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AN UNUSUAL QUADRUPLE SYSTEM ξ TAURI
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Abstra
t. A premilinary analysis of spe
tros
opi
, photometri
 and interferometri
 ob-

servations of the triple subsystem of a hierar
hi
al quadruple system ξ Tau is presented.

The triple system 
onsists of a 
lose e
lipsing binary (PA = 7.

d
146651), revolving around

a 
ommon 
entre of gravity with a distant tertiary (PB = 145.

d
17). All three stars have


omparable brightness. The e
lipsing pair 
onsists of two slowly-rotating A stars while

the tertiary is a rapidly-rotating B star. The outer orbit is e

entri
 (eB = 0.237± 0.022).
Available ele
troni
 radial velo
ities indi
ate an apsidal advan
e of the outer orbit with

a period PB
APS = 224 ± 147 yr.
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UNUSUAL QUADRUPLE SYSTEM ξ TAURI

1. Introdu
tion

ξ Tau (2 Tau, HD 21364, HIP 16083, HR 1038) is a hierar
hi
al quadru-

ple system, 
onsisting of sharp-lined A stars, undergoing binary e
lipses,

a more distant broad-lined B star and a mu
h more distant (the semi-major

axis aC = 0′′.441 ± 0′′.027, Ri
a Romero 2010) F star. Here, we shall de-

note the 
omponents as follows: C (F-type), B (B-type), Aa, Ab (A-types)

and the orbits: C (F-type), B (B-type), A (A-types). The visual magni-

tude of ξ Tau (V =3.m72) and its de
lination 9◦44′ make it an easy target

for a wide range of instruments and observational te
hniques. The binary

nature of the system was dis
overed by Campbell (1909). The outermost

orbit C was resolved using spe
kle-interferometry by Mason et al. (1999).

All spe
kle-interferometri
 observations of the system were analysed by Ri
a

Romero (2010), who found an orbital period PC = 52± 15 yrs. The orbital

elements of the triple subsystem were published by Bolton and Grunhut

(2007). The Hippar
os parallax of the system is p = 15.6 ± 1.04mas (van
Leeuwen, 2007a,b). As we were unable to dete
t either spe
tral or light vari-

ations of the distant and faint F 
omponent, we do not deal with the orbit C

in this study.

2. Observations and data redu
tion

We have 
olle
ted a ri
h series of spe
tros
opi
, photometri
 and interfero-

metri
 observations spanning more than two de
ades.

2.1. Spe
tros
opy

The 131 ele
troni
 slit spe
tra 
over time interval RJD=49300 to 55971

1

.

They were se
ured at three observatories: 1) Ond°ejov Observatory, Cze
h

Republi
, 2) David Dunlap Observatory, Canada, and 3) Observatory of the Army

Geographi
 Institute, Portugal.

Spe
tral lines of the three 
omponents are visible in the spe
tra. We

studied the Hγ, Hβ, and Hα Balmer lines and also stronger metalli
 lines

(Mg II 4481Å, Si II 6347Å and Si II 6371Å), in whi
h the 
ontribution of the A�

type stars is dominant. The B-type 
omponent 
ontributes about 60 %

to the total �ux in the opti
al region and its spe
tral lines are signi�
antly

1

RJD=JD - 2400000
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AN UNUSUAL QUADRUPLE SYSTEM ξ TAURI

rotationally broadened (vR sin i ≥ 200 km s

−1
). The spe
tral lines of both

A-type stars are sharp and very similar to ea
h other.

2.2. Photometry

Altogether, 1786 UBV observations (spanning RJD=54116 to 55956) were se-


ured at three observatories: 1) Hvar Observatory, Croatia, 2) South Afri
an

Astronomi
al Observatory, South Afri
a, and 3) Villanova APT, USA. We

also used 69 Hippar
os Hp observations (Perryman and ESA, 1997) span-

ning RJD=47909 to 48695. These were transformed to the Johnson V using

a formula found by Harmane
 (1998). The light 
urve of the system, whi
h

is shown in Fig. 3, shows shallow and narrow primary and se
ondary minima

of 
omparable depth of 0.12mag in the Johnson V �lter.

2.3. Spe
tro-interferometry

The ξ Tau system was observed with the NPOI interferometer between

1991 and 2012, the bulk of observations being taken during the last de
ade,

and also with the VEGA/CHARA spe
tro-interferometer in 2011 and 2012.

