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SUMMARY: The Gaia DR2 reference frame should be without relative rotation to the quasars
(QSOs) and consistent with the International Celestial Reference System (ICRS). For the faint part of
DR2 (stars with Gaia magnitude G > 16) that task was done via Gaia’s observations of QSOs (G > 17
mag), but the bright DR2 (G < 13 mag) is difficult to validate and it rotates relative to the faint DR2
at rate of the order of 0.1 mas/yr. Very bright DR2 stars (G < 6 mag) mostly have inferior astrometry.
Here, the aim is to determine two spin components (wx and wy) of the bright DR2 using International
Latitude Service (ILS, for 387 stars) and independent latitude stations (INDLS, for 682 stars) catalogs
of proper motion in declination pus; both are referred to the Hipparcos reference frame and their stars
are mostly from 4 to 8 mag in the V-band (critical part of DR2). Also, using the new Hipparcos
(NHIP) values pus for ILS and INDLS stars, we can see that the merit of the ILS and INDLS is the
long time baseline (At =~ 90 years) important for us because the standard deviation of p;s is opposite to
At. Applying the least squares method (LSM) to the differences of ys between two catalogs (ILS—DR2,
INDLS—DR2, etc.), our results support the mentioned spin. The 3¢ criterion and Tukey’s fences method
were used to reject some stars, the Abbe criterion to explain the variability in ILS—DR2 and other ;s
differences, and the Shapiro-Wilk test to check the standard distribution of differences. The obtained
wy is significant at the 20 level, and the ILS and INDLS catalogs could be useful for validation of the
bright reference frame of Gaia DR2.
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obtained in radio domain and included into the In-

The quasars (QSOs) define a kinematic reference
frame (non-rotating one) because their cosmological
distances are the reason for their nearly zero proper
motions. Some of QSOs are visible in both optical
and radio domains. Using very long baseline inter-
ferometry data (VLBI) their accurate positions are

© 2021 The Author(s). Published by Astronomical Ob-
servatory of Belgrade and Faculty of Mathematics, University
of Belgrade. This open access article is distributed under CC
BY-NC-ND 4.0 International licence.

ternational Celestial Reference Frame — ICRF (Ma
et al. 1998). The optical counterparts of some QSOs
(which were observed with Gaia) are of importance
for astrometry because they are useful to align the
Gaia Celestial Reference Frame (Gaia CRF) with the
ICRF (Gaia Collaboration et al. 2018b). About that
link, the QSOs with optical counterparts (which de-
fine Gaia CRF) are: faint objects (mostly with Gaia
magnitude G > 17 which is close to the faint Gaia
DR2 stars), in accordance with the faint part of Gaia
DR2 (stars with G > 16 mag), in disadvantage for
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the bright Gaia DR2 (G < 13 mag), with sky distri-
bution different from that for stars, etc.

There is an indication that the bright reference
frame of the second Gaia data release — Gaia DR2
rotates with respect to the faint part of DR2 (the
quasars based one) by the order of 0.1 mas/yr (Lin-
degren 2020b); the spin components are wx, wy, and
wz. Also, there is the Lindegren et al. (2018) result
that the DR2 stars with G < 6 mag mostly have in-
ferior astrometry. A set of proper motions which are
calculated from the position differences between DR2
and the Hipparcos (the epoch difference is about 24
years) also shows some systematic errors of the bright
DR2 proper motions (Brandt 2018); this is equivalent
to an inertial rotation of the bright DR2 reference
frame.

To check the quality of the bright part of the
Gaia reference frame, an independent and accurate
set of data is of importance. In the paper Lindegren
(2020b) this could be the VLBI technique and obser-
vations of radio stars. Here, the goal is to present the
possibility of the International Latitude Service - ILS
and independent latitude stations - INDLS catalogs
of s for verification of Gaia’s bright reference frame.
Both catalogs (the ILS and INDLS) are referred to
the Hipparcos reference frame but their merit is the
long time baseline important for pus because At ~ 90
yr and the standard deviation of us is inversely pro-
portional to A¢. In the case of the Hipparcos data,
the us values are affected by the systematic errors of
double and multiple stars because At < 4 yr. Both
catalogs mostly contain stars from 4 to 8 mag in the
V-band (critical part of DR2) and since it is difficult
to valdite the spin of the bright DR2, that is why we
compare our g with suitable values of common stars
in the bright part (G < 13 mag) of Gaia DR2 catalog.

The Section 2 presents the main information
about the Hipparcos, Gaia DR2, ILS, and INDLS
data. The steps of the wx and wy calculations are
given in Section 3. The results and discussion are
given in Section 4. Conclusions are in Section 5.

