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Abstract—We have obtained a solution of the Ogorodnikov–Milne stellar-kinematics equations based on
the material of the entire Gaia EDR3 star catalogue containing 1.8 billion objects. In view of the insufficient
accuracy of individual trigonometric parallaxes, we have also obtained an analogous solution based on
a sub-catalogue of selected 98 million stars for which the parallaxes are known with an accuracy better
than 10%. We have performed a detailed analysis of these solutions as a function of stellar magnitude and
distance.
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INTRODUCTION

The Gaia spacecraft continues its in-orbit op-
eration; the final catalogue is planned to be pub-
lished in the first half of 2022 (ESA, Gaia). Pre-
liminary Data Release catalogues have already been
published: DR1 and DR2. On December 3, 2020, the
Gaia Early Data Release 3 (Gaia EDR3), an “early
release of the final catalogue” (Gaia, EDR3), was
published. The technique for its construction and
details are presented in Gaia Collaboration (2021).
Such a number of papers that it is impossible to give
even briefly their names alone are devoted to these
data.

The quality of individual parallaxes in Gaia EDR3
is still very far from the predicted one (more on this
below). Therefore, we carried out a series of standard
studies that had already been applied (Vityazev et al.
2017) to extensive catalogue of stars, such as NO-
MAD (Zacharias et al. 2004) containing 1.1 billion
objects or PPMXL (Roeser et al. 2010) containing
910 million stars. These studies include the acqui-
sition of various statistical data, a standard stellar-
kinematics analysis, and an analysis using spherical
harmonics (Vityazev and Tsvetkov 2014).

CATALOGUE ORGANIZATION

The input data of the EDR3 catalogue are ac-
cessible at the official Gaia site in the form of 3386
compressed files with a volume ∼200 MB each. After
decompression, the file volume approximately dou-
bles and is 400–450 MB. Thus, the total volume of
the data being downloaded is ∼670 GB, while the
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decompressed data require storage with a volume
∼1.5 TB. The format of the files, CSV, is the text
one, the entry fields for each star are separated by a
comma. If some data are lacking (and this happens
often), two commas follow in a row. Such an input
data format is easily maintained by the FORTRAN
language (Barteniev 2000).

Each row contains information 99 fields for one
star. A detailed description of each field is given in
Gaia (Chapter 13). The fields can be divided into the
following categories:

• identifiers;

• astrometric parameters: the coordinates, proper
motions, parallaxes, and their errors;

• correlations between parameters;

• the number and quality of astrometric observa-
tions (the largest group);

• photometry in three bands;

• radial velocities (from DR2);

• Galactic and ecliptic coordinates.

THE ACCURACY OF PARALLAXES

Highly accurate individual stellar parallaxes are
the most important planned Gaia result. At present,
the declared accuracy (0.01 mas) has not yet been
achieved for most stars (Brown et al. 2021). There are
data on the parallaxes in EDR3 for 1 467 744 818 stars,
while 343 964 953 stars do not have these data. An
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analysis of the parallaxes showed that there is a large
fraction of stars for which the errors are tenths of mas
or more. Only 500 million stars, i.e., approximately
a third of the stars with data on the parallaxes, have
an accuracy better than 0.2 mas. As a result, only
520 million stars have a relative parallax accuracy
better than 50% and only 98 million stars have an
accuracy better than 10%; 283 million stars have
even negative parallaxes (which contradicts the ge-
ometrical meaning of the parallax). In this case,
as a more detailed analysis shows, these parallaxes
do not necessarily have large rms errors. This fact
demonstrates that the work on the Gaia parallaxes
requires a considerable effort and the establishment
of an accurate parallax zero point.

Thus, the individual parallaxes should be used with
great caution, although statistically, for large groups
of stars, the averaged parallaxes give quite reliable
results.

THE ACCURACY OF PROPER MOTIONS

All 1 811 709 771 stars, without exception, have
data on the proper motions. The accuracies given in
the catalogue have not yet achieved the planned ones
in terms of random errors. Only 213 million stars and
406 million stars have a total proper motion accu-
racy better than 0.1 and 0.2 mas yr−1, respectively.
However, the relative accuracy of the proper motions
is much better that that of the parallaxes, because
the proper motions themselves are greater than the
parallactic shifts. The total proper motion lies within
the ranges from 2 and 8 mas yr−1 and from 0 to
10 mas yr−1 for 77 and 93% of the stars, respectively.
Thus, almost half of the stars in the catalogue have
a relative proper motion accuracy better than 10%.
Such a high accuracy makes it possible to carry out
any stellar-kinematics studies based on the analysis
of stellar proper motions.

