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Abstract. The evolutionary status and origin of the most eccentric known binary in a quadruple system, €1=D08754,

period 3.413 yr), are discussed. New observations include the much improved combined speckle-interferometric orbit, resolved
photometry of the components and their spectroscopic analysis. The age of the system 662Gyr; all four components

are likely coeval. The high eccentricity of the orbit together with known age and masses provide a constraint on the tidal
circularization theory: it seems that the eccentric orbit survived because the convective zones of the F-type dwarfs were very
thin. Now as the components of 41 Dra are leaving the Main Sequence, their increased interaction at each periastron passage
may result in detectable changes in period and eccentricity.
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1. Introduction speckle interferometry (designated as BAG 6 in the WDS cata-

. . . . . logue) and its preliminary interferometric orbit was computed
Multiple stars remain an active research topic, despite hawgg Balega et al. (1997). There are now enough speckle data

been studied for more than 200 yrs. Nowadays the eémphggigierive a new good-quality combined orbit. Radial velocities

has shifted from determination of orbits and masses (althoygh ;< ;req during the last passage through periastron in May—

masses accurate to few percent are still needed to check stgllaf, o991 permit us to establish the orbital period very accu-

modgls) to mvestl_gatlon of SpeF:IfIC andrare objgcts, to Stat'S“_r%?ely and even to address the issue of orbit evolution.
of binary populations and to binary star formation. The multi- Th finterf i tsof th
ple system studied here fits these criteria: it is a unique object ' '€ SUMMary otinterlerometric measurements otth€ mag-

; - nitude diference of Aab in dierent pass-bands, from visible
with well-defined fundamental parameters that holds prom@gu . ) ! !
for elucidating some aspects of multiple-star formation. o the mfyared, IS provided by Balega et a.l. (2001b) who show
Eghat Am is practically constant over a wide range of wave-

Two 6th magnitude stars, 40 and 41 Dra (respectively, .
HR 6809 and 2810 HIP 88127 and 88136 (HDp1668 éngths, with the average value afn = 0.426 = 0.028. It

oints to the fact that Aa and Ab have very simildieetive
:ndh 1ggifgg,mar;eorfgfrrgr2rericor:igr:h:c:u(:irt] Pztggssgsig\?e:rdn{)emperatures and fiierent radii. Low-resolution spectroscopy
b pVyStruve in 1832 rfl)ndglso Known as ADS 11061 Moreové?ported in that work was used to fit standard photospheric
y V.ot o . ' models in an attempt to find the best-matchifigetive temper-
each is itself a spectroscopic binary, making the whole sys- - e i
tem quadruole. Hereafter we denote the visual componeardres and radii of the components Aa and Ab. A similar analy
q pie. PONELS of both 40 and 41 Dra was done by Al Wardat (2002). There

as A = 41 Dra and B= 40 Dra, and the spectroscopic com- . . .
is some disagreement in the temperature estimates for 41 Dra
ponents as Aa, Ab, Ba, and Bb.

6500 and 6100 K) between those two works, neither of which
The orbit of Aab published by Tokovinin (1995, here-( )

X X X guotes errors on these numbers. High-resolution spectroscopy
after T95) is very eccentric — the most eccentric amongig

T vealed that 41 Dra has a slightQ(2 dex) over-abundance
known spectroscopic binaries. The Aab system was resolvedfyy; compared to the Sun (Balega et al. 2003). X-ray

— o flux measured by Pizzolato et al. (2000) seems to be normal
Send g@print requests toA. Tokovinin, for E7V dwarfs

e-mail:atokovinin@ctio.noao.edu

* Tables 1, 2, and 3 are only available in electronic form at the cDS The visual secondary component, 40 Dra, did not at-
via anonymous ftp to tract much attention, being a typical “garden variety” double-

