ISSN 1019-3316, Herald of the Russian Academy of Sciences, 2022, Vol. 92, No. 1, pp. 49—64. © Pleiades Publishing, Ltd., 2022.
Russian Text © The Author(s), 2022, published in Vestnik Rossiiskoi Akademii Nauk, 2022, Vol. 92, No. 1, pp. 57—73.

From the Researcher’s Notebook

The Main Statistical and Kinematic Properties
of the Gaia EDR3 Catalog

A. S. Tsvetkov*

St. Petersburg State University, St. Petersburg, Russia
e-mail: a.s.tsvetkov@inbox.ru
Received August 26, 2021; revised September 2, 2021; accepted September 23, 2021

Abstract—In a recent issue of the journal Herald of the RAS (No. 1, 2021), the article “Achievements of Space
Astrometry” discussed the development of astrometry from ancient times to the Gaia space project. In this
work, continuing this topic, the properties of the latest release of the Gaia EDR3 stellar catalog, containing
1.8 billion objects, are analyzed in detail. Methods of processing its data on personal computers accessible to
most users are discussed. A detailed statistical study of the catalog was carried out, and the distribution of stars
in the celestial sphere was obtained, making it possible to assess the volume and quality of the material. The
analysis of the three-band photometry of the catalog is made, and the distributions of color indices and the

Hertzsprung—Russell diagram are plotted.
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The Gaia spacecraft is still in orbit, and the final
catalog is planned for release in the first half of 2022
[1]. Preliminary catalogs have already been published:
the so-called Data Release DR1 and DR2. On
December 3, 2020, Gaia Early Data Release 3 [2] was
released—an “early release of the final catalog” [2].
The method of its construction is described in detail
in [3]. There are so many publications devoted to these
data that even a brief listing of their names is not pos-
sible. The Gaia consortium has access to huge com-
puting resources, distributed computing systems, and
special laboratories with engineers and programmers.
The question arises: is it possible with the help of more
modest resources to conduct scientific research not
only of small subsets of the catalog, such as TGAS [4]
or Gaia DR2 with Radial Velocities [5], but of the
entire data volume? Practice has shown that, with
well-defined tasks, known optimization of computing
processes, fast storage media, and modern personal
computers with sufficient RAM, such work is quite
possible and serves as a good preparation for process-
ing the final version of the catalog (apparently, the
first, since it is obvious that it will be further
improved).

The quality of individual parallaxes in Gaia EDR3
is very far from predicted, so we carried out a series of
standard studies already applied to mass catalogs, for
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example, NOMAD [6], which contains 1.1 bln
objects, or PPMXL [7], 910 mlin stars.

ORGANIZATION OF THE CATALOG

The source data of the EDR3 catalog are available
on the official Gaia website as 3386 compressed files
of about 200 MB each. When unpacking, the file size
increases by about two times, up to 400—450 MB.
Thus, the total amount of downloaded data is about
670 GB, and the unpacked data require storage of
about 1.5 TB. The file format is CSV text, and the
fields of each star are separated by commas. If any data
is missing (and this is often the case), two commas
appear in a row. This format of the initial data is easily
supported by the FORTRAN language [8].

Each line contains information about 99 fields for
one star. A detailed description of each field is given
in [9]. The fields can be categorized as follows:

* identifiers;

» astrometric parameters: coordinates,
motions, parallax, and their errors;

* correlations between parameters;

» number and quality of astrometric observations;

* photometry in three bands;

+ radial velocities (from DR2);

+ galactic and ecliptic coordinates.

It should be said that full reading of the catalog as
text takes many hours. For stellar kinematic studies,
not all fields are necessary; therefore, the first proce-

proper
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Fig. 1. Distribution of Gaia EDR3 stars by parallax error.

dure in processing such data is to extract the necessary
information and write the data in binary form so as not
to transform them during subsequent reading. The
reformatting procedure, which really requires reading
all the text data, is enough to carry out once. For our
purposes, we chose 22 main fields, while the total
amount of uncompressed binary data was reduced to
250 GB, and taking into account the capabilities of
modern file systems to compress data dynamically
(this increases the read speed: fewer blocks need to be
read), the volume was only 180 GB. Placing such com-
paratively small data on a fast hard drive, or better on
an SSD, leads to a significant increase in the speed of
solving problems that require reading the entire cata-
log.

