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Abstract. Taking the total angular momentum conservation iBohm-Vitense et al. 2000; Karakas et al. 2000). The mass ex-
place of the tangential momentum conservation, and considerange took place abolik 10° years ago, so tH@Tc produced
ing the square and higher power terms of orbital eccentricity the original thermal pulse AGB (hereafter TP-AGB) stars
e, the changes of orbital elements of binaries are recalculateae practically all decayed. The accretion may either be disk
for wind accretion scenario. These new equations of orbigdcretion (Iben & Tutukov 1985) or common envelope ejection
elements are used to calculate the properties of barium stéPaczynski 1976). Han et al. (1995) detailedly investigated the
Our results show that, during the evolution of a binary sysvolutionary channels for the formation of barium stars.
tem, the system widens as it loses mass, and the orbital periodBoffin & Jorissen (1988) calculated quantitatively the vari-
increases, while orbital eccentricity remains nearly constaations of orbital elements caused by wind accretion in binary
which can quantitatively explain the observeddgP) proper- systems. They also estimated the heavy-element overabundance
ties of normal G, K giants and those of barium stars. The resuitisbarium stars. In a subsequent paper (Boffin &¥4994),
reflect the evolution from G, K giant binaries to barium binahe heavy-element overabundance of barium stars was calcu-
ries, namely, the orbits of barium stars have been modified layed using the same technique, and the correlation with orbital
the mass-transfer process responsible for their chemical peperiod was interpreted. The calculated results were compared
liarities, whereas most of the G, K giant binaries are probabhyith the observations (£& 1994). In our calculation of the over-
pre-mass transfer binaries. Moreover, the results showed thatahendance (Chang et al. 1997), we considered the variation in
barium stars with longer orbital periaB>1600 days may be the binary separatiod;+#0, and combined the nucleosynthe-
formed by accreting part of the ejecta from the intrinsic AGBis scenario of intrinsic TP-AGB stars (Zhang et al. 1998) with
stars through wind accretion, while those with shorter orbittle scenario of successive pulsed accretion and mixing of wind
period may be formed through dynamically stable late casen@ss.
mass transfer or common envelope ejection. Some important conclusions have been obtained in the the-
ory of wind accretion, but previous calculations on orbital el-
Key words: stars: late-type — stars: chemically peculiar — starements were not very reliable because of the neglect of the
AGB and post-AGB — stars: mass-loss — stars: binaries: spéc/r term and the adoption of tangential momentum conserva-
troscopic — accretion, accretion disks tion (Chang et al. 1997 and references therein). For the rotating
binary system with wind mass loss, total angular momentum
conservation is a more realistic assumption than tangential mo-
mentum conservation. Also, for the sake of simplicity, previous
1. Introduction calculations regarded orbital eccentricityag 1 (Huang 1956;
offin & Jorissen 1988; Theuns et al. 1996). Observations show
ﬁat the eccentricities of almost half of all barium stars are too
rge to be neglected, with the largest observed value = 0.97

Extrinsic AGB stars include various classes of G- and K-ty
barium stars and those cooler S and C stars in whiéfic

(T% =2x10° yr) is not observed. It is generally believed thaf, .
they belong to binary systems and their heavy-element ov \}ersser; et al.t199§). Thtus lt.ze assumptior ok1 for the
abundance come from accretion of the mass ejected by t eallr”_:_]:; S a}:)sﬁ;s Z?;Srlznqc;s\/;\lle.r useful tool to studv binar
companions (the former AGB stars, now evolved into white €.logP) diag y y y

dwarfs) (McClure et al. 1980; Boffin & Jorissen 1988: Jorisse%vomtion given the abundantinformation contained in it. For ex-

& Mayor 1992; Jorissen & Van Eck 2000; Jorissen et al. 1gggmple, thg distributions of orbital p_end?iwﬁh the eccentn_cnly
of progenitor systems correlate with the final characteristics of

binary systems through mass accretion. Generally, barium stars
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evolved from normal red giant binary systems. Observatiostars, and the highest value is up to 0.97 (HD 123949), yet at
show that the orbital eccentricities of Ba stars are smaller thiange periods P~9200 days for HD 123949).

those of the G, K giants from open clusters, and thiogP) The reasonable binary evolutionary model of orbital ele-
diagrams of the two systems show strong correlation (Jorissaents should quantitatively explain the above mentioned ob-
& Boffin 1992; Boffin et al. 1993; Jorissen et al. 1998; Jorisservational properties.