cdsarc.u-strasbg. fr (130.79.128.5) or via lined spectroscopic binary with 10.5 d period and moderately
http://cdsweb.u-strashg. fr/cgi-bin/qcat?]/A+A/409/245 eccentric € = 0.38) orbit which was first computed by
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Table 4. New combined orbit of 41 Dra. ‘ ‘
Element Value Error
PeriodP, days 1246.680 0.004
Periastron epocfi, JD 2449571.037 0.008
Eccentricitye 0.9754 0.0001 g
Semi-major axi|, arcsec 0.0706 0.0014 -‘
Position angle of nod®,, deg 1.9 1.7 >
Argument of periastrow,, deg 127.31 0.13
Inclinationi, deg 49.7 29
Primary amplitudeKy, km st 44.62 0.10
Secondary amplitudi,, km st 48.06 0.11
System velocityp, km st 5.76 0.05 _ ! ! ! !
- 0.99 1 1.01 1.02 1.03
Primary massM, 1.28 0.15 Phase
Secondary mas$. 1.20 0.14 Fig.1. Radial velocities of 41 Dra during the periastron passage
Orbital parallax, mas 23.0 2.2 in 2001. The primary component is denoted by filled squares and full

line, secondary component by empty squares and dashed line. The de-
scending portion of the Aa radial velocity curve lasts only 3 days.
Boothroyd (1922) and re-determined with greater accuracy

in T95. Here we come back to this orbit to check whether its
elements are stable over time. with 25 mas separation — at the limit of 6 m telescope reso-

lution — was excluded, but the overall quality of interferom-
_ _ etry is excellent. This orbit represents the state-of-the-art in
2. New combined orbit of 41 Dra interferometry: a better orbit could be obtained only with long-

The first double-lined spectroscopic orbit published in Tg}gaseline interferometers, but none of the current interferom-
was based on the periastron passage in August 1994 sigrs vet reaches 6-th magnitude stars. Note that two perias-

served by N.I.S and N.A.G. The following periastron arourfiP" observations define the 3.41 yr period with an error of

January 1, 1998, was not covered because of cloudy <Ry & min., which might be the most accurate period among

However. N.I.S and N.A.G did obtain the data on the next o 2solved binaries. The timing of periastron passages is accurate
casion ir,1 May—June 2001. The observations were made ~10 min. because the component acceleration in this eccen-

the 70-cm telescope at Moscow University campus using Hhi¢ Orbitis high (some 3 km'S per hour near periastron), de-
correlation radial velocity meter (Tokovinin 1987). As in T95SPIté the long period. In Fig. 1 we plot the radial velocities for
the velocities were derived from fitting Gaussian curves to tH€ 125t periastron passage and in Fig. 2 we plot the interfero-

correlation dips; partially blended dips were split by fixing thE'€ric observations. _
width and contrast of the fitted Gaussians. The individual ve- The masses and orbital parallax are computed directly from
locities and their residuals to the new orbit are given in Table1® combined orbit. Estimates of their errors take into ac-

published electronically. Table 2 lists the observations of tfQUNt correlations between the orbital elements. The mass ratio
Bab binary obtained on this occasion. g = My/M; = 0.928+ 0.003 is determined with a much better

All speckle interferometry of 41 Dra comes from tr1(5:;1ccuracythan the masses themselves, hence any system mode

Russian 6 m telescope. We add to the published data anofRgiSt Precisely fit the mass ratio. The Hipparcos parallax (ESA

point taken in 2001.27 and provide in Table 3 all speckle mek297) was measured independently for A and B.§:81.8
surements and their residuals. and 196 + 3.8 mas respectively). It is manifestly wrong, being

Merging new and old data in the combined Specklg_istorted by the orbital motion of Aab as noted by Shatskii &

spectroscopic orbital solution yields the elements and their fdkovinin (1998) for this and other similar systems.

mal errors derived by weighted least-squares fitting (Table 4). The Semi-major orbital axis is 3.1 AU The components
Initially the weights were taken to be inversely proportional fBPProach each other at periastron to a distance of 0.078 AU
the squares of observational errors, assumed to be 2 masfot6- 7Ro.

speckle-interferometry. It turns out that speckle data are more
precise, while the errors of radial velocities are larger than th%i.r
formal estimates. The final solution was computed by equal-
izing the relative weights of interferometry and velocities, sNew spectroscopic data on the systems of Aab and Bab ob-
that y2/N ratio is close to 1 for all kinds of data. The resultained in 2001 can serve to study the possible evolution of those
did not change significantly compared to the initial weighworbits.

