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Abstract. We derive the astrometric orbit of the photo-center I !

of the close pairv UMi AP (= o UMi Aa) of the Polaris multi- i
ple stellar system. The orbit is based on the spectroscopic orbit |
of the Cepheidv UMi A (orbital period of AP: 29.59 years), 40
and on the differencé\u between the quasi-instantaneously F
measured HIPPARCOS proper motion of Polaris and the long- r
term-averaged proper motion given by the FK5. There remains i
an ambiguity in the inclination of the orbit, sinceAx cannot v’ <0
distinguish between a prograde orbit= 50°1) and a retro-

grade ond; = 130°2). Available photographic observations of—
Polaris favour strongly the retrograde orbit. For the semi-maj& o |-
axis of the photo-center of AP we find about 29 milliarcsec -
(mas). For the component P, we estimate a mass o¥4:5and r
a magnitude difference with respect to the Cepheid of 6.5 mag.
The present separation between A and P should be about 16070
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We obtain the proper motion of the center-of-massxof
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UMi AP with a mean error of about 0.45 mas/year. Using the _4o L
derived astrometric orbit, we find the position of the center-of- 60 40 20 0
mass at the epoch 1991.31 with an accuracy of about 3.0 mas. Aa. [mas]

Our ephemer.ic'ies for the orbital correction, requ!red for goirf;gg. 1.Astrometric orbit (prograde or retrograde) of the photo-center of
from the position of the center-of-mass to the instantaneoyvi A, The retrograde orbit is our preferred solution. For detailed
position of the photo-center of AP at an arbitrary epoch, ha¥gplanations see Sect. 3.2.4

a typical uncertainty of 5 mas. For epochs which differ from
the HIPPARCOS epoch by more than a few years, a prediction

for the actual position of Polaris based on our results should §e. For astrophysics, the most remarkable feature of the mul-
significantly more accurate than using the HIPPARCOS dataifjgle stellar system Polaris is the fact that its main component,
linear prediction, since the HIPPARCOS proper motion contaiﬂamewa UMi A, is a Cepheid variable with a very unusual
the instantaneous orbital motion of about 4.9 mas/year = $dhaviour. In astrometry, Polaris is one of the most frequently
km/s. Finally we derive the galactic space motion of Polaris.and accurately observed objects, mainly because it is located so
close to the North celestial pole and can be used for calibration
Key words: astrometry — stars: binaries: general — stars: vagyrposes.
ables: Cepheids Up to now, the binary nature of Polaris was essentially
neglected in ground-based fundamental astrometry, e.g in the
FK5 (Fricke et al. 1988). This was justified by the limited ac-
curacy reached by the meridian-circle observations. Now, the
high-precision astrometric measurements carried out with the
Polaris ¢ Ursae Minoris, HR 424, HD 8890, ADS 1477, FKHIPPARCOS satellite (ESA 1997) require strongly to take into
907, HIP 11767) is a very interesting and important object, bodigcount the binary nature of Polaris in order to obtain an ade-

from the astrophysical point of view and from the astrometriguate astrometric description @fUMi. Similar procedures are
required for many other binaries among the fundamental stars
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Fundamental Stars (FK6; Part I: Wielen et al. 1999c; see afsom 1896 to 1995. Kamper (1996) took into account changes
Wielen et al. 1998). in the amplitude of the pulsation and in the period of pulsa-

The main purpose of the present paper is to obtain a reliakitn, but used otherwise a fixed sinusoid for fitting the pulsation
astrometric orbit for Polaris, and to use this astrometric orlatirve. In an earlier paper, Roemer (1965) considered even ‘an-
for obtaining high-precision values for the position and propeual’ changes in the form of the pulsation curve. In Table 4, we
motion of Polaris. This is done by combining the known spetist the elements of the spectroscopic orbit of A in the pair AP
troscopic orbit of Polaris with ground-based astrometric dati&zen by Kamper (1996, his Table Ill, DDO + Lick Data). The
given in the FK5 and with the HIPPARCOS results. Before derbital period ofce UMi AP is 29.59+ 0.02 years, and the semi-
ing so in the Sects. 3 and 4, we present in Sect. 2 an overviamplitude isKy, = 3.72 km/s. The value ofi5 sini = 2.934
of the Polaris system. AU corresponds to about 22 milliarcsec (mas), using the HIP-

PARCOS parallax.
. ] Attempts to observe the secondary comporebiMi P di-

2. Overview of the Polaris system rectly or in the integrated spectrum afUMi AP have failed

Polaris is amultiple stellar system, which consists of a close p&iP {0 now. Burnham (1894) examined Polaris in 1889 with the
o UMi A and o UMi P (= o UMi a), and a distant companion,36-inch Lick refractor and found no close companiontoMi

o UMi B, and two distant components, UMi C anda UMi A (nor toa UMi B). Wilson (1937) claimed to have observed a
D. We use here the designation ‘P’ for a close companion of l0S€ companion by means of an interferometer attached to the
which was used in the IDS and was adopted by the CCDM a#@-inch refractor of the Flower Observatory. Jeffers (according
by the HIPPARCOS Input Catalogue, rather than the traditiorf@l Roemer (1965) and to the WDS Catalogue) was unable to

version ‘a’, which is used e.g. by the WDS and by CHARA). confirm such a companion with an interferometer at the 36-inch
refractor of the Lick Observatory. HIPPARCOS (ESA 1997) has

. . not given any indication for the duplicity of Polaris. Speckle ob-
2.1. The Cepheid UMi A servations were also unsuccessful (McAlister 1978). All these

The main component of Polaris is a low-amplitude Cepheiailures to detectr UMi P directly are not astonishing in view of
with a pulsational period of about 3.97 days. This period is i€ probable magnitude difference of A and P of more tHan 6
creasing with time (e.g. Kamper & Fernie 1998). According t8nd a separation of A and P of less than 072 (see Sect. 3.2.5).
Feast & Catchpole (1997) UMi A is a first-overtone pulsator Roemer and Herbig (Roemer 1965) and Evans (1988) searched
(rather than a fundamental one), sinc&Mi A is too luminous Without success for light from UMi P in the combined spec-

for a fundamental pulsator, if they apply their period-luminositfum of o UMi AP. From IUE spectra, Evans (1988) concluded
relation (for fundamental pulsators) to Polaris. The fundameifiat & main-sequence companion must be later than A8V. This
tal period ofa UMi A would follow as P, = 5.64 days, if is in agreement with our results farUMi P, given in Table 5.

the observed period is the first-overtone perfd(using the A White-dwarf companion is ruled out by the upper limit on its
relation between?; and P, derived by Alcock et al. (1995) effective temperature derived from IUE spectra and by consid-
for Galactic Cepheids). An extraordinary propertyrof)Mi A erations on its cooling age, which would be much higher than
among the Cepheids is that the amplitude of its pulsation HB§ age of the Cepheid UMi A (Landsman et al. 1996).

