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Abstract. We present a method which provides some infomethods to detect the binary nature of an object: direct imag-
mation on the possible binary nature of an apparently singhgy methods (from visual inspection to speckle observations),
star. The method compares the instantaneously measured ktistometric methods (eclipsing binaries), and detection of or-
PARCOS proper motion with the long-term averaged, grounbital motions (spectroscopic and astrometric binaries). The high
based proper motion or with the proper motion derived from ofdeasuring accuracy of the ESA Astrometry Satellite HIPPAR-
ground-based positions and the HIPPARCOS position. Go8@S has added some new methods for detecting binaries, which
sources for such ground-based data are the FK5 and the G@ad to the component (C) solutions, acceleration (G) solutions,
Ifthe proper-motion differenca . is statistically significant variability-induced movers (V solutions), and stochastic (X) so-
with respect to its measuring error, the object is very probablytions, in addition to the classical orbital (O) solutions (ESA,
a double star. We call then the object a ‘delta-mu binary’. If tHE997).
proper-motion difference is insignificant and if no other infor- We discuss here an additional method to detect the binary
mation on a binary nature of the object is available, we call suphture of an apparently single star: The new method is based
a star a ‘single-star candidate’. on the comparison of the quasi-instantaneously measured HIP-
We propose a quantitative test for the significance of the dBARCOS proper motion with atime-averaged, long-term proper
served proper-motion difference. The sensitivity of our methadotion derived either from ground-based observations alone or
is high: For nearby stars at a distance of 10 pc, the measuringfasm a combination of old ground-based positions with the HIP-
curacy of the proper-motion difference, expressed as a velocRARCOS position. The basic idea is illustrated in Fig. 1. For a
is of the order of 50 m/s (basic FK5 stars) or 80 m/s (GC starfuly single star, the proper motion measured within a short in-
At 100 pc, the mean error of the two-dimensional difference tsrval of time should agree, within the measuring accuracy, with
still 0.5 km/s or 0.8 km/s. the proper motion derived from a very long interval. This is in
For the FK5 stars, we provide indications on the probabdgneral not true for a binary: Due to the wavy orbital motion
period of theAp binaries. If we adopt an orbital period and af the photo-center of an unresolved astrometric binary, the in-
mass-luminosity relation, we can use the observed velocity ditantaneously measured proper motion of the object can differ
ference to estimate the separation and the magnitude differesicmificantly from along-term proper motion (ideally the motion
between the two components of the binary. of its center-of-mass). We have called the difference between
The present paper concentrates mainly on the basic ptine two proper motions the ‘cosmic error’ of the instantaneous
ciples of the method, but it provides also a few examples pfoper motion (Wielen 1995a, b, 1997, Wielen et al. 1997).
delta-mu binaries and of single-star candidates for illustration: If we detect for an object an individual cosmic error which

~ UMa, ¢ Eri, ¢ Vir, 47 UMa, 6 Pav. is significantly larger than the measuring error, then this object
is very probably a binary. We call these objects ‘delta-mu bi-
Key words: astrometry — stars: binaries: general naries’ A binaries) because of the proper-motion difference

Ap which has led to the detection of their double-star nature.
In the opposite case, i.e. if the individual cosmic error is well
within the expectation provided by the measuring errors, then
1. Introduction the object is either actually a single star or the orbital motion

o Bf the photo-center was too small to be detected with the given
For many purposes it is important to know whether an ob-

ject is a single star or a binary. There are many conventiofaro>u"ng accuracy. We call such an object a 'single-star can-
J 9 Y- y d’?‘date', if there is nothing known to us that actually indicates

a binary nature of this object (either from ground-based obser-
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- ; | for ugp andup. The same is true for the paig andu g, if we
-4 use the individual central epoch$; for each star and for the
r 7 two directionsa ands.

o The valuesur andxr should not be taken directly from
the FK5, since the catalogue values are affected by systematic
errors. Instead we have first to reduce the positions and proper
motions given in the FK5 to the HIPPARCOS system (see e.g.
Wielen 1997, Wielen et al. 1998, 1999, based on the method
of Bien et al. (1978)). In the case of the FK5 we can now form
the differences for the three pairs of the three proper motions,
separately for each coordinate componenrbs 6 = «, andd.

For a., we get

Position x(t)

AMFH,&* = UF,ax — UH,ax (2)
A,UOH,a* = M0,ax — UH,ax » (3)
4 ApoFar = Ho,ax — UFax 4)

I R R AR A and three similar equations for The differences in the two

directionsa andd can be added together to a ‘total’ difference:
Time t

1/2

Fig. 1. The wavy motion of an astrometric binary leads to an observabeu p r7 1ot = ((A,LLFH,M)2 + (AMFH,g)Q) / , (5)
differenceA n r x between the instantaneously measured HIPPARCOS
proper motionuz and the mean proper motign= of the star. We and similar equations for the palyé/ and0F'. Because the cen-
assume in this example that the orbital period of the binary is of mediural epochsI” are usually different fory andd, the difference
length (e.g. 30 years), so that the proper motion obtained from A, , is not strictly a proper-motion difference for a certain
ground-based data (e.g. from the FKS), is essentially equal to the progbch. This complicates slightly the physical interpretation of
motion of the center-of-mass (cms) of the binary. Ali0:. But any choice of a common epoch ferands would

introduce correlations which would disturb our statistical con-

vations or from HIPPARCOS data). There remains, of courséderations in Sect. 3. o
the third possibility: The cosmic error is neither large enough Already for the FKS, the proper motigm, is usually more

for qualifying the star as @y binary nor small enough for a accurately measured than-. This is due_z to the rather good _
single-star candidate. accuracy of old ground-based observations coupled with their

high epoch difference with respect to HIPPARCOS. An impor-
) ) tant compilation catalogue of such older observations is the GC
2. Proper-motion differences (Boss et al. 1937). The GC contains many more stars (33 342)

Our method is based on the comparison of an ‘instantaneoudian the FK5 (4 652), albeit with lower accuracy. Unfortunately
measured proper motion with at least one long-term proper mi3e Proper motiong; ¢, given in the GC have such large mea-
tion. Short-term proper motions,;, derived from observations SUring errors that they can not be used for our purpose in most
over a period of about 3 years around 1991, are provided $35€S. However, the proper motipgc), based on the GC
HIPPARCOS (ESA 1997). positionzae (Tae) atTae ~ 1900,