PHOTOMETRIC DATA

Gaia uses its own photometric system (Monte-
griffo et al. 2020). The “blue” component GBP spans
the range from the near ultraviolet to the red; the “red”
component GRP spans the range from the red to the
infrared. This system differs from the UBV scale not
only by different boundaries of the photometric bands,
but also by their widths. The relationship of the Gaia
photometric scale to other photometric systems will
be established later (Riello et al. 2021).

The G magnitudes are available for almost all stars
(absent only for 5 million stars), whereas GBP and
GRP photometry is available for slightly more than
1.5 billion stars (absent for 270 million stars).

The catalogue gives the measured photon fluxes
in three bands and their errors, while there are no
errors of the magnitudes themselves, because the
magnitudes are related nonlinearly to the measured
flux (Gaia, Chapter 13).

KINEMATIC ANALYSIS OF STELLAR
PROPER MOTIONS FROM THE FULL

CATALOGUE WITHOUT USING INDIVIDUAL
DISTANCES

The Gaia catalogue gives only the equatorial stel-
lar proper motions μα cos δ and μδ. It is nor difficult to
convert them to the Galactic μl cos b and μb that will
be used in our studies.

As the main model we use the widely known
Ogorodnikov–Milne model (Ogorodnikov 1965); a
detailed form of the equations for this model is also
presented in du Mont (1977) and Rybka (2004). In
the model the stellar velocity field is represented by a
linear expression:

V = V0 +Ω× r+M+ × r, (1)

where V is the stellar velocity, V0 is the influence
of the translational solar motion, Ω is the angular
velocity of rigid-body rotation of the stellar system,
and M+ is the symmetric deformation tensor of the
velocity field.

The model contains only 12 parameters. However,
not all of them can be independently determined from
the proper motions, and not all the parameters enter
into the equations for the radial velocities:

[U, V,W ] are the components of the Sun’s trans-
lational velocity vector V0 relative to the stars;

[ω1, ω2, ω3] are the components of the angular ve-
locity vector Ω;

[M+
11,M

+
22,M

+
33] are the parameters of the defor-

mation tensor describing the contraction/extension
along the principal axes of the Galactic coordinate
system;

[M+
12,M

+
13,M

+
23] are the parameters of the tensor

M+ describing the velocity field deformation in the
principal plane and two planes perpendicular to it.

Projecting Eq. (1) onto the unit vectors of the
Galactic coordinate system, for the proper motions
we have

kμl cos b = U/r sin l − V/r cos l (2)

− ω1 sin b cos l − ω2 sin b sin l + ω3 cos b

+M+
12 cos b cos 2l −M+

13 sin b sin l

+M+
23 sin b cos l −

1

2
M+

11 cos b sin 2l

+
1

2
M+

22 cos b sin 2l,
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Table 1. The components of the solar velocity and the angular velocity of rigid-body rotation, in km s−1 kpc−1, derived
from the simultaneous solution for stars with various G magnitudes