been dramatically declined during the past 100 years, as seenAfter Polaris had become known as a long-period spectro-
both in the light curve and in the radial-velocity curve (Arellan§COPIC binary (Moore 1929), various attempts have been made
Ferro 1983; Kamper & Fernie 1998, and other references givibtain an astrometric orbit for the pairtUMi AP. Meridian-
therein). The full amplitude was about'd.2 inmy and about 6 circle observations were discussed by Gerasimovic (1936) and
km/s in radial velocity before 1900, and seems now to be rat@n Herk (1939). While van Herk did not find a regular vari-
constant at a level of only"@03 inmy and at 1.6 km/s in radial ation with a period of 30 years, Gerasimovic claimed to have
velocity. An earlier prediction (Fernie et al. 1993) that the pulsfund such a modulation. However, the astrometric orbit of the
tion should cease totally in the 1990s was invalid. A discussi¥isual photo-center ak UMi AP determined by Gerasimovich

of the HIPPARCOS parallax and of the absolute magnitude @/936) is most probably spurious, since he found for the semi-
o UMi A is given in the next Sect. 2.2. major axis of the orbiti,,, apy ~ 110 mas, which is much too

high in view of our present knowledge {, ap) = 29 mas).
More recent meridian-circle observations gave no indications
of any significant perturbation. This is not astonishing in view
The Cepheidv UMi A is a member of the close binary systen?f the small orbital displacements of the photo-center of AP
o UMi AP. This duplicity was first found from the correspondof always less than 0704. Long-focus photographic observa-
ing variations in the radial velocity af UMi A. However, the tions have been carried outatthe Allegheny Observatory (during
interpretation of the radial velocities afUMi A in terms of a 1922-1964), the Greenwich Observatory, and the Sproul Obser-
spectroscopic binary is obviously complicated by the fact thégtory (during 1926-1956), mainly with the aim to determine
o UMi A itself is pulsating and that this pulsation varies witthe parallax of Polaris. The discussion of this material by Wyller
time. We use in this paper the spectroscopic orbit derived 64957, Sproul data) and by Roemer (1965, Allegheny data) did
Kamper (1996), which is based on radial velocity observatioR§t produce any significant results. The Allegheny plates were

2.2. The spectroscopic-astrometric binaryfg Mi AP
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later remeasured and rediscussed by Kamper (1996), using(his= 132 + 8 pc) and the spectroscopic parallax of B (114 pc,
new spectroscopic orbital elements. Kamper also rediscusssdnentioned below).
the Sproul plates. While the Sproul data gave no relevant results The spectral type of B is F3V. The magnitude difference
for « UMi AP, the Allegheny data gave just barely significanbetween B and the combined light of AP Asmy = 6.61 +
results, such ag,;,(apy = 19.546.5 mas. For our purpose (se€).04 (Kamper 1996). Usinguy ap = 1.98, this implies for B
Sect. 3.2.3), the most important implication derived by Kampan apparent magnitude oty g = 8.59 & 0.04. Adopting the
(1996) from the Allegheny data is that the astrometric orbit fIPPARCOS parallax (and no extinction), we obtain for B an
AP is most probably retrograde, not prograde. absolute magnitude a¥/y g = +2.98 £ 0.15. The standard
In Sect. 3 we shall present a more reliable astrometric orb#lue of My, for an F3V star on the zero-age main sequence
of  UMi AP by combining ground-based FK5 data with HIPis +-3.3. If we use this standard value fddv, we obtain for
PARCOS results, using Kamper’s (1996) spectroscopic orbitBsa spectroscopic distance of= 114 pc. Similar values of
a basis. the spectroscopic distance were derived (or implied) by Fernie
The HIPPARCOS astrometric satellite has obtaineddafor (1966), Turner (1977), and Gauthier & Fernie (1978). These
UMi AP a trigonometric parallax opg = 7.56 + 0.48 mas, authors were interested in the absolute magnitude (and hence in
which corresponds to a distance from the Sunpf= 132 8 the distance) of B in order to calibrate the absolute magnitude of
pc. In the data reduction for HIPPARCOS, it was implicitelghe Cepheid A. Now the use of the HIPPARCOS trigonometric
assumed that the photo-center of the pair AP moves linearlyparallax is, of course, better suited for this purpose.
space and time, i.e. a ‘standard solution’ was adopted. This is The typical mass of an F3V star jslg = 1.5 M. If we
a fairly valid assumption, since the deviations from a linear filse for the masses of A and P the values adopted in Table 5
over the period of observations by HIPPARCOS, about 3 yeafs,0 + 1.54 M), we obtain for the triple system a total mass
are less than 1 mas (see Sect. 4.2). Hence the HIPPARCOS pbiM ;o = 9.0 M). We derive frompg_ap = 18”2 and the
allax obtained is most probably not significantly affected by thetatistical relatiorn = 1.13 p an estimate for the semi-major
curvature of the orbit of AP. Nevertheless, it may be reassuaxis of the orbit of B relative to AP aig_ap ~ 21" or 2700
ing to repeat the data reduction of HIPPARCOS doiJMi, AU. From Kepler’s Third Law, we get then an estimate of the
adopting the astrometric orbit derived here for implementiraybital period of B, namelyg ~ 50000 years.
the curvature of the orbit of the photo-centernot)Mi AP. From the data given above, we can estimate the acceleration
The mean apparent visual magnitude of the combined cogmp of the center-of-mass of the pair UMi AP due to the
ponents A and P isiy ap = 1.982 (Feast & Catchpole 1997). gravitational attraction at UMi B. If we project this estimate of
This agrees fairly well with the HIPPARCOS result (ESA 1997),p On one arbitrarly chosen direction, we get for AP a typical
my ap = 1.97.Inaccordance with most authors we assume thahe-dimensional’ acceleration of about 0.003 (km/s)/century
the reddening@s_v and the extinctiomy of the Polaris sys- or 0.4 mas/centufy Therefore, we should expect neither in the
tem are essentially zero (e.g., Turner 1977, Gauthier & Fermédial velocity nor in the tangential motion of AP a significant
1978), within a margin of£0.02 in Eg_y and+0.06 in Ay. deviation from linear motion due to the gravitational force of
Using the HIPPARCOS parallax, we find for the mean absB-during the relevant periods of the observations used. For all
lute magnitude of ARVMy ap = —3.63 & 0.14. If we use our present purposes, it is fully adequate to assume that the center-
results of Table 5 for component P, iy, p ~ +2.9, and sub- of-mass of the paitt UMi AP moves linearly in space and time.
tract the light of P from\/y; ap, then the absolute magnitude ofThe same is true for the motion of B.
the Cepheid component A j&/y; » = —3.62 & 0.14. Unfortu- A modulation of the relative position of B with respect to
nately, the pecularities in the pulsationotUMi A are certainly the photo-center of AP with a period of about 30 years is not
not very favourable for using this nearest Cepheid as the magen in the available observations of B. This is in accordance
calibrator of the zero-point of the period-luminosity relation ofvith our determination of the motion of the photo-center of AP
classical Cepheids. with respect to the cms of AP, given in Table 7. The expected
amplitude of the modulation is less than 0204 and is obviously
not large enough with respect to the typical measuring errors in
the relative position of B.
Already in 1779, W. Herschel (1782) discovered the visual- The contribution of the orbital motion of the center-of-mass
binary nature of Polaris. The present separation between fhs) of AP, due to B, to the total space velocity of AP is of
and B is about 1872. This separation corresponds to 2400 Akk order of a few tenth of a km/s. The expected value of the
or 0.012 pc, if B has the same parallax as AP. Kamper (199&locity of B relative to the cms of AP is of the order of 1 km/s.
has determined the tangential and radial velocity of B relative to
AP. Both velocities of B agree with those of AP within about . .
km/s. Hence Kamper (1996) concludes that B is most probab ;1 o UMi C anda UMI D
a physical companion of AP, and not an optical componeit. 1884 and 1890, Burnham (1894) measured two faint stars in
The physical association between AP and B is also supporthd neighbourhood af UMi AB. In 1890.79, the component C
by the fair agreement between the HIPPARCOS parallax of Afad a separation of 4468 from A, and the component D 82°83.