sen 1999). Few quantitative calculations have been put into this

correlation though they are very important to understanding tBeThe angular momentum conservation model

binary evolution. of wind accretion scenario
In this paper, we adopt the hypothesis that the total angular

momentum is conserved, and we do not neglect the square GREthe binary system, the two components (an intrinsic AGB
the higher power terms of eccentricity, in order to recalculate tRE" With massi/i, the present white dwarf star, and a main
change equations of orbital elements of binary systems cauSgguence star with mads,, the present barium star) rotating
by stellar wind accretion. Then these new equations are use@fgund the mass core C, so the total angular momentum is con-
calculate the properties of barium stars produced by this me&ffVed in the mass core reference frame. If the two components
anism. Hence we quantitatively explain the observed relatioféchange material through wind accretion, the angular momen-
between thed logP) diagram of normal G, K giants and that ofUM conservation of the total system is shown by:
barium stars. In Sect. 2, we analyze the propertiee dP) A (ur20) = wr?(AM; + AM;) + rov(AM; + AM;), (1)
diagrams of barium stars and normal G, K_glants. In Sect. 3, WS erey.is reduced mass, ands the distance fromZ, to M, .
present the angular momentum conservation model of the win he distances frodil: . Mo to the mass core C re-
accretion. Our results and analysis are illustrated in Sect. 4. Arld "z are t e_ _ Py A . :
in Sect. 5, we draw some conclusions and discuss the resuIt%pecuvelyw(_?ﬂp’. p=2rd (1 — )z /h’. 'S orb|ta_l penqd)
e iS angular velocityv is an additional effective velocity defined
through the angular momentum variation in the direction of or-
bital motion of component 2. The first term on the right side of
2. The (e,logP) diagram the equal-sign is the angular momentum lost by the escaping

] ] material, and the second term is the additional angular momen-
The observations of the G, K giants from open cluster and bgfw, |ost by the escaping material.

!um star; are the same asiin 'Jorissen et ql. (1998), and are givelsing the methods similar to those adopted by Huang (1956)
in our Figs. 1 and 2 respectively. Analyzing the observationg,q Boffin & Jorissen (1988), but considering the angular mo-
we can understand the properties of them as following. mentum conservation of the total system and not neglecting the

(1) At any given orbital period, the maximum eccentricitgqare and higher power terms of eccentricity, we can obtain
found among barium systems is much smaller than for clus{gg formulas for the changes in the orbital elements:

giants. And the average eccentricity of barium stars is generaIEy AM AM. AM: A AM.
smaller than that of cluster giants. The average orbital eccen:- — _2(1 — ¢?)2 { !y 2 _ 1AMy v }
tricity of barium stars is 0.14, while the corresponding mear! M, M; M Vorb

value of cluster giant is 0.23 (Boffin et al. 1993). +2(1— 62)% M (AM; + AMs)
(2) In the two ¢,logP) diagrams, the maximum eccentric- My (M + M)
ity line of barium system is almost parallel to the corresponding X AM; + AM,
- ity I i 201 - e)F )T @
maximum eccentricity line of cluster giants. It seems that the M, + M,

maximum eccentricity line of cluster giants is moved in a par-
allel way with the increase of orbital period to reach the bariuneAe

- (e {AMl L AM, AMﬁAMﬂ

systems. Boffin et al. (1993) exhibited this character. 1—e2 M, M, My +My
(3) In the €,logP) diagrams, the average eccentricity line o1 My(AM,y + AM,)

of barium stars is almost parallel to the corresponding line of =A==, (M, = )

cluster giants. It seems that the latter is moved in a parallel way ) N 2

to the longer period region to reach the barium systems. _ 3e . AM: + AM, L7 (3)
(4) In the ¢,logP) diagram of normal G, K giants, the max- 2(1—e?)2 M Vorb

imum orbital period for a circular orbit is-350 days; while whereA is the semi-major axis of the relative orbit of component

the maximum orbital period for a circular orbit4s2000 days 2 around 1, and is the orbital eccentricity (more details can

in the (,logP) diagram of barium stars, which is longer thame found in Appendix). Here, we take= 0 (Boffin & Jorissen

the corresponding threshold of cluster giants. Th®¢P) di- 1988).

