a system with a period as short as 5.6 days is surprising.
Actually, the study of a sample of Am stars belonging to the Hyades and Praesepe clusters by
Debernardi et al. (2000) shows that orbits are quasi circular for P < 10 days, and the authors
note that this is in agreement with the theoretical work of Zahn & Bouchet (1989).

On the other hand, when plotting the residuals (O-C) of Table 1 versus time (Fig. 11.2),
one notes they seem to decrease with time, which shows a possible drift of the velocity V|, of
the system’s gravity center.

These two points lead us to suggest the presence of a third body in this system. We have
already formulated such an hypothesis for the Am-type system HD 66068/9 (Carquillat et
al. 1994), which also showed a V}, drift and exhibited an abnormally high eccentricity for a
period close to 8 days.

I1.1.2 HD 98880

For this binary, the mass ratio of 0.86 is an indication that the two components have a similar
type, but contrary to the previous case, the depths of the correlation dips are significantly
different, which implies that their luminosities are also different. Actually, the magnitude
difference of the two components can be inferred from the value of the ratio of the integrated
aeras of the dips (Lucke & Mayor, 1980). For HD 98880, we obtain Ampg = 1.254+ 0.1 mag.

50

s0_| o |

0 0.5 1

Figure I1.3: Radial velocity curves for HD 98880. Filled circles: main component, open circles: secondary
component. The origin for phases corresponds to the ascending node passage. From Carquillat et al. (2001).
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Physical parameters and evolution state of the system

The Hipparcos parallax, 7 = 4.25 + 0.91 mas (i.e. d = 235 pc), combined with the appar-
ent magnitude V' = 8.06 leads to a global absolute magnitude of My = 1.20 £ 0.46 for the
system, if we neglect the interstellar absorption. If we assume that the effective temperatures
of the two components are similar (77 ~ T5), Amy ~ Amp, and if we use the value of
Amp = 1.25 mag found previously, we obtain the absolute V' magnitudes of both compo-
nents: My1 = 1.5+ 0.5 and My 5 = 2.75 £ 0.5.

For HD 98880, Olsen (1983) gives the following Stromgren photometry indices V' =
8.063, b —y = 0.228, m; = 0.243, ¢c; = 0.642 (see Sect. 1.5); the 3 index was not given by
Olsen. The calibration by Crawford (1979) leads to § = 2.72 and )m; = —0.066 (blanketing
parameter). These data allows us to estimate the effective temperature and the metallicity.
The effective temperature, as well as the surface gravity, can be obtained with the theoretical
grids computed by Moon & Dworetsky (1985) (see Sect. L.5).

In this case we find: 7' ~ 7000 K and log,, g ~ 4.0. This value for 7" seems both
compatible with the classification made by Abt (1984): A4-F3-F5 respectively for the K line,
the Balmer lines and the metallic lines, and with the color index B — V' = (.39 reported in
the Hipparcos catalogue (ESA, 1997). As for the metallicity, it can be estimated from the
relation dm; versus [Fe/H] established by Crawford (1975). In this case, [Fe/H] ~ 0.8 dex,
which is a good signature of Am character.

On the other hand, if we refer to the theoretical HR diagram computed by Schaller et al.
(1992) for solar metallicity stars (see fig. 4 of Carquillat et al. (2001)), the masses of the two
components would be about 1.9 M, and 1.6 M, whose ratio is close to that of the RV curve
amplitudes. To locate each component in this diagram, we applied a correction of -0.1 mag
to the absolute magnitude, (i.e., bolometric correction for 7' = 7000 K) to derive M), and
the luminosity L.

We can then propose the following (rough) model: the system HD 98880 is about 1.3 x 10°
years old and constituted by two Am stars with effective temperature close to 7000 K; the pri-
mary (1.9 M) would be already a rather evolved main sequence star whereas the secondary
(1.6 M) would be only about 1 mag above the zero-age main sequence. The corresponding
theoretical radii would be 3.3 R, for the primary and 1.9 R, for the companion.

System dimensions, rotation-revolution synchronism

The value of 1.9 M, found for the mass of the primary would imply 7 = 43°, a = 26.16 Gm= 37.6 R
Hence, like HD 81976, HD 98880 is a detached system without the possibility of eclipses.
The values of v. sin ¢ deduced from the correlation dip profiles are 10.6 £ 0.2 km/s for the
primary and 9.2 £+ 0.7 km/s for the secondary. We applied the Kiramura & Kondo test with
these values and 7 = 43°. Assuming the coplanarity between the orbital and equatorial planes,
the rotation-revolution synchronism would require radii of respectively 4.35 Ry and 3.8 Ry
for the primary and secondary. These values are significantly larger than those (3.3 R and
1.9 R, corresponding to the model described above. We conclude that, unlike HD 81976,
the HD 98880 system has not yet reached the synchronism state, which is not surprising in
view of its much longer orbital period.
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I1.2 Paper III: HD 7119 (SB2 and triple system)

In Carquillat et al. (2002), we presented our study of HD 7119 from radial velocity obser-
vations made in 1992-1998 with the CORAVEL instrument at OHP. Known as an Am/¢ Del
metallic-line star, HD 7119 was included in our spectroscopic survey of Am-type stars whose
purpose was to determine the frequency of binaries in this stellar family.

This object was found to be a double-lined spectroscopic binary with a variable value of
Vb, the systematic velocity of the center of gravity of the pair. The variation of this parameter
was interpreted in terms of orbital motion of an unseen third body with a much longer period.
The orbital elements were derived for both the short and the long period orbits. These orbits
can be considered as well determined since these observations were performed on a regular
basis over the 1992-1998 period, covering more than 320 orbital cycles for the short-period
(P=6.76 days) and 1.3 cycle for the long-period orbit (P~1700 days).

As deduced from the ratio of the correlation dip areas, the magnitude difference of the
components of the short-period system is 0.7 mag. Combined with the Hipparcos data, this
value lead to visual absolute magnitudes of 0.5 and 1.2 for the primary and secondary com-
ponents respectively. Such magnitudes are consistent with evolved ¢ Del-type stars.

The third body could be a cool dwarf star with a minimum mass of 0.5 M, located at
~0.016" from the main system. Consequently, this component it is different from the visual
companion detected by Couteau with a separation of 3.35". If this latter visual component
was confirmed to be a physical component, (not an optical one), HD 7119 would be a quadru-
ple system.

II.2.1 Previous work

In the “Third catalogue of Am stars with known spectral types” (Hauck, 1986), Hauck se-
lected Bertaud (1970)’s classification for HD 7119, i.e., A5 for the Call K-line, and F2 for
the metallic lines (nothing was mentioned about the hydrogen lines). HD 7119 was first re-
ported as Am by Bidelman (1964) from objective-prism observations, and then re-classified
as 0 Del by A.P. and C.R. Cowley (1965), using Morgan’s classification spectrograph. In a
more recent paper, Bossi et al. (1983) reported a private communication where M. Jaschek
confirmed Cowley’s ¢ Del classification. More recently still, a new classification was estab-
lished with the Marly spectrograph at OHP (IIaO plates with a dispersion of 80 A.mm™1)
by Grenier et al. (1999), who gives: Am (A4 A8 F4). This last classification is close to
Bertaud’s. However, Grenier et al. note that the absolute magnitude of HD 7119 derived
from the Hipparcos parallax leads to a much too large luminosity compared to the proposed
spectral type. This apparent discrepancy vanishes when considering the § Del type previously
attributed to this object.

Bossi et al. have detected a possible photometric variability of HD 7119 in the visible
domain, which may be due to pulsations. For these authors, evolved stars with metallic lines
of 9 Del type could also be pulsating variables, whereas this seems to be out of the question
for dwarf stars of Am-type.

In Carquillat et al. (2002), we revealed the (to our knowledge, previously unknown)
double-lined spectroscopic binary nature of HD 7119. Previous spectroscopic observations,
also performed at OHP (Fehrenbach et al., 1997, Grenier et al., 1999), did not reveal the
binary nature of this object. This lack of detection is probably the consequence of an insuffi-
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Relative intensity

-50 0
Relative velocity (km/s)

Figure I1.4: Typical CORAVEL cross-correlation dip obtained for HD 7119. From Carquillat et al. (2002).

cient spectroscopic dispersion (80 A/mm in both cases, which limits the resolution at ~110
km/s). We find that the short-period system, with a period close to seven days, exhibits a
variation of the velocity Vj of its center of gravity with a period of 4.7 years. As HD 7119
is also known as a visual binary (Cou 147 AB, Couteau, 1978) we investigate whether the
third “spectroscopic” body corresponds to the visual component detected by Couteau at Nice
Observatory.

I1.2.2 Observations and derivation of orbital elements

Sixty radial velocity (/') measurements were performed with CORAVEL and were used for
the determination of the orbital elements of the system. These observations (Table 1 of
citeAm-PaperlIl) were obtained over six years (November 1992 — October 1998) which cor-
respond to 320 orbital cycles. Fig. 1.4 shows an example of the correlation dips observed for
the primary and secondary components of HD 7119. Five measurements had to be discarded
because the correlation dips were blended. Indeed, given the width of these dips, the RV sep-
aration of two components had to be larger than ~20 km/s to allow reliable measurements.
The mean internal error is 0.7 km.s~! for the primary RV and 0.9 km.s~! for the secondary
RV.

The orbital elements were first computed with my least-square program BS1 . for. Dur-
ing a first test on the primary RV, it appeared that most residuals (O — (')y; were too
large, and not randomly distributed (Fig. I1.5). Their standard deviation was o(O — C')g; =
1.7 km.s~!, which was more than twice the mean error of the RV measurements. The pres-
ence of a perturbing third body, with a much larger period was thus very likely.

For reducing those data, I wrote a new program (BS3 . for) to simultaneously fit the orbit
of the two visible components and that of the invisible third component. To obtain the initial
values of the orbital parameters for the long-period system, we proceeded with the same
method as for HD 83270-1 (Ginestet et al., 1991). We split the 60 RV measurements into
12 small "observation groups" (separated by blank lines in Table I1.2) for which the variation
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Figure I1.5: HD 7119: residuals obtained when assuming two components only (left) and three components

(right). From Carquillat et al. (2002).
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Figure I1.6: HD 7119. Left: radial velocity curves of the primary (filled circles) and secondary (open circles)
components of the short-period system. Right: radial velocity curve of the center of gravity of the short period
system. Those orbits were calculated with BS3 . for. From Carquillat et al. (2002).
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Table I1.2: Orbital elements of HD 7119. Orbit 1: final elements for the short-period system. Orbit 2: elements
corresponding to the orbital motion of the center of gravity of the short-period system relative to the center of
gravity of the triple system (Carquillat et al., 2002).

Elements Orbit 1 Orbit 2
P days 6.761504 +£0.000027 1687. +26
TO(*) JD2400000+ | 48945.35 +0.09 50684.4 +12.
w degrees 7.7 £5.0
e 0.028 +0.003 0. +0.04
K km-s~! 4248 +0.13 3.00 =+£0.15
K, km-s—? 46.81 =+0.19
Vo km-s™! Variable -10.94 +0.11
ay sin ¢ Gm 3.945 40.012 69.61 +3.64
a9 sin & Gm 4350 =+0.018
Misin®i Mg 0.262 £0.002
My sin® i Mg 0.237 +0.002
f(m) Mg 0.0047 £0.0008
c(O—-C); kms™! 0.68
o(O—-C)y kms™! 1.04

(*) T} : periastron passage for orbit 1; ascending node passage for orbit 2.

of the velocity V|, of the center of gravity of the short-period system could be neglected.
The variation versus time of the residuals obtained in these groups could be interpreted as a
Keplerian motion due to the presence of a third body. We obtained a first estimation of the
elements of the long-period orbit by applying the least-square program BS1. for to these
residuals.

These values were then used as initial values by the least-square program BS3. for
which simultaneously fitted the two orbits. For that computation, weights of 1.0 and 0.5
were respectively used for the primary and secondary RV measurements. The residuals ob-
tained in that case (Fig. [1.5) are very close to the mean standard deviation of the measurement
errors for both components and do not exhibit any long-term variation. The two orbits are
displayed in Fig. I1.6 and the corresponding elements with their errors are given in Table I1.2.

The eccentricity of the two visible components is very small and the orbit is nearly cir-
cular, which is not surprising, given the short period of 6.76 days. This small value for the
eccentricity is nevertheless significant with regards to its error value. The presence of a third
body may have contributed to the small eccentricity in a system already circularized Mazeh
(1990).

The orbit of the third body was first assumed to be circular, on the basis of the distri-
bution of the residuals. When adding two more parameters (eccentricity and omega for the
long-period orbit) to the model, the residuals remained at the same level and the eccentricity
derived was very small, equal to zero within the errors.

I1.2.3 Physical parameters of the short-period system

The ratio of the correlation dip areas given by CORAVEL for the primary and secondary
components allows an evaluation of the magnitude difference (Lucke & Mayor, 1980). For
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HD 7119, this ratio is 1.93, which leads to Amy = 0.715, if we assume that the two stars
have similar temperatures.

The mass luminosity relation for main sequence stars with M, < 7.5, as given by
Schmidt-Kaler (1982), is: logM /Mg, = 0.46 — 0.10My,, i.€., in the case of a binary system:
logMy /My = 0.10A M. For HD 7119, let us assume that the effective temperatures of both
components are similar and thus AM; ~ AM,,. The mass ratio is directly derived from
orbital data with M; /M, = K5 /K. From Table I1.2 we obtain M; /M; = 1.102 4+ 0.003 and
AMy = 0.42 4+ 0.03 mag., which is smaller than the value derived from the correlation dips.
This is an indication that the two stars are not at the same evolution stage. In particular, the
primary is more luminous than a dwarf star with a similar mass.

In the Hipparcos catalogue (ESA , 1997), we find the following values: V' = 7.57, B —
V =0.34, 7 = 3.38 &+ 0.93 mas. HD 7119 would then be at a distance d = 300 (+110,
-70) pc. Its global absolute magnitude would be My, = 0.035=+0.60, assuming an interstellar
absorption of 0.18 mag. Lucke (1978). If we neglect the contribution of the invisible third
body, this would lead to: My, = 0.50 £ 0.60 and My, = 1.20 £ 0.60 for the absolute
magnitudes of the primary and the secondary, respectively. If both stars are hot late stars
with metallic lines, which is very likely when considering the global index B — V, these
values correspond to the magnitudes of giant stars (Schmidt-Kaler, 1982). The two visible
components are then two o Del stars.

Obviously, the lack of knowledge of the orbital inclination 7 forbids a direct determination
of the component masses. To estimate these values, we can use Schaller et al. (1992)’s the-
oretical HR diagram with evolution tracks, and the isochrones given by Meynet et al (1993),
as in Carquillat et al. (2001) for the system HD 98880. For HD 7119, we estimated T.g ~
7500 K, on the basis of a de-reddened colour index B — V'=0.28, and the luminosity of each
component by applying a bolometric correction of —0.1, to the absolute magnitudes previ-
ously found. Taking into account the uncertainties on these values, the two stars were plotted
on the same isochrone with the constraint of a mass ratio equal to K,/K; = 1.10, as ob-
served. The corresponding mass values are M7 = 2.2+ 0.3Mg and M, = 2.0 £0.3M, with
an age of ~8. 10° years.

The radii can be estimated using the well-known relation log R/ R = 0.5log L/ Le —
21og T+7.54 withlog L = 1.9—0.4M,,;. This leads to R, = 46711 R, and Ry = 3.3} A R.
If we are dealing with late Am-type stars, as proposed in this section, these radii are compat-
ible with those of evolved stars (Schmidt-Kaler, 1982).

The value of M, sin® i found in Table I1.2 then leads to i = 29.5+2.0°, and to a separation
of the components of a« = a; + a; = 17.0 £ 1.0 Gm, i.e., 24.0 =1.5R. Given the estimated
radii of 3-5 R, the system appears detached.

I1.2.4 Rotation-revolution synchronism

When considering the short period of the main couple, one may expect that their rotation
is synchronized with their orbital motion. In order to check this hypothesis, we applied the
Kitamura & Kondo (1978) test on each component. This test assumes that synchronism
indeed is verified and then estimates the value of the component radius corresponding to the
observed rotation velocity and orbital period (i.e., R/Ry = V. x P/50.6, where V is the
equatorial rotation velocity in km.s~! and P the orbital period in days). When the values
found for each component are compatible with typical radii of stars with similar spectral
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types, it is likely that there is indeed synchronism. Let us note that this test assumes that the
orbital and equatorial planes of both stars are co-planar. This assumption is needed since the
rotation velocity is only measured via the projected equatorial velocity v, sin ¢.

As shown by Benz & Mayor (1981, 1984), the projected equatorial velocity can be derived
from the analysis of the CORAVEL correlation dips. For HD 7119, the values of v, sin ¢ for
the primary and secondary are respectively 12.8 + 0.2 km.s™! and 7.8 & 0.4 km.s~!. With
the assumptions already mentioned (synchronism and co-planarity) these values lead to radii
of 3.5 Ry and 2.1 R, for the primary and secondary respectively. These values are smaller
than the estimated values from the physical parameters (cf. Sect. 11.2.3), but they are still
in reasonable agreement, given the rather large uncertainties. For instance a small deviation
from coplanarity with an inclination of the rotation axes of : = 22° (instead of 7 = 29° for
the orbital axes) would lead to R; = 4.5 Ry and Ry = 2.8 R, in very good agreement with
the theoretical values. We thus conclude that synchronism is plausible for both components.

I1.2.5 Hypotheses on the third body

Let f(m) = (M; + My)sin®i g(u) be the mass function of the long-period orbit (orbit 2 of
Table 11.2), with = Mz /(M + M), g(p) = p®/(1+ p)?, where M3 is the mass of the third
body.

With the values found in Sect. 11.2.3, the total mass of the short-period system is M; +
M, = 4.2 M. As the mass function is f(m) = 0.0047 M, (Table I1.2), the mass ratio
is p > 0.11, i.e., M3 > 0.47 M. This boundary value (assuming ¢ = 90° for orbit 2)
corresponds to the mass of a cool dwarf with a spectrum close to M2 (Schmidt-Kaler, 1982).
As an alternative, if we assume that the orbital plane of the short-period couple and that of
the third body are co-planar (z ~ 30°), we obtain: ;= 0.24 and M3 = 1.0 Mg. In that case,
the third body could be a dwarf star of solar type, and would also be invisible because of a
too large brightness difference (Amy ~ 5 mag.).

Using the value a4 sin = 69.61 Gm for the long-period orbit (Table I1.2), the separation
a’ of the third body may thus be approximated by: o’ ~ a; sini(1 + 1/u)/sini. For i = 90°
and ¢ = 30°, we obtain ¢’ = 702 Gm (4.7 AU) and ¢’ = 724 Gm (4.8 AU) respectively. At
the expected distance of 300 pc, this corresponds to an angular separation of 0.016".

In the introduction, we mentioned that HD 7119 was known as a visual binary (Cou 147),
since Couteau’s discovery in 1967 with the 50 cm refractor of Nice Observatory (Couteau
1968). The visual companion was recently confirmed by a new observation in 1992 by
Thorel (1996). Although the magnitude difference of ~ 5 mag. reported by Thorel is close
to that of the third “spectroscopic” body that we found, the separation of 3.35" of the visual
companion is considerably larger than the estimation we have just done (0.015"). Note that
the visual companion could also be an optical one, since the position parameters (6, p) did
not significantly change between the two observations of 1967 and 1992. On the other hand,
if the visual companion really was a physical companion, HD 7119 would be a quadruple
system.
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I1.3 Paper 1V: HD 100054 B (SB1 and triple system) and
HD 187258 (SB1)

In Ginestet et al. (2003) we reported the results of our study of HD 100054 B and HD 187258
from observations made with CORAVEL instruments at Haute-Provence and Cambridge Ob-
servatories (in collaboration with R. Griffin). Known as Am/Fm metallic-line stars, both
objects were included in our spectroscopic survey of Am-type stars whose purpose was to
determine the frequency and properties of binaries in this stellar family.

HD 100054 B was found to be a single-lined spectroscopic binary with a variable value of
Vb, the systemic velocity of the centre of gravity of the pair. The variation of this parameter
is interpreted in terms of orbital motion of an unseen third body with a much longer period.
The orbital elements were derived for both the short- and the long-period orbits.

HD187258 was found to be a single-lined spectroscopic binary from which we computed
an orbit.

Physical parameters wer derived for the primary components of both systems

I1.3.1 Previous work

HD 100054 B is the faint component of the wide visual binary ADS 8191 AB. This pair
is constituted by two A-type stars of visual magnitudes V' = 7.31 and V' = 8.34, with a
separation near 12" (ESA , 1997). HD 100054 A (HIP 56202) is classified as AS in the
SIMBAD data base; we did not find any correlation dip with CORAVEL for that object.

Olsen (1980) first suspected the chemically-peculiar nature of HD 100054 B: on the basis
of its Stromgren photometric indices, he estimated its spectral classification as Ap. Some
years later, Bidelman (1988) recognized the star as Am on the basis of spectroscopic obser-
vations performed with a slit-spectrograph at Lick Observatory. According to the B — V
value of 0.095 quoted in the Hipparcos Catalogue (ESA , 1997), HD 100054 B would be an
early-type Am star.

Although that star was reported a long time ago as SB (Young 1942), no previous spec-
troscopic orbit has been determined, to our knowledge, for this object. Our observations
(Sect. 11.3.2) show that HD 100054 B is a single-lined SB (i.e, SB1), belonging to a triple
spectroscopic system with a short-period orbit (P ~ 13 days) and a long-period one (P ~
2.4 years).