GENERAL STATISTICAL ANALYSIS

Before conducting any research, it is necessary to
understand the accuracy, volume, and main features
of the observational material. Although the Gaia web-
site contains a lot of this kind of information, one
should always repeat this research oneself to ensure
that the entire computational process is correct.

Parallaxes. Gaia’s most important planned result is
highly accurate individual stellar parallaxes. Cur-
rently, the declared accuracy (0.01 mas, milliarcsec-
ond) for most stars has not yet been achieved [10].
Parallax data in the catalog exist for 1467 744 818 stars,
while such data is absent for 343964953 stars. Figure 1
shows the distribution of stars by the absolute parallax
error, expressed in mas. Analysis of this diagram shows
that there is a large proportion of stars with errors of
tenths of mas and higher. Only 500 million stars have
an accuracy better than 0.2 mas, that is, about a third
of those with parallax data. This leads to the distribu-
tion of stars according to the relative parallax error, as
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shown in Fig. 2. Approximately the same part (520
million) of stars have a relative parallax error of better
than 50%; and only 98 million, less than 10%.

The most interesting result is the distribution of
stars by parallaxes (Fig. 3). It can be seen that 283 mil-
lion stars have a negative parallax, which contradicts
the geometric meaning of the concept itself. At the
same time, as detailed analysis shows, it is absolutely
not necessary that such parallaxes have large root
mean square errors. This fact suggests that the work on
Gaia parallaxes still requires significant efforts and the
establishment of an exact zero point for parallaxes.

Thus, individual parallaxes should be used with
caution, although statistically, for large groups of stars,
the averaged parallaxes give rather reliable results,
which will be demonstrated by the example of con-
structing the Hertzsprung—Russell diagram.

Proper motions. All 1811709771 stars without
exception have data on the proper motions of [, cos &
and Us. The accuracies listed in the catalog in a ran-
dom relation also have not yet reached the projected
ones. Only 213 million stars have full accuracy of
proper motion better than 0.1 mas/yr, and 406 mil-
lion, better than 0.2 mas/yr. However, the relative
accuracy of proper motions is much better than that of
parallaxes, due to the fact that the proper motions
themselves are greater than the parallax displacements
(Fig. 4). The total proper motion of 77% of stars lies in
the range from 2 to 8 mas/yr, and 93%, in the range
from 0 to 10 mas/yr. Thus, almost half of the stars in
the catalog have a relative accuracy of proper motions
better than 10%. Such high accuracy allows any stellar
kinematic studies based on the analysis of the proper
motions of stars.
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Fig. 2. Distribution of Gaia EDR3 stars by the relative parallax error.
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Fig. 3. Parallax distribution of Gaia EDR3 stars.

Photometry. Gaia uses its own photometric system [ 11].

The bandwidths are shown in Fig. 5.! They are not at
all similar to Johnson’s UBV scale [12] or to the Hip-
parcos/Tycho system [13]. The blue component of
Gpp covers the area from near ultraviolet to red, and
the red Ggp, from red to infrared. This system is distin-
guished from the UBV scale not only by the other
boundaries of the band ranges but also by their width.
The peaks of the Johnson scale are much narrower and
do not overlap. The connection of the Gaia photomet-

"' The journal Vestnik RAN (the Russian version of Herald of the RAS)
with color images is placed in the public domain on the website
of the IKTs Akademkniga https://sciencejournals.ru/jour-
nal/vestnik/. Registration is not required to access the full texts
of the journal.
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ric scale with other similar systems will be established
later [14].

Almost all stars have magnitude G (only five mil-
lion do not have it), while just over 1.5 billion stars
have the photometric magnitudes Bp (blue photome-
ter) and Rp (red photometer) (270 million do not).

The catalog contains the measured fluxes of pho-
tons in three bands and their errors, but there are no
errors of the stellar magnitudes themselves, since stel-
lar magnitudes are related in a nonlinear way with the
measured flux [9].

Figure 6 shows the distribution of Gaia stars by
magnitude G. The maximum distribution is at magni-
tude 20.

No. 1
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Fig. 4. Distribution of Gaia EDR3 stars by the relative error of total proper motion.

