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Abstract. The stellar velocity field within two kiloparsecs ofneighborhood behaves like a collisionless gas implying that the
the solar system is investigated from the Hipparcos proper ngravitational potential is a smooth function of position. Asso-
tions and parallaxes of about 20000 single stars farther thaated to the star counts, stellar kinematics is also a powerful
100 pc. The motion of the sun relative to the Local Standard mfethod for probing the structure and the evolution of the Milky
Rest and the relative systematic velocity field due to the galatay.
tic rotation are studied simultaneously for several categories of The determination of the size and structure of the Milky
stars ranging from early type dwarfs to K and M giants observeday was one of the highlights of the nineteenth century astro-
by Hipparcos. The relative velocity field is modeled in the fram&omical research which culminated dramatically with the Great
work of the Milne-Ogorodnikov hydrodynamic representatioBebate in 1920 and the ensuing epoch-making discoveries of E.
and led to the determination of eight parameters characteriziigHubble [(Hoskin, 1982, North, 1990). The modern investiga-
the flow, including the usual Oort Constants. The peculiar mtiens on the observational effect of the Galactic rotation started
tion of these stars is also studied from the residuals and led twit¢h the works of Lindblad (1925) and Oort (1927a, 1927b)
new determination of the components of the velocity dispersiarho developed the model of the axial rotation with the rate de-
for every class of stars considered. pending only on the distance to the galactic center. The simple
The components of the solar motion are ascertained to witlippothesis of differential axisymmetric rotation was sufficient
+0.2 — 0.3kms™ ! in each direction and are found to vary sigto account for the systematic stellar motion (the double sine-
nificantly with the star sample, except for the component naxave) with the Galactic longitude. Oort, 1927a, introduced the
mal to the galactic plane always close to 7 kmsRegarding two constantsi andB and derived the simple formulae for de-
the Oort constants, one finds = 11.0 + 1.0 kms~'kpc~! scribing the observable consequences of the Galactic rotation.
for early type dwarfs andd = 14.5 + 1.0 kms 'kpc~! Using the proper motions together with the radial velocities in
for the distant giants. The constaBt shows a less obvious his second paper (Oort, 1927b) he foutid= 19 km s~ 'kpc™!
difference with respectively-13.2 & 0.5 kms 'kpc™! and andB = —24 kms~tkpc™!.
—11.5 4+ 1.0 km s tkpc~!. The galactic center is found to lag ~ The average motion of a set of stars at any point the Galaxy
by 6 degrees from the normal to the direction of the galaciian be modeled as a stream, the kinematics of which is that of
motion of the LSR in the solar neighborhood. Finally the thretbe overall galactic rotation. The kinematics of the individual
components of the velocity dispersion are determined and ditars is then defined as the superimposition of the net flow of the
cussed for all the stellar groups considered in this paper with 28R, a possible streaming motion of the population of these stars
accuracy of0.2 — 0.4 kms™ 1. and by the individual scatter with respect to the mean motion.
Thus the local kinematics of the Milky Way can be conveniently
Key words: astrometry — celestial mechanics, stellar dynamiclvided into three different, but connected, problems:
— Galaxy: kinematics and dynamics — Galaxy: solar neighbour-
hood

1. The motion of the Sun relative to the average motion of
stellar groups in the solar neighborhood,

1. Introduction 2. The differential velocity field due to the galactic rotation

(shear motion) around the Sun considered as the remain-

ing systematic motion when the individual and small scale

stellar motions are removed,

The peculiar velocities of the stars relative to the rotating

flow for the various stellar groups and due to the repeated

interactions of each star with the neighboring ones or with

Send offprint requests t&. Mignard (mignard@obs-azur.fr) large molecular clouds.

Local stellar kinematics is the study of the motion of the stars
in the solar neighborhood to distances of few kiloparsecs. The
motion of these stars is governed by the gravitational potential
of all the stars in the Galaxy and depends on the mass distfi-
bution. To a large extent the set of stars comprising the solar
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The basic observational material from which the abow The observing material

kinematics properties of the various stellar populations h . . .
been studied is the radial velocity, and the tangential propezrﬂfﬁe recently published H|'pparcos thalqgue provides as_-
ronomers with the best optical materialisation of the Interna

motion Hr rela}tlve to t.he Sun and scores of works have aéb?al Reference System (ICRS) defined and realized by a set
peared in the intervening years. Closely related to the presep . .
work, both in methodology and objectives, is the paper B)y radio Sources obser\_/ed in VLBI. .

4 ' The primary result is an astrometric catalogue of 118218

Miyamoto & Soma, 1993a in which the authors investigate thentries nearly evenly distributed over the sky with an astromet-
systematic stellar velocity field of a set of K and M giants i y y Y

order to determine the possible lack of inertiality of the FK%? r%raesc;s:ogrmbggz'rt'?onr’ tﬂreml))?ir mgg?r;tz?g E)rarllrslfxtiggllrg}ii
system and consequently that of the proper motion system. yn 9 ’ b

. ) : nce frame defined by the Hipparcos positions and proper mo-
For years discussions about the rotational parameters of the ~. ;
o . . tions is believed to have a global accuracy of about 0.1 mas and
local velocity field of the stars in the solar neighborhood ha

€ i . ) X X .
been hampered by the difficulty to realize a good decoupli\r@ 1 mas/yr with no regional distortion. The median magnitude

with the fact that the components of the proper motions we?ethe Catalogue i#/p = 8.7 and half of the Cata]ogue lies in
. . . Fhe interval8 < Hp < 9.5. A more comprehensive presenta-
referred to a rotating frame. The arrival of astrometric measure- . . . . .
ments from space provides a new boost n stellar kinematics pt'r% of the astrometric properties of the Catalogue is available in
Perryman et al., 1997, Mignard, 1997 and in the documentation

the availability of the Hipparcos Catalogue with its high quai- blished with the Hipparcos Catalogiie (ESA. 1997).

ity and homogeneous proper motions referred to a non rotatf?]'é . )
frame, was the main motivation behind this work. In a pap Regarding the present work there are four main aspects of

r : i
published just after the launch of Hipparcos, Ratnatunga, 19%'5 Catalogue particularly relevant:

stated that with this new technique are truly atthe dawnofa _ 114 reference frame to which the positions and proper mo-
new era in the study of galactic structure by stellar kinematics ;s are referred

Although the Hipparcos data is incomplete, since no radial e parallaxes and their validity for the most distant stars,
velocity is available at the moment in a comprehensive way, The accuracy and precision of the proper motions

the proper motion components and the distance are availableqy,o completeness of the catalogue for each class of bright-
for all the program stars, providing at the same time the angular

displacement with the proper motion and the tangential velocity ess.

with The Catalogue has been initially constructed in a frame
[ with a non-zero rotation with respect to the inertial frame.