2. HIPPARCOS, GAIA DR2, ILS, AND
INDLS DATA

Behind both satellite missions (Hipparcos and
Gaia) is the European Space Agency (ESA). In the
paper Damljanovi¢ and Taris (2019) we used the Hip-
parcos catalog data (ESA 1997), new Hipparcos cat-
alog data (van Leeuwen 2007), Gaia DR2, and ILS to
compare ps values (of common stars) between each
other. Also, in Damljanovi¢ and Taris (2019) the
main steps of the ILS construction are presented.
Similarly, this was done for the INDLS catalog in
the paper Damljanovi¢ (2020). The main task is to
obtain the spin values wx and wy (see Table 1) of
the bright DR2 reference frame using the ILS and
INDLS ps data. The component wyz of the spin is
not possible to calculate using ps, but from the other
investigations wz =~ 0 mas/yr (Lindegren 2020a).
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The Hipparcos reference frame has been linked to
the ICRF, and the Hipparcos catalog is the optical
counterpart of the ICRF (Kovalevsky et al. 1997).
The Hipparcos observation period was less than four
years (At < 4 yr); it could be a problem for accurate
positions and proper motions of double and multiple
stars. There are 118218 stars (with V' < 12 mag,
but mostly 7 < V' < 9 mag), and their errors are:
about 1 mas in position and parallax (at J1991.25),
about 1 mas/yr in the proper motion; the errors of
proper motion are larger in the case of double and
multiple than for single stars (Vondrédk et al. 1998).
After a new reduction of raw Hipparcos observations,
the new Hipparcos catalog appeared with improved:
coordinates, proper motions, and parallaxes of stars.
The new astrometric data are better by a factor of 2.2
in total weight, and by up to a factor of 4 for stars
with V' < 8 mag (van Leeuwen 2007). Also, the ILS
and INDLS stars are brighter than 8 V-mag (Daml-
janovi¢ and Taris 2019, Damljanovi¢ 2020). To get
more accurate values of positions and proper motions,
it is useful to combine the ground-based and satellite
data; the results are: ARIHIP, the Earth Orientation
Catalog — EOC (Vondrék and Ron 2003), ILS (Daml-
janovi¢ and Taris 2019), INDLS (Damljanovié¢ 2020),
etc.

The Gaia satellite was launched in December 2013
(Gaia Collaboration et al. 2016b), and in July 2014
it started its operation phase to collect astronomi-
cal data for more than one billion stars and for about
500000 QSOs (with G < 20.7 mag): positions, proper
motions, and parallaxes (Prusti 2012). Until now,
there are only a few solutions (Gaia Collaboration
et al. 2016a, Lindegren et al. 2018): Gaia DRI (the
first one is based on the first 14 months of Gaia obser-
vations and appeared in September 2016), DR2 (the
second one, its results are from the first 22 months
of observations, and it appeared in April 2018), and
EDRS3 (the early third release with results using the
first 34 months of observations, and it appeared in
December 2020). There are about 1.69 billion sources
in DR2 (with 3 < G < 21 mag): about 1.33 bil-
lion sources with five astrometric parameters (coor-
dinates, proper motions, and parallaxes), and about
0.36 billion faint objects (with the approximate po-
sitions); the reference epoch is J2015.5. The Gaia
DR2 optical reference frame (the faint part of it with
G > 16 mag) is aligned with the ICRS via quasars
(Lindegren et al. 2018). The median uncertainty in
coordinates and parallax is about 0.04 mas for sources
with G < 14 mag at J2015.5 (it is 0.05 mas/yr in the
proper motion). In the Gaia DR2 (Gaia Collabora-
tion et al. 2018a) there are about 560000 QSOs, and
2820 QSOs are from a prototype version of ICRF3
(Jacobs et al. 2018); these objects and their positions
define the optical reference frame (Gaia CFR2) at
epoch J2015.5. Bright stars (with G < 6 mag) mostly
have inferior astrometry due to the calibration issues
(Lindegren et al. 2018) and a few times bigger er-
ror in the proper motion. In the paper Damljanovi¢
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and Taris (2019), using the ILS catalog it was shown
that for these DR2 stars there are some systematic
errors in line with the magnitude and color index of
a star; similar results were presented in the paper
Damljanovié¢ (2020) about the INDLS stars.

The Gaia DR2 is an important step in realiza-
tion of the future Gaia reference frame, and useful
remarks about DR2 could improve the next release.
Ideally, the Gaia reference frame should coincide with
the International Celestial Reference System (ICRS)
for both bright and faint sources, but for the DR2
bright sources there are no Gaia’s direct observations
of QSOs and there is no comparison of optical Gaia
DR2 data with accurate VLBI data (of the same ob-
jects visible in optical and radio domains). The qual-
ity of the reference frame is better for the DR2 faint
part than for the DR2 bright part. Because of this,
we present an independent contribution to a possi-
ble validation of Gaia astrometry (DR2 data) using
the ILS (with 387 stars) and INDLS (with 682 stars)
catalogs.

The ILS catalog is based on zenith telescope data
(Yumi and Yokoyama 1980) spanning a time base-
line of about 80 years (At ~ 80 yr) during the pe-
riod of 1899.7-1979.0 (more than 90 years including
the Hipparcos point at 1991.25); these long history
data are of importance to get accurate proper mo-
tions. The error of us is proportional to 1/At (Eich-
horn 1974). Moreover, there were seven ILS stations
(Carloforte, Cincinnati, Gaithersburg, Kitab, Mizu-
sawa, Tschardjui, and Ukiah), and many observations
of the same Talcott star pairs (from a few to a few
hundred times per star and per year). First, the
reduction of these stars to the Hipparcos reference
system was done (Vondrdk et al. 1998); second, the
original catalog of ps (the ILS catalog) for 387 bright
stars was constructed (Damljanovié¢ and Pejovié 2006,
Damljanovi¢ and Taris 2019); third, some compari-
son results (Damljanovié¢ and Taris 2019) of the four
catalogs by pairs (the ILS, Hipparos — HIP, new Hip-
parcos — NHIP, and Gaia DR2) were presented, and
fourth, the differences in ps between pairs of catalogs
to characterize the ugs errors was analyzed for these
catalogs with a special focus on the Gaia DR2 and
ILS catalogs (Damljanovi¢ and Taris 2019). A sim-
ilar procedure was done for construction of the IN-
DLS catalog based on seven independent latitude sta-
tions: Belgrade, Blagoveschtschensk, Irkutsk, Mizu-
sawa, Poltava, Pulkovo, and Warsaw; more about it
in Damljanovié¢ (2020). In the present paper, the sub-
ject is the spin of the bright part of Gaia DR2 using
the ILS and INDLS catalogs.