There are various p(_)ssibilities for g_etting long-term proper _zg(Ty) —vco(Tao)
motions. Let us start with the FK5 (Fricke et al. 1988, 1991)w(cc) = Tr T
This catalogue of fundamental stars provides rather accurate H ¢e
long-term proper motiong -, derived from ground-based ob-is usually accurate enough for being used in our method. Since
servations which cover periods of up to more than 200 yeaY¢e have now only two proper motiongycc) anduz, for a
The FK5 gives also mean stellar positiong,(7r). We use the comparison, our formerly three pairs of proper-motion differ-
notationz for either the right ascensianor the declinatior of ~ences are reduced to one difference in the case of the GC:
the star. The individual ‘central’ epochi is chosen such that

(6)

z andyu are not correlated. From the HIPPARCOS positioff, /OGO Hyax = H0(GO)ax — fH,ox 5 (7)
2 (Ty), with Ty ~ 1991.25, and the FK5 position, we can 2Ho(GO)H,s = Ho(GC),s — HH, (8)
derive a second long-term proper motiogt and

i (Ty) —ap(Tr) 1/2
Ko = Ty — Tp : ) Apoeoymior = ((AMO(GC)H,a*)Q + (AMO(GC)H,5)2> (9)

The epoch differenc&y — T is typically of the order of 40 Most of the FK5 stars are also contained in the GC. For these
years. Sincecr(Tr) andpp are uncorrelated, this is also truecommon stars, a comparisondfio andA ooy g provides
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a partial consistency check. One should remember, however,
that the FK5 and the GC often use the same old observations
and differ only in the detailed treatment of these common data.
Up to now, we have implicitely assumed that the coordinates
a, ando of a star change linearly in time. In real applications,
the effects of sphericity and the foreshortening effect have to
be taken into account. This must be done, however, already
for the determination of the systematic differences between the
FK5 (or the GC) and HIPPARCOS. If we use later always the
HIPPARCOS results as reference values,ie— z g instead
of zp andur — py instead ofur, then the non-linear effects
are already accounted for to a high degree of approximation.
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3. Statistical significance

After having derived in Sect. 2 the proper-motion difference for -1.5

agiven star, we have now to decide whether or not this difference

is statistically significant with respect to its measuring error. P
The measuring errara,, ru,qo+ Of Apurm, o« 1S given by

1.5 1 5 0 -5 -1 -15 -2

Mo

2 2 2
EAuFHyax = Ep,Frax T € Hooox - (109) o . o
Fig. 2. The error ellipsoid of the measuring errorsf is tilted with

€u,H,a+ 1S the measuring error @fy ..., given in the HIPPAR- respect to the equatorial systetad) by an angle). The major axis
COS Catalogue. The measuring elQIr o+ Of 1t . CONSIStS  of the error ellipsoid points in the directian, the minor axis towards
of two parts: .
2 2 2

CiPar = S Faonind T EuFassys D orrelations of the components pf with other quantities are
The first part is the random (‘individual’) mean erroriof .., neglected here, since they are usually very small, because the
provided by the FK5. The second part describes the uncertaintgasuring error of the ground-based positigi{Tr) is always
of the reduction of the FK5 system of proper motions to thauch larger than that of the HIPPARCOS positiog (7).
HIPPARCOS system for the star under consideration. We efor the same reason, we neglect the cross-correlations between
phasize thatthis is notthe systematic difference of the FK5 itsedfy . andp 5, and between i s andp g .. From the corre-
but only the mean error of the determination of this systematation coefficieni,,.+ .5, we can derive the covariangevhich
difference. is the same fopy, Apom, andAppy:

The mean errot,, o o« Of fig o« iS Obtained from

Y = Puax,ud Ep,H,ox Ep, H,6 - (15)
52 _|_ 52 ) J'_ 52 . .. . .
2 = z,H,ox " Zz,Foxind ' =z, Fax,sys (12) We shall now discuss the statistical significance of the proper
,0,a0% * . . . .
" (TH,ax — Tr,ax)? motion differenceA gz . The result for this pair of proper mo-

€o.t1.0x iS the measuring error of the HIPPARCOS positioﬁons is, however, directly adaptable for the two other differ-
2 (Tr)in o, Whilee, p ox ind IS the random error af - (T ), encesAppa andApior. _ _

ande,, p.a.sys iS the uncertainty in the reduction of the FK5 ~ We assume that the measuring errorsAmos,q. and
system of positions to the HIPPARCOS system for this star. Thetor.s follow Gaussian distributions with mean zero and dis-
measuring errors of the proper-motion differences for the paR€"SIONE A,.,0H ax @Ndeay 08,5 However, ify 7 0, the direc-

0H andOF are then given by tions ofa. ando are generally not the principal axes of the error
ellipsoid. Instead, these principle axes are rotated with respect
E2A/J,OH,0¢* = Ei,o,a* + 6Z,H,a* ) (13) to the.equatorial system by an anglésee Fig. 2). The anglg
€2AH,OF,()4* = 6;%,0,04* + si,F,(x* . (14) is derived from
sin2y = 2v/k, (16)

The corresponding equations for the coordiratave the same ) )
form: o, isjustreplaced by. Eqs. (10)-(14) are applicable whercos 200 = — (€A, 08,0« — EApom.s) / k> (17)
using the FK5. Eqs. (12) _and (13) can be easily adapted to the, the auxiliary quantity
case of the GC by replacing by GC and0 by 0(GC). o
1 2

We have also to take into accountthatthe componemts. . — 4 ((52A,u,OH,a* _ E2A,u,OH,5) + 472> ) (18)
and pg s of the HIPPARCOS proper motions are correlated.
The corresponding correlation coefficient, . .5 is giveninthe The angley is counted from North towards the East, like a
HIPPARCOS Catalogue. The components of the ground-bagedition angle. The dispersions along the principle axes of the
proper motionsyz or uac, are not correlated with; . Allthe  error ellipsoid are then given by
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17‘ rrrrTrrr TR T T TR T T T T T The differential probabilityw (F) dF to find Fop betweenF
1 344 | andF + dF is given by
| dW (F 2
B w(F) = — dl(*—‘ ) =Fype™ or /2 (25)