vr = 4.7405 (1) Then it was linked to the extragalactic frame with various

methods involving objects common to Hipparcos and to VLBI
where the proper motion is expressed in mas/year, the paral@xproper motion programs tied to the extragalactic frame
in mas and the velocity in knTs. It was then tempting to take (Kovalevsky & Lindegren, 1995, Kovalevsky et al., 1997). By
advantage of these properties to study, in a single adjustmentonstruction, the Hipparcos reference frame is an extension of
an unbiased sample with many stars belonging to virtually &tle FK5(J2000) frame, butindependent of any assumption about
spectral classes, the various components of the stellar motidhe precession constant or about the non precessional motion of
This is the main goal of this paper which is organized intilhe equinox, a fact of the utmost importance for interpreting the
three main parts: rotational terms and the Oort constaBt One can thus state
that the Hipparcos positions and proper motions provide a re-
— The presentation of the formalism which relates the divera#isation of an optical non-rotating reference frame with axes
sources of the stellar motion to the observable quantitiespointing to fixed extragalactic directions. The accuracy of the
— A discussion on the selection of observing material and tlirk corresponds to a standard error of 0.6 mas in the alignment
binning of stars into homogeneous categories, of the axes at the Catalogue epoch J1991.25 and 0.25 mas yr
— The presentation and discussion of the results on the satathe rate of rotation, meaning that the Hipparcos proper mo-
motion, the local galactic shear motion and the peculiar viéan system is quasi inertial to withif0.25 mas yr-!. One must
locities of the stars as a function of the spectral type asttess in the context of this paper that this uncertainty translates
luminosity class. into a systematic effect of similar magnitude in the Hipparcos
The paper does not bring fundamentally new results in trigstem of proper motions with respect to an inertial frame, and
area but, hopefully, put in a much firmer basis, (thanks twt into a random error which would average out over a large
the number of stars, the high quality proper motions, thata set. This uncertainty becomes 1.2 krhkgpc—! on the ro-
non-rotating frame and the homogeneity of the samplegtional components of the velocity field and similarly on the
results that have appeared over the years on either of Mert B constant..
three components of the stellar kinematics witki2 kpc The consistency of the Hipparcos induced reference frame is
of the Sun. betterthanits link to the extragalactic frame. The proper motions
of the Hipparcos Catalogue define a consistent reference frame
(albeit rotating) which is likely to be accurate on a global scale
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Fig. 1. Medians of the standard errors at J1991.25 of the parallax and
proper motions in the Hipparcos Catalogue as a function of the Hip-
parcos magnitude. The standard errors are expressed in mas for the X

parallax and in.mas/yr for the components of the proper mption. Or]iyg. 2. The global galactic coordinate systefX, C'Y, CZ and the
the~ 100000 single stars of the Catalogue are considered in this plgf| gajactic coordinate system centered at the LSR used in this paper.
C'is the centre of the Galaxy arftlthe solar LSR.

to atleast 0.1 masyr', and maybe ten times better due to thgsy mmetry in the distribution of errors in the distances causes
large number of stars, although there is no means to assessfliat 5 e of the Oort constardtto be underestimated. The anal-
more precisely with current techniques. Ultimately the researfgis with proper motion does not suffer from such a drawback.
presented in this paper has been motivated by the quality of the 1,4 precision of the proper motions and of the parallaxes is
proper motions and the quasi-inertiality of the reference frargﬁown in Fig[l as a function of the magnitude. Knowing that
together with its independence from the precession constanfye |k of the Hipparcos Catalogue is between magnitudes 7.5
The Hipparcos parallaxes are trigonometric and by constryg-g 5 this shows that most of the parallaxes used in this paper

tionvirtually absolute, in the sense thatthey do no't usereferengs in the range of the mas accuracy and that the proper motion
background stars. Numerous analyses of the Hipparcos pa{:%lmponents are slightly better than 1 mas/yr.
laxes with the preliminary and final solutions confirm this view

and indicate that the global zero-point offset, common to all
stars, is smaller than 0.1 mas (Arenou et al., 1995; ESA,|1993).The differential velocity field
A recent search of a global zero—point in the parallaxes in t
5.4 x 106 residuals of the astrometric dataBgupports also this Eel Reference frames
claim with a non significant offset 6f0.010+£0.010 mas. Most LetC be the center of the Galaxy. We define the three orthogonal
of the statistical analysis of this paper rests on the basic assuuipections with the origin in the solar neighborhood and the
tion that, while the individual parallaxes of stars farther awaynit vectorsi, j, k pointing respectively to the galactic center,
than 1 kpc are not reliable individually whenever/m >~ 1, positive in the direction of the galactic rotation and normal to
the full set of Hipparcos parallaxes constitutes an homogenedthis galactic plane in the direction of the north galactic pole.
and unbiased sample down#tox 0.1 — 0.2 mas. For the most The corresponding axes are labeked Sy, Sz. This frame is
distant stars it is likely that spectroscopic parallaxes are somight-handed.
times better and should have been preferred. However, it is hardOne must be very careful in choosing reference frames to ex-
to devise a sensible way to decide which stars to handpick wifiress the observation equations because of the possible inconsis-
out introducing systematic differences with the Hipparcos satencies between the mathematical needs, based on right-handed
ple. As a consequence, in this work we stick to the Hipparcoghonormal natural frames with the radial direction directed
data, favoring the statistical homogeneity to any other criteriomjtward from the galactic center-¢ in Fig.[d), and the usual
even though this might be done at the cost of the accuracydeffinition of the galactic coordinates, involving the positive
few parallaxes. axis directed toward the center of the Galaxy. The second axis
The same argument is valid for the radial velocity not yetf the natural frame is opposite to the direction of the motion of
available for all Hipparcos stars, but which exists for severtile Sun, that is to say asj in Fig.[2. The tensorial equations
thousands of them and could have been used to increaseatteeexpressed in the natural frame tied to the polar coordinates
number of observation equations, with the risk of obscuring tgee Figl#) while the angular coordinates of the stars are trans-
interpretation of the results. In addition the systematic veloformed from the equatorial coordinatesd, p, cosd, us into
ity field induced by the Galactic rotation is independent of thtbe standard galactic coordinates, p; cos b, up oriented as
distance of the stars when assessed through the proper magioown in FiglB. In due course the signs of the equations will
components, while it is directly proportional to the stellar didse changed accordingly to express the equations in the usual
tance for the radial velocity. As pointed outby&2e, 1970 the right-handed galactic frame centered at the Sun.
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Fig. 3. The galactic coordinate system triadj, k and the local triad

e.. e, e, attached to the spherical coordinates. Fig. 4. Comparison of the astronomical galactic reference system

i, j, k, the local frame associated to the cylindrical coordinates
er, eg, e, and their link with the components of the systematic ve-

3.2. Systematic and peculiar velocities locity field of the Galaxy.

The velocity vectoV,, of each star with respect to the galactic
center may be viewed as the sum of two contributions: motions of the FK5 ar Fricke & Tsioumis, 1975 with the same
_ _ ~_material limited to the most distant stars. The method has the

— The velocity of the global flow of the galactic material inyreat advantage of being independent of any a priori dynami-
the vicinity of this particular star. This component will b&g| model of the Galaxy, but the defect of being restricted to a
referred to as the centroid velocity and no¥d= V(R) = |ocal description. Strictly speaking the knowledge of the tensor
V(X, Y, Z). The centroid velocity is a continuous anQjescribing the local change of the velocity field, says nothing
slowly vanable_functlon of_ the position and is _ak'” to the\hout the overall kinematics of the Galaxy, although it provides
velocity of a fluid element in a continuous medium. important constraints on acceptable models.

— The peculiar velocity of that star, (referred to also as the | gt g and M be the centroids associated to the Sun and the
residual velocity) with respect to the centroid and noted - gtar at radius vecto®, andR., andr = R. — R, To the
This velocity is connected to the intrinsic motion of theyst order inr/ R we have
individual stars, whose orbits may be very complex without
direct relation to the galactic motion as a whole. vir)=V(M)-V(S) = (r- V)V 3

So for any star one hag,. = V(R) + v.., which expresses thatwhich gives for the cartesian components of the relative field,
the velocity vector relative to the galactic center is the sum of thdth the implicit summation rule,
velocity of the centroid and of the peculiar velocity. The same

i k
decomposition holds for the Sun witio = V(R,) + vo. o, =T), 2! = 8lel (4)
Thus the relative motion of a star with respect to the Sun can be 0X
written, whereTy;, k,l = 1,2,3 may be called the velocity strain ten-

sor, by analogy with the strain in the deformation of a continuous
medium. With matrix notation EQ.{3) can be written as,

where the first bracket stands for the relative velocity fields of

the centroids and the second gives the difference between‘frglé> = [Tr )
peculiar velocity of a star and the Sun. The peculiar velocity @fis convenient to separafE into its symmetric and antisym-
the Sumv, in Eq. [2) is usually referred to as the solar motiofmetric partsT = S + A with

toward the solar apex. From its definition it is obvious that it
depends on the group of stars selected to define the centroigigf —
the observer.