2.3. The visual binargr UMi (AP)—-B



402 R. Wielen et al.: Polaris: astrometric orbit, position, and proper motion

Table 1. Mean proper motion of the photo-centereofJMi AP

Prograde orbit Retrograde orbit
(Preferred solution)

Quantity [masl/year] System Max  M.E. us  m.e. Mox  M.E. us - m.e.
UFKS5 FK5 +38.30 0.23 -1520 0.35 +38.30 0.23 -15.20 0.35
systematic correction +320 094 -153 0.66 +320 094 -153 0.66
UFK5 HIP +4150 097 -16.73 0.75 +4150 097 -16.73 0.75
o HIP +41.05 058 -15.05 0.45 +4056 058 -14.67 0.45
UFK5 — (o HIP +045 113 -168 0.87 +094 113 -206 0.87
fhm HIP +41.17 050 -15.49 0.39 +40.81 050 -15.22 0.39
JH HIP +44.22 047 -11.74 0.55 +44.22 047 -11.74 0.55
Ap = pH — fm HIP +3.05 0.69 +375 0.67 +341 069 +348 0.67

According to the WDS Catalogue, the apparent magnitudesasfd a retrograde one. In the casendfJMi AP, it is fortunate
Cand D are 131 and 12"1. that the ground-based observations of the Allegheny Observa-
The nature of the components C and D is unclear. The prabry strongly favour the retrograde orbit over the prograde one.
ability to find by chance a field star of the corresponding mag-
nitude with the observed separation aroundMi A (galactic
latitudeb = +26°46 (Wielen 1974)) is of the order of 10 per-
cent for each component. This favours on statistical groun8ld.1. The proper motion of the center-of-mass of AP
a physical relationship of the components C and D with A. N .
C and D are physical members of the Polaris system (inste{;%lg determine first the proper motigR,q(ap) of the center-

. . . : . Qi-mass of the pair AP(is used here fofiy. = e cosd or
of being optical components), their absolute magnitudes m%/r 115). The proper motioniexs of & UMi given in the FK5

would be +7"5 and +8"5. Due to the low age of the Polaris hould be very close 0., ap), Since the ground-based data

system of about 70 million years (deduced from the Cephei are averaged in the FK5 over about two centuries, whichis much

UMi A), they would either just have reached the zero-age ma\'f?rgerthan the orbital period of AP of about 30 years. In Table 1,

sequence, or they may still be slightly above this sequence (.e”. . 4 .
pre-main-sequence objects, Fernie 1966). WE list urks in the FK5 system and, by applying appropriate

systematic corrections, in the HIPPARCOS/ICRS system. The
mean errors ofirks in the HIPPARCOS system include both
the random error ofirks and the uncertainty of the systematic
corrections.
In this section we determine the astrometric orbit of the photo- Another determination ofic,,s(ap) i based on the posi-
center of the paiee UMi AP (i.e. essentially of A) with respect tions zy (7. i) and zrks (7T rks) at the central epochs, i
to the center-of-mass of AP. We adopt all the elements of thrdT.. rk; of the HIPPARCOS Catalogue and of the FK5. The
spectroscopic orbit of A in the system AP, derived by Kampelesignationr stands fora, = acosd or §, wherea is the
(1996). The remaining elements, i.e. the orbital inclinatiand right ascension and the declination ofx UMi. The position
the nodal lengttf2, are basically obtained from the followingzryks (7, rks) represents a time-averaged, ‘mean’ position in
considerations: the sense of Wielen (1997). Before being usagks(7c rxs)
The observed differencé\y, between the instantaneousmust be reduced to the HIPPARCOS/ICRS system.
proper motion ofo UMi A, provided by HIPPARCOS for an The HIPPARCOS position is (approximately) an ‘instan-
epochT; i ~ 1991.31, and the mean proper motion fUMi  taneously’ measured position of the photo-center of AP. Be
A, provided by long-term, ground-based observations, sumniare combining the HIPPARCOS position witfy 5 to a mean
rized in the FKS5, is equal to the tangential component of tigoper motionuy, we have to reducey to the mean posi-
orbital velocity of A with respect to the center-of-mass of th#on z,,,can pn(ar),u(Ze,u) Of the photo-center of AP at time
pair AP. Using the spectroscopic orbit of A and the HIPPARE. 1. This is done by going first fromy (7. i) to the center-
COS parallax, we can predicty for various adopted valuesof-massims(ap),u(Ze,u) by subtracting fromey the orbital
of ¢ and (2. Comparing the predicted values oy with the  displacementAz,,, ,i(ap)(Te,u) predicted by the astromet-
observed differencé\y, we find: and 2. The length of the ric orbit of the photo-center of AP. Then we have to add to
two-dimensional vector o gives us the inclinatiort the di- x5 apy u(Zc,u) the (constant) off-set between the mean po-
rection of Ay fixes then the ascending nofe Unfortunately, sition of the photo-center,,can pn(ap) and the center-of-mass
two values of, namely; and 180 —, predict the same value for (see Fig. 1). Using now, andé, we obtain
Ay (see Fig. 1). This ambiguity corresponds to the fact that
itself does not allow us to differentiate between a prograde orbif ,,can ph(ap), i (Te,1) = s ems(ar),u(Te,n)

3.1. The determination ak

3. Astrometric orbit of o« UMi AP
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Table 2. Proper-motion differencé i, betweernus andunm, of the photo-center ok UMi AP at the epocl ;. 1 = 1991.31

Prograde orbit Retrograde orbit
(Preferred solution)
Quantity Unit Observed Predicted Observed Predicted
Ao mas/year +3.05 +£0.69 +3.05 +3.41 +£0.69 +341
Aps mas/year +3.75 £0.67 +3.75 +3.48 £0.67 +3.48
Apitot mas/year 4.83 +0.61 483 +0.32 487 +0.61 488 +0.32
Oap ° 39.1 +88 391 4£35 444 +8.8 444 +34
~ 3 £ph(AP) (coswsin € + sinw cos QL cosi) (1) of the orbital motionA o, pn(ap) (@bbreviated as) of the
5 (To) = 6 (T photo-center of AP with respect to the cms of AP at time;:
mean ph(AP),H ,H) = Ocms(AP),H H
ean p (3 ) c cms(AP) c NH(TC,H) = ems(AP) + A/L(TQH) . (4)
~ 5 €apn(ap)(cosweos  —sinwsinQcosd) . (2)  During the reduction of the HIPPARCOS data, a linear ‘stan-

dard’ solution was applied to Polaris. The variation/ofi(t)
wherea,,(ap) is the semi-major axis of the orbit of the photoduring the period of observations of about three years was ne-
center of AP around the center-of-mass of AP. The other e@lected. This slightly complicates the comparison of the ob-
ments of this orbit are: eccentricity inclinationi, longitude servedAy with the orbital ephemerides. In Sect. 3.1.5 we as-
of periastrony, position angle of the ascending nadeorbital sume thaf:y is obtained from a linear fit to quasi-continuously
period P, epoch of periastron passa@g.,;. The quantities in measured true positions over a time interil, centered at
the Egs. (1) and (2) which follow after g e are just the Thiele- time T, . From the correlation coefficients given in the HIP-
Innes element® and A. The equations use the fact that, in th€ARCOS Catalogue, we derive for the central epdthg =
orbital plane, the time-averaged position is located on the mi&91.26 andT; ; = 1991.35. We neglect the slight difference
jor axis, towards the apastron, at a distance efa from the betweenT,, y andT;u and use the average of both, namely
center-of-mass. T n = 1991.31. Fromthe epochs of the individual observations

If o, andd would change linearly with time, we could de-of Polaris by HIPPARCOS, we estimatg; = 3.10 years.

termine the mean proper motign from

3.1.3. The observed value Afu
Tmean ph(AP),H(Tc,H) — TFK5 (TC,FKS)

Mo = (3)  The observed value aky is derived from

) A/L(TVC,H) = NH(TCH) — HMems(AP) (TC,H) . (5)
However, for Polaris we should use more accurate formulae be- The values of\ 2 in .. ands, derived from Eq. (5), are listed

cause itis so close to the celestial pole. We determjrsdrictly . .
o X . X ) in Tables 1 and 2. Table 2 gives also th I ot Of
by requiring thatu (7% i) is that proper motion which brings 9 s the total lengfh: o