Due to the specific Horrebow-Talcott method
(Yumi and Yokoyama 1980) of the measured star
pairs of ILS and INDLS stars, it is difficult to deter-
mine s for each single star (Vondrdk 2004), but the
original method was developed (Damljanovi¢ 2007)
and also the Hipparcos data were introduced into
the calculation; the least squares method (LSM) was
used. Distribution of the ILS stars via coordinates

and V magnitude is: 0" < o < 24", 20° < § < 60°,
and 4 <V < 8 (mostly, from 6 mag to 7 mag). It is
similar for the INDLS stars, but 30° < § < 80°.

The mean accuracy of ILS is 0.21 mas/yr; it is
0.144 for the same DR2 stars, 0.58 for HIP, and 0.36
for NHIP. The verification of the ILS data is carried
out by applying the F-test. Using the 3o criterion
9 stars were rejected (see Table 2), and for n = 378
ILS stars the test statistic is FF = S?/S3. If F >
Fr—1,n-1,0.05 one concludes that: S% is smaller than
S%, where F3777377;0_05 = 12, 322 is the averaged value
obtained by using sdf g, S is for the NHIP or DR2
data. The value sdyys is the standard deviation of ILS
15, sdnurp is for the NHIP pg, sdypp is for the HIP
s, sdpro is for the DR2 us; sd? is standard deviation
squared in accordance with the ILS, NHIP, HIP and
DR2 data. The values of F are: F' = 2.206 if S? is for
the NHIP data, and F' = 0.730 if S? is for the DR2.
In the case of the NHIP data, F > F3777377;0_05 and
the hypothesis Ho(sdf g = sd¥p) can be rejected.
The same is in the case of HIP data because the NHIP
astrometric data are better by up to a factor of four
for stars with V' < 8 mag (van Leeuwen 2007). This
means the values of sdIQLS are smaller than those of
sd¥p and sdyp, and the ILS pu; values are better
than the Hipparcos and new Hipparcos ones, but this
is not the case for the DR2 data, even if sdf g is
close to sd% p,. In the case of the INDLS ps values,
the mean accuracy of INDLS is 0.51 mas/yr and the
verification of the INDLS data using the F-test is
presented in Damljanovi¢ (2020); the result is that
sdiypLs 1s close to sdfp.

The systematic errors (depending on stellar mag-
nitude, and color index of every star) in the ILS—DR2
differences of us have been already investigated, and
they are nearly at the same level of 0.1 mas/yr (Daml-

janovi¢ and Taris 2019). In that paper, using com-

mon 387 stars it was concluded that all compared cat-
alogs (ILS, DR2, and NHIP) are close to each other,
but with small systematic errors. This systematic
part is the subject of the present paper. The rea-
son for that systematic part was found in double or
multiple stars (Vondrdk et al. 1998, Vondrdk 2004,
Damljanovi¢ and Taris 2019), but after Lindegren’s
results (Lindegren 2020a,b) about a possible spin of
the bright reference frame of Gaia DR2, the presented
investigation is focused on two components wx and
wy which can here be obtained by using us values.

3. INVESTIGATION OF wxy AND wy OF
THE BRIGHT DR2 SPIN

The 30 criterion was applied to 387 differences
ILS—DR2 two times, and two sets of rejected stars are
presented in Table 2: the Hipparcos number (HIP),
ILS—DR2, and ILS—HIP differences A of us. Each
double or multiple star is marked with D. Nine stars
were rejected after the first application of this crite-
rion (the first column of Table 2), and seven stars
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Fig. 1: Mean proper motion differences as a function of
a (ILS—DR2, one rectangle per 3P subinterval via ),
ws differences ILS—DR2 for 387 ILS stars (points), the
obtained spin (together wx = 0.14 mas/yr and wy =
—0.59 mas/yr, dashed curve) using 378 stars and LSM.

after the second one (the second column of that ta-
ble). It is interesting that the rejected stars (in Ta-
ble 2) show a better accordance between the ILS and
HIP catalogs than the ILS and DR2 ones. For these
stars, there are big differences of us for the ILS—DR2
and HIP—-DR2, much bigger than formal errors of
the catalogs. Only a few stars are marked as dou-
ble or multiple stars, and an explanation for this is
that some Gaia DR2 proper motions data are not reli-
able, even with small formal errors. There is a similar
situation for the INDLS rejected stars (Damljanovié
2020). After application of the 3¢ criterion, there are
371 ILS stars and 672 INDLS stars for investigation
of spin components wx and wy .
Using (Lindegren 2020a):

(1)

we apply Eq. (2) to calculate the unknowns a, wx,
and wy using LSM. The values A are differences of ps
(ILS—DR2, INDLS—DR2, etc.), A = pu5 — ju5, where
s = dd/dt is the component of the proper motion in

the frame C (or catalog C) and ,u; = dé' /dt in the

frame C (Lindegren 2020a) or catalog C'. In this
way, it is possible to obtain two components of the
spin between the two astrometric catalogs.

This means, the systematic errors of pairwise dif-
ferences using common stars from the catalogs are
calculated applying the formula:

A~ —wy sin a + wy cos a,

A =a—wxsina + wy cosa, (2)
where the unknowns a, wy, and wy describe the sys-
tematic part of the ug differences.