=V Vo= [VR) - VR +[v. —ve] ()

§(Tkl + 1), Ap = %(Tkl —Tik) (6)
As well known, the effect of an antisymmetric application in
the usual three dimensional space amounts to a global rotation
w with,

We derive in this section the basic equations describing the sys-

tematic velocity field relative to the Sun due to the Galactic ro- 0 —w. wy x

tation, without any assumption as to the nature of this rotatiodd] 7 = we 0 —wy y| =wxr (7)
apartthatit can be represented by a continuous smooth flow. The —wy w0 Z

derivation follows the principles laid out by Ogorodnikov, 1939+,

and Milne, 1936 (see also0 Ogorodnikov, 1965) and applied later

in similar studies for example by Clube, 1972 with the proper, = —A,., wy = A;., w, = —Ayy

3.3. The relative velocity field
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The components & and A can be expressed in any curvilinear  which is positive whilelp /r in Eq. [8) is negative.
system by replacing the partial derivatives in Eg. (4) by the ¢
variant derivatives. In the case of polar coordinate®, = one
finds (see for examplg Love, 1944, Landau & Lifchitz, 196
Miyamoto & SOma, 1993a) for the symmetric part,

R_is easy from Eqgs[{8) to write down the cartesian components
.Pfthe relative velocity onthe triad j, k, withr = (z, y, 2) =
(r coslcosb, r sinlcosb, r sinb), by changingS,. — —S,..
andSy, — —Sy., to express the tensors on this triad, keeping in

- oV, mind that the right-hand sides of EdS. (B)-(9) are left unchanged,
or Vg= Sprrcoslcosb+ S,grsinlcosb—S,,rsinb
S, - 1 9Vp E vy= Spgrcoslcosb+ Spgrsinlcoshb— Sy, rsinb » (10)
o0 r 00 v,=—Sy, rcoslcosb — Sy, rsinlcosb+ S, rsinb
g _ v, This must be now expressed on the local triad e;, e, at-
= 0z ®) tached to the spherical coordinate$ of the star at\/ by,
99, — %_E_i_la‘/r v, = vy cosbeosl+ vy cosbsinl + v, sinb
0 or r r 00 v = —vg sinl + vy cosl (11)
g V. V. vy = —Ug sinbcosl — vy sinbsinl 4 v, cosb
28,, = . . . . :
" 0z + or By inserting[ID if_Ill one gets the relationship between the
19V, 0V, components of the proper motion and the components of the
259, = ~0 t o, velocity gradient as,
and for the antisymmetric part, Vi/r = Sy cos®lcos® b+ Spg sin®lcos® b
10V, BVg +S., sin®b+ S, sin 2l cos? b
Zor = =240: = D5 5o —S,, coslsin2b— S, sinlsin2b (12)
g V.
Qwp = 24, = 88‘/ — aa 9)
z T b =
4] COS
2w, = —2A4,9 = AL + V(’ 19V: +S,9 cos2lcosb+ S, sinlsinb
or r 00 .
) —Sp, coslsinb (13)
whereV,., Vy, V, denote the components of the systematic ve-
locity field V(R). S g
wy = f% cos? [sin 2b — 2% sin® [ sin 2b
Remarks:
+ ¥24
— The component¥,., Vy, V. are the coordinates df (R) 2 '
on the local directions,, ey, e, as shown in Fid4 witld —Sy, coslcos2b — Sy, sinl cos 2b (14)
oriented counter—c!ockW|se Therefore one kas= —Vy. A similar procedure applied to the antisymmetric part of the
The linear expansioffS| r + [A]r gives the componentsyelocity field gives the components of the rotational field ex-

of the velocity field relative to the LSR on the same triagyressed with the componentswfs,
provided that- is also projected on the same basis.

— The components$y,; of S andwy, of w are also given on
the same triad. To express the tenSan the triadi, j, k
of the galactic coordinates one must change the sign dt —
S,2, S, wy, we, iIndependently of the signs of the derivawhich leads to with Eq. 11,
tives when needed. For example, the terpshould be iden- v = 0 (16)
tified to the Oort constari® representing the vorticity of the ' o )
field and classically given in a model with circular motiort* cosb = w, cosb+wp sinlsinb +w, coslsind (17)
by Uy = wy cosl — w, sinl (18)

Uy = —w,rsinl cosb — wgrsinb
vy = wyrcoslcosb+w,rsind (15)
wprcoslcosb — w,rsinlcosb

116 do As said earlier with,S,.4 being the same as the Oort constant
B = "9 | Rn A andw, asB, the usual dependence in galactic longitude and

R, " dR
0

latitude is recovered in E 13)-{14) and in 17
is the same as, once the signs are changed. The constant A {1:114) Talan.

B is negative and so is, sincely = —0O is negative. A o
similar remark holds true fo$,¢ to be identified with the 3.4. Combinations of related terms

Oort constanti modelling the shear deformation as, We introduce now several combinations of the unknowps
1 © do andw; which have a more direct physical interpretation in term
2|Ry, dR of amplitudes and phases.
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3.4.1. Combination o0F,.9, S,, Sgg, S = —gsin 2bsin(2l — 2¢) + A’ cos 2bsin(l — )

By selecting in Eqs[{13)J-(14) the relevant terms one has,

K
S g -5 sin 2b + B’ sin(l — x) (28)
picosb = cosb | Spgcos2l — (—— — ﬁ)sin 21 (29) A2 B _ I o
2 2 vy = Acos”bsin2(l — 2¢) + A" sin 2bsin(l — ¢)
- +Kcos’b+ 72 (29)
y = _sm 2b [Sr(; sin 21 + (SM — %) cos 21]
2 2 2
_ sin2b [Sw N Seo g } (20) Remarks:
2 2 2 . — If the proper motions are expressed in mas/yr, the general-

ized Oort constants in kntskpc~! andV,. in kms™!, the
right—hand side of the equations for the proper motion must
be divided byk = 4.7405 (Eq. (1)). This remark applies to
the next section too.
pcosh = A cos2lcosh— C sin2lcosb — The non-linear equations taken in the fdrm[27-29 are con-
—  Acosbeos(2l — 26) 1) venient for dlscu35|qn§. Howevgr the Iea;t squares fit will
be performed on their linear equivalents with #)g as un-

A C K
= -5 sin 2/ sin 2b — 5 ©os 20 sin 2b — > sin 2b knowns.

which leads to the introduction of the generalized Oort constants
A, C, KorA, ¢, K withan obvious identification of terms, not
detailed in this derivation,

= —sinbeosb [Asin(2l - 2¢) + K] (22) " 4. The peculiar solar velocity

One sees from Eq$.(19)-(20) that only the combinati®ns— e consider the rectangular system of galactic coordinates

S.. andSpy — 52 can be determined with the components qf ; k with the origin at the observer. o, = (uo, Ve, we)
the proper motion. are the components of the solar motion with respect to the LSR
on this triad, the effect on the proper motion of the stars is given
3.4.2. Combination o8,., Sy by the reflex motion-v and yields by direct application of
Again from Eqs [(IB)E(14),
Vi, = —ugcoslcosb —vgsinlcosb — wgsinb  (30)
urcosb = =S, sinlsinb+ Sy, coslsinb i cosb = m(ug sinl — ve cosl) (31)
= A'sinbsin(l - ) (23) wp = m(ug coslsind + vgsinlsinb — wg cosb) (32)
pp = Srz coslcos2b+ Sg; sinicos2b wherer is the parallax of the star.
= A’ cos2bsin(l — ) (24)