The functionw(F’) is plotted in Fig. 3. For smalF, w(F') in-
creases linearly witli". The functionw(F') reaches a maximum
| atF =1, and declines rapidly for larger values Bf

g We conclude from the run of the functid# (F') that a high

4 observedvalue dfy g isa strong indication for the binary nature
— of the object under consideration. Which minimal valyg,, ;
for Fyy should be used for out\ys binaries ? We propose to
call those objecté\ . binariesfor which

w(F) and W(F)

Fog > Flim,b =3.44 (26)

holds. This gives the same level of significance,

1 5 W(3.44) = 0.0027, 27)

_ _ _ _ _as the often used, two-sided 8riterion for a one-dimensional
Fig. 3.The functionl¥ ('), given by Eq. (24), describes the probabilityhormal distribution. It means that among 10000 truly single
to find by chance an observed value of the test parameter larger tBgty only 27 of them would be wrongly classified by us\as
F. The differential probabilityw(F) is given by Eq. (25). The tWo pinares Our proposed value of 3.44 has also been adopted for
:i(:loﬁ):gtacrr'ggﬁ:j\i/g;tffafe ?h‘é?‘czreﬁ” binaries and” < 2.49 for the G solutions in the HIPPARCOS Catalogue.
g ' ' While a large observed value @y hints strongly to a
binary nature of the object, a small valuefGfy makes it rather

1 . . . . .
EZMOHW =3 (‘C:QA,LL,OH.,Q* + 52#70H,5 + k) , (19) probable that the star is either single or that its orbital motion
1 is below the level set by the measuring accuraci\pf 5. We
EZM,OH,J =3 (eA0m.0x + EApoms — k) - (20) propose to call objects with
The components of the observed proper-motion differenggy < Fi;p s = 2.49 (28)
Apog in the system of the principle axes of the error ellipsoid
(directionsy and) are single-star candidatesThis limit corresponds to 2o criterion,
Apon,y = +ApoHax sin Y + Apop,s cos ¥, (21) W(2.49) = 0.0456 . (29)
AMOH,E = +AUoH,ax COS Y — Apops sin . (22)

From 20 truly single stars, 19 of them would be correctly clas-
Instead of discussing now the statistical significance effied as single-star candidates. One of them would be wrongly
Apom,y and Ap ;7 separately as two linear problems, it islismissed. In general, it is impossible to say how many actual
more suitable to discuss the significance of the vedios; as binaries are wrongly classified as single-star candidates. This
atwo-dimensional problem. For this purpose, we define the telgfoends on the measuring accuracy of the proper-motion differ-

parametetfyy by ence and on the distribution function of the orbital velocities of
2 A 2 the binaries. We should therefore strongly emphasize the word
2 Apom Forrp ‘ o - L
op=—%) + — (23) ‘candidate’ in our term ‘single-star candidate’.
EAp0H ¢ CAp0H P In the case of the GC, we have only one meaningful test

Inthe ‘isotropic’ case of the measuring errors (i.e 8f, om.o- Parameter, namelyycc)n . For the FK5, however, three test
= EA0HS = EAL0HAD ANdpuas .5 = 0), F would simply be parameters are availabléry, Foy, and Fyr. They are, of
the ratio between the proper-motion differerg, ;.. and its - course, notindependent, since the proper-motion differences are
measuring errot A, 0x,1D- related byAury = Apon — Apgr. While there are various

If the star is not a binary, then the uncorrelated variabl@§ssibilities to combine the three proper-motion differences into
Apior s and Apg ;- are expected to follow normal distribu-a single test parameter, we propose to call an objeck/a *
tions with mean zero and dispersions according to Eqgs. (19) di@ary’ if at least oneF’ value, eithetf’ry OF Fop OF Fyp, IS
(20). Inthis case, the probability’ (F') to find by chance a value larger than;,, . For a ‘single-star candidated|l the /" values
of Fy iy which is equal to or larger than the observed value (givéiould be smaller thahi;,, .. The reasons for this choice will
by Eq. (23)), is become clearer by the discussion in the next section.

W(F) = e Fon/2, (24)
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4. Which types of binaries can be detected? Hence

The types of binaries which can be detected depend, of cours@,r; = 2 Aoy = —2 Apor . (36)
on the nature and quality of the available astrometric data.. ) . .

We concentrate here on the cases FK5+HIPPARCOS alys means thah iy is most sensitive to the binary nature of
GC + HIPPARCOS. the object for long-period double stars.

Since HIPPARCOS proper motions and positions are al- Can we decide on the .basis of our obsgrved p_roper—motion
ready averages over about 3 years of observations, short-peflbgrences whether the binary has a medium period or a long
binaries with orbital periods® below 3 years should not be®n€ ? For the GC this is impossible, since we have only one
detectable by our method. quantity, Augqcym, available. For the FK5, the situation is

For binaries with medium periods of a few decades, Sgﬁtter. A long-period binary should fulfill approximately the
P ~ 30 years, the HIPPARCOS proper motipn; is essen- relation between the three proper-motion differences according
tially an instantaneous value, while the other proper motiofs Ed- (36), both im.. andé. For a binary of medium period
(F 110, Ho(Ge)) can be considered as mean proper motior%r,‘d with a small cosmic errat, in the HIPPARCOS position
close to the center-of-mass motion of the binary. Such douBlg (7). we expect a small value @i, so thatAson ~
stars can be detected by their large valued pfz; andAion Appg. For some b|r_15!r|es of medium periods, the cosmic error
which fully contain the orbital motion of the binary. The differ“= May not be negligible with respect to the measuring error
enceAyor between the twaneanproper motionsiy andyy =7 Of £r(Tr). Assuming thapr andz - (Tr) are long-term,

should be small for such medium periods. mean quantities, we can derive the cosmic ergdoy
Double stars with long periods, say with ~ 1000 years, s 1/2
can also be detected by our method, if the measuring acéu-= ((AMOF) - EA,u,OF) (T —Tr). (37)

racy is high enough with respect to the orbital motion of the | hod d o sh iod
photo-center. This is sometimes the case for nearby objects. For'" SOM€ Cases, our method seems to detect also short-perio

long-period binaries, all the three proper motions are essenti 1 ,{)arles, ;’.V'thp ~ 1'35/.6?;' t[.)ue'tot.the fﬂ:]e T_ﬁg}gAe\ngrgS
‘instantaneously’ measured valueg;j atTy, ur at aboutl's, € Somelimes uneven distribution in ime ot the

andpug at aboutTy, = (Ty + Tr)/2. The exact epochs qgfr obs_erva';ion;, the HIPPARCOS proper motignof such short-
and 0 are uncertain because the valyes andz (T are period binaries can deviate from the mean proper motion (e.g.