DISTRIBUTION OF STARS
IN THE CELESTIAL SPHERE

Stellar density vs. G. The distribution of stars in the
catalog over the celestial sphere shows that, even for
bright stars (G = 8), concentration towards the galactic
equator is clearly observed. This suggests that there are
already distant objects among them. For fainter stars
(G = 20), the concentration is seen towards the galac-
tic plane and bulge—the main observed effect (Fig. 7).
To represent the stellar density, the celestial sphere was
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Fig. 5. Gaia EDR3 bandwidths. The colored lines in the
figure show the G (green), Bp (blue), and Rp (red) band-
widths defining the Gaia EDR3 photometric system.
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divided by the HealPix method [15] with the key num-
ber N = 64, which yielded 49152 sites. Thus, one site
occupied a little less than 1 square degree, more pre-
cisely, 0.83. The above illustrations may give the
wrong impression that there are practically no stars in
the circumpolar regions, but this is not so. Even far
from the galactic equator, their density is hundreds of
stars per square degree. It is clear that faint stars
located far from the galactic equator are mostly nearby
dwarfs.

Stellar density vs. distance to stars. The dependence
of the distribution of stars over the celestial sphere on
distance appears odd. If the relative accuracy of deter-
mining parallaxes is set better than 100% (the parallax
is greater than the error), then even for nearby stars, to
which the distance, according to Gaia, is less than
200 pc, a distinct concentration is observed towards
the galactic equator (Fig. 8). Moreover, even the Mag-
ellanic Clouds are clearly visible. The picture for
nearby stars does not differ much from the distribution
of stars with distances from 800 pc to 1 kpc (Fig. 9),
and even this distribution, in which the bulge of the
Galaxy is visible, is rather typical for very distant stars
(several kpc). A similar character is retained for stars of
other distances. This leads to speculation about the
unreliability of parallaxes (even in statistical terms) for
the closest stars, where we can expect a high relative
accuracy of parallaxes due to their location.

However, if we restrict ourselves to stars for which
the parallax is determined with an accuracy of 10% or
better, then the picture changes. The only strange
result is the five closest stars where their concentration
is still observed towards the equator. For other dis-
Vol. 92
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Fig. 6. Distribution of Gaia EDR3 stars by magnitude G.

Fig. 7. Distribution of Gaia DR3 over the celestial sphere for stars with G = 20™ (maximum density is about 600000 stars per

pixel; 1 pixel = 0.83 sq. degrees).

tances, the picture is more predictable. Stars closer to
1 kpc are more evenly distributed over the celestial
sphere, although, of course, their concentration can
be traced to the galactic disk (Fig. 10). Distant stars
clearly show the disk of the Galaxy (Fig. 11).

The distribution of the average color of the stars. It is
very interesting to study the distribution of the average
color index of stars Bp—G for different points of the
celestial sphere (Fig. 12). In this case, to build the most
detailed high-resolution image (the number of stars
allows it), we abandoned the HealPix sites. Instead,
we just used image pixels. The image itself has a size of
2000 x 1000 pixels. Even a cursory glance leads to the
conclusion that there is a “reddening” of the color of
the stars, caused by dusty matter. The fibrous structure
of gas and dust clouds is clearly visible. A similar pic-
ture is observed for other color indicators. Obviously,

HERALD OF THE RUSSIAN ACADEMY OF SCIENCES

dust clouds not only cause reddening, but also signifi-
cantly weaken the light of stars, which should be taken
into account when conducting studies in which the
stellar or absolute stellar magnitude will appear.

Closer attention to the polar regions shows that,
first, there is almost no dusty matter in this direction,
and second, in the polar regions one can see stars with
a high (two or more) or low (0.5—0.7) color index.
Most likely, these are nearby main sequence stars and
white dwarfs.

The celestial sphere in a quasi-color image. Three-
color photometry makes it possible to construct
pseudo-color images of the celestial sphere, which
have not only cognitive but also aesthetic value.
Indeed, let us translate the photometric scale Bp, G,
and Rp into the RGB scale used in computer images,
and we will clearly see (Fig. 13) how light is absorbed
No. 1
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Fig. 8. Gaia DR3 distribution over the celestial sphere for stars with distances (relative accuracy of parallaxes <100%) from 0 to
200 pc (maximum density is about 13000 stars per pixel; 1 pixel = 0.83 square degrees).

Fig. 9. Gaia DR3 distribution over the celestial sphere for stars with distances (relative accuracy of parallaxes <100%) from 800
to 1000 pc (maximum density is about 34 000 stars per pixel; 1 pixel = 0.83 square degrees).