5. Observation equations

.4.3. Combinati - . .
3.4.3. Combination ab,., wy, w: The model to be fitted to the observed proper motions com-

Directly from Egs.[(1I7) {{18) one writes, prises Eqs[{13)[(17) and(31) for the proper motion in galactic
) ) longitude and Eqs{14), {118) ardd{32) for the proper motion in
pucosb = —sinbwy cosl+wy sinl] +w. cosb galactic latitude. This can be written formally as,
_— I3 1 _ 3
= -B blanO.b(ll X) + BlCObb (25) i cosb = (S, W e, Ve, W) + € (33)
Hy = Wy SINL — wy COS
o = V(Ski, Wk, Ue, Vo, wWe) + € (34)
— B’ sin(l— ) (26 ( © Vo) wo)

where Sy, stands forS,.,, - - - andwy, for w,., wg, w,. The ran-
whereB is the Oort Constant linked to the rotational deformadom termse; ande, in Eq. [33){34) include the true random
tion of the local velocity field whileB” andy are related to a errors of the observed proper motion components and the con-
possible global in-plane rotation. tribution of the peculiar velocity of each star. The Hipparcos
positions and proper motions given in equatorial coordinates
are transformed in galactic coordinates and the full covariance
matrix is evaluated in the same system by using the ten correla-
For the sake of completeness the final equations for the siien coefficients available in the Hipparcos Catalogue. All the
tematic velocity field in the solar neighborhood are collectesiibsequent computations are performed in galactic coordinates.
below, including the radial velocity not used with the proper
motion data,

3.5. Final formulae with the physical parameters

5.1. Selection of the stars

pucosb = Acosbeos(2l — 2¢) + A’sinbcos(l — ) The present work rests mainly on the statistical combination of
+Bcosb — B’ sinbcos(l — x) (27) many stars sufficiently well distributed over galactic longitudes
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sensitive to the peculiar motion of the Sun. Catalogue as a function of the V magnitude and of the galactic latitude.
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3. One major risk is to create statistical bias just because of
the content of the Hipparcos Catalogue in which the sur-
vey is limited to the brightest stars, which on the average
are also the less distant. To limit this risk, the complete-

ness of the Hipparcos Catalogue has been investigated as a

RS AL S A function of the galactic latitude, magnitude and colors in a

much more detailed way than from the limited information

provided by the survey flag of the Catalogue. The Tycho

Catalogue is known to be roughly ninety percent complete

and latitudes, spectral classes and types. Each category retainedt V' = 10.5 and virtually complete for stars brighter than

for the analysis must be as homogeneous as possible to avoidd mag[(ESA, 1997). In the average the completeness of Hip-
risking to invalidate the conclusions. It is also highly desirable parcos is limited to stars brighter than 7 - 7.5 mag, thus well
to avoid any a priori statistical bias in the selection resulting within the overall completeness of Tycho. It was then pos-
from the content of the Hipparcos Catalogue. This has led to a sible to make a detailed map of the Hipparcos completeness
stringent selection of objects from the following criteria. in the different regions of the sky and as a function of the
magnitude and color, just by comparing to Tycho, at least

1. Only the single stars have been retained on the basis thatyp to v = 10.5. The overall dependence in galactic lati-
their astrometric solution is on the average of better qual- tyde and magnitude, irrespective of color is shown in[Big. 7.
ity than that of the double and multiple stars. Furthermore, |n this diagram the main feature reflects the definition of
the selection aCCOfding to the SpeCtral type or color index the survey in the Hipparcos programme. Then for the anal-
becomes rather meaningless for a multiple systems. ysis discussed in this paper, only stars belonging to a bin

2. The second criterion deals with the selection of stars lying of magnitude, color and galactic latitude with a complete-
in a certain range of distances. The effect of the solar motion ness |arger than 70 percent inthe Hipparcos Cata|ogue have
is in principle stronger on stars in the immediate vicinity of peen selected as suitable. At low galactic latitude this cor-
the Sun, since the reflex proper motion decreases linearly responds to a limit magnitude of 7.7, while fainter stars
with the parallax. On the other hand the systematic motion are progressively selected at higher galactic latitude. These
due to the galactic rotation reveals itself essentially on stars poundaries are slightly variable with the star colors, typ-
farther thans 500 pc, since a Oort constant of the order of jcally half magnitude fainter for early type stars and half
10 kms 'kpc™' gives rise to an angular displacement of magnitude brighter for the red stars. This procedure, while
2 maslyr at 1 kpc. But the peculiar velocities of the stars |eaving out many useful stars, is a safety net against selec-
being typically of 20 kms', this produces a significant  tjon biases that could have been incriminated just from the
noise in the data for stars closer than 00 pc. After several content of the Catalogue.
trials followed by a statistical analysis of the residuals, only. The stars in the solar neighborhood can be distributed into
stars with0.5 < = < 10 mas were retained, that is to say many groups in terms of their velocities, or more pre-
for distances in the range 0.1 to 2 kpc. One must add that cjsely according to the velocity dispersion found within each
for the smaller parallaxes this selection has Only a statistical group. In the disk popu|ation thisis |nt|mate|y connected to
meaning, since the typical uncertainty of each parallax is the spectral type: young and early type stars are less dis-
about 1 mas. Many stars with Hipparcos parallaxes between persed than late type dwarfs or giants. This implies that the
0.5 and 1 mas might be much farther than indicated or as typical¢; ande; in Egs. [33){34) change significantly with
close as few hundred parsecs. However on the average thethe category of stars. This leads naturally to divide the avail-
selection Corresponds to the limits qUOted without bias. able Samp|e of stars into small groups rather homogeneous

Fig. 6. Same as Fig. 5 for the late type giants.



F. Mignard: Local galactic kinematics from Hipparcos proper motions 529

Table 1.Data used in this paper One sees also, that as far as the parallaxes are concerned,
the populations from AO to FO, which are predominantly main
B-V Spect. No. %  Vicat Vinae sequence stars are nicely distributed to determine the effect of
type stars |b| <30 km/s  km/s the galactic rotation and the solar motion. The intermediate class
[0.00,0.15] AO-A5 3936 74 125 62 FO-F5 should not be trusted too much for the galactic rotation
[0.15,0.30] A5-F0 3163 57 15.0 70 for the lack of distant stars. The last three classes from KO to M5
[0.30,0.45] FO-F5 3098 37 17.1 75 comprise mostly old and kinematically evolved red giants and
[0.85,1.15] KO-K5 6246 35 21.0 88 provide a very good material to analyse the velocity dispersion
[1.15,1.40] K5-MO 3459 37 21.0 88 and the galactic rotation.

