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ABSTRACT

Statistical parallax technique is applied to classical
Cepheids with pulsation periods greater than 9 days (this
sample is expected to be almost free of first overtone
pulsators). The sample includes 101 Cepheids with ra-
dial velocities, 99 Cepheids with proper motions (mostly
from Hipparcos and Tycho-2) and 91 Cepheids with
space velocities. Their heliocentric distances, calcu-
lated with Berdnikov et al. (1996) multi-colour ‘period—
luminosity” relation (PL relation), do not exceed 6 kpc.
Two approaches have been used: (1) The compari-
son of first derivatives of angular velocity law for the
Galactic disc, calculated separately from radial veloci-
ties and proper motions; (2) The maximum likelihood
estimation of all kinematical parameters (including the
distance scale parameter) for three-dimensional veloc-
ity field. The first (robust) version of the statistical
parallax method requires small (approximately 5%) re-
duction of distances, whereas the second version re-
quires small (about the same 5%) expansion of all dis-
tances, both with large errors (15% and 10% respec-
tively). We can conclude, that pre-Hipparcos Cepheids
distances do not require an appreciable revision and are
in general agreement with the short distance scale, with
LMC distance modulus DM ¢ < 18.4. The kinemat-
ical parameters, calculated from space velocities of 91
Cepheids, are: [Ug, Vo, Wo] = (-8, —12, —6)+1 kms~1,
[0VR,oVe,0Vz] = (15,10,11)+0.8 km s~!, angular
velocity €y = (26.541.2) km s~ kpc~! and its first
derivative €, = (—4.45+0.3) km s~ kpc~2.

The thick-disc and halo local populations of Galactic
field RR Lyrae stars are analyzed by applying a bimodal
version of the statistical parallax (maximum-likelihood)
technique to a sample of 361 RR Lyraes with known
periods, radial-velocities, metallicities, 2MASS K-band
photometry, and absolute proper motions on the ICRS
system.  We inferred the following parameters: the
thick-disc star fraction fq;sc = 0.3140.03, the velocity-
distribution parameters [Up, Vo, Wolhalo = (—1445;
—23948; —16:|:4) km Sfl, [UVR7O'V'9,UVZ}ha10 =
(172+9; 8245; 87+5) km s=t and [Uy, Vo, Woldise =
(—1445; —52+5; —164-4) km s, [0V, 0V, 0 VZ]dise
= (5645; 4444; 35+4) km s~! and the infrared PL
relation < Mg >= —2.33 xlog Pr—0.94 (£ 0.06).
A bimodal version of the 2D maximum-likelihood tech-
nique (without radial velocities) applied to a sample of

1204 bona fide type ab and ¢ RR Lyraes with known
periods, 2MASS K-band photometry, UCAC2 absolute
proper motions, and heliocentric distances inferred us-
ing the above PL relation yielded the following re-
sults: faise = 0.42+0.02; [Ug, Vo, Wolhalo = (—2445;
—25547; —12:|:3) km Sfl, [JVR,UVQ,JVZ]halo =
(189+8; 76+6; 114+8) km s~ and [Uy, Vo, Woldise =
(—2445; —52+6; —124+4) km s, [0V, 0V, 0 VZ]dise
= (4846; 4845; 224+4) km s—1. Our zero point for the
infrared PL relation for RR Lyrae variables implies a so-
lar Galactocentric distance of Ry = 8.0£0.4 kpc and an
LMC distance modulus of DM, ;o = 18.324-0.08.
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1. CEPHEIDS

The Cepheid distance scale still remains one of the most
critical points in modern astronomy. Even Hipparcos
trigonometrical parallaxes couldn’t definitely terminate
the wide discussion spread in the astronomical literature,
because of large parallax errors for bulk Cepheids from
the Hipparcos sample. However, good multi-colour pho-
tometry, precise radial velocities and reliable absolute
proper motions of more than 270 classical Cepheids en-
couraged us to find another way to improve their distance
scale. For the first time the statistical parallax technique
was applied to disc stars, characterized by small pecu-
liar velocities, in the paper of Rastorguev et al. (1999).
From the analysis of statistical parallaxes of short-period
Cepheids (with P, < 9 days) they suspected that this
sample may be greatly contaminated by Cepheids pul-
sating in the first overtone but not in fundamental tone,
while their distances have been calculated by Berdnikov
et al. (1996) from the ‘period—luminosity’ relation (PL
relation) derived for fundamental tone Cepheids. It can
be easily shown, that the adopted distances of these ‘dis-
tinguished’ Cepheids should be multiplied by a factor of
1.35. A perceptible fraction of these first-overtone pul-
sators could in principle explain lower values of the sta-
tistical parallaxes of the short-periodic group.