Ten — TeFxs

the object frome ,can ph(ap), i (Te, i) t0zrKs (Te,FKs). For cal- the A vector,
culating the (small) foreshortening effect, we have adopted ti#tot)” = (Aiax)® + (Aus)? (6)
radial velocity of the center-of-mass of AR, = v = —16.42  and the position angl »,, of the Ay vector,
km/s (Kamper 1996).
O, = arctan(Apas /Aps) - (7)

The agreement between the two mean proper mojipRs
andyy is rather good (Table 1). For determining the best val#gl the values are valid for the equinox J2000 in the HIPPAR-
im Of the mean motion of the photo-center, which is equal 8OS/ICRS system at the epo€hy = 1991.31.
the proper motion of the center-of-mass, we take the weighted Since..,s depends on the direction of motion in the orbit
average ofirks andug. Since the orbital corrections tg; are  (prograde or retrograde), this is also true g, and we obtain
different for the prograde and retrograde orbits, we have twherefore two values foAu. Table 2 shows thaf\poy ~ 5
values foruy and hence for.,,. In both cases, we had to iteratanas/year an® 5, are statistically quite significant and rather
the determinations of the orbital elements0dQ2) and of,y  well determined. A value of\ui« = 4.87 mas/year corre-
(and hence.,,), sincepg depends on the orbital correctionssponds to a tangential velocity of 3.05 km/s. Hence the ‘instan-
The values fop, = pems finally adopted are listed in Table 1.taneous’ HIPPARCOS proper motion of Polaris has a signifi-
cant ‘cosmic error’ (Wielen 1995a, b 1997; Wielen et al. 1997,
3.1.2. The HIPPARCOS proper motipp 1998, 1999a, p) with respect to the motion of the c_enter-of—

mass. If Polaris were not already known as a close binary, our
The HIPPARCOS proper motiopy of Polaris (ESA 1997) Ap method (Wielen et al. 1999a) would have detected Polaris
refers to the photo-center of AP. Basically; is the sum of the to be aAp binary because of its large test paramdief; =
proper motior.,sap) Of the center-of-mass (cms) of AP andb.18 for ks — pm.
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3.1.4. The photo-center af UMi AP according to Eqg. (16), all listed in Table 4. In addition we adopt

. various values of and2 in order to produce predicted values
The HIPPARCOS observations refer to the photo-center ofOf Ay at timeT,  as a function of andQ.

UMi AP, since the pair is not resolved by HIPPARCOS. The Since the observed value afy is not an instantaneously

‘phase’ usedin constructing the HIPPARCOS Catalogue is prac- . . -
tically identical to the phase of the photo-center, because {Hgasured tangential velocity, we mimic the HIPPARCOS

. . rocedure of determining:y. We calculate the positions
magnitude differencé\mp of more than 6 mag between Ap 9in P

) . ) Axonit ph(ap)(t) = Ax(t) of the photo-center of AP with
e o e AbLfeciio e oms of AP as  uncton o tme, g standar
H . .
that the component B does not significantly affect the HIPPA rograms for the ephemerides of double stars. We then carry out

COS measurements of AP, becaus@\ofiy g_ap = 6.61, in :aelrllnt;:r?lr)lea_st;)s?(l),la‘r;frz tz;:?:ggo;énorls fggelr glt!me interval of
spite of its separation — 18”. The HIPPARCOS observations - 01~ = =10 Years, H = o

have been carried out in a broad photometric band called Hp. +Dn /2
The photo-center refers therefore to this photometric systemy . (Tomt) = 1 Aa(Toy + 7)dr (17)
The spectroscopic orbit, however, refers to component A.” ™" © Dy “ ’
We have therefore to transform the valugsin i of the spec- —Du/2
troscopic orbit intoa,,ap) sin for obtaining an astrometric +Du/2
. ) i 12
orbit of Fhe .photo center of AP. The relation betwegnand Ay (Tozt) = = Ax(Tor +7)7dr . (18)
aph(ap) IS given by D},
—Du/2
apn(ar) = (1= 5)aa (8) Tests have shown that especially,. is not very sensitive

against small changes in the slightly uncertain quanfiy.

whereB and/ are the fractions of the magegl and the lumi- Actual numbers for the predicted valuds.,, (T, ;1) are given

nosity L of the secondary component P: in the Tables 2 and 3.
B = _ Me ’ 9)
Ma + Mp 3.1.6. The problem 6f,,; and ofay sin i
8 = Lp - 1 ) (10) In his paper, Kamper (1996, his Table Il1) gives for his best orbit
L L 0.4 Amap . .
A+Lp 1+10 (DDO+Lick Data) a value foflj,e,; = 1928.48 £ 0.08. This
Amap is the magnitude difference between A and P: is exactly the value derived by Roemer (1965) from the Lick
Data and also quoted in Kamper’s Table Il under ‘Lick Data’.
Ampap = mp —ma = Mp — My . (11)  There are three possibilities for this coincidence: (1) Kamper has

adopted this value df}.,; as a fixed input value from Roemer.
Nothing is said about this in his paper. (2) Kamper found from
1— ﬁ — 0.988 (12) a full least-square solution by chance the same valueb;or

B ’ and its mean error as quoted for Roemer. Such a mere accidentis
with an estimated error of abotit0.010. For calculatings, highly improbable. (3) The identical valuestf..; and its mean
we have assumed thatmp is the same in Hp as in V. This error in the two columns of Kamper’s Table IIl occured due to
approximation is fully justified for our purpose. We derive (se& Mistake or misprint. However, Kamper has not published any

the end of Sect. 3.1.6) from Kamper (1996) for component Agfratum in this direction.
Dr. Karl W. Kamper died in 1998 (Bolton 1998). We tried

Using the results given in Table 5, we find f@tUMi AP

apsini = 2.934 +0.028 AU . (13)  to get clarification on the problem @f,..; from colleagues of

The HIPPARCOS parallax of Polaris (ESA 1997) is Dr. Kamper, but they Were_unf_ortunately unable to hglp.us in
this respect. Hence we are inclined to accept the possibility (1).

pg = 7.56 £+ 0.48 mas . (14) However, eventhenthere is an additional problem with the mean

error of I;,.,;. Kamper has obviously overlooked that Roemer
(1965) gaveprobableerrors instead ofmeanerrors. Hence the
axsini = 22.18 + 1.42mas . (15) mean error off},.,; according to Roemer should read.12 in
Kamper's Table IlI.
Using Egs. (8), (12), and (15), we obtain for the photo-center  For our purpose, a value @f,..; closer toT. ;i should be
(16) chosen. Usingperi = 1928.48 £0.12 and P = 29.59 + 0.02
years, we obtain an alternative value (two periods later) of

This leads to

app(ap) 8ind = 21.91 + 1.42mas .