2

3. Data analysis and preliminary results

3.1. Orbital Solution

We measured RVs by an automati
 
omparison of suitably 
hosen syntheti


and observed spe
tra. The measurements were then divided into two subsets

well-separated in time from ea
h other. We used program FOTEL Hadrava

(2004a) (release on the 25

the
of June, 2003) to 
ompute the orbital solution.

This release of the program does not allow modelling of apsidal motion

for the outer orbit. Therefore the RVs measured on the A-type stars had

to be �tted on ea
h subset separately. This does not apply to the RVs

of the B-type star. This 
omponent 
an be 
onsidered moving in a binary

system and its apsidal motion 
an be treated properly in FOTEL.

Elements published by Bolton and Grunhut (2007) were used as an ini-

tial estimate. The orbital period of the inner orbit PA
was kept �xed

at the value given by the light 
urve solution (see below). The orbital

2

Only observations from 2011 being reported here.
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Table I: The orbital solution resulting from spe
tral-disentangling of the spe
tros
opi


observations, where PS denotes the sidereal orbital period, PAn anomalisti
 orbital period,

TP the epo
h of periastron, e the e

entri
ity, ω the longitude of periastron, K1 the semi-

amplitude, q the mass ratio, and PAPS the period of the apsidal advan
e.

Element Outer orbit (B) Inner orbit (A)

PAn (d) 145.44± 0.10 �

PS (d) 145.17± 0.10 7.146651± 0.000010

TP (RJD) 55609.88± 0.01 �

Tconj. (RJD) 55580.77± 0.01 48299.075± 0.010

e 0.22± 0.15 0.0+ 0.05

ω (deg) 189.7± 5.0 90± 10

PB
APS yr 214± 100 �

K1 (km s

−1
) 38.02± 5.0 89.1± 10.0

q 1.01± 0.20 0.96± 0.10

elements 
orresponding to the best-�t of the RVs measured on the lines

of the B-type star are: the anomalisti
 period PB
an = 145.42 ± 0.15d,

the periastron epo
h TB
p (RJD) = 55608.9 ± 2.3, the e

entri
ity eB =

0.237 ± 0.022, the periastron longitude ωB = 187.0 ± 6.9deg, and semi-

amplitude KB
1 = 38.44 ± 0.90 km s

−1
. The results also revealed presen
e

of an apsidal motion of the orbit B with a period of PB
APS = 224 ± 147 yrs.

The RV 
urve of the tertiary and the best-�t model are shown in Fig. 1.

The spe
tral-disentangling program KOREL (Hadrava, 2004b) was used

for the �nal orbital solution and the 
orresponding orbital elements are listed

in Tab. I. The disentangled 
omponent spe
tra are shown in Fig. 2.

3.2. Light-
urve solution

We used the program PHOEBE (Pr²a and Zwitter, 2005) for modelling

of the brightness variations of ξ Tau. The limb-darkening 
oe�
ients were

taken from Claret (2000). The semi-major axis and the mass ratio obtained

with spe
tral-disentangling were kept �xed. The light 
ontribution of the B-

type star had to be 
onsidered as the third light, its relative luminosity

in the V band being LV
r = 0.60 ± 0.02. As the se
ondary minimum o

urs

a bit earlier than half of the period after the primary one, we had to allow

for a small orbital e

entri
ity. The elements of the solution are presented

4 Cent. Eur.Astrophys. Bull. vol (2012) 1, 4
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Figure 1: A se
ular evolution of the orbit B. The RVs measured on the spe
tral lines

of the B-type star in between: upper panel: RJD = 49300 to 50500 and lower panel: RJD

= 55560 to 55981. The mean RV 
urve of the time interval is shown with dashed line.

The typi
al un
ertainty of one measurement is denoted by line segments.
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Figure 2: Spe
tra of the triple subsystem 
omponents obtained by means of disentangling

(full line) and syntheti
 spe
tra �tted to the disentangled ones (dotted line). With the ex-


eption of the spe
trum 
overing wavelength interval ∆λ = 4390−4518Å all disentagled

spe
tra did not have perfe
tly �at 
ontinua and we had to re-normalize them.
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in Tab. II.

3.3. Interferometri
 solution

Interferometri
 observations were �tted in Fourier spa
e in order to ob-

tain positions of the stars. Then the positions of stars were �tted in order

to obtain the orbital properties. Results are presented in Tab. III. In 
ase

of the VEGA/CHARA interferometer, the spe
tros
opi
 solution presented

in this paper was used to obtain an initial model of the system for the mod-

elling of the star positions. NPOI interferometer is unable to resolve the in-

ner system.