Fig. 10. Gaia DR3 distribution over the celestial sphere for stars with distances (relative accuracy of parallaxes <10%) from 600
to 800 pc (maximum density is about 1200 stars per pixel; 1 pixel = 0.83 square degrees).

HERALD OF THE RUSSIAN ACADEMY OF SCIENCES  Vol. 92 No.1 2022
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Fig. 11. Distribution of Gaia DR3 over the celestial sphere for stars with distances (relative accuracy of parallaxes <10%) from 1.8
to 2.0 kpc (maximum density is about 2500 stars per pixel; 1 pixel = 0.83 square degrees).

Fig. 12. The value of the average Bp—G color index of the Gaia DR3 stars of the 14th magnitude G depending on the position on
the celestial sphere (blue corresponds to a value of 0.0, yellow corresponds to a value of 2.0).

Fig. 13. Pseudo-color image of Gaia DR3 14 stars of magnitude G.

HERALD OF THE RUSSIAN ACADEMY OF SCIENCES  Vol.92 No.1 2022
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Fig. 14. Diagram “Bp—G color index—absolute stellar
magnitude G” for stars with a relative parallax accuracy
better than 10%.

in dusty clouds and how stars of different spectral
classes are distributed over the celestial sphere.

HERTZSPRUNG—-RUSSELL DIAGRAMS

The presence of distances and multicolor photom-
etry makes it possible to construct a Hertzsprung—
Russell diagram, more precisely, the diagram “color
index—absolute magnitude.” One can select Bp—G,
Bp—Rp, or G—Rp as the color index. The relationship
with the standard color index B—V has not yet been
finally calibrated [16]. The use of stars with different
parallax accuracy radically changes the whole picture.
Indeed, if the parallax accuracy is set to 10% or better,
then the diagram (Fig. 14) perfectly distinguishes all
the main sequences and even subsequences. In addi-
tion to the main sequence, the branch of red giants and
subgiants is clearly visible. In the lower left-hand cor-
ner, there is a rather thin area of white dwarfs. The
image is built in conventional colors: the green color of
maximum intensity corresponds to 250 stars hitting a
pixel of 0.04™ in absolute magnitude and 0.01™ in the
color index, yellow is about 500, and white is over
750 stars.

When going to stars with a parallax accuracy better
than 50%, the picture is blurred. The main effect is the
displacement of the stars downward, towards an
increase in the absolute stellar magnitude, that is, a
decrease in luminosity. In fact, brighter stars are
located at large distances, and the Gaia parallaxes are
shifted upward; in other words, the distances to the
stars are underestimated. This is confirmed by the dis-
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tribution of nearby stars in the celestial sphere, which
are actually distant and therefore concentrate towards
the galactic equator.

PROPER STAR MOTIONS

Behavior of the proper motions of stars of different
sizes. The Gaia catalog contains only the equatorial
proper motions of the stars 1, cos 6 and p. For stellar
kinematic studies, it is not difficult to translate them
into galactic W, cos b and W,

W, cosb = cos(Q), cosd + sin(P)us, 1
Wy = —sin(@)L, cos 8 + cos(P)Ls,
where
sing = sinicos(/ — l{))’
cos 0 (2)
cosbcosi —sinbsinisin(/ — L)
cosQ =

cosd

Here, i is the tilt angle of the galactic equator
(62.87° at J 2000), and L, is the difference in longi-
tudes between the direction to the center of the Galaxy
and the intersection of the celestial and galactic equa-
tors (32.93°). Since these values are often used when
generating binary files from a text directory, they can
be immediately counted and written in order to save
computational time in the future.

Before evaluating the stellar kinematic parameters,
let us look at the behavior of proper motions depend-
ing on the stellar magnitude used. For proper motions
in longitude (Figs. 15, 16) and latitude (Figs. 17, 18), it
can be seen that bright stars (G = 10) have a combined
picture, there are various kinematic effects, while for
faint stars (G = 20), obviously, only general global
kinematic effects remain, such as the rotation of the
Galaxy.

Parameters of the standard stellar kinematic model.
As the first, we use the well-known Ogorodnikov—
Milne model [17]; a detailed form of the equations of
this model is also presented in [18, 19]. In this model,
the stellar velocity field is represented by the linear
expression

V=V, +Qxr+M" xr, (3)

where V is the star speed; Vj is the influence of the
translational motion of the Sun; € is the angular
velocity of the solid-body rotation of the stellar sys-
tem; and M" is the symmetric strain tensor of the
velocity field.