3.1.5. The predicted value dfy Tperi = 1987.66 = 0.13 . (19)

For predictingA, we use four elementP, e, Ty,eri, w) Of the  We have tested this value by carrying out an unweighted least-
spectroscopic orbit derived by Kamper (1996), apgiap) sini  square fit to the mean radial velocities ®fUMi A listed in



R. Wielen et al.: Polaris: astrometric orbit, position, and proper motion 405

Table Il of Kamper (1996). In this solution we solved ffif.,; Table 3. Determination of the inclinationfrom Aot
only, while we adopted all the other spectroscopic elements_as

given by Kamper (1996). We obtain@y.,; = 1987.63 £+ 0.25, Prograde orbit Retrograde orbit

in good agreement with Eq. (19). However, the formally most (Preferred solution)
accurate radial velocity listed in the last line of Kamper's Ta- T AT

ble Il does not fit perfectly (O—C =—0.15 km/s) his final orbit [maslyears] [mas/years]
with T},er; according to Eq. (19), but rather indicates the valugpserved: 4.83 + 0.61 Observed: 4.87 + 061

of Ty,eri = 1987.27. The independent radial-velocity data pubz - .
. ) . Predicted Predicted
lished by Dinshaw etal. (1989) lead ugliQ,,; = 1987.57 witha re, 'S? rpf Lcle

very small formal error. Thisis in good agreement with Eq. (1959r ik fora [°]:

Hence we have finally adoptéf,..; as given by Eq. (19). An 30 9.32 150 9.32

error of+ 0.13 years introduces errorsb0°3 in i and of£2°0 6.58 140 6.58
in ©, which are small compared to the errorsg iand{2 due to i'gg 12(5) i'gg
tAhe uncertainties im,,apy sini and in the observed value of55 419 125 419
#. L . 60 3.64 120  3.64
The values ofa, sini, K, P, and e given by Kamper g 278 110 278
(1996) in his Table Ill under DDO+Lick Data are unfortu-50 1 483 4032 1302 488 4032

nately not consistent. If we accept,, P, and e, we find
aa sini = 2.934 AU, while Kamper gives in his Table 111 2.90
AU. In the textof his paper, Kamper gives 2.9 AU far, sin . The fit between the observed and predicted values;ofs

Has he rounded 2.934t0 2.9 and later inserted this rounded val@er pleasing. It is not granted that such a fitis always possible.
as 2.90into his Table IlI? We prefer to trush, ande, and hence | the case of Polaris, for example, the spectroscopic orbit and
we use fora, sini the value of 2.934 AU (see Sect. 3.1.4) ifhe HIPPARCOS parallax together require a minimum value

our investigation. of Ao Of 2.00 mas/year, which occurs for= 90°. There
is no formal upper limit forApuy. for ¢ — 0. However, the
3.2. The astrometric orbit requirement that the component P is not visible in the com-
o S bined spectrum of AP gave for a main-sequence companion P
3.2.1. Determination of the inclination a spectral type later than A8V (Sect. 2.2),ofp < 1.8 M.

In Table 3 we compare thebservedvalues of Ao, (from Combined with the mass function of the spectroscopic orbit,
Sect. 3.1.3 and Table 2) with tipeedictedvalues ofA i, (us- (M) = (Mpsini)?/(Ma + Mp)? = 0.02885M, and
ing the procedures described in Sect.3.1.5 and the eleméMié @ reasonable estimate 8l (Ma > 5 Mp), this gives
P, e, Tyeri,w andayap) sini given in Table 4) for different a lower limit for ¢ of about: > 37°, which corresponds to
trial values of the inclinatiori. The lengthAu.; Of the vec- Aktor < 7 mas/year. Our observed value Afu.; of about
tor Ay is obviously not a function of the nodal directigh 5 masl/year fulfills nicely the range condition of 2 mas/year
The mean error of the predicted value Afi. includes the < Apgor < 7 maslyear.
uncertainties in all the orbital elements except and(2.

The best agreement between the observed and predigdgt2. Determination of the nodal length

values of Apyo, occurs fori = 50°1 (prograde orbit) and o o )
for i = 130°2 (retrograde orbit). The uncertainties in the optaving fixed the inclinatiori in Sect. 3.2.1, we now determine

served value of\j,., and in the orbital elements (mainly in? from a _comparison of the observed an_d predicted values of

apn(ap) siné) lead to an uncertainty inof +4°8. the direction©,,, of the vectorAp. The difference (mo_dulo
Our values for the inclinationof the two orbits do not ful- 360°) between the observed value 6f,, and the predicted

fill strictly the expected relationetsograde = 180° — iprograde- value _Of@Au for Q@ = 0 gives jl'JSt that desired value 6f

The reason is the following;is determined (Table 3) from two for which the observed and predicted value®ai, agree. We

slightly different valuesAy for the prograde and retrograddind €2 = 276°2 for the prograde orbit anft = 167°1 for the

orbits (Table 2). The difference in thiy values stems from retro.grade orb.|t. The uncertaintiesin _the gbserved val@eof

a slight difference inuo and hence inu.,, (Table 1), and this and in the prblt.al elements (now mainlydrandT,.,i) lead to

difference inpo is caused by a difference i,canphapy s 2" uncertainty irf2 of +9°5 or £924. _

(Eq. (3)). The difference in the PoSition,can pn(ap).1 Of the The ql_Jahty of the fit in the components afy in o, and

mean photo-center is due to the small, but totally different cgt-can be judged from the data given in Table 2. The overall

rections which have to be added to the observed HIPPARC&g€ement is quite good.

positionz,,ap),av,i IN Order to obtain the mean photo-center

(see Table 6 and Fig.1). As mentioned already at the end3$.3. The ambiguity problem of

Sect. 3.1.1, we had to iterate our procedure of determirémgl

Q, since the corrections depend on these orbital elements. T We know only the vectorA . at one epoch and the spectro-

scopic orbit of a binary, then there is an ambiguityg(180 —1)
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in the inclinations, i.e. in the direction of motion in the astro-Table 4. Orbital elements oft UMi AP
metric orbit. In the prograde (or ‘direct’) orbit (< 90°), the

position angle of P relative to A increases with time, in the retr&uantity Prograde orbit ~ Retrograde orbit
grade orbit{ > 90°) it decreases. The reason for the ambiguity (Preferred solution)
is the fact that\ 1 itself does not indicate whether the orbit willv. = ~ [km/s] —16.424+0.03
turn to the left-hand side or to the right-hand side (see Fig. 1j¥a [km/s] 3.72+0.03

In principle, the knowledge of the mean position of thea sini [AU] 2.934+0.028
photo-center predicted by the FK5 oy ;; = 1991.31 would @4 sin¢ [mas] 22.18&+ 1.42
resolve the ambiguity. However, the mean errors of this préeh(ar) sini [mas] 21.914+1.42
dicted position of+ 72 mas ina, and+66 mas inj are so aph(ar) [Mas] 28.56+ 2.73 28.69+ 2.75
large with respect to the differences betwesq(T, ;1) and @a [mas] 28.91+ 2.74 29.04+ 2.77
Tiean ph(AP) (Te, 1), Which are less than 26 mas (Table 6), that [years] 29.59+ 0.02
this method is not useful in our case. e 0.608+ 0.005

At present, the best solution of the ambiguity problem tperi 1987.66+ 0.13
provided by the results of the photographic observations carrie§” 303.01+0.75
outat the Allegheny Observatory, which we discussed already i1 50.1+ 4.8 130.2- 4.8
Sect. 2.2. While the full astrometric orbit based on the Alleghefiy/[’] 276.2£95 167.1+ 9.4

data (Kamper 1996) is not very trustworthy, the Allegheny data
give strong preference for a retrograde orbit (in contrast to a

direct one). This can be seen best in Fig. 3 of Kamper (199€je center-of-mass (cms) of either the prograde orbit or the ret-
The minimum of the residuals (dashed line) occursifar  rograde one. Therefore the orbits stay fixed in these coordinates.
120° (cosi < —0.5), and for this range afthe semi-major axis since the proper motiop.ms of the cms of the two orbits dif-
derived from the Allegheny data is quite reasonable. For olg slightly (Table 6), the linear motion of the position (¢)
preferred value of (130°2), we read off from Kamper’s Fig. 3 predicted from the HIPPARCOS Catalogue, differs slightly for
a value ofaynap) ~ 28 mas with an estimated uncertaintythe two cases. The indicated motionagf corresponds ta\z