Classified as F2 in the Henry Draper Catalogue, HD 187258 (V' = 7.59) was recognized
by Bidelman (1951) as a metallic-line star of type Fm. More precisely, the types for the K-
line and the metallic lines are FO and F5 III, respectively. Those classifications agree with
the values of the colour index B — V measured for this star: 0.32 from Mendoza, Gomez &
Gonzélez (1978), and 0.36 (£0.01) from Hipparcos (ESA , 1997). Apparently, no informa-
tion about the RV of this star was known before the survey, related to the Hipparcos mission,
carried out at OHP by S. Grenier and her team. For HD 187258, Grenier et al. (1999) quote
an RV of —45.34+3.2 kms~!. That value was obtained from three independent observations,
but there is no mention of any indication of RV variability. Our observations clearly establish
that HD 187258 is a SB1 with a period close to 26 days (Sect. 11.3.2).
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I1.3.2 Observations and derivation of orbital elements
HD 100054 B

For HD 100054 B, 48 RV measurements were performed (39 at OHP and 9 at Cambridge),
and for HD 187258, 40 RV were similarly obtained (26 at OHP and 14 at Cambridge). Those
data are displayed in Tables 1 and 2 of Ginestet et al. (2003). They were obtained with
CORAVEL-type instruments, i.e., spectrophotometers that make RV measurements by per-
forming a cross-correlation of the stellar spectrum with a physical mask placed in the focal
plane of the spectrograph. In the case of the OHP observations, Gaussian functions are fitted
to the cross-correlation dips to derive radial velocities (Baranne, 1979); Cambridge traces
are cross-correlated with functions derived from one that was empirically established from
observations of practically non-rotating stars by convolving it with a broadening function to
mimic stellar rotation. The OHP CORAVEL is mounted at the Cassegrain focus of the 1-m
Swiss telescope, while the Cambridge one is at the coudé focus of the 91-cm telescope.

The observations later than JD 2451690 were obtained by R. Griffin at Cambridge and
adjusted by a velocity offset of —0.8 kms~! to make them consistent with the others, which
were all performed at OHP by the Toulouse group. The r.m.s. uncertainties of the RVs were
0o = 0.64 kms™! for HD 100054 B and 0.55 kms~' for HD 187258; the two instruments
give errors very similar to one another.

We also added the 6 RV obtained by Young (1942), with a weight of 0.07 to account for
the larger errors of his measurements. In this case also, a velocity offset (of +4 kms™!) was
required to make these data consistent with our measurements.

A first determination of the orbital elements of HD 100054 B revealed its character of a
triple system, as can be easily seen in the residuals presented in Fig. II.7a. This system is
constituted by a pair of stars in an orbit which has a period of about 13 days and a variable
systemic velocity, Vj, that can be interpreted in terms of a perturbation from a third object.
To carry out the orbital determination, we used the new program, BS4 . for, that I devel-
oped to fit simultaneously the orbital parameters of the inner orbit and the outer (third-body)
one. The first step was to obtain an estimation of the elements of the long-period orbit by
applying the least-squares program BS1 . for to the residuals from the fit of the short-period
elliptical orbit to the observed radial velocities (Nadal et al., 1979, that I revised completely).
The second step was to use the resulting values as the initial elements for the least-squares
program BS4 . for which simultaneously fits the two orbits. The final residuals obtained
by this program (Fig. I1.7b) have a standard deviation o(o_¢y = 0.61 kms™*, which is very
close to the mean error of the RV measurements. The two orbits are displayed in Fig. I1.8 and
the corresponding elements with their errors are given in Table I1.3. Another calculation was
independently performed by R. Griffin with a analogous program and led to the same results.

HD 187258

The orbital elements of HD 187258 were derived with my program BS1.for. For that
object, no evidence for the presence of a third component could be seen in the residuals
(cf. Fig. 3 of Ginestet et al. (2003)). The orbital elements are given in Table I1.3, and the
corresponding radial velocity curve in Fig I1.9.
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Figure I1.7: HD 100054 B: RV residuals (O — C) obtained for our measurements when assuming two com-
ponents only (a), and three components (b). Notice the difference in the vertical scales. From Ginestet et al.
(2003).
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Figure I1.8: HD 100054 B: RV curves computed with the orbital elements of Table I1.3. (a): short period system
(orbit 1); (b): motion of the centre of gravity of the inner system (orbit 2). Both orbits were fitted to the data
simultaneously with my program BS4 . for. The origin of the phases corresponds to the periastron passage.
Circles correspond to our measurements and crosses to Young (1942)’s data. From Ginestet et al. (2003).
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Figure I1.9: HD 187258: RV curve computed with the orbital elements of Table I1.3. The origin of the phases
corresponds to the periastron passage. From Ginestet et al. (2003).

Table I1.3: Orbital elements of HD 100054 B and HD 187258. For HD 100054 B, these elements were obtained
with a simultaneous fit of two orbits. Orbit 1 refers to the short-period system, whereas orbit 2 refers to the
orbital motion of the centre of gravity of the short-period system relative to the centre of gravity of the triple
system. In Col. 3, Tj is the periastron passage. From Ginestet et al. (2003).

Object P T, (JD) w e K, Vo aisini  f(m) opo-c¢)
days 2400000+ deg. kms™' kms™! Gm M, kms™!

HD 100054 B 12.79430 49781.19 137. 0.028 18.69 3.29  0.0087

(orbit 1) 4+0.00008 +0.53 +15. +0.008 40.15 4+0.03 40.0002

HD 100054 B 874.2 49377. 172. 0.097 530 —13.52 634 0.013 0.61

(orbit 2) +1.6 +36. +15. +£0.033 +£0.17 £0.10 +2.4 +£0.001

HD 187258  25.8048 4962891 1659 0.370 17.36 —34.76 5.72 0.011  0.68
4+0.0012 +0.12 4+1.6 £0.011 £0.20 40.14 +0.09 +0.001
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I1.3.3 Eccentricities of the inner and outer orbits of HD 100054 B

The eccentricities of both orbits of HD 100054 B are very small. That is not surprising for
the inner system, given the period of 12.79 days: with such a short period, the orbits of
binary systems are usually circular. Following Lucy & Sweeney (1971) and Bassett (1978),
we performed an F'-test to check whether these orbits could be considered as circular, taking
the errors into account.

Let S, and S, be the weighted sum of squares of the residuals, corresponding to an ellip-
tical or a circular orbit, respectively. Estimates of residual variance are given by S./(N — M)
and S./(N — (M — 2)) in the two cases, where N is the number of measurements, and M/
is the number of fitted parameters when two elliptical orbits are fitted simultaneously (here
N = b4 and M = 11). The efficacy of the two additional elements (e cosw, esinw) in
reducing S, may be then measured by the ratio F' of the variances:

_ (Sc - Se)/2
P =S/

If the hypothesis of circularity is correct, [ is distributed as F},, ,,, with ; = 2 and
vy = N — M = 43 degrees of freedom.

When both orbits are elliptical, the weighted sum of squares is S, = 18.2 km?s~2. When
imposing a constraint of circularity on the inner and then the outer orbit, which we will
call orbits 1 and 2 respectively, we obtain S.(orbitl) = 23.6 km?s™2 and S.(orbit2) =
22.0 km? s72. We then have F'(orbitl) = 6.38 and F'(orbit2) = 4.49. Using the distribution
of F5 43, this corresponds to a level of significance of 0.4% and 1.7%, for orbits 1 and 2,
respectively.

Hence this test indicates that the eccentricity of the short-period orbit of HD 100054 B is
significant at the 0.4% level. The presence of a third body may well have contributed a small
eccentricity to a system that is in principle already circularized (Mazeh 1990).

IL1)

I1.3.4 Physical parameters

For the two systems, we can use both Hipparcos data and Stromgren photometric indices for
an estimation of the physical parameters (see Sect. 1.5), although those data are more accurate
for HD 187258 than for HD 100054 B.

Indeed, for HD 100054 B, the Hipparcos Catalogue (ESA , 1997) gives m = 8.52 +
5.27 mas (relative error 62%), and the Stromgren indices V' = 8.24, b — y = 0.048, m; =
0.232, ¢c; = 1.009 (Olsen 1983) do not include (3 photometry. For HD 187258, the Hipparcos
parallax, 7 = 7.68 £ 0.90 mas is more accurate (relative error 12%), and the Stromgren
photometry (Jordi et al. 1996) includes 3 photometry: V = 7.59, b—y = 0.218, m; = 0.170,
c; = 0.717, = 2.721. Hence the quoted parallaxes would imply similar distances around
120-130 pc for the two systems.

To obtain a better estimate of the distance of HD 100054 B, we could also refer to
HD 100054 A. The two stars almost certainly form a physical system for two reasons:

e on statistical grounds alone, one would not expect to find two stars so bright so close
together very often.

e they have similar RV's. Young (1942) gives a value of —15.5 kms~! for HD 100054 A,
which is very close to V, = —13.5 kms~! that we measured for HD 100054 B.
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Table I1.4: Physical parameters of HD 100054 B and HD 187258 primary components according to their colours
in the Stromgren photometry. From Ginestet et al. (2003).

Object My Ty logg(cgs) [Fe/H] log(L/Ls) M R
(mag.) (K) (dex) Me)  (Re)

HD 100054 B 1.7 8500 4.2 0.50 1.3 2.0 2.1
HD 187258 1.95 7000 3.75 0.13 1.15 1.8 2.7

For HD 100054 A, Hipparcos found 7 = 3.87 £ 1.95 mas (relative error 50%), which
corresponds to a distance of ~260 pc. The mean value for the distance of that system is
therefore d ~ 200 pc, with still a large uncertainty. That estimate is in agreement with the
visual absolute magnitude My = 1.7 of HD 100054 B deduced from Stromgren photometry.

The physical parameters of the primary components that we obtained from these data are
given in Table I1.4. For HD 187258, the value of My in Col. 2 corresponds to the mean of
the values derived from Hipparcos and Stromgren photometry. For HD 100054 B, the value
given by Hipparcos was too inaccurate; My was thus computed from Stromgren photometry
only.

We derived the other parameters of the table from Crawford (1975, 1979)’s calibrations
and the grids of Moon & Dworetsky (1985). For HD 100054 B, the value of [ is indirectly
deduced from the close correlation (Crawford 1979) between that parameter and the (b — y)
index, i.e., § = 2.90 (value also obtained when using Moon’s (1985) UVBYBETA pro-
gram). For these investigations, we neglect the contributions of the unseen components and
the interstellar extinction. Indeed, using the ubvy photometry, Moon’s (1985) UVBYBETA
program shows that there is no reddening for HD 100054 B, and only E(b — y) = 0.005 for
HD 187258.

Finally, we report in Fig. I1.10 the position of the single observed component of each of
the systems in the theoretical HR diagram from Schaller et al. (1992), with the isochrones
given by Meynet, Mermilliod & Maeder (1993). We shall adopt what follows:

e the primary of the spectroscopic triple system HD 100054 B is a little-evolved early
Am star with a theoretical mass near 2 M, and some 500 million years old (log (age)
~ 8.7).

e the primary of the spectroscopic binary HD 187258 is an Am/Fm star that is already
evolved above the MS. Its mass is about 1.8 My and its age ~1300 million years
(log (age) ~ 9.1). Notice that its low metallicity, [F'e/H| = 0.13 dex, could indicate it
is a marginal Am star.

I1.3.5 Rotation-revolution synchronism

Synchronization is a mechanism involved in the slowing of the rotation required to form
Am stars under the diffusion process. We therefore applied the synchronism test of Kita-
mura & Kondo (1978) to the primary components of the two systems.
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Figure I1.10: Location of the primary components of HD 100054 B and HD 187258 in the theoretical evolution-
ary HR diagram computed by Schaller et al. (1992), with the isochrones given by Meynet et al. (1993). From
Ginestet et al. (2003).
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This test consists of calculating the radius R of the star in the hypothesis of synchronism
between axial rotation and orbital revolution, assuming that the equatorial plane of the star
and the orbital plane are coplanar. That leads to R/ R, = V. x P/50.6, where V, is the tan-
gential, equatorial, rotation velocity in kms~! and P is the orbital period in days. When the
value of R is consistent with the value derived from theoretical predictions or other standard
data, it is likely that there is indeed synchronism.

We have no direct knowledge of V. but only of the projected rotation velocity, V, sin i,
that can be derived from the analysis of the CORAVEL correlation dips, as shown by Benz
& Mayor (1981, 1984). For the two systems concerned, the values of V. sin¢ are 5.6 +
1.0kms ! and 11.4 + 1.0 kms~! for HD 100054 B and HD 187258, respectively.

Case of HR 100054 B (inner orbit).

Let R, be the radius of synchronism. The inequality V., > V, sin¢ implies R; > 1.4R, and
if we assume 30° < ¢ < 90° (the most probable range for SBs, taking into account that the
probability that ¢ < 30° is only 1 — cosi¢ = 0.13) we have 2.8 R, > R; > 1.4 R and we

thus conclude that synchronism is plausible (see Table I1.4).

Case of HD 187258.

HD 187258 has an elliptical orbit with a large eccentricity which rules out the possibility of
a “true synchronism” (actually the inequality V., > V, sin¢ would imply R > 5.8 R which
is too large compared to the value found in Table 11.4).

For elliptical orbits, Hut (1981) proposed instead a “pseudo-synchronism” near perias-
tron, which may be marginally reached for HD 187258. Indeed Hut’s process implies a
pseudo-synchronous rotation period of 13.7 days (formulae 44 and 45 in his paper) and con-
sequently V. sini < 10 kms™?, which is close to the value of 11.4 4 1.0 kms™! estimated
from the correlation dips (see above).

I1.3.6 Nature and separation of the unseen companions
Let
f(m) = Mysin®i p/(1 + p)? (I1.2)

be the mass function of a spectroscopic binary, where ;1 = M, /M; is the mass ratio, and let
a=a;+ay=asini (1+1/p)/sini (IL.3)

be the mean separation of components. In these two equations, the known (measured) quan-
tities are f(m) and a, sin ¢, deduced from the orbit. In the following, we shall attribute to M,
its theoretical value, in order to constraint the values of i, M,, and a. Let us also recall that
we have shown (Carquillat et al. 1982) that a good estimation of a can be obtained even if
the orbital inclination ¢ is unknown. Let us now consider the equations (II.2) and (I1.3) in the
case of our two systems.
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HD 100054 B (short-period system)

The orbital data lead to f(m) = 0.0087 Mg, and a; sini = 3.29 Gm (Table I1.3). Assuming
a mass of the primary of M; = 2 Mg, (Table 11.4), we obtain 1 > 0.18 (from Eq. 11.2) and
therefore My > 0.4 Mg. The non-detection of the secondary component implies that it is at
least 2 magnitudes fainter than the primary, and the same is true for the third body. Given
the adopted value of My, = 1.7 (Table 11.4), we then have My, > 3.7, and the secondary is
likely to be a dwarf star in the spectral range F6-M2 (Schmidt-Kaler, 1982).

The smallest separation of the components, obtained with the highest inclination, ¢ = 90°,
and corresponding to a M2V secondary companion, is (from Eq. I1.3): a = 21.6 Gm ~ 31 R,
For a F6V secondary companion, its mass would be ~ 1.5 M, and the mass ratio would be
u = 0.75. In that case, Eq. (II.2) leads to sinz = 0.316 (¢ ~ 18°), and consequently (from
Eq. I1.3) a = 24.3 Gm =~ 35 R, (i.e., 0.8 mas at a distance of 200 pc).

HD 100054 B (outer orbit)

The orbital data are f'(m) = 0.013 Mg, a)sini’ = 63.4 Gm (Table I1.3). Equation (II.2)
becomes:
f'(m) = (My + My)sin® i’ 4%/ (1 4 p')? (IL4)

with ' = M3/(M; + M,), where M is the mass of the third body. We now consider the two
following boundary cases, which takes into account the total mass of the short-period pair:

o My + My = 2.4 Mg (M2V secondary), that implies from Eq. 1.4 that ' > 0.20, and
thus M3 > 0.48 Mg,

e M+ M, = 3.5 Mg (F6V secondary), that implies 1/ > 0.17, and thus M3 > 0.60 M.

Our conclusion is that the third body could have a minimum mass of about 0.5 solar
mass, i.e., the mass of a star of type MOV. The distance of this third component to the centre
of gravity of the close pair can be estimated at 380 Gm = 2.5 AU for a mass ratio of ;1 = 0.20,
and 436 Gm = 2.9 AU for a mass ratio of 4 = 0.17, assuming 7 = 90°, i.e., a value of about
2.7 AU that leads, at some 200 pc, to an angular separation of 0.014 arcsecond.

HD 187258

The orbital data are f(m) = 0.0112 Mg, a; sin? = 5.72 Gm (Table II.3), and the assumed
mass of the primary is 1.8 M (Table 11.4). Then, Eq. II.2 implies: ¢ > 0.21, and therefore
My > 0.4 M. Another constraint, as for HD 100054 B, is Am > 2 mag. because the
secondary remains unseen. Given My, = 1.95 (Table 11.4), the absolute magnitude of the
companion would be My, > 4 mag., which corresponds to a main-sequence star of spectral
type F8V, or later, with a mass M; < 1.2 Mg, (Schmidt-Kaler, 1982). Therefore, the com-
panion is most likely a dwarf star whose type can be G, K or early M. As stated above, we
can obtain an valuable estimate of component separation, assuming an arbitrary value for <.
Here, taking 7 = 90° to simplify, we found (from Eq. I1.3): a = 33.1 Gm= 47 R. Thus,
HD 187258 appears as a well detached system.
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II.4 Paper V: study of eight short period spectroscopic bi-
naries (SB1)

In Carquillat et al. (2003b), we presented the results of a radial-velocity study of eight Am
stars (HD 341, 55822, 61250, 67317, 93991, 162950, 224890, and 225137) observed at
Observatoire de Haute-Provence with the CORAVEL instrument. This paper was devoted to
the radial velocity study of eight single-lined (SB1) short-period (P < 10 days) spectroscopic
binaries, namely HD 341, 55822, 61250, 67317, 93991, 162950, 224890, and 225137. We
found that those systems were single-line spectroscopic binaries whose orbital elements are
determined for the first time.

I1.4.1 Observations and derivation of orbital elements

To our knowledge, among these eight stars, only HD 225137 was previously detected as hav-
ing a variable radial velocity (Grenier et al. 1999). Our observations were performed during
the period 1992-1999 with the CORAVEL instrument at OHP. For HD 224890, we also added
three measurements made by Benz & Mayor in 1980—-1982 during the first determinations of
v, sin ¢ values for the Am stars with CORAVEL.

Forty to seventy observations for each object have been carried out. These data were
kindly reduced and input into the Geneva RV data base (Udry, Mayor & Queloz 1999) by
S. Udry. For each star, the mean internal standard error strongly depends upon its rotational
velocity v, sin 4. That error varies from about 0.5 km s~ for v, sin¢ ~ 10 km s~ to about 1.1
km s~ for v, sini ~ 25 km s~!. As an illustration, we give two examples of correlation dips,
for HD 93991 (v, sini = 26 km s1), and for HD 162950 (v, sini = 9 km s~!), in Fig. IL.11.
For all systems, the secondary dip from the spectroscopic companion could not be detected.

The orbital elements of the eight stars (Table I1.5) were subsequently calculated by apply-
ing the least-squares program BS1 (Nadal et al, 1979, revised by JLP) to the observed RVs.
Those RVs, and the corresponding (O — (') residuals are given in Tables 2 to 9 of Carquillat
et al. (2003b), and the computed radial-velocity curves in Fig. I1.12 and Fig. I1.13. For each
of those SBs, the standard deviation of the residuals, o(o_¢) is consistent with the RVs mean
error, which indicates the absence of detectable spectroscopic third bodies in those systems.
Note that HD 61250, HD 67317, and HD 93991 have a circular orbit according to Lucy &
Sweeney’s (1971) statistical test. Hence, all the orbits of the binaries of our sample with
P < 5 days are circularized.

I1.4.2 Notes for individual systems

In these notes, we shall report the classifications mentioned in Hauck’s catalogue. For an
Am star, let us recall that there are three spectral classifications k, h and ml, according to the
spectral features that are used: K line of Ca II (k), Balmer lines (h), and metallic lines (ml).

HD 341. The Am star is the B component of the visual triple system STT 4256 =
CCDM 00081+3123. Stromgren photometry is available. Classified A3(k) FO(h) F2(ml).

HD 55822. That star belongs to the system ADS 5922 AB = CCDM 07154+1904 AB.
Ampi, = 3.2, Sep. 2.2". Stromgren photometry is available. Classification: A2(k) F2(h)
F5(ml).
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Figure II.11: Examples of correlation dip obtained with CORAVEL: (a) HD 93991 and (b) HD 162950. From

Carquillat et al. (2003b).

Table I1.5: Orbital elements. In Col. 3, T} is the epoch of periastron passage, except for HD 61250, HD 67317,
HD 93991 and HD 225137, for which T} corresponds to the ascending node passage. From Carquillat et al.