ing. The weighted rms residuals to the orbit are 0.53 klns We determined the eccentricity and semi-amplitudes
and 0.59 km s for Aa and Ab velocities, ® and 1 mas for of Aab from the 2001 velocities only, in the hope of detect-
interferometry. One interferometric measurement (1994.7ay any change of orbital elements that might have occurred

Evolution of the orbital elements?
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* ‘ " 1 Table 6.Orbital elements of 40 Dra in 1986-1994 and 2001.
ol i
[ 1 Element 1986-1994 2001
: Value Error Value Error
—0.02 | - P, days 10.52785 0.0020  10.52785 *
i 1 T,JD 48000.008 0.011 52053.260 0.040
P | e 0.374 0.003 0.380 0.008
£ 004l i w, deg 246.2 0.4 24435  1.33
PR 1 Kikms!  39.14 0.14 39.01  0.39
g | ] Ko kms? 4291 0.17 4286 043
006 i Vo, km st 5.76 0.07 5.31 0.19
r ] Table 7. Photometry of 41 and 40 Dra.
Rl ] Comp. Source V B-V U-B V-R
pe A Tycho 5.682 0508 - -
-0.06 -0.04 -0.02 0 JV53 568 050 -0.01 -
Fast [aresec] WBVR 5699 0506 -  0.432
Fig. 2. Interferometric observations of 41 Dra (filled circles) are con- B Tycho 6.022 0513 - -

nected to the corresponding points on the orbit ellipse. The position of

the primary is marked by the asterisk in the upper right corner. IMS3 6.04 051 -0.01 -

WBVR 6.066 0.507 - 0.435

Table 5. Orbital elements of 41 Dra in 1994 and 2001.

an invisible more distant companion, like in other such cases

Element 1994 2001 detected by Mayor & Mazeh (1987). The 24 new observa-

Value Error Value Error tions of Bab obtained in 2001 were used to re-calculate the
T,JD 49571.047 0.009 52064.3929 0.0025 orbit. We adjusted all elements except the period (Table 6).
e 0.9754 0.0001 0.9752 0.0001  The comparison with previous elements shows that there was
w, deg 1276 0.2 127.0 0.2 no significant change, although both semi-amplitudes did de-

Ko km st 44.79 0.14 44.72 0.13 crease very _slightly. The.change in the systemic veIo‘d’gy
) is only marginal. If there is indeed a fifth component orbiting
Kz, km s 47.88 0.17 47.75 0.13 around Bab, its period should be longer than 15 yrs covered
Vo, km s 5.84 0.05 5.75 0.09 by our observations. It cannot be longer that00 yr, other-
wise this sub-system would be dynamically unstable against
perturbations from A. Existence of the fifth companion seems
since the periastron passage in 1994. The result is presenteghiikely.
Table 5. Compared to 1994, the changes are below the signif-
icance level. But they are, curiously enough, going in the eﬁ-
pected direction: the eccentricity is diminishing, accompanied
by a decrease in both semi-amplitudes! Observations of furtyge now know from the dferential photometry of Aab that
periastron passages will show if such fast eccentricity variatigife colors of Aa and Ab are very similar. The combined col-
is indeed taking place. ors of visual components Aab and Bab are also very close,
A more sensitive test for orbit evolution idfered by pe- despite the magnitude ffiérence ofAm = 0.34. Photometry
riod changes. If circularization proceeds with approximatefyom the Tycho space mission (ESA 1997), Johnson & Morgan
constant periastron distance (Goldman & Mazeh 1994), t{&953, JM53) and Kornilov et al. (1991, WBVR) is summa-
quantity P(1 — €)*? is constant, so any change of eccentrigized in Table 7.
ity corresponds to the change of perio®/& = 1.5de/(1 - €). Processing of the high signal-to-noise correlation dips mea-
Hence, ife decreased by 0.0002, the period would be shortensgred in 2001 enabled us to find the equivalent widths of Aa
by 15 d. AlthoughP is known to within 0.004 d, we have notand Ab dips as 20 + 0.01 and 077 + 0.01 km s and the
yet observed three periastron passages as needed to detegirpfected rotation velocitie¥ sini of 5.7 + 0.3 and 44 +
riod variation. At this level of precision, an eccentricity chang@5 km s%, confirming the T95 results. The estimates of mag-
of 5x 1078 is observable. Precise timing of future periastronitude diferences\mwere made in T95 under the assumption
passages is the best way to detect ongoing orbit circularizatitimat all components are on the Main Sequence (MS). Now we
It was conjectured in T95 that the larger semi-amplitudésiow that the &ective temperatures of all components are sim-
of Bab measured by Boothroyd in 1920 compared to the dlar, which permits us to derivam directly from the ratio of
bit in 1986-94 could result from the precession engendereddip equivalent widthsAm = 0.48 + 0.02 for Aab (compare to