3.4. Comparison of the observed and syntheti
 spe
tra

We have used a program, whi
h interpolates in grids of syntheti
 spe
tra

and 
ompares the syntheti
 spe
trum to observed ones using the least-square

method. The elements, whi
h 
an be optimized, are: the e�e
tive temper-

ature Teff , the logarithm of gravitational a

eleration log g, the proje
ted

rotational velo
ity vR sin i, the relative luminosity LR, and the radial ve-

lo
ities of the 
omponents RVi. The grids of syntheti
 spe
tra by Lanz and

Hubený (2003, 2007), and Pala
ios et al. (2010) were used. The best-�t syn-

theti
 spe
tra are shown in Fig. 2 and the 
orresponding optimal parameters

are in Tab. IV.

4. Dis
ussion

4.1. Derived properties of the system

An estimated pre
ision of the RV measurements on the ele
troni
 spe
-

tra is approximately 2 km s

−1
for the A-type stars and 5 km s

−1
for the

B-type star. A good phase 
overage for both orbital periods led to reli-

able RV-
urve solutions with FOTEL (giving the rms error of one observa-

tion ≤ 7 km s

−1
). The FOTEL orbital elements provided good initial values

for the �nal solution with KOREL. We mapped χ2
around the minimum

of the sum of squares in order to get estimates of the un
ertainties of the

elements. We did only basi
 un
ertainty analysis and the un
ertainties given

in the Tab. I were estimated on basis of the above-mentioned maps.

6 Cent. Eur.Astrophys. Bull. vol (2012) 1, 6
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Table II: Light 
urve solution for the inner orbit of ξ Tau. P denotes the orbital period,

Tmin the epo
h of the primary light 
urve minimum, i the orbital in
lination, e the e
-


entri
ity, ω the periastron longitude, r the radius, Teff the e�e
tive temperature and LV
r

the relative brightness in the Johnson V-band.

Orbital properties

Parameters Values

PA
(d) 7.146656± 0.000020

TA
min (RJD) 48302.6374± 0.0010

iA (deg) 86.2± 0.5

eA 0.016± 0.010

ωA
(deg) 110± 10

Properties of the 
lose binary 
omponents

Parameters Aa Ab

r (R⊙) 2.0± 0.2 1.5± 0.2

Teff (K) 9250± 100 9200(�xed)*

LV
r 0.26± 0.02 0.14± 0.02

*Taken from the �t of the disentangled spe
tra to the syntheti
 ones.

Table III: List of the best-�t interferometri
 orbital elements. Tp denotes the periastron

epo
h, PS the sidereal orbital period, i the in
lination, Ω the longitude of the as
ending

node, e the e

entri
ity, ω the periastron longitude, a the angular size of the semi-major

axis, PAPS the period the apsidal motion, N the number of the interferometri
 observa-

tions.

Instrument

Element VEGA/CHARA NPOI

Tp(RJD)** 55755.04± 0.1 53712.90± 0.34

N 5 22

Inner Orbit (A) Outer Orbit (B) Outer Orbit (B)

PS 7.146656(�xed) 145.17(�xed) 145.12± 0.055

i (deg) 97.5± 5.0 85.0± 4.0 87.07± 0.19

Ω (deg)* 350.5± 4.0 329.2± 2.0 328.63± 0.38

e � 0.24± 0.04 0.213± 0.007

ω (deg) � 182.0± 5.0 163.07± 0.13

a (mas) � 15.5± 0.4 16.09± 0.18

PB
APS yr � � 266± 65

*Values of Ω + 180 ◦
are also possible.**Tp denotes referen
e epo
h in 
ase of the inner orbit.

Cent. Eur.Astrophys. Bull. vol (2012) 1, 7 7



UNUSUAL QUADRUPLE SYSTEM ξ TAURI

Table IV: The Result of the observed spe
tra �tting to the syntheti
 spe
tra. Teff de-

notes the e�e
tive temperature, log g the logarithm of gravitational a

eleration, vR sin i

the proje
ted rotational velo
ity, Lr the relative luminosity, RVγ the systemi
 radial

velo
ity and Z the metalli
ity. ∆λ ǫ [4380, 4500]Å region was �tted.