agrams of S and CH stars are very similar to those of barium For the mass being accreted by the barium star, we use the

stars (Jorissen et al. 1998). Bondi-Hoyle accretion rate (Theuns et al. 1996; Jorissen et al.
(5) Although, at a given orbital period, the maximum ect998):

centricity found among barium systems is much smaller than

for cluster giants. Still, thee(logP) diagram of barium systems  jsace _— _ @

shows that quite large eccentricities are found among barium > A2

3

cuf o o

Vorb/ 'Uej)Q
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Fig. 1. The (,logP) diagram for the G and K giants. The solid repreFig. 2. The (¢,logP) diagram for barium stars. The solid represents the
sents the maximum orbital eccentricity line of red giant binaries.  calculated maximum orbital eccentricity of barium star systems created
by the wind accretion scenario.

whereq is a constant expressing the accretion efficiency, and 045 1 ---(1)cluster giants
a~0.05in the situation of interest here according to the detailed g4 F._. (2)Ba
hydrodynamic simulations (Theuns et al. 1996; Jorissen et al. — (3)initial
1998).¢ is the orbital eccentricityv,; is the wind velocity and 035 | (4)Ba-*'s
Uorh 1S the orbital mean velocity. After fixing the initial condi- r
tions, for the masa\ M, ejected at each pulse by the primary 03
star, we can solve the Egs. (¥) for A M,, the mass accreted 0.25 [
by the secondary star. The final mass and critical Roche lofe E
radii of the intrinsic AGB stars, and the initial envelope mas$é 02 [
of the extrinsic AGB stars are all calculated using the same for- r
mulas as in Boffin & Jorissen (1988) in which the mass ratio is 015 , (
q = M/M>. o1 () @

. 005 - .- e (4)
4. Results and analysis Fo -

Adopting the wind accretion scenario above mentioned, we cal-
culate the orbital elements of barium systems. We take as stan-
dard caselM; (=3.0M), My,0=1.3Mo, v;;=15 km 57! (Boffin logP
& ZaCs 1994). The results are shown in Figs4land Table 1. frig 3. Mean eccentricitylogP diagram for binary systems. The
According to the suggestions of Jorissen et al. (1998) afgshed line (1) represents the fit of mean eccentricity of observed clus-
Zhang et al. (1999), the barium stars with longer orbital periog giants taken from Boffin et al. (1993), and the dashed line (2) repre-
(P>1500 d andP>1600 d respectively) are formed througlsents the corresponding fit of mean eccentricity of observed Ba stars.
stellar wind accretion scenario. So we adopt 1600 days to Hee thin solid line (4) represents the orbital eccentricity of barium stars
the lower bound of wind accretion for the formation of bariur#ith n=0.685in Eq. (11) of Boffin et al. (1993), and the thick solid line
stars in our calculation. Fig. 1 show the maximum eccentricitié® represents the corresponding initial eccentricity of binary systems.
line of the normal giants (solid line), which is regarded as the
initial orbit of the binary system. The observations are for the
G, K giants in open cluster (Mermilliod 1996; Jorissen et al. Fig. 3 show thed,logP) results about mean orbital eccen-
1998). While the solid line in Fig. 2 represents the calculatadcities. The dashed line (1) represents the fit of mean eccentric-
eccentricity of barium stars through our wind accretion modéty of observed cluster giants, which is taken from Boffin et al.
which is near to the observed maximum eccentricities line (£993); the dashed line (2) represents the fit of mean eccentricity
barium stars. of observed barium stars taken from Boffin et al. (1993). The

0:'\’(\\\\\4"\’\\\\\\\\\\\\\\\\\\\\\
1 15 2 25 3 35 4
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Table 1. Variations of the eccentricity during the process of mass 37
loss by wind as a function of the mass ratidor the different ini- [ 7000
tial eccgntrlcmes. The initial eccentricities are 0.1, 0.3, 0.5 and 0.75 o5 6000
respectively. H
15000