In Fig. 1, the rectangles indicate a systematic
curve (the mean proper motion differences ILS—DR2
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Fig. 2: Mean proper motion differences as a function
of a: ILS—NHIP (black circles), and NHIP—DR2 (black
rectangles).

as a function of «), and these rectangles are some-
what higher in the central part of that figure (at
a ~ 12"). In accordance with indication that the
bright reference frame of DR2 rotates relative to the
faint part of DR2 (Lindegren 2020b), here two com-
ponents of spin (wx and wy) are investigated using
LSM (results are in Table 1), and the obtained curve
for the case of ILS—DR2 is presented in Fig. 1 as
a dashed curve. The curve is following the rectan-
gles. The rectangles are averaged differences over 3"
long subintervals via a (Table 3). The error bars
for the plotted mean differences ILS—DR2 in Fig. 1
are given in Table 3. These error bars are suit-
able values of standard deviations of differences of 3"
long segments via «. In Fig. 1, the us differences
ILS—DR2 for 371 stars are presented with points.
These points are concentrated around the rectangles
and obtained curve, and the curve is calculated us-
ing the values a = 0.03 mas/yr, wx = 0.14 mas/yr
and wy = —0.59 mas/yr in the case of ILS—DR2
and n = 371 (Table 1); the suitable residuals (in Ta-
ble 3) for the case ILS—DR are close to zero which
means that the curve is well determined. Other dif-
ferences (ILS—NHIP and NHIP—DR2) are presented
in Fig. 2, and their values with standard deviations
are in Table 3. The obtained values for ILS—HIP are
close to the values for ILS—NHIP because, almost al-
ways, HIP and NHIP give practically the same result.
The catalogs fall in three distinct groups: DR2, HIP
and NHIP, ILS and INDLS. There are some differ-
ences between the three groups, and the bright DR2
deviating most from the other two groups. The dif-
ferences ILS—NHIP and INDLS—NHIP are presented
just to show that their wy values are smaller than the
values of DR2 from the other two groups. Each set
of differences ILS—DR2 and NHIP—DR2 is with the
same sinusoidal shape, but just with a different value
of amplitude. The related unknowns a (free term),
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Table 1: Values of: sg, free term (a), and two spin components (wx, wy ) using n = 371 u; differences (ILS—NHIP,
ILS—DR2, NHIP—DR2), 353 s differences ILS—DR2, and suitable differences for 672 INDLS stars.

Catalog, n, sg wx wy

[mas/yr] [mas/ yr] [mas/yr] [mas/yr]
ILS—NHIP, n = 371, 1.02 —0.03(0. 05) 0.04(0. 08) —0.18(0. 07)
ILS-DR2, n = 371, 1.16 0.03(0.06)  0.14(0.10) —0.59(0.08)
NHIP-DR2, n = 371, 1.18 0.06(0.06) 0.10(0.10) —0.42(0.08)
ILS—DR2, n = 353, 0.93 0.09(0.05) 0.14(0.08) —0.50(0.06)
INDLS—NHIP, n = 672, 1.48  0.05(0.06)  0.08(0.08) —0.19(0.08)
INDLS—DR2, n = 672, 1.73 0.01(0.07) —0.03(0.09) —0.54(0.10)
NHIP-DR2, n = 672, 1.49 —0.03(0.06) —0.11(0.08) —0.35(0.08)

Table 2: Rejected ILS stars by applying the 3¢ criterion,
their Hipparcos number (HIP), ILS—DR2, and ILS—HIP
differences A of s (double or multiple star is marked
with D); 9 stars were rejected after the first running of
that criterion (the first column), and 7 stars after the
second one (the second column).

HIP (ILS—DR2, ILS—HIP)
A [mas/yr]

5465 (—7.00, —2.02)
9493 (—7.25, —0.57)
22279 (7.30, —1.53) D
44064 (6.46, 4.63) D
45910 (—7.08, —0.72)
55060 (16.32, —0.51)
62145 (8.56, 8.56)
75256 (—6.21, 1.77)
117622 (17.02, —1.00)

HIP (ILS—DR2, ILS—HIP)
A [mas/yr]

5045 (—4.46, —2.20)
17460 (—4.36, 1.56)
40305 (4.27, —2.54)
56613 (5.47, —0.57) D
62825 (4.29, 0.15)
67529 (—5.98, —3.64)
109096 (—4.44, 1.50)

wx, and wy of Eq. (2) are calculated and presented
in Table 1 (top). The results from the INDLS data
are close to the results from the ILS data and are
presented in Table 1 (below).

For each presented combination of catalogs (in Ta-
ble 1), using 371 stars (ILS data) and 672 stars (IN-
DLS data), the values of wy are: negative as Lin-
degren’s (2020b) and Brandt’s (2018) results, signif-
icant at the 20 level, of the order of 0.1 mas/yr as
Brandt’s result (2018), remarkable for ILS—DR2 and
INDLS—DR2 (about —0.5 mas/yr), and relative (be-
tween two catalogs). The values of wy (Table 1) are
not significant at the 20 level. The value wy is impos-
sible to obtain from pus data, but it is nearly zero from
other investigations (Lindegren 2020a). Some values
of the coefficients a, wx, and wy (in Table 1) are
small for any combination of catalogs or their stan-
dard errors are higher than the corresponding values.

Also, the sum sy of the random errors for both
catalogs (or a combination of formal errors for pair
of catalogs) is in Table 1; sg is the unit weight error
of the solution of the system (or the sample standard
deviation). It is the random part of A, and it is
calculated as:

n

1 2
So = n73Z(A1—Az) 5 (3)
i=1
where n = 371 in the case of ILS data, A; = ug; — u&,

and A; = a — wx sina; + wy €os ;.

In the ILS—NHIP case, sop = 1 mas/yr, but in
the ILS—DR2 (n = 371) and NHIP—DR2 cases, s¢ ~
1.2 mas/yr. As mentioned, the Gaia DR2 stars with
G < 6 mag have inferior astrometry (Lindegren et al.
2018), and this could be the reason why sy ~ 1.2
mas/yr. It means the ps values of the DR2 bright
stars could be underestimated. The results from the
INDLS data (Table 1) support this conclusion.