derived from many ground-based catalogues which are spr Qaracterlzed.bybp ) by a significant amount, even if derived
over a long interval of time, e.g. more than 200 years in the ¢ gm observations spread over 3 years.
of the basic FK5. On the other hand, in these determinations the
more recent catalogues have entered with much higher weightd he sensitivity of the method
than the old catalogues.

For the long-period binaries, the photo-center moves
proximately on a curve of second order in time. Usifig as
the reference epoch in the Taylor series, we may write:

aTrJe sensitivity of our method is primarily determined by the
Bstrometric accuracy, measured in milliarcsec (mas)/year. For
astrophysical considerations it is more appropriate to translate
the proper-motion differencé . into a velocity differencé\v,

1 i .
2(T) = 2p(Ty) + pu(Te) (T — Ty) + 59 (T — Ty)2, (30) measured in km/s:

and Av [km/s] = 4.74 Ay [mas/year] / p [mas] , (38)

herep is the parallax of the star. If the HIPPARCOS parallax is
T) = pu(Tu) + g (T — Ty), 31) Wnere !

w(T) = (T) + 9 ( ) (31) statistically significant (e.g» > 3 ¢,,), we use this value. For the
whereg is the (constant) acceleration of the photo-center in thismaining distant stars, photometric or spectroscopic distances

coordinate. We obtain then should be preferred.
In the following general discussion, we neglect for simplic-
A = Tr) — Ty)=—g(Ty —TF). 32) . -
wen = pre(Te) = i (T 9(Tn ") (32) ity the anisotropy of the measuring accuracy: We replace the

Since measuring errors of the proper motionsip andé by a com-

Ti) — zp(T mon values, 1 p:
po(To) = ztli) = or () o

T —Tr 2 L s 2

1 8/L,lD = 5 (6/1.,()/,* + 6/1,,6) : (39)
= pu(Tu) — 59 (Tg —TF), (33)

The index 1D indicates that this rms value is the mean measur-

we find ing error inone drection. Any correlation coefficients are also
1 neglected in this section
Aporr = pio(To) — pu(Ty) = —= g (Ty — T, 34 : .
Horr = po(To) = (Th) 59 (T =Tr), (34) In Tables 1 and 2 we present the error budget for 847 basic
and FK5 stars and for 11773 GC stars. The mean errors are rms
1 averages over the individual mean errors of these stars. The
Apor = po(To) — pr(Tr) = +5 9 (Tu — Tr). (35) error budget of the stars in the FK5 extension lies between that

2
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Table 1. Error budget of the proper-motion differences of 847 stars= 1 kpc, our method is not very sensitive, due to a measuring

from the basic FK5 error of more than 4 km/s.
For the much larger number of GC stars (Table 2), the sensi-
Quantity [maslyear] (km/s] tivity of our method is lower by a factor of about 2 with respect
atr=10pc  at=100pc to the basic FK5 stars. For nearby objects at 10 pc, however,
€, H,1D 0.67 0.032 0.32 the measuring accuracy of 77 m/s for GC stars is stillimpressive.
€4, F,1D 0.84 0.040 0.40 Here, our method has the advantage to reach a higher number
€11,0,1D 0.60 0.028 0.28 of objects than the published radial-velocity surveys.
CApFHAD 107 0051 051 Since we accept only those objects/ag l:.)inar.ies which
€A 0F 1D 1.03 0.049 0.49 have anF _value larger than 3.44, the velocity difference for _
EAW,0H,1D 0.90 0.043 0.43 such candidates has to be larger than about 0.15 km/s for basic
FK5 stars and 0.26 km/s for GC starsrat= 10 pc, and cor-
3.44en,,FH,1D 3.68 0.174 174 respondingly higher for more distant stars. For nearby objects,
3.44ep,,0r1D 3.54 0.168 1.68 say up to 25 pc, these values are still very acceptable.
3.44eAu,0H,1D 3.10 0.147 1.47

6. Interpretation of the observed velocity difference
Table 2. Error budget of the proper-motion differences of 11 773 stars P y

from the GC Our method provides primarily a qualitative indication on
whether or not an object can be classified\asbinary or as a
Quantity [maslyear] (km/s] single-star candidate. However, the observed velocity difference
atr =10pc atr =100pc : : : g
for a Ap binary obviously also contains quantitative informa-
€, H,1D 0.75 0.036 0.36 tion on the character of this probable binary. Binaries of medium
€41,0 (GC),1D 1.43 0.068 0.68 and long periods have to be treated differently.
E€Ap,0(GC) H,1D 1.62 0.077 0.77
6.1. Binaries with medium periods
3.44en,,0 (o) HAD 5.57 0.264 2.64

We call periods of the order of a few decades, Bay 30 years,
medium periods. In this cas&r g ¢+ COrresponds to the two-
dimensional projection of the instantaneous three-dimensional
of the basic FK5 and the GC. The mean errorgipfand g  velocity v, of the photo-center of the binary with respect to
contain the uncertainty in the transformation of the FK5 or Gtbe center-of-mass. For a randomly orientated velagjty we

system to the HIPPARCOS system. have on average:

We have selected those stars for which the HIPPARCOS .
Catalogue gives (linear) standard solutions. In other words, |1y /s = 4.7 4( ) Apipp,tot [mas/year] . (40)
these stars are not contained in the ‘Double and Multiple Star 4 p [mas]

