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What is Astrometry?

« Astrometry is fundamental for all areas of astronomy

« We study the universe through precise measurements positions
and motions of celestial objects.

« The information obtained by astrometric measurements
provides information on the kinematics and physical origin of
the Solar System and our Galaxy.
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What is Astrometry?

Astrometry is fundamental for all areas of astronomy

We study the universe through precise measurements positions
and motions of celestial objects.

The information obtained by astrometric measurements
provides information on the kinematics and physical origin of
the Solar System and our Galaxy.

Related Science:

Celestial Mechanics & Dynamics;
Geodesy & Geophysics;

Special & General Relativity.
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What is one arcsecond (17) ?

~45 KM

—

1”

What Is one microarcsecond
(0”.000001)7

This iIs the thickness of the match-
wood that viewed from the Earth
on the Moon surface.
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How many stars |n Mllky Way’P 100 200 may be 500 bl“lOﬂ stars s |
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GaiaDR2 (Caia Collaboration 2018)

http://cdsarc.u-strasbg.fr/viz-bin/Cat?cat=1/345&menu=0n
was released on 25 April 2018

"> HOW MANY STARS WILL THERE BE IN THE SECOND GAIA DATA RELEASE? @@esa

radius & luminosity

550 737

variable sources

L e | | 76 956 778
14 099 i ’ amount of dust along

The second data release of ESA's Gaia mission is scheduled for publication on 25 April 2018.



Gaia-CRF2

« Gaia Collaboration: A.G.A. Brown, A. Vallenari, T. Prusti at. al.
Gaia Data Release 2. Summary of the contents and
survey properties/A&A Vol. 616 pp. 22 (August 2018)

Gaia DR2 also represents a new materialisation of the celestial
reference frame in the optical, the Gaia-CRF2, which is the first
optical reference frame based solely on extragalactic
sources. Gaia-CRF2 is contained 556 869 extragalactic sources.

« V.S. Akhmetov, P. N. Fedorov, A. B. Velichko, V. M. Shulga.
The PMA Catalogue: 420 million positions and absolute
proper motions// Mon Not R Astron Soc — 2017. Vol. 469,
Iss. 1, -P. 763-773.



The PMA Catalogue (Akhmetov+ 2017)

http://cdsarc.u-strasbg.fr/viz-bin/Cat?cat=1/341

We present the catalogue that contains about 421 million absolute
proper motions of stars. It was derived from the combination of
positions from Gaia DR1 and 2MASS, with a mean difference of
epochs of about 15yr. Most of the systematic zonal errors inherent
in the 2MASS Catalogue were eliminated before deriving the
absolute proper motions. The absolute calibration procedure
was carried out using about 1.6 million positions of
extragalactic sources. The mean formal error of the absolute
calibration is less than 0.35mas/yr. The rms error of proper motions
depends on stellar magnitude and ranges from 2-5mas/yr for stars
with 10mag<G<17mag to 5-10mas/yr for faint ones.

V.S. Akhmetov, P. N. Fedorov, A. B. Velichko .The PMA Catalogue as a
realization of the extragalactic reference system in optical and near

infrared wavelengths // Proceedings of the IAU,Vol.12, Symposium S330, pp.
81-82.
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High reliability sub-selection of galaxies from Source.

This view of table Source defines a reliable selection of extended
objects (ie. galaxies) from Source. Reliable in this context means that
each galaxy must appear on the UKJ, UKK and UK plates: must be
classed as nan-stellar on UKJ & UKR; must not be deblended on UKJ ar
UKR: and must have good quality UK.J, UKR & UKl (ie. quality < 128) A
magnitude cut of Bj < 200 provides a reliability of better than
appraximately 90%.

1000




Gaia-CRF2

« Gaia Collaboration: A.G.A. Brown, A. Vallenari, T. Prusti at. al.
Gaia Data Release 2. Summary of the contents and
survey properties/A&A Vol. 616 pp. 22 (August 2018)

Gaia DR2 also represents a new materialisation of the celestial
reference frame in the optical, the Gaia-CRF2, which is the first
optical reference frame based solely on extragalactic
sources. Gaia-CRF2 is contained 556 869 extragalactic sources.

