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PREFACE

Two years after the Journees 2017 at Alicante University, the Journees 2019 Astrometry, Earth
Rotation and Reference Systems in the Gaia Era were organized by the Observatoire de Paris, and
took place at the Campus of the Pierre and Marie Curie University (Paris 6), France, from October
7t0 9, 2019. During three decades the Journées saga (as said Y. Yatskiv in Alicante), held in Paris
and in other European cities was lead by N. Capitaine, since 2017 its organisation was entrusted
to new faces. This is an unique forum devoted to space-time reference systems, involving both
the techniques that allow to realize them and their fondamental or pratical applications, sweeping
astrometry, Earth rotation changes and geodynamics in light of the various processes affecting
the Earth. Its organization has been the result of an active and continuing cooperation between
the Systéemes de Référence Temps Espace Department (SYRTE) of Paris Observatory and other
European institutions.

Journees 2019 have been marked by record numbers of participants and communications. There
were 118 attendants coming from 21 countries over the 5 continents. The scientific program
included 58 oral presentations and 38 posters. Presentations were split into five sessions, alternating
astrometry (sessions | and I11), Earth rotation changes (Session II/IV) and solar system dynamics
(session V). Of particular interest were the communications dedicated to the results of the Gaia
mission and its possible future prolongation in IR band (Session ), the realization of the International
Celestial Frame |11 (session Ill). In session Il, many interesting talks were devoted to the centennial
of the " Earth rotation” IAU commission.

For the second time, the Journees proceedings are not in paper format but limited to an elec-
tronic edition, that can be downloaded from: https://syrte.obspm.fr/astro/journees2019/
index.php7page=presentation_pdf along with the slides of the oral presentations and posters.
Having estimated that their results are too preliminary or were are already published in peer-reviewed
journal, some authors did not submit paper. Moreover, for some posters, tributes, and introductory
talks, the corresponding slides or poster have been judged more appropriate. They can be found on
the Journees 2019 web site. The number of papers that have been collected for the proceedings
amounts 61. Each of them has been referenced in ADS biliographic database by Zinovy Malkin.

The proceedings are available on the website of the Journees 2019, that will be maintained for
years. Anyway they will be put on an electronic archive. All submitted paper have been carefully
reviewed and corrected accordingly. We are especially grateful to Sergei Klioner, Laura Fernandez
and Maria Karbon for having largely contributed to this review. Alberto Escapa and Zinovy Malkin
brought valuable corrections pertaining to formal aspects of the proceedings. Olivier Becker set up
the upolad system and the LateX layout.

We want to thank all the participants in these Journees, particularly the invited speakers and
the SOC members for their excellent presentations and their invaluable commitment.

A video and audio support was insured by a technician of the Pierre and Marie Curie University.
The organization of the coffee breaks as well as the poster sessions was highly facilitated by
finding out, a few weeks before the meeting, the " Tipi space” 5 minutes by feet from the Charpak
amphitheater. In this regard, we acknowledge the support received from the Pierre and Marie
Curie University. But, before all, we congratulate the members of the Local Organizing Committee
who faced, in reason of the exceptional number of participants, a very heavy logistic pertaining to
installation and transport of the material, especially poster grids, registration, and conference diner
at "La Coupole”.

Christian BIZOUARD, Chair of the SOC - Jean SOUCHAY, Chair of the LOC
15 September 2020
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SCIENTIFIC PROGRAMME

Monday October 7 9h-12h30: ORAL SESSION |

8h15-9h00: REGISTRATION
9h00- 9h15: OPENING (LOC, IAU,SOC: J. SOUCHAY, F. SEITZ, C. BIZOUARD)

SESSION I: GAIA mission
Chair : David HOBBS (Lund Observatory, Sweden)

9h15-9h30: Lennart LINDEGREN: The bright reference frame of Gaia and VLBI observations of
radio stars

9h30- 9h45: Federica SPOTO:Asteroid astrometry in the Gaia era
9h45-10h00: Paolo TANGA: Correcting archive asteroid astrometry by Gaia DR2

10h00-10h30 COFFEE BREAK (TIPI)
Chair: Felicitas ARIAS (Observatoire de Paris)

10h30-10h45: Niu LIU, Z. ZHU, S. B. LAMBERT and J.-C. LIU:Is it possible to bring the Gaia-
CRF2 into the VILBI data reduction?

10h45-11h00: Nathan SECREST, J. FROUARD: Quasar Selection Techniques going into the Gaia
Era

11h00-11h30: (invited) Frangois MIGNARD:Space astrometry form Hipparcos to Gaia : a tribute
to JEAN KOVALEVSKY

11h30-11h45: Goran DAMLJANOVIC, F. TARIS, M.D. JOVANOVIC:Short-term and long-term
flux variability of extragalactic objects useful for the future Gaia CRF

11h45-12h00: V. ROBERT, J. DESMARS, Jean-Eudes ARLOT: The NAROO digitization centre

12h00-12h15: Brigitte ROCCA VOLMERANGE, L. GODINAUD: Continuous UV to far-IR Spectral
Energy Distributions of Quasars

12h15-12h30: David HOBBS: Future space astrometry

12h30-14h00:LUNCH BREAK

Monday October 7 14h-17h30: ORAL SESSION I
SESSION II: Earth Rotation and Geodynamics | (observations and analysis)
100 YRS. CELEBRATION OF COMMISSION "ROTATION OF THE EARTH"
Chair: Jan VONDRAK (Astronomical Institute of the Czech Academy of Science)

14h00-14h15: Florian SEITZ:Introduction to the Centennial Celebration of IAU Commission A2/19

14h15-14h45: (invited) Zinovy MALKIN, A. BRZEZINSKI, N. CAPITAINE, V. DEHANT, R.
GROSS, C. HUANG, D. MCCARTHY:overview of the 100 year history of IAU commission 19/A2.

14h45-15h00: Nicole CAPITAINE:the IAU Commission 7Earth Rotation? and the IAU definition
of the pole and UT1
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15h00-15h15: Richard GROSS, A. BRZEZINSKI: The International Astronomical Union and Polar
Motion

15h15-15h45: N. Capitaine, S. Klioner, Z. Malkin, J. Nastula: Tribute to B. GUINOT, B. KO-
LACZEK, V. ABALAKIN, V. VITYAZEV

15h45-16h15 - COFFEE BREAK (TIPI)
Chair: Yaroslav YATSKIV (Main Astronomical Observatory of the Ukraine)

16h15-16h30: Leonid PETROV, R. RAY:Combined analysis of free and forced nutations from
VLBI group delays

16h30-16h45: Maria KARBON:Impact of the parameterisation of the source positions on the Free
Core Nutation

16h45-17h00: Csilla FODOR, R. HEINKELMANN, S. MODIRI, S. RAUT, H. SCHUH and P.
VARGA:Impact of major earthquakes on variations of Earth rotation

17h00-17h15: Severine ROSAT, N. GILLET, J.-P. BOY:On the possible detection of inter-annual
deformation signal at the Earth's surface due to the fluid core dynamics

17h15-17h30: Nicholas STAMATAKQOS, M. DAVIS, N. SHUMATE:/ERS Rapid Service Prediction
Center Products and Services: Improvements, Changes and Challenges, 2017 to 2019.

17h30-18h30: POSTER SESSION with focus on sessions |, Il & V (TIPI)

Tuesday October 8 8h30-12h30h & 14h00-14h15: ORAL SESSION Il
SESSION IlI: ICRF and astrogeodesy
Chair : Maria KARBON (Observatoire de Paris)

8h30-8h45: Patrick CHARLOT, C. GARCIA-MIRO, T. AN, B. sCAMPBELL, F.COLOMER, A.
de WITT, P. EDWARDS, S. LAMBERT:Looking into the future of the radio reference frame with
SKA

8h45-9h00: Marshall EUBANKS, L. PETROV: COMPASS:Applications of VLBI Beacons in Cis-
lunar Space

9h00-9h10: Anatoliy IVANTSOV:Astronomical refraction in the Earth’s ellipsoidal atmosphere
9h15-9h30: Chris JACOBS: Advancing the X/Ka-band Celestial Frame: Roadmap to the Future

9h30-9h45: Aletha de WITT, C. JACOBS, D. GORDON, H. KRASNA, K. LE BAIL, MCCALLUM,
QUICK, SOJA, HORIUCHI: The K-Band Celestial Reference Frame Roadmap

10h00-10h30 PHOTO, COFFEE BREAK (TIPI)
Chair : Aletha de WITT (South African Radio Astronomy Observatory)

10h30-10h45: Bryan DORLAND, N. SECREST, JOHNSON, N. ZACHARIAS, A. FEY, C. FINCH,
T. FISCHER, L. HUNT, J. SOUCHAY: The Fundamental Reference AGN Monitoring Experiment
(FRAMEX) collaboration

10h45-11h00: Megan JOHNSON:A volume-limited AGN Survey for the FRAMEX Project

11h00-11h15: Nijat MAMMADALIYEV, P.A. SCHREINER, S. GLASER, K. BALIDAKIS, K.H.
NEUMAYER, J. M. ANDERSON, R. HEINKELMANN, R. KOENIG, H. SCHUH:On a possible
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contribution of VLBI to geocenter realiszation via satellites assessed by simulation study

11h15-11h30: Erricos PAVLIS |, V. LUCERI, M. KUZMICZ-CIESLAK, and G. BIANCO: The ILRS
Planned Contribution to ITRF2020

11h30-11h45: Victor PUENTE, M. FOLGUEIRA, E. AZCUE:Analysis of VLBI and GNSS ties in
CONT campaigns

11h45-12h00: Jacques ROLAND, C. GATTANO, S. LAMBERT, F. TARIS:Structure and variabil-
ity of quasars

12h00-12h15: Oleg TITOV, F. SHU:Observations of radio stars with geodetic VLBI
12h15-12h30: Norbert ZACHARIAS, C. FINCH:Deep South Telescope
12h30-14h00 LUNCH BREAK

14h00-14h15: Megan JOHNSON, L. HUNT, A. FEY, D. GORDON, and J. SPITZAK: VLBA
imaging of ICRF3 sources
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THE BRIGHT REFERENCE FRAME OF GAIA
AND VLBI OBSERVATIONS OF RADIO STARS

L. LINDEGREN

Lund Observatory, Lund University - Sweden - lennart@astro.lu.se

ABSTRACT. The Gaia Celestial Reference Frame is defined by faint quasars, and it is assumed
that the positions and proper motions of other sources are expressed in the same frame. For
Gaia DR2, position differences for Hipparcos stars at epoch J1991.25 show that the proper motion
system of the bright (G < 13) sources in DR2 rotate by about 0.15 mas yr~!. This is confirmed
by Lindegren (2020), using a new algorithm to compare DR2 data with published VLBI astrometry
for 41 radio stars. The spin of the bright reference frame of Gaia DR2 is caused by the different
modes of observation in Gaia and related calibration issues unresolved in DR2. To validate the bright
reference frame of Gaia in future data releases will require accurate positional VLBI observations
to be acquired in the next 5—10 years for the largest possible set of suitable radio stars.

1. THE GAIA CELESTIAL REFERENCE FRAME

The second release of Gaia data (DR2; Gaia Collaboration et al., 2018a) provides full astromet-
ric information (positions, parallaxes, and proper motions) for 1331 million sources at the reference
epoch J2015.5. Their magnitudes in the integrated Gaia band range from G ~ 3 to 21, although
the astrometry is unreliable for G < 6 due to detector saturation. The positions and proper motions
of all sources are formally given in the second realisation of the Gaia Celestial Reference Frame,
Gaia-CRF2 (Gaia Collaboration et al., 2018b).

The primary realisation of Gaia-CRF2 is the list of positions, as given in DR2, for a subset
of 556 869 sources identified as quasi-stellar objects (QSOs), i.e. the optical emission from active
galactic nuclei (AGNs) at cosmological distances. Their proper motions, also given in DR2, are
usually insignificant and the reference frame was adjusted so that their global rotation (spin) is
zero to within 0.02 mas yr—!. 2820 of the QSOs were identified as the optical counterparts of
ICRF sources in a prototype version of ICRF3 (Jacobs et al., 2018), and were used to align the
positional system of Gaia-CRF2 with the ICRF to within about 0.02 mas at the epoch J2015.5.

An implicit assumption is that the positions and proper motions of all DR2 sources are on
the same reference frame, providing a secondary, much denser realisation of Gaia-CRF2 for all
magnitudes in the range G ~ 3-21. However, the quality of the reference frame cannot easily
be checked except for the QSOs, which are all fainter than G ~ 13, and 99.9% fainter than
G = 16 mag. The QSOs are, in every respect, observed and treated exactly as ordinary stars
of similar magnitude and colour, and it is therefore reasonable to assume that the levels of non-
rotation and alignment errors quoted above apply also to the stellar part of Gaia-CRF2 fainter than
G ~ 16. As shown below, they do not apply, though, to stars brighter than G ~ 13.

An important question is then how Gaia-CRF2, and indeed all future versions of the Gaia
CRF, can be validated for sources brighter than G ~ 16. In this paper | argue that accurate
VLBI astrometry of radio stars can be used for this purpose, but that a concerted and well-
planned programme of such observations in the next 5—-10 years is needed to match the expected
improvements in future versions of the Gaia CRF.
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Figure 1: Position differences at epoch J1991.25 between Gaia DR2 and the Hipparcos Catalogue.
The fans show the median displacements (apro — QHip, ObrR2 — OHip), Magnified a factor 107, in
cells of ~54deg? solid angle. The cells are coloured according to the total median displacement
in the cell. The map uses the Hammer—Aitoff projection in equatorial (ICRS) coordinates with
a = 0 = 0 at the centre, north up, and a increasing from right to left.

2. THE BRIGHT REFERENCE FRAME OF GAIA DR2

Already at the time when Gaia DR2 was published, it was known that the reference frame for
the bright sources (G < 13) has a significant (=~ 0.15 mas yr~!) spin relative to the quasars. This
was seen from a comparison (Figure 4 in Lindegren et al., 2018) with proper motions from the
Tycho—Gaia Astrometric Solution (TGAS) of DR1. In TGAS the proper motions were obtained by
incorporating positions from the Hipparcos and Tycho-2 catalogues in the solution, thus benefiting
from the ~24 yr epoch difference (Michalik et al., 2015).

The issue is illustrated in Figure 1. This shows the systematic differences in the positions of
Hipparcos stars between Gaia DR2 and the Hipparcos Catalogue (van Leeuwen, 2007). The position
comparison is made at the reference epoch of the Hipparcos Catalogue, J1991.25, by propagating
the Gaia DR2 positions back to this epoch, using the proper motions in DR2. The pattern shows
a very clear signature of rotation, by about 3.6 mas around the direction (o, ) = (53°, +15°).
There are three possible explanations for this global pattern: (i) a misalignment of the Hipparcos
Catalogue at J1991.25 with respect to the ICRS by 3.6 mas; (ii) a similar but opposite misalignment
of the Gaia DR2 positions at J2015.5; or (iii) a spin of the DR2 proper motions relative to ICRS by
about (3.6 mas)/(24.25 yr) ~ 0.15 mas yr—!. From the way the Hipparcos Catalogue was aligned
with ICRS (Kovalevsky et al., 1997), explanation (i) is very unlikely (formally, the probability is
<107°), and (i) can be ruled out on similar grounds (cf. Sect. 3). Although a minor part of the
effect could be explained by a combination of (i) and (ii), we must conclude that (iii) is the main
cause, i.e. that the bright reference frame of DR2 rotates with respect to ICRS at a rate of about
0.15 mas yr— L.

To further quantify this rotation, Figure 2 shows the equatorial components of the global spin
vector [wx, wy,wz] calculated in bins of the G magnitude. For G 2 16 the reference frame is
non-rotating to < 0.02 mas yr~!. Between G = 14 and 16 some deviation in wy is indicated,
although the number of QSOs is too small to allow a firm conclusion. For G < 13 the spin is very
significant, and almost constant between G = 7 and 11. From G = 11 to 13 the data are too noisy
to tell with certainty if there is a progressive transition to the faint reference frame. The combined
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Figure 2: Estimates of the global spin of the Gaia-CRF2 as a function of G. For sources fainter
than G ~ 14 (in red), the spin is estimated from the proper motions of QSOs; for brighter sources
it is computed from the differences between the Gaia DR2 proper motions of Hipparcos stars (blue)
and Tycho-2 stars (black) and their proper motions derived from the position differences DR2 — Hip
and DR2 — Tyc, divided by the epoch difference of 24.25 yr.

result, using the ~90 000 best-fitting Hipparcos stars, is:

Wx —0.085 £ 0.025
w= |wy| =[-0.1134+0.025| mas yr !, (1)
Wz —0.039 4+ 0.025

where the uncertainties follow from the estimated RMS alignment error of the Hipparcos Catalogue
at J1991.25 (0.6 mas per axis; Kovalevsky et al., 1997) divided by the epoch difference. The vector
(1) is a correction to the DR2 proper motions in the following sense:

u'aC*RF = uE,’EZ + wx cosasingd + wy sinasind — wz cosd
ICRF DR2 : (2)
Mg = Mg T — WxSINQ + Wy Cosa

Note that this correction only applies to sources brighter than G ~ 13.



3. USING VLBI ASTROMETRY OF RADIO STARS

The classical method to estimate the spin (w) of a catalogue is to derive absolute proper
motions for some objects, e.g. using VLBI, calculate the proper motion differences with respect
to the catalogue, and finally use equations like (2) to solve the components wx, wy, wz by least
squares (e.g. Bobylev, 2019). This method does not use any positional information contained in
the VLBI data, except for the differential measurements from which proper motions are derived.

But even without any associated proper motions, positional VLBI observations can contribute
to the determination of w, just like the Hipparcos positions did for (1), provided that they are made
at an epoch sufficiently different from the Gaia epoch. The greater the epoch difference, the more
weight is contributed by the VLBI positions to the determination of w. The early phase-referencing
VLBI observations by Lestrade et al. (1999) are thus particularly valuable, as their mean epochs in
the early 1990s provide a time baseline of more than two decades to the Gaia observations. Future
VLBI observations, even many years after the Gaia mission has ended, will for the same reason
be extremely valuable for the determination of the spin. Note that the VLBI positions at various
epochs need not refer to the same sources, since the information on w comes from their positional
differences with respect to Gaia.

Lindegren (2020) describes a general algorithm to estimate the spin (w) and orientation error
(g) of a stellar catalogue by means of VLBI observations. It determines by least squares the six
constants in the linear expression

e(t)=e(T)+(t—T)w (3)

for the orientation error relative to the ICRS as a function of time, where T is the reference epoch
of the Gaia data. Applied to Gaia DR2 (T = 2015.5), using VLBI data for 41 radio stars collected
from the literature, the result is

—-0.35+£0.14 —0.077 £ 0.051
€(2015.5) = [+0.36 £0.25| mas, w= [—0.096+0.042| mas yr *. (4)
+0.05 £ 0.05 —0.002 £ 0.036

In this solution only 26 of the 41 radio stars were retained; 15 were iteratively rejected based on a
goodness-of-fit criterion. Most of the rejected sources are known to have significantly non-uniform
motions due to perturbing companions.

Within its uncertainty, the result for w in Eq. (4) agrees with the spin (1) obtained from the
Hipparcos positions. It therefore supports the conclusion in Sect. 2 concerning the rotation of
the bright reference frame of Gaia DR2. The two determinations of w are in fact not entirely
independent: the alignment of the Hipparcos Catalogue at J1991.25 to the ICRS mainly relied on
the VLBI observations of 12 radio stars made by Lestrade et al. between 1984 and 1994 (Kovalevsky
et al., 1997), and several of them also contribute heavily to (4), as discussed below.

4. THE VALUE OF OLD (AND FUTURE) VLBI OBSERVATIONS

The algorithm described in Lindegren (2020) also computes quantities E; and ; representing
the statistical weights contributed by the VLBI data on each radio star (/) to the determination
of €(2015.5) and w, respectively (or, in the case of a rejected object, the potentially contributed
weight). Figure 3 shows these quantities plotted against the mean epoch of the VLBI observations.
From Figure 3a it is evident that the orientation at epoch J2015.5 is almost entirely determined
by VLBI observations made close to this epoch. This is expected, since the older VLBI data only
contribute to €(2015.5) if their proper motions are good enough to provide positions at J2015.5
of competitive precision, which is usually not the case.

By contrast, in Figure 3b more than half of the total weight contributed towards the determi-
nation of w comes from the six accepted objects with pre-1995 VLBI data, thanks to their large
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Figure 3: Weights contributed by the VLBI data for the 41 radio stars considered by Lindegren
(2020) to the estimation of (a) the orientation at J2015.5, and (b) the spin of the bright reference
frame of Gaia DR2. Filled and open circles denote sources accepted and rejected in the solution.

epoch differences with respect to the Gaia data. In order of decreasing €2;, these objects are:
AR Lac, LS | 461 303, Cyg X-1, HD 199178, HD 22468, and BH CVn (HR 5110). All of them
were observed by Lestrade et al. (1999) with typical positional uncertainties of 0.3-0.5 mas at
their respective mean epoch. Recent programmes such as the GOBELINS survey (e.g. Kounkel et
al., 2017) often reach positional uncertainties that are ten times smaller, but because their mean
epochs are close to the Gaia DR2 epoch they mainly contribute (in this analysis) to the determi-
nation of €(2015.5), as shown in Figure 3a. However, as more observations of a similar accuracy
will surely be added to the analysis in coming years, the determination of w will increasingly rely on
the recent data.

Nevertheless, in spite of expected improvements in future VLBI data, the old observations will
not become obsolete. Most of the radio stars are close binaries (e.g. of RS CVn type), and many
have a third component in a long-period orbit causing a significant acceleration in the motion of the
close pair. This is the case e.g. for 02 CrB and UX Ari, two well-observed objects in the Lestrade et
al. programme that were rejected in the present analysis due to their bad goodness-of-fit statistics.
With a more sophisticated modelling of their motions, these objects could well be included in future
analyses, in which case the early data will be extremely valuable.

For the present analysis it was sometimes possible to increase, by a large factor, the weight of
an early VLBI position simply by recalculating it, using the most recent (ICRF3) position for the
calibrator source (the quasar used for the phase referencing). One example is Cyg X-1, where the
positional uncertainty at 1991.25 was reduced from ~1.5 mas, as given in Lestrade et al. (1999), to
the ~0.35 mas used in this analysis. This is of course only possible when the identity and position
of the calibrator, as used in the original VLBI reduction, have been documented.