ﬁ\onnéax ((BD'\C/)ISC) Oc;f )t(honItEE?SR?nOaS dg.??rl]ogieﬁgeétzeé hg;’awe would prefer to use the median valuewgf, instead of the
utl ton w Ve excliu verse mean one, we should replace in Eq. 40) = 0.785

stars which are known to be binaries from ground-based m /31 =
3/4 = 0.866. In the case of the GC, we ugg.occ)a. 1ot
surements. For the GC, we have furthermore excluded stars wi &ead OfA st 11,406 The velocity of the photo-center,, is

Iargﬁhrgiaessl:xgazzgg (ﬁ)‘LngC?SC;fe the basic FK5 stars (Table?ll)ated tg the instantaneous velocity of component B relative to
The sensitivity of our method, describedd,, ox,1p, is about A 0ap, by
0.90 mas/year. This corresponds to a mean measuring erroch%r |B = Blvag, (41)
the velocity difference of 0.043 km/s for a nearby object at a dis-

tancer = 10 pc from the Sun. The accuracy of 43 m/s is muclwhere B and 3 are the fractions of the mas®t and of the
better than the accuracy of conventional measurements of ratliatinosity L of the secondary component B:

velocities and comes close to the accuracy of the best modern

radial velocities. With respect to very accurate radial-velocity — Mp  B= Lp ) (42)
measurements, which cover at present a few years only, our Ma+Mp’ La+Lp

method allows us to identify binaries with much Iongerperlodq?sua”y’ we assume that B is daflp < La, § ~ 0). If

For stars at = 100 pc, the measuring accuracy of our metho esired, a finite value of g can be taken into account later by

0.43km/s, is st|IIHcomparabIe :10 dcohnvenrt]lonaclj radial- velr?cng arting an iteration process. For an elliptic orbit of eccentricity
measurements. Here our method has the advantage that thi. time average of 4 is given by

accuracy is also attained for early-type stars for which spec-
troscopic correlation methods have difficulties because of the 27 a [AU]
small number of spectral lines. For rather distant stars, say’at3 [km/s] = 4.74 "+

B e () 43)
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whereaq is the semi-major axis of the orbit of B relative to A,This estimate may be helpful for the planning of radial-velocity
and observations.

2
fole) = — E(e). (44) N
n 6.2. Long-period binaries
E (k) is the complete elliptic integral of the second kind. We ) ) )
havef,(0) = 1, £,(0.5) = 0.93, andf,(1) = 2/x = 0.64. In In the case of long periods, the proper-motion differences do not

most of our applications we choose= 0.5 as a typical value. allow us to determine the orbitaklocity of the photo-center.
The relation between and the periodP is given by Kepler's Instead we obtain the orbitalcceleration g,,, of the photo-
third law: center:

(a[AU])? /(P [years])* = Ma [Mo] + Mp[Mo].  (45)  gpntorop =

The massM 4 can be derived from a properly chosen mas
luminosity relation for3 ~ 0. Combining Egs. (40) - (45), we

AMFH,tms
Ty —Tr|"

%'_he components of,;, in a, andd provide immediately the

(51)

find position angle of B relative to A, since the vectorggf, points
M from Ato B, if B — 3 > 0. On (linear) average, we have for
m ~|B -3l (Ms+ MB)1/3 =p= a two-dimensional projectiof,, ¢o 2p Of a three-dimensional
A B vectorgyy,:
(2/72) £, (€) (P [years])"/? (p [mas]) ! .

A,UJFH,tot [mas/year] . (46) 9ph,tot,2D = Z 9ph,tot,3D - (52)

The quantityp in Eq. (46) is closely linked to the ‘mass function’Similar to Eq. (41), we have
of spectroscopic binaries which equdlssini)® for 3 = 0,
wherei is the inclination of the orbit. From Eg. (46) we ca
determineM g [M] (e.g. iteratively) for a given value P, with

say for P = 30 years. ForB < 1, Mp scales withP!/3, (

Jph,tot, 3D [mas/yearz] =|B—p0|gaB [AU/yearz]p [mas], (53)

2

Having determined a typical value d# g from our data, we gap =a 2;) fqle) (54)
can use again the mass-luminosity relation for derivipgand
hence the magnitude differengez — m 4. This is also a check as an average over the orbital phase, where
on our approximation fof (G ~ 0). 20N _1/2

Knowing nowM 4 andS\/lB w?a can derive the semi—majorfg(e) = (1=e)t2. (55)
axis from Eq. (45). This allows us then to predict the projectd&®foceeding in the same way as in Sect. 6.1, we derive
separatiorp,p of B and A, and the projected distangg, of My

the photo-center from the center-of-mass: ~|B = Bl (Ma+ Mp)'? = p =

- (MA + MB)2/3
pap [mas] = 7 fr(e) a [AU] p [mas], (47) (1/7%) £, (€) (P [years])*/? (p [mas]) "
with Appm o [mas/year] (|Ty — Tr| [years]) .  (56)
fr(e) =1+ %(32 , (48) We can now determing gz from Eq. (56) for a given period

P, say forP = 1000 years. In the case of long period$! z
scales a®*/3 for B < 1. For estimating 4 g andpyy,, we use
pph = |B — Bl pas - (49) Egs.(45), (47), and (49). The estimated valugfis propor-
ional to the square of the the assumed periet,that of p 4 5
or B < 1to P?/3, The change in radial velocituring a time
interval At is expected to be (fof = 0)

and

The estimated value of,, is proportional to the assumed periogﬁ
P, thatofp 4 for B < 1to P?/3, Our method allows us there-
fore to predict approximate values.bf 5, Am, pag andppp.
Clearly, these estimated values have a large statistical noise, e- km/s] ~ Av [k /s]
cause of the many unknowns (geometry, orbital phase, period, FH tot |Ts — Tr| [years]
eccentricity). Nevertheless, the valuespafs and Am are in- 4.74 Apipir 100 [mas/year] At [years]
teresting for the planning of observations for direct imaging. =
The value ofp,, is an estimate of the (two-dimensional) cos- o )
mic error in the HIPPARCOS position of this star. We can alsync€ Eas. (56) and (46) have a similar structure, we can easily
calculate the expectadtal variation of the radial velocity of A derive the ratio 0otMp jong 10 Mp medium for B < 1 and

in time, Av,..4. In a sufficient approximatiote = 0, 8 = 0), ~

we find ( MB 1ong ) -

Avrad [km/b] ~ 2.6 AUFH,tot [km/b] MB,medium

4.74 Appi tor [mas/year] 1 fu(e) (Piong [years])?/3

' 21 fg(e) (Pmedium [years])'/3 (|Ty — Tr| [years])