G U/〈r〉 V/〈r〉 W/〈r〉 ω1 ω2 ω3

3 158.1± 44.5 294.2± 45.4 159.4± 42.5 45.6± 45.2 19.4± 45.7 −26.4± 42.3

4 184.9± 31.3 209.2± 32.0 128.1± 29.3 −59.5± 32.2 25.8± 32.6 3.6± 29.3

5 116.5± 10.6 181.0± 10.7 71.5± 9.9 −13.1± 10.8 13.2± 10.9 −21.1± 9.8

6 75.0± 4.9 132.3± 5.0 50.7± 4.5 6.1± 5.0 8.2± 5.1 −15.6± 4.5

7 59.6± 1.9 111.2± 1.9 38.4± 1.8 1.9± 1.9 −7.5± 2.0 −12.2± 1.8

8 44.8± 1.0 91.3± 1.0 30.4± 1.0 0.6± 1.0 −4.9± 1.0 −11.4± 1.0

9 35.0± 0.6 77.7± 0.6 25.2± 0.6 1.5± 0.6 −4.4± 0.6 −10.7± 0.6

10 30.1± 0.3 67.1± 0.3 19.5± 0.3 0.6± 0.3 −2.8± 0.3 −11.6± 0.3

11 24.9± 0.2 58.8± 0.2 15.9± 0.2 0.8± 0.2 −2.4± 0.2 −11.8± 0.2

12 20.6± 0.1 51.6± 0.1 13.1± 0.1 0.2± 0.1 −2.0± 0.1 −11.9± 0.1

13 17.3± 0.1 46.3± 0.1 10.7± 0.1 0.3± 0.1 −1.1± 0.1 −12.4± 0.1

14 14.9± 0.1 42.5± 0.1 8.8 ± 0.1 0.4± 0.1 −0.9± 0.1 −12.8± 0.1

15 12.7± 0.1 39.8± 0.1 7.3 ± 0.1 0.5± 0.1 −0.7± 0.1 −12.9± 0.1

16 10.9± 0.1 38.1± 0.1 6.3 ± 0.1 0.6± 0.1 −0.7± 0.1 −12.6± 0.1

17 9.63± 0.05 36.95± 0.05 5.51± 0.05 0.62± 0.05 −0.70± 0.05 −12.29± 0.05

18 8.37± 0.04 35.48± 0.04 4.92± 0.04 0.38± 0.04 −0.57± 0.04 −12.08± 0.04

19 7.15± 0.04 33.19± 0.04 4.36± 0.04 0.25± 0.04 −0.46± 0.04 −11.93± 0.04

20 6.48± 0.03 31.69± 0.03 4.15± 0.03 0.33± 0.03 −0.51± 0.03 −11.80± 0.03

Table 2. The components of the deformation tensor, in km s−1 kpc−1, derived from the simultaneous solution for stars
with various G magnitudes

G M+
12 M+

13 M+
23 M∗

11 X

3 −36.1± 55.2 18.3± 58.1 −126.9± 57.1 192.9± 110.8 1.1± 103.8

4 −1.8± 37.8 4.1± 41.5 28.3± 39.6 −127.3± 78.5 37.2± 74.8

5 15.1± 13.0 9.3± 13.7 2.1± 13.5 6.9 ± 25.9 −39.9± 25.1

6 25.2± 6.0 17.1± 6.4 −5.0± 6.3 1.3 ± 11.9 8.9± 11.6

7 14.6± 2.3 −3.3± 2.5 −3.4± 2.4 2.8 ± 4.6 −7.0± 4.4

8 15.2± 1.3 −2.3± 1.3 −2.9± 1.3 −3.0± 2.5 −2.1± 2.3

9 15.6± 0.8 −1.9± 0.8 −1.9± 0.8 −1.2± 1.6 1.6± 1.4

10 17.1± 0.4 −0.9± 0.4 −1.1± 0.4 −0.3± 0.9 −0.7± 0.7

11 15.9± 0.2 −0.5± 0.2 −1.3± 0.2 −1.3± 0.5 1.3± 0.4

12 15.2± 0.2 −0.5± 0.2 −0.4± 0.2 −1.2± 0.3 0.6± 0.3

13 14.3± 0.1 −0.1± 0.1 −0.1± 0.1 −1.4± 0.2 1.4± 0.2

14 13.3± 0.1 −0.3± 0.1 −0.3± 0.1 −1.1± 0.2 1.0± 0.1

15 12.7± 0.1 −0.4± 0.1 −0.4± 0.1 −0.9± 0.1 0.9± 0.1

16 12.1± 0.1 −0.3± 0.1 −0.5± 0.1 −0.3± 0.1 0.5± 0.1

17 11.4± 0.1 −0.1± 0.1 −0.4± 0.1 0.1 ± 0.1 0.3± 0.1

18 10.2± 0.1 0.1± 0.1 −0.1± 0.1 0.4 ± 0.1 0.4± 0.1

19 9.12± 0.05 0.18± 0.05 −0.02± 0.05 0.5 ± 0.1 0.6± 0.1

20 8.64± 0.04 0.12± 0.04 −0.15± 0.04 0.4 ± 0.1 0.6± 0.1
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Fig. 1. Kinematic parameters of the solar motion U/〈r〉, V/〈r〉, W/〈r〉 (km s−1 kpc−1) versus magnitude.

kμb = U/r sin b cos l + V/r sin b sin l (3)

−W/r cos b+ ω1 sin l − ω2 cos l

− 1

2
M+

12 sin 2b sin 2l +M+
13 cos 2b cos l

+M+
23 cos 2b sin l −

1

2
M+

11 sin 2b cos
2 l

− 1

2
M+

22 sin 2b sin
2 l +

1

2
M+

33 sin 2b.