« V.S. Akhmetov, P. N. Fedorov, A. B. Velichko, V. M. Shulga.
The PMA Catalogue: 420 million positions and absolute

proper motions// Mon. Notic. Roy. Astron. Soc.— 2017. Vol.
469, Iss. 1, -P. 763-773.

« P. N. Fedorov, A. A. Myznikov and V. S. Akhmetov. The XPM
Catalogue. Absolute proper motions of 280 million

stars // Mon. Notic. Roy. Astron. Soc. — 2009. — Vol. 393, Iss.
1.—P. 133 -138



The XPM Catalogue (Fedorov+ 2009)

http://cdsarc.u-strasbg.fr/viz-bin/Cat?cat=1/319

We combined data from the Two-Micron All Sky Survey (2MASS) and
USNO-A2.0 catalogues in order to derive the absolute proper
motions of about 280 million stars distributed all over the sky
excluding a small region near the Galactic Centre, in the magnitude
range 12 < B < 19 mag. The proper motions were derived from the
2MASS Point Sources and USNO-A2.0 catalogue positions with a
mean epoch difference of about 45 years for the Northern
hemisphere and about 17 years for the Southern one. The zero-
point of the absolute proper motion frame (the ‘absolute
calibration’) was specified with the use of about 1.45 million
galaxies from 2MASS.



Some conclusions:

GaiaDR2 is the biggest full sky survey that contain
more than 1.3 billion 5 astrometric parameters.

Gaia-CRF2 - is the one of some optical reference frame
based solely on extragalactic sources. (NOT FIRST)

The XPM is the first (PMA - second) a large all sky
catalogue that present independence realization of the
extragalactic reference system in optical and near
infrared wavelengths

The XPM and PMA catalogues were created in Institute
of Astronomy Kharkiv National University.



Solid-body rotation

To determine the mutual value of the solid-body rotation
of the TGAS and PMA system with respect to the system
of proper motion GaiaDR2 stars we use the well-known
equations (Lindegren & Kovalevsky, 1995).

Au,cos0 = w,cosa sind + w,sina sind — @w,coso
Aus; = —w,sina + w,cos a,

where w,, @, and @, components of the mutual rotation
vector » -z}

The TGAS-GaiaDR2, PMA-GaiaDR2
stellar proper motion difference
have been used for solved

by the least-squares method.




Components w,, w, and w,of the mutual rotation vector
of the system proper motion of the TGAS-PMA and TGAS-GaiaDR2
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More information: P.N. Fedorov, V.S. Akhmetov, A.B. Velichko. Testing stellar proper motions of

TGAS stars using data from the HSOY, UCACS5 and PMA catalogues // Mon Not R Astron Soc —
2018. Vol. 476, Iss. 2, -P. 2743-2750.



Components w,, w, and w,of the mutual rotation vector

8 10 12 14 16 18 20

of the system proper motion of the PMA-GaiaDR2
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The Million Quasars (Milliquas) catalogue (Flesch, 2017)
http.//cdsarc.u-strasbg.fr/viz-bin/Cat?VII/280

This is a compendium of 607,208 type-I QSOs and AGN, largely complete from the literature to
5-August-2017, including the release of SDSS-DR14. Also included are 1.35M high-
confidence (80%+ likelihood) quasar candidates from the NBCKDE, NBCKDE-v3, XDQSO,
AIIWISE and Peters photometric quasar catalogs and from all-sky radio/X-ray associated
objects which are calculated here. Type-II and Bl Lac objects are also included, bringing the
total count to 1 998 464.

Large Quasar Astrometric Catalogue 3(LQAC-3) (Souchay+, 2015)

http.//cdsarc.u-strasbg.fr/viz-bin/Cat?VII/280

Our final catalog, called LQAC-3, contains 321 957 objects including a small proportion of
AGNs (14 128) and BLLac (1183). This is roughly 70% more than the number of objects
recorded in the LQAC-2. The LQAC-3 will be useful for the astronomical community since it
gives the most complete information available about the whole set of already recorded
quasars, with emphasis on the precision and accuracy of their coordinates with respect to the
ICRF2.