(2003Db).
Name P Ty JD) w e K, Vo aisini  f(m) oo-c)
days 2400000+ deg. kms™' kms™' Gm M, kms™!
HD341 6.24268 48941.63 299.1 0.010 3246 -3.19 2.79 0.0221 0.46
+0.00003 +0.32 +£18.7 £0.003 4+0.11 +£0.08 =+0.01 40.0002
HD55822 5.12294 48673.60 70.6 0.122 40.20 30.87 2.81 0.0338 0.84
+0.00003 +£0.03 +£2.0 £0.004 +£0.18 =£0.12 =+0.01 =£0.0005
HD61250 2.23024 48939.29 —  0.000 2537 -543 0.78 0.00378 1.27
+0.00002  £0.01 — — +0.27 4+0.19 +£0.01 =£0.00012
HD67317 4.43324 49321.05 —  0.000 3323 637 2.03 0.0169 0.69
4+0.00003 +£0.01 — — +0.16 4+0.11 =£0.01 40.0002
HD93991 3.20858 48675.01 — 0.000 16.46 -1533 0.73 0.00149 1.01
+0.00003  £0.01 — — +0.21 +0.14 =£0.01 +0.00006
HD162950 10.04288 49153.90 2579 0.205 11.87 7.03 1.60 0.00164 0.35
+0.00017 =£0.05 +1.6 £0.006 £0.07 +£0.05 =£0.01 +0.00004
HD224890 9.54640 48971.19 85.6 0.214 10.89 -8.02 140 0.00119 0.52
+0.00011  +£0.06  £2.3 £0.008 =£0.09 =+0.06 =+0.01 40.00004
HD225137 4.33346 49326.559 —  0.000 5642 094 336 0.0808 0.79
4+0.00002 =£0.004 — — +0.19 40.13 +£0.01 =£0.0008
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Figure I1.12: RV curves computed with our orbital elements: (a) HD 341, (b) HD 55822, (c) HD 61250, and (d)
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T}. For the other systems, Tj corresponds to the periastron passage. From Carquillat et al. (2003b).
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Figure I1.13: RV curves computed with our orbital elements: (a) HD 93991, (b) HD 162950, (c) HD 224890,
and (d) HD 225137. For HD 93991 and HD 225137 (circular orbit) the ascending node is taken as the origin of
the phases Tj. For the other systems, T corresponds to the periastron passage. From Carquillat et al. (2003b).
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HD 61250. Visual double HEI 132 = WDS 07429+6517. Am, = 1.4, Sep. 0.5".
Stromgren and Hg photometry are available. Classification: A3(k) F3(h) F5(ml).

HD 67317. The star is ADS 6620 AB = CCDM 08102+5548 AB. Amy;, = 3.1, Sep.
1.4". Geneva photometry is available. Classification: Al(k) F1(h) F2(ml) (Hauck, 1986).
A2(k) A5(h) F3(ml) (Grenier et al. 1999).

HD 93991. Stromgren and Hg photometry are available. Classification: A8(k) F2(h)
F3(ml).

HD 162950. Bright component of the visual double system CCDM 175254+2712. Strém-
gren, Hg, and Geneva photometry are available. Classification: A3(k) F4(ml) (Hauck, 1986).
A3(k) A7(h) F3(ml) (Grenier et al. 1999).

HD 224890. Geneva photometry is available. Classification: Al(k) F2(ml).

HD 225137. The star is HJ 1926 AD = CCDM 00039+5723 AD (Am, = 6.0). Geneva
photometry is available. Classification: A3(k) F2(ml) (Hauck, 1986). A3(k) A7(h) F2(ml)
(Grenier et al. 1999).

I1.4.3 Physical parameters of the primaries

For all the systems studied here, we detected the radial velocity variations of the primary
only. As seen in the previous section, six of those stars are also members of visual binary
systems, with very faint companions: Am,, > 3 for all systems, except for HD 61250. Hence
we shall admit for all systems but HD 61250 that the photometric data (V', B — V/, Strémgren
indices, for example) practically concern only the primaries of the SB1s of our sample.

For HD 61250, photometric magnitudes of both components were obtained, in the Tycho
system, by Fabricius & Makarov (2000). We deduce: (B—V')1 1y = 0.27 and (B—V )2 1yc =
0.60 for the components A and B, respectively. Converted to Johnson’s system, this leads to:
(B—-V); =023, (B—V)y = 0.51, and Amy = 1.41. Then, the primary of the visual
system, the Am star, would have a temperature about 7600 K, and the visual secondary could
be a cooler dwarf star (~ F8 V) with T ~ 6200 K (cf. calibrations of Schmidt-Kaler (1982);
Flower (1996)).

Parallaxes of the eight stars are available in the Hipparcos catalogue (ESA , 1997). They
are given in Line 6 of Table 1.6, with their errors and the corresponding distances in Line 7.
From those parallaxes, we estimated the absolute magnitudes (Line 8). Since all those stars
are rather close to the Sun, we can neglect the interstellar absorption.

Except for the composite system HD 61250 (see above), when Stromgren indices were
available (Hauck & Mermilliod, 1998), we deduced the parameters T.¢ and log g (Lines 10-
11) for the primary component, using the grids giving c versus 3 from Moon & Dworetsky
(1985), When the 3 index was not available (case of HD 341 and HD 55822), we estimated
its value from the straight correlation that exists between b — y and (3, as given by Crawford
(1979). For the [F'e/H]| estimation (Line 12), we first computed 6 m; = m;(standard) —
m (observed), where m; (standard) was deduced from b — y or 3 using Crawford (1979)’s
calibration. Then we used the § m; versus [F'e/ H| relation given by Crawford (1975).

For HD 67317, 162950, 224890 and 225137, Geneva photometry was available (Burki
et al., 2003); we could use Kunzli et al. (1997)’s calibration for all those objects except
for HD 67317, which appeared outside Kunzli’s calibration grids. A possible explanation
for this discrepancy could be a photometric perturbation from the secondary spectroscopic
component. The effective temperature of HD 67317 given in Table I1.6 was estimated from
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Figure II.14: Location of the primary components in the theoretical evolutionary HR diagram computed by
Schaller et al. (1992), 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. From Carquillat et al. (2003b).

the B—V index and the calibration table of Flower (1996). For HD 162950, since photometry
was available both in Stromgren and Geneva systems, we give the mean values of those
physical parameters in Table I1.6.

Finally, we report in Fig. 11.14 the positions of the eight primaries in the theoretical
Hertzprung-Russel (/{ R) diagram from Schaller et al. (1992), completed with the isochrones
computed by Meynet et al. (1993). The values of the absolute luminosity L come from those
of M, (Table I1.6) via the bolometric corrections tabulated by (Schmidt-Kaler, 1982). The
positions of the stars in this A R diagram lead to theoretical estimates of their masses M; and
ages (Lines 14 and 17 of Table I1.6), and give an idea of their evolutionary status. Five stars,
namely HD 55822, 61250, 67317, 162950, and 224890, are little evolved bona fide dwarfs,
while the three others are already evolved in the main sequence. In Table I1.6, we also give
the theoretical radius R; (Line 13), calculated from the L and 7.4 values. Those estimates
will be used for the study of synchronism (Sect. 11.4.5).
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I1.4.4 Minimum masses and separations of the secondaries

Using the mass function derived from the orbits (Table I1.5) and the theoretical value found
for M, the mass of the primary (see above), we can estimate the minimum mass Ms ,;, of
the unseen spectroscopic companion. The mass function can be written as (see sect. [.4.4):

f(m) = M; xsin®i x pi® / (14 p)?, (IL5)

where © = M, /M is the mass-ratio in the system.
The value of 7 is unknown, and Ms i, is obtained for sinz = 1. Except for HD 225137,
the corresponding masses are those of red dwarfs of type K or M (cf. Line 15 of Table I1.6).
We can then estimate the mean separation a for each system from the values of a; sin?
obtained in Table II.5:

a=ay+ay=(aysini) x (1+1/p)/sini, (I1.6)

As pointed out by Carquillat et al. (1982) in the case of SB1s, the separations we obtain have
a small dependence on the value chosen for 7. Let ay be the separation assuming ¢ = 90°,
and a the true separation. The ratio a/a, may be approximated by the function (sin4)~'/4,
More precisely, this is an upper estimation. Hence, when ¢ decreases from 90° to 20° (the
most probable range for SBs, with a corresponding probability of 94%), a increases by less
than 30% of its initial value, ay. The separations we obtain (Line 16 of Table I1.6) are a few
tens of solar radii: hence, those systems are detached binaries.

I1.4.5 Rotation-revolution synchronism

Synchronization of a binary system is a powerful process for slowing the axial rotation of a
star. It seems established that such a slow rotation is required to form Am stars through the
diffusion of chemical elements (Michaud al., 1983).

If we assume that the components rotate in synchronism with the orbital motion (corota-
tion), and also that the equatorial plane of a star is equal to its orbital plane (coplanarity), we
have the relation (see Sect. 1.7.1):

ve P wv.sint P

= 50.6  50.6sini

where v, is the tangential equatorial velocity in km s~!, P is the orbital period in days, and R
is the star radius in solar radii. Indeed we only have access to the projected rotational velocity
ve sin ¢, deduced from the CORAVEL correlation dips (Benz & Mayor, 1981), and given in
Line 5 of Table I1.6.

Notice that for the systems with a significant eccentricity (e > 0.1), like HD 55822,
162950, and 224890, we must take into account the pseudo-synchronous rotation period (see
Hut (1981), formulae 44 and 45) instead of the orbital period. For those three stars, the
pseudo-synchronous rotation periods are 4.70, 8.08, and 7.53 days, respectively.

For each binary, we computed the values of sin igy,. from the preceding formula, i.e.,
sindgme = P X vesini/(50.6R), using the theoretical estimates for R given in Table I1.6
(Line 19). One sees that for all systems, except for HD 224890, the values of sin tgyn. we
obtained are plausible. Taking into account the uncertainties, the corresponding inclination
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Table I1.6: Estimated physical parameters from observational data and theoretical statements. A asterisk * was
added when pseudo-synchronism was involved instead of genuine synchronism (case of non-circular orbits).
From Carquillat et al. (2003b).

HD 341 55822 61250 67317 93991 162950 224890 225137
HIP 659 35086 37604 40006 53119 87486 128 303

v 727 8.53 823 7.56 8.09 7.29 6.50 8.13
B-V 021 0.30 0.23 0.27 0.29 0.29 0.18 0.32

Ve sini 11,7410 21.041.0 252410 126410 262410 88+1.0 119410  19.1+1.0
™ 4.90 +0.76 6.08 £1.68 6.05 +1.60 11.03 +1.46 3.85 £0.91 11.65 +£0.70 15.20 +0.63 5.15 £0.98
d (pe) 204738 164752 165750 91133 260 50 86 12 66 3 194+
M, 0.72 +£0.33 2.45 £0.61 2.40 +0.56 2.77 £0.28 1.02 £0.52 2.62 +0.13 2.41 £0.09 1.69 £0.41

logL/Ls  1.67 +£0.13 0.96 +0.24 0.98 +0.22 0.83 +0.11 1.53 +0.21 0.89 +0.05 0.99 £0.04 1.26 £0.16
Ter (K) 8100 £80 7300 £75 7600 £75 7400 £75 7600 £75 7400 £75 8100 +£80 7200 £75
log g(cgs) 3.90 4.00 — — 4.00 4.24 4.50 3.65
[Fe/H] +0.60 +0.91 — — +0.76 +0.40 +0.22 +0.41
Ri1/Rg 36+02 20+0.2 19+02 1.7£0.1 35+02 1.7£0.1 1.7£0.1 29+0.2
M /Mg 2.30 £0.20 1.65 +0.20 1.70 £0.15 1.60 +0.10 2.20 +£0.20 1.60 £0.05 1.75 £0.05 1.90 +0.15

M3 min/Mg 0.57 0.55 0.24 0.41 0.21 0.17 0.16 0.85

a/Re 2343 1843 1042 1642 1442 2744 27 +4 18 +3

log age[yr] 8.80 7502 9.00 759 8.90 F057 875702, 890759 890759 ~8.6 9.03 109
108 taynelyr] 4.66 5.59 473 551 4.48 6.99 7.11 4.50
Sinigne 040 +£.06 0.98 +.14% 0.59 £.09 0.65+.09 0.48 +.05 0.83 +.14* 1.04 +0.15% 0.56 +.07
flsyne 0.78 +0.20 0.34 £0.08 0.26 +0.06 0.43 +0.10 0.21 £0.04 0.13 £0.03 0.094 +0.016 0.97 +0.22

values lie in the range 20°-90°. For HD 224890, we found an aberrant value of 1.04, that
seems to indicate the absence of synchronism. It is also the youngest and the least evolved
system of our sample and could have not yet reached its equilibrium state. Nevertheless
the corresponding uncertainty is £0.15, and we may consider that the marginal discrepancy
is not definitive. For the other seven stars, we thus conclude that synchronism (or pseudo-
synchronism for the eccentric orbits) is plausible.

Assuming that all systems are synchronized, we can derive the mass ratio fisyn. from the
mass function values f(m) reported in Table I1.5 (see sect. 1.4.4 and Eq. I1.5. The result-
ing values (Line 20 of Table I1.6) have a wide range from ~0.1 to pigyn. = 0.97 £ 0.22 for
HD 225137. This system has also the largest mass function in our sample (Col. 9 of Ta-
ble I1.5). Such a high value for the mass ratio would imply that the companion could be also
an A-type star. Note that it cannot be an Am star since in that case, CORAVEL would have
detected two correlation dips. If we take into account the uncertainties on the value of figyy,
the mass ratio of HD 225137 could go down to ~1.4 M, (lowest value at one sigma), which
corresponds to a spectral type of ~F5V (Schmidt-Kaler, 1982). The resulting magnitude dif-
ference would be Am, ~ 1.8, which could account for the non-detection of the secondary
with CORAVEL. Further high resolution spectroscopic observations of HD 225137 are thus
required to investigate this problem.
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IL.5 Paper VI: study of 10 new spectroscopic binaries, im-
plications on tidal effects

In Carquillat et al. (2004) we presented the results of a radial velocity (RV) monitoring of
ten Am stars, namely HD 19342, 19910, 36360, 102925, 126031, 127263, 138406, 155714,
195692 and 199360. We found that these systems were spectroscopic binaries whose or-
bital elements were determined for the first time. Both components could be measured for
HD 126031, an eclipsing binary, whereas the other systems were detected as single-line bina-
ries only. Physical parameters were inferred from this study for the primaries of all systems,
and for the secondary of HD 126031. We observed a higher rate of synchronized/circularized
systems than what is expected from the theoretical models of radiative dissipation of dynam-
ical tides.

I1.5.1 Introduction

Most of the observations were carried out with the CORAVEL instrument of the 1-m Swiss
telescope at Haute-Provence Observatory (OHP) and that of the 91 cm telescope of Cam-
bridge Observatory. All those stars were detected as single-lined spectroscopic binaries (SB1)
with CORAVEL. We thus could determine for the first time (to our knowledge) their orbital
elements. For the eclipsing binary HD 126031, complementary observations, obtained with
the ELODIE spectrograph mounted on the 1.93 m telescope at OHP, allowed us to detect the
secondary component.

Six stars of the present sample come from the “Third catalogue of Am stars with known
spectral types” (Hauck (1986), hereafter HCK86), and four from the list of Bidelman (1988)
(hereafter BID88) entitled “Miscellaneous spectroscopic notes”. Only for 5 objects was the
variability of the radial velocity already mentioned in previous studies. In Section II.5.2,
we present the RV observations and the orbital elements we computed. In Section 11.5.3 we
give some complementary bibliographical information for each system. In Section I1.5.5 we
derive some physical parameters deduced from available Stromgren photometry, Hipparcos
parallaxes and theoretical evolutionary tracks. We then estimate the minimum masses and
separations of the companions (Sect. I1.5.6). We present an analysis of the Hipparcos light-
curve of the eclipsing binary HD 126031 in Sect. 11.5.7. In Sect. 11.5.9, we compare our
results with some theoretical predictions about the circularization of the orbits caused by tidal
effects. Finally, using the projected rotational velocity v, sin ¢ derived from the correlation
dips, we discuss the occurrence of rotation—revolution synchronism among those systems
(Sect. I1.5.10).

I1.5.2 Observations and derivation of orbital elements

Our observations were performed in three-fold parts:

e J.-M. Carquillat and N. Ginestet first observed at OHP during the 1992—-1998 period,
with the CORAVEL instrument mounted on the 1-m Swiss telescope.

e In 2001-2002, E. Oblak and M. Kurpinska-Winiarska performed radial velocity mea-

surements of HD 126031 on the 1.93-m at OHP, with the ELODIE spectrograph (Baranne et al.,

1996).
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e Finally in 2003, R.F. Griffin kindly made measurements with his own CORAVEL on
the 91-cm telescope of Cambridge observatory.

For each star, between 30 and 50 RVs were obtained (Tables 1 to 10 of Carquillat et al.
(2004)) with a mean internal standard error that depends upon the depth and the width of
the correlation dip. The latter is strongly correlated with the projected equatorial rotational
velocity v, sin i. The best precision was reached for HD 19342 (0.4 km.s™!), the poorest for
HD 195692 (1.3 km.s~!), while eight stars have RVs errors in the range 0.4—0.8 km.s . The
RVs obtained at Cambridge were reduced to the RV data base system of Geneva Observatory
(Udry, Mayor & Queloz 1999), via the application of appropriate offsets. For HD 155714
we added 4 RVs published by Nordstrom et al. (1997) derived from the cross-correlation of
digitized spectra with optimized synthetic template spectra. Taking into account the errors,
those RVs were weighted 0.55 (whereas we used 1.0 for the CORAVEL measures).

For HD 126031, the ELODIE RVs were weighted 2.0, to take into account their better
quality than the CORAVEL data (weighted as 1.0). The small values of the internal errors
given by ELODIE (~0.1 km.s~1) would suggest larger values for the weights. Nevertheless,
as the corresponding observations were concentrated in a short period of time, using larger
weights for the ELODIE data degraded the accuracy of most parameters of the orbit (in
particular P and 7p).

We calculated the spectroscopic orbital elements of the binaries (Tables I1.7 and I1.8) by
applying the least-squares programs BS1 and BS2 (first created by Nadal et al. 1979 and
revised by J.-L. Prieur) to the observed RVs. The (O — (') residuals are given in Tables 1
to 10 of Carquillat et al. (2004), and the computed RV curves in Figs I1.15 and I1.16. In
all cases, the standard deviation of the residuals, o(o_c), is consistent with the RV mean
error (and even smaller, in the case of 7 objects), which indicates the absence of detectable
spectroscopic third components in those systems.

The application of Lucy & Sweeney’s (1971) statistical test to the orbital elements showed
that six systems have circular orbits: HD 19342, 102925, 126031, 155714, 195692, and
199360. The periods of HD 102925 (P = 16.4 days) and HD 19342 (P = 42.6 days) seem
rather large for the orbit to be circularized by tidal effects. We shall discuss that topic in
Sect. 11.5.9.

I1.5.3 Notes for individual systems

In this section, we report some information about the studied stars and, in particular, the
source for the Am classification (HCK86, BID88 or Grenier et al. (1999), hereafter GRE99)
with, when available, the classifications from Ca II K line (k), hydrogen lines (h) and metallic
lines (m).

HD 19342. HCKS86 gives A7(k) FO(m) according to Walther (1949) and AS(k) F2(m)
according to Bertaud (1970). GRE99 give the classification A3(k) A7(h) F3(m), and note the
variability of the RV.

HD 19910. HCKS86 gives A2(k) F5(m) according to Drilling & Pesch (1973).

HD 36360. HCKS86 gives A5(k) F2(m) according to Slettebak & Nassau (1959), but
GRE99 classify the star as A3(k) A7(h) F3(m). Fehrenbach et al. (1987) first put in evidence
a variable RV.

HD 102925. Classified as Am by BIDS88. First discovered as a variable RV star at Mount
Wilson Observatory (Wilson & Joy 1950, Abt 1970).
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HD 126031. This system is DV Boo (Kazarovets et al. 1999), and was discovered as an
eclipsing binary of Algol type by Hipparcos. The period quoted in the Hipparcos catalogue
(ESA |, 1997) 1s 1.26 days, i.e., exactly the third of the period we found: a stroboscopic effect?
(see Sect. I1.5.7). Classified as Am by BID88 and A3(k) A7(h) F5(m) by GRE99.

HD 127263. An Am star according to BID88, but GRE99 give the classification A2p Sr,
and report a variable RV.

HD 138406. Am according to BID88 (but could be a giant: see Sect. I1.5.5). First reported
as a variable RV star by Young (1942) from observations at David Dunlap Observatory.

HD 155714. Visual double ADS 10398 AB = CCDM 17130+0745 AB = STT 325 AB.
Amigp=1.79; p=0.4 arcsec. HCK86 gives A9(k) F1(h) F4(m), according to Abt (1981).

HD 195692. Visual double ADS 13964 AB = CCDM 20320+2548 AB = STF 2695 AB.
Amygp=2.17; p=0.16 arcsec. Classified A4(k) FO(m) in HCK86, according to Bertaud (1970),
and A2(k) F1(h) FO(m) by Abt & Morrell (1995).

HD 199360. HCKS86 gives A7(k) F1(h) F5(m), according to Abt (1984), and GRE99 find
AS5(k) FO(h) F3(m).

Thus, our observations have shown that HD 155714 and HD 195692 are triple systems.

I1.5.4 Reddening correction

Stromgren photometry was available for eight objects of our sample (Hauck & Mermilliod,
1998). In Table I1.9, we present the corresponding (3, b — y, m; and ¢; in Cols. 2, 3, 5 and
7. The color excess E(b — y) produced by interstellar reddening (Col. 4) was computed
with Crawford (1979)’s calibration of A-type stars (see Sect. [.5). The corresponding indices
(mq)o and (cy)o, corrected for reddening, are in Cols. 6 and 8. The index (6m1)g = (71 )sta —
(mq)o, where (mq)gq is the standard m; corresponding to an A-type star with the same /3
as the object is given in Col. 9. We used Crawford (1979)’s calibration on the Hyades for
determining (mq)g from (. This index (dm; )¢ will be used for the determination of [Fe/H],
given in Table I1.10 (see Sect. I1.5.5).