The model contains 12 parameters, but not all of
them can be determined independently from the
proper motions, and not all parameters are included in
the radial velocity equations:

U, V, W are components of the vector V, of the
translational motion of the Sun among the stars;
Vol. 92

No.1 2022



THE MAIN STATISTICAL AND KINEMATIC PROPERTIES 57

Fig. 15. Behavior of proper motions 1, cosb for stars G = 12 (from —20 to +20 mas/yr).

Fig. 16. Behavior of proper motions 1, cosb for stars G = 20 (from —20 to +20 mas/yr).

Fig. 17. Behavior of proper motions L, for stars G = 12 (from —20 to +20 mas/yr).

HERALD OF THE RUSSIAN ACADEMY OF SCIENCES  Vol.92 No.1 2022
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Fig. 18. Behavior of proper motions L, for stars G = 20 (from —20 to +20 mas/yr).

®;, ®,, ®; are components of the angular velocity
vector Q;

M/, M,,, M3, are the strain tensor parameters
describing compression—tension along the principal
axes of the galactic coordinate system;

M5, M, M, are the parameters of tensor M,
describing the deformation of the velocity field in the
main plane and two perpendicular planes.

By projecting Eq. (3) onto the unit vectors of the
galactic coordinate system, we obtain
kW, cosb = U/rsinl —V/rcosl -, sinbcos/
— o, sinbsin/ + w; cosb + M,, cosbcos 2/
— M5sinbsin/ + M;;sinbcos/ 4
- lM1+1 cosbsin 2/ + lM;} cosbhsin2/,
2 2

kw, =U/rcoslsinb +V/rsinlsinb
—W/rcosb +asin/ — o, cos/

—%Mfz sin 2bsin 2/ + M5 cos 2bcos!/ (5)
+ M, cos2bsin/ — %Mﬁ sin2bcos’/
- %M;z sin 2bsin’ [ + %M; sin 2b.

In formulas (4) and (5), there is a linear relation-

ship between the coefficients M|, M5,, M5 ; therefore,
when analyzing proper motions, the authors usually

introduce the substitutions M;, = M,, —M,, and

M35 = M3, — M5, [18], or [20], and instead of M3;,
they introduce the value

HERALD OF THE RUSSIAN ACADEMY OF SCIENCES

+ +
X:M;——M“;Mﬂ. (6)
In this case, Egs. (4) and (5) are rewritten as
kW, cosb = U/rsinl—V/rcosl—(oI sinbcos/
— o, sinbsin/ + w; cos b + M,, cosbcos 2l
— M/sinbsin/ + My, sinbcos!/ 7
— =M cosbsin?2l,
kw, = U/rcoslsinb + V/rsinlsinb
- W/rcosb + o sin/ — ®, cos/
- %Mf; sin 2bsin 2/ + M}, cos 2bcos/ (8)

+ M3, cos 2bsin/

- i M sin 2bcos 2/ + %X sin 2.

Equations (7) and (8) are often used to solve jointly
the total proper motions of some catalog, and if the
distance to the stars is unknown, then, instead of the
quantities U, V, W, U/(r),V[(r), W/(r) are deter-
mined, where (r) is the average distance of the sample
of stars for which the solution is made.

Tables 1 and 2 show the joint solution for Gaia
EDR3 stars, and the graphs in Figs. 19—21 illustrate
the data in the tables.

Analysis of these results shows that the solar
terms U/(r), V/(r), W/(r), as expected, decrease with
increasing stellar magnitude, since there is a complete
correlation between the brightness of the star and the
distance. The largest component is the movement of
the Sun along the axis ¥ — V'/(r). For bright stars of
magnitude 3—6, these parameters are determined
Vol. 92

No.1 2022



THE MAIN STATISTICAL AND KINEMATIC PROPERTIES

59

Table 1. The values of the components of the velocity of the Sun’s motion and the angular velocity of solid rotation
in km/s/kpc, obtained from the joint solution for stars of different G values