q e 2 4000

ey = 0.1 ep = 0.3 ep = 0.5 ep = 0.75 o
2.31 0.1 0.3 0.5 0.75 - - 3000
221 01001 03002 05003  0.7503 w15 ¢
2.11 0.1001 0.3004 0.5007 0.7506 [ 2000
2.01 0.1002 0.3006 0.5010 0.7508 1 [
191 01003 03008 05013  0.7511 1000
1.81 0.1004 0.3010 0.5016 0.7513 i 600
172 01004 03012 05019  0.7516 05 - l
1.62  0.1005 0.3014 0.5022 0.7518 [
1.52 0.1005 0.3016 0.5025 0.7520 3
1.43 0.1006 0.3017 0.5027 0.7522 0 L R \ \ P
1.33  0.1006 0.3019 0.5029 0.7524 02 07 1.2 17 22
1.24 0.1007 0.3020 0.5031 0.7525
1.14 0.1007 0.3020 0.5032 0.7526 q
105 01007 03021  0.5033  0.7527 Fig. 4. Evolution of the Roche lobe radiugr in AU (solid lines) for
1.00  0.1007 0.3021 0.5033 0.7527 the different final orbital periods during the process of mass loss by
0.86  0.1007 0.3020 0.5032 0.7526 wind as a function of the mass ratjoThe final values of orbital periods
0.77 0.1006 0.3019 0.5030 0.7525 (in days) are indicated.
0.68 0.1006 0.3017 0.5026 0.7522
0.59 0.1005 0.3013 0.5020 0.7519 . o .
050 0.1003 0.3008 0.5012 0.7513 is more difficult to occur the Roche lobe overflow scenario, so
0.41 0.1000 0.3001 0.5000 0.7506 that the circular orbit forms with more difficulties.

5. Conclusions and discussion

thin solid line (4) represents the orbital eccentricity of bariurfaking the conservation of angular momentum in place of the
stars withn = 0.685 in Eq. (11) of Boffin et al. (1993) (Boffin conservation of tangential momentum for wind accretion sce-
& Jorissen (1988) predicted valuesroh the range 0.3 to aboutnario, and considering the square and higher power terms of
1). In calculation, we firstly fix the eccentricity of barium starsrbital eccentricity, the change equations of orbital elements
at given periods (thin solid line (4)), then use our wind accréave been recalculated. These equations have been applied to
tion model to determine the corresponding initial eccentriciguantitatively calculate the orbital elements of barium stars and
of binary systems (thick solid line (3)), which nearly overlapo discuss the stellar wind accretion scenario.
the observed mean values of cluster giants (dashed line (1)). Our results show that during the wind accretion process, the
These results for the {ogP) diagrams show that the bariumsystem widens as it loses mass, the orbital semi-majorxis
stars indeed evolve from the G, K giants, and the propertiesvafl increase, resulting in an increase in the orbital period, which
barium stars with longer orbital period#{1600 d) can be is similar to the result of Boffin & Jorissen (1988), but the eccen-
explained by the wind accretion scenario. tricity is very nearly constant. In general, barium stars evolved
Table 1 reports the variations of the eccentriciieduring fromnormal G, K giants, namely, barium stars formed by accret-
the process of mass loss by wind as a function of mass gatiing the ejecta of the G, K giant companions of binary systems.
(g=M, / M>) for differentinitial eccentricities of binary systems|f the accretion is through stellar wind, the orbital period will
The initial eccentricities are 0.1, 0.3, 0.5 and 0.75 respectivellycrease and eccentricity remains nearly constant. Thus, for the
The results show thatis very nearly constant in the course oBame eccentricity, the orbital periods of barium stars are longer
the wind accretion, which is different from the result of Theurthan those of normal G, K giants; while for the same orbital pe-
et al. (1996). riod, the maximum and average eccentricity of barium stars are
Fig. 4 shows the evolution of the Roche radius due to mdssver than the corresponding values of the normal G, K giants.
loss via the wind as a function of the mass ratid\/; /M, for  Our results can explain quantitatively these relations. Namely,
different final orbital periods (in unit of days) of barium syswe can explain the properties af fpogP) diagrams of normal
tems. The results show that, for a given final period of a bariuctuster giants and barium stars shown in Sect. 2.
star, the mass loss through stellar wind leads to the increase of(1) Eq. (2) represents the change of orbital semi-major axis
the Roche radius, thus making Roche lobe overflow (hereaftérwhich shows thatd will increase during the wind accretion
RLOF) more difficult to achieve. Moreover, the longer final orprocess, resulting the increase of orbital periods. But the orbital
bital period, the larger Roche radius will be obtained, henceeitcentricity will be very nearly constant with the wind accretion
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(see Eg.(3) and Table 1). These results quantitatively explain For the barium systems with shorter orbital periods, our
the observational fact that the maximum eccentricities of bariumind accretion model is not sufficient to explain the observed
stars is lower than the corresponding maximum eccentricitipoperties. They may be formed through dynamical stability
of normal giants at any given orbital periods. case C Roche lobe overflow, or common envelope ejection, or
(2) Regarding the maximum eccentricity line of normal Gsome other scenarios (Jorissen et al. 1995; Jorissen et al. 1998;
K giants as the initial condition of a binary system, the maxHan et al. 1995 and references therein). Among the binary sys-
mum eccentricity line of barium stars can be obtained throutgms with shorter periods, the primary star may fill the Roche
the wind accretion calculation, which can fit the observationsdius when it evolve to AGB phase, thus the mass-transfer pro-
Moreover, the two maximum eccentricity lines are near paralleéss occur, but the previously strong wind mass loss has made
(see Fig. 1 and Fig. 2). the mass of primary star become very small so that massgratio
(3) The average orbital eccentricity line of barium stars cdrM; /M>) is lower than a threshold valug,;; (~0.65, Pastet-
be obtained through the wind accretion calculation, and cantéit & Ritter 1989), which causes the dynamically stable RLOF.
the observations. Namely, adoptigg0.685 for Eq. (11) of Bof- While if the mass rati@ is greater than the..;; when the pri-
fin et al. (1993) to obtain the average eccentricities of bariumary AGB star fills its Roche lobe, the Roche lobe overflow will
stars, the initial eccentricities of binary systems can be obtairtael dynamically unstable, leading to the formation of common
using our wind accretion model, which nearly overlap the olenvelope. Friction between the stars and the common envelope
served average values of normal G, K giants given by Boffin eiuses contraction of the binary orbit and release of energy. Most
al. (1993) (see Fig. 3). of the energy is used in the ejection of the common envelope.
(4) For the low eccentricity systems, the observed maximuhime binary after the ejection of common envelope comprises
orbital period of circular orbits is-350 days for the cluster a white dwarf and a barium star with accreted neutron capture
giants. Our result shows that this upper bound will lead to tipeocess elementgich material. For such a binary, the orbital
corresponding maximum circular orbital period near 2000 dageriod and eccentricity are lower. The barium star HD 77247
for barium stars using the wind accretion model, which can {i? = 80.53 d, e = 0.09) can be explained by the common
the observations. The threshold periods of CH and S stars engelope scenario.
very similar to that of barium stars.
(5) Taking the highest orbital eccentricity 0.9 of normal G,
K giants as the initial condition, we can calculate a large ecceifknowledgementsiVe thank the anonymous referee for very useful