5. CONCLUSION

Based on a comparison with accurate VLBI astrometry of radio stars, it is concluded that the
bright (G < 13 mag) reference frame of Gaia DR2 is rotating with respect to quasars at a rate of
about 0.15 mas yr—!. This supports a similar conclusion based on a comparison with Hipparcos
positions at the epoch J1991.25. On the other hand, QSO data show that the faint (G 2 16)
reference frame of Gaia DR2 is non-rotating at <0.02 mas yr~!. The difference between the bright
and faint reference frames is related to the different modes of observation (CCD sampling) in Gaia,
and associated calibration issues that will only be resolved in future releases (see Appendix B in

Lindegren, 2020, for details).



The comparison of Gaia DR2 data with VLBI astrometry uses a new algorithm that incorpo-
rates in an optimal way both positional information and proper motions in a single solution of the
orientation (€) and spin (w) of the Gaia reference frame with respect to the ICRS.

It is expected that the the celestial reference frame will be an order of magnitude more precise
in the final release of Gaia data than it is in DR2. To validate the bright reference frame of future
releases to a matching accuracy will be challenging. Clearly it will not be enough to compare with
the Hipparcos reference frame, which will not improve with time. Instead, the validation must
rely mainly on existing and future VLBI astrometry of radio stars. This will require many more
positional measurements to be obtained in the next 5-10 years, on an absolute accuracy level of
~0.1 mas or better, with direct links to the ICRF frame. To minimise the impact of multiplicity, it
will be prudent to use as many different sources as possible. While most of the new positional VLBI
data could materialise as a by-product of various astrophysical programmes, it may be necessary to
complement them with dedicated observations targeting specific objects, such as astrometrically
“clean” radio stars (ideally single main-sequence stars), objects with a long history of accurate
VLBI observations, and radio stars with optical magnitudes in the range 13 to 16, which are rare
in current programmes.

Irrespective of their original scientific motivation, it is important that astrometric VLBI obser-
vations are published in sufficient detail, and with adequate meta-information, so that they can be
used in the future to address other scientific questions, including those related to the radio-optical
reference frame. As a minimum, the positions derived from the individual observing sessions should
be given, with their mean epochs of observation, as well as the assumed positions of the calibrators.
Most, but not all recent publications already provide this information.
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ABSTRACT. The very long baseline interferometry (VLBI) and Gaia mission provide two main
realizations of the celestial reference frame, which are the International Celestial Reference Frame
(ICRF) and Gaia-CRF, with similar precision. One weakness in the ICRF is the large-scale sys-
tematics which is not supposed to be seen in the Gaia-CRF. It is, thus, possible to consider the
Gaia-CRF as another option besides the ICRF in the VLBI data reduction. We generate several
VLBI global solutions with different configurations on the celestial frame and compare VLBI prod-
ucts. Our preliminary results show that different a priori catalogs only introduce an orientation
offset in the celestial frame together with corresponding bias in the UT1 and nutation series. If we
fix the defining source position to Gaia DR2, the estimated celestial frame will be brought closer
to the Gaia-CRF in terms of dipolar terms.

1. INTRODUCTION

The celestial reference frame (CRF) now has several realizations at an accuracy level of tens of
micro-arc second (uas) since publishments of the Gaia Data Release 2 (DR2, Gaia Collaboration
et al. 2016, 2018a, 2018b) and the third generation of International Celestial Reference Frame
(ICRF, Charlot et al. 2019). The International Celestial Reference Frame (ICRF) is realized through
positions of a set of radio sources measured by the very long baseline interferometry (VLBI) in the
radio domain, while the Gaia celestial frame (Gaia-CRF) is constructed via positions and proper
motions of extra-galactic objects in the optical domain.

One weakness in the ICRF is that it contains large scale systematics due to the north-south
network asymmetry. A systematic position error of about 50 pas in the South (around § = —30°)
in the ICRF2 was reported in, e.g., Liu et al 2018 but is now partly accounted for by modeling of
the Galactic aberration. These systematics are not supposed to be present in Gaia-CRF because
the scanning law of Gaia allows a more uniform sky coverage. The current precision of Gaia data is
only comparable to that of VLBI but one should note that the Gaia DR2 used only less than half of
data collected during the whole mission. As a result, the final Gaia -CRF could be potentially more
precise (lower position error) and more accurate (lower systematics) than the radio frame. Under
this situation, it would be interesting to consider the Gaia-CRF as an option for the VLBI data
reduction. Besides, analyzing the VLBI observations within the Gaia-CRF could be a possible way
for the radio-optic frame link. The remaining problem is the radio-to-optical distance but, except
for a few sources, it should not produce any global systematics and affect the maintenance of the
celestial frame datum.

For these reasons, we propose to test the possibility of considering the Gaia-CRF in the VLBI
data reduction, to look at to which extent one could use the Gaia-CRF (i.e., an independent datum)
as a priori and how such an a priori perturbed the VLBI products: celestial reference frame (CRF),
Earth Orientation Parameters (EOP), and terrestrial reference frame (TRF).



2. METHOD AND MATERIALS

In the VLBI data reduction, a set of equations is added to the normal equation before solving
it to fix the reference frame (both CRF and TRF) and reduce the degeneracies among CRF, TRF,
and EOP. These special equations are called constraints. To fix the celestial frame, a so-called
No-Net-Rotation (NNR) constraint is applied to a priori positions of a special ensemble of radio
sources, that is, defining sources. This NNR constraint permits no (or as low as possible) rotation
between the a priori and a posteriori catalogs (CRFs). In the state-of-art VLBI global solution, the
NNR constraint is applied to the ICRF3 position of 303 defining sources to maintain the celestial
reference frame. Instead, if we apply the NNR constraint to the Gaia position of an ensemble of
well-selected sources, VLBI observations are then analyzed within the frame of Gaia-CRF. This is
our implementation of Gaia-CRF in the VLBI data reduction.

For illustration purposes, we chose the 250 sources in the ICRF3-prototype subset of Gaia DR2
(gaiadr2.aux_iers_gdr2_cross_id!) common to the 303 ICRF3 defining sources. These sources
represent the most precise positions in the current ICRF3 catalog but not in the Gaia-CRF2 (since
the Gaia position error is quite uniform) and consist of the defining source list used in this work.

To check if the radio-optical position offset is significant, we calculated the angular separation p
and normalized separation X between Gaia and ICRF3 S/X position for these 250 sources following
the methods in Mignard et al. (2016). These two quantities are depicted in Figure 1. The angular
separation is less than pp = 0.71mas (indicated by the horizontal red line) for the bulk (95%)
of sources. In an ideal case, X is expected to follow a Rayleigh distribution, then the theoretical
number of sources whose normalized separation X is greater than a certain value Xy falls below
one for Xo = 3.3 (indicated by the vertical red line). If we take pg and Xy as upper limits, most
sources (about 90%) do not present a genius radio-optical offset.

Figure 2 demonstrates the dependency of the difference between Gaia DR2 and ICRF3 positions
on the declination for 250 common sources, in the sense of Gaia DR2 minus ICRF3. We expanded
these position differences onto a set of vector spherical harmonics (VSH; Mignard and Klioner,
2013) of the first degree to study the global difference. The model is given as followed.

Aacosd = —Rjpcosasind — Rosinasind + Rzcosd — Gy sina + Go cos a, (1)
Ad = +4Risina— Rycosa — Gicosasind — Gosinasind + Gz cosd.

The rotation vector R characterizes the orientation between celestial frames while the glide vector
G reveals the dipolar deformation or zonal errors in the celestial frame. A weighted least-squares
fit of Eq.(1) gives an orientation offset of ~ —70 pas on the X-axis (R1) and glide terms at a level
of 50 uas.

We ran four global solutions using VLBI observations made at S/X-band during 1979-2019 with
identical parameterizations except for the CRF. Solution A and C used the Gaia DR2 positions as
the a priori source positions while B and D used the ICRF3 SX positions. The positions of defining
sources (only 250 defining sources here) were adjusted in the solution A and B but fixed in solution
C and D. The option of estimating adjustments to the position of defining sources means that the
celestial frame will be adjusted in the VLBI analysis process. If not, the new celestial frame will be
fixed tightly to the a priori frame. The number of global parameters is same between A and B as
well as between C and D, later pair having about 500 less.

Table 1 summarizes the configuration and post-fit statistical information on these solutions.
We find that the post-fit root-mean-square (RMS) and reduced-x? would slightly increase if fixing
the defining source positions to their a priori position; they were greater when fixing the defining
source positions to the Gaia position. This result indicates that the ICRF3 positions suit VLBI data
better than the Gaia DR2 positions in the case of fixing defining source positions.

'http://gea.esac.esa.int/archive/
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Figure 1: Angular separation and normalized Figure 2: Positional difference between the
separation between the Gaia DR2 and ICRF3 Gaia DR2 and ICRF3 SX positions for the 250

SX positions for the 250 common sources.

common sources and their ICRF3 positions as

a function of declination.

Table 1: Configurations of VLBI solutions.

Label A priori Defining Post-fit RMS  Reduced-x?
catalog Source position ps
A Gaia DR2 adjusted 26.37 1.19
B ICRF3 SX adjusted 26.37 1.19
C Gaia DR2 fixed 28.03 1.34
D ICRF3 SX fixed 26.44 1.20

3. COMPARISON OF VLBI SOLUTIONS

3.1 Celestial Reference Frame

When we only changed the a priori catalog, it is the case for solution A and B. Figure 3 depicts
the positional difference between solution A and B for 4600 common radio sources as a function
of the right ascension and declination. Both diagrams present a nearly perfect pattern of rotation.
The fitting to the first order of VSH shows that only a dominant component of Ry ~ —55 uas,
possibly inherited from the rotation between a priori positions, as well as R2 and R3 on the same
order of ~ +20uas. No significant terms of glide are reported. It indicates that using different
positions of the same ensemble of defining sources in the VLBI global solution would only alter the
orientation of the estimated celestial frame but will not influence the zonal property.

The impact of fixing the defining source position to different a priori position on the resulted
estimations of (other) source positions is presented in Figure 4. A small rotation-like pattern
shows up from the noisy residuals whose weighted RMS is about 50 pas both in right ascension
and declination. The rotation is estimated to be as large as +150 pas in Ry and —90 pas in Rs.
Meanwhile, dipole terms are found to be larger than 80 pas for all three components.

Besides the inter-comparison amongst solutions, we also compare these solutions to the Gaia
DR2. It is intended to check if using Gaia DR2 as the a priori catalog would bring the celestial
reference frame to the Gaia-CRF, the latter supposed to be free of declination-dependent errors.
The rotation between each solution and Gaia DR2 highly agrees with the others, except the R;
component of the solution D. The dipole parameter between solution C and Gaia DR2 is smaller
than D in Y- and Z- component, but greater in X-component. It inspires us that the zonal-like error
in the ICRF, if existing, could be minimized via the option of fixing the defining source positions to
Gaia DR2.
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3.2 Earth Orientation Parameters
In this section, we studied the impact of different CRF parameterization choices on the EOP

series, which are the polar motion (x, and y,), UT1, length-of-day (LOD), and offset of Celestial
Intermediate Pole (dX and dY).

Figure 6 demonstrates constant EOP offsets between solutions A and B: nearly zero in polar

motion and LOD, ~ 2us in UT1, about ~ +80uas in dX, and ~ 460 pas in dY, the last three
terms matching the rotation component R3, R», and Ry between celestial frames.

In the case of fixing the defining source positions to their a priori, the impact of different a

priori catalogs on the EOP, as shown in Figure 7, is more complicated. From the running medians
(red line) one can still find a rough corresponding relation between EOP and orientation of CRFs as
found between solutions A and B, but other signals are mixed, especially a period pattern in LOD
before 1995. These signals require further investigation which will be carried out in the future.
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Figure 6: Difference of EOP series between Figure 7: Difference of EOP series between
solution C and D, in the sense of “"C—-D".
The red line indicates the running median.

solution A and B, in the sense of "A—B".
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3.3 Terrestrial Reference Frame

We compared the station positions and velocities for these four solutions. The difference
between solution A and B is less than 0.1 mm for station positions and almost zero for velocities.
In the case of “C—D", the difference is larger: about 0.5mm and 0.1 mm/yr for station positions
and velocities, respectively.

4. CONCLUSION

We explore the possibility of analyzing VLBI data within the frame of the Gaia-CRF2. We
found that the orientation of CRF axes would be influenced if we used different a priori catalogs
but adjusted the position of defining sources. Meanwhile, the estimated EOP would have some
bias that corresponds to the orientation between estimated CRFs. The terrestrial frame is slightly
perturbed by different CRF parameterizations. If we fixed the positions of defining sources to be
their positions in the Gaia DR2, both rotation and dipole term of estimated source positions would
be influenced, the later brought closer to Gaia-CRF2. This analysis strategy offers us the option of
reducing the declination-dependent errors in the ICRF only when the Gaia frame is ideally free of
declination-dependent systematics. Limited by the precision of the Gaia DR2, we could not draw
any constructive conclusions. The main question of this work should be re-tested with upcoming
releases of Gaia.
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ABSTRACT. In the last five years, there has been an explosion in the number of known ac-
tive galactic nuclei (AGN) and quasars, thanks largely to the Wide-field Infrared Survey Explorer
(WISE). This has been a major boon for celestial reference frame (CRF) work, which requires
a quasi-inertial reference frame by which positions and proper motions can be defined and self-
consistently measured. In this work, we describe new developments in the pursuit of a maximally
dense, maximally uniform all-sky sample of AGN and quasars, as well as how the improved CRF
may in turn benefit quasar work.

1. WHY QUASARS?

How is motion defined? When discussing the positions of astronomical objects, we must be precise
about exactly with respect to what we are defining these positions, which determines how indepen-
dently we can measure any associated motion that we observe. When we observe an astronomical
object, our measurement of its apparent motion is affected by the Earth’s rotation about its axis,
the Earth's orbit around the Sun, the Sun's motion through the Galaxy (the secular aberration),
the Galaxy's motion with respect to the Local Group, the Local Group’s motion induced by the
inhomogeneous distribution of local matter in the universe (the “clustering dipole” in cosmology
parlance), and finally any inhomogeneity that may exist in the distribution and motion of matter
at the largest observable scales. Fortunately, the success of ACDM at describing the universe on
the largest (> 100h~—! Mpc) scales suggests that this latter term is negligible (although see Colin
et al. 2017; Rameez et al. 2018; and references therein), and so distant extragalactic objects are
the best, and likely final, choice to realize a quasi-inertial reference system, i.e. the International
Celestial Reference System (ICRS; e.g., Arias et al. 1995). The most distant (and therefore most
ideal) extragalactic objects, quasars, are fortunately also powerful sources of compact radio emis-
sion, allowing us to take advantage of VLBI's exquisite astrometric precision both to produce a
realization of the ICRS, the International Celestial Reference Frame (Ma et al. 1998; Fey et al.
2015; Charlot et al. 2020) and to tie it to the International Terrestrial Reference Frame (ITRF;
e.g., Altamimi et al. 2016).

2. FINDING QUASARS

While efforts to realize the ICRS have been successful, several issues remain, such as a relative
under-density of sources below declinations of ~ —30°, despite efforts to increase the uniformity
of the defining sources (Figure 1), caused by relatively few southern baselines in the global VLBI
network. A related issue, which is the focus of this work, is the effect of defining a fundamental CRF
at one wavelength (i.e., in the radio S and X bands) on the tie to CRFs at other wavelengths. This
issue has become especially pressing with the advent of Gaia, which for the first time has produces a
CRF at visual (optical) wavelengths comparable in precision to VLBI measurements. Alignment of
the Gaia reference frame to the ICRS was done with a subset of 2843 sources identified as optical
counterparts to the ICRF3 prototype (Lindegren et al. 2018), but to ensure that this aligned CRF is
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non-rotating a much larger, all-sky, and uniform catalog of quasars is preferred. As faint stars and
quasars are often photometrically indistinguishable in the optical, spectroscopic confirmation of the
presence of redshifted broad Balmer and high-ionization narrow emission lines has generally been
required in the absence of a strong radio counterpart, which has so far been too observationally
expensive to produce a proper all-sky sample as needed. The launch of the mid-infrared Wide-field
Infrared Survey Explorer (WISE; Wright et al. 2010) in 2009 provided a serendipitous solution to
this problem. In the mid-infrared, AGN and quasars occupy a distinct region of photometric color-
color space (i.e., [3.4 um]—[4.6 um], [4.6 um]—[12 um] for WISE) because of their power-law
spectral energy distributions, and these colors are nearly insensitive to heavy obscuration (e.g.,
Donley et al. 2012). Using the WISE color-color selection wedge of Mateos et al. (2012), Secrest
et al. (2015) produced an all-sky sample of 1.4 million AGN, which they showed to contain few
to no star contaminants that would be detectable by Gaia. This sample of AGN, which has half a
million Gaia counterparts, after applying a few astrometric quality cuts, was subsequently used for
the Gaia-CRF (Lindegren et al. 2018).

Figure 1: Aitoff projection of ICRF3, in equatorial coordinates.

While WISE data has been hugely beneficial for CRF work, there are two problems that we
discuss here. The first is non-uniformity in the distribution of WISE sources across the sky (see
Figure 1 in Secrest et al. 2015; Figure 2 in this work). This is caused by an over-density of sources
at the ecliptic poles due to the WISE scanning pattern, which is easily remedied with a simple
magnitude cut, and an under-density of sources along the Galactic plane due to source confusion.
This latter issue cannot be remedied using WISE data alone, and so we have begun exploring other
methods of filling in the decrement of sources along the Galactic plane.

It is not possible, even in principle, to find AGN with Gaia counterparts lying behind much of
the Galactic plane, as no optical counterpart exists for sight lines with E(B — V) = 2. However,
a significant portion of the Galactic plane in the zone of WISE confusion has sight lines with
E(B —V) < 2, suggesting that it is worthwhile to look at alternate methods to identify AGN with
Gaia counterparts (Figure 2). While mid-infrared color-based diagnostics are the ideal method to
photometrically identify AGN and quasars, the near-infrared, which carries the advantage of much
higher angular resolution (< 1" for facilities such as UKIRT, versus ~ 6" to 8" for WISE), shows
promise. Moreover, the proposed GaiaNIR mission (e.g., Hobbs et al. 2019) will operate at roughly
the near-infrared H-band, where the extinction coefficient A/E(B — V) is a factor of ~ 4 times
smaller than in the Gaia G band (e.g., Yuan et al. 2013), allowing background AGN counterpart
identification to E(B — V) < 8, freeing up significantly more of the Galactic plane (Figure 2).

We have developed a machine learning-based method to identify likely AGN candidates along the
Galactic plane that folds in prior information, specifically the Galactic extinction, with optical pho-
tometry from Gaia and near-infrared photometry from the UKIDSS Galactic Plane Survey (GPS;
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Figure 2: Aitoff projection of AGN from Secrest et al. (2015), shaded by density. Gold regions
denote E(B — V) > 2, where Gaia is insensitive to background AGN, while red regions denote
E(B —V) > 8, where GaiaNIR will be insensitive to background AGN.

Lucas et al. 2008). Using scikit-learn,® we train a k-NN classifier with AGN selected from the
AlIIWISE catalog at high Galactic longitude, where source confusion is less of an issue, in order to
sample a similar parameter space in E(B — V) and representative stellar populations. We use pho-
tometry from Gaia DR2 and the UKIDSS GPS, and E(B — V) from Schlafly & Finkbeiner (2011).
By validating against our training sample, we found reliability and completeness values of ~ 70%
and ~ 30%. Given that the percentage of AGN in the training set is only 0.45%, this means
that our classifier is performing ~ 160 times better than random chance. In order to validate our
classifier, we have an accepted program to spectroscopically confirm our AGN candidates in the
near-IR, where optical strong emission lines should exist given the typical redshifts of mid-IR AGN,
using the UIST instrument on UKIRT, although logistical problems have prevented this program
from being executed thus far. We show a sample of our Galactic plane AGN candidates in Figure 3.
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Figure 3: Cutout of the Galactic plane, with darker shading indicating a higher density of AGN
candidates (arbitrary scaling).

3. RECIPROCITY

We have shown how massive photometric catalogs have been and may continue to be used to
assist with CRF work in the Gaia era. This benefit is not one-way, however, and CRF work provides

"https://scikit-learn.org/stable.
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reciprocal benefit to photometric catalogs in the form of refined astrometric reference catalogs. In
the case of WISE and Gaia, we have begun re-deriving the astrometry of the AlIWISE catalog, as
well as the deeper unWISE catalog (Schlafly et al. 2019), using astrometry from Gaia. The WISE
catalog astrometry is based on 2MASS (Skrutskie et al. 2006) with proper motion corrections from
UCAC4 (Zacharias et al. 2006) 2 that, while of excellent astrometric quality, do nonetheless exhibit
residual position-dependent astrometric offsets (zonal errors), which could potentially be alleviated
by using Gaia data (e.g., Spoto et al. 2017). In Figure 4, we show the signed (£) astrometric
offsets (in mas) between reference sources in the AIIWISE catalog and their Gaia counterparts,
using the default catalog AIIWISE positions. In Figure 5, we show the offsets using our re-derived
positions.

Median RA offset of orig Allwise v GAIA DR2 Median DE offset of orig Allwise v GAIA DR2

Figure 4: Offsets (in mas) in R.A. and Decl. between AIIWISE and Gaia counterparts using default
AIIWISE catalog source positions.

Median RA offset of new Allwise v GAIA DR2 Median DE offset of new Allwise v GAIA DR2

-50 50 -50 50

Figure 5: Offsets (in mas) in R.A. and Decl. between AIIWISE and Gaia counterparts using re-
derived AIIWISE catalog source positions.

As can be seen, the new version of the AIIWISE catalog is now on the Gaia coordinate system after
using Gaia as the astrometric reference catalog. This essentially de-biases the WISE data with
respect to position, allowing for large, all-sky studies using catalog data unaffected by positional
systematics. We emphasize that these results are preliminary, and we are currently working on
further validating them. Nonetheless, with the impressive depth of WISE data (over 2 billion
objects in the latest unWISE release; Schlafly et al. 2019) and its wide-ranging utility, from quasar
and AGN studies to studies of brown dwarfs and asteroids, efforts to produce optimized astrometry
are of utmost importance. Serendipitously, in the preparation of this work the new CatWISE
catalog (Eisenhardt et al. 2020) was released,® which uses Gaia for astrometric validation, further
underscoring the reciprocity between these two missions.