G U/ir) V[r) wi(r) o, @ 03

3 158.1 £44.5 2942 +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 —211+9.8
6 75.0 £ 4.9 132.3£5.0 50.7 £ 4.5 6.1+5.0 82+51 —15.6 4.5
7 59.6 £ 1.9 111.2+1.9 38.4+ 1.8 1.9+ 19 —75%£2.0 —122+ 18
8 448 £ 1.0 913+ 1.0 30.4+1.0 0.6+ 1.0 —-49+1.0 —11.4+ 1.0
9 35.0x0.6 77.7 £ 0.6 25.210.6 1.5+ 0.6 —4.410.6 —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
11 249+0.2 58.8+£0.2 159+£0.2 0.8+0.2 —24+0.2 —11.8 £0.2
12 20.6 £ 0.1 51.6 £ 0.1 13.1 £0.1 0.2+0.1 —2.0x0.1 —11.9+0.1
13 17.3 £ 0.1 46.3 £ 0.1 10.7 £ 0.1 0.3+£0.1 —11+0.1 —12.4+0.1
14 14.9 £ 0.1 42.5+0.1 8.8+0.1 0.4+0.1 —09+0.1 —12.8 £ 0.1
15 127+£0.1 39.8+£0.1 7.3+0.1 0.5+£0.1 —0.7£0.1 —129+0.1
16 10.9 £ 0.1 38.1+0.1 6.3+0.1 0.6+0.1 —0.7x0.1 —12.6 £ 0.1
17 9.6 +0.0 36.9£0.0 55£0.0 0.6 +0.0 —-0.7+£0.0 —12.3+0.0
18 84+0.0 35.5+0.0 49+0.0 0.4£0.0 —0.6 £ 0.0 —12.1£0.0
19 7.2+0.0 33.2+0.0 4.4+0.0 0.2+£0.0 —-0.5+0.0 —11.9+0.0
20 6.5+ 0.0 31.7£0.0 4.2+0.0 0.3£0.0 —-0.5%0.0 —11.8 £ 0.0

unreliably; this is also true for other parameters. The
reason is not only a small number of stars in this range
(they are still not so few for equations with 11 parame-
ters) but also the peculiar kinematics of nearby stars.

Fig. 19. Dependence of the kinematic parameters of the Sun’s motion U/(r), V/(r), W /(r) on the stellar magnitude (km/s/kpc).

HERALD OF THE RUSSIAN ACADEMY OF SCIENCES

140

120

100

80

60

km/s/kpc

20

Researchers have been paying attention to this since

the 1950s [21].

Considering such an important parameter as the
angular velocity of the solid-body rotation of the sys-

— UKry — VKry — WKr)

Vol.92 No. 1

Il Il Il Il Il Il Il Il Il Il Il I
8§ 9 10 11 12 13 14 15 16 17 18 19 20

G mag

2022



60 TSVETKOV

Table 2. Values of the strain tensor components in km/s/kpc obtained from the joint solution for stars of different G values

G M, M My M 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 9.3t 13.7 2.1 +£13.5 6.9 £259 —39.9+25.1
6 25.2+6.0 171 £ 6.4 —5.0+6.3 1.3+ 11.9 8.9+ 11.6
7 14.6 £ 2.3 —-33x25 —34x24 2.8+4.6 —7.0x+4.4
8 152+ 1.3 —231t13 —29+13 —3.0£2.5 —2.1%+23
9 15.6 £ 0.8 —1.9+0.8 —1.9+0.8 —1.2+ 1.6 1.6 14
10 17.1 £ 0.4 —-09x04 —1.1x0.4 —0.3£0.9 —0.7x£0.7
11 15.9+0.2 —0.5+0.2 —1.3+0.2 —1.3x0.5 1.3£0.4
12 1521£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 —0.9x0.1 0.9=+0.1
16 12.1 £ 0.1 —0.3x£0.1 —0.5x£0.1 —0.3£0.1 0.5+0.1
17 11.4 £ 0.1 —0.1 £0.1 —0.4x0.1 0.1x0.1 0.3+0.1
18 10.2 £ 0.1 0.1x0.1 —0.1 0.1 0.4+0.1 0.4+0.1
19 9.1 £0.0 0.2£0.0 0.0+ 0.0 0.5+0.1 0.6 £ 0.1
20 8.6+ 0.0 0.1+0.0 —0.1 £0.0 0.4=+0.1 0.6 +0.1

tem ®;, ®,, ®;, we also see that, for the brightest stars,
the parameters of the angular velocity vector are not
determined at all, and, starting from the stars of mag-