4. RESULTS AND DISCUSSION
4.1. Investigation of systematic variability
using the Abbe criterion

The Abbe criterion (Malkin 2013) could be used
to check the trends and low-frequency variations in
A;. It is aimed at testing the hypothesis that all
mathematical expectancies of the analyzed A; are
equal. The ratio R = aj/as is the Abbe statistic,
where a; is the Allan variance and as is the disper-
sion of the data A;. The value aq is greater than
ap if there are trends and low-frequency variations
in A; values (or if R < Ry, where Rg is the critical
point of the Abbe distribution). If R < Ry, the hy-
pothesis that there is no trend in A; is rejected (or
the conclusion is that there are statistically signifi-
cant systematic variations in A; values). The Abbe
criterion is here applied to the A; values, to explain
variability in ILS—DR2 and other suitable differences
in Table 1, i.e. whether or not some variability could
be explained by formal errors. After applying that
criterion to 378 stars and ILS—DR2 differences, the
calculated values (for probability level of 0.05) are:
R =0.876, Ry = 0.916, a; = 1.725, ag = 1.969. The
average value A for differences A; is —0.011 £ 1.403
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mas/yr. The values a; and ay are calculated using
formulas:

n—1
1
a; = ﬁ;(Aerl — A’L) s (43,)
1 « 0
ag = n_li;(AfA) . (4Db)

Because n = 378, Ry is calculated using the for-
mula Ry = 1+ Uy/[n + 0.5(1 + Uq2)]0'5, where U,
is the quantile of the order ¢ of standard (normal)
distribution of values A;, and for ¢ = 0.05 it is
Upos = —Upogs = —1.64485. It is R < Rp, and
we conclude that the set of values A; is not possi-
ble to explain with only formal errors (in line with
the Abbe criterion). It means, there is some system-
atic part (it could be in accordance with the spin of
the bright DR2). After removing the suitable val-
ues of the obtained curve presented in Fig. 1 from
ILS—DR2 differences to get residuals, and applying
the Abbe criterion to these 378 residuals, there are
other values: R = 1.016, a; = 1.726, az = 1.699,
A = —0.014 mas/yr. Now, it is R > Ry and we
conclude that the set of values A; contains only for-
mal errors (in line with the Abbe criterion). This
means that the detected systematic part (values a,
wx, and wy of ILS—DR2 in Table 1) is well deter-
mined and removed from the ILS—DR2 differences.
In accordance with the Abbe criterion at points and
rectangles (differences ILS—DR2, in Fig. 1) there is
some systematic part (not only formal errors). In
suitable residuals that systematic part is not detected
and there are only formal errors.

4.2. Investigation of normal distribution of
A; differences by the Shapiro-Wilk
test and rejected stars by the method

of Tukey’s fences

The Abbe criterion is valid if the ILS—DR2 differ-
ences A; satisfy the standard (normal) distribution.
Fig. 3 shows the distributions of 378 ILS—DR2 dif-
ferences (solid line) and of residuals (dashed line).
It looks like a normal distributions but it is neces-
sary to check it by using some additional test. The
Shapiro-Wilk test (Shapiro and Wilk 1965) is applied
to 378 differences A; and the mentioned residuals.
The null hypothesis that the population is normally
distributed is rejected. On the other hand, if some of
378 values A; could be rejected, it is possible to get
the normal distribution. Because of this, more differ-
ences A; were rejected using the method of Tukey’s
fences (Tukey 1977).

The method of Tukey’s fences is applied to 378
differences, and 25 stars are rejected (two cases are
double stars, see Table 4). After that, there are 353
stars which follow the normal distribution of A; for
a new calculation of a, wx and wy (the results for
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Fig. 3: Distribution of differences ILS—DR2 (solid line),
and residuals (ILS—DR2 without obtained curve, dashed
line) of 378 ILS stars.

ILS—DR2 and n = 353 are in Table 1). Now, after
the Shapiro-Wilk test, both sets of data (ILS—DR2
differences and suitable residuals for n = 353) satisfy
the normal (standard) distribution. Such a distribu-
tion is necessary for a correct application of the Abbe
criterion.

4.3. Results

In the case ILS—DR2 and n = 353 (Table 1), the
new value wyx is stable, and for the value wy there
is a small change (about 15%). Now, it is —0.50 +
0.06 mas/yr instead of —0.59 + 0.08 mas/yr, but the
standard deviation (0.06) is better than the first one
(0.08 for n = 371 stars, Table 1). As for the Abbe
criterion and method of Tukey’s fences, there is a
similar situation for other differences: INDLS—DR2,
etc.

In Table 1, the value sg for ILS—DR2 is going from
1.16 mas/yr (n = 371) to 0.93 mas/yr (n = 353). As
to the solution with n = 371 stars, this means that
the 30 criterion is applied twice: to 387 stars (9 stars
are rejected) and, after that, to 378 stars (7 stars are
rejected); all rejected stars are in Table 2. About the
solution with n = 353 stars, after the first applying
the 30 criterion, there are 378 stars and the method
of Tukey’s fences is applied to these 378 stars to get
353 stars; 25 rejected stars are in Table 4.