For HD 155714, 195692, and 199360, the [ indices have not been measured; the values
indicated in brackets were obtained from the ((,(b — y)o) relation given by Crawford (1979).
We neglected the interstellar absorption for the nearest stars HD 155714 and HD 195692
(with d < 100 pc). For HD 199360 (d = 147 pc), we used Lucke (1978)’s extinction maps
for correcting b — y, and then verified that the £(b — y) derived from Crawford (1979), was
compatible with Lucke’s (B — V) value. Note that £(b—y) = 0.73 E(B — V') (Crawford,
1975).

Table 1.9 shows that the reddening is negligible (i.e., E(b — y) < 0.01) for HD 36360,
126031, 127263, 155714 and 195692. For HD 19342, 19910 and 199360, we shall use the
reddening-corrected values from this table in the following of this paper.

Stromgren photometry was not available for HD 102925 and 138406, which are distant
of 114 and 282 pc, respectively (cf. Table II.10). The corresponding interstellar extinction
values E(B — V'), estimated from Lucke (1978)’s galactic charts are 0.03 and 0.06, respec-
tively.
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Table I1.7: Orbital elements of the SB1 systems studied in Carquillat et al. (2004). In Col. 3, Tj is the epoch of
periastron passage, except for systems with e = 0 (circular orbits). In that case T}y corresponds to the ascending
node passage.

Name P Ty JD) w e K Vo  apsini flm)  oo-c)
days 2400000+ deg. km.s~! kms™!  Gm Mg km.s~!

HD19342  42.6301 49323630 — 00 2680 6.16 1571 00853 037
+0.0027  40.075 — —  40.10 #0.07 40.06 +0.0009

HD19910  15.41418 4932546 67.2 0.059 4577 11.64 9.68 0.1526 0.94
£0.00022 +0.20 £4.8 £0.005 £0.23 £0.17 £0.05 =+£0.0024

HD36360 216.54 49129.1 116.1 0.112 1237 1390 36.60 0.0417 0.47

+0.12 +3.6  +6.2 +0.012 +0.17 +£0.11 +£0.59 =+0.0020
HD102925 16.43718 49798.439 — 00 2662 -0.89 6.02 0.0322 0.64
+0.00091  £0.046 — —  +0.17 £0.12 +£0.04 +0.0006

HD127263 14.23834 50488.062 248.6 0.319 24.87 -14.07 4.62 0.01936 0.42
+0.00014  £0.035 +0.8 £0.004 £0.11 =+£0.08 =£0.03 =£0.00034

HD138406  25.8513 4979255 9.8 0.213 10.75 -6.68 3.73 0.00311 0.36
£0.0011 +0.19 £2.6 £0.010 +£0.11 =£0.08 =+£0.05 =0.00012

HD155714 3.334772 49144.192 — 0.0 6.28 -43.63 0.288 0.000086  0.82
+£0.000055 +0.022  — —  £0.18 =£0.13 £0.008 40.000007

HD195692 11.292249 48138.102 — 0.0 3992 -2549 6.20 0.0746 0.88
£0.000081  +0.014 — — £0.19 =£0.14 =+£0.03 +£0.0011

HD199360 1.9986874 49640.743 — 0.0 11.74 490 0323 0.000336 0.42
+0.0000086 +£0.005 — —  £0.11 =£0.07 £0.003 £0.000009

Table I1.8: Orbital elements of HD 126031, the only SB2 system of the sample studied in Carquillat et al.
(2004). In Col. 3, Ty is the epoch of the ascending node passage.

P CZ—‘(] (JD) w € K1 KQ VE) ai sin ¢ an sin ¢ M1 SiHSng SiHBZ'O'l(O_C) 02(0-C)
days 2400000+ deg. km.s~'km.s 'kms™! Gm Gm Mg My  kms™! kms™!
3.782624 50480.328 — 0. 82.23 110.10 -28.37 4.277 5.727 1.600 1.195 0.92 0.49
+0.000006 +0.003 — — +£0.18 +0.26 4+0.12 £0.009 £0.014 +£0.011 =0.008
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Figure I1.15: RV curves computed with the orbital elements of Tables I1.7 and I1.8: (a) HD 19342, (b) HD 19910,
(c) HD 36360, (d) HD 102925, (e) HD 126031, and (f) HD 127263. For HD 19342, HD 102925, and HD 126031
which have circular orbits, the ascending node is taken as the origin of the phases. For the other systems, the
origin of the phases corresponds to the periastron passage.
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Figure I1.16: RV curves computed with the orbital elements of Table I1.7: (a) HD 138406, (b) HD 155714, (c)
HD 195692 and (d) HD 199360. For HD 138406, the origin of the phases corresponds to the periastron passage.
For the other systems, which have a circular orbit, the ascending node is taken as the origin of the phases.

I1.5.5 Physical parameters of the primaries

To estimate some physical parameters of the primaries, which are presented in Table II.10,

we have used Stromgren photometry and the Hipparcos parallaxes, when those data were

available. We have assumed that the photometric contribution of the unseen spectroscopic

companion was negligible for all systems, except for HD 126031 for which the secondary was

detected. We shall discuss the possible influence of the undetected companion in Sect. 11.5.8.
As in Paper V, we proceeded as follows:

1 — From Hipparcos parallaxes m (ESA , 1997), we obtained the distances and the visual
absolute magnitudes of the systems (except for HD 19910 that was not observed by the
satellite), and their errors (Lines 5 and 6).

2 — When Stromgren photometry was available (cf. Sect. I1.5.4), we deduced the quanti-
ties Teq and log g (Lines 8 and 9) using the (c¢;)o versus (3 grids of Moon & Dworet-
sky (1985). For log g determination, we applied the correction for metallicity pro-
posed by Dworetsky and Moon (1986) for Am stars. The parameter [F'e/H| (Line 10)
was estimated from the dm; versus [F'e/H]| Cayrel’s correlation, as quoted in (Craw-
ford, 1975): [Fe/H] = 0.2 — 10 6,,1(8). For HD 102925 and HD 138406, Strémgren
uvby, 3 photometry was not available: the effective temperature given in Line 8 is
based upon the B — V' index and Flower (1996)’s calibrations.

3 — The quantities My and T4 lead to an estimation of the theoretical radius of the stars
(Line 11), using the radiation law: log(R/Rg) = —0.2My — 2log Tog + 8.47 (Schmidt-
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Table I1.9: Strémgren photometry 3, (b — y), m1, ¢1 and derived data using Crawford (1979)’s calibration (see
Sect. I1.5.4). From Carquillat et al. (2004).

HD ﬁ b— Yy E(b — y) my (m1)0 C1 (01)0 (5m1)0
19342 273  0.31 0.10 0.20 023 0.77 0.75 -0.05
19910 281 0.19 0.04 0.20 0.21 0.73 0.72 -0.01
36360 2.80 0.16 0.01 0.24 024 081 0.8l -0.04

126031 274  0.20 —-0.01 0.23 0.23 0.66 0.67 -0.04
127263  2.83  0.14 —0.01 0.28 0.28 0.80 0.80 -0.07
155714 (2.72)  0.23 0.01 0.19 0.19 0.68 0.67 -0.01
195692 (2.78)  0.16 0.00 0.21 021 0.76 0.76 -0.01
199360 (2.81) 0.18 0.03 0.25 026 0.74 0.73 -0.06

Kaler, 1982). The bolometric corrections we used are those tabulated by Flower (1996)
(Table 1.5).

4 — Finally, we report in Fig. I1.18 the positions of the stars in the theoretical Hertzsprung-
Russell diagram, log(L /L) versus log T, from Schaller et al (1992), completed with
the isochrones computed by Meynet, Mermilliod & Maeder (1993). The positions of
the stars in this diagram lead to theoretical estimates of their masses M; and ages
(Lines 12 and 23 of Table I1.10). Three stars are missing in the diagram: HD 19910,
which was not observed by Hipparcos, HD 126031, whose two components are plotted
in Fig. I1.19, and HD 138406 which is not a classical Am star and falls beyond its
boundaries. Indeed, with the data we have for that star, it could be a hot giant, even
though metallic lines are certainly present, as noted by Young (1942) which reported
the following comment “Many very fine lines.” The other stars lie in the main-sequence
domain and show different degrees of evolution, the least evolved being HD 127263.
The case of the eclipsing binary HD 126031, for which the two components have been
detected with ELODIE is dealt with in Sect. I1.5.7.

I1.5.6 Masses and separations of the secondaries

From the values computed for f(m) and a, sini (Table I1.7), and assuming for the primaries
the theoretical masses M, (Table I1.10), we can obtain, for a given value of the orbital incli-
nation ¢, the values of M5, the mass of the secondary, and a, the true mean separation of the
components. For that, we use the formulae:

f(m) = My x sin®i x % / (14 p)?, (IL.7)
where p = My /M is the mass-ratio in the system, and
a=ay+ay = (a;sini) x (14+1/p)/sinq. (I1.8)

The minimum values for p, Ms and a correspond to sini = 1 (i.e., ¢ = 90°). As for
the maxima of those quantities, they can be approximated taking into account the absence
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Table I1.10: Physical and tidal parameters derived from the study of the primary components of the seven new
binaries studied in PaperVI. For the reddened objects, the magnitudes corrected for interstellar absorption are
indicated in brackets (lines 3 and 4). For the eclipsing binary HD 126031, we assumed ¢ = 83°. From Carquillat

et al. (2004).

HD 19342 19910 36360 102925 126031 127263 138406 155714 195692 199360
HIP 14653 - 25995 57813 70287 70814 75764 84230 101300 103335
1% 8.00 (7.59) 9.34 (9.19) 7.17 7.24 (7.14) 7.54 8.14 6.91(6.74) 17.06 6.51 7.85(1.73)
B-V 0.47 (0.33) 0.30 (0.25) 0.28 0.18 (0.15) 0.34 0.24 0.13(0.07) 0.38 0.26 0.31 (0.27)
vesing (km/s) 9.9+£1.0 141+1.0 20010 8.0+£1.0 244+24 11.0£1.0 66+£1.0 174£1.0 9.6+10 135+£1.0
7 (mas) 5524111 - 7.29 £1.08 8.78 £0.64 7.38 £0.92 7.14 £0.74 3.55 £0.54 11.06 £1.21 12.33 £0.70 6.78 £0.90
d (p) 181 36 - 137738 11475 13573 140115 282750 902 81 t) 147 733
M, 1.30 £0.51 -~ 1.48 £0.32 1.86 £0.16 2.14 £0.3 2.41 £0.23 -0.51 £0.36 2.28 £0.24 1.96 £0.13 1.89 +0.29
log L/Lo 1.37 £022 - 1.30 £0.14 1.14 £0.08 1.03 £0.15 0.92 £0.10 2.09 £0.16 0.98 £0.11 1.10 £0.06 1.13 £0.13
Tegr (K) 7100 £70 7800 £70 7700 £70 8100 £100 7370 80 7900 £70 8700 £150 7000 £80 7500 £80 7800 %80
log g[cgs] 3.6 44 4.0 - 4.1 4.1 - 4.0 4.1 42
[Fe/H] +0.67 +0.29 4055 - +0.64 +0.93 - +0.34 +0.30 +0.75
Ri/Re 32408 ~2 25404 19402 21403 15+02 49+10 2103 21£02 20404
M1 /Mg 2.00 £0.20 ~2.0 1.95 £0.10 1.85 £0.05 1.70 £0.10 1.70 £0.05 ~ 3 1.65 £0.10 1.80 £0.05 1.80 £0.10
Mamin/Me 09 1.1 0.7 0.6 - 04 0.3 0.06 0.3 0.1

M2 max/Mg 12 1.2 1.2 1.1 - 1.0 1.8 1.0 1.1 1.1
amin/Ro 73.1 382 209 365 14.5 31.8 54.8 112 28.8 8.3
amax/Ro 75.6 384 222 39.0 - 34.5 61.9 13.0 29.8 9.5

a 74.4 38.3 216 37.8 14.5 332 584 12.1 29.3 8.9

R/a 0.04 0.05 0.01 0.05 0.13 0.05 0.08 0.17 0.07 0.22

imin (deg) 53 75 39 36 - 31 13 5 53 7
Ryyne,min/Ro 83208 43+03 79.6£40 26403 18+£02 19402 26£04 1.15£007 2.1+02 053 £0.04
Synchronized? no no no no yes ~likely likely likely likely likely
Circularized?  yes no no yes yes no no yes yes yes

log agel[yr]  9.00 7519 8.94 7602 877 70-9% 9.00 7693 ~8£0.7 ~8.7 9.13 1553 9,00 T3-02 8.90 593
log teirclyr]  17.6 16.3 234 16.7 12.3 17.2 14.1 114 154 9.9

log tsynclyr]  14.1 12.9 18.7 133 9.6 13.7 11.1 9.1 12.2 7.8

P (days) 426 154 216.5 16.4 3.8 14.2 259 33 113 2.0

Table I1.11: HD 126031: parameters determined by our study (Carquillat et al., 2004).

Parameter Value Error Unit Origin

1 82.7 03 ° light curve

Temm 7370 80 K Stromgren’s photometry
Teo/Tern 0.87 0.01 — light curve

Ry 194 0.03 Rg light curve & spectro.
Ry 1.39 0.04 Rg light curve & spectro.

a 1449 001 Rg light curve & spectro.
My 1.64 0.02 Mg light curve & spectro.
Mo 1.23 0.02 Mg light curve & spectro.
Amy 141 0.15 mag. light curve & spectro
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of CORAVEL correlation dips from the secondary spectroscopic components, that implies
roughly Amy > 2.0, i.e., via the mass—luminosity relation, ;1 < 0.6.

Following that procedure, we give in Table I1.10: (i) on one hand My,,;, and ap;y,, the
minimum values that we found when ¢ = 90° for M and a, respectively (Lines 13 and 15),
(i1) on the other hand Mo, and a.x, the maximum values of M5 and a (Lines 14 and 16),
obtained with the minimum value of ¢ corresponding to ;¢ = 0.6 (Line 19).

For HD 19910, for which no theoretical value could be derived, we assumed M; = 2 M.,
a typical value for A-type stars. Notice that, as already pointed out by Carquillat et al. (1982),
the separation we obtain with (II.8) has a very small dependence on the value of ¢, and we
can conclude that all those binary systems are detached.

The two short-period systems HD 155714 and HD 199360 have very low mass functions
(see sect. 1.4.4), that permit a wide range of possibilities for ¢, the orbital inclination, and Ms,
the mass of the companion. As an indication, the (very plausible) hypothesis of rotation—
revolution synchronism (see Sect I1.5.10) would imply ¢ = 33°, M, = 0.1M, for HD 155714
and ¢ = 14°, My = 0.5Mg, for HD 199360. Such masses are those of red dwarf stars.

I1.5.7 The eclipsing binary HD 126031

The light curve of HD 126031 provided by Hipparcos is plotted in phase in Fig. I1.17, using
the period of 3.78 days found with our spectroscopic observations. It clearly shows two
eclipses with two peaked minima. The period quoted in the Hipparcos catalogue (1.26 days)
is definitely false and must be due to a stroboscopic effect.

We performed an analysis of that curve using two programs: EBOP, from Popper & Etzel
(1981) that fits the light curve only, and WD (version 1996), from Wilson & Devinney (1971)
that performs a fit which also takes into account the radial velocity orbital parameters. Note
that the results should be considered as preliminary, since the residuals are rather large and
the light curve is under-sampled, especially around the minima.

The parameters found by WD and EBOP are in very good agreement; the mean values
are displayed in Table II.11. The fitted solution and the residuals are plotted in Fig. I1.17.
The two solutions have an rms error smaller than 0.01 mag., and do not show any difference
in that plot.

The two models WD and EBOP lead to Amp, = 1.38 £ 0.08, and Ampy, = 1.28 £+
0.08, respectively. Given the closeness of the effective temperatures of the two components,
Amy, =~ Amy (the corresponding differential correction is negligible: ~0.02 mag.). Hence
the analysis of the light curve leads to Amy = 1.33 £ 0.1 We also obtained an independent
estimate of Amy ~ 1.57 + 0.2 from the ELODIE correlation dips of the two components,
using the relation Amy = —2.510g[(S1/S2) X (Tuse/Tes1)], where Sy (resp. Sz) is the surface
of the correlation dip of component 1 (resp. 2) (Duquennoy, 1994, private communication).
Hence we finally adopted the weighted mean value of the two determinations, from the light
curve and ELODIE, i.e., Amy = 1.41 £0.15.

From the knowledge of the ratio T, /Tem (Line 3 of Table I1.11), the global B — V
index (Line 2 of Table I1.10) and this determination of Amy,, we computed the correction
AT to be applied to T, as determined by Stromgren photometry, due to the presence of the
companion. This was done with an iterative process, which used Flower (1996)’s table of 1.g
versus B —V for main sequence stars. We obtained: T4 = 7370180 K, Tigo = 64104+80 K,
(B—V); =0.31£0.02and (B — V), = 0.47 £ 0.02.
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Figure II.17: Light curve of HD 126031 obtained by Hipparcos, rescaled to the spectroscopic period, with Min I
= HJD 2447859.907140.0005 as the origin of phases. The fitted model with EBOP and WD are plotted in solid
line and the residuals are given in the bottom with the 3-sigma level marked with dotted lines. From Carquillat
et al. (2004).

From the global value My = 1.88, as determined with Hipparcos parallax, and Amy =
1.41 £ 0.15, we obtain My = 2.14 4+ 0.3 and My = 3.54 & 0.3. When applying the bolo-
metric corrections BC; = 0.03 and BCy = —0.02, corresponding to the component temper-
atures Tog and Toge (Flower, 1996), we find log(L1 /L) = 1.03 4+ 0.15 and log(Ls/Le) =
0.49 £ 0.15.

Both components of HD 126031 are plotted in Fig. I1.19. Their location on this theoretical
diagram is in good agreement with the mass determination from the light curve (Table I1.11),
and they are located on the same isochrone of ~ 10° years, within the error bars.

Hence all parameters that we found for the secondary (radius, temperature, mass and
luminosity) are consistent and suggest a late F dwarf star (F6/7 V).

I1.5.8 Influence of the undetected companions

As already mentioned, we assumed that the photometric contribution of the companion was
negligible for the other systems which were detected as SB1 only. The absence of a secondary
correlation dip in the VR data, implies a large magnitude difference between the two compo-
nents (roughly Amy > 2.0) or a large spin velocity for the companion (v, sini > 40 km.s™1).
As we shall see in Sect. I1.5.10, tidal interaction between the two stars tend to reduce the spin
velocity which makes the latter possibility rather unlikely. Another possibility for accounting
for the absence of detection of the secondary could be that the companion is a hot star without
metallic lines (e.g, A-type star). But the values of the mass function (see sect. [.4.4) that we
found (f(m) < 0.15 M) for those objects implies that, statistically, the companion has a
mass of M, < 1.4 M, (value obtained with ¢+ = 60° and M; = 2 M), which corresponds to
a star of F5-type or later. Note that the spectrum of such stars exhibits metallic lines which
make those stars detectable by CORAVEL when Amy < 2. Hence the absence of detection
suggests that the companions are not brighter than this limit.

In the case of a companion with Amy ~ 2, the locations of the primaries in the HR
diagram of Fig I1.18 would be slightly shifted to the bottom left (about —0.06 in log L. and
+0.006 in logT'), since their luminosities would be overestimated and their temperatures
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Figure I1.18: 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. From Carquillat et al. (2004).
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Figure I1.19: Location of the two components of HD 126031 in the theoretical evolutionary HR diagram com-
puted by Schaller et al. (1992) for Z = 0.02, with the isochrones (dotted lines) given by Meynet et al. (1993)
(shifted version of Fig. I1.18). From Carquillat et al. (2004).
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underestimated.

I1.5.9 Tidal effects: circularization of the orbits
Zahn’s theory of dynamical tides

Dissipative phenomena occurring in tidal interaction between components of close binaries
lead to orbital circularization and synchronization between spin and orbital period. For stars
with an outer radiative zone, like Am stars, Zahn (1975, 1977) proposed that the main dissi-
pative mechanism was radiative damping acting on the “dynamical tide”. In that case, Zahn

showed that the circularization timescale, .. (defined such that 1/t.,. = —é/e), is a steep
function of the fractional radius R/a:
1 21 [GM\Y? R\ *?

where I is related with the dynamic tidal contribution to the total perturbed potential. The
tidal constant F, is dependent on the stellar structure and strongly varies with mass and time:

e For a given mass, it is a strongly decreasing function of the convective core size. Thus,
when the star evolves off the main sequence, its core shrinks and F, decreases very
quickly. E5 can change in several decades during stellar evolution for a given mass
(Claret & Cunha, 1997).

e For nearly homogeneous models of stars near the ZAMS, with masses of 1.6 to 5 Mg,
log E'5 changes from —8.5 to —6.8 (Zahn, 1975, and Claret & Cunha, 1997).

The strong dependence of Fs on the internal stellar structure, which is unfortunately badly
known, induces large uncertainties on ;.

To compute ¢, for our systems (Line 24 of Table II.10) we performed a parabolic inter-
polation of the tabulated £ values computed by Zahn (1975), which are in very good agree-
ment with more recent computations by Claret & Cunha (1997). Except for HD 126031,
for which ¢ was known, we assumed ¢ = 0.5 for all systems (note that ¢.;,. has a small de-
pendence on ¢). In all cases, the characteristic circularization times we found are larger (for
HD 199360), or much larger (for the other systems) than the ages of the stars. Hence the cir-
cular orbits of HD 19342, 102925, 126031, 155714, 195692 and 199360 cannot be explained
by tidal effects acting on the Am stars during their life in the main sequence, in the context
of Zahn’s theory (see discussion in next section).