tricity, up to 0.9, for barium stars. The reason may be that ﬂfﬁgggestions on the original manuscript. We thank Dr. Alain Jorissen for

orbital period increases, but the eccentricity is nearly const rnL%tfuI discussion and warm-hearted help. Thank Dr. John Lattanzio

. . - . Jor sending important material to us. This research work is supported
durmg_ the wind a(.:c.retlon process, sothat the long orbital PerBYinhe National Natural Science Foundation of China under grant No.
and high eccentricity barium systems are formed. Our resuWi§g73002.
can quantitatively explain the observed large eccentricity, 0.9,
of some barium systems.

These fits between our results and the corresponding obser-

vations show that barium systems evolved from the normal 8ppendix: derivation of Eq. (2) and Eq. (3)

K giants, and the distribution of orbital eccentricity with orbita{:Or the binary system, the two components (an intrinsic AGB

period of barium stars can reflect the final orbital propertie?ar with massM,, the present white dwarf star, and a main
1! 1

of binary systems through wind accretion for the binaries Witsn X . .
longer period P>1600 d). sequence star with magdg,, the present barium star) rotating

around the mass core C, so the total angular momentum is con-

Moreover, this period value can be understood roughly b L
R . X rvative in the mass core reference frame. If the mass exchange
the results shown in Fig. 4. Fig. 4 shows the evolution of Roché

radius as afunction of mass ragioM; /Ms. The wind accretion étween the two comp_one_nts iswind éccretion, the total angular
: . . _momentum conservation is shown by:

scenario needs a larger Roche radius than the stellar radii of the

previous primary stars of the binary systems, AGB stars. If we )

also consider the radii of AGB stars: a typical AGB star with(1#720) = wri(AM; + AMy) + ro0(AM; + AMs), (A1)

logT.x=3.5 andM,,,;=—5 has a radius of 28, (Jorissen &

Boffin 1992), the comparison between the evolution of the radihere 1 is reduced mass, andis the distance from\/, to