1.4 Million Active Galactic Nuclei in the Mid-Infrared using WISE Data
(ALLWISEAGN) (Secrest+, 2015)

We present an all-sky sample of 1.4 million active galactic nuclei (AGNs) meeting
a two-color infrared photometric selection criteria for AGNs as applied to sources
from the Wide-field Infrared Survey Explorer final catalog release (AlIWISE). We
conclude that our sample contains almost no optically identified stars (<0.041%),
making this sample highly promising for future celestial reference frame work as it
significantly increases the number of all-sky, compact extragalactic objects.



mas/yr

Components of the rotation vector of the extragalactic objects in the
GaiaDR2 catalogue.
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Components of the rotation vector of the extragalactic objects in the

PMA catalogue.

milquasPMA.png lgac3PMA.png
2 : . 2 .
L5+t L5}
1r Lr
= 05 B o 05 _ 4% ;
= ] - ‘E:" T Pt T /
20 ‘If{t\/\'i}i”f —%\H_' —— “‘AT o g 0 _ﬂx “‘#““:4/ - ~ S
= I e ~F — - = 05! _ ! N v
05 - - .
-1F -1r
15} o . -1.5¢ o
; | | IR B I =
“16 16.5 17 17.5 18  18.5 19 19.5 2 16 165 17 175 18 185 19 195 20
Gmag Gmag
wagnPMA .png
2
L.5r
1E
;‘ 0.5F— ;__ﬁ_%__h% i
-1 F
-1.5+F ﬁ E
216 165 17 175 _18 185 19 195 20

Gmag



The method described by Roland Wielen (1995) is very efficient

provided the data under comparison are independent quantities.

With three or more independent catalogues, it is easy to estimate
the external accuracy of proper motions of each of them.

T T T T T T T T T T T T M 2 -'l T T T T T T | T T T T
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The standard deviations of the stellar proper motions obtained by the
method of Wielen for PMA, HSOY, UCACS5, GPS1 and GaiaDR2 catalogue,
depending on the magnitude G.



Some conclusions:

The coordinate axes d e p n éyd the GaiaDRR and PMA
catalogues are non-rotating with respect to distant
extragalactic objects (LQAG, WISEAGN and Milliquas
catalogues) to within +0.15 and 0.3 mas/yr accordingly.

The external accuracy of stellar proper motion of UCAG,
HSOY,GP3 and PMA catalogues are good agreement with
their internal accuracy that have been declared in papers.

The random errors of proper motions of the UCAG, PMAand
GailaDR stars are equal 1-3 mas/yr for the stars with
Gmagl/’.



Northern Extragalactic WISExPan-STARRS (NEWS)
catalogue: 40 million extragalactic objects in optical
and infrared range

Two photometric catalogues, AIIWISE and Pan-STARRS DR1 (PS1),
have been cross-matched to create a new catalogue of
extragalactic objects covering 3/4 of the celestial sphere up to G=
23 mag. The classification model has been created by means of
machine-learning algorithms in order to separate extragalactic
objects (galaxies and quasars) and the galactic objects. The model
has achieved 99.53% of exact matches with the predictions on the
training sample after learning.




Northern Extragalactic WISExPan-STARRS (NEWS) catalogue

*W1-W4 (WISE) in IR + g,r,i,z,y (PS1) in optics =
36 colours for ~200 million sources

Catalogue construction:
1. Training stage with SDSS-DR14 spectroscopically confirmed objects.
1.1 Using Neural Network for creating 5-dimensional Feature Space by transformation of
original 36 colors.
1.2 Support Vector Machine training within Feature Space.
2. Classification stage with AIIWISExPS1 catalogue:
2.1 Transforming colour
2.2 SVM classification
As a result, we have 40 million extragalactic objects up to g=22 mag!
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Fig.2. Distribution of probabilities for
40 millions extragalactic objects on the sky

Fig.1. Two-“super-colors” diagrams calculated by NN



Sky distribution of 40 million objects from the NEWS catalogue in galactic coordinates of
Aitoff projection, where 1=0°, b=0" at center of picture. Whiter colour corresponds to the lower
density of objects.
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Spin, mas yr—!
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Right figure is presented global parallax shift for the sources from the
NEWSxGaia DR2 sample; violet line corresponds to the result of the median
smoothing; zero-point (-0.029 mas) of the parallax is represented by the
orange dashed line.