pendicular to the plane of the Galaxy. This fact is also
known [22]. The following circumstances are interest-
ing. First, starting from stars of magnitude 12, the

nitude 7, the vector is determined well and is not per- errors of the determined parameters become
10
5 L
Q O -
£
z
B
_10 -
_15 1 1 1 1 1 1 1 1 1 1
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
G mag
— 0 — 0 — 03
Fig. 20. Dependence of the angular velocity of solid rotation ®;, ®,, ®3 on the stellar magnitude (km/s/kpc).
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Fig. 21. Dependence of strain tensor components M5, M3, M53, Ml*l , X on the stellar magnitude (km/s/kpc).

extremely small; that is, the peculiar velocities of the
stars cease to play a significant role. Second, the com-
ponents of the rotation vector ®; and ®, significantly
differ from zero even for faint (and, apparently, dis-
tant) stars; this indicates that the rotation vector is not
completely perpendicular to the galactic plane.

Analysis of the strain tensor components shows
that practically all components, with the exception of
the parameter M|, (and this is the Oort parameter A4),
decrease rapidly to zero values. An exception is the
parameter M, responsible for the difference in the
stretching of the star system along the axes X and Y. It
retains a nonzero value for quite a long time, and
decreases strongly only for stars of magnitude 16, 17,
and fainter.

Dependence of the parameters of the standard stellar
kinematic model on distances. Analysis of the distribu-
tions of stars in terms of parallaxes and their accuracies
shows that stars with a high relative accuracy of paral-
laxes should be used for stellar kinematic studies that
require distances. For this we have created a subcata-
log of 98 506 335 stars that meet this criterion. The size
of the binary file was only 14 GB (compared to 260 for
the full catalog). Accordingly, the speed of working
with this data has increased almost 20 times. Since
even a 10% parallax accuracy still does not guarantee
the true parallax value of each star, we acted in the
standard way, breaking the stellar material into spher-
ical layers remote from the Sun at different distances.
For these groups of stars, the equations were solved in
the framework of the Ogorodnikov—Milne model and
the proper motions were expanded in terms of a system
of vector spherical functions. The results are shown
in Tables 3 and 4. For compactness, the distances,
starting at 400 pc, are not given in succession, since
the values change slowly. Full versions of the tables
are contained in the electronic Appendix

HERALD OF THE RUSSIAN ACADEMY OF SCIENCES

(http://school.podvorye.ru/astro/GAIA_EDR3/).
Table 4 additionally shows the number of stars used in
the solution. The solution itself was based on the aver-
aged data of proper motions and distances over 49 152
HealPix sites (N = 64) with their equal weights. Fig-
ures 22—24 illustrate the contents of Tables 3 and 4.

Analysis of the results shows that, within 1.5—
2 kpc, the three-dimensional model is able to describe
the kinematics of stars satisfactorily, although the
parameters themselves sometimes undergo significant
changes depending on the group of stars under consid-
eration (especially the solar parameter V). As before,
the closest stars constitute a problem area in which the
kinematics does not obey the three-dimensional
model. However, from a distance of about 300 pc, the
kinematic parameters take their usual values. Stars
closer than 100 pc have high peculiar velocities, which
simply cease to be noticeable with distance, since the
global rotation effects of the Galaxy increase.

Generally speaking, it is believed that the simpli-
fied linear Oort—Lindblad model or the complete
Ogorodnikov—Milne model can be used up to dis-
tances of 1—1.5 kpc [17]. However, we see that, in
principle, the Oort parameters 4 = M,, and B = w;,
although they change with distance very smoothly,
still retain their general character. Other parameters—
such as components of angular velocity ®, and ,, as

well as of strain tensor M, 1*1 , M3, M,;, X—tend to values

close to zero with increasing distance. Only M;; shows
zero values (the difference in compression of the sys-
tem along the X and Y axes).