of the AGB stars and the evolution of the Roche radii will showrs,. »; and r, are the distances from/;, M- to the mass

thatthe Roche radii are larger thanthe corresponding stellar ragire C respectivelyw (=27/P) is angular velocity, where

for the binary systems with longer final orbital peridd¢1600 p=2742(1 — é)%/h is the orbital period (Huang 1956).is

d) during the binary evolutions. Thisresultreflectthatthe bariugh additional effective Ve|ocity defined through the angu|ar mo-

stars with longer orbital period{>1600 d) form through the mentum variation in the direction of orbital motion of compo-

wind accretion scenario. nent 2. The first term on the right side of the equal-sign is the
In addition, Liang et al. (2000) confirmed this orbital peangular momentum lost by the escaping material and the second

riod value taking advantage of the observational heavy elemestim is the additional angular momentum lost by the escaping
abundances of barium stars. material.
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For the binary system, according to Huang (1956), the Thus
change_s pf orbital elements, the orbital semi-major aixend & _ 20 2)% AM;,  AM, A(M; + M) v
eccentricitye, are B e M, M, My -
%:M_¥7 (A.2) _2(1_62)%M2A(M1+M2)
A My + M, E Ml(M1+M2)
eAe A(M; + M) 1AE Ah o1y A(My + Ma)
= — e = . 2-2(1—¢?)2)/————=2 A.
1—e¢? M, + My 2 F h’ (A-3) * (1=e)?) My + M, (A.8)
where The Ah/h term can be obtained from:
AFE AT  AQ ;
e e A(ur?d) = A(ph)
E E E
6 A(M, + My) 24 24A = A(Mh)
= ZA@d) + AW+ M,) 24 244r] (A.4) M + M>
E My+M, r r? M, M. My M
) ) _ A( 14V12 142 Ah
According to the angulf_;lr momentum conservation model, M, + My M, + M,
the A(r6) term can be obtained from the following equation: = WP A(M, + M) + ro0A(M; + M), (A.9)
M; Mo .
A and
YA M27" (r6) 2
B MlMg Tré A M1M2 , ,,,9' M _ _AMl _ AM2 2+€ i A(M1+M2) v
- M, + M, M, + M, h M, My 2(1 —e2)3 M> Vorb
. M+ M. MQA(M1+M2) A(M1+M2)
_ 20\ _ 1412 A.10
= A(ur<f) — A (Ml T M2T> rd My (M + M) My + My ( )
= wr?(AM; + AMy) 4 rov(AM, + AM,) Combining Egs. (A.2), (A.3), (A.8) and (A.10), we can ob-
My M, . tain the changes of orbital semi-major axisand eccentricity
— A ———F1r| 16, (A5) ¢
M + M '
thus % _ 91— et) {AMl AM;  AM+AM; v }
Aré) = v [AMl AM;  A(M, +M2)] oA MMIAM MZM Mot
N M,y M, My + M, T +2(1—€2)% 2( Lt 2)
AM+M;) G MoA(M;+Ms) My (My + My)
+ ]\14 2y L : : 1 g , (A.6) +[2(1 - 62)% - 1]7AM1 + oM, (A.11)
2 Ml(M1+M2)2A2 M1 +M2 ) .
then, we can obtain
rOA(r0) ()2 [AM, | AMy  A(M, + My) B¢ _ (- [AMl AM, AMH—AMQ}
E  E | M M M, + M, l—e j]\\lj (AMMQ N )M1+M2
. . 1 + 2
2 A(M; + M. N G e | ) et
_%Ar_’_% ( ;M'f' 2)1) [ ( 6) ] Ml(M1—|—M2)
20 G MyA(M; + ;4 ) __ 3¢ AM +AM, v (A.12)
L 2 ! 2 2(1 — 62)% M2 Vorb . .

E M,(M, + My)2 A3

= 2(1_62)% |:A]\]4\fl+Aj\]4\j2_A(M]\l42M2) v:rb}
-2(1 —62)%A§\J4\/1[1:J\Z2) h%ér

= 2(1-¢)} {A£1+AAZ2_A(M]\142M2)Q:“J
2=t S A(f_A;);- (A7)

For obtaining the above equations, averaging over the orbital
period then amounts to using the following mean values:

0 - 2w
r ~ PA(1 —e2)

(ry=A(1+ %(32)

<r9> _ 27TA(1P— e?)2
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