Some conclusions:

We succeeded to extrapolate spectroscopic classification
from SDS3PRL4 accuracy 99.53% using only optical -infrared
photometric data by means of machine-learning algorithms.

NEWScatalogue consists of 40 million extragalactic objects,
among which 4 milllion are point-like and W1-W2>0.8
criterion selected about 2 million quasars in the resulting
catalogue.

Gala-CRR has no rotating up to £0.02 mas/yr around all the
three axes with respect to reference frame, set by the
guasarsfrom NEWS



GaiaDR2 - Globular clusters

245 246 247 248 249 250 251 252

Messier 4 by Hubble Space telescope



Stellar density map the size of 6x6 degree

GaiaDR1 GaiaDR2




GaiaDR2 - Globular Clusters

First results:

SHOLE G - ot 1181 objects was found in GaiaDR2
Or spraximation. by Smooth: 7 i
Ordinary Lesst Squares 2D With biggest* core fl&;{:ﬁ :::i::;

[ o
n=8..10

(Globular Clusters, Open Clusters and
Dwarf galaxies)

469 objects were classificated as GC
from 1181 using Gaussian convolution

PROCESSING
Convolution:

Convolution is a mathematical operation on two ﬁmcﬁnns (f and g) it produces a third
function, that is typically viewed as a modified version of one of the original functions.

Convolution is similarto cross-corvelation.

x*+y? duster_259.79753258-18.51380023  dluster_26.94295192862.94419946  cluster_260.28638818-19,58020013  dluster_260,89824558-17.81479926  duster_261.7885515&-7,090399451

flxy) = Ae %%
Some Pan-STARRS images with Globular
¢]1]a) 1 Clusters that we detected in the GaiaDR2 using

HEDER _ this method.

416| 26|16




GaiaDR2 - Globular clusters
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Kinematics of the Galaxy from the
Gala DR2 and PMA data

Models:

» QOgorodnikov-Milne;

« Bottlinger formula;

« QOort-Lindblad;

« Mathematical model — Vector Spherical Harmonics;
 Distribution of residual velocities.



Ogorodnikov-Milne model

[ V0+Q><r+M+><r]

e

Vo: UV.W  (:wi,we,ws Mo u

GRCerHoLn) ( Solid-body rotation)  ( Contraction - expansion )

. M121 M 13? M

If radial velocities are not used, Def |
only linear combination can be WDRIDTalion e ales)
derlved

+ _ gt
33 = My — My,

- 1t +
11 Mg — My,




Ogorodnikov-Milne model

K gcosb=U /rsinl=V/r cosl- ¥,sinbcosl— ¥,sinbsin| + jrosb-

— Mg;sinbsin +M 55sinbcosl+M 7,cos bcos2 | - % M ,, cosbsin2|

K g§=U /r coslsin b+V /rsinlsin b—W/rcosb + xsinl-¥,cosl+

+M 5052 bcos+M 5,c0s2 bsin |- ;— M, sin2bsin2 |- i— M, sin2 bcos2 I+ ;—Xsinz b

V.= -U cosl cosb- V sinl cosb— Wsin b+r (M7,sin2 bcosl+M 5,sin2bsin |+
+M 7,€0s* bcos2 +M 7, cos*bcos?+M 3,cos*bsin®+M %.sinb)



Velocity field via VSH:

U(lab) — E U?‘lk.pvnkp T E t-nkankp T E Snkpsn.kp

nkp nkp nkp

We have only proper motions, so

]b an]‘p 7gkp+2571k]7 nkp

nkp nkp



Vector Spherical Harmonics
Radial: Vnkp = Kn_k-,-,(l. b)e.r

Thoroidal: ' |
T‘Hkp — Tflk‘.pel i Ty?kpeb s 1 % (d[(n f:p“, b) e — 1 dl{nl:p(l b) eb)
: vnln+1) db cosb ol
Spheroidal:
| 1 1 0K, (Lb)  OKuu,(l,b)
oo XL y b - nkp\ts nkp :
i = Enkp® Sk T r (msb B  an g

where: P, o(b). E=0.p=1

Koip(l,0) = Rup % P.i(b)sinkl, k#0,p=0.,
P,i(b)coskl, k+#0,p=1

, 2(n—Kk)! .
Ry:= .\/2”4: : { Tnglyr: B > 0,
1 k=0 (Vityazev et al., 2009)