[1.40,1.60] MO-M5 2492 42 210 88

5.2. Weighting

in term of stellar evolution, and to solve the observatiorss mentioned earlier, the real random error required to weight

equations independently one group at a time. the observation equations is not scaled by the variance of the
5. This selection is not yet sufficient to ensure that all the stargserved:; cos b andy;, but by that ok; ande,, which depends

of a given spectral type and luminosity class share the sagiethe velocity dispersion within each stellar group. L.gt; be

kinematical properties. Stars with high velocities form aome measure of the dispersion velocity of a particular group

separate kinematic group, loosely connected to the galagfcstars, averaged over all directions. This velocity produces a

rotation of the disk, and should be excluded for the samplé&satter in the proper motion

In most papers similar to this work, stars with velocity larger Vscat T

than 65 kms! were discarded. The solution adopted heréscat ~ T

is more progressive and was obtained by successive itera- i ) . )

tions of the model to identify the real outliers from the taiyvhich is function of the distance. Atatypical distance of 500 pc

of the statistical distribution. Basically from the residual@nd for a dispersion velocity of 15 km's, this givesyicar ~

it was possible to adjust the weighting, that is to say ttfemas, much larger than the random error of the Hipparcos

true magnitude of the random termsande;, so that the Proper motions. Theref_ore_ the residual vglocmes of the stars is

unit weight variance was close to unity and then to discalae major source of noise in the observation equations and this

the high-velocity stars measured by the magnitude of tfféSt be taken care of in the weighting of the equations.
residuals properly weighted. Assuming an equal consequencegf,; on the dispersion

on each component of the proper motion (this will be dis-

Table[1 sums up the main features of each sample defir?é@seq i?] Sect.fo, see allso FeﬁSt i?a\éVhitelock, 1997, Sect. 4),
by the above selection criteria. The number of selected starénﬁ weighting of the equations should be:
each group appears in the third column while the percentage of 1

stars of low galactic latitude is given in the following column. AdVL = o2 42, (35)
expected most of the young stars which have no yet enough time H 1
to leave the spiral arms are found predominantly in the galaci¢, = (36)

2 2
plane. As we sample over older stars the percentage of stars Ty + Hscat

with [b| < 30° decreases to about 0.35-0.4, somewhat belg@spectively for the observation equations in proper motion in
the expected value for an isotropic distribution. The meaning I‘éhgitude and latitude. In general the Hipparcos term is negligi-
the last two columns, related to the velocity dispersion, will i§e compared to the term following from the dispersion velocity.
explained later in relation with the weighting. The groups ai&t R, andR, be the residuals of the least square fitting in each

unevenly populated, but none is depleted. direction. The unit weight variance,
The parallax distribution for each category, is shown in

Figs[BE® for the parallaxes between 0.5 to 10 mas, with t
abscissa referring to the beginning of a class. The vertical axi
is given in percentage of the population within each class. The
main feature visible in these plots is the progressive chargfeould be close to unity provided the weighting of the equations
of the average parallax with the spectral type: the early typmeproperly scaled. Using successive iterations it was possible to
dwarfs are on the average farther away than the intermedid&termine for each stellar group the valudff,. that ensures
type, while the the giants K are closer to the Sun than the M gftat the UWYV is close to unity. The values finally used ¥y,

ants. This reflects partly the true stellar population in the Galaaye given in Tabl&€l1 and range from 10 kit dor early type

and also a selection effect due to the content of the Hipparsoain sequence stars to 20 km'sfor K and M giants. Using
Catalogue which contains a small population of stars faintérese values to compute the typical random scatter of the proper
thanV = 10.5. The intermediate spectral types F5 to KO havaotion, it is then possible to filter out the outliers by discard-
been excluded as they would have given mixed populationsing all high-velocity stars with a tangential speed larger than
dwarfs and giants, with heterogeneous kinematical properti€g, .. = 25 + 3 Vicar. The constan2 kms~! accounts for the

s

V=3 (WiRi+ WyR}), (37)
k=1
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Table 2. Components of the Sun motion with respect to different stellar groups. Solution based on the sets of stars listed in Table 1

Sun velocity and speed (km'$) Apex(°)
Ue Ve We V@ la ba
A0 - A5 9.92+0.25 10.7H0.26 6.96+-0.21 16.17 47.2 255
A5 -FO 11.58+0.32 10.3A0.33 7.19-0.31 17.12 418 2438
FO-F5 11.46:0.37 11.16:0.37 7.02:0.41 17.47 442 23.7
KO - K5 7.99+0.35 14974036 7.39-0.40 1851 619 235
K5 - MO 8.72+£0.49 19.7H0.51 7.28:055 2275 66.1 187
MO-M5  7.37£0.61 20.29£0.63 6.85£0.66 22.65 70.0 17.6

Table 3. Components of the Sun motion with respect to different stellar groups for stargvith30°.

Sun velocity and speed (k) Apex(°)
Ue (%0 we V@ la ba
A0O-A5 10.37+0.28 11.56+0.29 7.03:-0.22 17.01 480 244
A5 -FO 11.36+0.41 10.30+0.43 7.36:£0.32 17.01 422 257
FO-F5 11.35:-0.61 10.80:0.62 7.30+0.48 17.28 43.6 25.0
KO - K5 9.88+0.58 14.19+0.64 7.76:0.47 1895 552 242
K5 - MO 8.63+£0.80 17.43t0.86 7.18:0.64 20.73 63.6 20.3
MO-M5  8.24+0.92 19.14:0.99 7.54t£0.74 2216 66.7 19.9

asymmetry of the distribution due to the solar motion and tlee [Yuan, 1983 for early and late type dwarfs. The agreement

galactic rotation. This threshold is given in the last column @ also satisfactory for the two other components. In their re-

Tabld1, and is less than 65 km'sfor early type stars and closecent studies with the Hipparcos cepheids Feast & Whitelock
to 90 kms™! for K and M giants. (1997) find7.6 + 0.6 kms™! equally consistent with our value

for the K-giants. Dehnen & Binney (1998) have restricted their

] ] investigation to early and late type dwarfs at moderate dis-

6. Results and discussion tance, precluding the determination of the galactic rotation. Us-

For each run on data summarised in Table 1 we have obtained g O0rt constants from Feast & Whitelock (1997) they find
components of the solar motion with respect to various stel@{g0 & constant upwaicis velocity with the stellar types with
groups, the generalized Oort constants presented in Sect. 3ad= 7-17 + 0.38 kms™". The radial component;, is much

the values of the dispersion velocity on the three directions 'Bre variable with a sharp transition between the velocity found
the triad of the galactic coordinates. with young disk objects withuie, ~ 10 — 11 kms™! and later

types withu, ~ 7—8kms~t. Most of the variations is found in
) the orthoradial component in the galactic plane withvarying
6.1. Results for the solar motion between 10 to 20 knTs with again two main groups: young

The components of the solar motion are given in Table 2 f8fars exhibit an average, component of the order of 10 to
all the stars in the specified spectral range and, in Table 3, #km s ' and late type, comprising mainly giants stars, moving
a subset limited to galactic latitude less than thirty degreesich faster with respect to the Sun with ~ 15 — 18 kms™*,
absolute value. Columns 2—4 give the components ofon ares_ultnotfundamentally new but well ascertained here on high
the rectangular axes of the galactic frame; the speed and @@lity data.
direction of the apex in galactic longitude and latitude are given A compilation of many different solutions based on all
in the last three columns. spectral types and classes is given[in Delhaye, 1965 and
One must first notice that, as expected, there is no big difhalas & Biney, 1981 and confirms the large variability of the
ference between the solutions restricted to stars lying in the Componentwith the sample (see Dehnen & Binney, 1998 for
galactic plane and all the stars up to a distance of 2 kpc. TRighorough discussion on the meaning and interpretation of this
is true for the hot and young stars which are found predoiY@riation and its relation with the velocity dispersion). From the
inantly at low galactic latitude (Tab@ 1) as well for the latefPM proper motion project, Evans, 1995 found for the three
population found also at higher latitude. The componest components of the_ solar motion_measured with red stars (7.3,
for the displacement towards the North Galactic Pole, is fairk3-9 8.8) kms*, with an uncertainty of 2 km's'. The present
constant with the spectral type and has a weighted averag germination is well within the expected error but has a much
e = 7.1+ 0.2 kms~! indicating that the Sun is moving up_better formal accuracy of about 0.2 to 0.5 kntsdepending
wards from the galactic plane, a result consistent with recéRginly on the sample size. Awork by Dubath et al., 1988 based
determinations by Comen et al., 1994 on stars from O to Agenly on the radial velocities of late type supergiants has yielded
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B 1/2
A B K A’ B’
o) {B — A} (0 X
AO-A5 115+0.8 9.6+21 -13.3-0.6 0.733 -0.9t24 53+12 106+13. 3.1+1.2 49+ 23.
A5-FO 14.3+1.3 0.2+2.8 -13.2+1.0 0.693 27433 55+1.6 -434+17. 57+16 -124+16.
FO-F5 18.9:2.0 4.9+3.0 -13.0+1.5 0.638 -1.6t4.3 9.6£2.0 -50+12. 9.6+2.0 -119+12.
KO-K5 134419 9.2+4.0 -10.9t15 0.669 -0.223.0 2.0+1.7 1124+47. 2.9+1.7 40+ 34.
K5-MO 16.44+2.1 13.9+36 -12.4+1.7 0.656 3132 41+19 -24+28. 13+20 -23487.
MO-M5 14.14+2.0 16.4+4.0 -10.9:1.6 0.660 4131 1.8+19 102+59. 15+1.9 -26474.