Physical parameters of the components
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Table 8.Physical parameters of the components. Its error comes exclusively from the error of the orbital semi-
major axis of Aab; it is the best current estimate of the distance
Comp. M/M, R/R, My to ADS 11061.
Aa 139 1.93 299 We do not know the individuaB — V color indices of
Ab 130 163 342 the components with $ficient accuracy, but we can select an

isochrone that matches the known combined colors of A and B.
Such afit is shown in Fig. 3. ThB — V colors of components
were “assigned” to be on the isochrone. According to the model
(Table 8), the combineB — V colors of Aab and Bab are both
equal to 0.51, theid — B colors are-0.01. The modeled mag-
2o Zsrey — nitude diference of the Aab pair is 0.39 in theéband and 0.43

g in theK band. Selecting adjacentisochrones would lead to dis-
crepant combined colors. So, the age of ADS 11061 can be
established as.2 + 0.2 Gyr. The dective temperatures of all
components are similar, from the coolest 6280 K for Bb to the
hottest 6380 K for Ba. These estimates depend on the stellar
models used.

Is the axial rotation of componentffected by their close
neighbors? The angular velocity of the Aa-Ab vector at peri-
astron is (1- €?)Y2(1 - )2 = 364 times faster than the av-
erage orbital angular velocity. If Aa were synchronized at pe-
riastron, it would have the equatorial velocity of 28.2 km,s

andVsini = 216 km s, assuming that rotational axes are
4. — L Th L perpendicular to the orbital plane and henee50°. The mea-
043 045 048 05 gi\s/2 054 036 05806 o redvsini (5.7 and 4.4 kms) show that both Aa and Ab ro-

Fig.3. Components of ADS 11061 on the isochrones of Girari?te sub-synchronously. The inclination of the Bab system es-

. . - 3 . _
et al. (2000). The absolute magnitudds are measured, whereas th imated from its spectroscopic mass sbirsin”i = 0.273Mo
B — V colors are “assigned” to match the combined colors and to ma#Bd the model mass sum 2.5%, is 35'. The synchronous ro-

the components coeval. The numbers show component's masses. ational velocity is then expected to besini = 10.2 km s,
to be compared with 7.2 and 6.7 kit seported for Ba and Bb

in T95. Hence, none of the four components is synchronized
Am = 0.43 from speckle-interferometry) aian = 0.56+ 0.03  with the orbits.

for Bab. This refers approximately to the photometric bsnd
The orbital parallax corresponds to the distance modulus
m- M = 3.19+ 0.25 (refined tom— M = 3.25+ 0.05 be- 5. Orbit of the AB system

low). This distance and the photometry lead to the absoILWth the “evolutionary” mass sum 5.2, and the distance to

i inthe | I f Table 8. Thusth - ,
magnitudesdy in the last column of Table 8. Thus the observqt'ae system 44.6 pc, we compute the orbit of AB by the dynam-

tions constrain luminosities and colors of all 4 components | :

a narrow region of the Hertzsprung-Russel (H-R) diagram | Al metfllodboflﬁpplaregt Lﬂotmn Pakramlestazres (AI\QP_l)_,ggs _?rc])_ne

ing above the MS. The components are slightly evolved F-ty Leviously by Kiselev omanenko ( ) an - 1his
ethod gives a family of orbits which depend on one unknown

stars; we show below that they can be coeval. . :
y rameter, the distance between the components along the line