In Eqs. (2) and (3) there is a linear relation among
the coefficients M+

11, M+
22, and M+

33. Therefore, when
analyzing the proper motions, the authors usually
introduce the substitutions M∗

11 = M+
11 −M+

22 and
M∗

33 = M+
33 −M+

22 (du Mont 1977) or introduce the
following quantity instead of M∗

33 (Vityazev et al.
2018):

X = M+
33 −

M+
11 +M+

22

2
. (4)

In this case, Eqs. (2) and (3) are rewritten as

kμl cos b = U/r sin l − V/r cos l (5)

− ω1 sin b cos l − ω2 sin b sin l + ω3 cos b

+M+
12 cos b cos 2l −M+

13 sin b sin l

+M+
23 sin b cos l −

1

2
M∗

11 cos b sin 2l,

kμb = U/r sin b cos l + V/r sin b sin l (6)

−W/r cos b+ ω1 sin l − ω2 cos l

− 1

2
M+

12 sin 2b sin 2l +M+
13 cos 2b cos l

+M+
23 cos 2b sin l −

1

4
M∗

11 sin 2b cos
2 l +

1

2
X sin 2b.

Equations (5) and (6) are often used for the simul-
taneous solution based on the total proper motions
from some catalogue. In this case, if the distances to
stars are unknown or known not accurately enough,
then U/〈r〉, V/〈r〉, and W/〈r〉, where 〈r〉 is the mean
distance of the sample of stars for which the solution
is obtained, are determined instead of U , V , and W .

Tables 1 and 2 present the simultaneous solution
for Gaia EDR3 stars, while the plots in Figs. 1–3
illustrate the data from the tables.

An analysis of these result shows that the solar
terms U/〈r〉, V/〈r〉, W/〈r〉, as expected, decrease
with increasing magnitude, because there is a close
correlation between the stellar brightness and dis-
tance. The largest component is the one along the
Y axis, V/〈r〉. For bright stars of magnitudes 3,
4, 5, and 6 these parameters are determined unre-
liably; the same is also true for all of the remaining
parameters. The reason for this is not only a small
number of stars in this range (it is nevertheless not
that small for equations with 11 parameters), but
also peculiar kinematics of nearby stars. Researchers
drew attention to this fact already since the 1950s
(Shatsova 1950).

ASTRONOMY LETTERS Vol. 47 No. 12 2021
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Fig. 2. Angular velocity of rigid-body rotation ω1, ω2, ω3 (km s−1kpc−1) versus magnitude.
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Fig. 3. Deformation tensor components M+
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23, M+

11, X (km s−1kpc−1) versus magnitude.

Considering such an important parameter as the
angular velocity of rigid-body rotation of the system
(ω1, ω2, ω3), we also see that the parameters of the
angular velocity vector for the brightest stars cannot
be determined at all, while beginning from stars of
magnitude 7, the vector is well determined and is not
perpendicular to the Galactic plane; this fact is also
known (Tsvetkov and Amosov 2019). The following

circumstances are interesting. First, beginning from
stars of magnitude 12, the errors in the parameters
being determined become very small. The smallness
of the errors implies that the stars ideally obey the
adopted model and do not contain any other kine-
matic components, but we will see that this is not
quite the case. Second, the angular velocity compo-
nents ω1 and ω2 differ significantly from zero even for