At [years]

p [mas] [Ty — Tr| [years] -(57)

= 2.6

. (58)

p [mas] (50)
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For Py, = 1000 years,Pp,cqium = 30 years Iy — Ty = 40 shown that the internal velocity dispersion of this cluster is as
years, an@ = 0.5, we find a ratio of about 10. small as 0.1 km/s, corresponding to 1 mas/year at the distance of
In some cases we do not find a plausible solutionf¢y the cluster{ ~ 25 pc). The FK4 proper motions are obviously
and Mg from Eq. (56) or even from Eq. (46): Far = 0, we not affected by cosmic errors and represent already very closely
may obtain that the mas&tz of the secondary is larger than‘mean’ proper motions. The fact that the FK4 proper motion

or comparable to the mas®t 4 of the primary, which is not gave a cluster parallax for UMa (39.3£ 0.3 mas) which is in
very probable. If we allow for3 # 0 and assume that bothperfect agreement with the HIPPARCOS trigonometric paral-
components are main-sequence stars, we find a solutigvtfor lax (39.04+ 0.7 mas) is a very strong indication that the cosmic

and M g only if (99//\/12/1;:0) <0.3. Of course, we may then error in the HIPPARCOS proper motion 9fUMa is due to a
change the periog from its assumed standard value to suchkinary motion and is not artificially caused by a wrong estimate
lower value that the estimates favf 4 and Mz become now Of the measuring errors in the ground-based proper motions. In
reasonable. contrast, a cluster parallax 9fUMa derived by using the HIP-

In Sects. 6.1 and 6.2, we have neglected the difference FARCOS proper motion would be larger than the HIPPARCOS
tween the expectation valye) of a quantityy and1/(1/¢), and trigonometric parallaxy by about +5 mas or 8 mean errors of
between(q)™ and (¢"). For most quantities, this difference ispr. By a mere accident the cosmic error (about 13 mas/year)
smaller than the inherent ‘noise’ in the expectation value caugédhe HIPPARCOS proper motion gfUMa points nearly ex-
by the unknown orbital phase of the star and by the unknowgtly towards the convergent point of the UMa cluster. There is

spatial orientation of its orbit, which are treated both in a statigertainly no physical reason behind this coincidence. While
tical way only. UMa is a well-known multiple system, none of the remaining 4

FK members of the UMa cluster afeu binaries. However, itis

also true that none of these 4 FK stars is qualified as a single-star
7. A few examples candidate.

In order to illustrate our method we provide in Tables 3 and 4
a few examples. Individual comments on these stars are givep. H|p 16537 = Eri

in the following subsections. A discussion of other FK and GC ) ) .
objects will follow in subsequent papers. This star is an example foray binary at the verge of detectabil-

ity and significance. The valug, o)z = 3.96 is larger than
N Flim,p = 3.44, while Fpy = 3.26 is slightly smaller than our
7.1. HIP 58001 =y UMa adopted limit. We measure a velocity discrepafayy i o+ Of

Thisis a very good example for a new binary detected byqur 57 m/s. Thefactthadyips ~ Ao While Apor ~ 0, favours
method. The high values dfrp, For, and Foaoyy (of the  @n orbital period of medium length.
order of 20) leave no doubt on the binary nature &fMa. The Accurate radial-velocity measurements by Walker et al.
FK5 and GC values are in perfect agreement. Sifigeis rather (1995) suggest a period &f = 9.88 years and a radial-velocity
small (indicating a good agreement between the ‘mean’ progépplitude of about 15 m/s. The significance of this result is
motionsy» and ), ¥ UMa is most probably a binary with adisputed by the authors themselves (Walker et al. 1995) and by
medium periodP of a few decades. Earlier, not very detaile@thers (see Greaves et al. 1998). If the radial-velocity ampli-
reports on a variability of the radial velocity of UMa have tude of 15 m/s and our value &vpp,o (57 m/s) are correct,
not been confirmed by more recent observations, accordingfgn the orbital inclinatiori must be quite small, of the order
Hubrig & Mathys (1994). Since UMa A has a large rotational of 10-20. This would be in agreement with the orientation of
velocity (v, sini = 165 km/s, Abt & Morrell 1995), accurate the stellar pole of Eri which corresponds to~ 30 & 15°, as
radial-velocity measurements are difficult. The expected toftgduced by Saar & Osten (1997). Using- 15° and the data
variation of the radial velocity, about 4 km/s, is so small th&tven in Table 4, the mass of the secondary componentof
it is not astonishing thaty UMa has not been detected as #ould be about 4 Jupiter masses, corresponding to a massive
spectroscopic binary up to now. planet or a low-mass brown dwarf. The semi-major axis of the
For an assumed medium period@f= 30 years, we predict photo-center of Eri would be 6 mas, and the semi-major axis
in Table 4 a separation between the two componentédfla of  of the orbit of the planet would be about 4 AU df4L
about)”5 and a magnitude difference in V of neatky™. It will Blazit et al. (1977) published a speckle measurement of
certainly be very difficult to observe the secondary componefi, giving a binary separation of8 &= 5 mas. Later speckle
probably a late dwarf or a white dwarf, by direct methods. pbservations did not resolve the star (with upper limits of about
very long period is improbable forUMa, since this would lead 30 - 35 mas). In any case, such a close component would not be
to Mp > My in our statistical estimate of1 5 for 3 = 0. detected by out\p» method, since its orbital period (about 20
This confirms our earlier conclusion d based on the small days) would be much smaller than the 3 years over which the
value of Fp . HIPPARCOS proper motion af Eri is averaged.
~ UMaiis one of the members of the Ursa Major Star Cluster. Gatewood (private communication in 1998) found by using
By using the quality of the convergence of the FK4 proper m#2e Multichannel Astrometric Photometer (MAP) that any de-
tions of 6 members of the UMa cluster, Wielen (1978a, b) h¥ation of e Eri from a linear motion is smaller than about 1.4
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Table 3. Some examples aky binaries ¢ UMa, € Eri, « Vir) and of single-star candidates (47 UMaPav)