Curve of e versus R/a

In Eq. 11.9 we have seen that Zahn’s theory stressed the importance of the “fractional radius”
parameter (R/a), and predicted that t.,. oc (R/a)~2'/2. Indeed, Giuricin et al. (1984a)
showed on a sample of 200 early-type binaries (O, B, A-type) that the transition between
eccentric and circular, or quasi-circular (i.e., e < 0.05) orbits was rather sharp and occurred
at about (R/a). ~ 0.24, which agreed well with Zahn’s theory.

Following those authors, we computed the fractional radius for each object of our sample
(Line 18 of Table I1.10), by using for a the mean value @ of a,;,, and a,., (Line 17) and for
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the 8 short-period systems of Carquillat et al (2003, Paper V). The resulting plot (Fig I11.20)
suggests that the critical value of the fractional radius is (R/a). ~ 0.15. This is smaller than
that proposed by Giuricin et al., that was in full agreement with Zahn’s model. Hence this
plot illustrates also the discrepancy that we find with Zahn’s predictions: there are more cir-
cularized systems than what is expected from models with radiative dissipation of dynamical
tides.

However, let us recall that Eq. I1.9 is valid for homogeneous systems, made of two stars
possessing a radiative envelope. As seen in Sect. [1.5.8, our systems are not homogeneous,
and the unseen companions are likely to be convective late-type stars, with masses less than
1.4 M. For stars having a convective envelope, dissipation by turbulent viscosity is the
dominant process. According to Zahn & Bouchet (1989), the circularization of orbits takes
place in the very beginning of the Hayashi phase of pre-main sequence phase, for late-type
binaries. There is little further decrease of the eccentricity on the main sequence. Hence
the convective dissipation acting on the cool companion may circularize the orbit of a non-
homogeneous binary system. Zahn & Bouchet showed that the theoretical cut-off period,
which separates the circular from the eccentric systems is P ~ 8 days for convective stars
with masses ranging from 0.5 to 1.25 M. This would provide a natural explanation for the
presence of circular orbits for the shortest period systems of our sample, namely HD 126031,
155714 and 199360. The case of HD 19342 and 102925 with periods longer than 42 days and
16 days, respectively, is more puzzling: those systems may have formed as circular, indeed.

I1.5.10 Tidal effects: rotation-revolution synchronism

In Paper V, we studied eight binaries with orbital period P < 10 days, and concluded that
all those systems have probably reached the rotation-revolution synchronism state. In the
present sample, as seven out of ten binaries had periods larger than 10 days, it was interesting
to test the rotation—revolution synchronism for those objects.

Kitamura & Kondo’s test

For that purpose, we used the KK-test that is described in Sect. 1.7.1, which consists in com-
paring the radius [?; of the primary with Ry, the expected value of the radius obtained
when assuming that (i) synchronism has been reached, and (ii) that the orbit and the equator
of the star are coplanar. The values of Rgync min are given in Line 20 of Table I1.10 Notice
that for the eccentric orbits, namely for HD 36360, 127263 and 138406, we must take into
account the pseudo-synchronous rotation period (see Hut 1981, formulae 44 and 45) instead
of the orbital period, i.e., 201.5, 8.7 and 20.3 days, respectively.

Comparing those values to the theoretical values of the radii (Line 11 of Table 11.10),
we see that the last six stars of the list (HD 126031 to HD 199360) satisfy the inequality
(I.27), taking into account the quoted errors: therefore they are likely to rotate in synchronism
or pseudo-synchronism (in Line 21, we put “likely” synchronism for those objects). As
expected, among the synchronized stars we find the systems with the shortest periods, namely
HD 126031, 155714 and 199360 (for clarity, the orbital periods of Tables II.7 and I1.8 are
displayed in Line 26).
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0.2 A

Figure I1.20: Eccentricity versus the fractional radius R/a for this sample (circles) and for the systems of
Paper V (triangles). From Carquillat et al. (2004).
I1.5.11 Tidal effects: comparison with Zahn’s theory

With the same theoretical description of radiative dissipation induced by tidal effects that
we described in Sect. 11.5.9, Zahn (1975) also predicted values for 4., the characteristic
synchronization time of binary systems. He obtained:

GM 1/2 MRQ R 17/2
=5><25/3><( ) (14 q)°°E, i <5) (I1.10)

sync RS
where [ is the momentum of inertia of the star.

Like for Z (Sect. I1.5.9), we computed the values of t.y,. using the tabulated £, and
MR?/I of Zahn (1975), with ¢ = 0.5 for all systems, except for HD 126031 for which
q = 0.75 was known. The corresponding values are displayed in Line 25 of Table I1.10.

Here, the agreement with Zahn’s radiative theory is better than for ., (see Sect. 11.5.9):

e all systems for which KK-test is negative have tgyc > tage, Where 1,4 is the age of the
star (Line 23 of Table I1.10);

o for HD 199360, tsyn. < tage and indeed this system is very likely to be synchronized
(since KK-test is positive and the period is very short, P = 1.99 d);

e the agreement with Zahn’s theory is marginal with log tsyn. ~ log g for HD 126031
(synchronized) and HD 155714 (very likely to be synchronized with a positive KK-test
and a very short period).

The only clear possible disagreement is found for the systems HD 127263, 138406 and
195692 which have a positive KK-test and tgyyc > tage X 102.
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Hence the tidal effects seem more efficient for synchronizing binaries than what is ex-
pected from Zahn’s theory of radiative dissipation. A possible explanation could be that
synchronization by tidal effects starts from the upper layers of the star and then proceeds
inwards to the center (J.-P. Zahn, 2003, private communication). As observational data (ro-
tation velocity) concern the surface of the star, there is a possible bias of considering as
synchronized stars objects for which synchronism state is not fully reached on the whole star.
A theoretical problem would then be to derive the characteristic time ¢4,,+ when the process
starts in the surface and the typical duration At of this migration process, from the sur-
face to the center. For HD 127263, 138406 and 195692, this time would be very large with
start < 1072 tsync and Atmig ~ tsync-

As a general conclusion of this section and Sect. I1.5.9, the radiative dissipation of dynam-
ical tides as presented by Zahn (1975) is not efficient enough to circularize and synchronize
the binary systems we have studied. Two possibilities may partially account for this situation:

e Circularization of the orbit is performed with a greater efficiency by convective dis-
sipation of tidal effects acting on the cool companion during the pre-main sequence
stage.

e Synchronization of the radiative primaries is suggested by observations much earlier
than the characteristic times indicate, since the process starts from the surface.
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I1.6 Paper VII: study of 7 new spectroscopic binaries, im-
plications on tidal effects

In Carquillat et al. (2004) we presented the the results of a radial-velocity study of seven Am
stars: HD 3970, 35035, 93946, 151746, 153286, 204751 and 224002. They were observed
at Haute-Provence and Cambridge observatories with CORAVEL instruments. We find that
these systems are single-lined spectroscopic binaries (SB1) whose orbital elements are de-
termined for the first time. Among this sample, HD 35035 and HD 153286 have very long
periods, of 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 have been inferred
from this study for the primaries of those systems.

We then investigated the influence of tidal interaction which has already led to the synchro-
nism of the primaries and/or to the circularisation of the orbits of some systems belonging to
this sample. We extended this study to the list of 33 objects studied in this series of papers and
derived values of the critical fractional radii » = R/a for circularisation and synchronisation
of Am-type binaries. We found that the stars with » = 0.15 are orbiting on circular orbits and
that synchronism is likely for all components with r = 0.20.

I1.6.1 Introduction

In this section, we report 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 Spec-
troscopic Notes). Those stars appeared as single-lined spectroscopic binaries (SB1) with
CORAVEL. We obtained, for the first time to our knowledge, the orbital elements of those
binary systems. In Carquillat & Prieur (2007c), that was the last of this series, we also gave
the list and RV of the sample stars for which we found a constant radial velocity.

I1.6.2 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 91-cm telescope at the Cambridge obser-
vatories.

The RVs were reduced to the system of the Geneva observatory data base (Udry, Mayor
& Queloz 1999), 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 reported in Tables 1 to 7 of
Prieur et al. (2006b).

The spectroscopic orbital elements given in Table I1.12 were obtained with our least-
squares program BS1. for (see Sect 1.4). The observed RVs were all weighted to unity.

The (O — C) residuals are reported in Tables 1 to 7 of Prieur et al. (2006b) and the com-
puted RV curves are displayed in Fig I1.21. In all cases, the standard deviation of the residu-
als, 00—, 1s consistent with the RV mean error, which indicates the absence of detectable
spectroscopic third components in those systems.
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Figure I1.21: RV curves computed with the orbital elements of Table I1.12: (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. From Prieur et al. (2006b).
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Table I1.12: Orbital elements of the spectroscopic binaries. In Col. 3 Tj is the epoch of periastron passage,
except for HD 151746 for which Tj corresponds to the ascending node passage. From Prieur et al. (2006b).

HD P TodD) w e K Vo apsini  f(m) T(0-C)
(d) 2400000+ (°) (km.s™) (km.s™!) (Gm) (Mg) (kms™1)

3970  39.5743  48945.06 148.6 0.521  18.17 0.52 8.44 0.015 0.78
£0.0012 +0.16 +£13 £0011 £030 =£0.13 +021 =£0.001

35035 1025.21 493579 14.0 0.613  15.59 43.51 1737 0.199 0.95
£ 0.67 +24 £16 £0009 £025 =£0.16 +44 =£0.015

93946 3.55527  53091.29 220.5 0.014 48.02 3.36 2347 0.0409 0.59

£ 0.00004 0.19 +19.8 £0.004 £020 £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 490513 1853 0.367 5.67 —11.41 251.0 0.053 0.22

+7.74 +124 +£16 £0008 £0.06 £004 40 =£0.002
204751 59.6993 5247531 3209 0.867 19.78 —24.44 8.08 0.0059 0.70

£ 0.0006 =+0.02 +£11 £0002 £026 =£0.12 +0.18 =£0.0004
224002 19.8059  49657.33 109.0 0.107 3221 —19.48 8.72 0.068 1.38

£0.0006 £0.35 +63 £0012 £041 +£029 £0.12 40.003

For the short period systems HD 93946 and HD 151746, the Lucy & Sweeney (1971)’s
test led us to consider as significant, although very small, the eccentricity of the HD 93946
orbit and to adopt a circular orbit for HD 151746. The systems HD 35035 and 153286 have
long periods of 2.8 yr and 9.5 yr, respectively, which is unusual for systems involving an Am
star. Note also the very eccentric orbit of HD 204751 (e ~ 0.9).

I1.6.3 Notes on individual systems

In this section we report some information about the stars studied in Prieur et al. (2006b), in
particular the origin of the Am classification and, when available, the classifications from the
Ca Il 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), FO (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 Stromgren indices. Note that other and different classifications can
be found in the literature: o Del (Bidelman 1983) and F2 II (Sato & Kuji 1990). Fehrenbach
et al. (1987) 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), FO (m)), from Walther (1949) and Am (A2 (k), F4 (m)) from Zirin (1951). Strémgren
photometry is available for this object, but there was no previous detection of RV variations.
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Table II.13: Physical parameters derived from this study, and from the knowledge of m,, B — V and 7. The
subscripts 1 and 2 refer to the primary and secondary components, respectively. From citeAm-PaperVII.

HD 3970 35035 93946 151746 153286 204751 224002
HIP 3331 25160 53081 81757 82864 — 117856

my 7.20 7.56 8.65 6.82 7.03 7.93 7.99
B-V 0.34 0.31 0.28 0.22 0.31 0.33 0.31

Ep_v 0.04 0.08 0.00 0.00 0.00 0.03 0.06
vesing (km.s™1) 29.1 £2.9 221422 253413 131426 73+02 27.3+27 388439
7 (mas) 540+ 0.81 5.33 £ 1.24 3.61 + 1.15 826+ 0.59 9.43 +0.60 12.0 £ 4.1 6.47 + 0.86
d (pc) 185735 188T3% 277 12143 10617 83t 155123
My, 0.83+0.331.64+0.5 1.52+0.69 20+02 1.98+0.14 3.31 +0.74 1.94 + 0.28
Tog (K) 7400 £ 100 8000 =+ 100 (7300 + 100) — 7500 4 100 7300 = 100 (7500 + 100)
log g (cgs) 3.7 4.1 — — 4.0 4.0 —

[Fe/H] 0.68 0.43 — — 0.71 0.86 —
log(L/Le) 1.55+0.13 1.25 £ 0.20 1.28 +0.28 — 1.09 +0.06 0.73731%  1.11 £ 0.11
M, (My) 22402 19402 19+03 (~2) 1.80 £ 0.05 ~ 1.6 1.8 +0.1
Ri (Ro) 36406 22406 27+09 (~2) 20402 ~1.6 2.14+0.3
My, min Mg) 0.5 1.3 0.6 (~05) 07 ~0.3 0.8

a (Re) 715440 647420 143+1.0 (17.5+12) 1386 +85 89.5+4.5 445425
a(l—e)(Ry) 35420 250+8 142410 — 863 +54 11.64+0.6 39.6+22
P (days) 40 1025 3.6 4.8 3458 60 20

P, (days) 16.62 238.14 — — 1872.04  2.57 18.47

Vggne (km.s™1)  11.0 0.5 38.4 21) 0.05 31.5 5.8
Synchronised? no no likely likely no likely no
Circularised?  no no yes yes no no no

logage (yr)  890%91  887t01 900700 8951095 <895  9.00759
10g tegne (yr)  13/10.6  23/20 8.4 (10) 26/25 17100  14/13

log teire (yr)  17/13 29/25 10.7 (13) 33/31 221125 17/16

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 1642047353, for which Seymour et al. (2002) computed a preliminary visual or-
bit (with P = 32 yrand 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. Stromgren 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 classifi-
cation from its Stromgren indices. This object is not listed in the HIPPARCOS Catalogue
but it was observed by the TYCHO mission. The parallax given in Table I1.13 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
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Table II.14: Stromgren photometry and derived data with Crawford (1975, 1979)’s calibration. From Prieur et
al. (2006b)

HD 5 b—y E(b,y) mq (ml)o C1 (61)0 (5m1)0

3970 — 021 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

(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.

I1.6.4 Physical parameters of the primaries

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 II.13. They are mainly based on:

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

e the orbital parameters of Table I1.12;

e grids of models used to calibrate Stromgren 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 compo-
nents. For this purpose we must first estimate the colour excess for each system and examine
the influence of the undetected companions.

Stromgren photometry

Four stars have been measured in the Stromgren photometric system, namely HD 3970,
35035, 153286 and 204751, according to Hauck & Mermilliod (1998). The corresponding
data are displayed in Table II.14. When the 3 value was available (for HD 35035 and 153286)
we estimated the effective temperatures, T.¢ and log g (Table I1.13, lines 10 and 11) using the
grids, (¢ )p versus /3, given by Moon & Dworetsky (1985). When (3 was not known, those pa-
rameters were obtained from the Relyea & Kurucz (1978) grids of (c;)o versus (b — y)o. The
de-reddened indices (b — y)o, (¢1)o and (m;)o were computed either with Crawford (1975,
1979)’s formulae, when (3 was available, or via E'g_y with Crawford (1975)’s relation.

For the stars without Strémgren photometry, we estimated the effective temperatures (ex-
cept 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 II.13, line 10.
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We also give an estimate of the metallicity [Fe/H] (Table II.13, 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 Ep_y from the Stromgren indices, when Hg measurement was
available. Indeed, from the value of the 3 parameter (free of the effect of interstellar absorp-
tion) we can obtain (b — y)o, the de-reddened value of (b — y) (Crawford 1979), and then
the colour-excess Ep_y = E;_,/0.73 (see Crawford 1975). When 3 was unknown we used
Lucke (1978)’s maps and the distance deduced from the parallax. The adopted values of
Ep_y are quoted in Table I1.13 (line 5).

Then we computed the absolute visual magnitudes of the systems using the HIPPARCOS
parallaxes values (ESA 1997) and the apparent visual magnitudes my corrected, if needed,
for the interstellar absorption: Ay ~ 3 Eg_y.

I1.6.5 Influence of the undetected companions

Except HD 35033, all systems studied here have small mass functions, i.e. f(m) < 0.07 Mg
(Table I1.12) which gives an indication of a small mass ratio y = M, /M; of the two compo-
nents (see Sect. [1.6.7). When taking the statistically most likely values: M; ~ 2 Mg, ¢ ~ 60°
and My =~ 1.7 (cf. North 1997), we find My < 1 My, and Amy > 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 My of the primary of a given
system lies between two limits, a minimum value My iy that is the global magnitude of
the system (when Amy is very large) and a maximum value My pax, corresponding to
Amy = 2 (which is the average limit of detection of the secondary with CORAVEL). We
will adopt My = (My1, min + Mv1, max)/2 (Table I1.13, 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 M; =~ 2 My, we would have Ms; > 1.3 My. This corresponds to a spectral
type earlier than F6V and a magnitude difference of Amy < 2, according to Schmidt-Kaler
(1982), which is small enough to make it detectable with CORAVEL. The absence of sec-
ondary 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: My = 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, My ~1.6,B—-V =0.18

— secondary: FOIV, My, =~ 1.9, B—-V =0.30

82



II.6. PAPER VII: STUDY OF 7 NEW SPECTROSCOPIC BINARIES, IMPLICATIONS
ON TIDAL EFFECTS

Hp3e70 | |

15 b

e I

log(L/LO)

[ LHD 224002
]

. N
. - -
L ".HD 153286

I
3.95 3.9 3.85 3.8
log(T,q) [K]

Figure I1.22: 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. From Prieur et al. (2006b).

The case of HD 151746

For this close visual star, the CCDM Catalogue (Dommanget & Nys 1994) quotes my, 4 =
7.3 and my, p = 7.6. With my, 4 = 7.3, the visual absolute magnitude of the spectroscopic
pair would be My, 4 = 1.88 &£ 0.15. A statistical correction for the unseen spectroscopic
companion (see Sect. I1.6.5) leads us to adopt My, ; = 1.96 £ 0.15. It is difficult to make a
valid estimate of the effective temperature of the Am component in the absence of Stromgren
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).

I1.6.6 The evolutionary status, masses and radii

Using the estimates of T,z 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. 11.22) and derive the
theoretical masses (Table 1I.13, line 14). We obtained the values of log(L/Ly) from the
visual absolute magnitudes My, ; 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 My, =~ 2.9) or even a little above the ZAMS.

From Fig. [1.22, one sees that all the primaries have masses near 2 M, which is compat-
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ible to what we assumed in Sect. 11.6.5.

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/Re) = —0.2 Mo —
2log Tog + 8.47, we computed the theoretical radius of those stars (Table II.13, line 15). HD
3970 appears as the most evolved star of the sample although it is not a supergiant. The
classification as d Del (i.e. evolved metallic-line star) proposed by Bidelman (1983) for this
object seems realistic.

I1.6.7 Minimum masses and separations of the spectroscopic compan-
ions
The mass function of a spectroscopic binary is defined as:
f(m) = M, sin®i p® /(1 + p)? (L11)

where 1 = My /M; is the mass ratio of the components (1 = primary, 2 = secondary). When
using for each system the mass M; quoted in line 14 of Table I1.13, the relation (I.11) gives,
with 1 =90°, the minimum value of y, from which we can derive M i, the minimum value
of the mass of the companion (line 16 of Table I1.13). For HD 151746, for which very few
information was available (see Sect. I1.6.5), we tentatively assumed a value M; ~ 2 M, that
corresponds to an average mass value for Am stars (see Sect. 11.6.6) and put all those mass
estimates between brackets in Table 11.13.
The mean linear separation a between the two components of a binary system is:

a=a(1+1/p) (1.12)

where a; is the semi-major axis of the orbit of the primary relative to the center of mass of
the system (Col. 8 of Table II.12). The relations (II.11) and (II.12) lead, for a given value of
1, 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 7. For the seven
SBs of our sample we computed the values of a for 20° < ¢ < 90° (range of 94% likelihood)
with the constraint that 1+ < 1, which sometimes reduces this range. The mean values and the
corresponding ranges of uncertainties are given in Table I1.13 (line 17).

Given their distances the mean angular separations of the two most detached systems,
HD 35035 and 153286, are expected to be 07016 £ 07004 and 0”060 £ 0”008, respectively.
For HD 35035, a separation with a multi-pupil interferometer should be possible, favoured
by a faint Amy (see Sect. 11.6.5). As for HD 153286, the rather large expected separation
should permit a resolution with a speckle camera at the focus of a large telescope, provided
the companion is not too faint.