Fortunately, the long-periodic sample of classical
Cepheids, as it follows from OGLE data for the LMC
and SMC (Udalski et al. 1999), apparently does not in-
clude first-overtone pulsators. Our preliminary calcu-
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lations, performed in 1999 for Galactic Cepheids with
P15 > 9 days, generally confirmed their photometric dis-
tances.

To calculate the statistical parallaxes and, at the same
time, the whole set of kinematical parameters of the sam-
ple, we have used rigorous maximum-likelihood algo-
rithm, suggested by Murray (1983, pp. 297-302) (see
also Hawley et al. 1986). This algorithm was adapted
also for one-dimensional and two-dimensional velocity
fields, but, obviously, without the possibility of calcu-
lating a correction factor to the distance scale. So, we
have analyzed the distance scale problem in two differ-
ent ways. First, by the ‘robust’ statistical parallax ver-
sion. We compared the values of the first derivatives of
the angular velocity Qg, calculated separately from radial
velocities and proper motions (1D and 2D velocity fields

respectively). It is well known that their ratio, Qg(lD) to

QE)(ZD), is nearly equal to the factor of the distance scale.
Second, we have calculated all kinematical parameters
(including scale factor) for 3-dimensional (3D) velocity
field. We have used Berdnikov et al. (1996) distances of
all Cepheids as a first approximation.

Let us define the residual space velocity of a star as a
difference between its observable space velocity and as-
sumed velocity in a differentially rotating Galaxy. The
three-dimensional distribution function for residual ve-
locity column vector v can be written as:

1
prob(v) = (2r)~%/2|M|~1/2 eXp{—§VTM_1V} (1)

where M is the covariance tensor including the effects
of velocity dispersion, errors in the observed proper mo-
tions and radial velocities, and errors in stellar distances.
The likelihood function, which can be calculated as a
product of prob(v) to all stars, finally depends on three
components of the relative bulk motion of the objects
(Uo, Vo, Wy) with respect to the Sun; three diagonal
components of velocity ellipsoid (¢ Vg, oVy, cVz) of the
sample; angular velocity of the galactic rotation €2y and
its derivatives Q, Q, ..., etc; the distance scale correc-
tion factor (or absolute magnitude correction A My ). We
thus have a total of ten or more (depending on the order
of series expansion of Q(R)) unknown parameters to be
determined by maximizing the likelihood function L or
minimizing -In L.

For 1-dimensional and 2-dimensional velocity fields, i.e.,
for radial velocities and proper motions, this algorithm
requires a simple and obvious modification.

We have not considered the distance to the Galactic cen-
ter Ry as a unknown parameter, because it correlates
strongly with the distance scale factor; we use the value
Ry = 8 kpc instead.

Radial velocities of Cepheids have been measured by
several authors, including our numerous observations of
106 northern Cepheids, and are very accurate. Absolute
proper motions have been taken mostly from the Hippar-
cos and Tycho-2 (Hog et al. 2000) catalogues and are
given in the ICRS reference system. Assumed distances
of Cepheids were calculated with the multi-colour PL re-
lation of Berdnikov et al. (1996) based on Cepheids —

members of well studied open clusters. We included in
the sample all Cepheids with P, > 9 days and heliocen-
tric distances less than 6 kpc. As a result, our sample con-
sists of 101 Cepheids with radial velocities, 99 Cepheids
with proper motions and 91 Cepheids with space veloci-
ties.