Table 5. The generalized Oort Constants and their uncertainties determined for the different sample$@rd 36f . The angles are in degrees

1

and the amplitudes in knTskpc™?.

B 1/2

n = !/ !

A ¢ B {B — A} K A P B X
AO - A5 10.94+0.8 7.6+2.2 -13.3t0.6 0.741 -0.5: 3.0 1.9+2.0 142+61. 2.6+2.0 -254 44,
A5 - FO 14.0+1.3 0.1+-2.8 -13.3-1.0 0.699 -1.346 146+3.1 -66+12. 13.8+3.1 -111+413.
FO-F5 19.4+£2.1 1.6+3.0 -12.1t+1.5 0.620 4.0:7.8 23.2£52 -694+13. 23.0&£5.2 -111418.
KO - K5 125423 15253 -100%41.7 0.682 -8.2-6.6 1.4+4.4 -774£190. 3.7+t4.4 -56.4 69.
K5-MO 20.6+2.7 16.1+3.7 -11.0+£2.0 0.590 9.H7.1 1.9+52 1664 143. 5.1+ 4.8 0.£53.
MO-M5 14.6+25 14.9+48 -11.7+1.9 0.667 -4.5-6.0 8.9+4.4 524+ 29. 6.3+4.3 140+ 39.

Table 6. Velocity dispersion parameters in the galactic fram&able[4 for all the stars and in Talilk 5 for objects with galac-
for various type of star, withr, = (v2)"/?/(u?)"? r, = ftic latitude less than thirty degrees. Recall that the IAU values
(w2 ) (u2)"2, areA = 15 kms 'kpc~! and B = —10 kms~'kpc™! , con-
sistent with the adoption oR; = 10 kpc and the rotation
velocity at the distancé,, O, = 250 kms~t. These val-

Dispersions (kms?)

<u2>1/2 <v2>1/2 <w2>1/2 . ues can be regarded as conventional with no pretense today of

hO-A5 17031021 11264034 7164036 066 042 being the truth. A weighted average of various measurements
i : : ' : : : : : iven by Mihalas & Biney, 1981 isl = 16 & 2 kms 'kpc™!

A5-F0O 19.81+0.25 13.39+0.39 8.07+£0.51 0.68 0.41 gndB X 111 + 3 km lek o1 while at the same tiﬁne he
FO-F5 22.5440.28 15.29+0.43 9.944+0.66 0.68 0.44 . N ’ P ..
KO-K5 30454027 20.51+042 16.04+054 067 053 Pointed outthatthese values should be regarded as provisional
K5-MO 3099 +0.39 22.44+056 17.21+0.71 0.72 056 bPecause the data upon which they rest are not yet of sufficient
MO-M5 32.21 +0.47 23.11+0.70 18.30+0.81 0.72 0.57 quality to yield definite values.

usp = 9.7+ 1.3 kms ! andvy = 13.0 + 1.1 kms™!, sig-

In Tables[4 {5 we havelso given the combination

1/2
b (38)

nificantly smaller than the determination of this paper for the g — 4
K.O - K5 sample. But our gample COmprises .m_amly ordlnara/s[ being particularly relevant for the epicyclic motion in the
giants rather than supergiants, which is sufficient to account - <. plane and the velocity dispersion (see Sect. 6.3 and Ta-
for the difference (see also Mihalas & Biney, 1981). (There % Lo

no information from the radial velocity o, for stars lying
primarily in the galactic plane.) Finally the result in Table
and[3 for A stars agrees closely with the basic solar moti
(9,11, 6) km s defined by Mihalas & Biney, 1981 with A and
K stars in the solar neighborhood.

€[8) and in addition should be more constant with the spectral
éype than the generalised Oort constants. From dynamical con-
Siderations, one expects this ratio to be of the order of 0.62 for
%nematically evolved stellar groups.

The parameten fluctuates significantly outside the formal
error bars from one category to another. A straight mean yields
A =~ 14.7 £ 1.0 kms tkpc~! when all galactic latitudes are
considered andl ~ 15.2 4 1.5 kms~'kpc~! when|b| < 30°.
However the more distant stars are better suited to build up the
systematic effect of the galactic rotation on the proper motion
The values derived for the generalized Oort constangsd, inthisrespect, the classes A0 - A5 and the giants have more

A, B, K, A, B', are given with their formal uncertainties inweight than the A5 to F5 (see Figd. b-6). From that, it is difficult