I1.6.8 Tidal effects: 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,
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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 (see
Sect. 1.7.1):

R=Puv,= P uv.sini/sini (I1.13)

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. Accord-
ing to Hut, this state is characterised by a pseudo-period P, related to the orbital period PP

via the relation:
1+3e?+ 2et) (1—e?)??
PpS:P( crse)i=c) (I1.14)

15 2 4 45 4 4 5 .6
1—|—26—|—86+166

The parameter v, sin ¢ (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 II.13. From relation (II.13) we derive v, sini = R sini/P, which
leads to:

Vesini < Ugyne  With  vgyne = R/P (II.15)

Note that vy, = 50.6 (R/R)/(P/d) km.s™*. For circular orbits, the inequality (I.15) can
be used as a test of synchronism when 7 is unknown. Indeed, if a star rotates in synchronism,
its value of v, sin ¢ should verify the relation (II.15). In the case of elliptic orbits, P should be
replaced with the pseudo-period P, given in line 20 of Table I1.13. Note in this table the big
difference between P (line 19) and P, 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 pri-
mary 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 Ry
(see Table I1.13, line 15). We thus obtained the equatorial velocity value for synchronism
Usyne, quoted in line 21 of Table II.13. This value could then be compared with the mea-
sured value of v, sin (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 short-period 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,

I1.6.9 Tidal effects: comparison with theoretical characteristic times

To account for tidal effects among early type stars, Zahn (1975, 1977) proposed that the main
dissipative mechanism was radiative damping acting on the dynamical tide. We have pre-
sented this model in Paper VI, with the expressions of the characteristic times tgyn. and tirc
relative to the synchronisation of the star rotation and the circularisation of the orbit, respec-
tively. The values computed for the objects of this paper are given in Table I1.13 (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

85



CHAPTER 1. DETAILED STUDY OF OUR SAMPLE

value obtained with the minimum separation a(1 — e) corresponding to the periastron pas-
sage, 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 gy, and .. 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 I1.22 by using
the isochrones of Meynet et al. (1993) plotted in this figure as dashed lines. Those values are
reported in Table I1.13 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 tgy.:

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

— the cases when this test is negative correspond to values of ¢, much larger than the
estimated ages.

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

When considering ..., the agreement is rather good (lines 24 and 26), the cases of non-
circular orbits corresponding to values of ., much larger than the estimated ages. Neverthe-
less the circularised systems have ages much smaller than the values computed for ¢, 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:

e 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).

e the binary system may have formed as circular.

I1.6.10 Tidal effects: synchronisation and circularisation critical frac-
tional radii

Zahn (1977) predicted a strong dependency of the strength of tidal effects with the frac-
tional 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, tq,. < (R/a)~2!/? and
teyne X (R/a)™'7/2. Hence the determination of the smallest component separations, or
critical fractional radii 7y, and 7., at which synchronism or orbit circularisation become
mostly observed, is a valuable test for theoretical models.
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Figure I1.23: Circularisation of the binary systems for this sample (squares), and for the systems from Paper I
to Paper VI (circles). From Prieur et al. (2006b).

Determination from our whole sample of Am stars

The Figures 11.23 and [1.24 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. 11.23 clearly shows that all stars with » > 0.15 are orbiting on circular orbits.

In the diagram log(v, sini/vsync) versus r of Fig. I1.24a, the synchronism test of the in-
equality (II.15) corresponds to imposing a threshold with the dotted line. This would lead to
rsyne = 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 is 0.5, which corresponds to ¢ = 60° (dashed
line). Hence the stricter test v < vgyn would lead to 74y, ~ 0.20.

For the non-circular orbits, that are concerned with pseudo-synchronism only (see Fig. [1.24b),
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 syn-
chronism. 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
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Figure I1.24: 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 synchroni-
sation thresholds for ¢ = 0 and ¢ = 60°, respectively. From Prieur et al. (2006b).

Tsyne ~ 0.14 and 7. =~ 0.20, for binary systems with M; = 2 Mg and p = 1. If we assume
a smaller mass ratio, p# = 0.5, which is generally more likely for single-lined spectroscopic
binaries, those values become somewhat larger: rgyn. ~ 0.17 and rg,. ~ 0.24.

With our sample of Am stars we find 7. ~ 0.20 which is very close to the predicted
value. Concerning the circularisation, our determination of 7. ~ 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 sec-
ondary stars are small (see e.g. Table I1.13, line 16). Hence those stars must have convective
envelopes. As mentioned in Sect. 11.6.9, 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. (1984a,b). With early-type eclipsing binaries and double-
lined spectroscopic binaries (SB2), they found 74y, =~ 0.15 and 7, ~ 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
1 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 rgyn is in good agreement with their value, but our
determination of 7., ~ 0.15 is somewhat smaller than theirs. The sample of the 200 stars
they used for determining 7. (Giuricin et al., 1984a) 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
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eclipsing binaries, since such a property facilitates their detection. Hence the smaller value
found for 7, 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.

(Giuricin et al., 1984b) noticed that below 74y, there was a high fraction of synchro-
nised stars, which was incompatible with Zahn’s predictions. They concluded that “tidal
mechanisms in early-type close binaries are much more efficient in bringing stars to syn-
chronism than is presently described by theory”. Although we do not see this property in
Fig. I1.24 (which can be explained by our much smaller sample than theirs), our determi-
nation of r.,.. ~ 0.15, is smaller than Zahn’s expectations. This would support Giuricin’s
conclusion about stronger tidal effects than predicted by the theory, for orbit circularisation
also.

Zahn (1977) recognized that his theoretical predictions were rather imprecise, since they
relied on many assumptions on the internal stellar structure, with very few observational
constraints. He said that observations leading to the determination of the limiting separations,
would be very helpful to revise the values of the tidal coefficients Es, and precise the internal
stellar structure. With those new values of rgy. and 7., for Am-stars, we hope that this
study will contribute to refining theoretical models.

Compared to the sample studied by Giuricin, our sample is limited to Am-type stars,
which facilitates theoretical studies since it has a much more limited range of physical pa-
rameters (temperature, radius, mass).
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I1.7 Paper VIIL first part: study of 8 new spectroscopic bi-
naries

I present in this section the study of eight new binaries we presented in Paper VIII: HD 32893,
60489, 109762, 111057, 113697, 204918, 219675 and BD+44°4512. We found that these ob-
jects are single-lined SBs whose orbital elements were determined for the first time. HD 32893
was found to be a triple spectroscopic system whose third body might be detected by speckle
interferometry. Physical parameters were inferred for the primaries of those SBs. We then
investigated the influence of tidal interaction and found that it has already led to the synchro-
nism of the primaries and to the circularisation of the orbits of four of those systems.

In Section I1.7.1, we present our observations and the orbital elements we derived, for the
first time to our knowledge, for those eight systems. In Section I1.7.2, we give some useful
information that we found in the literature about the studied stars. In Section I1.7.3, we
derive some physical parameters of the primary components and examine their evolutionary
status. We also estimate the minimum masses and separations of the unseen companions. In
Section 11.7.9, we examine the occurrence of tidal effects for the studied systems in terms of
rotation-revolution synchronism of the primaries.

I1.7.1 Observations and derivation of orbital elements

Most of the observations concerning the eight objects were performed at OHP, but additional
observations were also carried out by R.F Griffin who kindly observed some stars of our
programme with his own CORAVEL in Cambridge. 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). This instrument was initially conceived to study the stars cooler than the
spectral type F4 but it was also found fit for use for slow-rotating (v, sini < 40 km.s~!) hotter
stars when they exhibit metallic lines in their spectrum, like the Am stars. The precision of the
RVs depends upon v, sin ¢, the projected rotational velocity of the star. The mean rms error
varies from about 0.5 km.s~! for the slowest rotators to about 1.5 km.s™! for the maximum
limit value of v, siné ~ 40 km.s~".

The RVs obtained at OHP and in Cambridge were reduced to the system of the Geneva
Observatory RV data base (Udry, Mayor & Queloz 1999). For HD 60489, we also used 4
RVs obtained with the AURELIE spectrograph at OHP by Kiinzli & North (1998) that were
reduced to this system by applying an offset of +1 km.s~!. The resulting RV measures of the
eight new SBs are given in Tables 1 to 8 of Carquillat & Prieur (2007c¢).

The spectroscopic orbital elements given in Table I1.15 were obtained from the observed
RVs using a fully automatic sequence of programmes described in Paper VII. All the RVs
obtained with CORAVEL (OHP and Cambridge) were weighted unity; those from the AU-
RELIE spectrograph were weighted 1/4. For HD 32893, our usual least-squares programme
“BS1”, that fits orbital parameters to SB1 data (Nadal et al 1979), led to O — C residuals
much larger than the value expected from the RV errors, and not randomly distributed with
time. This gave us a hint of the presence of an unseen third body in the system and the
analysis of the residuals allowed us to estimate its period. The RVs were then successfully
re-processed with our programme “BS4”, that performs a least-squares minimization of the
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Table II.15: Orbital elements of the eight new SB studied in Paper VIII. Tj: periastron passage epoch for
eccentric orbits, ascending node passage epoch for circular orbits. Column 1, HD 32893: (s) short-period
system, (¢) long-period system. From Carquillat & Prieur (2007c).

HD/BD P T() (JD) w e K1 VO ay sin ¢ f(m) O'(OfC)
(d) 2400000+ (°) (km.s™) (kms™h) (Gm)  (Mp) (km.s™1)
32893 (s) 2.175561 50747305 — 0.0 49.84  var 1.491  0.0280 0.55
+0.000002 =+ 0.002 +0.13 0.004 4 0.0002
") 1136.7 511732  185.0 0.848 9.76 1421  81.0 0.0164
+1.5 +2.0 +2.7 £0.010 £0.27 +0.13 +4.8  £0.0029

60489 67.9501  50495.89 100.6 0.422 13.71 43.56 11.62 0.0136  0.74
£0.0088  £0.55 +4.8 +0.021 £043 +0.22 £0.50 =£0.0017

109762  34.1863  50850.25 65.5 0.135 26.29 —13.11 1224  0.0627 0.71
+0.0021  £0.35 +34 £0.009 £0.24 +£0.18 +£0.13 +£0.0019

111057 3.848018 53091.727 — 0.0 15.96 —1.72 0.8446 0.00162 0.45
£0.000048 +£0.009 £0.12  £0.09 £0.0066 +0.00004
113697  539.9 46696.8 544 0.675 9.93 1.32 54.4 0.0220 097
+1.4 +9.7 +3.1 +0.034 £0.52 +£0.18 +£53 +0.0063
204918 5.04496  53262.446 — 0.0 18.21 -30.21 1.263  0.00316 0.79
+ 0.00017 =£0.019 +0.22  £0.15 £0.015 =£0.00011
219675 531.40 49833. 88.3 0.197 4.56 10.20 327 0.00494  0.38
+0.84 +15. +8.9 £0.024 £0.13 £0.09 =£1.1 £0.00049
+44°4512 5.002094 50482.563 — 0.0 29.34 —-551 2,018 0.01312 0.90
£0.000025 £0.009 +0.24  £0.17 £0.017 =£0.00032

orbital elements of a triple hierarchical spectroscopic system to SB1 data (see Paper I'V).

The computed RV curves for those eight systems are given in Figs. I1.25 and 11.26, and
the O — C residuals in Tables 1 to 8 of Carquillat & Prieur (2007¢). For BD 444°4512, the
bad repartition in phase of the observations is due to the value of the orbital period which is
nearly equal to an integer number of days (P = 5.002 d).

I1.7.2 Notes on individual systems

In this section we report the origin of the Am classification of those eight stars and some
complementary information.

HD 32893 (HIP 24108). The Am classification originates from Abt (1985). The star is ADS
3723 A, the primary component of a wide visual pair. According to the CCDM catalogue
(Dommanget & Nys 1994), the visual secondary is a faint star of tenth magnitude at ~ 12 "
of the A component. It is a new spectroscopic triple system (see Sect. I11.7.1).

HD 60489 (HIP 36869, HR 2904). This star was classified Am by Bertaud & Floquet (1967)
and A7 III by Cowley & Jaschek (1969). Kiinzli & North (1998) found it is an evolved
metallic-line star and detected some light variations.

HD 109762. Two references for its Am nature are quoted in Hauck (1986)’s catalogue:
Slettebak, Bahner & Stock (1961) and Slettebak, Wright & Graham (1968). Hill et al. (1976)
confirmed its classification as Am and first noted the variability of its RV. This star was not
observed by Hipparcos.
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Figure I1.25: RV curves (solid lines) computed with the orbital elements of Table I1.15: (a) HD 32893 (long-
period outer system), (b) HD 32893 (short-period inner system), (¢) HD 60489, (d) HD 109762, (e) HD 111057
and (f) HD 113697. For HD 32893 (a) and HD 111057 that have 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. The CORAVEL measures are displayed with black dots. For HD 60489, the few AURELIE measures
are reported with open triangles. From Carquillat & Prieur (2007c¢).
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Figure I1.26: RV curves computed with the orbital elements of Table I1.15: (a) HD 204918, (b) HD 219675 and
(c) BD +44°4512 The origin of the phases corresponds to the periastron passage. From Carquillat & Prieur
(2007¢).

HD 111057 (HIP 62341). The Am classification originates from Hill et al. (1976) and was
confirmed by Bidelman (1988).

HD 113697 (HIP 63806). Hynek (1938) listed this star with “composite spectrum”, but
this was contradicted by our spectroscopic study in the near infrared region that led to a
classification as Am (Ginestet et al. 1997). Our result is in agreement with the Henry Draper’s
Catalogue where this star is classified as A3 with a mention in the notes of the presence in
the spectrum of “several solar lines (too) strong for class A3”. Grenier et al. (1999) gave
the classification AS III but this luminosity class is not in agreement with the visual absolute
magnitude (M, = 2.4 4+ 0.3) obtained from the trigonometric parallax (ESA 1997). This
value of My, corresponds to that of a dwarf A star, which is the typical luminosity class of the
Am stars.

HD 204918 (HIP 106184). The Am classification quoted in Hauck (1986)’s catalogue origi-
nates from Abt (1984).

HD 219675 (HIP 115011). The Am classification originates from Abt (1985). This new SB
belongs to the close visual binary ADS 16650 AB, for which Scardia et al. (2002) computed
an orbit with P = 173.7 yr and a = 0.41”. According to Fabricius & Makarov (2000), we
have Amy, & 2 for this visual pair. Therefore, HD 219675 is a true physical triple system.

BD+44°4512 The Am classification of this faint star listed in Hauck (1986)’s catalogue
originates from Floquet (1975). This star was not observed by Hipparcos.
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I1.7.3 Physical parameters

Like for the previous papers of the series we now derive some physical parameters of those
systems (reported in Table I1.16) using the orbital parameters we have found, Stromgren
photometry and other available data found in the literature.

I1.7.4 Color excess and M/, deduced from Stromgren photometry

The Stromgren photometric indices 3, b — y, my and c;, found in Hauck & Mermilliod
(1998)’s catalogue for the studied objects are displayed in cols. 2, 3, 5 and 7 of Table I1.17,
respectively. Unfortunately, no Strémgren photometry data was found for BD +44°4512.

When 3 was available, the de-reddened indices (b — y)o, (m1)0, (¢1)o and (dmq)o were
computed with Crawford (1975, 1979)’s formulae. The colour-excess was then derived with
the relation Eg_y = E,_,/0.73 (Crawford 1975). When 3 was not known, E5_y, was derived
from Lucke (1978)’s opacity maps and the distance deduced from the parallax. Then the
same relation allowed to retrieve E;_, which we could use to correct the Stromgren indices
for reddening effects. The values obtained for E;_,, (m1)o, (c1)o and (dmy ), are reported in
cols. 4, 6, 8 and 9 of Table II.17, respectively.

The values derived for Egz_y (line 5 of of Table I1.16) were also used to correct the ap-
parent visual magnitudes my, (line 3) for the interstellar absorption Ay ~ 3 Eg_y. When the
Hipparcos parallaxes were available (line 7) those corrected magnitudes allowed the compu-
tation of the absolute magnitudes My, (line 9).

For HD 109762, which has not been observed by Hipparcos, we estimated its absolute
magnitude from the Stromgren photometry using the relation derived by North et al. (1997)
for a sample of stars of types A and Am observed by Hipparcos:

My =12.6 —3.73 — 8.3 (dc1)o + 6.5 (dmy)o + 7.2107° (v, sin4)?.

With the formulae of Crawford (1975), we obtained (d¢1)o = 0.05, which led to My = 1.71.

I1.7.5 T, log g and [Fe/H] from Stromgren photometry

When § was known, the effective temperature 7. and the gravity log g (lines 11 and 13 of
Table 11.16) were estimated from the grid of (¢;)o versus (3 given by Moon & Dworetsky
(1985). In the other cases, those parameters were obtained from the Relyea & Kurucz (1978)
grids of (¢;)q versus (b — y)o.

The metallicity [Fe/H] (Table I1.16, line 14) was derived from the dm; values, using
Cayrel’s calibration as reported by Crawford (1975, Fig. 17 of this paper). The positives
values we found are in agreement with the metallic-lined nature of the stars. Note that the
value [Fe/H] = 0.86 obtained for HD 219675 is probably slightly overestimated, because of
the presence of a close cooler visual companion only two magnitudes fainter.

I1.7.6 Influence of the unseen companions

The eight systems studied here have small mass functions, i.e. f(m) < 0.063 Mg (see
Table I1.15), which indicates that the companions have probably small masses. Indeed, if we
assume that M, ¢ and My, are equal to their statistically most likely values, M; ~ 2 Mg,
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Table I1.16: Physical parameters derived from Stromgren indices, parallaxes, orbital elements and theoretical
data. The indices 1 and 2 refer to the primary (Am) or the secondary stars, respectively.

(1) HD (BD) 32893 60489 109762 111057 113697 204918 219675 +44°4512
(2) HIP 24108 28432 — 62341 63806 106184 115011 —

3 Vv 6.74 6.55 8.58 8.46 8.47 6.77 6.73 10.19

4 B-V 0.30 0.23 0.27 0.23 0.34 0.31 0.37 0.32

(5) Ep_v 0.03 0.01 0.00 0.00 0.00 0.04 0.00 —

(6) wsini (km.s™) 10.0 24.0 20.5 10.6 23.8 11.4 21.3 18.9
+1.0 +2.4 +1.5 +1.3 +2.4 +1.6 +2.1 +1.0

(7) 7 (mas) 11.63 6.98 — 5.72 6.07 8.15 6.23 —
+0.88  +£0.83 +1.07 £095 +£0.60 +1.31

(8) d(pc) 86 143 — 175 165 123 161 —

9 My 1.98 0.74 — 2.25 2.39 1.21 0.70 —
+0.16  +0.26 +£041 +£034 £0.16 £0.46

(10) My, 2.06 0.82 1.71 2.33 247 1.29 0.94 —
+0.17 +£0.26 +£036 +041 £034 £0.17 +£0.46

(11) Tegq1 (K) 7900 7650 7500 7950 7200 7700 7200 —

+100  +100  £100  £100  £100  £100  +100
(12) log(Li/Ly) 1.064 1.560 1.200 0956  0.900 1.372 1.512  —
+0.068 +0.104 =£0.144 +£0.164 =£0.136 +£0.068 =+0.184

(13) log g (cgs) 4.3 3.6 4.1 4.2 4.0 4.1 3.7 —
(14) [Fe/H]; (dex)  0.42 0.18 0.49 0.62 0.12 0.45 0.86 —
(15) M; Mp) 1.80 2.20 1.85 1.70 1.60 2.00 2.15 ~2
+0.05 +£0.10 +0.15 £0.10 £0.10 +£0.05 +0.15
(16) R; (Re) 1.8 3.4 2.3 1.6 1.8 2.7 3.6 ~2.5
+0.2 +0.5 +0.4 +0.3 +0.3 +0.3 +0.9
(17)  Mopmin Mg) 0.5 0.5 0.8 0.2 0.5 0.3 0.3 0.4
(18) a Rp) 10.0 103.1 64.3 13.1 381 16.8 388 17.6
+0.8 +6.8 +4.0 +0.4 +28 +1.0 +20 +1.3
(19) a(au) 0.48 0.30 1.8 1.8
+0.03  £0.02 £0.1 +0.1
(20) Synchronism? Likely No No Likely No Likely No Likely
(21) log [age (yr)] 8.80 8.88 9.00 <882 9.05 8.93 8.93 —
+0.05 +0.04 +0.02 +0.05 +0.02 +0.07
—0.10 —0.04 —0.04 —0.25 —0.02 —0.03

Table I1.17: Stromgren photometry (subscript O refers to de-reddened indices).

HD B b—y Ey,y my (mi)o a1 (c1)o  (0ma)o
32893 — 0.169 0.02 0.220 023 0.752 0.75 —-0.02
60489 2.800 0.135 0.01 0.199 020 0.969 0.97 0.00
109762 2.778 0.164 0.00 0.224 022 0.791 0.79 —-0.03
111057 2.828 0.125 0.00 0.249 025 0.836 0.84 —0.04
113697 2.745 0.196 0.00 0.175 0.18 0.724 0.72 0.01
204918 — 0.195 0.03 0.215 023 0.776 0.77 —0.03
219675 — 0.218 0.00 0.248 0.25 0.701 0.70 —0.07
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i ~ 60° and My, ~ 1.7 (cf. North 1997), we find M, < 0.9 M. This corresponds to
a companion with spectral type cooler than G5 V and Amy 2 3.4 (Schmidt-Kaler 1982).
So we may approximate, with only a minor error, the photometric indices of the primary
components by the global values. The physical parameters derived from the global Stromgren
indices in Sect. [1.7.4 and I1.7.5 can thus be affected to the Am primaries only.

For a given system, the visual absolute magnitude My, of the primary component lies
between two limits, a minimum value corresponding to the global magnitude My of the sys-
tem and a maximum value My max, corresponding to Amy = 2 (which is the average limit
of detection of the secondary with CORAVEL). We will adopt My = (My + My, max)/2,
which is reported in line 10 of Table I1.16. For the triple system HD 219675 we applied a
double correction, taking also into account the presence of the close visual component (see
Section 11.7.2).