ASTRONOMY LETTERS Vol. 47 No. 12 2021
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Table 3. The components of the solar motion, in km s−1, and the angular velocity of rigid-body rotation, in km s−1 kpc−1,
derived from the simultaneous solution for stars at various distances

r U V W ω1 ω2 ω3

0–100 10.2± 0.1 22.0± 0.1 7.2± 0.1 −1.1± 1.4 −12.1± 1.4 −1.5± 1.4

100–200 9.7± 0.0 23.2± 0.0 7.3± 0.0 1.2± 0.2 −6.3± 0.2 −10.1± 0.2

200–300 9.9± 0.0 24.7± 0.0 7.7± 0.0 1.1± 0.1 −2.5± 0.1 −12.5± 0.1

300–400 10.3± 0.0 25.8± 0.0 7.8± 0.0 0.8± 0.1 −1.3± 0.1 −13.0± 0.1

500–600 10.8± 0.0 27.7± 0.0 7.8± 0.0 1.0± 0.0 −1.1± 0.0 −13.7± 0.0

700–800 11.5± 0.0 30.7± 0.0 7.8± 0.0 −0.1± 0.0 −0.4± 0.0 −13.7± 0.0

900–1 K 12.1± 0.0 34.6± 0.0 8.0± 0.0 0.1± 0.0 0.2± 0.0 −13.7± 0.0

1.2–1.3 K 2.9± 0.1 40.5± 0.1 8.0± 0.1 0.7± 0.0 0.5± 0.0 −13.8± 0.0

1.5–1.6 K 13.4± 0.1 46.5± 0.1 8.1± 0.1 1.2± 0.1 0.4± 0.1 −14.0± 0.1

1.8–1.9 K 13.4± 0.1 52.4± 0.1 8.0± 0.1 1.2± 0.1 0.4± 0.1 −14.2± 0.1

2.1–2.2 13.5± 0.2 58.2± 0.2 8.0± 0.2 1.2± 0.1 0.3± 0.1 −14.5± 0.1

2.4–2.5 13.9± 0.2 62.2± 0.2 7.8± 0.2 0.0± 0.1 0.0± 0.1 −14.9± 0.1

Table 4. The deformation tensor components, in km s−1 kpc−1, derived from the simultaneous solution for stars at
various distances and the number of stars involved in the solution

G M+
12 M+

13 M+
23 M∗

11 X N

0–100 28.0± 1.8 4.2± 1.8 −2.4± 1.8 −1.7± 3.6 0.1± 3.6 372 226

100–200 19.4± 0.3 −1.3± 0.3 −1.2± 0.3 −2.3± 0.5 0.1± 0.5 1 862 090

200–300 15.7± 0.1 −0.7± 0.1 −0.8± 0.1 −5.1± 0.2 1.6± 0.2 3 515 477

300–400 14.7± 0.1 −0.5± 0.1 −0.3± 0.1 −5.9± 0.2 2.2± 0.1 4 696 935

500–600 14.5± 0.1 −1.1± 0.1 −0.6± 0.1 −6.5± 0.1 2.1± 0.1 5 245 459

700–800 14.1± 0.1 −0.4± 0.1 0.8± 0.1 −5.3± 0.1 2.1± 0.1 5 272 993

900–1 K 13.5± 0.1 −0.1± 0.1 0.3± 0.1 −4.1± 0.1 1.8± 0.1 5 235 217

1.2–1.3 K 12.8± 0.1 −0.1± 0.1 −0.6± 0.1 −3.4± 0.1 1.2± 0.1 4 741 504

1.5–1.6 K 12.4± 0.1 −0.2± 0.1 −1.1± 0.1 −3.0± 0.1 1.4± 0.1 3 871 940

1.8–1.9 K 11.8± 0.1 −0.3± 0.1 −1.2± 0.1 −2.8± 0.2 1.4± 0.1 2 839 861

2.1–2.2 11.1± 0.1 −0.4± 0.1 −1.2± 0.1 −2.5± 0.2 1.2± 0.1 1 655 812

2.4–2.5 10.3± 0.1 −0.7± 0.1 −0.5± 0.1 −2.4± 0.2 1.2± 0.2 1 041 495

ASTRONOMY LETTERS Vol. 47 No. 12 2021
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Fig. 4. Kinematic parameters of the solar motion U , V , W (km s−1) versus distance to stars.

faint (and apparently distant) stars, suggesting that
the angular velocity vector is not quite perpendicular
to the Galactic plane.

An analysis of the deformation tensor components
shows that almost all of the components, except for
M+

12 (and this is the Oort parameter A), decrease
rapidly toward zero values. A slight exception is the
parameter M+

11 responsible for the difference of the
stellar system’s extensions along the X and Y axes.
It retains a nonzero value for quite a long time and
decreases noticeably only for stars of magnitudes 16–
17 or fainter.