6.2. The Oort constants
6.2.1. The constar
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not to accept a systematic difference between the young stiéws,[Hanson, 1987 obtain8 = —13.91 & 0.92 km s~ 'kpc~!
lying in the disk, withA close to 11 kms'kpc~! and the giant for a fit over 60 000 faint stars (16th magnitude) with absolute
stars with a value larger of 14.5 kmpc~' each with an proper motions measured with respect to an extragalactic frame.
uncertainty of 1 kms'kpc!. Owing to the large number of stars, he investigated the galac-
Compared to recent determinations reviewed Hic rotation per zone of galactic latitude and found no signifi-
Kerr & Lynden-Bell, 1986 the latter value is comparableant change in the Oort constants with galactic latitude. In their
to the various measurements quoted in this paper whislork with the Hipparcos Cepheids Feast & Whitelock (1997)
average tol4.4 + 0.7 kms 'kpc~!. The recent work of find B = —12.3+0.6 kms 'kpc~! again compatible with the
Miyamoto & SOma, 1993a based on 30000 K-M giantabove results in particular with the solution for the K-giants.
from the 185 000 stars of the Astrographic Catalogue of The investigation of Miyamoto & &ma, 1993a on K—M gi-
Reference Stars, very similar in spirit to this investigatiomnts leads td3 = —8.5 4+ 0.6 kms tkpc~! , in disagreement
ends up withA ~ 12 — 13 + 0.6 kms *kpc~! according to with the above results for late type giants. On the other hand
the constraints set in the various runs. At the other extren@&menbn et al., 1994 with 1151 stars B6 - A0, have obtained
Comeon et al., 1994 have considered samples of O and B = —13.2 &+ 1.4 kms 'kpc™!. This and the present work
stars from the Hipparcos Input Catalogue and derived a Id@nd to support the idea that there is a systematic difference
value of A in the range 10 to 11.3 kntdkpc™! with an in the global differential velocity field between the early type
uncertainty close to 1 kntskpc~!. This also in agreement dwarfs and late type giants, which are known anyhow to belong
with[Hanson, 1987 who obtains = 11.34+1.06 kms 'kpc™! to separate kinematics groups.
from the faint stars of the Lick Northern Proper Motion Our determination o3 refers to the Hipparcos system of
program. However in their study of radial velocities of 27proper motions, which may have a systematic rotation relative
supergiants at distance as large as 3 kpc, Dubath et al., 188the extragalactic system. As stated in Sect. 2, the link has an
have obtainedd = 16 4+ 1.5 kms tkpc~! and even a larger overall uncertainty of 0.25 mas/yr or 1.2 kmikpc—! which
value when the investigation is restricted to local distancebould be added to the formal error of the least squares fitting for
d ~ 1 — 1.5 kpc. This high value was also obtained from thé and in fact dominates the latter. The formal error represents
proper motions of the FK4 stars by Fricke & Tsioumis, 197fhe uncertainty in the vorticity in the Hipparcos frame while
with A = 15.6 &+ 0.7 kms tkpc~!, but with a very small the combined uncertainty is a measure of our knowledge of the
sample of heterogeneous objects. The most recent investigatibeolute vorticity. The same remark applies in the determination
from a well selected set of Cepheids by Feast & Whiteloak w,. andwy below.
(1997) ended up witid = 14.8 + 0.9 kms 'kpc™?!, quite
S|m|lar.to the present spluuon for the giants. Because thebs.%& Combinations of Oort constants
Cepheids are rather faint, only a very small fraction of the
sample studied by Feast and Whitelock appears in our selecfldrere are two relevant combinations4andB: The difference
of giant stars. A—B = 0/Rs = Q(Rg) and the ratio of EqL(38). Averaging
between the dwarfs and the giants one fidds B = 25.1 +
0.8 kms~'kpc~! which gives with using?., = 8.5 4 0.2 kpc
(Kerr & Lynden-Bell, 1986 Feast & Whitelock, 1997) the ro-
Let us consider now the constaBtwhose value can only betational spee®., = 213+7kms™!, avalue much smallerthan
derived from the stellar proper motions, provided that the inghe IAU value of 250 kms?!, compatible with the 222 knTg
tiality of the frame to which these motions are referred is wadliven by Kerr & Lynden-Bell, 1986 or with the value derived by
ascertained in order to limit the systematic errors and make Méhalas & Biney, 1981 witt® ., = 245+40 kms~!. The deter-
interpretation of the result relatively straightforward. This is thaination ofQ2(R) averaged over different categories of stars
case with the Hipparcos proper motions which are completalgmes very close to the Feast and Whitelock vaN&) =
independent on the precessional constants unlike that of the ER® + 0.9 km s~ 'kpc~!) from the Hipparcos Cepheids.
and of all other derived stellar cataloguesin the visible. As stated Regarding the ratio of Eq._(B8), the individual values appear
in the introduction of this paper, the present determinatiof ofin Tables[4 {5 and show good consistency. Because this ratio is
should not be hampered by the coupling between the galaditi«ked to the velocity dispersion, itis particularly meaningful for
vorticity and the residual rotation left in the reference frame. evolved stars like thK - M giants and to a lesser extent the F -
Looking at the individual results in Tatdél -[5 onedoes G dwarfs, while it should not be considered for the earlier types.
not see significant difference between the runs carried dtiis point will be discussed in the next section. For these three
with all the stars or with the restriction to the vicinity ofclasses, the value is remarkably well defined.&62 + 0.004.
the galactic plane. There is again a variation with specti@he must note that despite marked variations in the individual
types and classes but hardly significant with this data, wittalues ofA and B between the two sets of runs, the velocity-

6.2.2. The constan®

B = —13.2 4+ 0.5 kms 'kpc™! for early types dwarfs and ellipsoid ratios are very similar for the corresponding spectral
B = —11.5+ 1 kms tkpc~! for distant giants. classes with or without limitations in galactic latitude and when
The review of|Kerr & Lynden-Bell, 1986 gives3 = it is expected to be well defined, it is found constant within

—12.040.7 kms~'kpc~!. In his work on the Lick Proper Mo- the different classes. This gives a certain confidence that the
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procedures followed in this study is not grossly flawed and ttien with the claim by Miyamoto & $ma, 1993b of a kinematic
set of values is meaningful for the Milky Way. galactic wrap for te O - Bstars.

The remaining parameters in Tablé -[§ are nodeter- As a conclusion of this section on the parameters of the
mined with the same level of significance and only the phas@®del, it can be said that in spite of the quality of the Hipparcos
¢ in the third column deserve attention. The phase is definitglyoper motions, it is not possible with data limited in distance
positive with the straight average2 + 1.5 ° which givesC' = to 2 pc to go much further than the Oort-Lindblad model of
A sin2¢ ~ 2.5+ 0.6 kms 'kpc~! very close to a preliminary an axisymmetric and plane parallel rotating Galaxy. One must
determination based on the harmonic analysis of the Hippar@&n say that this is already an extrapolation from the differ-
proper motions carried out by Mignard & Froessh996. ential flow determined with only two non-zero components of

Going back to the definition af’ in term of the derivatives the velocity strain tensor. In order to test the robustness of the
of the velocity field with Eqs[{d,-1B-22), this means that theolutions to these non-significant terms in the model, several
components,.,. andSyy are non-zero. This is connected to theuns were computed by constraining all the coefficiéfiisand
orientation of ther—axis of the galactic coordinate system i to be zero butS,.y = A, w, = B. No significant changes
Fig.[2 which is directed toward the galactic centre, while in fagtere observed in the results, which was in fact expected as a
there is no physical connection which guarantees that this ig@sult of the virtual absence of correlation between the various
fact the case. Eq$.(R[-122) show that by shifting the origin of tiparameters, except betwespn. and Syy with p = 0.85. But
galactic longitude by would makeC = 0, or S,.,. = Spp = 0. only their sum and difference are physically interesting and are
This can be stated in a slightly different way by considering thet correlated. In addition when only small galactic latitudes are
change of the components of the tenSounder a rotation of sampled, there is a non negligible correlatien{.7) between
angle¢ about thez—axis. If initially we haveS,., = Sgg = 0 Sp., w, and S,.., wy as is easily understood from the design

andsS,¢ # 0, we have in the new frame matrix whencos b ~ 1.

. A provisional conclusion of this section would be that given

Srg = Spgcos2¢ (39) the high quality of the proper motions available, the fact that the
S. = Spgsin2¢ (40) remaining uncertainty of the inertiality of the reference frame
Spp = —S,gsin 26 (41) is much smaller than the scatter of the parametgr$ with

the star sample, this is the very concept of Oort’s constant that

which provides another hint on the meaning of the phase off§&ould be questioned and thus that of the description of the
and casts light on thé' term. overall motion with the superposition of continuous flows.

The galactic frame was defined by a conventional transfor-
mation from the equatorial system, the inertial frame to whi
the Hipparcos Catalogue is referred, by the coordinates of
galactic pole and the longitude in the galactic plane of a fiducighe examination of the residuals after the fit, provides inter-
origin for the galactic longitude. It is then not very surprisingsting clues as to the statistical distribution of the components
that this purely geometric definition of the direction of the galaef the peculiar velocity of the stars. The peculiar velocity is
tic centre, does not provide the perfect centre of symmetry wilgsumed to follow a three dimensional gaussian distribution
respect to which the description of the galactic rotation woul@chwarzschild, 7907) with uncorrelated components, w
look simple. By shifting the fiducial centre by about 6 degreesn the triadi, j, k. With the exception of the very early type
the local velocity field would appear more symmetric with netars, this is known to be true, since the vertex of the dispersion
radial term §;. = 0) and no azimuthal dependance of the rae|lipsoid is within 10 to 20 degrees of the galactic center.
tation speeddVp /00 = 0). In other words, with the adopted  Hence, the distribution function is proportional to,
galactic frame, the rotation speed of the LSR is not perpendic-