I1.7.7 Evolutionary status, masses and radii

From the values of My, and the bolometric corrections tabulated by Flower (1996) we ob-
tained the luminosity L, /L given in line 12 of Table II.16. The stars could be then plotted
on the theoretical HR diagram of Schaller et al. (1992) for solar metallicity (Fig. I1.27). Like
the other Am stars studied in the previous papers of the series, they are scattered within the
whole width of the main sequence. This fact was also pointed out by Domingo & Figueras
(1999) and is inconsistent with an older study of Gémez et al (1981) who found that the Am
stars were located about 1 mag. above the main sequence.

We then derived the theoretical masses (line 15 of Table I1.16) and ages (line 21) of the
Am primaries using the isochrones from Meynet, Mermilliod & Maeder (1993) also displayed
in Fig. [1.27. The values found for masses are close to 2 M, which is in agreement to what we
assumed in Section I1.7.6. The isochrones indicate ages lying between 0.5 and 1 giga-years,
except perhaps HD 111057 that may be younger.

Finally, using the Stefan radiation law: log(R/Ry) = —0.2My — 2logTex + 8.47
(Schmidt-Kaler 1982), we computed the theoretical radii of those stars (line 16). The rather
large values we found for HD 60489 and HD 219675 are consistent with the evolved character
of the primary components of those systems.

In the case of BD +44°4512 for which very few data were known, we simply assumed
that M, ~ 2 My and R; =~ 2.5 R, which are typical values for Am stars.

I1.7.8 Minimum masses and separations of the spectroscopic compan-
ions

The mass function of an SB1 can be defined as (see Sect. 1.4.4):
f(m) = M, sin®i /(1 + p)? (I1.16)

where ;1 = M, /M; is the mass ratio of the components (1 = primary, 2 = secondary). When
using for each system the mass M, quoted in line 15 of Table II.16, the relation (II.16) gives,
with ¢ = 90°, the minimum value of 1, from which we can derive M5 iy, the minimum value
of the mass of the companion (line 17 of Table I1.16).
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log(L/L)

Figure I1.27: Location of the primary components of the eight new SB1s in the theoretical HR diagram computed
by Schaller et al. (1992) for Z = (.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 Mg,.
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The mean linear separation a between the two components of a binary system is:
a=a;(14+1/p) =aysini(l+1/u)/sini (IL.17)

where a; is the semi-major axis of the orbit of the primary relative to the centre of mass of the
system. The value of a, sin ¢ can be derived from the orbital elements (col. 8 of Table I1.15),
but unfortunately the inclination 7 is unknown. The relations (II.16) and (II.17) can lead to an
estimate of the separation a, provided that an assumption is made on the value of 7. According
to Carquillat et al. (1982) the values obtained in this way have a very small dependency on
the value assumed for ¢. For the eight SBs of our small sample we computed the values of a
for 20° < 7 < 90° (range of 94% likelihood) with the constraint that 4 < 1, which sometimes
reduced this range. The mean values and the corresponding ranges of uncertainties are given
in Table II.16 (lines 18 and 19).

The third body of the triple system of HD 32893 was also considered and we estimated
its minimum mass M3 ., and its distance @’ from the short-period system. In the formulae
(I1.16) and (I1.17) we replaced M; with (M; + My), the total mass of the short-period system,
and we set u = M3/(M1+ M2). The value of Mj ., corresponds to the case when i = 90°
with (M7 + M3)min = 1.8+ 0.5 = 2.3 Mg, (see Table I1.16, col. 2, lines 15 and 17). We thus
found: M3, = 0.5 M, which is similar to what we obtained for M5 ;. The maximum
value corresponds to a mass ratio unity for the short-period system, i.e. (M; + Ms)max =
3.6 M. For @/, we computed the mean of the two values obtained for a’ when using the
minimum and maximum values for M; + M>, and found ¢’ = 3.5 4 0.5 au. At 86 pc, which
is the distance derived from the Hipparcos parallax, this value corresponds to an angular
separation of 0.041 4 0.009 " (taking also into account the error on the parallax). According
to the high eccentricity of the orbit (e ~ 0.85), a separation near 0.075" could be reached at
the apastron. Hence the third companion could be detected by speckle interferometry with a
2-meter class telescope, provided it is not too faint (i.e. Amy < 3 mag).

I1.7.9 Rotation-revolution synchronism

In this section we test the occurrence for the studied systems of rotation-revolution synchro-
nism that is the consequence of gravitational tidal effects. More details about this procedure
can be found in Papers VI and VII.

For a circular orbit, the orbital period P of the system, the radius R of the considered
component ant its equatorial rotational velocity v verify the relation v = R/ P when synchro-
nism is reached. Using the following units: P in days, R in solar radii and v in km.s™?, this
relation becomes:

v =50.6(R/Re)/P. (IL.18)

Practically, we only have access to the projected equatorial velocity vsini. The relation
(I1.18) implies that:

vsini < 50.6 (R/Ry)/P (IL.19)

This inequality constitutes a test for synchronism.

For the systems formed with highly eccentric orbits the evolution is much slower. Hut
(1981) has shown that such systems reach first a state close to synchronism, called “pseudo-
synchronism” before the orbit is circularised. The test of pseudo-synchronism uses also the
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inequality (II.19) with a small change: P is replaced by the pseudo-period P, defined as:

_p (143e*+2et) (1 —e?)¥? 1120)
be 1+ 22+ 2et+ Leb '

We derived the values of v, sin ¢ for our eight systems from the width of the correlation
dips obtained with CORAVEL (reported in Table II.16, line 6) using the calibration given
by Benz & Mayor (1981). We thus applied the test (I1.19) to the primary components of
HD 32893, 111057, 204918 and BD +44°4512 which have circular orbits, and found that
those velocities were compatible with the values of 12, reported in line 16 of Table I1.16. For
the four other systems, HD 60489, 106762, 113697 and 219675 with an eccentric orbit, we
found that P, are 31.1, 30.8, 94.4 and 430 d, respectively, which lead to negatives tests: the
primaries still rotate too fast. Those results, reported in line 20 of Table I1.16, are in agreement
with what we have obtained in our series of papers: the Am primary stars belonging to SB
systems with short periods (P < 10 d) and circular orbits verify the synchronism tests,
whereas most of the primaries of the other systems with longer periods and eccentric orbits
rotate too fast.
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CHAPTER III. STATISTICAL STUDY

III.1 Paper VIII, 2nd part: statistical study of a sample of
91 Am-type stars.

I present in this section the statistical study we presented in the second part of Paper VIII.
It was the eighth and last paper of a series (see Table I.1) devoted to the search for and
the consequent study of spectroscopic binaries (SBs) in a sample of 91 Am stars, mainly
constituted from the Third Catalogue of Am Stars with Known Spectral Types (Hauck, 1986)
(see Sect. I.1).

In Paper VIII, we presented the main results of our whole programme and derived some
statistical properties of Am stars. We built a recapitulating table of the orbital parameters
found for the SBs of our whole sample and published the list of those for which no evidence
for radial velocity variations could be found during our monitoring. Our study showed that
at least 64% of Am stars were members of SBs. This rate is significantly greater than that
of normal stars. Although some SBs may have been not detected, this study showed that
a substantial fraction of Am stars do not belong to SBs: they are either isolated stars or
members of wide binary systems.

We then presented some statistical properties of the orbital parameters of the SBs whose
primary was an Am star, on an extended sample obtained by adding 29 Am SB orbits pub-
lished by other authors. The corresponding e vs log P diagram shows a cutoff between the
circular and the eccentric systems at P ~ 5.6 &£ 0.5 d, which indicates that a typical age of
0.5-1 x10° yr for the Am stars, which is in agreement with the values found in our previous
detailed studies. A Monte-Carlo analysis showed that the distribution of the mass function
values f(m) was compatible with a power-law distribution N (m) o< m~“ of the masses m of
the companions with a = 0.3 4= 0.2 or with a Gaussian distribution centered on 0.8+0.5 Mg,
which indicates that the companions of Am SBs are mostly dwarf stars of type G-K-M.

In Section III.1.1, we recall the final results of the RV survey of our sample of 91 stars
and some related statistics about the frequency of Am belonging to SBs. In Section III.1.3,
we present the properties of the orbital systems of an extended SB sample of Am stars with
89 orbits and derive some constraints on the distribution of the masses of companions.

III.1.1 Final results of our RV survey of 91 Am stars

In this section we present the final results of the RV survey of our sample of 91 Am stars,
whose full list can be found in Tables III.1 and III.2.

II1.1.2 Presentation of the data

When we started this study in the mid-1980’s, none of the stars belonging to our sample had
known SB orbital elements. We are now able to present in Table III.1 the orbital elements
of 53 double or multiple spectroscopic systems from this sample. The references of the
corresponding papers are indicated in the last column. Most of the data come from this series
of papers (see Table 1.1), but additional references were used for:

e HD 66068/9, 83270/1, 177390/1: for historical reasons, the orbits of those objects were
published in our series of papers devoted to composite-spectrum stars, because those
Am objects were misclassified;
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STARS.

Table III.1: Orbital elements obtained of our list of Am stars (begin.). Ty: periastron passage for elliptic orbits,
ascending node passage for circular orbits. For triple spectroscopic systems, (1) and (s) in col. 1 indicate long
and short period systems, respectively.

HD P T, JD) w e K, Vo aysini Mysin®i f(m) vysing |
(BD) 2400000+ K5 assini M, sin® i vosing I
(days) (°) (km.s™") (kms™) (Gm) (M) Mg) (km.s™)
341 6.24268 48941.63 299.1 0.010 3246  —3.19 2.79 0.0221 11.7 ]
3970 39.5743 48945.06 148.6 0.521 18.17  0.52 8.44 0.015 29.1 ]
7119 (s) 6.761504 48945.35 7.7 0.028 42.48 var 3.945 0.262 0.054 12.8 ]
46.81 4.350 0.237 7.8 \
"D 1867 506844 — 0.0 3.00 —10.94 69.61 0.0047 — s
19342 42.6301 49323.630 — 0.0 26.80 6.16 15.71 0.0853 9.9 ]
19910 15.41418 49325.46 67.2 0.059 45.77 11.64  9.68 0.1526  14.1 ]
32893 (s) 2.175561 50747.305 — 0.0 49.84 var. 1.491 0.0280 10.0 ’
" (D 1136.7 51173.2 185.0 0.848 9.76 14.21 81.0 0.0164 — s
35035 1025.21 493579 14.0 0.613 15.59 43.51 173.7 0.199 22.1 ]
36360 216.54  49129.1 116.1 0.112 12.37 13.90 36.60 0.0417 20.0 ]
41724/5 2.887679 46337.619 — 0.0 71.7 10.9 2.85 0.111 25.0 (
43478 5.464086 47000.176 — 0.0 86.48 —6.63 6498 1.777 0.367 28.1 ]
95.03 7.14  1.617 20.6 \
51565/6 A 6.766301 47995.05 280.8 0.027 44.76 —11.20 4.163 0.06293 14.0 (
51565/6 B 4.48131 4816045 11.0 0.0 16.54 —13.18 1.019 0.00212 — (
55822 5.12294 48673.60 70.6 0.122 40.20  30.87  2.81 0.0338 21.0 ]
60489 67.9606 50495.07 94.6 0.400 13.35 43.30 1143 0.0129 24.0 ’
61250 2.23024 48939.29 — 0.0 25.37 -543 0.78 0.00378 25.2 I
66068/9 7.747993 47600.690 341.1 0.418 56.07 —21.06 5.425 0.776 0.106 27.3 (
75.06 7.265 0.580 9.1
67317 443324 49321.05 — 0.0 3323 6.37 2.03 0.0169 12.6 ]
67911 12.50736 49998.763 — 0.0 40.01 —1.15 6.881 0.896 0.083 11.7 (
63.90 10.992 0.561 39 (
73174 (s) 597012 49996.23 — 0.009 41.73 var 3.410 0.0444 7.3 ]
"D 2878 45931 203.8 0.417 4.60 35.56 165.6 0.0221 — s
73045 43557 497220 288 0.320 11.89 3520 68.01 0.0662 14.1 ]
81976 5.655750 49785.941 341.4 0.061 61.68 19.85 4.788 0.5875 0.137 14.7 ]
63.84 4956 0.5676 144
83270 (s) 5.821433 45343.878 — 00 44.24 var 3.54 0.0523 — (
"D 635.4 45464.5 135.4 0.149 9.37 10.84 80.9 0.0524 — s
93946 3.55527 53091.29 220.5 0.014 48.02  3.36 2.347 0.0409 25.3 ]
93991 3.20858 48675.01 — 0.0 1646 —1533 0.73 0.00149 26.2 ]
96391 4.915427 45234.242 — 0.0 84.69 —1.67 5.724 1.408 0.310 23.5 ]
90.19 6.10 1.322 18.0
98880 14.20783 48682.883 — 00 4247 2.40 8.298 0.6091 0.113 10.6 ]
49.16 9.604 0.5262 9.2
100054B (s) 12.79430 49781.19 137.0 0.028 18.69  var 3.29 0.0087 5.6 ]
" (1) 874.2 49377.0 172.0 0.097 5.30 —13.52 634 0.013 — s
102925 16.43718 49798.439 — 00 26.62 —-0.89 6.02 0.0322 8.0 I
105680 70.0795 45991.19 192.6 0.380 30.75 =5.13 2742 0.1676  13.9 (
109762 34.1863 50850.25 65.5 Q@35 26.29 —13.11 12.24 0.0627 20.5 ’
111057 3.848157 53091.716 — 0.0 15.83 —1.72 0.8374 0.00158 10.6 "
113697 539.9 46696.8 544 0.675 9.93 1.32 54.4 0.0220 23.8 ’
125273 7.482664 48665.660 355.3 0.071 49.82 —17.42 5.113 0412 0.095 11.0 ]
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Table III.1: Orbital elements obtained for our list of Am stars. Tj: periastron passage for elliptic orbits, ascend-
ing node passage for circular orbits (cont.).

HD P Ty (JD) w e K, Vo aysini Misin®i f(m) vy sl
(BD) 2400000+ K, assini My sin®i Vs Si1
(days) (°) (kms™!) (kms™") (Gm) Mg)  (Mg)
177390/1 8.00802 46335.165 — 0.0 27.8 —19.9 3.06 0.085 0.018 8.0
30.3 3.34  0.078 9.0
187258 25.8048 4962891 165.9 0.370 17.36  —34.76 5.72 0.011 11.4
195692 11.292249 48138.102 — 0.0 3992 —2549 6.20 0.0746 9.6
199360 1.9986874 49640.743 — 0.0 11.74  4.90 0.323 0.000336 13.5
204751 59.6993  52475.31 320.9 0.867 19.78  —24.44 8.08 0.0059 273
204918 5.04496 53262446 — 0.0 1821  —30.21 1.263 0.00316 11.4
208132 8.30344 50039.24 729 0.194 21.80 7.61 2.442 0.00843 14.0
219675 531.40  49833. 88.3 0.197 4.56 1020 327 0.00494 21.3
224002 19.8059  49657.33 109.0 0.107 3221  —19.48 8.72 0.068 38.8
224890 9.54640 48971.19 85.6 0.214 10.89 —8.02 1.40 0.00119 11.9
225137 433346  49326.559 — 0.0 5642 094 3.36 0.0808 19.1
BD+44°4512 5.002094 50482.563 — 0.0 2934 —551 2.018 0.01312 18.9

e HD 43478, 51565 A and B, 67911, 73045, 73174, 96391: their orbits were published
in collaboration with colleagues of Cambridge or Geneva;

e HD 105680, 140122 A and B, 208132: their orbits were published by other authors
before the end of our investigation.

Table I11.2 contains the RV data we have collected about the remaining 38 stars. When
the Vs can be considered as constant, the average value and its estimated error is given in
col. 7. Otherwise the mention “var” indicates it is variable. For each object, we give the
number N of observations in col. 5 and the range of epochs concerned in col 6. When N is
small or RV's are variable, we give the individual measures separately (Table II1.3). This is
indicated with an asterisk in col. 5.

The analysis of this data have led to the following conclusions:

e 31 stars have not shown significant RV variations during our observing runs.

e 3 stars (HD 40602, 101393 and 151235) were found as having a variable RV but with
an insufficient number of observations for deriving an orbit;

e 3 stars (HD 104957, 112431 and 154392) do not show significant RV variations but
the small number of observations precludes us from deriving any conclusion;

e one star (HD 200407) is perhaps variable in RV, but here also more observations are
needed for confirmation.

III.1.3 Rate of Am stars belonging to SB systems

Among our sample of 91 Am stars observed with CORAVEL, 58 objects have been identified
as SBs: the 55 entries of Table III.1 and three other stars (HD 40602, 101393 and 151235)
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Table II1.2: Other stars of the whole Am sample. For the stars with an asterisk in Col. 5, individual RVs are
displayed in Table III.3.

HD HP V B-V N Epoch RV (km.s™!) Notes

1714 1722 8.50 0.35 9 1993...2005 5.6t+04

1732 1748 7.75 0.33 10 1992...2005 5.3+0.6

5128 4212 6.27 0.19 12 1992...2005 —2.440.6 ADS735A

13929 10690 7.45 0.25 12 1992...2006 —3.0+0.5

15385 11578 6.19 0.16 10 1992...2005 22.0+0.7

16763 12540 6.99 0.27 14 1992...2005 24.5+1.0 ADS 2050 AB

16932 — 8.2 — 11 1997...2005 5.9+0.5

18460 14013 8.44 036 10 1994..2005 —11.3+0.3

21437 16143 6.72 045 9 1993...2005 —9.1+0.3 ADS 2546 AB

29193 21465 7.35 0.32 10 1993...2005 4.3+04 ADS 3329 AB

40602 28432 7.90 0.37 11 1992...2004 var Now studied by R. Griffin
56820 35735 6.36 0.28 15 1992...2005 5.0+1.1 ADS 5995 AB. Wide dip.
62257 37898 7.54 0.19 8 2004...2006 13.2+0.5

76461 43976 6.99 027 9 1993...2005 33.9+£1.0 Wide dip

90931 51457 6.86 0.32 11 1992...2005 0.54+0.7

95190 53727 7.24 0.25 10 1997...2006 1.1£0.5 ADS 8003 AB

101393 56940 9.05 0.29  9* 2004...2006 var

104957 58937 8.87 0.26  4* 2005..2007 —17.3£0.8?
105601 59271 7.38 0.29 10 1992..2005 —59.8+0.9 High proper—motion star

105702 59309 5.72 0.35 10 1992...2005 —6.2+0.7 11 Vir

105967 59451 6.93 0.15 9 1997...2006 —1.8£0.5

109764 61579 6.59 0.25 8 1995...2005 —1.4£0.2

109782 61584 7.67 0.40 10 1992...2005 —4.1£0.5 ADS 8611 AB

110248 61851 7.65 0.30 10 1992...2005 —9.1£0.5 Variable star

112431 63135 8.93 0.21  4* 2005...2007 —5.0+0.4?

124587/8 69523 6.80 0.34 10 1992...2005 —8.3+0.9 ADS 9174 AB. Wide dip
144999 79010 7.74 0.23 8 2003..2006 —25.2+0.4 ADS 9930 AB

151235 81929 8.97 0.28 4 2005 var  Wide dip

154392 83445 8.65 0.25 4* 2005..2007  —52.1£1.3? Wide dip

158116 85327 7.68 029 9 1993..2005 —24.5+£0.5 ADS 10553 A

158251 85434 7.24 0.28 10 1993..2006 —15.2+0.7 ADS 10560 AB

188593 — 852 0.28 8 1994..2005 —25.9+0.5

190145 98357 7.56 026 8 2003..2005 —16.4+0.7

190401 98728 7.00 035 8 1994..2005 —29.3£1.0

200407 103779 6.74 0.31 7 2004...2005 var 7 ADS 14560 AB. Wide dip.
201033 104051 8.04 026 8 1994..2005 —25.2£0.3

222770 117010 7.63 0.30 11 1992..2006 —11.8+£04

223247 117360 8.13 0.30 17 1992...2006 —3.84£1.0 Wide dip
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Table II1.3: Individual RV's for HD 101393, 104957, 112431, 151235, 154392 and 200407.

HD Date (JD) RV ORV
2400000+ (km.s™!) (km.s™!)

101393 53088.47 10.4 0.5
! 53089.44 10.8 0.9

! 53090.53 11.8 0.8

! 53091.43 10.7 0.5

! 53343.73 11.9 0.5

! 53446.47 8.6 0.4

! 53447.56 8.4 0.5

! 53704.72 4.6 0.8

! 53747.54 5.8 0.5
104957  53447.63 —16.4 0.4
! 53448.52 —17.1 0.4

! 53746.70 —18.2 0.7

! 54134.74 —17.5 0.5
112431  53446.53 -5.3 0.4
! 53447.57 —5.2 0.5

! 53448.60 —4.5 0.9

! 54134.73 =5.1 0.5
151235  53447.62 —36.5 0.7
! 53448.63 —33.0 0.8

! 53627.31 —0.7 0.9

! 53628.30 —4.9 1.0
154392 53446.61 —51.6 0.6
! 53447.69 —53.1 0.7

! 53626.31 -50.4 0.8

! 54209.58 —353.1 0.7
200407  53260.41 =5.0 0.8
! 53261.47 —6.0 0.5

! 53262.42 —6.3 0.4

! 53344.26 —4.3 0.5

! 53345.27 -3.7 0.4

! 53626.34 —=3.7 0.5

! 53706.29 -3.0 0.5
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recognized as having a variable RV (see Table I11.2). This number of SBs corresponds to a
rate of 64%, which is significantly larger than the rate of 47 4+ 3% found by Jaschek & Gémez
(1970) for a sample of 295 normal A-type stars. Note that they find that the rate of SBs is
constant along the main sequence with a total value of 47 +5% for their whole sample of 746
normal main sequence stars.