of £9 mas. This is in very good agreement with our resultraple 2). Hence by construction, the motionagf is a tan-
28.7+2.8 mas. Even the nodal lengthderived by Kamper gent to the corresponding orbit, except for the slight difference
(175°) is compatible with our resulf167° + 9°). Kamper's petween the averaged position and the instantaneous position
determination of (179°) is very uncertain and therefore not ingf the photo-center &f,, ;. The dots on the orbits mark the
contradiction to our value (13). He himself says in the text positions in intervals of one year, the years 1990, 1995, 2000,
of the paper that ‘all inclinations between t38nd 180 are etc. being accentuated by a larger dot. We indicate also the true
equally satisfactory’ in fitting the Allegheny data. (There is gajor axis, on which periastron, center-of-mass, mean photo-
small mistake in Kamper’s discussion of this point: He claims &nter, and apastron are located. In addition we plot the line
the text ‘that the minimum scatter is for an inclination of almo%f nodes. The position of the ascending node is indicated by
90°, which results in a face-on orbit’. The relative clause aftey. Fig. 1 demonstrates clearly that the position predicted by
900, his own Flg 3 and his Table Il all indicate that ‘9&hould HIPPARCOS is dnf“ng away from the actual position of the

be replaced by ‘180.) photo-center of AP.
A new astrometric space mission will immediately resolve

the ambiguity, since it shall then be clear to which side of our i i ) i

Ay vector (Fig. 1) the orbit will have turned over. Probably-2-2- Derived physical properties ofUMi P

the much higher accuracy of a new space mission will allog Table 5, we summarize some physical properties of the com-
to determine the direction (and amount) of the instantaneqstsnents A and P of UMi.

acceleration (le to obtain a ‘G solution’ in the HIPPARCOS The mass ofr UMi A is derived from the mass-]uminosity

terminology, if not even a full orbital ‘O solution’). relation for Cepheids given by Becker et al. (1977). Since we
use the luminosity based on the HIPPARCOS distance (132 pc),
3.2.4. Resulting orbits af UMi AP our value of M, is higher than that of other authors who have

used a smaller distance.
The resulting orbits of the photo-centerofMi AP are listed in The age ofa UMi A, and therefore of the whole system
Table 4. As explained in Sect. 3.2.3, the retrograde orbit shogglpolaris, can be estimated from the period-age relation for
be preferred. The semi-major axes of the orbitsvdfMi A Cepheids (Becker et al. 1977, Tammann 1969). Uding=
and P itself, relative to the center-of-mass of AP, and that ofsR;4 days (see Sect. 2.1), we derive an agef about7 - 107
relative to A, are given in Table 5. years.

In Fig. 1, the two orbits (prograde and retrograde) of the The spectroscopic orbit provides the mass funcfioh) =
photo-center of AP are illustrated. The zero-point of the coqy:02885 AM,.,. Adopting the inclination = 130°2 of the ret-
dinatesAc. andd is the HIPPARCOS positions (Tc.u) at rograde orbit andvVi, = 6.0 M, for the Cepheid, we obtain
epochT. y = 1991.31. The zero-point is then comoving with o1, — 1.54 M _, forthe component P. Using this value fbotp,
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Table 5. Physical properties af UMi A and P The values oficms(ap) for the epochs 1991.25 and 2000.0 are
given in Table 6.

Quantity ~ Units Combined Component Component In order to derive the position.,sap) Of the center-of-
A+P A P mass oty UMi AP (Table 6), we first transform the HIPPARCOS

my [mag] +1.982 +1.985 +85 0.4 position z,,,(ap),av,r Of the photo-center of AP from epoch

My [mag] -3.63+0.14 -3.62£0.14 +2.9+-04 1991.25tdl. 5 = 1991.31 USiNGfiph(AP),av,H, SINCET, 1 COr-

M [Mo] 7.54+0.6 6.0+ 0.5 1.54+ 0.25 responds best to the effective mean epoch of the HIPPARCOS

Spec. type E7-E8 Ib-II FOV observations. Then we subtract frag, (ap),av, 1 (1991.31) the

Agert [years] 7.10° orbital displacementaz .y, ,h(ap),av(1991.31), whereAz is

a [mas] 142£21% 29.0+2.8c) 113+21¢c) calculated from the derived astrometric orbits (prograde and

a [AU] 18.84+2.8%* 3.84+£0.37c) 15.0:-2.8¢c) retrograde), using the averaging method described by Eq. (17).

Mean sep. [mas] 135%) This gives us the position.,sap)(1991.31) at the epoch

*) orbit of P relative to A;  c) orbit with respect to the cms of AP, Zc,i. Using the proper motiops(ar)(Ze,u), we transform
Tems(ap) fromthe epoci. g = 1991.31 to the standard epoch

2000.0. For the convenience of those users who like to use the

we estimate for a star on the zero-age main sequence an absSilfieARCOS standard epochiy = 1991.25, we give also the
magnitude ofy = +2.9 and a spectral type of FOV. The magPOSItiONZems(ap) for this epochly;. The values which should
nitude differenceAmy ap between A and P is then about'6. be used for predicting the position.,sap)(t) and its mean
As mentioned in Sect. 2.2, a White Dwarfis ruled out by the IURTOF @r€ given in Table 6 in bold face. The right ascension
spectra and the low age of Polaris. Our estimate\os itself is given alternatively in the classical n_otatlon (h, m, s) anq, as
would not violate the Chandrasekhar limit for White Dwarfs, ifone in the HIPPARCOS Catalogue, in degrees and decimals
we consider the uncertainty iflp of +0.25 M. A neutron- of degrees. As discussed in _Sect. 3.2.3, we propose to use pref-
star nature of P is possible, but not very likely. In any case, thEentially the retrograde orbit. _
adopted main-sequence nature of P is a rather probable solution! '€ POSIIONZcms(ap) (t) at an arbitrary epochcan be de-
which is in agreement with all observational constraints. Off¥ed Py using the strict formulae for epoch transformation, us-
derived astrometric orbit does not depend sensitively on the {2 the epochs 2000.0 or 1991.25 as a starting epoch. The mean
ture of P, since all the possible solutions indicate a very sm&lfO €z cms (ap)(t) Of Zems(ap) () should be derived from
value of3, so that the difference between thg positio_ns of A ar}fi ems(apy(t) = e2 ems(ap) (1091.31)
of the photo-center of AP (see Sect. 3.1.4) is small in any cas€. '

Using M, and Mp as derived above, the predicted semi- +5i,cms(Ap)(t —1991.31)2 . (20)
major axis of the orbit of P relative to A is 14221 mas. Our )
Table 7 provides a prediction of the position of P relative to A,NiS equation assumes thatyap) andzemsap) (1991.31)
if the ephemerides faA o1, pn(ap) () are multiplied by about are not correlgted_. Th|_s qssumptlon is not strictly true. However,
—4.95. The separation between A and P should be preserﬁfﬂSImOSt applications it is not neccessary to allow for correla-
about 160 mas, is slightly increasing to 186 mas until 20069NS, because for epoch differenais = |¢ — 1991.31| larger
and is then decreasing to about 38 mas in 2017. Hence the {8&p @ few years, the second term in Eq. (20) is fully dominating.
decade is especially favourable for resolving the palyMi  The correlation between,. cms(ap) @nd s cms(ap) 1S negli-
AP. Of course, the large magnitude difference of more ttan gdably small (only caused by the tiny correlation betwgen..
makes a direct observation afUMi P rather difficult. Since A @nd/40,5)- S
and P seem to have nearly the same colour (as judged from theAll the quantities given in Table 6 refer to the HIPPAR-
spectral types given in Table 5), the magnitude difference sho@@S/ICRS system and to the equinox J2000 (but to various
be (unfortunately) rather the same in all the photometric ban§80chs).
Nevertheless we hope that modern interferometric techniques

or the use of other devices may be able to resolve thecpaiy.2. Orbital corrections for the photo-center @fUMi AP