Using Eq. (4), the Abbe criterion is again applied
to n = 353 values of A; (which are following the
normal distribution), we can conclude that: R < Ry
for ILS—DR2 differences (Ry = 0.913, R = 0.854),
and R > Ry for suitable residuals (Ry; = 0.913,
R = 1.008). We can not explain the 353 ILS—DR2
differences A; using only formal errors, but we can
do it it for the suitable residuals. It means, the curve
(in Fig. 1) is well detected in the mentioned differ-
ences and removed from them to get suitable residu-
als. Even with n = 353 stars, there are no remark-
able changes of the results presented in Table 1. It is
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Table 3: Average values A with standard deviations sd of s differences A (ILS—NHIP, ILS—DR2, NHIP—DR2)
and residuals (ILS—DR2 without obtained spin), m is the number of ILS stars in 3" long subinterval via a.

Subinterval m A(sd) A(sd) A(sd) A(sd)
[b] [mas/yr]  [mas/yr]  [mas/yr] [mas/yr]
Catalog Catalog  Residuals Catalog

ILS—NHIP ILS—-DR2 ILS—DR2 NHIP-DR2

[0,3) 67 -0.30(0.90) -0.76(1.71) -0.20(1.71) -0.46(1.85)
3,6) 42 -0.07(1.24) -0.10(1.91)  0.24(1.90)  -0.03(2.16)
6,9) 22 0.21(1.64) 0.48(1.88) 0.34(1.85)  0.27(L.74)
9,12) 64  0.07(0.93) 0.65(2.50) 0.14(2.48)  0.58(2.54)
[12,15) 56  0.21(1.35) 0.66(1.66) 0.05(1.66)  0.45(1.17)
[15,18) 41  0.25(1.43) 0.58(1.73) 0.17(1.76)  0.33(2.19)
[18,21) 29 -0.17(1.09) -0.29(1.14) -0.11(1.16)  -0.11(0.68)
21,24) 66 -0.17(0.96) -0.44(2.22) 0.01(2.23)  -0.26(2.20)

possible to conclude that the curve (in Table 1, and
in Fig. 1) is well calculated, and the procedure for
obtaining two spin components wy and wy is cor-
rect. Also, in all catalogs (in Table 1) there is the
rotation wy which is of the order of 0.1 mas/yr for
stars between 4 and 8 mag in the V domain, but
wy —0.5 mas/yr is remarkable in the ILS—DR2
and INDLS—DR2 cases. The results for INDLS data
(Table 1, bottom) support those for ILS data (Ta-
ble 1, top).

A few possible sources for the observed differences
are marked: a distortion in the Gaia DR2 positional
reference frame, a distortion in the Gaia DR2 proper
motions, or a distortion in the Hipparcos positional
reference frame; or any combination of these is pos-
sible. The ILS and INDLS stars were reduced to the
Hipparcos reference system. In this paper, a distor-
tion in the Gaia DR2 proper motions (via the spin of
the bright DR2) is marked as a serious candidate for
the detected systematic error.

~
~

5. CONCLUSIONS

Following an indication (Lindegren 2020b) that
the bright reference frame of Gaia DR2 rotates rel-
ative to the faint part of DR2, the independent ILS
and INDLS data of us are used to investigate two
spin components (wx and wy ). We can not calculate
the component wyz using only us data, but wz ~ 0
mas/yr from other investigation (Lindegren 2020a).
The original ILS catalog of p; is based on the ground-
based observations during the period from 1899.7 to
1979.0; it is about 80 years (or about 90 years with
the Hipparcos point for the moment 1991.25). There
was a network of seven ILS instruments (zenith tele-
scopes at latitude 39°1). These data provide accu-
rate ILS ps values of 387 common ILS and Hippar-
cos stars. The original method was applied (Daml-
janovi¢ and Taris 2019), and the mean accuracy of

Table 4: Rejected 25 ILS stars by applying the method
of Tukey’s fences, their Hipparcos numbers (HIP), and
ILS—DR2 differences A of ps; every double or multiple
star is marked with D.

HIP (ILS—-DR2) HIP (ILS—DR2)

A [mas/yr] A [mas/yr]
4584 (—3.32) 56613 (5.47) D
5045 (—4.46) 62825 (4.29)
5544 (—3.94) 67529 (—5.98)
7370 (—4. 01) 75543 (3.61)
11611 (—2.94) 75825 (—2.73)
17460 (—4.36) 79236 (—3.30)
17475 (—2.79) 84606 (3.53) D
19030 (—3.13) 100651 (—3.08)
20241 (3. 51) 106306 (—4.03)
20933 (—2.85) 109096 (—4.44)
40305 (4.27) 113505 (—3.97)
54063 (4.02) 113766 (—3.97)
(

115317 (3.62)

the ILS ps is about 0.21 mas/yr (0.51 mas/yr for
INDLS data) which is in accordance with modern as-
trometry. The original INDLS catalog is based on ob-
servations of seven independent latitude stations over
many decades during the last century (Damljanovié
2020). Both catalogs (ILS and INDLS) are referred
to the Hipparcos reference frame, but their merit is
the long time baseline (At ~ 90 years) important for
s The short time baseline (At < 4 years of the Hip-
parcos data) could be the reason why the HIP and
NHIP ;s values are affected by the systematic errors
of double and multiple stars.