Most striking is the variation of the parameter V—
the speed of the Sun along the Y axis, directed along
the rotation of the Galaxy. The explanation can prob-
ably be given as follows: the speed of the Sun is esti-
mated relative to groups of stars at different distances,
Vol. 92
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Table 3. The values of the components of the speed of the Sun’s motion in km/s and the angular velocity of solid rotation

TSVETKOV

in km/s/kpc, obtained from the joint solution for stars of different distances

r U 14 w ,; , N}

0—100 10.2 £ 0.1 22.0+0.1 7.2+0.1 —11+14 —12.1t 14 —-15t14
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 24.71£0.0 7.7£0.0 1.1£0.1 —2.510.1 —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 1.5+ 0.0 30.7£0.0 7.8 £0.0 —0.1£0.0 —-0.4£0.0 —13.7£0.0
900—1K 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—-1.3K 129 £ 0.1 40.5+0.1 8.0x0.1 0.7%+0.0 0.5%+0.0 —13.8+£0.0
1.5-1.6K 13.4 £0.1 46.5+0.1 8.110.1 1.2£0.1 04+0.1 —14.0 £ 0.1
1.8—1.9K 13.4 £ 0.1 52.4+0.1 8.0£0.1 1.2+0.1 0.4x£0.1 —142+0.1
2.1-2.2 13.5+£0.2 58.2+0.2 8.0x£0.2 1.2+0.1 0.3+0.1 —145+0.1
24-25 13.9+£0.2 622+0.2 7.8+0.2 0.0x+0.1 0.0x+0.1 —149+0.1

Table 4. The values of the strain tensor components in km/s/kpc obtained from the joint solution for stars of different dis-

tances, as well as the number of stars participating in the solution

r My, My M, M, X N

0—100 28.0+ 1.8 42+ 1.8 —2.4+1.8 —1.7+3.6 0.1+3.6 372226
100—200 19.4 £ 0.3 —1.3+0.3 —1.2+0.3 —2.3=%0.5 0.1 £0.5 1862090
200—-300 15.7 £ 0.1 —0.7x£0.1 —0.8£0.1 —5.1+0.2 1.6 £0.2 3515477
300—400 14.7 £ 0.1 —0.5x0.1 —0.3x0.1 —-59+10.2 22101 4696935
500—600 14.5 £ 0.1 —1.1 £0.1 —-0.610.1 —6.510.1 2.1%+0.1 5245459
700—800 14.1 £ 0.1 —0.4£0.1 0.8 0.1 -53x0.1 2.1 +0.1 5272993
900—1K 13.5+0.1 —0.1+0.1 0.3x0.1 —4.1 £0.1 1.8 £ 0.1 5235217
1.2—-1.3K 12.8 £ 0.1 —0.1 £0.1 —-0.6+0.1 —3.410.1 1.2+ 0.1 4741504
1.5—1.6K 124+t 0.1 —0.2x0.1 —1.1x£0.1 -3.0x0.1 1.4+ 0.1 3871940
1.8—1.9K 11.8 £ 0.1 —0.3%0.1 —1.2x0.1 —2.8+0.2 1.4 £0.1 2839861
2.1-2.2 11.1 £ 0.1 —0.4£0.1 —1.2+0.1 —2.510.2 1.2+ 0.1 1655812
2.4-2.5 10.3+0.1 —-0.7£0.1 —0.5xt0.1 —2.410.2 1.2+0.2 1041495
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Fig. 22. Dependence of the kinematic parameters of the Sun’s motion U, V, W on the distance to the stars (km/s).
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Fig. 23. Dependence of the angular velocity of solid rotation ®;, ®,, w3 on the distance to stars (km/s/kpc).

and these groups themselves move relative to each
other, in the plane of the Galaxy in a direction perpen-
dicular to its center. These differences are strong and
have a large systematic course. We previously obtained
similar results from the Gaia DR2 with RV catalog [22],
but the behavior of the parameter V'was somewhat dif-
ferent. Its value remained stable (about 22 km/s) up to
distances of 800 pc, and then linear growth began. In
our case, we immediately observe linear growth.

Another feature of the parameters of the Sun’s
motion is their reliable and predictable values even for
the closest stars, which cannot be said about the

HERALD OF THE RUSSIAN ACADEMY OF SCIENCES

parameters of rotation and deformation, which reach
stable values only at distances of 400—500 pc.

3k ok ok

This work is preparatory in nature with an eye to
processing more accurate (especially in parallaxes)
data of the final versions of the Gaia catalog, which
will become available in early 2022. Nevertheless, even
this material provides rich ground for various statisti-
cal and kinematic estimates of the catalog as a whole.
Vol. 92
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Fig. 24. Dependence of strain tensor components M5, M3, M53, Ml*l, X on the distance to stars (km/s/kpc).
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