HIP-No.: 58001 16537 69701 53721 99240

FK-No.: 447 127 525 1282 754

Name: v UMa e Eri v Vir 47 UMa 6 Pav
Quantity Unit
pH [mas] 3899 +0.68 310.75 +0.85 46.74 +0.87 71.04 +0.66 163.73 +0.65
r [pc] 2565 +0.45 322 +0.01 21.39 +0.40 1408 +0.13 6.11 +0.02
€, H,ax [mas/yr] +0.48 +0.98 +0.91 +0.58 + 0.55
€, H,S [masl/yr] 4+ 0.50 +0.91 + 0.68 +0.54 +0.47
€, F, ok [mas/yr] + 0.47 +0.45 +0.53 +0.62 +0.98
Eu,F,6 [mas/yr] +0.44 +0.52 +0.59 +0.71 +1.06
€10,0,00% [mas/yr] +0.35 +0.30 +0.33 +0.45 +0.80
€1,0,8 [mas/yr] +0.29 +0.29 +0.32 +0.48 +0.78
€1,0 (GC),ax [masl/yr] +0.49 +0.33 +0.37 + 0.56 +0.82
€1,0(GC),5 [maslyr] + 0.40 +0.32 +0.36 + 0.53 +0.84
ApFH, ax [mas/yr] -1294 +0.67 +170 4108 +21.05 +1.05 -173 +085 +0.71 +1.12
Aprm,s [masfyr] - 1.36 +0.67 +331 +1.05 -12.21 4+0.90 +085 +0.89 -081 +1.16
ALFH tot [mas/yr] 13.01 +0.69 372 +£1.16 2433 +1.10 193 +0.89 1.08 +1.17
ApoH,ax [mas/yr] -1263 +059 +176 +102 +1052 +0.97 -110 +£0.73 +0.60 +0.97
Apom,sx [mas/iyr] - 081 +058 +249 +096 -14.29 +0.75 -031 +072 -116 +091
Ao, tot [masl/yr] 12.66 +0.60 3.05 +£111 17.74 +0.95 114 +0.71 1.31 +0.95
ApoF,ax [mas/yr] +031 +£059 +0.06 +£054 -1053 +0.62 +0.63 +0.77 -011 +1.27
Apor,s [maslyr] +055 +053 -0.82 +060 - 2.08 +0.67 -116 +086 -035 +1.32
ApioF tot [mas/yr] 0.63 +£0.55 0.82 +0.60 10.73 +0.62 132 +0.84 037 +£1.32
Apo(ce)Hyax  [Maslyr]  —13.42 +069 +140 +£1.03 +16.24 +0.98 -058 +£081 +0.31 +£0.99
Apocey i,s [mas/lyr] - 192 +064 +382 +096 -12.62 +0.77 +044 +0.76 +0.31 +0.96
Apo oy Hior  [Maslyr] 13.56 +0.72 407 +1.06 2057 +1.01 0.73 +0.83 0.44 +£0.95
Fru [number] 19.78 3.26 22.09 2.18 0.92
Fou [number] 22.68 2.78 19.82 1.62 1.38
For [number] 1.18 1.39 17.19 1.59 0.28
Foeyn [number] 19.85 3.96 20.60 0.88 0.46
AVFH, tot [km/s] 158 +0.08 0.057 +0.018 247 +£0.11 0.129 +0.059 0.031 +0.034
AvoH, tot [km/s] 154 +0.07 0.047 +0.017 1.80 +0.10 0.076 +0.047 0.038 +0.028
AVoF, tot [km/s] 0.08 +0.07 0.013 =+ 0.009 1.09 +0.06 0.088 +0.056 0.011 +0.038
Avg ey Hitor  [KM/S] 165 +0.09 0.062 +0.016 2.09 +0.10 0.049 +0.055 0.013 +0.028

mas over a period of time of about eight years. This is in coi:3. HIP 69701 = Vir
tradiction with our estimate af,;, ~ 6 mas, based oty ~

4 mas/year. Even for a much longer periBdour value ofAy This star is an example for a probable long-period binary. At

least the proper-motion differences dn are consistent with
xur criterion for a long period, given by Eq. (36). The proper-
motion differences inj, however, do not obey Eq. (36). This
may indicate that the orbital period ofVir is not very long,

Gatewood. The reason for this discrepancy is unclear.
Greaves et al. (1998) detected a dust ring arauidi by
measuring the dust emissionat 0.85 mm. The asymmetries thaps of the order of 200 years,

and substructures within this ring can hardly be due the potenﬁgl . ; .
planet discussed above, since the ring has a radius of abou{/ISOThe amplitude of the orbital motion of the photo-center of

AU, much largerthan the semi-major axis of the planet discussgr& amourflﬁ)t?oe; f;‘”_h;‘gg reedal;r;aﬁ_ﬁgsle;;t, Iki)tifjeedig?:g#; reritértl;ate
here ¢ ~ 4 AU). As noted by Greaves et al. (1998) théri Pph ™ 1. N y ' P

ring system is roughly circular and hence appears close to faglg_the results of modern meridian-circle observations used in

: . LT . the construction of the FK5 (Schwan, private communication
on, in agreement with the small inclination derived from our

A . . . . .. 1n 1990). The unusual behaviour oVir has also been noted
comparison ofAvr g 4o With the radial-velocity amplitude, if by Morrison et al. (1990) in a comparison of recent meridian-
we assume co-planarity of the planetary orbit and of the ring: y ' ' ' parl Id



684

R. Wielen et al.: Indications for delta-mu binaries and single-star candidates. |

Table 4. Estimated values of the masses, magnitude differences, dadletect such a planet since its orbital period is too short (the
separations for three examples&f: binaries

HIP-No.: 58001 16537 69701
FK-No.: 447 127 525
Name: v UMa e Eri v Vir
Quantity Unit
My, tot [mag] 2.41 3.72 4.07
My ot [mag] +0.36 +6.18 +2.42
Ma (B=0) [Mg] 3.07 0.85 1.64