The expansion coefficients

triep = 2 AT (U by)Toep (U )

N
41 —_—
Snip =~ 2 by S (1 )

Y32 >X —tflkp > X, where X=6.7

4n

n=1,2,3.....nmax; nmax=>56;
k=0,1,2.....kmax; kmax=39;




Link between the mathematical VSH and
physical Ogorodnikov-Milne model

101 2.89w;

110 2.89w,

t111 2.89w,

S101 -2.89 Z,/<r>
S110 -2.89 Yo/<r>
S111 -2.89 Xp/<r>
S201 -0.65 M{;-0.65 M7,+1.29 M3,
5210 2.24 M3;

o 2.24 M,

S50 2.24 Mf,

S221 1.12 M{;-1.12 M5,
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Velocity vector of the Sun using Galaxy angular velocity on

GaiaDR2 solar distance
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Green — VSH model
Blue — Ogorodnokov-Milne model



3D Gala DR2
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Fig 5. The M*;;, M*,, and M*;; are components of
the tensor M™* characterizing velocities of relative
contraction-expansion along X, y, z Galactic axes.



Some conclusions:

1.The comparison of kinematics parameters of Galaxy
based of the physical model Ogorodnikov-Milne and
obtained with the mathematical method have been done.

2. Not all parameters of the Ogorodnikov — Milne model
are significant.

3. We have found out that the data of GaiaDR2 and PMA
catalogues have a significant decomposition of
coefficients VSH that are absent in the Ogorodnikov-Milne
model.

4. This indicates that the velocities field of the stars can
not be described by means of the linear model
Ogorodnikov-Milne.




Scientific activities:

« Analysis of modern astrometric catalogues data with the aim to
test of the Gaia data.

« Refinement of kinematic parameters of our Galaxy by means of
tangential and space velocities of stars in frameworks of modern
physical and mathematical models.

« Solving the problem of celestial objects separation to stars and
extragalactic sources using astrometric and photometric
characteristics.

« Applying machine learning and statistical data analysis methods
for classification of stars contained in modern astronomical
catalogues.

« Search and study of Globular Clusters in large astrometric
catalogues.

We would be interested in cooperation on the five topics listed
above.



Thank you for your attention!
akhmetovvs@gmail.com




R. Wielen. A method for determining the individual accuracy of

astrometric catalogues. (Astronomy and Astrophysics, 302, 613 -622
(1995).

The method described by Roland Wielen is very efficient provided the data under
comparison are independent quantities. In this case, dispersion of positions or proper motion
differences is equal to the sum of their dispersions, because the index of correlation

between the data sets is zero. With three or more independent catalogues, it is easy to estimate
the external accuracy of each of them:

Dl =gl +& =<AIL, > g =0.5(D,, + D, — D))
Dl =gl +el =<Ag, > g =0.5(D;, + D;, — D))
Dl =g+l =<AiL, > g =0.5(D;, + D,, —D.,)

where D,,, D,5 and D,, are dispersions of the differences of positions or proper motions for

two catalogues under consideration. Before proceeding to the calculation of the dispersions,

we need to ascertain that the correct values will be obtained. The assumption that the initial
random quantities are centered, i.e. the mean value of each of them is zero, may be a possible
source of incorrectness. In general, the mean value is hon-zero because of systematic errors

in the catalogues. If this non-zero mean is constant or varies with magnitude smoothly, then

the dispersion of the differences can be calculated. In the case, when the systematic differences
vary fast or have breaks, the method does not work. Therefore, it is important to determine

behaviors of the systematic differences. Fortunately, the systematic differences of proper motions
are smooth functions of magnitude.



S 5)=5(M=2=1 L=0)

T(S)=T(N=2 fi=1 L=0)

Spheroidal and
Thoroidal
functions n=2,

FYU(S)=FV(N=2 =1 L=0)