*http://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec2_5.html.
*https://catwise.github. io.
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ABSTRACT. Some Active Galactic Nuclei (AGN) objects (quasars - QSOs, blazars, for example)
are well known for their rapid flux variability across the whole electromagnetic spectrum. They are
variable on diverse time-scales, from minutes through months to even decades. There are three
classes of variability: intraday - IDV (from a few minutes to several hours), short-term - STV (from
several days to months), and long-term variability - LTV (from months to decades). In case of IDV,
the flux changes is by a few tenths of magnitude, but in cases of STV and LTV it could be more
than magnitude (even few magnitudes). Photometry is a powerful tool to investigate AGNs by
measuring their variability time-scales, amplitude and duty cycle. Quasars have got a fundamental
role in the evolution of their host galaxies, and they are used to build the International Celestial
Reference Frame (ICRF). It is of importance that their proper motions are negligible because of their
extreme distances. The visual-wavelength Gaia astrometry of the micro-arcsecond domain has got
significant positional offsets with the radio VLBI positions of QSOs. We did optical observations
of QSOs (visible in both, optical and radio domain, and important for ICRF - Gaia CRF link) to
study their flux and color variability on short-term and long-term time-scales. Some results of five
objects (15354231, 1556+335, 16074604, 17224119, and 1741+4597) are presented, here.

1. INTRODUCTION

The Hipparcos Catalog - HIgh Precision PARallax COllecting Satellite of European Space
Agency (ESA) mission (ESA 1997) with positions, proper motions, and parallaxes for about 118000
stars on the International Celestial Reference System (ICRF), equator J2000, and epoch 1991.25,
replaced the FK5 at 1997 after IAU XXIII General Assembly in Kyoto. Last few years, it is going on
the Gaia ESA space astrometry mission (Global Astrometric Interferometer for Astrophysics): as-
trometrically, photometrically, and spectroscopically surveying the full sky. The plan was to observe
about one billion sources for astrometry (until 20 magnitude in VV band), and about 150 million ones
for spectroscopy (until 16 mag); see paper (Prusti 2012). The goal is the Gaia Celestial Reference
Frame (Gaia CRF) in the future, quasars based one. Until now, there are two solutions: the Gaia
DR1 which was appeared in September 2016, and Gaia DR2 (in April 2018). The first one was
the Tycho-Gaia astrometric solution for about two million stars (using 14 months of observations),
and the second one was based just on Gaia data for about 1.3 billion stars at J2015.5 plus 0.4
billion faint sources (using 22 months of Gaia satellite observations).

The Gaia optical astrometry is going to the dawn of micro-arcsecond level, but at that level
there is the appearance of positional offsets between the radio and optical positions of quasars
(QSOs) that define the ICRF. The radio positions of QSOs are determined using VLBI data.
Mentioned offsets are of importance for astrometry and reference frame, they currently put a limit
for the accuracy and definition of the CRF at non-radio wavelengths. It is limiting research in
different topics (proper motions, Earth orientation and ephemerides, geodesy, secular aberration,
trajectories of stars in our galaxy, etc.). The reasons for optical/radio offsets could be due to real
astrophysical processes associated with the Active Galactic Nuclei (AGN) that power quasars (jet
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launching/orientation), or real physical offsets between the AGN and its host galaxy. It is necessary
to investigate AGNs properties which could affect apparent positions, and it is of importance
to understand: physical nature of quasar optical/radio offsets, AGN/source galaxy physics (jet
launching, obscuration, luminosity/obscuration variability, dual/binary AGN, AGN-source galaxy
effects and interactions, etc.), lensed QSOs, and other effects. One of important task is to
produce highly reliable and statistically complete multi-wavelength samples of AGN and their host
galaxies, and it is in line with out investigation. The AGNs (mostly QSOs in the case of ICRF
objects) are well known for their flux variability at diverse time-scales: intraday (IDV, from a few
minutes to several hours), short-term (STV, from several days to months), and long-term variability
(LTV, from months to decades). Using optical observations of QSOs and relative photometry, we
investigated their flux and color variability on short-term and long-term time-scales to support ICRF
- Gaia CREF link.

2. INSTRUMENTS AND RESULTS

For investigation of photometry of QSOs useful for the link ICRF - Gaia CRF (Bourda et al.
2011) we realized the " Serbian-Bulgarian mini-network telescopes” from 2013 to use six telescopes
at three sites: Rozhen National Astronomical Observatory (NAO) and Belogradchik AO in Bulgaria,
and Astronomical Station Vidojevica (ASV) of Astronomical Observatory in Belgrade (Serbia).
Also, to support our cooperation, two SASA-BAS joint research projects between Serbian (SASA)
and Bulgarian (BAS) Academy of Sciences are established: " Observations of ICRF radio-sources
visible in optical domain” (during period 2014-2016), and " Study of ICRF radio-sources and fast
variable astronomical objects” (2017-2019). The telescopes are:

1.) 60 cm ASV (from 2010, Cassegrain, CCD Apogee Alta U42 and E47, CCD SBIG ST10
XME),

2.) 1.4 m ASV (from mid-2016 via Belissima project, Ritchey-Chrétien, CCD Apogee Alta
U42, CCD Andor iKon-L),

3.) 2m Rozhen (Ritchey-Chrétien, CCD VersArray 1300B, CCD Andor iKon-L),

4.) 60 cm Rozhen (Cassegrain, CCD FLI PL09000),

5.) Schmidt-camera 50/70 cm at Rozhen (CCD FLI PL16803),

6.) 60 cm Belogradchik (Cassegrain, CCD FLI PL09000).

Also, telescopes Joan Oré 0.8 m - TJO (robotic one, the Montsec Astronomical Observatory,
Catalonia, Spain, Cassegrain, CCD FLI PL4240-1-B, CCD Andor iKon-L), and Leopold Figl 1.5 m
(the University of Vienna, Austria, R.C., CCD SBIG ST10 XME) were used. All data were done
using Johnson UBV and Cousins R./c filters. The CCD images were reduced by subtracting bias
and dark, and divided by flat field (also, frames were corrected for bad pixels, etc.). After that,
the relative photometry was applied via few comparison stars. Magnitudes of V-band and R-band
of these stars were calculated via ugriz SDSS Catalog ones and suitable transformations between
V, R filters and ugriz SDSS (Chonis and Gaskell 2008). And we took some comparison stars
of 17224119 from the paper (Doroshenko et al. 2014). For example, the V-band and R-band
data of the object 17414597 are presented on Figs. 1 and 2, respectively: VBRL (Vidojevica,
Belogradchik, Rozhen, and Leopold Filg) data during 2013-2015, TJO - Joan Oré data during
2014-2015, and MJ data using 60 cm and 1.4 m ASV telescopes from mid-2016 to mid-2019; MJ
means data which were collected by Miljana D. Jovanovi¢ (PhD student at Belgrade University).
All in all, it is about six years long data set. Mentioned three groups of data are consistent between
each other (see Figs. 1 and 2). The F-test was applied to investigate variability of V-band and
R-band light-curves of objects and their comparison stars; there is no variability of comparison
stars and object 1556+335. Other objects (1535+231, 1607+604, 1722+119, and 1741+597)
show flux variability. The object 17414597 is presented in Figs. 1-4 because its big flux variability
(about 2 magnitudes in V and R bands). Some points of light-curves were rejected by applying the
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30 criteria; the reason for that was the bad tracking during observations, bad weather conditions,
etc. For relative photometry, we used our finding charts of presented objects with their comparison
stars.
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Figure 1: Data of V (mag); object 17414597, t = JD — 2456400.0.

To determine the period, phase, and amplitude of sinusoidal term we used the Least Squares
Method (LSM). The minimum period for LSM is about 0.3 yr (in line with the Nyquist frequency),
and the maximum one is about 12 yr (double observational period) with step of 0.1 yr; observational
period is about 6 yr. The linear, semiannual, and annual terms were removed (Rani et al. 2009,
Kesteven et al. 1976) to get the input data for LSM; see residuals of V and R on Figs. 3 and 4
(points), respectively. The solution of our interest is the best fit using LSM, or associated with a
minimum standard deviation of differences between curve (see Figs. 3 and 4) and input data; that
solution for each object is done in Table 1. The presented curve is combination of few obtained
sinusoids of our interest here (see Table 1), and the final residuals (Figs. 3 and 4) are differences
between that curve and the input data. The results are presented in Table 1: object, filter, period,
and amplitude (with standard deviation). There are few periods per object. For the same object,
in V-band some quasiperiods are slightly different from R-band results because of different number
of input points, not enough input data for LSM, etc. With more data (in the future) it is possible
to get more precise results. Some of presented quasiperiods (in Table 1) could be artificial ones; it
IS necessary to investigate the physics of these quasiperiods for each object separately. As criterion
to present calculated period (in Table 1), we took into account each harmonic which period in
V-band is close to R-band one, and which value of A is bigger than suitable g4 value. The final
residuals were investigated using Abbe’s criterion, and it was concluded that the final residuals
could be explained with random variations.
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Figure 2: Data of R (mag); object 17414597, t = JD — 2456400.0.

Object Filter Period (y) A+ oa (mag)

15354231 V  0.57,0.88,1.21 0.158(0.028), 0.132(0.025), 0.133(0.022)
R 057,087 1.21 0.233(0.028), 0.143(0.024), 0.122(0.022)

16074604 V  0.94,1.89,4.10 0.051(0.017), 0.088(0.014), 0.047(0.013)
R 0.87,1.99,3.69 0.045(0.012), 0.067(0.010), 0.062(0.009)

17224119 V  0.83,0.88, 1.08, 0.392(0.052), 0.126(0.030), 0.122(0.028),
1.52, 1.77, 3.43, 0.461(0.037), 0.169(0.024), 0.217(0.032),
4.43 0.150(0.021)
R 0.82,0.88, 1.10, 0.399(0.049), 0.122(0.024), 0.134(0.017),
1.52, 1.90, 3.55, 0.386(0.039), 0.184(0.034), 0.139(0.020),

4.76 0.265(0.026)
17414597 V  0.70,0.90, 1.17, 0.178(0.023), 0.119(0.033), 0.205(0.027),
1.59, 3.07, 4.97  0.110(0.018), 0.159(0.020), 0.119(0.017)
R 067, 085 1.18, 0.131(0.021), 0.177(0.025), 0.214(0.030),
1.58, 3.49, 5.66  0.121(0.017), 0.140(0.019), 0.102(0.015)

Table 1: The amplitudes of quasiperiods for objects: 15354231, 1607+604, 1722+119,
17414-597.
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Figure 3: Residuals of V (mag); object 1741+597, t; = JD — 24515445,

3. CONCLUSION

Between the visual-wavelength Gaia astrometry of the micro-arcsecond domain and radio VLBI
positions of QSOs has got significant positional offsets. It is of importance to investigate these
offsets for precise ICRF - Gaia CRF link. Because of it, we did optical observations of QSOs,
visible in optical and radio domains (about 47 objects), important for mentioned link (Bourda et
al. 2011) to study their flux and color variability on short-term and long-term time-scales. Here,
we presented some results for five objects: 15354231, 15564335, 16074604, 1722+119, and
1741+597. After F-test, one object (1556+335) and comparison stars of all objects did not show
flux variability. Some results of mentioned objects are presented in Table 1: periods, and amplitudes
(with standard deviations). The input three sets of data for the object 17414597 in V and R bands
(as an example) are on Figs. 1 and 2. The curves (using few sinusoids as results determined via
LSM) with residuals are on Figs. 3 and 4. After Abbe's criterion, the final residuals could be
explained with random variations. Some of presented quasiperiods in Table 1 could be artificial
ones. For now, we presented quasiperiods (in Table 1) which result (calculated period) in V-band
is close to R-band one, and that value of A is bigger than suitable o4 value. Also, semiannual and
annual terms were removed (Rani et al. 2009, Kesteven et al. 1976). It is important to continue
mentioned investigation via physics of calculated quasiperiods, and using more data for LSM.
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ABSTRACT. The study of transient events or motion of stars and solar system bodies uses old
data in order to modelize the evolution of the studied object. In all models strongly depending on
time, data from the past are of great interest. Unfortunately, old data are, most of time, of a poor
accuracy, the references used at the time of the reduction being not confident. The arrival of the
new reference star Gaia was the opportunity of a new reduction of old data allowing observation
in the past with today accuracy. However, a new reduction means that we have digitized images
of the old observations which were made for most of them on photographic plates from 1890 to
1980. For such a purpose, we started the NAROO project joining digitization and reduction of
old plates. A new sub-micrometric scanner has been built in Meudon observatory and we are now
starting the scientific program.

ooeo0o0 o

Figure 1: Examples of plates for Solar system dynamics studies: left, the Jupiter system (5 expo-
sures) showing the bright planet and the faint satellites; right, the planet Mars and its two faint
satellites Phobos and Deimos. The bright light from Mars is decreased thanks to a metallic filter.

1.PRESENTATION OF THE PROJECT

The old observations of the bodies of the solar system are of great interest: they make possible
to better evaluate the dynamics and physical evolution of these bodies. To build the dynamical
models of the solar system, observations are necessary to adjust the constants of the motions. For
this purpose, observation sampling must be sufficiently extensive to determine the small effects
that accumulate over time but are difficult to detect on close observations. Thus, the astrometric
observations published at the end of the nineteenth century are still useful and used for the current
models. Unfortunately, these old observations did not benefit from accurate star catalogs for
their reduction, and this biased these data. It appeared to us that a new reduction with recent
catalogs could improve their accuracy. For this, it was necessary to find the original observation
as the photographic plates. A new measurement based on a sub-micrometric digitization of these
plates and an advanced image processing could then be used in a new reduction using the latest
catalogs of reference stars. The GAIA catalog whose proper motions will allow to go up to the late
nineteenth century justified our approach allowing to observe in the past with today accuracy. A
work of inventory and backup of the available plates, of selection of the best old observations and
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the building of a sub-micrometric scanner for the digitization of the photographic plates allowed our
project to start. Besides the study of astrometry and dynamics in the solar system, our digitizing
device may be useful for other purposes such as photometry, spectroscopy of transient objects
the evolution of which with time being essential to understand. These works will require specific
calibrations but will benefit from photographic plates allowing to extend their database towards
past.

Figure 2: A Schmidt plate may contain thousands objects with a lot of small bodies of the Solar
system. Prediscoveries of objects unkown at the time of the observation are possible adding
observations from the past for the understanding of the dynamics of their motion.

2. OLD OBSERVATIONS

Old observations compared with new ones allow to detect, measure and model the evolution of
the objects. For example, the solar system objects are moving and the modelization of their motion
benefit of observations spread on a large interval of time. All the periodic terms and perturbations
are better described and taken into account. More, some suspected effects such as dissipation due
to tides and cumulative on a long interval of time may be out into evidence (cf. Figure 7). Even
with accurate data made on a too short interval of time, such as space data, may not detect such
effects.
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Figure 3: Comparison between old classical reduction showing a worst accuracy compared with the
new one for Saturnian satellites.

Old observations are still available since published at the time of their making. However, they
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were reduced using old reference catalogues not enough accurate for today purposes. A new
reduction of these old observations using the Gaia reference star catalogue will allow to get the
old data with today accuracy. We then are able to observe in the past. For such a reduction, a
digitizing of the photographic plates is necessary in order to be able to analyze the original image
with modern tools. Note that the proper motions of the Gaia stars have an accuracy of one mas
one century ago that is sufficient for our purpose.

3. PREVIOUS TESTS WITH BELGIAN DIGITIZER

Thanks to a similar device in Belgium, we were able to demonstrate the validity of our project
of digitizing photographic plates. We made a new reduction, using new astrometric catalogs that
provided final accurate positions. We applied this to the Galilean satellites and their astrometric
positions were not only more accurate than those previously derived from manual measurements,
but provided new information due to the star link reduction: we obtained equatorial RA and Dec
positions of the Galileans, allowing us to deduce positions of Jupiter indirectly through accurate
ephemerides of the Galilean satellites. Finally, we compared these astrometric positions of Jupiter
to the best current ephemerides of the planet. Depending on the ephemeris, we obtained residuals
between a few tens of mas, to better than 100 mas. We also demonstrate the interest of a
new reduction based on a sub-micrometric digitization comparing old and recent reduction of the
positions of the satellites of Saturn (cf. Figure 3).
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Figure 4. Progresses of astrometric accuracy of reference star catalogues. All the old observa-
tions still used nowadays were reduced with 100 mas accuracy catalogues making necessary a new
reduction with the Gaia refernce catalogue.

4. SCIENCE WITH NAROO

4.1 Astrometry in the Gaia era

In the context of long-term dynamic studies, the old observations are all the more interesting
because they are indispensable for the modeling of transient events or observable periodic behavior.
Also, the first objective of the NAROO project is to achieve a new astrometric reduction of old
observations (astro-photographic plates and CCD) using the last release of the Gaia-DR reference
catalog to ensure the best measurement accuracy. The Figure 5 shows the positioning accuracy of
the Gaia reference stars versus time. An important result: the stars present on the oldest plates,
typically a century old, will have an astrometric precision of 1 mas, allowing the same reduction as
for today observations. More, all observations will now be in the same reference frame.

The interest for a new analysis and reduction.- The Figure 3 show the interest of a new reduction
of old observations. The figure proposes a comparison two reductions: the one made by D. Pascu
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Figure 5: The accuracy of Gaia reference stars versus time (c) F. Mignard. Most of stars on old
plates have a magnitude smaller than 15 having a positional accuracy better than one mas one
centuray ago.

(1994), and the one made by V. Robert et al. (2016) after digitization. The plots RMS vs AV
magnitude show the decreasing trend of the accuracy in positionning the satellites having different
magnitudes. The new analysis led to an increase of the accuracy.

Figure 6: The sub-micrometric scanner in Meudon Observatory.

4.2 Solar system dynamics

Asteroids and comets.- Old observations of comets and asteroids had a very poor astrometric
accuracy because of the reference star catalogues used at that time. A new astrometric reduction
after digitization will be very useful putting all data in the same reference frame with the same ac-
curacy. The main goals are : - analysis of Schmidt plates which contains a large number of objects
still unknown (cf. Figure 2) - pre-discoveries of TNO, comets and Near Earth objects NEA/NEO;
- increasing the time interval of the observations made and used in the theoretical models being
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then able to detect and quantify the non-gravitational and/or cumulative effects.

The natural satellites of planets.- The interest of increasing the time interval for which we have
observations, is to allow in particular the quantification of the effects of tides. These effects, due
to energy transfers between satellite and planet, lead to orbital accelerations or decelerations (cf.
Figure 7). These movement variations generate cumulative effects that become easily detectable
over a century of observations. The old photographic plates are therefore essential for this research.
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Figure 7: Influence of tides on satellite motion: satellites have an acceleration in their motion
which is detectable and mesurable through observations made during a long interval of time since
the effects are cumulative with time.

Planets.- Planets are objects that are difficult to observe directly, especially because of their ap-
parent brightness that disturbs images. Planetary dynamical models are adjusted on astrometric
positions derived from those of natural satellites. We have shown that old observations, unfor-
tunately inaccurate and used in the adjustments, could introduce biases in the results (V. Robert
et al., 2015, 2016). A new reduction of old photographic plates is therefore essential to correct
those already used, to complete and improve the existing models, to allow a better estimation of
the internal structure.

Encelade

Figure 8: The first light fromNAROO: the digitization of a plate of the Saturnian system.

5. THE DIGITIZING DEVICE

The astronomical plates and the quality of the results require a digitizing machine of a particular
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precision because of the importance of the relative positions of the measured objects (Robert et
al. 2011). Our project is based on the installation at the Paris observatory of such an instrument
that we acquired and which was built in France by Newport-Microcontrol (cf. Figure 6). Note
that the significant resistance to time of photographic plates has been demonstrated (Hendriks
1983). Admittedly, "ideal” archiving conditions are recommended, but emulsions and supports can
remain intact and therefore usable as long as they do not undergo rapid temperature variations
or extreme humidity conditions. The machine has a granite base on which an XY table rests on
an air cushion. The plate holders can support plates up to 350 mm side. The position of the
XY table is determined by Heidenhein encoders. Stability and repeatability are on the order of 50
nanometers. The XY table is powered by two frictionless linear motors that avoid zero problems
and has progressive accelerations optimized to avoid vibrations. The XY table is completed by an
optical system composed of a 1: 1 telecentric objective and an illumination system, both specially
dimensioned by the Observatory's Instrumental Pole in order to accommodate, on the Z axis, a
Andor SCMOS camera.

6. CONCLUSION

The reduction of old photographic plates has been tested first with the UCAC2 reference star
catalogue. It was not possible toi analyse data older than those of 1980s but the arrival of the Gaia
reference star catalogue allows to go further in the past. Even one century ago, the astrometric
accuracy will reach one mas. Our project of a new reduction of old plates is now running and is
able to digitize and reduce any photographic plate in good shape (cf. the first light of our scanner
on Figure 8). One may have more information on the NAROO web site at naroo.imcce.fr

7. REFERENCES

Hendricks, J. S.; Booth, T. E., 1985, “"MCNP Variance Reduction Overview", Monte-Carlo Meth-
ods and Applications in Neutronics, Photonics, and Statistical Physics. Proceedings of the
Joint Los Alamos National Laboratory - Commissariat |'Energie Atomique Meeting, held at
Cadarache Castle, Provence, France, April 22-26, 1985. Lecture Notes in Physics 240, edited
by R. Alcouffe, R. Dautray, A. Forster, G. Ledonois, and B. Mercier. Springer-Verlag, Berlin,
1985., p. 83, doi: 10.1007/BFb00490371.

Pascu, D., 1994, “An appraisal of the USNO program for photographic astrometry of bright
planetary satellitesr”, Galactic and Solar System Optical Astrometry, Proceedings of the Royal
Greenwich Observatory and the Institute of Astronomy Workshop, held in Cambridge, June 21-
24, 1993. Edited by L.V. Morrison and G.F. Gilmore. Cambridge: Cambridge University Press,
1994., p. 304

Robert, V.; de Cuyper, J. -P.; Arlot, J. -E.; de Decker, G.; Guibert, J.; Lainey, V.; Pascu, D.;
Winter, L.; Zacharias, N., 2011, “A new astrometric reduction of photographic plates using the
DAMIAN digitizer: improving the dynamics of the Jovian system”, MNRAS 415, pp. 701-708.

Robert, V.; Lainey, V.; Pascu, D.; Pasewaldt, A.; Arlot, J. -E.; De Cuyper, J. -P.; Dehant, V.;
Thuillot, W., 2015, “A new astrometric measurement and reduction of USNO photographic
observations of Phobos and Deimos: 1967-1997", A&A 582, pp. 36—43.

Robert, V.; Pascu, D.; Lainey, V.; Arlot, J. -E.; De Cuyper, J. -P.; Dehant, V.; Thuillot, W., 2016,
“New astrometric measurement and reduction of USNO photographic observations of the main
Saturnian satellites: 1974-1998", A&A 596, pp. 37—46.