In Fig. 3 we place all 4 components on the evolutiona%a . e ) :
tracks computed by Girardi et al. (2000). We use the tracks er|ght r.. For elliptic orbits, the distance between the com-

solar metallicity (cf. Balega et al. 2003) with over-shootin onentsr obe_ys_the '”eq_“?'”y < Tmax = 8.”2M/V2’ where
Theoretical tracks are conveniently related to the observed vﬂ? d'S‘aT“:e IS m_AU,V IS in AUjyr, M is in SO""‘T Masses.
ues, B — V and My, removing any additional uncertainty of e relative velocityv of the components and their projected
bolometric corrections andfective temperature scale. distancery, are known and we can writg = Z,/rfax— 2,

At the age of a few Gyr, as appropriate in this case, tls® thatz = +1 corresponds to = ry,x (parabolic orbits). In
stars evolve with fairly constant absolute magnitddie. This Table 9 we list some of those orbits. Apart from new mass
greatly simplifies our task: independently of the exact age, thkem and distance, we used the same input data (relative po-
mass of Aa component can be found directly from Mg sition and proper motion) as in T95 and the velocit{feti
as 1.39M,. The mass of Ab follows from the measured massnceVa — Vg = 0.05 km s? as follows from the spectro-
ratio. These “evolutionary” masses of Aa and Ab are compasieopic orbits of Aab and Bab. Because of the short time base of
ble with the directly measured masses. The same procedurtnésHipparcos experiment, it measured the relative proper mo-
applied to Ba and Bb, leading to the mass estimates givertion of AB with much less precision than ground-based photo-
Table 8. With the modeled mass sum of#&b M = 2.7 My graphic astrometry. The orbits in Table 9 sensitively depend on
we obtain parallaxqy, = aP~?3M~12 = 224 + 0.5 mas (here input data, e.g. on parallax, hence they should be considered as
the semi-major axiais in arcseconds and peri@ds in years). being only indicative of the possible orbital motion of AB.

Ba 1.32 157 3.28
Bb 1.20 132 3.85

2.5 T T T 1 -

T
\

3.5

N
T T T [ T T T T

/AR R R N W W R
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Table 9. Orbits of the AB pair computed by the AMP method. and the still eccentric orbit of Bab confirms this hypothesis.
Sub-synchronous rotation is an additional symptom of the in-

z P e a Q5 w [ ) efficiency of tidal friction in Aab and Bab.
yr AU o o o 0 If tidal orbit evolution preserves the periastron distance, the

final orbital periods of Aab and Bab after complete circulariza-
07 77030 071 3139 18 320 113 1sg lion can be computed a3(1 - e)%2. They turn out to be re-
markably similar, 4.8 and 5.1 days respectively. Such periods
-0.3 151r1 0v5 1062 18 358 135 167 4.0 very frequent among spectroscopic sub-systems in late-type
00 10019 084 806 232 150 178 129 myltiple stars (Tokovinin & Smekhov 2002).
03 15171 073 1062 200 174 133 85 Multiple systems can be chaotic or hierarchical; for
0.7 77030 0.69 3139 200 134 112 64 ADS 11061 either may be true, with hierarchical configura-
0.9 494060 0.87 10834 199 117 108 60 tions being more probable (T95). If ADS 11061 were chaotic,
we must admit that it survived overL (P crossing times, a very
unlikely hypothesis. So we believe that this multiple system is
In the last column of Table 9 we give the relative angle hierarchical and dynamically stable. The ratio of the periastron
between the angular momenta of the outer system AB and tlistance of AB to the semi-major axis of Aap(1 — €ut)/ain
inner system Aab computed as that follows from Table 9 is over 40, confirming this statement.
The high eccentricity of an inner orbit in a hierarchical mul-
tiple system can be attained by the Kozai mechanism (Kozai
Itis interesting that all AMP orbits correspond to large relativk962). If the inner orbit were initially almost perpendicular to

inclinations between the orbits of AB and Aab. the orbital plane of the outer system, it will change its incli-
nation and eccentricity periodically while preserving the Kozai

_ o _ invariant® = (1 — €?) cos ¢, whereg is the angle between the
6. Dynamics and origin of the multiple system inner and outer orbital angular momentum vectors. The period
igf the Kozai cycle is estimated as

—-0.9 494060 0.88 10834 19 302 108 154

COS¢ = COSigyt COSiin + SiNigytSiNiin COSQout — Qin). Q)