We reach the same conclusion when comparing with the investigation of Duquennoy &
Mayor (1991) who studied a sample of 164 nearby solar-type stars and concluded that “only
about one third of the G-dwarf primaries may be real single stars”. Since their estimation
also included visual binaries, we should now consider, for comparison, the total number of
binaries in our sample. When adding the 12 visual binaries that have not been detected as
SBs of Table I11.2 to the 58 SBs that we have found, it appears that 70 Am stars at least
are binaries. We conclude that at least 77% of the Am stars of our sample belong to binary
systems. This is again larger than the proportion of 2/3 found by Duquennoy & Mayor (1991).

As for the distribution between double-lined (SB2) and single-lined (SB1) among the 58
SBs in the sample, we count only 12 SB2s (21% of the SBs, or 13% of the sample). Note that
this value should be considered as a minimum estimate since the detection as SB1 or SB2
strongly depends upon the used instrument. For example, HD 67911 and HD 126031 are
quoted as SB2s (Table I11.1) because of the contribution to our observations of the ELODIE
spectrometer (Baranne et al. 1996) mounted on a 2-m telescope, which permitted the detec-
tion of the secondary.

In Table I11.4 we give, for the SB2s of our sample, the values obtained for the mass ratio
p = My /M of the two components (col. 2) and the estimates i, of the inclinations of those
systems (col. 3), derived when assuming that M; = 2 £ 0.4 M. For the eclipsing binaries
HD 43478 and HD 126031, we give instead the more accurate values found for the inclination
¢ and the mass M, derived by fitting the light curves. In the third column, the values of
show that a necessary condition for detecting SBs seems to be @ > 10°. When the inclination
is smaller than 10°, the orbital motion is undetected by spectroscopic observations.

There are 60 orbits reported in Table III.1, although the number of concerned Am stars
is only of 53. This is explained by the presence of multiple systems in our sample: 5 triple
spectroscopic systems (HD 7119, 32893, 73174, 83270/1 and 100054 B) and 2 quadruple
systems that both include 2 SBs (HD 51565/6 and 140122). Note also that 5 other SBs
belong to close visual pairs (with p < 17): HD 61250, 151746, 155714, 195692 and 219675.

In Table I11.2, we see that 31 Am stars seemed to have a constant RV, which represents
34% of our sample. We find a similar proportion in the other sample of 60 bright Am stars
studied by Abt & Levy (1985). This rate should be considered as a maximum value of the
fraction of the single stars present in those samples, because some SBs may have not been
detected, either because they have a long period and a very eccentric orbit, or because their
inclination is too small with ¢ < 10°. The latter possibility has nevertheless a negligible
influence on the observed rate since the probability to see a system near “pole-on” with ¢ <
10° is only 1.5 %.

Note that 12 stars among those 31 objects belong to visual binary systems (see Table II1.2,
col. 8).
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Table II1.4: SB2s of our program Am stars: mass ratio 4 = Ms/Mj in col. 1 and inclination estimates i in
col. 2, assuming that M; = 2 £+ 0.4 M, (except for the eclipsing binaries (EB) HD 43478 and HD 126031).

HD 1 1o (degrees) Notes
7119 0.905 3172
43478 0910 7414° EB:i=79°, M, = 1.88 M,

66068/9  0.747 47+
67911 0.626 507¢
81976 0966 42%%
96391 0.939 637°
98880  0.864 4271
125273 0.961 3671

126031  0.747 6817 EB: i=83°, M} = 1.64 M,
140122A  0.60 1471
151604 0984 72F%¢ EB: still in study

177390  0.92 20"

III.1.4 Statistics on a sample of 89 SB orbits of Am stars

In this section we examine some properties of the orbital elements of the SBs whose primary
is an Am star. To improve the validity of those statistics, we have added to our sample some
Am stars studied by Abt & Levy (1985). From their initial sample of 35 Am stars in SB
systems (table 3 of their paper), we have selected 29 objects for which the quality of the orbit
was good enough, and discarded the stars for which the orbital elements were qualified by the
authors of “uncertain” or “marginal”. In this way our sample of 60 orbits (Table III.1) could
be extended to 89 SB orbits involving 82 Am stars. In what follows, this set will be called
“extended SB sample”.

III.1.5 Distribution of the orbital periods

The histogram of the periods P smaller than 100 d is plotted in Fig. Ill.1a with a step of
2 d and the histogram of log P of the extended SB sample in Fig. II1.1b. Both distributions
show a well-marked peak at P ~ 5 d. Note also that most of those binary stars have a small
period: 2/3 of the sample systems have a period smaller than 20 d. This result is in agreement
with those of past investigations (Abt 1961, Ginestet et al. 1982): the Am binaries are mostly
encountered in tight SBs. This puts to light the key role played by tidal effects through the
spin-orbit synchronism that reduces the axial rotation of the stars in such systems which
in turn triggers the formation of Am-stars, according to the generally admitted theory (see
Sect. 1.2). Indeed, in his pioneering comparative study of normal and Am stars, Abt (1965)
found two main differences concerning the equatorial velocities and orbital periods: normal
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Figure III.1: Distribution of the orbital period P for the extended SB sample of Am stars. Histograms of log(P)
(left) and of P (right) limited to P < 100 d.

A stars rotate more quickly, with vsini in the range 50-250 km.s~! and belong to long-

period systems, with P > 100 d. This absence (or strong deficit) of A stars in systems with
P < 100 d was confirmed by subsequent studies (Abt & Bidelman 1969, Ginestet et al.
1982), who showed that the domain with 2.5 d < P < 100 d mutually excludes A and Am
binaries.

Another feature of the Am stars clearly visible in our sample (see Table III.1, col. 2) is
the lack of systems with very short periods (i.e., less than 1.3 d). This property is also the
consequence of the same phenomenon. Indeed, assuming for instance R = 2.5 Ry, for the
radius of the star and i = 90°, a period shorter then 1.3 d implies that v sini > 100 km.s~*
which corresponds to the generally admitted superior limit for producing an Am star (Abt &
Levy 1985).

In the long-period side of the distribution, we note 12 orbits (13 % of the sample) with
log P > 2.5 (i.e. P 2 300 d). Five of those are the long-period orbits of triple spectroscopic
systems, but the others are not tightly bound to another star. Hence it appears, as previously
pointed out by Abt (1965) and Ginestet et al. (1982) that some Am stars (i.e. 7 in our sample)
also belong to long-period SBs, like normal A-type stars.

III.1.6 log P/e diagram

The e vs log P diagram plotted in Fig. 1.2 presents the general features of those of other star
families, but it differs by the value of the critical period, P, = 5.6 &= 0.5 d, that separates the
domains of eccentric and circular orbits. For comparison, other studies have found shorter
values, with P. ~ 3.2 d for Ap binaries (North et al. 1998b) and only P, ~ 0.6 d for normal
A stars (Gerbaldi, Floquet & Hauck 1985), whereas a longer value of about 11 d was found
by Duquenoy & Mayor (1991) for nearby G dwarfs.

The value of P, is linked to the time necessary for the tidal effects to circularize the orbits:
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Figure II1.2: Diagram e vs log P for all the SBs of our sample of Am stars (circles) and the selection from Abt
& Levy (1985) (squares).

as time goes by, more and more systems are circularized. As a consequence P, increases
with time. For a given sample of stars P, is an indicator of the age of this sample. From the
calibration table of Duquenoy & Mayor (1991) derived from observations of stellar clusters,
the typical age of the Am stars of our programme is found to be about 0.5-1 x10° yr. This is
in agreement with the values obtained with the theoretical isochrones in the HR diagram (see
Sect. I1.7.7 and the papers of this series).

II1.1.7 Distribution of f(m) and incidence on the mass distribution of
the companions

In Sect. 1.4.4, we have seen that our observations of SB1 lead to the determination of the mass
function defined as (Eq. 1.3):

f(m) = Mysin®i /(1 + p)?

Although the values of M; and 7 are unknown for each system, we have some knowledge
about their statistical distribution (M; ~ 2 + 0.4 M, and uniform orientation of the orbits).
From the distribution of the 89 values of f(m) obtained for the extended SB sample, it is thus
possible to derive some constraints on the mass distribution of the companions.

We have studied this problem with a Monte-Carlo-type method, by writing and using
specially-designed programmes. We first implemented a procedure to generate simulated
samples of f(m) compatible with the two theoretical mass distributions we wanted to test: a
power-law distribution for which the number N (m) of stars of mass m is proportional to m =
and a Gaussian law N (m) o exp[—(m — myg)?/20?2] so that we could estimate the average
mass myg of the companions from our study.

This procedure was based on the following steps:
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Figure II1.3: Histogram of f(m) for 8 Am SBs and comparison with two models assuming that the distribution
of the masses of the companions is a power-law in m~¢ with o = 0.3 (left) or a Gaussian centered on 0.8 &
0.5 Mg (right).

e Generation of random samples of companions with masses following power-law or
Gaussian distributions, and truncated to 2 M, (since the companions are assumed to
be less massive than the Am primary stars).

e Generation of a random inclination for each companion, corresponding to a uniform
orientation of the axes of the orbits in three dimensions.

e Computation of the corresponding f(m) for each companion, using Eq. (I.3) and as-
suming M, = 2 Mg,

We were thus able to generate simulated samples whose distribution functions of f(m)
could be compared with the observed distribution of our extended SB sample of Am spec-
troscopic binaries. We then determined the best parameters for the power-law and Gaussian
distributions by minimizing the corresponding residuals. We obtained o« = 0.3 4 0.2 for
the power-law and my = 0.8 Mg with 0,,, = 0.5 Mg, for the Gaussian distribution. The
corresponding fits are displayed in Fig. I11.3. They are both in good agreement with the ob-
served distribution within the error bars that we computed from a series of simulated samples
with the same number of orbits than that of the extended SB sample (i.e., 89). Note that the
small bump at f(m) ~ 0.42 M, can be explained by a selection effect favouring the study of
eclipsing binaries (in Abt & Levy’s sample).

We finally performed statistical tests to check the consistency of the two models with the
observed sample of f(m). This was done both with a y-test which compares the distributions
of f(m) and with a Kolmogorov-Smirnov test which operates on the cumulative functions.
The two tests led to the same conclusion: the sample is not significant at the 5% level for the
two models. Hence both the power-law and the Gaussian distributions are compatible with
the observed f(m) distribution.
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We also tested the influence of the truncation at around ¢ ~ 10°, due to the lower detec-
tion threshold for the SBs (see Table 111.4), and found that this effect was negligible for the
distribution of f(m).

The typical mass of M; = 0.8 = 0.5 Mg, found for the companions favours a spectral
type of G-K-M V. This is in agreement with the small number of SB2 found in our sample
(21% of the SBs in Sect. I111.1.3) and indicates that the contribution of the secondaries can
be generally considered as negligible for the global photometric indices (e.g. B — V and
Stromgren indices). Those indices can thus, in most cases (like in Sect. 11.7.6), be affected to
the primary components only, with a good approximation.

Since we have assumed that M; = 2 £ 0.4 Mg, the typical mass found for My = 0.8 £
0.5 Mg, corresponds to a mass ratio o = 0.40 &= 0.33. This value is consistent with the value
u = 0.23 = 0.42 found by Duquenoy & Mayor (1991) for their sample of main sequence
solar-type stars. This would support the conclusions of those authors that most binaries are
“formed by random association of stars from the same initial mass function”. Am binaries
seem to follow this rule, too.

III.1.8 Discussion on the mass distribution found for the companions

In his pioneering work, Salpeter (1954) found that the initial mass function (or IMF) of the
stars between 0.4 and 10 Mg, could be approximated with a power-law N o< m™ with o =
2.35. Subsequent observational studies have then shown that this law seemed rather universal,
but with some possible variations of the value of this coefficient a according to the mass
range. In a recent review, Kroupa (2001) finds that the available observational constraints
are compatible with multi-part power-law IMF for single stars with values of o equal to
1.340.5, 2.340.3 and 2.3+0.7 for mass values such that m € [0.08,0.5], m € [0.5,1.0] and
m > 1.0 Mg, respectively.

To derive the IMF from an observed mass function (MF), one should take into account
the number of stars that have evolved off the main sequence. In our case, all the Am stars that
we have studied in our series of papers are located in the main sequence. Their companions
that are less massive have thus not left the main sequence: their observed MF can be thus
assimilated to their IMF.

From a statistical study of a sample of 60 Am stars Abt & Levy (1985) obtained a negative
exponent for the power-law accounting for the mass distribution of the companions, with
N o« m%99, Statistical tests show that this value of o = —0.60 is incompatible with our data
at 0.01% level.

The value of o = 0.3+ 0.2 that we have derived from the f(m) distribution of our sample
in Sect. I11.1.7 is in better agreement with the values found by Kroupa (2001) for single stars
with similar masses, but still at about 20 from his values. In the scenario of co-eval formation
of the two components of the binary system, this would indicate that the stars formed close
to Am stars are globally more massive than isolated stars, possibly because of the proximity
of the Am star (?). Indeed higher temperatures of the star-forming clouds seems to favour
higher masses (Larson 1998). In the capture formation scenario, which assumes that binary
stars formed in star clusters, this small excess of large masses in the MF could be explained
with the dynamical history of those systems. The most massive stars have spent more time
in the cluster than less-massive stars that were lost earlier due to energy equipartition within
the cluster (mass segregation). As a consequence, Am-type stars would have preferentially
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accreted more massive companions.
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II1.2 Conclusion

Paper VIII concluded the series of papers devoted to the radial velocity study of a sample
of 91 Am stars. Our work has responded to our initial objectives that were presented in
Sect. I.1. The statistics about the circularisation of the orbits and spin-orbit synchronism of
Am systems have already been largely discussed in Papers VI and VII. Let us now summarize
the main results obtained in the second part of Paper VIII:

In our sample of 91 Am stars, which were initially not known as binaries, 58 were found
to be new SBs. The rate of SBs among Am stars in our sample is therefore at least 64 %,
which is significantly greater than that of normal stars. It is likely that some genuine binaries
with a very small inclination (z < 10°, see III.1.3) have not been detected by spectroscopic
observations. Nevertheless it seems that a significant fraction of Am stars (around 30%)
do not belong to SBs: they are either isolated stars or members of wide binary systems
(Sect. III.1.3). This is in agreement with the previous conclusions of the statistical study of
Am stars of Abt & Levy (1985). They suggested that another mechanism than tidal effects
in a tight binary system had to be envisaged as an alternative (e.g. evolutionary expansion of
a single star) for reducing the rotational velocity of an A-type star, which seems a necessary
(and maybe also sufficient) condition to convert it into an Am star (Michaud al., 1983; Abt,
2000; Talon et al., 2006).

The statistical study of the orbital elements of the SBs containing an Am star has led to
the following results (Carquillat & Prieur, 2007c):

e The distribution of the periods with P < 100 d (Sect. II1.1.5) is compatible with the
theoretical models that explain the origin of Am stars as a consequence of the slowing
down of the axial rotation of A-type stars produced by the rotation-revolution synchro-
nism due to tidal effects. But the presence of long-period systems with P > 100 d
shows that some Am stars were not produced by this mechanism.

e The cutoff separating the circular and the eccentric systems in the e vs log P diagram
is P. = 5.6 = 0.5 d. Let us recall that this value is linked to the time necessary for
the tidal effects to circularize the orbits: as time goes by, more and more systems are
circularized. As a consequence P, increases with time. For a given sample of stars P,
is an indicator of the age of this sample. From the calibration table of Duquennoy &
Mayor (1991) derived from observations of stellar clusters, the typical age of the Am
stars of our programme is found to be about 0.5-1 x10° yr. This is in agreement with
the values obtained with the theoretical isochrones in the HR diagram (see Sect. 11.7.7
and the papers of this series).

e Our Monte-Carlo analysis shows that the distribution of f(m), the mass function val-
ues, is compatible with a power-law distribution N(m) oc m~¢ for the masses m of
the companions with a = 0.3 £ 0.2 (which is smaller that what is generally found for
single stars), or with a Gaussian distribution with an average mass of 0.8 + 0.5 Mg
which indicates that the companions of SB1’s are typically dwarf stars of type G-K-M.

In Paper VIII, we finally presented the list of radial velocity measurements of the remain-
ing objects from the original sample (38 stars in Table I11.2), for which the small number of
observations prevented us either from computing an orbit or, in other cases, from concluding
to the probable constancy of the radial velocity. We hope that this list will be used by other
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colleagues for future investigations. We can also provide the source code of the programs
quoted in this series of papers (see Sect. A).
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Appendix A

Programs written for the study of Am
stars

A.1 [Fe/H] and My from Stromgren photometry

Two programs are dedicated to Stromgren photometry in the case of A or F stars:
indices_Astars.for and indices_Fstars.for. They process photometric mea-
surements and compute reddening correction and various parameters (dmy, dc1) in order to
estimate the metallicity ([Fe/H]) and the absolute magnitude M. The program for F-type
stars was written by E. Oblak, and kindly sent to me in January 2004 by this author. I used
this program to create a new version dedicated to A-type stars: indices_Astars. for,
that was used to prepare Carquillat et al. (2004).

The input files containing the Stromgren photometry measurements have the same format
for both programs. They are ASCII files, whose lines contain the HD number follwed by the
b — y, my, c; and [ measurements. Here is an example of the file photom_AM-VI.dat
that was used for Carquillat et al. (2004):

# HD b-y ml cl beta
19342 0.310 0.198 0.772 2.733
19910 0.190 0.200 0.730 2.810
36360 0.162 0.235 0.812 2.802

126031 0.202 0.230 0.663 2.740
127263 0.135 0.282 0.800 2.826
155714 0.230 0.189 0.675 2.72
195692 0.164 0.207 0.760 2.78
199360 0.183 0.252 0.739 2.81

The underlying theory and the method [ used in indices_Astars. for are presented
in Sect. [.5.

The output file table_AmVI.txt corresponding to this example is given below. It is
commented and presented the corresponding LaTeX version in Table [.4.

HD beta b-y E(b-y) ml (ml)0 cl1 (cl)0
19342 2.733 0.310 0.10 0.198 0.23 0.772 0.75
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19910 2.810 0.190 0.04 0.200 0.21 0.730 0.72
36360 2.802 0.162 0.01 0.235 0.24 0.812 0.81
126031 2.740 0.202 -0.01 0.230 0.23 0.663 0.67
127263 2.826 0.135 -0.01 0.282 0.28 0.800 0.80
155714 2.720 0.230 0.01 0.189 0.19 0.675 0.67
195692 2.780 0.164 0.00 0.207 0.21 0.760 0.76
199360 2.800 0.183 0.02 0.252 0.26 0.739 0.74

A.2 Characteristic circularisation and synchronization times
(tidal effects)

tsync_tcirc.c computes the characteristic times, tsyne and t... for orbit synchronization
and circularisation in the case of radiative envelope. It uses the formulae and interpolates the
tabulated Fy and M R? /I of Zahn (1975), More information can be found in Sect. I.7.

Syntax: tsync_tcirc M g R a where M is the stellar mass of the primary (in M),
g the mass ratio of the two components (less than unity), R the radius of the primary (in R),
and a 1s the semi-major axis of the orbit (in Rp).

A.3 Photometry of individual components from global pho-
tometry

compagnon . ¢ computes the (B—V") and T4 of each component using the global measured
values, and the ratio Tefm/ Teg,1 derived from our study. This program uses the calibration
tables of (Flower 1996, ApJ 469, 355). It was written in Carquillat et al. (2004). to estimate
the influence of a companion of an Am star on the global photometry.

Here is an example of input file compagnon.dat that was used for Carquillat et al.
(2004):

# HD, B-V global, Delta VvV, T1l, T2/T1
126031 0.34 1.41 7200 0.87

The corresponding output file compagnon. 1og is given below:

HD B-v T2/T1 T1 T2 (B-V)1 (B-V)2
126031 0.340 0.87 7365.5 6408.0 0.307 0.470

A.4 Projected periastron distance

compute_periastron.c computes the projected periastron distance d, from a sin ¢ and
e for large data sets:

d, = asini x (1 —e)

This program was written to prepare Carquillat & Prieur (2007c¢).
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A.5. SIMULATION OF MASSES AND MASS FUNCTIONS F (M), ASSUMING
SALPETER’S LAW OR A GAUSSIAN FUNCTION FOR THE MASS DISTRIBUTION

A.5 Simulation of masses and mass functions f(m), assum-
ing Salpeter’s law or a Gaussian function for the mass
distribution

simu_mass.c This program was written to prepare Carquillat & Prieur (2007c). The the-
oretical aspects are described in Annexe B. The purpose is to simulate distributions of stellar
masses following a Salpeter’s law or a Gaussian law, and generate the corresponding his-
tograms of the spectroscopic orbit mass functions f(m). In a subsequent stage, those his-
tograms can be compared with those obtained experimentally with the orbits derived from
CORAVEL observations, using statistical tests (see Annexe B).

Syntax:

simu_mass S,alpha out_histogram out_list

or:

simu_mass G,alpha out_histogram out_list

where S and G stand for Salpeter or Gaussian distributions, respectively.

The output list file is made of (mass, f(m)) couples, which are very numerous (100000 in the
present version). This list has been used for debugging purposes, but it is no longer used.

Syntax examples:

e For Salpeter’s law with A/ ~03:
simu_mass.exe S5,-0.3 histo_MO03.dat list_MO3.dat

e For Gauss with mean=0.8 M, and sigma=0.5 M:
simu_mass.exe G,0.8 histo_G08.dat list_G08.dat
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