32



CONTINUOUS UV-IR SPECTRAL ENERGY DISTRIBUTIONS OF
QUASARS

B. ROCCA-VOLMERANGE!, L. GODINAUD?

L |nstitut d'Astrophysique de Paris, CNRS and Sorbonne Université,
98bis Bd Arago, F-75014, Paris- France - brigitte.rocca@iap.fr

2 Université Paris-Saclay, Orsay - France

ABSTRACT. In the present research, we propose continuous UV to IR SED templates of quasars
derived from the AGN torus emission. The IR emission of the active nucleus is extracted from
observations of distant 3CR radio galaxies after subtraction of their star, gas and dust galaxy
components with our galaxy model. This IR emission continues in the far-UV to optical emission
with the help of a classical model of AGN from Selsing et al, 2016. The galaxy templates are
from the evolution code Pégase.3 by Fioc and Rocca-Volmerange, 2019 and the AGN clumpy dust
models from Siebenmorgen et al, 2015. The final UV-IR templates of quasars, depending on z
and inclination, will be tools to interpret magnitudes and colors of galaxies and quasars at various
redshifts, the physical link of the star formation-AGN activities as the contribution of the IGM with
Gaia, ALMA, SPITZER and the future telescopes JWST, EUCLID and others (work in progress).
Keywords: Galaxies (quasars): general, torus, infrared: galaxies, ISM: dust, emission

1. THE AGN TORUS FROM DUST MODELS

Multiwavelength hybrid spectral energy distributions SEDs (Drouart et al., 2016) are built
to follow the evolution of distant radiogalaxies with the host galaxy and an evolving starburst
of the code Pégase3 (Fioc &Rocca-Volmerange, 2019, www?2.iap.fr/pegase) plus a clumpy AGN
torus model from Siebenmorgen et al., 2015. Pégase3 predicts from 0 to 20 Gyrs, the stellar
and nebular emissions, corrected for metallicity-dependent dust attenuation, updated from Fioc
&Rocca-Volmerange, 1997, and coherently extended by radiative transfer MonteCarlo simulations
to the IR dust emission, respecting the energy balance The best-fit procedures are testing these
multiple synthetic libraries on UV-to-far-IR observations of 3CR galaxies. An example of the
decomposition (Figure 1) for the radiogalaxy 3C356 identifies three components: the AGN torus in
the midIR (green line), the evolved galaxy component (orange line) and the young starburst (blue
line). The synthetic global sum is the light black line. The references are given for other 3CR
radiogalaxies including 3C266 (Drouart et al.,2016, Podigachoski et al., 2016, see also Figure3)
applying the hybrid method to the 3CR catalog at various z. Three components (AGN, old galaxy
and evolved starburst) are found in all cases, even at higher redshifts.

2. THE UV-IR QUASAR TEMPLATES

Selsing et al. 2016 extracts the ultraviolet-blue to near-IR composite spectrum of quasars
from various QSO samples, observed at different epochs with different instruments, in particular
on selected observations at 1 < z < 2.1 from the Sloan Digital Sky Survey (SDSS). After sub-
tractions of X-ray attenuation and the galaxy host contribution, a power-law continuum for the
composite spectrum on the rest-frame range from Ly3 to 11350A is proposed. The continuum of
a single quasar spectrum is then modeled as a power law, f; = A A*(*) with a spectral slope of
a=1.70A=+0.01A.
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Figure 1: The UV-farIR best-fit of the radio galaxy 3C356 (z=1.079, i=86deg) with hybrid mod-
els of AGN and Pégase3, shows the IR torus emission (green) and synthetic stellar young (blue),
old (orange) populations and total (light black line), (Drouart et al., 2016, Podigaschoski et al.,
2016).The observations are from HST and SPITZER/IRAC filters (red squares) and the IRS spec-
trum (dark black line): in particular, this best-fit is considered as robust due to its consistency with
this observed SPITZER/IRS spectrum.
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Figure 2: The UV - IR SED of quasars is presented by connecting the two UV (green line) to IR
(blue line) components of the torus emission for, as examples, the two 3CR radiogalaxies 3C356
and 3C266. This last galaxy and other 3CR galaxies (see Figure 3 from Podigachoski et al, 2016)
show the surprising continuity of the two components at the respective junction wavelength (4000A
for 3C356 and 2000A for 3C266). The templates depend on z and on the AGN-axis inclination on
the line of sight.
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Figure 3: The three components (AGN, old galaxy and recent burst) of the 3CR radiogalaxies
(Podigachoski et al, 2016). Identified with Pégase3 and Siebenmorgen et al. 2015, all show the
same 3-component distribution for various redshifts
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This UV-near-IR infrared slope, typical of quasars, is connected with the IR torus emission from
the observed SED of the 3CR radiogalaxies (see section 1). While Figure 2 presents two examples
(3C356 and 3C266) chosen for their IRS — Spitzer spectrum fitting, the disentangling is applied
to the 3CR sample (Figure 3). The most surprising result is the continuity of the two slopes of the
AGN models at the junction domain: 2000A for 3C356 and 4000A for 3C266. These templates
mainly depend on z and inclination, and also other physics parameters adopted by Siebenmorgen
et al., 2015 through their library of 7000 SEDs for a broad range of luminosities, sizes and ob-
scurations. The radiative transfer is tested on nearby galaxies in spherical symmetry for a stellar
cluster permeated by an interstellar medium with standard (Milky Way) dust properties. Similarly
the subtracted IR dust emission of galaxy components (host galaxy and burst) with Pgase.3 is co-
herent through MonteCarlo simulations with the absorbed energy by dust grains with local observed
galaxies.

3. CONCLUSION AND FUTURE

For the 3CR galaxies, a continuous and significant link from the UV to IR domains of the torus
emission is observed in the 3CR galaxy sample. The relation depends on the distance z and on
inclination of the torus axis. These templates, assimilated to quasar templates, may be convolved
through the pass-bands of the filters to better analyze the high spatial resolution of quasar data from
the satellite Gaia, the relation between star formation and AGN activities hinted by the different
thermal peaks in the far-IR. In the mid-IR, these templates will be helpful for data analyzes with
better spatial and spectral resolutions of the JWST /NIRcam, MIRI, NIRspec instruments. We plan
to build Pégase.3 template libraries and corresponding synthetic colors to help the community for
the future data.

4. REFERENCES

Drouart, G., Rocca-Volmerange, B., De Breuck, C., Fioc, M., Lehnert, M., Seymour, N., Stern,
D., & Vernet, J., 2016, A&A , 593, 109.

Fioc ,M., Rocca-Volmerange, B., 2019, A&A 623, 143.

Fioc, M., & Rocca-Volmerange, B., 1997, A&A 326, 950.

Podigachoski, P., Rocca-Volmerange, B., Barthel, P., Drouart, G., & Fioc, M., 2016, MNRAS ,
462, 4183.

Selsing J., Fynbo, J. P. U., Christensen , L., Krogager , J. K., 2016, A&A 585, 87.

Siebenmorgen, D., Heymann, F., Efstathiou, A., 2015, A&A 583, 120.

36



FUTURE SPACE ASTROMETRY
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ABSTRACT. With Gaia's second data release in April of 2018 Europe entered a new era of
space astrometry. Further data releases are also planned for the coming years. Despite this
great progressastronomers are already looking towards the future. Gaia had an advantage over
pointed missionsin being a global survey which provided absolute parallaxes and addressed a very
broad range ofscience cases. However, Gaia only operates at optical wavelengths while much
of the Galacticcentre and the spiral arm regions are obscured by interstellar extinction. One clear
option for spaceastrometry is to shift to the infra-red where new science cases immediately become
apparent. Thiscan, of course, be achieved with a pointed mission performing relative astrometry,
such as theJapanese small-Jasmine concept, focused on the Galactic plane. However, | would
argue that muchmore can be achieved by essentially replicating an all-sky Gaia-like mission with
Near-InfraRed (NIR)detectors.

1. THE SCIENTIFIC MOTIVATION

The second Gaia data release contained astrometric data for ~1.7 billion sources with tens of
microarcsec (or microarcsec per year) accuracy in a vast volume of the Milky Way and future data
releases will further improve on this. Gaia has just completed its nominal 5 year mission (July 2019),
but is expected to continue operations for an extended period of an additional 5 years through to
mid 2024. Its final catalogue to be released ~2027 will provide astrometry for ~2 billion sources,
with astrometric precisions reaching 10 microarcsec.

In our recent white paper to the European Space Agencys (ESA’s) Voyage2050 call we have
outlined the detailed science cases for a new all-sky visible and NIR astrometry mission (Hobbs
et al., 2019a). With a wavelength cutoff in the K-band the new mission is not just focused on a
single or small number of key science cases. Instead, it is extremely broad, answering key science
questions in nearly every branch of astronomy while also providing a dense and accurate visible-NIR
reference frame needed for future astronomy facilities. Such a new mission will require new types of
detectors to scan the entire sky and measure global absoluteparallaxes. The spacecraft must have
a constant rotation to scan the sky which results in a moving image that must becompensated for
by, for example, operating the detectors in Time Delayed Integration (TDI) mode.

For around 2 billion common stars the combination of two all-sky space observatories would
provide an astrometric foundation for all branches of astronomy — from the solar system and stellar
systems, including exoplanet systems, to compact galaxies, quasars, neutron stars, binaries and
dark matter (DM) substructures. The addition of NIR will result in up to 8 billion newly measured
stars in some of the most obscured parts of our Galaxy, and crucially reveal the very heart of the
Galactic bulge region (see Figure 1).

In this paper | argue that rather than improving on the accuracy to answer specific science
questions, a greater overall science return can be achieved by going deeper than Gaia and by
expanding the wavelength range to the NIR. A new mission could expand and improve on the
science cases of Gaia using basic astrometry. Key topics are focused on what dark matter is and
how is it distributed, how the Milky Way was formed and how has it been impacted by mergers
and collisions? How do stars form and how does stellar feedback affect star formation; what are
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Figure 1: All-sky projection in Galactic coordinates of the star count ratio per square degree between
GaiaNIR and Gaia (G-band limit of 20.7th mag giving 1.5 billion Gaia sources). In total 5 times
more stars could be observed, especially in the disk where extinction is highest, by GaiaNIR for the
H-band limit of 20th mag (left figure) and 6 times more stars could be observed by including the
K-band limit of 20th mag. Crowding is not taken into account here and will limit the increase in
numbers in the densest areas. From Hobbs et al., 2019a.

the properties of stars, particularly those shrouded in dust, and small solar system bodies; how are
they distributed and what is their motion? How many co-planar systems like ours (with Earth-sized
and giant planets) are there and what fraction have planets with long period orbits? To answer
these questions there are three main science challenges for a new all-sky astrometry mission (The
following is a brief summary of the discussion in Hobbs et al., 2019a where more detailed arguments
are given):

1.1 NIR astrometric science cases

NIR astrometry (and simultaneous photometry) is crucial for penetrating obscured regions and
for observing intrinsically red objects when implemented with sufficient accuracy. Peering through
the dust of the Milky Way to obtain a dense sampling of the phase space necessary to study the
bulge, bar, bar-disk interface and spiral arms. Spiral structure can excite stars to radially migrate
and induce disk heating and accurate measurements of the 3-D motion and properties of these
obscured stars are needed to trace the dynamical history and evolution of our Galaxy. Preliminary
estimates show that a new NIR astrometry mission would observe at least 5 times as many stars as
Gaia, assuming the same magnitude range, giving a huge increase in the catalogue size and would
dramatically increased phase space sampling of the disk, especially of the innermost regions where
co-existing populations require better statistics.

Since Gaia was proposed, it has become clear that the evolution of the Milky Way is far more
complex than had been realized. Not only is it not in equilibrium, its stars actually move away from
their birth places, a process called radial migration which can vary with time and distance from the
Galactic centre. Stars can be strongly influenced by the bulge and bar regions and their interaction
with spiral arms and also by minor mergers. All of this implies that the local volume near the Sun
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cannot be understood in isolation, without a proper description of the innermost regions of the
Milky Way and its merger history. A new NIR astrometry mission would allow us to probe this vast
region and accurately determine the dynamics of the stars there.

The Milky Way presents our best opportunity to study the nature of dark matter, the gravi-
tational force at different points in the inner disk of the Milky Way is not well known and many
sources will not have been observed by Gaia so a new NIR mission would give unique measurements
with similar accuracy to Gaia. The parallaxes, and proper motions at the Galactic centre distances
will thus not be very accurate for many new sources. However, double epoch observations for
bright stars will give a smaller sample of very accurate parallaxes and proper motions. The very
unique all-sky astrometry that a new NIR mission can offer constrains the detailed dynamical and
orbital structure of many more stars and at greater distances around the central black hole region
than other surveys such as GRAVITY and Small-JASMINE.

Gaia has already shown that the Galactic plane itself shows clear signs of a warp and this means
that conceptions of our Galaxy having a simple rotation curve which is a function of radius must
be discarded, and we must map the velocity field across the Galactic plane. A future astrometric
mission will allow us to do this far more accurately than Gaia alone, because of the improved
proper motions, and working in the NIR will alleviate the selection effects caused by dust extinction
revealing the stars in the midplane of the Galaxy that are not seen by Gaia.

Stars are continuously formed in clusters of tens to thousands and evolve together for a shorter
(~ 100 Myr) or longer time (a few Gyr) in associations or open clusters, respectively, depending
on whether they are gravitationally bound or unbound. Clusters are often located in the spiral arms
of the Milky Way and are composed of young stars that have recently formed in the disk. The
stars belonging to a cluster have roughly the same age and metallicity and can be used to probe
the Galactic disk structure and formation rate, to study young star properties and their formation
process as well as probing radial migration.

The spiral structure of the Milky Way is surprisingly poorly known, radio measurements are
providing good constraints on the fundamental parameters of the Galaxy, including the distance to
the Galactic centre, but are very limited in number. Spiral arms are also the main areas of star
formation in the Milky Way, and are responsible for a significant portion of radial migration and
disk heating. A new NIR astrometry mission can provide many more samples of stars in the disk
plane with enough astrometric accuracy up to about the distance of 8 kpc, and can uncover the
stellar motion around the Outer, Perseus, Local, Sagittarius, and Scutum-Centauras arms over a
large range of Galactocentric radii and azimuthal angles. This will provide an ultimate answer for
the origin of the spiral arms and will be key to resolving questions regarding the nature of dark
matter, by showing us whether the Galaxy has a cored or cusped dark matter halo, whether there
are any thin, disc-like components to the dark matter distribution, and whether spiral arms have
their own dark matter component.

1.2 Improved proper motion science cases

A new mission could be combined with the older Gaia catalogue (currently ~1.7 billion sources)
with a 20 year interval to give a much longer baseline of 25—-35 years, with very accurate proper
motions (a factor of 14—20 better in the two components) and improved parallaxes needed to
measure larger distances. While Gaia is making much progress it will not be sufficient to discover
and characterise most of the stream-like structures in the halo. Improvements in the accuracy
of proper motions would allow a new mission to resolve tangential motions in streams and local
dwarf galaxies, with a potential accuracy of 2—3 kms~! for specific samples out to ~ 100 kpc.
Additionally, improved proper motions will also be crucial to help disentangle the mixed populations
in the bulge region. This is only possible by exploiting the long time baseline allowed by combining
Gaia measurements with those from a future astrometric mission. This will provide great insight
into the gravitational potential in the outer reaches of the Milky Way where halo streams are
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sensitive probes.

Streams in the Milky Way halo are formed when satellite galaxies or globular clusters are pulled
apart in the tidal potential of the Milky Way. The stars then drift apart because they are on
different orbits and form a (typically thin) band of stars across the sky. Improving proper motion
measurements for stars in Milky Way streams will allow “gaps” in the streams to be identified more
easily, we might see the influence of dark matter sub-haloes in the Milky Way's halo even though
they contain no stellar matter. All this will allow us to determine the dark matter distribution at
large radii, including any flattening of the potential, and the total mass of the Galaxy. A future
astrometry mission would provide highly accurate proper motions and more accurate distances to
these stars, which will allow much more precise determination of the potential of the Milky Way at
these large radii.

A full understanding of the internal dynamics of dwarf spheroid galaxies still remains beyond
our reach. There is a trade-off between dark matter content and tangential anisotropy and/or
repeated tidal heating by encounters with the Milky Way which can masquerade as a highly dark
matter dominated galaxy. The only way to be sure of the true dark matter content is to measure
the internal proper motions of the stars in the dwarf galaxy, not only the bulk proper motion of the
system (feasible with Gaia). Only the combination of Gaia and GaiaNIR can hope to achieve this
challenging goal.

Astrometrically resolving internal dynamics of nearby galaxies, such as M31, dwarf spheroidal
galaxies, globular clusters, the Large and Small Magellanic Clouds (LMC, SMC), sets requirements
on the accuracy. For example, the LMC has a parallax of 20 pas and an accuracy of about 10%
is needed, which is just within the reach of Gaia. Precise mapping of dark matter (sub-) structure
in the local group (for instance Cen-A) and beyond is possible with accurate proper motions. Gaia
can only just directly measure internal motions of nearby galaxies. Combining proper motions from
two Gaia-like missions opens up the tantalising possibility of accurately measuring their internal
motions and thus resolving the dynamics within the Local Group.

Proper motions and parallaxes, especially of binaries, will be much improved when astrometric
data from two missions are combined and the detection of planets with significantly longer periods
than by Gaia alone can be achieved. A significant population of stars with planetary system
architectures similar to our Sun’s (so long period, massive gas giants, like Jupiter and Saturn, in
the outer reaches, shielding Earth type planets in the star’s habitable zone) will be discovered.
Another strong impact is on the study of the population of small Solar System bodies, asteroids,
comets, and planetary satellites. Solar System bodies are easily perturbed and repeated high
accuracy astrometry and photometry are needed improve our knowledge here.

1.3 Maintenance of the celestial reference frame

A new mission would allow the slowly degrading accuracy of the Gaia visible reference frame,
which will become the fundamental Celestial Reference Frame (CRF) and the basis for all modern
astronomical measurements, to be re-initialised back to a maximal precision. This degradation is
due to errors in its spin and due to small proper motion patterns which are not accounted for. The
catalogue accuracy itself will decay more rapidly due to errors in the measured proper motions.
However, the million or so quasars expected in the Gaia-CRF represents a tiny fraction of the
Gaia sources. With the typical angular distance between the quasars of about 6 arcminutes the
Gaia-CRF is not dense enough to provide a suitable reference grid needed for forthcoming Extreme,
Giant and Overwhelming telescopes but also for smaller instruments currently operating or being
planned. Moreover, most of the quasars of the Gaia-CRF are rather faint (between magnitudes
G = 19 and 21) so that the accessibility of the reference frame is given only in the optical and
almost exclusively in that interval of magnitudes. The extension of the Gaia visible reference frame
into the NIR is an important step given that so many new space and ground based observatories
will have infrared sensitive instruments. A new mission would provide better accuracy to explore
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proper motion patterns, for example, from the Sun’s Galactic acceleration to gravitation waves,
real time cosmology and fundamental physics.

In summary, the new mission proposed to ESA in the Voyage2050 call (Hobbs, et al., 2019a),
will observe many new stars in obscured regions. We estimate at least 5 times as many stars
will be observed, giving up to 8 billion new objects. NIR opens up a new wavelength range which
allows us to probe the dusty obscured regions of the Galactic disk with high-precision astrometry
and broad-band high-resolution photometry, while out of the Galactic plane a new mission will
go deeper to enhance the halo science cases and provide complementary legacy data to ground
based surveys such as LSST. A common astrometric solution for the two missions will give greatly
improved proper motions but also improve the parallaxes, for up to 2 billion common stars. Long
term maintenance and expansion of the dense and very accurate celestial reference frame with
a new mission is necessary for future precise astronomical observations and provides an essential
service for the astronomical community. These features ensure that a new mission is not simply
an increment on the previous one but will create an astrometric revolution in itself!

2. THE TECHNICAL CHALLENGE

In 2016 Hobbs et al. proposed to ESA a new all-sky NIR astrometry mission, called GaiaNIR,
which could realise the science cases discussed above. Such a NIR space observatory is however
not possible today: it requires a new type of Time Delay Integration (TDI) NIR detector to
scan the entire sky and to measure global absolute parallaxes. In 2017, an ESA study! of the
GaiaNIR proposal already hinted that a US-European collaboration would be a possible route to
make GaiaNIR science and technology a reality and subsequently McArthur et al. 2019 and Hobbs et
al. 2019b submitted white papers to the US decadal survey (Astro2020) outlining the science cases
and a possible US-European collaboration. The Australian National University is also developing
NIR astronomical detector technology with TDI capabilities and are very interested in becoming
part of this endeavour. The Japanese are currently working in a different direction with small-
JASMINE, which has been recently selected by ISAS/JAXA for their M-3 mission with a current
scheduled launch in mid-2020s, to do relative (to Gaia) astrometry in the NIR, but only focusing
on the small region within ~100 pc from the Galactic centre and relatively bright (Hw< 15 mag)
stars. With their experience from small-JASMINE they are clearly interested in collaborating on
the new mission outlined here.

In the Astro2020 APC white paper (Hobbs et al., 2019b) investigated four different technologies
which could be used to achieve our goals. Astronomical-grade infrared detectors are well established
for both ground- and space-based applications. At shorter IR wavelengths, the premium detectors
are HgCdTe devices, especially those fabricated by Teledyne in the USA. Unlike CCD detectors,
the state-of-the-art for optical wavelengths, the HgCdTe devices cannot be used in a scanning
mode, in which the image is transferred within the device synchronously with the scanning motion
of the optical system (i.e. TDI). TDI is useful in many applications, and particularly for surveys, as
individual exposures are not required, and data simply pour out of the detector array in a continuous
stream. An example of TDI in ground-based astronomical applications is the Sloan Digital Sky
Survey (SDSS), one of the most influential astronomy initiatives ever while a space-based example
is ESAs Gaia mission mentioned above. Such surveys could not have been achieved without TDI
operation but have been limited to the optical band.

This is a significant limitation. The importance of NIR in modern astronomy and cosmology
is abundantly clear with most major ground-based facilities operating powerful infrared instrument
suites, and major upcoming missions such as James Webb Space Telescope, Euclid and WFIRST

'http://sci.esa.int/future-missions—department/60028-cdf-study-report-gaianir/.
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are either completely or significantly orientated to infrared observations. There is a compelling
case, therefore, for an infrared detector that can operate in TDI. There are a number of possible
approaches to developing TDI-NIR detectors:

1. Using HgCdTe Avalanche Photodiodes (APDs) with TDI-like signal processing capability.
The challenge here is to scale the technology to large format arrays and ensure the dark
current does not introduce unwanted noise at temperatures above 100 K.