After the 3o criterion, we continue with 371 ILS
stars (and with 672 INDLS stars) to investigate the
wx and wy spin components of the bright Gaia DR2
reference frame (stars with G < 13 mag). Two men-
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tioned components are obtained and presented in Ta-
ble 1. The value wx is not significant at the 2o
level but wy = —0.59 4 0.08 mas/yr for ILS—DR2
(—0.54 £ 0.10 mas/yr for INDLS—DR2). It is about
—0.20 £ 0.07 for ILS—NHIP, about —0.40 £ 0.08 for
NHIP—-DR2; some amount of the order of 0.1 belongs
to each catalog but DR2 is deviating most from the
other two catalog groups (HIP and NHIP, ILS and IN-
DLS). The results for ILS and INDLS data are close
to each other (Table 1). The direction is the same as
Lindegren’s (2020b) result, but the presented result
is larger than Lindegren’s one. Other values (of a
and wx in Table 1) are small for any combination of
catalogs or their standard errors are higher than the
corresponding values. Also, some stars are rejected
using the method of Tukey’s fences to get the normal
distribution of A; differences, the normal distribution
of differences is checked with the Shapiro-Wilk test,
and the Abbe criterion (useful for the normal distri-
bution of differences) is applied to A; and suitable
residuals. All presented calculations and investiga-
tions show that the obtained curve (in Fig. 1) and
results (Table 1) are well determined and in accor-
dance with wy. The ILS results (Table 1, top) are
close to the results from the INDLS data (Table 1,
bottom).

The values of wy (Table 1, top) are: negative as
other results (Lindegren 2020b, Brandt 2018), signifi-
cant at the 20 level, the rotation is of the order of 0.1
mas/yr as Brandt’s result (2018) for DR2, that rota-
tion is a relative one (between two catalogs), and it is
obtained using the bright stars with the V magnitude
from 4 to 8. The same conclusions are obtained using
the INDLS data (Table 1, bottom).

The value sy = 0.93 mas/yr for ILS—DR2 (n =
353) is smaller than 1.16 (n = 371) because of re-
jected stars using the method of Tukey’s fences. The
inferior astrometry of DR2 stars with G < 6 mag
(Lindegren et al. 2018) could be the reason for smaller
value of sg in the case ILS—NHIP (so ~ 1.0 mas/yr)
than ILS—DR2 and NHIP—-DR2 (so ~ 1.2), and it
could be concluded that the ps values of the bright
DR2 are underestimated. Also, that the conclusion
is in accordance with the INDLS data.

The presented results are in line with the activity
of the AU Working Group on Astrometry by Small
Ground-Based Telescopes.

Acknowledgements — This research was supported by
the Ministry of Education, Science and Technological
Development of the Republic of Serbia (contract No
451-03-9/2021-14/200002). This work has made use
of data from the European Space Agency (ESA) mis-
sion Gaia', processed by the Gaia Data Processing
and Analysis Consortium (DPAC?). The ILS and
INDLS catalogs data underlying this article are avail-

Thttps://www.cosmos.esa.int/gaia

2https://www.cosmos.esa.int/web/gaia/dpac/
consortium

44

able in the Strasbourg astronomical Data Center: the
ILS data® and the INDLS data®.

REFERENCES

Brandt, T. D. 2018, ApJS, 239, 31

Damljanovi¢, G. 2007, Improvement of Accuracy of
Proper Motions of Hipparcos Catalogue Stars Using
Optical Latitude Observations: PhD Thesis (Univer-
sity of Belgrade)

Damljanovié¢, G. 2020, AN, 341, 770

Damljanovié, G. and Pejovié¢, N. 2006, SerAJ, 173, 95

Damljanovié¢, G. and Taris, F. 2019, A&A, 631, A145

Eichhorn, H. 1974, Astronomy of star positions - A critical
investigation of star catalogues, the methods of their
construction and their purpose (New York: Frederick
Ungar Publishing Co.)

ESA. 1997, in ESA Special Publication, Vol. SP-1200 (No-
ordwijk: ESA Publications Division)

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al.
2016a, A&A, 595, A2

Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al.
2016b, A&A, 595, Al

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al.
2018a, A&A, 616, Al

Gaia Collaboration, Mignard, F., Klioner, S. A., et al.
2018b, A&A, 616, Al4

Jacobs, C., Charlot, P.; Arias, E. F., et al. 2018, in 42nd
COSPAR Scientific Assembly, Vol. 42, B2.1-31-18

Kovalevsky, J., Lindegren, L., Perryman, M. A. C., et al.
1997, A&A, 323, 620

Lindegren, L. 2020a, A&A, 633, Al

Lindegren, L. 2020b, A&A, 637, C5

Lindegren, L., Herndndez, J., Bombrun, A. et al. 2018,
A&A, 616, A2

Ma, C., Arias, E. F., Eubanks, T. M., et al. 1998, AJ,
116, 516

Malkin, Z. M. 2013, ARep, 57, 128

Prusti, T. 2012, AN, 333, 453

Shapiro, S. S. and Wilk, M. B. 1965 (Oxford University
Press on behalf of Biometrika Trust), 591

Tukey, J. W. 1977, Exploratory data analysis (Addison-
Wesley)

van Leeuwen, F. 2007, Hipparcos, the New Reduction of
the Raw Data (Dordrecht: Springer)

Vondrak, J. 2004, SerAJ, 168, 1

Vondrak, J. and Ron, C. 2003, in Journées 2002 -
Systémes de Référence Spatio-Temporels, ed. N. Capi-
taine and M. Stavinschi, Vol. 14, 49-55

Vondrék, J., Pesek, I., Ron, C. and Cepek, A. 1998, Publ.
Astron. Inst. Czech. Acad. Sci., 87, 1

Yumi, S. and Yokoyama, K. 1980, Results of the interna-
tional latitude service in a homogeneous system, 1899.9
- 1979.0 (Mizusawa: Central bureau IPMS)