Calculated values of the scale factor are listed in Table 1
for various versions, differing in the order of expansion
of Q(R), interval of ry.; and subsamples used 1D, 2D
and 3D velocity fields. It can be seen that all scale fac-
tors do not differ from unit value within the error interval.
We can conclude that the distance scale for long-period
Galactic Cepheids does not require an appreciable revi-
sion and is in general agreement with the short distance
scale, where LMC distance modulus DM, < 18.4™,

Kinematical parameters, calculated from space velocities
of 91 Cepheids:

[Uo, Vo, W] = (=8, —12, —6) + 1kms™*
[0V, oVy, oVz] = (15, 10, 11) + 0.8 kms "
Qo =(26.5 + 1.2) kms™ ' kpc™!

Oy = (—4.45 + 0.3) km s~ kpe 2

Table 1. Scale factors, calculated from 1D, 2D and 3D
velocity fields of long-period Cepheids (101, 99 and 91
stars with re; < 6 kpc respectively).

Model of the Scale M, expansion
velocity field  factor  order of 2(R)

1D/2D 0.95 3
4+ 0.15
3D 1.04 3
+0.14
3D 1.05 2
+0.10
3D 1.06 1
(rpet < 3kpc) +0.16
3D 1.01 1

(rpel < 2kpc) +0.18

2. RRLYRAE VARIABLES

The population of RR Lyraes in our Galaxy kinemat-
ically breaks conspicuously into two sub-classes: halo
and thick-disc stars (Layden 1995; Layden et al. 1996).
The authors of the statistical-parallax analyses addressed
this issue by a priori partitioning the RR Lyrae sample
into the halo and thick-disc subsamples using criteria that
were based mostly on metallicity: at first approximation,
the two sub-populations can be separated by the metal-
licity value [Fe/H] = —1.0 with most of the more metal-
deficient stars behaving as halo objects and most of more
metal-rich stars, as thick-disc objects. However, Beers &
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Table 2. Kinematical parameters and K-band absolute-magnitude correction of Galactic field RR Lyrae variables based

on the bimodal solution (361 stars with r,¢; < 6.5 kpc).

Population  Fraction Uy Vo Woy oVg oVy oW AMpy
kms—!
Halo 0.70 -8 -240 -2 172 83 86
+003 +10 +8 +£6 +9 £5 &£5
-0.07 £ 0.07
Disc 0.30 -18 50 -24 56 44 32
+£003 +6 +5 =+4 +6 +4 +4

Table 3. Kinematical parameters and K-band absolute-magnitude correction of Galactic field RR Lyrae variables based
on the bimodal solution with Uy (Disc) = Uy(Halo) and Wy(Disc) = W (Halo) (361 stars with r,e < 6.5 kpc).

Population  Fraction Uy Voo Wo oVr dVy oVy AMy
km/s
Halo 069 -—-14 -239 -16 172 82 87
+003 +5 +8 +4 +9 +5 +5
—0.06 +0.06
Disc 031 -14 -52 -16 54 44 35
+003 +£5 +5 +4 £5 +£4 44

Sommer-Larsen (1995) showed that the thick-disc pop-
ulation actually extends toward rather low metallicities
overlapping broadly with the halo population. Here we
for the first time perform a bimodal statistical-parallax
analysis to obtain simultaneously the kinematical param-
eters of the two sub-populations, the fraction of thick-disc
stars, and the zero point of the log Pr — < My > rela-
tion for RR Lyrae type stars (P means the fundamental-
tone pulsation period). We also infer the kinematical pa-
rameters of the two populations by applying the bimodal
maximum-likelihood technique to a more extensive sam-
ple of RRab and RRc type variables with known periods,
UCAC?2 proper motions, and 2MASS K-band magnitudes
(but without radial velocities) adopting the distance-scale
zero point inferred from the 3D analysis.

We generalize the above cited maximum-likelihood ver-
sion of the statistical-parallax method to the case of a bi-
modal three-dimensional velocity distribution:
prob(v) = a x prob(r1) + (1 — a) x prob(r2) (2)
where « and 1-« are the star fractions of the first and

second subsamples, and indexes i = 1,2 denote two pop-
ulations.