2. Ge detectors due to the lower band gap can detect NIR radiation of longer wavelengths than
possible with Si detectors. Clearly this technology is new but many of the manufacturing
techniques developed for Si are also applicable to Ge and further development is needed to
see if they can be used for our application with low noise in large format arrays.

3. A hybrid solution which uses a HgCdTe NIR detector layer bump bonded to a Si CCD. The
idea is that the photons are detected in the surface NIR layer and transferred to the Si
buried channel at each pixel. Charge can then be easily moved along the pixels of the same
column in sync with the charge generation, thus achieving TDI. What is not known yet is
how efficiently the charge can be transferred from the NIR detection layer to the Si CCD and
if both materials can be operated at the same temperature.

4. Microwave Kinetic Inductance Detectors (MKIDs) are cooled, multispectral, single photon
counting, multiplexed devices, capable of observation in the UV through to NIR. They mea-
sure the energy of photons at high frequency to within several percent making them ideal for
TDI like operation. Whilst relatively new, small MKID arrays have already been utilised on
ground-based telescopes for astronomy, demonstrating their potential.

The above list of has been ordered to reflect the suitability of each option; the APD detectors
are currently seen as the best option; the Ge detectors are limited in wavelength to 1600 nm;
the hybrid solution is technically complex; and the MKID solution requires cryogenic cooling. The
APD solution is most promising and rapid progress is being made in developing large format arrays
suitable for our application (see Gilbert et al., 2019). Nevertheless there are still some technical
challenges, namely 1) they exhibit large dark currents even at low gain while conventional HgCdTe
detectors do not and 2) the visible response of the devices needs to be enhanced - normally achieved
through substrate removal. It remains to be seen if these challenges can be overcome but APD
development looks promising at this point.
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ABSTRACT. Astrometric data from Gaia are already revolutionizing astronomy in all branches
from the solar system and stellar structure to cosmic distances and the dynamics of the Milky
Way. In April 2018, the second data release based on 22 months of observations gave 5-parameter
astrometry for more than 1.3 billion sources and a further 0.4 billion sources with 2-parameter
solutions; while subsequent releases will give increasingly accurate and comprehensive sets of as-
trophysical data. The final Gaia data set will presumably be based on 10 years of observations thus
providing a new astrometric foundation of all astronomy. It is however clear that a Gaia successor
in twenty years is required for observation of the same stars (estimated to be ~2 billion), providing
improved parallaxes and improved proper motions with 10-20 times better accuracy, in order to
maintain and strengthen the astrometric foundation of astronomy. By adding a Near-InfraRed
(NIR) capability to the new mission we will be able to peer into the obscured regions of the Galaxy
and measure up to 8 billion new objects and reveal many new sciences in the process.

1. MOTIVATION FOR GaiaNIR

The current Gaia mission has only just begun to revolutionize our understanding of the Galaxy.
The first Gaia data release gave 5 parameter astrometry for more than 2 million sources but this
gave just a hint of what was about to come in the second release. In April 2018 we released 5
parameter astrometry for more than 1.3 billion sources and a further 0.4 billion sources with 2-
parameter solutions. The nominal Gaia mission of 5 years will eventually provide positions, absolute
parallaxes and proper motions, to unprecedented accuracies (20—25 was (yr—!) at the magnitude
G=15), with the addition of all-sky homogeneous multi-colour photometry and spectroscopy. The
extended mission of up to 10 years will further improve on this with increasingly accurate and
comprehensive sets of astrophysical data. These unique capabilities go well beyond and are com-
plementary to the science cases being addressed by ground based surveys (such as RAVE, SDSS,
Pan-Starrs, APOGEE, LSST, etc).

The most obvious way to improve on Gaia's capabilities is to extend them to all-sky absolute
Near-InfraRed (NIR) astrometry allowing the new mission to probe through the Galactic dust to
observe the structure and kinematics of the star forming regions in the disk, the spiral arms and
the bulge region to give model independent distances and proper motions in these obscured parts
of the sky. A new mission launched with an interval of 20 years (around 2040) would allow new
measurements of objects already in the Gaia catalogue to be combined with older data giving
improved proper motions with 10—20 times smaller errors. Parallaxes would also be improved in
such joint solutions by a factor of /2 assuming the two missions are of equal duration. After
the publication of the final Gaia catalogue the positions of stars will be accurately known at the
chosen reference epoch and linked to the VLBI reference frame. However, this accurate positional
information will slowly degrade due to the small uncertainties in the proper motions of the stars.
Hence, it is necessary to repeat the measurements of Gaia after about 20 years to maintain the
positional accuracy and the optical reference frame.

The accuracy of the new mission should be at least that of Gaia using tried and trusted
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instrumentation, techniques, and lessons learned from Gaia. To achieve these goals we need to
explore the feasibility and technological developments needed to manufacture space qualified and
passively cooled optical and NIR (400-2500 nm) Time Delay Integration (TDI) sensors needed
to compensate for rotation. To maintain ESA’s leadership in all-sky space astrometry it is highly
desirable to develop such detector technology within Europe. The most promising NIR sensors
today seem to be Avalanche PhotoDiode (APD) HgCdTe sensors which can also support TDI
mode. In 2016 we successfully proposed such a technology study to ESA (Hobbs et al., 2016) in
a call for “New Science Ideas” to be investigated for technologies not yet sufficiently mature. It is
hoped that these ideas may become candidates for future missions in the ESA Science Program.

A new mission would also multiply the number of observed objects by a factor of 5-6 giving up
to 8-10 billion newly measured objects depending on the cutoff wavelength of 1800 nm or 2500 nm.
In 2017 ESA studied! such a NIR space observatory (GaiaNIR). The outcome was that in order to
achieve the very demanding science goals it requires new types of NIR TDI detectors to scan the
entire sky and to measure global absolute parallaxes. Gaia is an ESA-only mission as Hipparcos was
and we thought a Gaia successor should be the same. Recently however, we have strengthen our
efforts by international collaboration. Together with US, Japanese and Australian colleagues we
have submitted a proposal outlining the detailed science cases to ESA’s Voyage2050 call (Hobbs,
et al., 2019a) and two proposals for study in the US Astro2020 Decadal Survey (McArthur, et
al., 2019 and Hobbs, et al., 2019b). Such an international collaboration would help to keep the
overall cost of the Mission for ESA within the Medium-class (M-class) envelope and thus make its
selection more feasible.

2. ESA TELESCOPE IN 2017

In 2017 ESA studied! the GaiaNIR concept at its Concurrent Design Facility (CDF). GaiaNIR
was one of the 26 proposals received from the New Science Ideas call in 2016 (Hobbs et al., 2016)
and its purpose was to:

e enlarge the achievement of Gaia to astronomical sources which are only visible in NIR;

e improve the stellar parallax and proper motion accuracy by revisiting the common sources 20
years after Gaia;

e maintain the accuracy of the Gaia optical reference frame and to extend it to the NIR.

The ESA study for GaiaNIR resulted in a new telescope design which is not un-similar to Gaia as
many key ideas were reused. The optical path of the telescope is composed of:

e A primary, a secondary and a tertiary curved mirror.
e Four flat mirrors:

— two at the entrance pupil, one for each sky direction;

— at the exit pupil which can accommodate a de-scanning mechanism for conventional
NIR detectors (static image) or a simple flat mirror for TDI like NIR detectors (moving
image);

— a folding mirror after the exit pupil located to the side of the Korsch tertiary mirror to
make the overall mechanical envelope more compact.

Figure 1 shows the GaiaNIR optical surfaces and light path. Support structures of all optical
instruments are directly connected to the torus structure to avoid obstructions of the light path.

'http://sci.esa.int/future-missions—department/60028-cdf-study-report-gaianir/.
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Figure 1: GaiaNIR optical surfaces and the light path (left) and Top view of the GaiaNIR Light
path (right). Images from the ESA CDF study report.

Note the de-rotation mirror that is located in the middle of the torus structure, this is required
for conventional non-TDI NIR detectors to produce a static image on the focal plane but can be
replaced with a simple flat mirror when using TDI NIR detectors which give a moving image on
the focal plane.

For GaiaNIR ESA designed an off-axis Korsch telescope, as it is in Gaia. But it differs from
Gaia with regard to two important optical features: 1) The mirror surfaces are simple conics. This
simplifies manufacturing alignment and test; and 2) The entrance pupil is at the flat folding mirror
in front of the primary instead of on the primary mirror itself. This does not have a significant
effect on image quality. Gaias mirrors are conics with high order aspheric coefficients and used off
axis, which made manufacture and test of these elements very challenging.

The entrance pupil area was equivalent to 1600 x 250 mm?, where the long side of the pupil
is in the direction of rotation and the field-of-view was 0.6° x 0.47° and the effective focal length
was 35 m similar to Gaia.

Star Gaia NIR with TDI Gaia NIR baseline
magnitude
[Gaia-band G2V MOV M3II G2V MOV M3III
magnitude]
7 (bright) 9 9 9 9 9 9
15 48 34 19 165 81 27
21 4129 1881 426 38660* 16843 2919

* Indicates that the detection limit has been reached.

Figure 2. Summary of the astrometric performance comparison in micro-arcsecs between the
GaiaNIR with TDI and GaiaNIR baseline (with de-rotation mirror) and for three stellar types and a
5 year mission. Table from the ESA CDF study report.

During the CDF study the baseline mission concept used conventional non-TDI NIR detectors
together with a de-rotation mirror to remove the image motion as the spacecraft rotates. This
baseline astrometric solution was compared to using the same detectors but with a TDI mechanism
and the results of the CDF study are presented in Table 2. It is clear that the baseline solution
with conventional detectors gave very poor astrometric performance for faint stars (up to a factor
of 10) while a TDI detector solution gave performances comparable to Gaia. The difference in
results is mainly due to the reset time for the de-rotation mechanism which does not allow the star
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light to be integrated for long enough. The science performance for the faint stars is critical for
this mission - most stars are faint and most of the GaiaNIR science cases are aimed at the faint
stars. In conclusion this mission concept requires that we use a TDI like approach to integrate the
light as it passes across the focal plane - this important and obvious conclusion was unfortunately
ignored in the ESA CDF study report.

3. DETECTORS AND FILTERS

In the recent APC white paper in Astro2020 Hobbs, et al., 2019b investigated 4 different
detector technologies which could be used to achieve TDI in NIR detectors. From these four
approaches we identified electron initiated Avalanche PhotoDiodes (e-APDs) as the most promising
for our application. APDs are semiconductor electronic devices which exploit the photoelectric
effect and can be considered the semiconductor analogue of the photomultiplier. They are very
promising technology with the limitation of increasing the dark current at temperatures above
100K. The very fast read out of these devices makes APDs inherently suited to a TDI like signal
processing mode.

GaiaNIR Focal Plane

104 cm
< >

1800 1800 1500 1500 1100 1100 800 800 nm cutoff X

B
| B

Sky Mapper
+AF +CF
Full Spectrum

Minimum set of
8x7+4=60 detectors

Good Photometry

Astrometric Field (AF)
+ Colour Field (CF)

Figure 3: Overview of the minimal focal plane array design for GaiaNIR with 4 pass bands from
400 nm to the indicated cut-off wavelength. The arrowed line on top indicates the 104 cm size of
the Gaia focal plane. The new design is less than half the size of Gaia’s and could be expanded to
included more detectors if affordable. If the cut-off wavelength is selected to be 2500 nm it would
be ideal to add a fifth band of filters on the left giving 74 detectors in total.

One of the reasons e-APD arrays have matured so quickly in recent years is that they can be
constructed using near-standard manufacturing processes. e-APDs offer voltage controlled gain at
the point of photon absorption, electron gain values up to 1000, virtually zero power consumption,
bandwidths to GHz, high stability, high uniformity, no impact on the pixel design and non-destructive
readout schemes with subpixel sampling are possible with negligible added noise. Nevertheless there
are still some technical challenges, namely 1) they exhibit large dark currents even at low gain while
conventional HgCdTe detectors do not and 2) the visible response of the devices needs to be
enhanced - normally achieved through substrate removal. It remains to be seen if these challenges
can be overcome but APD development looks promising at this point.

The focal plane design used in the ESA CDF study is show in Figure 3 and was a minimal focal
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plane designed to meet the science requirements but also to reduce the costs given that the new
detectors were expected to be more expensive than the ‘conventional’ CCDs used for Gaia. Crucial
differences between the GaiaNIR focal plane and Gaia's are that:

1. The sky mapper field has been removed and dissemination between the two fields-of-view
(FoVs) will be done by on-board tracking of the motions of stars (which are different) for
each FoV across the focal plane.

2. The photometric and astrometric FoV are combined into a single field.

3. The radial-velocity spectrometer is removed and not considered necessary given the large
number of planned ground based surveys.

The design consisted of 60 NIR detectors, arranged in 7 along-scan rows and 9 across-scan strips
(8 are for the astrometric/photometric field, the other is used for monitoring purposes), divided
into 4 photometric fields each with different upper cut-off wavelengths. The design can easily be
extended to 2500 nm by adding one extra photometric field. Stars enter the focal plane from both
FoV on the left and will move in slightly different directions depending on the which FoV they
originate from, on-board software can then anticipate their motion across the rest of the focal
plane. The leftmost photometric band is the broadest to detect all stars and subsequent bands are
narrower. Spectral filtering can be achieved by depositing filter material directly on the detectors
which is a relatively new technique to simplify the optics and reduce costs.

4. SO WHAT DO WE DO?

The study by ESA in 2017 concluded that the GaiaNIR mission would be Large-class (L-class)
even after reducing costs. However to enhance our chances of being selected we need to fit in
the M-class cost category for ESA. This can only be achieved by attracting external partners who
could help fund the project (US, Japan, Australia, etc. have indicated interest) and we plan to
intensify our efforts in this direction in the coming years.

We are currently closely following the SAPHIRA e-APD being developed by Leonardo MW
Ltd. (see Gilbert, et al., 2019). On-sky performance has been demonstrated in imaging mode
a number of times and early success with one such system at the Australian National University
(ANU) has led to a space-based TDI mission for astronomy. The Emu mission will demonstrate
space-flight readiness for SAPHIRA with a ~100 mm telescope deployed on the International
Space Station (ISS) which mitigates many of the technical hurdles associated with deploying small
payloads, instead focusing on technology demonstration. A prototype system was successfully
demonstrated on-sky in April 2019. While the current generation SAPHIRA e-APD has only a
modest scale (320x256 pixels, but with a high pixel operability, approaching 100%), a number of
active collaborations are underway to deliver large format (1kx1k) devices more relevant for the
extended focal plane mosaics typically needed for large survey missions. ESA have recently issued
tenders for the development of 2k x 2k APD devices and it is this large format that would be suitable
for our mission.
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ABSTRACT. For independent verification of the global orientation and spin of optically bright
objects obtained from the Gaia mission, positional VLBI observations of radio stars are identified
as being the most precise technique for the upcoming data releases (Lindegren, 2019). Here, we
propose three radio star surveys in the continuum emission phase-referencing mode with the VLBA
for the (re-)detection of stars with promising characteristics for the VLBI-Gaia link to meet the
demand of more VLBI data for this task. In the first proposal we revisit stars that have been
detected by continuum VLBI/VLA observations in the past. To optimize the sky distribution we
plan to find new radio stars in the second and third proposal, either by searching for radio emission
of suitable nearby single stars that have never been observed at radio wavelengths before or by
observing stars that already have detected radio emission.

1. NECESSITY OF NEW VLBI-OBSERVATIONS OF RADIO STARS IN THE VIEW
OF GAIA

Gaia's ability to determine an accurate optical frame and a distance scale is important for many
scientific topics, such as the study of star and Galaxy kinematics, better calibration of the cosmic
distance ladder and constraining physical properties of a wide range of celestial objects. Since
satellite navigation systems, such as GPS, are not available beyond the immediate vicinity of the
Earth, the Gaia catalog will play a key role in the navigation and attitude control of spacecraft in the
future. The Gaia data already outperform any other optical realization today and will most likely
remain the most accurate source for optical positions for several decades in the future. Verifying
Gaia's orientation and spin accuracy, especially for the optically bright objects, is essential for high-
precision astro-navigation and orientation, particularly in the post-mission period when spin and
proper motion errors dominate the position errors. Gaia Data Release 2 (DR2, Gaia Collaboration
et al. (2018)) comprises around 1.7 billion objects gathered during the first 22 months of Gaia's
operational phase. For astrometry, it provides an independent reference frame with an accuracy
that is comparable to the Third International Celestial Reference Frame (ICRF3, Charlot et al.
(2018)) derived from geodetic VLBI measurements of extragalactic radio sources, providing a
unique historical opportunity to identify systematics in both measurement techniques as well as
to study scientific subjects including frequency-dependent time varying core-shifts using common
objects.

The orientation of Gaia DR2 is tied to the radio frame through quasars. The orientation was
constrained to the ICRF3 prototype whereas the spin parameters were constrained to the ICRF3
prototype and AIIWISE data of quasars (Secrest et al., 2015), as described in Gaia Collaboration et
al. (2018). In terms of calibration, Gaia data are separated into several magnitude dependent parts
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due to instrumental reasons (Lindegren et al., 2018). The faint part of the Gaia reference frame
behaves as expected in both orientation and spin when validating it against external data (Lindegren
et al., 2018). For the verification of the orientation and spin of the bright (<13 mag) Gaia frame,
stars can be used that are also visible in radio frequencies. The Gaia team used VLBI data of around
20 radio stars from the literature to verify the orientation, but because of the sparseness of the
data, the large epoch differences and the non-linear motions of many of the stars the orientation
could not be determined sufficiently well (Lindegren et al., 2018). Clearly, systematic errors in
individual objects as well as in the measurement techniques are limiting the ability to determine
an accurate tie. In contrast, the spin of the bright reference frame was calculated from proper
motion differences of 88,091 bright stars in DR2 and the Tycho-Gaia astrometric solution (T GAS,
Lindegren et al. (2016)) in Gaia DR1 (Gaia Collaboration et al., 2016). The proper motions
of DR2 were derived from the 22 months of Gaia observations only, whereas the proper motions
of DR1 (TGAS) were computed with the help of Hipparcos positions of stars at epoch 1991.25,
a time span of about 24 years. The spin shows a significant deviation from the spin calculated
from data of fainter objects of about 0.15 mas/yr, and thus disagrees at more than a 5 sigma
significance (see Figure 4 in Lindegren et al. (2018)). The spin difference results not from bad
data in DR1 (TGAS), but instead from DR2, due to uncalibrated instrumental effects on proper
motions of bright objects. These could be effects in the gated observations or the observations
of window class 0, which are also clearly related to the dependence of the change of difference in
parallax as a function of magnitude (Lindegren et al., 2018). In future Gaia DRs, analysis methods
will be used that should minimize the difference between the bright and faint frame. The improved
positions, parallaxes and proper motions expected for subsequent Gaia DRs will not be comparable
to Hipparcos data in terms of accuracy anymore. Then, only VLBI measurements will provide
sufficient accuracy to enable the verification of future Gaia DRs.

Unfortunately VLBI data of radio stars are sparse till today and more observations would be
very beneficial for this task. The effect of more VLBI data was studied by Lindegren (2019). Using
only VLBI data, he simultaneously estimated six spin and orientation parameters from VLBI and
Gaia data of 26 best fitting stars, also based on single-epoch measurements. The calculations
resulted in a similar rotation of the bright reference frame at a rate of 0.1 mas/yr relative to the
faint reference frame. Still, one of the limitations of his calculations is the sparseness of available
VLBI observations of (suitable) radio stars. Also the resulting orientation parameters are biased
by the heterogeneous sky distribution of the stars observed in more recent years, as their data
contribute most to these parameters.

Lindegren (2019) shows, that new single-epoch measurements of positions of the best fitting
stars will most of all improve the determination of spin parameters, if they are taken in later years
(rather in 2030 than in 2020). From our point of view, taking measurements now can already
improve and validate earlier data releases, and thus will be valuable for the scientific community
right away. His study also shows that the error of spin parameters significantly decreases with
subsequent Gaia data releases even without additional VLBI observations, which is due to smaller
uncertainties in the Gaia proper motions due to a longer time span of available observations,
whereas for the orientation new VLBI data will present a significant improvement for current and
later Gaia data releases. We propose three approaches to fulfill the various needs of new radio star
observations.

2. PLANNED PROPOSALS

Our proposals are planned to be observed with the VLBA network. All stars for proposed
observations are within its declination limit and are optically brighter than 13 mag, as required
for the bright Gaia frame. The sky coverage for the various proposals is shown in Figure 1 and
the respective brightness histograms in Figure 2. The selected stars are well represented in Gaia
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data having a full valid 5-parameter solution in DR2 if not stated otherwise. In addition, they
show a good fit to a single star model from this data, which is expressed by parameter RUWE
(re-normalized unit weight error, calculated from Gaia DR2 data, Lindegren (2018)) being smaller
than 1.4, which indicates that they are not resolved as binary stars in Gaia DR2. The stars were
additionally selected to provide a good sky coverage, i.e., in areas with many stars we selected only
the radio-brightest ones.

2.1 Re-observation of already known radio stars

A re-observation of radio stars that have already been observed by VLBI not only has the ad-
vantage to get refined proper motions and parallaxes as well as positions during the observation
time of Gaia with few input of new observing time, but also a high probability of successful de-
tection. The optically bright stars are highly variable and faint in radio frequencies if compared to
extragalactic radio sources that are usually used for geodetic VLBI. For this proposal, we excluded
stars with radio spectral-line observations, since we want to focus on continuum emission only. We
further consider the suitable spectral types for the link between optical and radio frequencies. This
leads to main sequence stars with the exception of stars of type O and B, since the probability
of radio-optical offsets is higher for these types due to stellar winds and complex structures, as
well as to the exclusion of M and L type stars due to the higher possibility of resolved binaries
in VLBI observations. As recommended by Lindegren (2019), they are neither Mira type nor red
supergiants. We took the information of spectral classes from the SIMBAD database (Wenger et
al., 2000).