3https://doi.org//10.26093/cds/vizier.36310145

4ftp://cdsarc.u-strasbg.fr/pub/cats/J/AN/341/8


https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://ui.adsabs.harvard.edu/abs/2018ApJS..239...31B
https://ui.adsabs.harvard.edu/abs/2018ApJS..239...31B
https://ui.adsabs.harvard.edu/abs/2020AN....341..770D
https://ui.adsabs.harvard.edu/abs/2020AN....341..770D
https://ui.adsabs.harvard.edu/abs/2006SerAJ.173...95D
https://ui.adsabs.harvard.edu/abs/2006SerAJ.173...95D
https://ui.adsabs.harvard.edu/abs/2019A&A...631A.145D
https://ui.adsabs.harvard.edu/abs/2019A&A...631A.145D
https://ui.adsabs.harvard.edu/abs/2016A&A...595A...2G
https://ui.adsabs.harvard.edu/abs/2016A&A...595A...2G
https://ui.adsabs.harvard.edu/abs/2016A&A...595A...1G
https://ui.adsabs.harvard.edu/abs/2016A&A...595A...1G
https://ui.adsabs.harvard.edu/abs/2018A&A...616A...1G
https://ui.adsabs.harvard.edu/abs/2018A&A...616A...1G
https://ui.adsabs.harvard.edu/abs/2018A&A...616A..14G
https://ui.adsabs.harvard.edu/abs/2018A&A...616A..14G
https://ui.adsabs.harvard.edu/abs/1997A&A...323..620K
https://ui.adsabs.harvard.edu/abs/1997A&A...323..620K
https://ui.adsabs.harvard.edu/abs/2020A&A...633A...1L
https://ui.adsabs.harvard.edu/abs/2020A&A...633A...1L
https://ui.adsabs.harvard.edu/abs/2020A&A...637C...5L
https://ui.adsabs.harvard.edu/abs/2020A&A...637C...5L
https://ui.adsabs.harvard.edu/abs/2018A&A...616A...2L
https://ui.adsabs.harvard.edu/abs/2018A&A...616A...2L
https://ui.adsabs.harvard.edu/abs/1998AJ....116..516M
https://ui.adsabs.harvard.edu/abs/1998AJ....116..516M
https://ui.adsabs.harvard.edu/abs/2013ARep...57..128M
https://ui.adsabs.harvard.edu/abs/2013ARep...57..128M
https://ui.adsabs.harvard.edu/abs/2012AN....333..453P
https://ui.adsabs.harvard.edu/abs/2012AN....333..453P
https://ui.adsabs.harvard.edu/abs/2004SerAJ.168....1V
https://ui.adsabs.harvard.edu/abs/2004SerAJ.168....1V
https://ui.adsabs.harvard.edu/abs/1998PAICz..87....1V
https://ui.adsabs.harvard.edu/abs/1998PAICz..87....1V
https://ui.adsabs.harvard.edu/abs/1998PAICz..87....1V
https://doi.org//10.26093/cds/vizier.36310145
ftp://cdsarc.u-strasbg.fr/pub/cats/J/AN/341/8

THE SPIN OF THE BRIGHT GAIA DR2 REFERENCE FRAME

POTAIINMJA GAIA DR2 PESEPEHTHOI' CUCTEMA CJAJHUX 3BE3IA
KOPUCTERN HE3ABUVICHY AHAJIN3Y ps IIOOJATAKA W13 ILS 11 INDLS KATAJIOTA
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YK 521.96 ILS, INDLS, Gaia DR2
Opuzunasiy Hay¥HY Pao

Gaia DR2 pe¢epentnu cucrem 6u Tpebasio
na Oyme 6e3 pejaTuBHE poTaluje y OOHOCY HA
kBazape u carsacan ca International Celestial Ref-
erence System (ICRS). To je mocturmyTo 3a caabe
DR2 3Be3zne (3a koje Baxku nma je Gala mMaraury-
na G > 16) mpeko mmpexrtHumx Gaia mocmarpa-
wa kBazapa (G > 17 mag), amu 3a cjajue DR2
sgezne (G < 13 mag) muje m 36or Tora ce jaBiba
penatuBHa poramuja cjajuor Gaia DR2 mema y
omuocy Ha ciaabu DR2 meo. /lomatHo, acTpomert-
puja Bpiao cjajumx DR2 3Beszma (G < 6 mag) je
jJomuja y OOHOCY HA OCTaje 3Be3ne. 360r Tora,
U3padyHAJIN CMO IBE€ KOMIIOHEHTE TIOMEHYTE PO-
rannje (wx, wy) xKopucrehm nsa HesaBucHa Ka-
rasnora (ILS ca 387 3se3na u INDLS ca 682 3Be3-
na) GasvpaHa HA BUIIEJCIEHU]CKUM IUPUHCKUM

nocmarpamuma 3Be3na. Ob6a cy y Hipparcos pe-
¢epenTHOM cucremy M V Marsuryna uMm je oxm 4
no 8 (kpurmuan neo 3a DR2). Kopuctumu cmo
u Hipparcos nonarke nose o6pane (NHIP), mana
je mpemuoct ILS m INDLS y Bumenenenujckom
marepujany (At ~ 90 rommHa) a TO je BAKHO
3a [is jep je cTamapaHa TPEMKa [i5 IPOIOpPIU-
onamHa 1/At. IlpuMmemeHna je MeTona HAjMAHUX
KBaapara Ha pasiuke gsa kartasora (ILS—DR2,
INDLS—DR2, wrn) m go0uaud cMO BPEAHOCTH
koje morBpbhyjy momemyTty poramujy. ¥ pamxy
cy xopumliere oarosapajyfie craructuke (Meron
Tukey’s fences, Abbe-rkpurepujym, Shapiro-Wilk
rect, utn). Jlobujera BpemdHOCT 3a wy je 3HaUaj-
Ha Ha 20 HuUBOY, u ILS u INDLS karasosu ce mory
KOPUCTUTHU 3a mpoBepy cjajuor mena Gaia DR2.
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