Standard medium perio® = 30 years ana = 0.5 assumed:

®

My
Mg
Amap
PAB
Pph
Avracl

MY 0.23
[Mo] 3.07
[Mo] 0.53
[mag] 9.4
[mas] 518
[mas] 76
[km/s] 4.1

0.0081
0.85
0.0073
large
2560
22
0.15

0.35
1.64
0.61
6.2
531
141
6.4

Standard long perio@® = 1000 years and = 0.5 assumed:

P

M (8=0)
Mg (5=0)
Amap
PAB

Pph

A’UTad

@.@».U

®

Ma
Mp
Amap
PAB
Pph
A'Urad

MY 178
Mol (3.07)
Mol (9.70)
[mag]
[mas]
[mas]
[km/s] 43,0

0.062
0.85
0.06

large

27033

1754
)0.009

A plausible individual solution:

[years] 30.0
[number] 0.5
[°] stat.
MY (see
[Me] above)
(Mo]
[mag]
[mas]
[mas]
[km/s]

0bs:9.88
obs: 0.0
15

0.85
0.0038
large
aap:1355
Aph: 6
obs: 0.030

2.80
(1.64)
(24.91)

()4 8

200

0.5

stat.
0.32
1.64
0.55
6.9
1865
466
(++)g 8

obs: Value taken from other observations.
stat: Statistical estimate.
(): for At = 10 years;

(4): for At = 100 years.

circle positions with the FK5 prediction. Oux;: method fully

confirms the earlier suggestion thatir is a double star.

7.4. HIP 53721 = 47 UMa

HIPPARCOS proper motion is averaged over 3 years) and the
velocity amplitude is rather small (our measuring errof\efis

of the order of 60 m/s for 47 UMa). Ouku method indicates
strongly, however, that 47 UMa is otherwise a single-star can-
didate, i.e. that no massive companion of 47 UMa exists, since
all the F' values of 47 UMa are below our limit of 2.49. The
largest velocity discrepancy Bvpp ior = 129+ 62 m/s, i.e.

not significantly different from zero. This is confirmed by the
radial-velocity observations which do not show any systematic
trend in time (beside the 3-years period). In summary, 47 UMa
seems to be single star but with at least one planet.

7.5. HIP 99240 = Pav

This is an example for a good single-star candidate. AlFits
values are rather small, below 1.4 in each case. The measuring
error of the total velocity discrepancyv is about 30 m/s, and
hence comparable to that of modern radial-velocity measure-
ments. The published radial velocities do not show any signifi-
cant variations in time. This excludes massive secondaries with
periods below the period limit of ouAx method (i.e. a few
years), if the orbit is not nearly face-on. A low-mass secondary
with a short period cannot be ruled out. A very long-period
companion can be probably excluded, because its separation of
many seconds of arc would have allowed its visual detection, if
the magnitude difference is not extremely large.

8. Conclusions and outlook

We have presented a new method to detect double stargx@ur
method is based on a comparison of the HIPPARCQOS proper
motions with ground-based data provided e.g. by the FK5 or the
GC. We therefore call these newly detected double stays *
binaries’.

If the HIPPARCOS proper motion of a star is in good agree-
ment with the ground-based data and if no other indications for
a binary nature of the object exist, then we classify the star as a
‘single-star candidate’.

For nearby stars, ouky method is very sensitive: At a dis-
tance of e.g. 10 pc, our measuring accuracy of orbital velocities
is of the order of 50 m/s for basic FK5 stars, and of 80 m/s for
many GC stars.

For the detectedh i« binaries we obtain statistical estimates
for the separatiop and for the magnitude differenc®m be-
tween the components, based on adopted orbital peflods

Our statistical estimates on the parameters df;abinary
would be significantly improved if accurate radial-velocity mea-
surements would at least provide the acceleration component
grad, s from the linear change in time of the radial velocity,q

From radial-velocity measurements, Butler & Marcy (1996)fthe double-star component A. Of course, such a change would
have detected a planet orbiting 47 UMa. The orbital period éso be a desirable confirmation of the double-star nature of the
3.0 years and the radial-velocity amplitude is 48 m/s. The dibject.

rect positional measurements by HIPPARCOS are not accurateThe sensitivity of and the information provided by the:
enough to confirm the orbital motion of 47 UMa due to thimethod would be very much increased if a future astrometric
planet (Perryman et al. 1996). Oty method is also not able satellite (like the proposed projects GAIA, DIVA, SIM) would
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reobserve the HIPPARCOS stars. In such a case, a secondFiabrig S., Mathys G., 1994, Astron. Nachr. 315, 343
stantaneous’ proper motion at the new epoch and an additiodalrison L.V., Argyle R.W., Requieme Y., et al., 1990, A&A 240, 173
‘intermediate’ proper motion (based on the two instantaneotiéryman M.A.C., Lindegren L., Arenou F., et al., 1996, A&A 310,
positions) would be available. However, even in this case, the 121
long-term proper motions derived by using ground-based d&@@?" S-H., Osten R.A., 1997, MNRAS 284, 803
would remain useful for ouA ;. method, especially for binarieswa”;ggg'fg;'l;s\/\ﬂgersg‘éR" Irwin A.W., Larson A.M., Yang S.L.S.,
among the bright stars Wlth. longer orbital periods. L Wielen R., 1978a, Mitt. Astron. Ges. No. 43, 261 = Mitt. Astron.

In Tgbles 3and 4 we give a few examplesﬁoﬂ binaries Rechen-Inst. Heidelberg, Serie A, No. 118
and of single-star candidates, in order to illustrate our methagielen R., 1978b, BAAS 10, 408

In subsequent papers we shall present the individual resyliglen R., 1995a, A&A 302, 613
of our Ay method for all the appropriate FK5 and GC starsyielen R., 1995b, Statistical Aspects of Stellar Astrometry and
The number of newly detectelli, binaries among these starsis  their Implications for High-Precision Measurements. In: Perryman
more than one thousand. The fraction is highest among the 1535M.A.C., van Leeuwen F. (eds) Future Possibilities for Astrometry
basic FK5 stars: about 10 percent of them are newly discoveredin Space. ESA SP-379, p. 65
Ay binaries. Wielen, R., 1997, A&A 325, 367
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