In this section we try to understand why the orbit of Aab
S0 eccentric. First we evaluate the chances of orbit circularizgf: P2 po(1 32 3
tion to see how such high eccentricity could have survived ovefeza ~ out/ Pin(1 = €0u)™*. (3)

the life-time of this system. Then we investigate the dynamm%zai cycles are perturbed by the apsidal rotation in the inner

origin of high eccentricity. , S
: - . . system caused by a component’s structure and relativistic pre-
The very high eccentricity of the Aab orbit and its knowr?:ession. The period of relativistic precession is
age dfer an interesting possibility to check theories of dissI-

pative orbital circularization. Such a check was attempted for _ 71 _
Gliese 586A (Goldman & Mazeh 1994) with= 0.9752 and Prei = 336 10" (- )P a/M . “)
P = 890 d. Less strict constraints were obtained from aynerep is in yearsain AU, massM in solar masses (Holman
other eccentric binary, HD 2909, with= 0.94_9,P = 212_8 d etal 1997). For the Aab systeTix = 6 Myr. If Trel < Tkozai
(_Mazgh et a]. 1995). In these works the semi-major axis evoldg ;i cycles can no longer occur. Given tiaj depends ogy,
tion time T, is estimated as andTkezai does not, the conditiof,e; ~ Tkozai Will be reached
-1 16/3 15/2 if &, grows stficiently during the first Kozai cycle. When this

Ta~ S0 To(P/Po) (1 — €% @ happens, the relativistic rotation of the line of apsides averages
where the constanf = 2 x 10 yr, Py = 20 d, and the vis- out the Kozai éect, soe, will not evolve periodically and will
cosity constany = (rs/Po)" depends on the prescription agemain high. This consideration shows that very similar peri-
explained by Goldman & Mazeh (1994):= 0 for unreduced astron distances in Aab and Bab may be not a coincidence but
viscosity,n = 1 andn = 2 for different theories. The convectiverather a consequence of the interplay between Newtonian and
time 7s ~ 0.27 d is estimated from the angular velocity at perelativistic dynamics in this multiple system.
astron, soy = 0.014". Straightforward application to Aab gives  Now we estimat&lkqzai. The outer periodPq is quite un-
Tax33x10Pyrforn=0andT, ~ 24x 10° yrforn = 1. certain, however. The values af= 0,0.3,0.7 from Table 9

The theory of tidal circularization is not yet free of uncorrespond td ko4 Of 1.9, 10, and 300 Myr, respectively. So,
certainties. The case of 41 and 40 Dra is particularly trickize conditionTkezai = Trel Can be satisfied for some plausible
because their components, while on the MS, were closeelements of the AB orbit. It seems thus likely that the high ec-
the border-line between convective and radiative stars. Evepeatricity of Aab is indeed a result of the dynamical evolution
small diference in mass has a large influence on the thicknesglined above which occurred in the first 10 Myr after forma-
of convective zones, especially for Aa and Ab. We speculdien of the multiple system.
that the orbit of Bab is more circular (though still not quite so, The most likely evolutionary scenario of ADS 11061 is as
e = 0.38) because Ba and Bb have lower masses and thickadlows (Fig. 4). This quadruple system was formed 2.5 Gyr
convective zones than Aa and Ab, whereas periastron distanags from a small gas cloud. Initially, the orbits of Aab and Bab
in both sub-systems are equal. In short, it seems plausible thatl long periods, were not very eccentric and almost perpen-
the highly-eccentric orbit of Aab escaped tidal circularizatiowlicular to the orbit of the outer system AB. WithilO Myr
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Bab Bab Bab Bab By resolving Bab, it will be possible to determine the incli-

o \ o o nation of its orbit relative to AB and Aab, thus achieving a
Q complete dynamical description of this interesting quadruple

system.

Formation Initial Eccentric Present Merger

orbits orbits state of Aab? AcknowledgementsiVe thank R. Zhuchkov for a careful reading of
the manuscript and for pointing out some errors. The comments of the

L
¢ Q / / o anonymous referee helped to improve the article.
Aab Aab Aab A*

al

Fig. 4. Possible evolution of the ADS 11061 multiple system.
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