The final selection of 46 stars consists of seventeen stars that are from the list of recommended
candidates for Gaia-VLBI link by Lindegren (2019). Four of them are of spectral type O or B but
they are still selected because they fit a single-star model well and thus a higher priority was given
to the precious longer data set that is available when combining the new data with data from
the archive. One of the 17 stars (V2248 Oph) is known to be a triple star system, but shows a
low discrepancy between VLBI and Gaia. More observations are useful for an enhanced study of
the VLBI and Gaia offset for this object. With a view to future Gaia DRs and the availability of
orbits for some objects as well as the verification of these orbits, four additional stars were selected
which show the probability of a binary companion but are promising for orbital modeling. Two
more stars were selected from the list of Xu et al. (2019). One of them, bet Per, was chosen
because it is the only one of the eleven link stars for the Hipparcos mission that was not yet in the
selected sample. This is because it does not have a full astrometry solution in DR2 yet. We made
an exception for this star and took it into our selection of stars to be observed, because again,
new observations for this star would provide a long positional time series when combined with the
observations from the 1980s and 1990s, and in addition we will be able to do tests using the same
set of stars as for Hipparcos comparisons. It is a future task to look for more possible candidate
stars for the Gaia/VLBI link that have extensive VLBI observation history and were detected by
Gaia but do not have a full astrometric solution in DR2 yet. Using the same general approach,
we additionally selected 23 radio stars of Boboltz et al. (2003) and Boboltz et al. (2007), who
did phase-referenced continuum observations in X-band of in total 52 radio stars for the Hipparcos
CRF link using the VLA and Pie Town telescopes.

2.2 Detection of nearby stars

Our second proposal aims to increase the number of radio-optical counterparts in order to
improve the sky distribution. We selected optically-bright stars that are both in Hipparcos and Gaia
DR2 subsets, in order to have a good chance of accurate Gaia data at the end of the mission. We
excluded stars that were identified as double or multiple star systems by Hipparcos. We further
filtered for main sequence stars that are of suitable spectral types using data from SIMBAD. From
the r-squared law, we assume that the nearest such stars would be the brightest, so if these stars
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produce any significant radio emission, the nearest would be the best objects to observe. Our final
selection contains stars that are within 20 pc of the Earth.

It consists of 102 stars that to our knowledge have not been observed by VLBI yet. The set
was chosen to provide a rather uniform sky coverage and a variety of spectral classes that are most
suitable for the tie (see Figure 3).

2.3 VLBI-observation of previously detected stars

The third proposal aims to re-observe stars that have already been detected by continuum radio
observations in the past. The catalog of Wendker (2015), a collection of radio detections until the
late 1990s, was used to find promising objects for re-observation with the VLBA. The 75 selected
stars were detected with a minimum flux density of 0.5 mJy in a frequency range from 1 to 100
GHz. We chose a somewhat lower detection limit than our observations will allow, since we assume
that variability in the brightness of the stars can be great, and therefore we do not want to exclude
a star prematurely. Also, we assume that the possibility of detection does not vary dramatically
within the frequency range. The stars have not been observed in phase-referencing mode before.
Therefore, there is no overlap with proposal 1. We prioritized the non-binarity and higher number
of possible new candidates for a successful search survey, which is why the proposed candidates can
belong to various spectral classes as seen in Figure 3. It is certainly possible to filter for preferred
spectral classes, if desired.

selected stars proposal 1: 46
COD ¢  selected stars proposal 2: 102
5 selected stars proposal 3: 75

Figure 1: Stars selected for observations with color-coding according to the type of proposal.

3. SUMMARY

VLBI observations of optically bright radio stars will be the only method to improve the validation
of the orientation and spin of the Gaia bright reference frame in future Gaia DRs. So far there
are too few observations for this purpose, and the sky distribution of these is not homogeneous
enough to get sufficient results. We present three different strategies for observations to improve
the determination of the spin as well as the orientation parameters using the VLBA network. It
is clearly promising to re-observe already known radio stars and to make use of longer observation
intervals by adding data from the archive for improved estimates of the star's parameters. But this
is not enough for the precise alignment in both orientation and spin, because there are not enough
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selected for the observations. the stars selected for the observations. For
proposal 3, a stricter selection for the most
suitable spectral types would be possible.

suitable stars known yet, as discussed in Lindegren (2019). Therefore, radio stars have to be found
which have not been observed by VLBI in the past. We offer two approaches for a selection of
suitable candidates to be observed.

For each of the proposals, we would like to conduct a search survey to find stars that are visible
for the VLBA in phase-referencing mode. In a second step, more observations need to be carried
out to get precise positions, proper motions and parallax for those objects which could be detected
in the surveys. In addition, precious data from the archive should get collected and re-processed if
necessary.

This project is supported by the DFG grant (HE5937/2-2). This work has made use of the
data from the European Space Agency (ESA) mission Gaia processed by the Gaia Data Processing
and Analysis Consortium as well as from the mission HIPPARCOS. Funding for the DPAC has been
provided by national institutions, in particular the institutions participating in the Gaia Multilateral
Agreement. This research has made use of the VizieR catalogue access tool, CDS, Strasbourg,
France and the SIMBAD database, operated at CDS, Strasbourg, France.
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SPHERICAL RECTANGULAR EQUAL-AREA GRID (SREAG)—SOME
FEATURES

Z. MALKIN
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ABSTRACT. A new method Spherical Rectangular Equal-Area Grid (SREAG) was proposed in
Malkin (2019) for splitting spherical surface into equal-area rectangular cells. In this work, some
more detailed features of SREAG are presented. The maximum number of rings that can be
achieved with SREAG for coding with 32-bit integer is N,;,q=41068, which corresponds to the
finest resolution of ~16”. Computational precision of the SREAG is tested. The worst level of
precision is 7 - 10712 for large N,jng. Simple expressions were derived to calculate the number of
rings for the desired number of cells and for the required resolution.

1. INTRODUCTION
A new approach to pixelization of a spherical surface Spherical Rectangular Equal-Area Grid

(SREAG) was proposed in Malkin (2019). It is aimed at constructing of a grid that best satisfies
the following properties:

1. it consists of rectangular cells with the boundaries oriented along the latitudinal and longitu-
dinal circles;

it has uniform cell area over the sphere;

it has uniform width of the latitudinal rings;

it has near-square cells in the equatorial rings;

it allows simple realization of basic functions such as computation of the cell number given
object position, and computation of the cell center coordinates given the cell number.

A

In this paper, some more details of the SREAG pixelization method are discussed in addition to
Malkin (2019).

2. SREAG METHOD

Let's briefly repeat the description of the SREAG pixelization method presented in Malkin
(2019). The basic parameter of this method is the number of rings Nyjpg, which must be an even
number. The sphere is first split into latitudinal N,;ng rings of constant width dB = 180°/Nyjpg.
Then each ring is split into several cells of equal size. The longitudinal span of cells in each ring is
computed as dL; = dBsec bg, where | is the ring number, and b6 is the central latitude of the ring.
This provides near-square cells in the equatorial rings. Then the number of cells in each ring equal
to 360/dL; is rounded to the nearest integer value. This procedure results in the initial grid. In
fact, only the total number of cells in the grid, N.ej;, and the number of cells in each ring are used
in the final grid construction. Given N, we can compute the area of each cell A= 4m/N.gy.

Then the latitudinal boundaries of the rings are to be adjusted as follows. Let us start from the
North pole. Let b“ be the upper (closer to the pole) boundary of the ring in the final grid, and b’
be the lower boundary. Then, taking into account that the cell area is A = dL * (sin b¥ — sin b'),
the simple loop will allow to compute all the final ring boundaries (Malkin, 2019):
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Figure 1: Example: 10-ring SREAG grid.

bf =m/2
do izlering/z
bl = arcsin(sin b — A/dL;)

The last value b;\lring/Q corresponds to the equator and therefore must be equal to zero, which
verifies the correctness of the computation. The latitudinal boundaries for the rings in the South
hemisphere are just copied from the North hemisphere with negative sign. Figure 1 presents an
examples of grids constructed making use of the proposed method. Figure 2 shows the precision
of the computation, which is determined by the deviation of the absolute value of the computed
equatorial latitude b;\lring/Q from zero.

The number of cells in the grid depending on N,;,g is shown in Figure 3. For 32-bit integer,
maximum available N,;ng is 41068, which corresponds to Ncey = 2'147'421'180. A larger Nyjpg
corresponds to Ny larger than 231-1=2'147'483'647, the maximum value for a 32-bit signed
integer. This limitation can be extended using a 64-bit integer.

Thus, the SREAG method provides detailed choice of the grid resolutions to satisfy a wide
range of user requirements. For Nj,q = 4...41068 grid resolution varies from ~45° to ~16”
(Figure 4). Analysis of the literature showed that the resolution used in practice lies in the range
7.3° to 26", which is fully covered by the SREAG resolution range.

If one starts with the desired N.qj, one can easily calculate the corresponding number of rings
by Nying = 0.886227 /N,y with further rounding the result to the nearest even integer.

Another simple but accurate expression allows to approximate the grid resolution (in arcmin)
as 10800/N;jng and thus obtain the required number of rings to provide the desired resolution.
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3. CONCLUSION

The new method SREAG is developed for subdividing a spherical surface into equal-area cells.

The

main features of the proposed approach are:

it provides an isolatitudinal rectangular grid cells with the latitude- and longitude-oriented
boundaries with near-square cells in the equatorial rings;

it provides a strictly uniform cell area;

it provides a near-uniform ring width (although the ring width in the final grid is not strictly
uniform, the deviation of the central latitude of the rings from the uniform distribution is
much smaller for SREAG than for other popular pixelization methods as was shown in Malkin
(2019);

it provides a wide range of grid resolution with a possibility of detailed choice of desirable cell
area;

the binned data is easy to visualize and interpret in terms of the longitude-latitude (right
ascension-declinations) rectangular coordinate system, natural for astronomy and geodesy;
it is simple in realization and use.

Proposed approach to pixelization of a celestial or terrestrial spherical surface allows to construct
a wide range of grids for analysis of both large-scale and tiny-scale structure of data given on a

sphe
preci

re. The number of cells is theoretically unlimited and is constrained in practice only by the
sion of machine calculations.

The SREAG method can be hopefully useful for various practical applications in different re-
search fields in astronomy, geodesy, geophysics, geoinformatics, and numerical simulation. In par-
ticular, it can be used in further analyses of the celestial reference frame, for selection of uniformly

distr

ibuted reference sources in the next ICRF realizations, and for evaluation of the systematic

errors of the source position catalogs.
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4. SUPPORTING SOFTWARE

Several Fortran routines to perform basic operations with SREAG are provided at http://www.

gaoran.ru/english/as/ac_vlbi/#SREAG. They include:
GRIDPAR.FOR  Compute parameters of the grid for a given number of rings
CELLPAR.FOR Compute the cell parameters for a given cell number
POS2CN2.FOR Compute the cell number for a given point position
CN2POS2.FOR Compute the cell center coordinates for a given cell number
NR2NC.FOR Compute the number of cells for a given number of rings
NC2NR.FOR Compute the nearest number of rings for a given number of cells

The authors is grateful to Sergey Klioner for useful comments on the manuscript.
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ABSTRACT. Our aim is to compatibilize the correction of massive ground- based catalogs and
the study of properties that are missed in DR2. Two advantages justify these studies. On the one
hand, it is usual to suppose that in the correction process the signal and the noise are accurately
detected, but this is not necessary true if the statement "with respect to me adjustment model
and a precision order” is not added to the assertion. The improvement of two ground-based
catalogs and their comparison may explain a common part in the residuals depending on certain
physical properties. On the other hand a question arises: the observation from the Earth involves
some intrinsic errors but is it possible to align them to the ICRF while conserving the above-
mentioned intrinsically terrestrial properties? This is not possible, but we can seek for quantitative
improvements that eliminate bias and determine qualitative properties of the residual vector field
on the celestial sphere with radius r considering magnitudes and spectral types. This is applied to
assign a proper motion vector field in the domain of work.

1. INITIAL STEPS

Choice of a set of stars common to the Hipparcos and the massive catalog 2MASS. De-
note this set as Qp. Now, we consider different properties such as the spectral type (split-
ting the data into a KM set and a no-KM set), H-magnitudes (splitting the data into my =
[5.750,7.153), ms = [7.153,8.556), mg = [8.556,9.959) and m7 = [9.959, 11.363)) and also
the distances assigning the data to sets, following Astraatmadja and Bailer-Jones (2016) in DR1.
We can built different subsets of stars as, for instance, C2xpm, for KM stars with ms mag-
nitude; or Qpmg|,_ngo . CONtaining ms stars in the slice [100pc, 300pc], for example. The in-
tervals for r [25pc, 200pc], [100pc, 300pc], [200pc, 400pc], are named after their "center” r =
100, 200, 300, ..pc. We will denote as €2 any of these possible data work sets.

2. STEP 2: OBTENTION OF THE VECTOR FIELDS

From each set of data points €2, we supose a relation Y; = m(X;) where X; € Q is a random
vector and we assume that:

m(X;) = m(x) + (D*m)x(X; — x) (1)
with x near some X;. We obtain the estimator for the vector field and the estimators for the first
derivatives of the vector field: m(x), my (x), Mz (x),... as the solution of the problem described

n:

{M (). i (). 2 ()} = { Boo(x). bra (%), bia(x) } =

= {min \ {Yi — bo(x) = br1(x)(Xi1 — x1) = b12(x)(Xi2 — x2)}* Khix
by (x)
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1 Xiit—x1, 1  Xis—xo

Kh,ix:h_lK( h1 )h_zK(T) (2)

3. STEP 3: USING VECTOR FIELDS TO OBTAIN QUANTITATIVE DATA

Suppose that the vector of the residuals is developed in vector spherical harmonics depending
on r,a, 6 by means of:

X(I’, a, 6) = Z [rnman + SomSnam + tannm] (3)

n,|m|<n

where Ry, Spm, Tam are the vectors (orthogonal and complete system of the functions with in-
tegrable square in the sphere of radius r) whose coefficients represent the radial, spheroidal and
toroidal parts, respectively of the field X. These vectors are given by the expressions:

Rom = Yomt, Sim = rNYYom, Tam = —t X VYnm (4)

Using inner product (,) in the Hilbert Space of the spherical S2-vector, the coefficient for the
normalized basis vector ¢y, are o, = (M, ¢x). In Marco et al (2019) one can see an exhaustive set
of coefficients of developments for each set 2. There, it can be observed that the values of the
obtained parameters and their evolution (in the distance) depend on both magnitudes and spectral
types, so that the corrections must be more specific than what is usually considered. This step, in
itself, was qualitatively and quantitatively finer and more precise than other more usual procedures.

4. STEP 4: USING VECTOR FIELDS TO OBTAIN QUALITATIVE DATA

Before applying any correction (which is in J2000), we study stars where (or very close where)
the residual field is singular and, in addition, the rotational component of the field is irrelevant.
These points have the particularity of being maximum or minimum of the function of magnitude VT
of Tycho, used in the reduction of the 2MASS. Note that from Helmholtz decomposition, a vector
field is split into two components (rotational and irrotational) by means of X = Vg+ V X U where
X is an spherical vector field. Taking divergence operator, we deduce the relation div>_<> = A¢ and
assuming ¢ (o, 0) = > anmYnm (o, §), from the application of properties of the Laplace-Beltrami

n,m

operator we deduce:

A= anmAYpm = Y [=n(n+ 1)anm] Yom (5)
where Ab.Y
Apm = 1 < ¢r nm> (6)

n(n+1) Yam: Yom)

We show here only two examples of singular points of the vector field near singular points of the
potential (see Figures 1 and 2). For more examples, see the above mentioned paper.

5. CONCLUSION

Returning to the text of the Abstract, after the correction process, we obtain the possibility
of exploring the aforementioned "second advantage”. On the other hand, regarding the "first
advantage: both " ground based” catalogs will be improved using Hipparcos2 so that by comparing
two improved catalogs with each other, we can launch the hypothesis that the Hipparcos effect has
only affected the improvement and not the residual component related to the " Earth-observed”
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Table 1: Comparison between the proper motions from DR1, PMA and our obtained results for
some stars in the neighborhood of some singular points of their vector field. Hip stands for the
number of the star in the Hipparcos catalogue, DR1 for the DR1 identifier. Subindex (1) means
DR1 and (2) means PMA. The proper motions are given in mas, being the last two colums Ap,
& Aus our obtained results.

Hip DR1 [eTe)) o1y Apgy Apsy  Auioy  Duse)y  Dug Aps
28951 1008018207212849024 91.6628127275 63.4538738263 —35.558 8.594 —34.73 2184 —-36.35 21.33
30031 098050069154382592  94.7912065760 56.5264619828 —37.640 —31.332 — — —39.10 —31.05
24771  188796557490084480 79.66959037289 —32.3228506874 4.963 —13.891 3.08 —20.75 4.47 —23.68
27047 4756115082715073920 86.0379453784 —65.1018594755 —2.259 21.541 —4.01 26.0 —2.24 27.01
23865 279443525899748352 76.9426318743 55.7590984639 26.115 —14.343 22.01 —16.58 29.28 —21.70
89345 6721441368029854976 273.4528707722 —43.2043919512 —9.007 —13.989 —8.55 —17.27 —-9.91 —-18.69
44931 3841861165533628672 137.2857737710 —1.5880525106 —27.981 —35.349 —28.80 —45.08 —23.34 —43.16
23863 279443525899748352 76.9426318743 55.7590984639 26.115 —14.3434 22.01 —16.58 28.47 —22.17
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character of both catalogs that may remain. Extension to Tycho-2 stars must be performed
preserving the Hipparcos-2 corrections.
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THE IAU COMMISSION “EARTH ROTATION” AND THE IAU
DEFINITION OF THE POLE AND UT1

N. CAPITAINE!?

1L SYRTE, Observatoire de Paris- Université PSL, CNRS, Sorbonne Université - France
2 Bureau des longitudes - France - nicole.capitaine@obspm.fr

ABSTRACT. During the period 1964-2019, a number of IAU/IUGG resolutions on reference
systems have introduced improved definitions and concepts concerning the Earth's rotation. The
aim of this presentation is to report on the successive improvements of the IAU definition of the pole
and UT1 and on the role of IAU Commission 19 and the IERS in this evolution. This presentation
is part of the session on “The 100-year history of the IAU Commission 19/A2".

INTRODUCTION

The Earth’s orientation in space is traditionally represented by five Earth orientation parameters
(EOP), which provide the direction of the pole in the International terrestrial reference system
(ITRS) due to polar motion, the direction of the pole in the Geocentric celestial reference system
(GCRS) due to precession-nutation, and the variations in the Earths diurnal rotation based on
Universal Time, UT1. At the occasion of the centenary of IAU Commission 19 “Earth Rotation"”,
this presentation recalls the evolution during the latest fifty five years regarding 1. the definition
of the pole and 2. the definition of UT1, which have been regularly discussed and updated within
several IAU Working Groups, meetings and resolutions during that period.

1. THE DEFINITION OF THE POLE

1.1 Relationships between various reference axes: Poinsot representation

Different axes (and the corresponding poles) are considered in the Earth’s precession-nutation
theory: the axis of figure, C, the axis of angular momentum, H, the instantaneous axis of rotation,
(2, and the axis of the ecliptic, Z, € being the obliquity of the ecliptic. In the case of a rigid Earth,
according to Poinsot’s representation, $2 undergoes the following motions:

(a) The free Eulerian motion within the Earth (around C), known as polar motion (PM) and
its corresponding diurnal motion (i.e. the sway) in space around H,

(b) The forced precession-nutation (PN) in space around Z and its corresponding retrograde
nearly diurnal motion within the Earth, known as diurnal nutation or forced diurnal polar motion.

The differences between the forced motions of C and H (or ), are called Oppolzer terms (see
Fig. 1, Woolard 1953); they are responsible for corresponding (dynamical) variations of latitude in
the astronomically observed values (see Fig. 2, Fedorov 1963).

Referring to Q) or H separates the forced motion in the GCRS into two parts: the celestial part
(PN) and the terrestrial part (diurnal nutation), corresponding to Oppolzer terms in space.

1.2 IAU discussion/recommendations on the reference pole: 1964-1979

- The instantaneous pole of rotation (IRP) (of the axis of rotation) was the pole of reference
of the IAU 1964 nutation based on Woolard (1953) theory of nutation for a rigid Earth
(providing nutation for various axes). The corresponding forced diurnal polar motion of the
IRP was considered separately.
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Figure 1: Free motion and Oppolzer terms (with Delaunay variables £, ¢, F, D, Q) in ecliptic longi-
tude (0%) and obliquity (66) for a rigid Earth: terms larger than 1 mas (Woolard 1953).

Ap = +0.0066"sin(S) — 0.0051"sin(S — 2(1) -
0.0022"sin(S — 2L) — 0.0010"sin(§ — 20 — Q) -

— 0.0010%sin(S — 30 + T") + 0.0009"sin(S — ).

Figure 2: Fedorov's expression (1963) for the variation of latitude for an elastic Earth, S being the
local sidereal time.

Fedorov (1963), Jeffreys (1963) and Atkinson (1973) questioned the choice of the axis of
rotation and recommended to use instead the axis of figure (geophysical concept) or the axis
of angular momentum (kinematical concept).

Atkinson (1975) showed that optical astrometric observations “do no ever involve the axis
of rotation but do give directly the instantaneous position on the celestial sphere of the pole
of figure™.

Recommendation 4 to the IAU 1976 General Assembly (GA), associated with the adoption
of the IAU 1976 System of astronomical constants and of the new fundamental reference
system (FK5), was to refer the tabular nutation to the axis of figure in place of the axis of
rotation.

The discussion on a new theory of nutation for a non-rigid Earth began at the IAU Symposium
78 “Nutation and the Earth’s rotation”, held in Kiev in 1977 and sponsored by Commission
19 (see Fedorov et al. 1977 and Yatskiv & Korsun 2008). It recommended that the theory
refers to the instantaneous axis of rotation of the mantle.

Following a long and detailed discussion within the IAU Working Group (WG) on nutation
formed after Symposium 78, the final IAU 1979 recommendation was to refer the new nuta-
tion model to a pole called the Celestial Ephemeris Pole, which was defined as including the
forced diurnal polar motion into the celestial nutation (cf. Atkinson’s proposal).

1.3 The Celestial Ephemeris Pole (1980-2000)

- The IAU-1980 theory of nutation (Seidelmann et al. 1982), adopted the Celestial Ephemeris

Pole (CEP) to which the numerical values of the conventional model were referred.

- These numerical values have been computed so as to include the forced diurnal polar motion,

consequenty this latter has no more to be considered separately in PM.
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A tentative conceptual definition of the CEP has been given as the “pole that has no nearly-
diurnal motion with respect to a space-fixed coordinate system or an Earth-fixed coordinate
system”, or “the center of the quasi-circular paths of the stars in the sky" .

The following improvements have been progressively achieved in the PN and PM models as
well as in processing EOP observations: the semi-diurnal and diurnal prograde nutations,
which were considered to be negligible, have been considered in the nutation theory for a
rigid Earth at a microarsecond level (1997); models for the daily and subdaily tidal variations
in polar motion have been developed and included in the IERS models for polar motion; the
“celestial pole offsets” (i.e. estimated corrections to the IAU PN) are published on a regular
basis by the IERS since 1980; “intensive” EOP series are available since 1994,

An improved definition of the CEP appeared to be necessary in order to be in agreement
with modern models and observations and to take into account the overlapping between the
GCRS and ITRS pole motions in the high frequency domain.