Parameter System 
omponent

B Aa Ab

Teff (K) 15100± 200 9400± 500 9200± 500

log(g)[cgs] 4.3± 0.1 4.2(�xed) 4.2(�xed)

vR sin i (km s

−1
) 246± 10 33± 2 34± 2

Lr 0.73± 0.02 0.14± 0.02 0.13± 0.02

RVγ (km s

−1
) 2.4± 5.0 7.7± 5.0 6.9± 5.0

Z (Z⊙) 2(�xed) 2(�xed) 2(�xed)

The light 
urve solution exhibits a high degenera
y in the diameters

of the stars. This is due to a very shallow and almost identi
al e
lipse min-

ima. The light 
urve solution also indi
ates a small e

entri
ity of the orbit A

eA ≤ 0.03. The mutual intera
tion between the 
lose binary A and the ter-

tiary should also 
ause a se
ular nodal motion. If the orbits are not 
oplanar,

the depths of the e
lipses should 
hange in the 
ourse of time. We 
ompared

observations from two seasons, but we 
annot 
on�rm su
h an e�e
t yet.

Data from more epo
hs are needed.

The orbital solutions based on the interferometri
 observations from

the CHARA/VEGA (whi
h depend heavily on the spe
tros
opi
 solution

in Tab. I) and the NPOI do not agree with ea
h other in the longitude

of periastron. The value of longitude of periastron based on the ephemeris

obtained on the NPOI data would be ωB (RJD = 55755) = 171 ± 2deg.
However, the dis
repan
y may result from underestimation of the un
ertain-

ties of the NPOI �t, be
ause only preliminary un
ertainty analysis was done.

The 
ombined orbital elements of the inner orbit imply masses of the 
om-

ponents of the system: MAa = 2.29 ± 0.91M⊙, M
Ab = 2.20 ± 0.78M⊙,

MB = 4.53 ± 1.51M⊙ and semi-major axii of the orbits: aA = 25.77 ±

3.95R⊙ and aB = 213 ± 51R⊙, while the 
ombined orbital elements

of the outer orbit leads to masses: MB = 3.08 ± 1.24M⊙, M
Aa+Ab =

3.11 ± 0.65M⊙. Although both results agree with ea
h other within un-


ertainty boxes, the di�eren
e between the expe
ted values might suggest

8 Cent. Eur.Astrophys. Bull. vol (2012) 1, 8



AN UNUSUAL QUADRUPLE SYSTEM ξ TAURI

dis
repan
y in our model of the triple subsystem.

4.2. Apsidal motion

The dete
ted apsidal motion is most likely 
aused by an intera
tion between

the pair of the A-type stars and the B-type star. The large semi-major axis

of the orbit B aB = 213 ± 51R⊙ and the relatively low e

entri
ity eB =
0.2 ± 0.15 ex
lude a possibility that the apsidal advan
e would be 
aused

either by the stellar internal stru
ture or by a relativisti
 e�e
t.

We 
al
ulated the periods of the apsidal motion PAPS
B ∈ [142, 352] yr

and the nodal motion PNOD ∈ [16, 24] yr with the formulæ derived by Soder-

hjelm (1975) and independently by a dire
t integration of Lagrange equa-

tions (high un
ertainty in the mass ratio qB was taken into a

ount). These

intervals of periods are possible (from the point of view of dynami
s) if our

model of the system given by the spe
tros
opi
 solution is 
orre
t. Both

intervals of periods depend on the angle between the orbital planes. Values

of the angle in the range j ∈ [0, 35] were evaluated.

5. Future plans and expe
tations

The ultimate goal of our e�ort will be the determination of very a

urate

masses and radii of all 
omponents and of dynami
al properties and pos-

sible evolution of the system. We plan to obtain additional high-pre
ision

light 
urve of the e
lipsing pair with the MOST satellite, and 
ontinue ob-

servations with the VEGA/CHARA interferometer as well as ground-based

photometri
 and spe
tros
opi
 observations.
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Figure 3: The UBV light 
urves of ξ Tau Top panel: U �lter, middle panel: B �lter,

bottom panel: V �lter. Data sour
es (number of observations): Hvar Observatory (1308),

SAAO (76), Hippar
os satellite (69), Villanova APT (401). Only minima and their 
lose

surroundings are shown. The shape of the light 
urves in regions whi
h are not displayed

is the same as it is in the surroundings of minima. The syntheti
 light 
urve is denoted

by dashed line. The upper limit of the absolute un
ertainty of one observation is denoted

by line segments.
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