In our analysis, we use two samples of RR Lyrae type
variables. One is based on the list of 388 Galactic field
RR Lyrae type variables, which Beers et al. (2000) in-
cluded in their revised catalogue of 2106 Galactic stars
selected without kinematic bias and with available radial
velocities, distance estimates, and metal abundances in
the range —4.0 < [Fe/H] < 0.0. We used this catalogue
as the source of radial velocities, metallicities, and V-

band interstellar extinction for the RR Lyrae type vari-
ables considered. We computed the K-band interstellar
extinction, A, as

AK =0.114 x 3.1 x EB,V = 0.353 x EBfV (3)
in accordance with the reddening law by Cardelli et al.
(1989). We adopted the periods and pulsation modes
from the General Catalog of Variable Stars (Kholopov et
al. 1985). We fundamentalized the periods P for first-
overtone pulsators (RRc type variables) using the relation
log Pr = log P+0.127 (see Frolov & Samus’ 1998).

The second sample, which we used for the proper-motion
based (2D) kinematical analysis, consists of 1204 bona
fide RRab and RRc type variables cross-identified with
UCAC?2 astrometric catalog (Zacharias et al. 2004) lo-
cated within 6 kpc of the Sun with average per component
proper-motion errors not exceeding 7 mas yr—!. Interstel-
lar extinction is determined using subroutine EXTINCT
by Hakkila et al. (1997). We adopted the mean K-band
magnitudes from a single source — the 2MASS All-Sky
Catalog of Point Sources (Cutri et al. 2003).

Our primary source of proper motions was UCAC?2
(Zacharias et al. 2004). Where possible, for the stars ab-
sent in the UCAC2 we used the proper motions given by
the Hipparcos and Tycho-2 (Hog et al. 2000) catalogues,
which are also on the ICRS frame. For the 2D kinemat-
ical analysis we used the proper motions adopted from
UCAC?2 astrometric catalog exclusively.

To determine adopted distances to the RR Lyrae stars of
our sample, we used the infrared PL relation by Jones
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Table 4. Kinematical parameters of Galactic field RR Lyrae variables based on the bimodal solution with Uy (Disc)

Up(Halo) and Wy (Disc) = Wy (Halo) (1204 stars with 7., < 6.0 kpc and /(o (pa)? + (115)2)/2 < 7 mas yr—1).

Population  Fraction  Uj Vo Wo oVg oVy oVy
kms—1!

Halo 058 -24 -255 -12 189 76 114

+002 +5 £7 +3 +8 +6 +38

Disc 042 -24 52 -12 48 48 22

+002 +5 +6 44 +6 +£5 +4

et al. (1992) based on the application of Baade-Wesselink
method to field RR Lyrae stars:

< MK(Jones) >= —2.33 X log Pr —0.88 (4)

We use statistical-parallax analysis to determine, among
other parameters, the correction AM to the zero point of
the above relation so that

< MK(true) >=< MK(Jones) > +AM (5)

Our independently derived zero point of the infrared PL
relation for RR Lyr stars is 0.06™ brighter than that
inferred by Jones et al. (1992). We thus upscale to
Ry = 8.0 &+ 0.4 kpc the solar Galactocentric distance of
Ry = 7.8 + 0.4 kpc estimated by Carney et al. (1995)
based on the IR photometry of 58 Galactic-bulge RR
Lyraes and the PL relation of Jones et al. (1992). Note
that this result implies that the proper motion of the Sun
as seen from the Galactic Centre — it is equal to the proper
motion of the Galactic Centre as seen from the Sun —
is equal to (|Vo|/(Ro - 4.740) =6.30+0.34 mas yr—1,
which is consistent with the new determination of the
proper motion of Sgr A* by Reid & Brunthaler (2004):
6.379 + 0.024 mas yr—!.

When applied to the K -band photometry for RR Lyrae
type variables in Reticulum (Dall’Ora et al. 2004) the PL
relation of Carney et al. (1995) with our zero point yields
a distance modulus of 18.24 + 0.07 for this cluster, which
is purportedly associated with the LMC. The K;-band
photometry of RR Lyrae type stars in the inner regions of
the LMC (Borissova et al. 2004) yields a distance modu-
lus of 18.40 4 0.07. The two data sets combined corrobo-
rate the short distance scale with DM, =18.324-0.08.
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