Several options for an extended definition of the CEP were considered (1998-2000) by the
IAU WG T5 “Computational Consequences” of the IAU Working Group ICRS: see https://
syrte.obspm.fr/iau/iauWGT5.

These proposals were discussed at the IAU Colloquia 178 (Cagliari, 1999) "Polar Motion:
Historical and Scientific Problems” (see Capitaine 2000) and 180 (Washington, 2000) “To-
wards Models and Constants for Sub Microsecond Astrometry” and during the JD2 Discussion
“Models and constants for sub-microarcsecond astrometry” (see Capitaine 2002) at the IAU
2000 GA in Manchester..

A Resolution proposal on the CIP was submitted to the IAU 2000 GA.

1.4 The Celestial Intermediate Pole, IAU 2000

The Celestial Intermediate Pole (CIP) was adopted by IAU 2000 Resolution B1.7 together with
Resolution B1.6 adopting the IAU 2000 IAU precession-nutation. The relevant definitions were
specified by the IAU Div 1 WG “Nomenclature for Fundamental Astronomy”: NFA WG: 2003-
2006 (Capitaine et al. 2007); see the NFA Glossary at https://syrte.obspm.fr/iauWGnfa.

The CIP is the geocentric equatorial pole defined by IAU 2000 Resolution B1.7 as being the
intermediate pole, in the transformation from the GCRS to the ITRS, separating nutation
from polar motion. It replaced the CEP on 1 January 2003.

Its GCRS position results from (i) the part of precession-nutation with periods greater than
2 days, and (ii) the retrograde diurnal part of polar motion (including the free core nutation,
FCN) and (iii) the frame bias.

Its ITRS position results from (i) the part of polar motion which is outside the retrograde
diurnal band in the ITRS and (ii) the motion in the ITRS corresponding to nutations with
periods less than 2 days.

The motion of the CIP is realized by the IAU precession-nutation plus time-dependent cor-
rections provided by the IERS.

It is important to note that the CIP definition is not a conceptual definition, but that the CIP is
defined by a convention in the frequency domain. This new definition of the pole, extending the
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CEP definition to the high frequency domain in both the GCRS and ITRS, has been implemented
in the IERS Conventions 2003 (and then 2010) as well as in the astronomical almanacs.

2. THE DEFINITION OF UT1

2.1 IAU procedures to define UT1 (1964-2000)

Universal time, UT1, was defined by an expression relating it to Greenwich mean sidereal
time, GMST, which was directly obtained from the apparent right ascensions of transiting
stars. The formula was based on Newcomb's (1895) expression for the right ascension of
the “fictitious mean Sun”.

The IAU procedure for deriving Apparent Greenwich sidereal time, GST, was (i) to use the
relationship between GMST and UT1, giving GMST at date t, (ii) to take into account the
interval of GMST from Oh UT1 to the hour of observation and (iii) to use the expression for
the difference between GST and GMST, called the equation of the equinoxes.

IAU 1976 Rec 4 recommended that, in certain applications, it may be convenient to remove
the effects of the periodic variations by subtracting the equation of the equinoxes, while the
origin of apparent right ascension should continue to be the true equinox of date.

A new expression relating UT1 and GMST developed by Aoki et al. (1982) was adopted in
order to be consistent with the IAU 1976 System of astronomical constants, the IAU 1976
precession, the IAU 1980 nutation and the FK5 equinox and to maintain the continuity of
UT1 both in value and rate at the epoch of the change.

2.2 Towards a new definition of UT1 (1997-2000)

IAU 1997 Resolution B2 adopted, in replacement of the FK5, the International celestial
reference system (ICRS) and the international celestial reference frame (ICRF), which has
no global rotation and is no longer dependent on the Earth’'s motion (as the FK5 was).

There has been a significant improvement during the period 1980-2000 in both the precision
and the temporal resolution of ER measurements as well as in the theory.

These required that the PN parameters and GST, which were defined in the FK5 System, be
replaced by more basic parameters referred to the ICRS and be based on clarified concepts.

The important defect of the angle GST, which refers to the equinox of date, for representing
the Earth Rotation (ER), is that it mixes ER and PN, while the non-rotating origin (NRO)
proposed by Guinot (1979) in place of the equinox as the origin on the CIP equator, clearly
separates ER and PN.

Such a proposal for a new equatorial origin extended a proposal from Atkinson & Sadler’s
(1951) for a new origin both for GST and right ascension (RA) obtained with subtracting
nutation, in order to simplify a number of routine calculations.

The difference GST—GMST was provided, since the 1st January 1997, by the “complete
equation of the equinoxes”, i.e. the accumulated precession and nutation in right ascension
(Aoki & Kinoshita, 1983), which involved the NRO concept.

The IERS Conventions 1996 considered the NRO as one possible option for the equatorial
origin in the ITRS-to-GCRS transformation.
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- The proposals for the EOP in the ICRS, including the choice of a new origin on the celestial
equator in place of the equinox, have been under consideration by the IAU WG T5 (1998-
2000) and several possibilities have been compared.

- Proposals have been discussed at the IAU Colloquium 180 and then at the IAU JD2 at the
IAU 2000 GA (see Capitaine 2002).

- A Resolution proposal on the choice of the equatorial origin and its consequence on the

definition of the Earth’s angle of rotation and UT1 was submitted to the IAU 2000 GA.

2.3 The IAU 2000 Resolution on the Earth rotation angle and UT1

- New celestial and terrestrial origins have been adopted (IAU 2000 Resolution B1.8) and af-
terwards renamed (IAU 2006 Resolution B2) “Celestial and Terrestrial Intermediate Origins”
(CIO and T10), defined as being the NRO (w.r.t. the GCRS and the ITRS, respectively) on
the equator of the Celestial Intermediate Pole (CIP).

- The Earth Rotation Angle (ERA) is the angle from the Celestial Intermediate Origin (CIO)
to the Terrestrial Intermediate Origin (T10) on the CIP equator (see Capitaine et al. 2003).

- ERA is such that dERA/dt = w3, i.e. the component of the instantaneous rotation vector
along the CIP axis.

- IAU 2000 Resolution B1.8 adopted the definition of the ERA and the corresponding new
definition of UT1.

2.4 The IAU 2000 definition of Universal Time (UT1)

- According to IAU 2000 B1.8 Resolution (see also the NFA Glossary), UT1 is the angle of the
Earth's rotation about the CIP axis defined by its conventional linear relation to the ERA:

ERA(T,) = 2 (0.779057273264 0 + 1.002 737811 91135448 T,), (1)

where T, = (Julian UT1 date —2451545.0).

- The numerical coefficients in (1) ensured continuity in UT1 with the previous (1982) definition
both in value and rate at the epoch of the change (Capitaine et al. 2000).

- UT1 can be related to GST through the ERA: GST = ERA(UT1)— EO, EO being the
equation of the origins, i.e the distance between the CIO and the equinox along the CIP
equator.

- UT1 is determined by observations (currently from VLBI observations of the diurnal motions
of distant radio sources).

- UT1 can also be obtained from the uniform time scale UTC by using the quantity UT1—
UTC, which is provided by the IERS.

These new definitions of the ERA and UT1 and their relationships with other parameters, have

been implemented in the IERS Conventions 2003 (and then 2010) as well as in the astronomical
almanacs.
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Bernard Guinot, honorary astronomer of the Observatoire de Paris, died on March 6, 2017,
aged 91. He was Correspondent of the French Acadmie des sciences, Honorary Member of the
Bureau des longitudes and Member of the Academia Europaea. He has been a faithful and active
participant in the Journées in Paris since their beginning.

Being at first an officer in the shipping department, he became an astronomer at Paris Observa-
tory in 1952, where André Danjon, then Director, associated him with his research on the astrolabe,
named after him. B. Guinot was actively involved in the further development of this instrument
and of its scientific applications, especially for polar motion and Earth rotation determination. In
1958, he obtained his doctoral thesis on this subject.

In 1965, he became Director of the Bureau International de I'Heure (BIH), a position he held
until 1985 at Paris Observatory, in the Department of Fundamental Astronomy (now SYRTE).
In this context, he was one of the most active authors of the transition from the astronomical
measurement of time to its quantum measurement and one of the major players in the organization
of world time metrology. In parallel, he devised new algorithms for the calculation of Universal Time
UT1 and pole coordinates; he developed methods for the transition from optical measurements to
space geodesy techniques and created a rapid service for the needs of space research. In 1979, he
proposed the use of a new equatorial origin, the “non-rotating origin” (NRO), which was adopted
at the international level in 2000 for defining the Earth rotation angle (ERA) as a basis for the
modern definition of UTL1.

In 1980, Bernard Guinot proposed, within the framework of a co-operation with the IGN, the
use of space geodesy observatories contributing to the measurement of the Earth’s rotation for
the maintenance of the global geodetic reference system. He is thus the instigator of the geodetic
reference system used worldwide, which gave birth to the current International Terrestrial Reference
System (ITRS), which plays a major role for geodesy, geodynamics, oceanography, climate and
relativity. The first realization of this system was in 1985, and later in 1988 with the creation of
the International Earth Rotation and Reference System Service (IERS).

In 1985, he joined the International Bureau of Weights and Measures (BIPM) as a principal
physicist. He officially transferred the BIH activity on TAIl to the BIPM in 1988 at the creation
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of the IERS, which replaced the IPMS and the Earth rotation section of the BIH. In addition to
his activities on time scales, Bernard Guinot devoted himself to the problem of the relativistic
definitions of space-time references of which he assured the recognition by the IAU in 2000.

During his career, B. Guinot has been given many responsibilities in which his competence, rigor
and scientific authority have always been unanimously recognized.

At the national level, he was :
in charge of the Astrolabe Service and then the Service de I'Heure at Paris Observatory, director
of the Primary Time and Frequency Laboratory (LPTF), a member of the board of directors of
the Bureau national de métrologie (BNM), the Executive director of the Groupe de recherche de
géodésie spatiale (GRGS) and President of the Bureau des longitudes.

At the international level, he was President of :

IAU Commission 19 (Rotation of the Earth; 1961-1967), the Scientific Council of the International
Polar Motion Service (IPMS), the Federation of the Astronomical and Geophysical data analysis
Services (FAGS), the CIPM Consultative Committee for the Definition of the Second (CCDS) and
he was a Member of the International Committee of Weights and Measures (CIPM).

B. Guinot wrote a large number of authoritative publications on space and time references and
had an extraordinary clarity for presenting his ideas. He co-authored two reference books (see
below) and strongly emphasized the book “Les références de temps et d'espace”, edited by the
Bureau des longitudes (May 2017), which has been dedicated to his memory.

During his sixty years of scientific activity B. Guinot made outstanding contributions to space
and time metrology. His great scientific rigor and innovative concepts have allowed him to make
astronomy and time measurements best benefit from the gain of precision brought by space geodesy
and atomic clocks.

We have lost with him a very prominent personality, a great scientist and a very good friend.
He is sorely missed.
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Obituary

Barbara Kotaczek, age 86, passed away on 19 February 2017, after a serious illness. She was
one of the outstanding researchers of her generation in geodynamics, geodesy and astronomy, with
the wide international reputation in the international scientific community.

Barbara Kotaczek received the degree of Master of Science in physics, specialization of astron-
omy at the Jagiellonian University in Krakow. She started her professional carrier as a staff member
of the Chair of Geodetic Astronomy at the Warsaw University of Technology (WUT). Conducting
an advanced research Barbara Kotaczek substantially contributed to the development of astrometry
successfully affecting students and collaborators with her enthusiasm and dedication to research.
She was one of the major developers and organizers of the Astro-Geodetic Observatory of WUT in
Jozefoslaw, near Warsaw. Among other accomplishments, she was responsible for setting up and
running of the astronomic latitude observation program with the zenith telescope in Jozefoslaw in
the framework of the International Latitude Service. At the Warsaw University of Technology she
received her PhD, while the habilitation (degree of Doctor of Science) was given to her at her alma
mater the Jagiellonian University in Krakow.

An important step in her professional life was in 1977 when she joined the team of just getting
established Space Research Centre (SRC) of the Polish Academy of Sciences where within a number
of years she created a Polish school of research in the field of the Earth's rotation. Her scientific
accomplishments were acknowledged. She was awarded a title of a professor by the President of
Poland and then a title of full professor. In SRC she was acting as a head of the Earth Rotation
Department, a long-standing member of the Scientific Council and a Deputy Director for scientific
affairs from 1990 to 1994.

Professor Barbara Kotaczek served many important functions in international scientific organi-
zations, in particular the International Association of Geodesy (IAG) and the International Astro-
nomical Union (IAU). In the period 1987-1991 she was a president of the Section Il of IAG and
in the period 1991-94 a president of the Commission 19 of IAU. In 1991 she was honored with a
fellowship of the IAG.

She also actively participated in the work of numerous national organizations and scientific
societies. She was, among others, an active member of the Polish Astronomical Society (since
1953), and the Warsaw Society of Sciences (since 1983). She was a member of the Committee
on Geodesy of the Polish Academy of Sciences, and for almost two decades she was a chair of
the Section of Geodynamics in that Committee. After her retirement, she was elected an honorary
member of that Committee.

In 1974 Barbara Kotaczek organized the first colloquium devoted to the Fundamental References
Systems for Geodynamics in Torun, Poland, which was a milestone in communication of research
in this topic. In 1981 she organized the second IAU colloquium on Reference Systemes for Earth
Dynamics in Warsaw. She established close relations with French astronomical community, and
initiated long-term collaborations with other groups in the international community. Barbara was
very involved and associated with the organization of numerous Journees.
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On the initiative of Professor Barbara Kotaczek, the first Journees Conference outside Paris
was held in Warsaw in 1995. She was the organizer of the next meeting in Poland Journees 2005.

Professor Barbara Kotaczek supervised the scientific development of numerous young researchers.
Among them there are four doctors (PhD) and two doctors of science.

She was awarded the Knights of the Order of Polonia Restituta and the Medal of Merit for
Geodesy and Cartography.

She was the author of many recognized scientific publications.

Professor Barbara Kotaczek had carried on investigations of the following problems of the Earths
rotation::

e Seasonal, sub-seasonal, short-term periodic oscillations of the Earths rotation variations,

Geophysical interpretation of the Earths rotation variations,

Chandler wobble of polar motion,

Methods of spectral analyses and filtration of short periodic oscillations in noisy stochastic
processes,

Prediction of the Earths rotation variations,

Optimisation of the Conventional Terrestrial Reference Frame.

Professor Barbara Kotaczek was recognized as a respected scientist, involved in international
scientific cooperation, always supporting interdisciplinary cooperation in research. She was an
unquestionable authority. She was also a wonderful, kind and generous person, respected and ex-
tremely popular among her collaborators, students and alumni. She will be missed very much by
many of her friends and collaborators. She will be remembered in the academic community as
unattainable model, outstanding scientist, honorable person and a true friend.

Figure 1. Professor Barbara Kotaczek
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Figure 2: Professor Barbara Kotaczek, Journees 2005, Warsaw

Figure 3: Journees 2005, Warsaw
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Figure 5: 80th birthday of Professor Barbara Kotaczek
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M. Karbon , S. Lambert, C. Bizouard, J.Y. Richard

SYRTE, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, LNE
France - maria.karbon@obspm.fr

ABSTRACT. The positions of the radio sources in the ICRF3 catalog, representing the newest
realization of the Celestial Reference Frame (CRF), are given as time invariant coordinate pairs.
Failing to acknowledge systematics within the source positions leads to a deterioration in the quality
of the frame, and thus in all derived variables, such as the Earth orientation parameters (EOP).
A proven approach to overcome these shortcomings is to extend the parameterization of source
positions using the multivariate adaptive regression splines (MARS). They allow a great deal of
automation, by combining recursive partitioning and spline fitting in an optimal way. Here we
present first results on the impact of the parameterization of the source positions on the EOP and
the estimation of the free core nutation.

1. INTRODUCTION

The Earth's Free Core Nutation (FCN) is one of the free rotational modes of the Earth. It
describes the retrograde motion due to the misalignment between the rotation axes of the mantle
and the’ liquid core (Smith 1977, Wahr 1981). It has a retrograde period of about 430 days,
with an average amplitude of about 100 pas (Mathews 2002,Vondrak 2005, Lambert & Dehant
2007) relative to a space-fixed reference frame. A comprehensive description of the precession and
nutation theory detailing also the FCN can be found in Dehant and Mathews (2015).

However, until this day no models can predict this free motion, as its excitation mechanism
is not fully understood. Thus it is not included in the precession-nutation model IAU2000/2006
(Mathews et al. 2002, Capitaine et al. 2003) recommended by the IERS (International Earth
Rotation Service) Conventions (Petit and Luzum, 2010). However, the IERS Conventions propose
an empirical model based on the IERS EOP C04 series (that can be found at http://ivsopar.
obspm. fr/fcn/) that provides one reference value for yearly amplitudes.

Geodetic VLBI is the only space geodetic technique that is capable of accurately observing
the variation of the Earths rotation axis in space in terms of celestial pole offsets (CPO), and
thus the therein contained FCN signal. It is based on the observation of extra-galactic radio
sources, which realize the inertial International Celestial Reference System (ICRS). The accuracies
in positions of these radio sources depend on their individual intrinsic structural variations (Charlot,
2002), however in ICRF3 (Charlot et al, in prep.) the sources are considered as time-invariant and
point-like. Neglecting any deviation from this definition can lead to a deterioration of the nutation
estimates as shown for instance by Feissel-Vernier et al. (2005). Extending the parameterization of
the source coordinates as proposed in Karbon et al. (2016a,b) can mitigate such effects, mainly by
eliminating systematics in the sources defining the datum, and thus stabilizing the frame. Further,
the modeling of the systematics in the source positions, allows the introduction of sources into the
datum definition, which were until then classified as too unstable.

This work follows up on these results and gives a first impression on the impact of the param-
eterization of the source positions on the FCN signal.
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2. PARAMETERIZATION OF THE SOURCES

The MARS algorithm (Friedman, 1991) is a method for flexible regression modeling, and deliv-
ering continuous linear splines. As it can be fully automated, the large number of source coordinate
time-series to be parameterized does not pose a problem. The model consists of a weighted sum
of spline basis functions. The number of basis functions as well as the associated parameters (e.g.
degree and knot locations) are determined automatically be the data using recursive partitioning.
Here only an example of the results shall be given. For further information refer to the original
publication by Friedman and to Karbon et al. (2016a,b).
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Figure 1: The estimates for former special handling source 4C39.25 with their error bars in gray
and the semi-annual mean values in black. The estimated MARS spline is given in magenta.

Figure 1 shows the estimates of the source positions of the ICRF2 special handling source
4C39.25 in gray, overlaid with the magenta spline determined by MARS. It is an exceptionally
well observed source, however, due to its instability it cannot contribute to the datum definition
of the reference frame. As one can see, the spline follows to great extent the semi-annual mean
values (black). Only where the estimates show larger uncertainties, the algorithm down-weights
the positions considerably, thus the segmentation of the spline remains unaffected.

For all sources which are observed in more than 10 sessions, we estimated such splines. These
splines are then introduced in the VLBI analysis software as corrections for the a-priori source
positions taken from the ICRF3 catalog. Hence, where the instability of some sources prevented
their inclusion in the datum definition, the extension of the coordinate model of these sources
makes this now possible.

3. DATA AND PROCESSING

For our study we used more than 4500 sessions within 1980 and 2018, with station networks
that encompass more than 10'®m?3 to ensure a stable geometry, and hence a reliable estimation of
the EOP. The geodetic data analysis is performed using the VLBI software package VieVS (Bohm
et al., 2018), and following the conventions of the IERS. The modeling settings are chosen with
respect to the routine single-session data analysis strategies of the International VLBI Service for
Geodesy and Astrometry (IVS, Nothnagel et al., 2015). For the stacking of the normal equations
we used our own stand-alone software.

As reference serves the solution (0) using the 303 ICRF3-defining sources for the datum def-
inition (i.e. sets of sources which enter the no-net-rotation condition), and without additional
parameterization for the sources. For the solutions applying the parameterization to the source
positions, we defined 3 different datums. A map of the distribution of the used datum sources is
shown on the left in Figure 2:

(I) all ICRF3 defining sources: 303,
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(I) all ICRF3 defining sources except the 32 least observed ones, plus the 32 most observed
special handling sources: 303,

(II1) the 152 most observed sources in the northern and southern hemisphere, independent of
classification: 304.

As can be seen on the left in Figure 2 the distribution of the ICRF3 defining sources (gray)
improved significantly compared to ICRF2. However, the alternative datum definitions (magenta
and black) still show larger numbers in the far south. Yet, the number of defining sources per
sessions has not increased with ICRF3, especially the first decade of observations is still lacking.
The alternative datum definitions can increase these numbers dramatically by 100% for (II) and
almost 150% for (lI). Over the entire time-span the increase w.r.t. ICRF3 is 30% and 50%,
respectively.

sources

years

Figure 2: left: Datum definitions: ICRF3 in gray (1), (II) in magenta and (lIl) in black. right:
number of datum sources per session.

4. QUICK-LOOK: CELESTIAL POLE OFFSETS

Using each datum definition, four sets of normal equations were generated, which were then
stacked to generate four homogeneous time series of the CPO. Although the ICRF3 defining
sources are much better distributed than they were in ICRF2, the increased number of them within
the alternative datum definition has still a significant positive impact on the CPO. Figure 3 shows
on the left exemplarily the estimates for dX and dY for the reference solution (0) in gray and
solution (Il) in magenta, to the a-priori the values given by IERS 14 C04. On the right we show
the difference. (II) reduces the weighted RMS about 30%, and about 10% when neglecting the
early data until 1995; same for solution (llI).
IdX“[ma§]
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Figure 3: Difference between the CPO residuals using (0) and (I1).
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5. EMPIRICAL MODEL OF FCN

Using the processing scheme presented in Chap. 3, we determined CPO time-series omitting
the IERS-FCN model. Then we used the model described in Eq. 1 to generate our empirical FCN
models.

Xren = Ac cos(0rcn - t) — As sin(opcp - t),
Yeen = As COS(O'/:CN . t) + Ac S/H(O'/:CN . t) .

(1)

Based on the work of Belda et al, (2017) we chose as a-priori period 430 days and an averaging
window of 400 days. The left plot in Figure 4 shows the various input time-series with the clear
FCN-signature, and exemplarily one of the estimated FCN models. The right plot shows the
residuals of the individual time series w.r.t. the respective model: (0) in grey, (1) in purple, (II) in
magenta and (1) in black. In green we show the solution including the IERS FCN-model a-priori in
the analysis. Although slight differences exist, none of the models outperforms any of the others.
Looking at the statistics of the residuals, the solutions applying the source parameterization show
slightly smaller values for the weighted RMS, whereas the IERS-model gives the smallest standard
deviations.