KINEMATICS OF STARS WITH A PARALLAX
ACCURACY BETTER THAN 10%

An analysis of the distributions of stars in par-
allaxes and their accuracies shows that stars with a
high relative parallax accuracy should be used for the
stellar-kinematics studies that need the distances.
For this purpose, we produced a sub-catalogue con-
sisting of 98 506 335 stars that satisfy this criterion.
Since even the formal 10% parallax accuracy does
not yet guarantee a reliable parallax for each star,
we proceeded in a standard way by dividing the stel-
lar material into spherical layers located at different
distances from the Sun. For these groups of stars
we solved the equations within the Ogorodnikov–
Milne model and decomposed the proper motions into

a system of vector spherical harmonics. The results
are presented in Tables 3 and 4. For compactness,
beginning from 400 pc, the results are presented not
in succession, because the values change slowly. The
number of stars used in the solution is additionally
given in Table 4. The solution itself was based on the
proper motion and distance data averaged over 49 152
HealPix fields (N = 64) with equal field weights. Fig-
ures 4–6 illustrate the content of Tables 3 and 4.

An analysis of the results shows that the three-
dimensional model is able to satisfactorily describe
the stellar kinematics within 1.5–2 kpc, although
the parameters themselves sometimes undergo sig-
nificant changes, depending on the group of stars
under consideration (especially the solar parameter
V ). As before, the nearest stars constitute a prob-
lem region where the kinematics does not obey the
three-dimensional model. However, from a distance
∼300 pc the kinematic parameters take their usual
values. Stars within 100 pc of the Sun have high
peculiar velocities that simply cease to be noticeable
with increasing distance, because the global Galactic
rotation effects grow.

Generally speaking, it is believed that the sim-
plified linear Oort–Lindblad model or the complete
Ogorodnikov–Milne model can be used up to dis-
tances of 1–1.5 kpc (Ogorodnikov 1965). However,
we see that the Oort parameters A = M12 and B =

ASTRONOMY LETTERS Vol. 47 No. 12 2021
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ω3 change with distance, though very gradually, re-
taining their overall pattern. The other parameters
(the components of the angular velocityω1 and ω2 and
the deformation tensor M∗

11, M+
13, M+

23, X) tend to
nearly zero values with increasing distance. Possibly
only M∗

11 shows nonzero values (the difference of the
system’s contractions along the X and Y axes).

The behavior of the parameter V , the solar velocity
along the Y axis, i.e., along the axis in the direction
of Galactic rotation, is most striking. Obviously, the
explanation can be as follows: the solar velocity is
estimated relative to the groups of stars at different
distances, and these groups move themselves relative
to one another. These differences are great and have
a large systematic trend in the Galactic plane in a
direction perpendicular to the one toward the Galactic
center. Previously, we obtained similar results based
on the Gaia DR2 with RV catalogue (Tsvetkov and
Amosov 2019), but the behavior of the parameter
V was slightly different. Its value remained stable
(about 22 km s−1) up to a distance of 800 pc and,
further out, a linear increase began. In our case, we
observe a linear increase immediately.

Another peculiarity of the solar motion parameters
is their reliable and predictable values even for the
nearest stars, which cannot be said about the rotation
and deformation parameters that reach stable values
only from distances of 400–500 pc.

CONCLUSIONS

Our results are in good agreement with the data
of other researchers based on the material of previous
versions of the Gaia catalogues (Bovy 2017; Velichko
et al., 2020). We showed that the solar motion param-
eters U and W , all three angular velocity components,
and the deformation tensor components M+

13, M+
23,

M∗
11, X are relatively constant at distances greater

than 500 pc. A systematic trend with distance is
clearly observed for the component V and the Oort
parameter A = M+

12. The change in these param-
eters stems from the fact that the behavior of the
angular velocity of Galactic rotation in the center–
anticenter direction is nonlinear. Our next paper will
be devoted to the construction of such a model and
its detailed analysis. In addition, the completeness of
the Ogorodnikov–Milne model remains in question.
Our previous studies based on the material of the
previous Gaia DR2 release (Tsvetkov et al. 2020)
show the presence of systematic components in the
proper motions that are not described by this model.
This question will also be discussed in our next paper.
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