ieThe velocity dispersion

ular to the direction of the Galactic centre but tilted by about : 1 %
6 degrees and the velocity field would appear more symmetric87? (u?) (v2) (w?)
with respect to the axes of the tilted frame. u2 v2 w?
The K term is also linked to the components., See P | 7572y ~ 2702) ~ 2 (w2) (42)

of S and more generally t& - V. However the derived val-

ues are far too uncertain to lead to a valuable interpretatiand the peculiar velocity : (u, v, w) of a star may be con-
for a subject as tricky as the local expansion or contracticgidered as a random vector whose probability function is given
In addition, as mentioned earlier without radial velocity onky Eq.[42). An observation in the direction of galactic coordi-
derivative (e.gS,.) remains unknown. The same conclusion isated, b is tied to the random velocity vector expressed on the
valid for A’ and B’ and their phases. What matters are in fatbcal triade,., e;, e, attached to the spherical coordinates

the termsA’ cos 1, A’ sin and similarlyB’ cos x, B’ siny, of the star atM by Eqgs[IL. If the proper motion components
which show nothing systematic with the spectral type, as cand the radial velocity were available one could solve [EGs. 11
be seen just from the scatter of the phasesBAss related to for v, = u, v, = vv, = w for all the residuals and study di-
w, andwy this implies that the only rotation component reallyectly the dispersionéu?) , (v?), (w?) from the moments of
significant is perpendicular to the galactic plane, in contradittte empirical distributions. With the limited information carried
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by the proper motion one only has the following two relatiorsndr, = 0.45 with a trend similar, but more conspicuous, to

between random variables, that found in this paper with the increasing star colour.
As already mentioned in relation to the unit weight vari-
k pycosb . . o
vy =————=—usinl + v cosl ance, the dispersion is much smaller for the early type stars of
k mfr ) o (43)  the disks than for the older objects of spectral type later than G,
Vo= =—u sinbcosl — v sinbsinl + w cosb although the transition is very gradual. This fact has been known

for long, and results for the repeated close approaches that lead
to a progressive growth of the dispersion as the number of in-
Ef] = (u?) sin?l + (v?) cos?l (44) teractions with stars or molecular clouds becomes larger with
9 o\ . 9 5 o\ . 9. .9 time. Younger stars are observed where they formed and retain
Elog] = (u”) sin®beos® L + (v°) sin® bsin®{ the kinematical properties of the interstellar medium from which
+ <w2> cos? b (45) they originated. Older objects have started to relax and are close
) to the equilibrium for their radial and vertical (perpendicular to
which can be_ solve_d by _Ieast squares for the componentstﬁ)é galactic plane) motions.
the velocity dispersion with the residuals of the least squares Thereis an interesting relationship between the components
fitting after the galactic rotation and the solar motion have begfthe velocity dispersion and the random scatter introduced in
removed from the proper motion signal. From the formal err@ect. 5.2 for the weighting with,.... In Table1 the scatter was

We have then with E[.] for the mathematical expectation,

T2y, - - One obtains determined by constraining the unit weight variance to be close
o to unity. As this was gltimately based on the average r_nagnityde
Tpury1/2 = % (46) of the residuals, this is closgly related to the velocity dispersion.
2 (u?) From Eqs[(45) one finds witfros? [) = (sin® 1) = 1/2,
Results appear in Tallé 6 for the same sampling as bef%?”lz} _ 1 (1+13) (u?) (48)
For all types we have the classical result that the dispersion is
larger in the radial direction than in the orthoradial and that the,2) — % (sin?b) (1 +12) + (cos® b) r3 | (u?) (49)

latter is systematically larger than the dispersion perpendicular
to the galactic plane. We have thus computed the ratios which depends weakly on the distribution of the stars with the
galactic latitude. For early type stars orbiting in the galactic disk,

r= ()2 ) ()" (sin?b) ~ 0 and
and Elvp] ~ 73 (u®).
ro = <w2>1/2/<u2>1/2_ On the opposite, for a uniform distribution on the celestial

_ sphere(sin®b) = 1/3 and{cos?b) = 2/3. So we can state
and found that, except for very young starsandr; are fairly \ithout big error withr, ~ 0.7 andrs ~ 0.5 that
constant withr; =~ 0.65 to 0.75 and more important for the

dynamics of the Galaxy, ~ 0.45 to 0.55. r1 is also related E[vf] ~ 0.7 (u®)

to the Oort constants through the expression established fgy

example in Binney & Tremaine, 1987 fromthe epicyclic theory,
P ; Y e ﬁ[vg] ~0.25 (u?),

r? = {v?) __B (47) for stars of low galactic latitude and

(u?)  B—-A’

_ o _ Efv7] &~ 0.42 (u?),
Various determinations have led to the conclusion that
this ratio is close to 0.40, or 0.63 for its square rodt/hen the distribution in galaCtiC latitude is more uniform. Tak-
(Kerr & Lynden-Bell, 1986). This ratio in terms of the Oort coning the square root an(ju2>1/2 from Table[6 one gets for
stants is discussed in the previous section and the determinatiQp, and for each spectral type values comparable to those
is given in TableEl4=]5. There is a significant difference betweenTable[1 used for the weighting. To illustrate this point, the
the ratio of the velocity dispersion, close to 0.72 for the dynameatters in Fid.J8 for the A5 - FO selection are respectively
ically relaxed red giants, and the ratio computed with the Odir6.7 kms! and 9.9 kms! in longitude and latitude, while
constants4, and B which is of the order of 0.66. It is trouble-1/0.7 (u2) = 16.5 kms™! and \/0.25 (u?) = 9.9 kms!.
some that the agreement is better for the main sequence sfaos,the red giants with a sample dhmore uniform one finds
except the very early types, which are not supposed to be iR/@.7 (u?) = 25.5 kms™! and/0.42 (u?) = 19.7 kms™ !,
steady dynamical state and for which one would not be surprisetile the observed dispersions in Hi§. 8 (robust estimation) are
to find a difference between the two approaches. A discussiaspectively 25.3 kms! and 19.8 kms! . Following this argu-
by|Gilmore et al., 1989 indicates also a variation with the metahent it would be sensible to weight the observation equations
licity of the stars withr; between 0.59 to 0.78 which deserves y; cos b and,;, with different weights. Trials on limited cases
more attention. With their well selected sample 000 main have shown that this does not change the results presented in
sequence stars Dehnen & Binney (1998) arrive;at= 0.63 the previous sections and this refinement was not implemented.
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Fig. 8. Distribution of the residuals in velocity in longitude (left) and latitude (right) for a typical run with stars A5 - FO in the upper panel and

KO - K5 in the lower panel. The run has been done by downweighting the high-velocity stars, so that they do not enter the least-squares fitting,
but can be included in the residuals. As expected from the anisotropy of the velocity distribution, the dispersion is less pronounced in latitude
than in longitude. The population of rejected stars appear in the tails. Stars with velocities larger than 7Q&B-sF0) or 88 kms* (KO -

K5) are not included in the least squares fit.

8. Conclusion parallaxes. The axes of the velocity ellipsoid for most spectral

Hg)es are assessed with an accuracy of 0.2 to 0.5®ms
However the scatter of the results with the stellar sample,

ger than what can be expected from the uncertainty in the data,

The quality and homogeneity of the Hipparcos proper motio
and parallaxes have allowed to investigate globally the velocitg}/r

field of the stars in the solar neighborhood within 2 kpc as a L _
calls strongly for a reexamination of the concept of laminar flow

latitude. For each aroun the madanitude cutoff was determinﬂ%describe the overall galactic rotation. This becomes all the
' group 9 . o .more important because of the prospect of a much larger kine-
from the completeness of the sample to avoid statistical bi

The velocity field has been modeled with a superposition g tical mapping of Fhe Galaxy with the approved or planned
. ! ) ) astrometry mission like FAME or GAIA.
three independent kinematical factors:
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