UMi AP during the next decade. Our paper provides hopefully ) o ] N
a fresh impetus for such investigations. In order to obtain a prediction for the instantaneous position

Tpnap)(t) Of the photo-center af UMi AP at an epocht, one
has to add the orbital correctidir,, ,,,(ap) (t) to the position
4. Proper motion and position of Polaris of the center-of-mass.,,sap) (1):

4.1. Center-of-mass af UMi AP Tpn(aP)(t) = Tems(ap) (t) + AZ o pr(ap) (t) - (21)

The proper motiom.,s ap) Of the center-of-mass (cms) of theThe ephemerides for the orbit of the photo-center of AP are
closest components A and P@fJMi has already been derivedgiven in Table 7. The orbital elements used in calculating the
in Sect. 3.1.1 for the epodh i = 1991.31. This proper motion ephemerides are those listed in Table 4. Usually it is allowed
is then transformed to the other epochs by using strict formulde,neglect the effect that thed system is slightly rotating
assuming a linear motion of the cms of AP in space and tin{@ = +0°00088/year), due to the motion of Polaris on a great
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Table 6. Proper motionucms(apy and positionz.sap) of the center-of-mass ef UMi AP

Prograde orbit Retrograde orbit
(Preferred solution)

Quantity Unit Epoch i m.e. ind m.e. ina. m.e. ind m.e.
Hems(AP) [mas/year] 1991.31 +41.17 0.50 —15.49 0.39 +40.81 0.50 —15.22 0.39
Hems(AP) [mas/year] 1991.25 +41.17 —-15.49 +40.81 —15.22
Hems(AP) [mas/year] 2000.00 +41.17 —15.50 +40.81 —15.23
Tph(AP),av,H (+) [mas] 1991.25 0.00 0.39 0.00 0.45 0.00 0.39 0.00 0.45
Tph(AP),av,H (+) [mas] 1991.31 0.00 0.39 0.00 0.45 0.00 0.39 0.00 0.45
AZ b ph(AP),av [mas] 1991.31 -10.37 2.67 +14.89 3.16 +16.15 3.08 -858 2.78
AZmean ph(AP) [mas] 1991.31 +15.62 2.62 +12.40 3.54 +10.62 3.58 +17.05 2.58
Tems(aP) (+) [mas]  1991.31 +10.37 2.70 —14.89 3.19 -16.15 3.11 +8.58 2.81
Tmeanph(ap) (+)  [mas]  1991.31 +25.99 259 —2.49 4.35 -5.53 4.27 +25.63 2.72

«@ 1) « 1)
Tph(AP),av,H 1991.25 02 31™ 47°075254 + 89 15’ 50789698 02 31™ 475075254 + 89 15’ 50789698
ZTph(AP),av,H 1991.31 47089026 50789628 47089026 50789628
Tems(AP) 1991.31 47142856 50788139 4005192 50790486
Tmean ph(AP) 1991.31 47223939 50789379 47060320 50792191
Tems(AP) 1991.25 02 31™ 475130034 + 89 15’ 50788232 02 31™ 46°992482 + 89 15’ 50790578
Toms(AP) 2000.00 02 31™ 48°999906 + 89 15’ 50774676 02 31™ 48°846022 + 89 15’ 50777258
Tems(AP) 1991.25 3794637514 + 8926413398 3794580201 + 8926414049
Tems(AP) 2000.00 3795416628 + 8926409632 3795352509 + 8926410349

Explanation for (+): To the quantities marked with (+) in the second part of Table 6, one has to add the HIPPARCOS pggitighg. i at
the corresponding epochs which are given in the first two lines of the third part of Table 6.

circle. Table 7 lists also the position of the intantaneous phot:3. Comparison of positions

center at periastron, apastron, andiai. The small difference n.Table 8 we compare positions predicted by our results with
between the instantaneous position and the averaged posik on pare p P y

(Sect. 3.1.5) of the photo-center’Aty; shows that the devia- ose predicted by HIPPARCOS and by the FKS.

. o : ; . . AtepochT, g = 1991.31, the positions of the photo-center
tions of the fitting straight line from the actual orbits remaugf AP predicted by our results (for both types of orbits) agree

mostly below 1 mas within the interval dby = 3.1 years . I ;
of the HIPPARCOS observations, since these deviations re%‘{:'f‘uh the HIPPARCOS position by construction (except for the

their maximum at the borders @, namely about twice the ight difference between the instantaneous and averaged posi-
o o . . tion).
deviation afl.. ;. The very small deviations from a straight line From Fig. 1 we see that the HIPPARCOS predictions for

explain also why we were, during the HIPPARCOS data reduscrha" epoch differenceat — |t — T, u|, say forAt < 4 years
tion, unaple to obtain_ an orbital (0) sol_ution oran accelerati%r}e also in good agreement with ocuhrI ;;redictions since the'HIP-
(G)iftlﬁgc;%;ogfizafé avl\t/g%lij\?:t\rl]vs (téfr?s:gr?t())(ff(f)- .set be twe‘%:’r,]ARCOS data are essentially a tangent to our astrometric orbits.
the mean photo-center and the center-of-mass. All values 8nr8therwords, the HIPPARCOS dataare a good short-term pre-

valid for the equinox J2000.0, and for the orientation of th'«glcuon (relative toT. i) in the terminology of Wielen (1997).

«d system at epoch 1991.31 (which differs from that at epo%lﬁ)r larger epoch differences (Table 8), the HIPPARCOS pre-

2000.0 byA© — —0°008 only) iction for z,ap)(t) starts to deviate significantly from our
Tr.we ti//picafmeaﬁ error c;/k:rorb wap), due to the uncer- predictions. Going to the past, e.g.tte- 1900, _the difference_s
tainties in the orbital elements (mélrnlym is aboutL 5 mas. reach large values of about 300 mas = 0”3 in each coordinate.

It varies, of course, with the orbital phase, approximately b§-u ch d'ﬁefe_” ces are already Igrgerthan the measuring errors of
some meridian circles at that time, especially for Polaris. (The

twee_ni 2 mas and_i 7 mas. However, dEta”e.d.CaICUIatIOQormaI mean errors in, andé of the position predicted by the

of this mean error is often unnecessary for deriving the M fhear HIPPARCOS solution at the epoch 1900 are 43 mas and

irror of (ttr;?s[;rs\(/j;tr:zg Rﬁ%}gﬁ ()agr{ ,:;r;c;;gthe me]% ': :;r(;:crhof 50 mas only.) The reason for the failure of a linear prediction

d%lé¢§%ceqt ", 4| larger than about 20 ’ggfsp) based directly on the HIPPARCOS Catalogue is the fact that the
cH| 129 y ' guasi-instantaneously measured HIPPARCOS proper motion of
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Table 7. Orbital correctionsAz,;, pu(ap) () for the photo-center of Table 8. Comparison between predicted positions for the photo-center

a UMi AP of « UMi AP
Prograde orbit Retrograde orbit Prograde orbit Retrograde orbit
(Preferred solution) (Preferred solution)
Quantity ina. ind in o ind Difference Epoch inv. ind in o ind
or epocht t [mas] [mas]
AZ o, phap) () HIPPARCOS prediction minus this paper (instantaneous position):
1987.00 +044 -7.89 -7.97 —-0.50 1900.00 -275 -330 —298 -313
1988.00 -9.71 -3.30 -2.18 -10.08 T = 1991.31 -0 +0 +0 -0
1989.00 —-14.16  +3.53 +5.19 —-13.71 2000.00 -5 +23 +24 -2
1990.00 —-13.97 +9.49 +11.15 —-12.81 2010.00 +12 +79 +78 +21
1991.00 -11.63 +14.10 +15.51 -9.93 2020.00 +90 +111 +101 + 103
1992.00 —-8.33 +17.62 +18.65 —6.23 K5 minus this paper (mean photo-center):
1993.00 —-461 +20.27 +20.88 —-2.20
1994.00 ~073 +2223  +2239 4191 . _ 1322'82 ;11 :éj :S :ig
1995.00 +3.18 +23.61 +23.33  +5.97 TcﬁvFKa - 100717  +8 47 16 cg
1996.00 +7.02 +2451 +23.78 +9.91 TowFKS T 109131 +29 _ 126 + 60 154
1997.00 +10.75 +24.99 +23.83 +13.69 2000'00 +31 —137 + 66 167
1998.00 +14.31 +25.09 +2351 +17.26 2010'00 +35 _149 +73 _182
1999.00 +17.69 +24.86 +22.89 +20.60 2020'00 +38 —162 +80 _197
2000.00 +20.85 +24.32 +21.98 +23.69 :
2001.00 +23.77 +2351 +20.82 +26.50 Prograde minus retrograde orbit (instantaneous positions):
2002.00 +26.43 +22.43 +19.43 +29.02 1900.00 -23 +17
2003.00 +28.79 +21.11 +17.83 +31.23 1991.31 -1 +1
2004.00 +30.85 +19.56 +16.03 +33.10 2000.00 +29 -25
2005.00 +32.56 +17.79 +14.06 + 34.60 2010.00 +66 - 56
2006.00 +33.90 +15.81 +11.92 + 35.69 2020.00 +11 -8
2007.00 +34.81 +13.64 +9.64 + 36.35
2008.00 +35.26 +11.29 +7.22 + 36.52
2009.00 +35.17 +8.77 +4.70 +36.13
2010.00 +34.47 +6.09 +210 +35.12 How large are the differences between the positions which
2011.00 +33.06 +3.29 —-0.55 +33.36 we predict if we use either the retrograde orbit or the prograde
2012.00 +30.75 +0.41 —-3.17 +30.73 one? AtT.n = 1991.31, the differences are nearly zero by
2013.00 +27.37 248 —-5.68  +27.02 construction. At other epochs, the orbital differences can be
2014.00 +2260 -524 —7.89  +21.92 gaenin Fig. 1. To these differences in the orbital corrections,
;812'88 +1596  -7.53 -9.42  +15.03 0 have to add the slight positional differences which are due
: *6.90  -857 —9.40 *586 45 the differences iNiems Of both orbits. The total differences
2017.00 —-4.13 —-6.54 —6.08 —-4.90 .
_ between the prograde and retrograde orbit are shown at the end
;987'66 Periastron ~ —-6.71  -5.33 -4.57  —7.33 4t Taple 8 for some epochs. An extremum in these differences
002.46 Apastron  +27.54  +21.86 *18.73  +30.07 occurs ina, (+ 68 mas) and id (— 59 mas) at about the year
1991.31 instantan. —10.67 +15.30 +16.60 -8.84 op12.
1991.31 averaged —10.37 +14.89 +16.15 -8.58
AZmean ph(AP) +15.62 +12.40 +10.62 +17.05 . .
4.4. Space velocity of Polaris
(1991.31)

From the derived proper motions.,sap) of the center-of-

mass ofo UMi AP (Table 6, retrograde orbit), from the radial
Polaris contains an orbital motiaky, of about 5 mas/year asvelocity v, = « (Table 4), and from the HIPPARCOS parallax
a ‘cosmic error’. pu (EQ. 14), we derive the three componebtsV, W of the

Our data reproduce rather well the FK5 positions at the cespace velocity of Polaris (Table 9). We neglect a possible

tral FK5 epochs. This is to be expected, since we have madginsic K term in the pulsating atmosphere of the Cepheid
use of these positions in determinipg (and hence:..,,s). For UMi A (Wielen 1974). This is probably justified, especially in
Tew = 1991.31, the FK5 prediction deviates rather stronglyiew of the very small amplitude of the radial velocity due to
from our values. This is in accordance with the mean error péisation.
prks and the large epoch differencBsy — Tt ris. (The mean The velocity componerit pointstowardsthe galactic cen-
errors ina.,. andd of the FK5 position (reduced to the HIPPAR+er, V' in the direction of galactic rotation, aidl” towards the
COS system) are at the central epochs (given in Table 8) 37 ngatactic north pole. The velocitysg is measured relative to the
and 34 mas, and at epoch 1991.31 72 mas and 66 mas.)  Sun. The velocityy,q refers to the local standard of rest. For
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Table 9.Space velocity of the center-of-masadfMi AP. For detailed Fernie J.D., 1966, AJ 71, 732

explanations see Sect. 4.4. Fernie J.D., Kamper K.W., Seager S., 1993, ApJ 416, 820
Fricke W., Schwan H., Lederle T., et al., 1988, &rAstron. Rechen-
Prograde orbit Retrograde orbit Inst. Heidelberg No. 32
(Preferred so]ution) Gauthier R.P., Fernie J.D., 1978, PASP 90, 739

Gerasimovic B.P., 1936, P(o)ulkovo Obs. Circ. No. 19

Velocty U V. W v UV W v chel W, 1782, Phil. Trans. R. Soc. London 72, 112

[km/s] [km/s] Kamper K.W., 1996, J. R. Astron. Soc. Can. 90, 140
Vso -144 -282 -55 321 -142 -28.0 -5.4 31.9 Kamper K.W., Fernie J.D., 1998, AJ 116, 936
me.  +12 +£08 £10 +1.2 £08 £1.0 Landsman W., Simon T., Bergeron P., 1996, PASP 108, 250
VLo ~54 —-162 +15 17.1 -54 —16.0 +1.6 17.0 McAlister H.A., 1978, PASP 90, 288
Veo ~80 —-16.0 +15 180 -80 —158 +1.6 17.8 MooreJ.H. 1929, PASP 41, 254

Roemer E., 1965, ApJ 141, 1415
Tammann G.A., 1969, A&A 3, 308

the solar motion we use,, = (+9, +12, +7) km/s, proposed Turner D.G., 1977, PASP 89, 550
by Delhaye (1965). The velocity is the peculiar velocity of vah Herk G., 1939, Bull. Astron. Inst. Netherlands 8, 313.
Polaris with respect to the circular velocity at the position (welen R. 1974, ARAS 15,1

. - . ielen R., 19953, A&A 302, 613
Polaris (see Wielen 1974). For the required Oort ConStantSVgielen R., 1995b, In: Perryman M.A.C., van Leeuwen F. (eds.) Future
galactic rotation, we adopt = +14 (km/s)/kpc andB = —12 i ’ ’

. . . Possibilities for Astrometry in Space. ESA SP-379, p. 65
(km/s)/kpc. As mentioned in Sect. 2.3, the velocity of the cent§fieien R. 1997 A&A 325. 367

of-mass ol UMi AP may differ from that ofa UMi AP+B by  \yjelen R., Schwan H., Dettbarn C., JahreiR H., Lenhardt H., 1997,

a few tenth of a km/s. In: Battrick B., Perryman M.A.C., Bernacca P.L. (eds.) Hipparcos

The peculiar velocity of Polaris is reasonable for aclas-  Venice '97, Presentation of the Hipparcos and Tycho Catalogues
sical Cepheid. According to Wielen (1974), the velocity disper- and first astrophysical results of the Hipparcos space astrometry
sions ¢y, ov, ow) for nearby classical Cepheids are (8, 7, 5) mission. ESA SP-402, p. 727

km/s Hence only théf Component Of/CO of Polans |S S“ghtly Wielen R., Schwan H., Dettbarn C., Jahreil H., Lenhardt H., 1998,
larger than expected on average. In: Brosche P., Dick W.R., Schwarz O., Wielen R. (eds.) Proceed-
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