A dX [mas]

Figure 4: left: CPO time-series omitting FCN modeling and one model in white. right: Residuals
w.r.t. models. Color code: (0) in gray, (I) in violet, (I1) in magenta and (lIl) in black. The green
solution applies the Lambert model a-priori.

We further compared our models with other established ones, i.e. the models by Lambert &
Dehant (2007), Malkin (2013) and Belda et al. (2016). For this we restricted the time-span to
01.01.1990-31.12.2015 were all three models are available.

The left plot in Figure 5 shows the amplitudes and phases of the individual models. The
smoothest curve is given by the Lambert-model (solid light-orange line) which uses the smallest
number of constituents. The Malkin- (dashed light orange) and Belda-model (dashed dark orange)
show more variability and better agreement with our models given in gray, violet, magenta and
black (O-I-1I-111). All our models are very close together in both amplitude and phase, (II) and
(1) are practically identical. Only in the 90s the models diverge. These are the years where the
parameterization and alternative datum definitions show the largest impact.

The right plot in Figure 5 shows the residual CPO w.r.t. the models. Besides a clear yearly
signal remaining in all time-series, no clear differences in performance can be made out. Also
looking at the statistics of these residuals shows again no clear differences. Our models perform
overall better, however that is mostly due to the higher variability of the models. Again (II) and
(I11) show the smallest WRMS, whereas (0) gives the the smallest standard deviation.
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Figure 5: left: Amplitudes and phases of the FCN models. right: Residuals w.r.t. models. Color
code: light upward triangle: Lambert, light downward triangle: Malkin, orange star: Belda, (I):
violet, (II): magenta, (lI1): black.

6. CONCLUSIONS

The parameterization of source coordinates reduces the wRMS of CPO by 10-30%, also in
view of the improved geometrical distribution of the ICRF3 defining sources. Our estimated FCN
empirical models agree with established ones, however comparisons prove to be difficult, as no
VLBI-independent solutions available. Further investigations need to be carried out.
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ABSTRACT. In this paper, we analyse the mutual interrelation between earthquake activity and
Earth rotation. The influence of earthquakes on the Earth rotation has been the subject of several
studies before (Varga et al., 2005; Bizouard, 2005; Gross et al., 2006; Xu et al., 2014). Based
on our investigations we concluded that the relationship between these two phenomena could be
detected in the reverse direction too: changes in the speed of Earth's rotation (that is, changes in
the Length-of-Day (LOD)) may affect earthquake activity.

1. INTRODUCTION

The study of short periodic variations of Earth Rotation Parameters (ERP) became possible
using atomic clocks in the 1950s (Essen and Parry, 1955), with the appearance of Very Long
Baseline Interferometry and methods of space geodesy (Satellite and Lunar Laser Ranging and
Global Positioning System) (Eubanks et al., 1988; Dickey et al., 1994; Gross 1993; Hide and
Dickey, 1991). Precise Length-of-Day (LOD) and Polar Motion (PM) measurements have shown
variations down to days and even subdaily frequencies. The formal error of PM data are less than
50 microseconds of arc (uas) and 10 microseconds (us) in case of LOD. This development made it
possible to examine the relationship between ERP variations and hydro-meteorological /geodynamic
processes. Our present research is focused on the relationship between earthquake activity and ERP.
In this respect, the momentum magnitudes (Mw) introduced by Hanks and Kanamori (1979) in
earthquake research is of great importance, as it allows a reliable determination of the magnitude
of major (> 8) seismic events. It is evident that the temporal distribution of earthquakes and
the release of seismic energy are primarily determined by tectonic conditions. Despite the fact
that the annual rate of earthquake energy (9.5 x 10'® J/a) is slightly lower than that of Earth's
rotation (1.6 x 10'° J/a) (Varga, 2006), it is important to examine the possible relationship
between earthquakes and ERP. On one hand, it helps to better understand the processes that
trigger earthquakes. On the other hand, it is an interesting problem how the greatest earthquakes
can affect the Earth's rotation.

2. DATA DESCRIPTION

For the earthquake parameters, the version 6.0 of the ISC-GEM Global Instrumental Earthquake
Catalogue provided by the International Seismological Centre was chosen (Storchak et al., 2013;
2015; Di Giacomo et al., 2018). This catalogue contains Mw values that were re-computed such
a way that the resulting catalogue is consistent for the whole period starting from 1904 until the
end of 2015 (Di Giacomo et al., 2015). It is important for this work because the released seismic
energy can only be accurately determined from Mw, especially for high (Mw > 8) values, where
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Mw does not saturate (Kanamori, 2004).

Furthermore, in order to obtain the 1D (radial) physical parameters of the Earth, the Preliminary
Reference Earth Model (PREM) was used (Dziewonski and Anderson, 1981). The subduction zone
lengths determined for 15° wide latitude zones were calculated for us by Dr. Friedhelm Krumm
(University of Stuttgart, Institute of Geodesy). The ERP data were taken from the products of the
International Earth Rotation and Reference Systems Service (IERS). The C04 time series was used
as observations time series, and Bulletin A was used for the Earth rotation predictions (Bizouard
et al., 2019).

3. BASIC INFORMATION ON EARTH’S SEISMICITY

The radiated energy by an earthquake can be calculated using the Gutenberg and Richter
relation (Hanks and Kanamori, 1979; Kanamori, 2004):

The annual seismic energy varies significantly in time, as only a few earthquakes occur with very
high moment magnitude (and thus, energy). This phenomenon can be seen on Figure 1, where
the seismic events that cause the largest peaks (with energies above 10 J) are identified.
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Figure 1. The released seismic energy from 1904 until the end of 2015, calculated from the
Mw values of the ISC-GEM Catalogue. Events that cause the peaks of energy above 108 J are
identified.

4. THE EFFECT OF EARTH ROTATION ON GLOBAL SEISMICITY

The seismic energy distribution with respect to latitude was calculated from all events contained
in the ISC-GEM Catalogue from 1904 until the end of 2015 (35 712 events). We aimed to
determine the so-called 'effectiveness’ of each latitude zone by dividing the radiated seismic energy
with the subduction zone length. The result of this calculation is presented in Figure 2, which also
contains the 'effectiveness’ of the earthquakes in line with the depth zones.

The overall 'effectiveness’ of the Earth’s seismicity is determined by the shallow focus earth-
quakes, due to the fact that they produce most of the radiated elastic energy. The 'effectiveness’
in this brittle outer part of the Earth (focal depth < 70 km) has two sharp maxima at mid-latitudes
which shows that the radiated energy is likely to be influenced by the stress built up by the despin-
ning of Earth rotation. This means that the seismic activity of our planet in addition to the tectonic
processes is affected by an external component too, through variations of the hydrostatic figure
of the Earth. Comparison of the 'effectiveness’ in different depth zones show the same tendencies
(two large peaks) around mid-latitudes. As we look in deeper zones, the peaks of 'effectiveness’
tend to move towards the equator. This difference of 'effectiveness’ suggests that shallow and
deep earthquakes have different tectonic origin. Another feature that can be observed is that the
point of symmetry of the peaks is not precisely at the equator, but around ¢ = 15°N. The cause
of this asymmetry is still unknown. The presence of the two large peaks on Figure 2 are the result
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of the constant change in the geometrical flattening of the Earth due to the secular despinning.
Based on Melosh (1977), Amalvict and Legros (1996), Denis and Varga (1990) have derived the
stress tensor components that would be caused by this variation. Denis and Varga (1990) have
shown how changes in geometrical flattening cause variations in the stress tensor components.
They found that at the so-called critical latitude (¢ = 448.2°) the stress derivatives have their
maxima, thus generating the greatest stress along the latitude.

Earth experiences a constant loss of rotational speed because of tidal friction. Due to this, the
secular despinning of the Earth amounts to ALOD = (2.31 4+ 0.1) ms/century (Stacey, 1992).
Changes in the rotational speed result in flattening variations. The results shown in Figure 2
hint that the two processes are related to each other through seismicity: tidal friction influences
the seismic energy release at mid-latitudes significantly - variations of the rotational speed (the
constant despinning of the Earth) highly affect the global seismicity.
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Figure 2: The latitudinal distribution of the subduction zone lengths (a), the 'effectiveness’ of
the shallow (0 - 70 km) (b), intermediate (70 - 300 km) (c) and the deep focus (300 - 700 km)
earthquakes (d). The cumulative 'effectiveness’ of seismic energy w.r.t. latitude (e).

5. IMPACT OF LARGE EARTHQUAKES ON THE ROTATION OF EARTH
5.1 Applied formulation

There have been two main approaches to calculate the co-seismic effect on Earth rotation:
dislocation theory and normal mode method. Both are based on the fact that mass re-distributions
caused by earthquakes cause changes in the Earth’s inertia tensor, which affects the vector of rota-
tion of the Earth (both its speed and direction) in the light of the angular momentum conservation.
In this paper, the calculation of the co-seismic changes in Earth rotation was performed based on
the formulation presented by Xu et al. (2014). One should note that the PM excitation is about
300 times more efficient than the excitation of ALOD (Xu et al., 2014). Using this method, one
can determine the co-seismic ALOD and APM from the parameters of an earthquake: source
parameters (strike, dip, slip), Mw and location (geographical latitude, longitude and focal depth).
The paper by Xu et al. (2013) contains a detailed description how these parameters can change
the results.

5.2 Result of the modelled co-seismic changes in Earth Rotation

With the procedure described in the previous section, using the earthquake parameters from
the ISC-GEM Catalogue, the co-seismic changes in ALOD and APM (displacement of the figure
axis) were calculated from 2000 until the end of 2015 (Figure 3). This period was chosen because
of the availability of the Earth rotation predictions provided by IERS Bulletin A. From Figure 3
one can see that the co-seismic changes both in ALOD and APM are highly correlated with the
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released seismic energy of an earthquake. It is evident, that only a few large earthquakes can
produce observable effects in PM, and co-seismic ALOD cannot be detected at the current level of
data precision. Figure 3d illustrates more clearly the generated PM in 2D for case of four seismic
events (Sumatra 2004 M=9.3, Chile 2010 M=8.9, Tohoku-Oki 2011 M=9.1, and Sumatra 2012
M=8.6). Details and exact co-seismic values of these four events are presented in Table 1.
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Figure 3: Coseismic changes in ERP (a-b, d) and released seismic energy (c) of Mw > 7 earthquakes
(235 events).

2004. 12. 26. | 2010. 02. 27. | 2011. 03. 11. | 2012. 04. 11.
Sumatra Chile Tohoku-Oki Sumatra
Mw [ISC] 9.3 8.9 9.1 8.6
Depth [ISC] 30 km 20 km 25 km 20 km
ALOD [us] -8.473 -1.916 -2.217 1.469
APMx [mas] -4.675 0.720 5.217 2.009
APMy [mas] 1.880 3.346 1.810 -0.173

Table 1: Parameters and co-seismic changes of the largest co-seismic effects (2000-2016).

5.3 First results in the detection of co-seismic ERP changes

Using the modelled values of the co-seismic Earth rotation changes, our aim was to prove
that this signal is present in the Earth rotation observations. However, this is a complicated task.
Earth rotation is measured continuously and its variations are uniformly sampled. In contrast,
earthquakes occur in a stochastic way, which means that special tools have to be applied when
trying to determine their temporal characteristics. The second reason is that the signal to be
proven has a magnitude in the vicinity of the current precision of ERP measurements. Lastly, the
co-seismic signal is orders of magnitude smaller than the observed one. This means that one should
remove each modelled signal from the observations, but doing this more errors are added to the
resulting residual, and that is unfortunate given the fact that the co-seismic signal is already near
the precision of the measurements.

In order to bypass the above mentioned difficulties, our first approach was to look into the
prediction errors of Earth rotation. Because of the their hazardous occurrence the earthquakes
cannot be accounted anyhow in ERP prediction. In this respect, the co-seismic excitation could
impact the prediction error of ERP at the prediction dates when an powerful Earthquake occurs.
The prediction error is estimated by removing from the ERP predictions (IERS Bulletin A) the
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corresponding observed values (IERS C04). Since Bulletin A is published every 7 days and each
release contains 365 days of prediction, we always used the most recent predicted values in our
analysis. The result of these calculations for 10 weeks before and after the four events listed in
Table 1 is presented in Figure 4, where the vertical axis shows the days into the prediction and the
horizontal axis the week of the prediction (with a total of 20 weeks centered around the seismic
event).

There is a promising signal in the PMx component at the 2004 Sumatra event as high as
the expected (modelled) co-seismic APMx value. However, if we look further, there are no such
promising results, in some cases, the large prediction errors are present a few weeks after or even
before the earthquake. This suggests that this method is either unable to prove the existence of
the co-seismic signal or that our hypothesis was somewhere wrong, in the worst case, that the
model was wrong.
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Figure 4: The prediction errors 10 weeks before and after the events listed in Table 1.

6. DISCUSSION AND CONCLUSIONS

In this paper, the interrelation of Earth rotation and seismicity is studied.

The seismic 'effectiveness’ in line with the latitude shows two significant peaks at mid-latitudes.
This is likely to be a result of the despinning of the Earth due to tidal friction. It was also seen
that different depth zones show similar patterns but as we look into deeper zones, the energy peaks
move towards the equator. This suggests that they have different tectonic origin. Also, the peaks
present a symmetry with respect to ¢ = 15°N, of which the reason is still unknown.

In the second part of this paper, we studied how individual earthquakes can affect Earth rotation.
We have modelled co-seismic changes in the ERP and we presented the result of a preliminary
approach in order to prove that the modelled signal is present in the observations. To this aim
we have calculated the prediction errors and so far our results do not confirm the expectations.
Further studies will be performed in order to draw a more sound conclusion in this topic.
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ABSTRACT. Signals of period around 6 years were recently observed in GNSS observations,
and tentatively attributed to the dynamics of the fluid core. Fluid core motions may indeed induce
changes in the fluid pressure acting at the core boundaries, and thus in the Earth’s surface topogra-
phy when considering an elastic mantle. However, we find unlikely the possibility for an interannual
deformation of some mm at the Earth’s surface due to core flows. We perform a spectral as well
as a spherical harmonic analysis of more than 18 years of GNSS observations and confirm the
existence of the 6-year signal previously detected. We also find a significant amplitude of hydro-
logical loading effects at such periods. These should be considered when interpreting interannual
deformations.

1. INTRODUCTION

Accessing the Earth’s deep interior from surface observations is challenging. Constraining fluid
flows acting in the Earth'’s core is possible using geomagnetic data (in particular through the rate
of change of the core field). However, core flow models obtained this way suffer of non-unicity and
are limited to large length-scales (e.g. Holme, 2015) and periods longer than a couple of years, due
to ambiguities between core and external magnetic fields towards higher frequencies (see Gillet et
al. 2015). Fluid core motions possibly induce global elastic deformations through changes in the
non-hydrostatic pressure acting on the core-mantle boundary (CMB) (see Dumberry 2010).

Flows near the core boundaries may result in torques acting on the mantle and inner-core (e.g.
Roberts & Aurnou, 2012). If we apply a torque at the CMB, the angular momentum conservation
between the fluid core and the mantle will result in perturbations of the Earth's rotation (Jault et
al., 1988; Jault & Finlay, 2015). Decadal variations in the length-of-day (LOD) have been observed
and attributed to the core fluid motions (e.g. Gillet et al., 2019). On interannual time-scales, a
6-year periodic oscillation in LOD has been isolated (Abarca del Rio et al., 2000; Chao et al., 2014),
which is not attributed to external fluid envelopes (Gross et al., 2004). This interannual signal was
later on confirmed by Holme & De Viron (2013), who proposed a correlation with geomagnetic
jerks.

Fluctuations of period about 6 yr were also detected in GNSS data (GPS data only), and related
to magnetic field changes by Ding & Chao (2018), who postulate that a non-zonal (degree-2 and
order-2) pressure wave travels within the core. A potential link between this 6-year GPS signal and
axisymmetric core flows was proposed by Watkins et al. (2018). A possible interpretation involves
the libration of the solid inner core under its gravitational coupling with the mantle (Mound &
Buffett, 2003, 2006; Davies et al., 2014). Axi-symmetric motions at the core surface, imaged from
independent magnetic observations, explain the above subdecadal LOD oscillations if interpreted
as the signature of geostrophic (i.e. axially invariant) motions, as are torsional Alfven waves (Gillet
et al., 2010, 2015). Their excitation mechanism remains an open issue. Aubert & Finlay (2019),
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analysing high resolution geodynamo simulations, put forward the possibility of jerks triggerred by
localized (non axisymmetric) quasi-geostrophic Alfvén waves, also associated with Lorentz torques
and thus to inflections into LOD series.

In this paper we recall the equations relating surface deformation and pressure changes at
the CMB. We then present our analysis of GNSS data in the search for subdecadal oscillation,
confronted with surface hydrological mass processes. Finally, we discuss our results.

2. CORE FLOW AND SURFACE DEFORMATION

Core flow velocities at the CMB can be reconstructed from geomagnetic observations. How-
ever, to access the non-hydrostatic pressure field p acting at the CMB, we need to know the
forces at stake. This can be done under some hypothesis, like the tangentially geostrophic approx-
imation (Gire & Le Mouél, 1990). Under this assumption, any horizontal gradient in pressure is
compensated by the horizontal component of the Coriolis force

20¢ (Q A\ U)H = _ﬁHPv (1)

with p. the outer core density, Q) the Earth’s rotation vector, U the fluid core velocity in the
rotating frame, and where V stands for the horizontal gradient. The pressure at the CMB can
be decomposed by means of spherical harmonics of degree n and order m as

p0,®) =D pamY (6, 9).

n=0 m=0

where we have introduced the spherical harmonic functions Y, at colatitude 6 and longitude ¢.
Using the Love number formalism (Love, 1909), the radial displacement at the Earth's surface
induced by a pressure field acting at the CMB is given by

0(0.0) =3 D (6, 9), 2)
n=2 m=0

where p is the averaged density of the Earth, gg is the mean surface gravity value. h, is the
degree-n Love number. We refer e.g. to Crossley (1975) for the elasto-gravitational equations
permitting to compute these Love numbers in the case of an isotropic Earth. We adopt below
the value hy = 0.2302 (Dumberry & Bloxham, 2004). Fang et al. (1996) and Greff-Lefftz et al.
(2004), using the constraint from (1), estimated to a couple of mm the decadal changes in the
Earth’s surface topography, induced by the fluid pressure at the top of the core (some 100 Pa).
For the degree-2 zonal components, Dumberry & Bloxham (2004) have introduced a correction
(perturbation of the mantle and inner core rotation rates by the zonal flow, due to centrifugal
effects) that reduces by a factor ~ 2 the amplitude of the surface deformation. This leads to
decadal changes in the zonal harmonic coefficient of the radial displacement of the order of only
a fraction of mm. Given the red temporal spectrum of core motions (longer periods display larger
fluctutations, see Gillet et al., 2015), we then expect significantly less deformation on interannual
time-scales due to dynamical fluid pressure at the CMB.

3. GNSS DISPLACEMENT OBSERVATIONS AND ANALYSIS

Ding & Chao (2018) have used GPS data from the JPL website release’. Among all these
datasets, they have selected 38 records of timespan longer than 18 years (between 1995/01/01 and

"https://sideshow. jpl.nasa.gov/post/series.html.
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Figure 1: Map of the selected 83 GPS stations with time duration 19.8 years (Network 1, black
triangles), and of the 38 GPS stations used by Ding & Chao (2018) (Network 2, yellow circles).

2015/04/02) for the vertical component. The JPL-released solutions are already corrected for the
solid and ocean tidal signals. They further removed spikes and prominent steps in the timeseries as
well as pole tide effect. However, they have not corrected for hydrological loading effects. Using the
Optimal Sequence Estimation (OSE), which is an array-processing method based on the spherical
harmonic decomposition in complex form (see Ding & Shen, 2013), they have extracted a degree-2
order-2 periodic oscillation at a period of 5.9 year. They obtained a vertical surface displacement
of 1.74+0.7 mm. Ding & Chao (2018) mention instead 4.3+1.7 mm, but this was once normalized
by the Y2 value at (6, ¢) = (90°, 0°) (Greenwhich equator), so the actual amplitude at the surface
is obtained by multiplying by 0.386 (Ben Chao, personal communication).

Watkins et al. (2018) also used JPL residual time-series spanning 2002-2014 (12 years). They
considered 523 stacked GPS radial time series and found a ~6-year deformation signal that they
compared with hydrological loading data from the GFZ (Dill & Dobslaw, 2013). They claim that
the surface loading does not account for the ~6-year deformation signal. However, in the amplitude
spectra of their Figure 1, a strong spectral peak exists at sub-decadal time scales in loading data.

In the following we analyze ~20 years of GPS vertical displacement time series and hydrological
loading data in the search for such ~6-year deformation signal.

3.1 Stacked GPS vertical time-series

From the JPL solutions reprocessed for the 2018 International GNSS Service campaign (IGS
Repro2018a), we select stations with duration longer than 18 years (that is about three periods
of 6 yr). We finally keep 83 time-records of duration 19.8 years with a homogeneous geographical
distribution (‘Network 1'). We also consider for a ‘Network 2' the same 38 stations as in Ding &
Chao (2018), with time duration of 21 years. The two networks are shown in Figure 1.

We perform two kinds of stacking on these residual time-series: a sum of the Fourier transform
amplitude spectra and an Optimal Sequence Estimation (OSE) as in Ding & Chao (2018) for ex-
tracting degree-2 spherical harmonic components. The resulting amplitude spectra are respectively
plotted in Figure 2 for the stacked FFTs, Figure 3 for OSE applied on Network 1 and Network 2.

3.2 Hydrological loading effect

We compare GPS vertical displacements to deformation models due to continental hydrology
loading estimated at each individual station of the two networks (Figure 1) provided by the EOST
loading service?; more details regarding the loading computation can be found in Petrov & Boy
(2004) and Gegout et al. (2010). Loading estimates (in millimeters) are provided in the Center-

’http://loading.u-strasbg.fr/.
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Figure 2: Stacked amplitude spectra of 83 (solid lines) and 38 (dashed lines) vertical GPS displace-
ments of ~20-year duration from JPL residuals. Hydrological loading for MERRA2 and GLDAS
models from EOST loading service are also shown in blue.

Period (Years)

Figure 3: Optimal Sequence Estimation on (a) 83 vertical displacements of ~20-year duration
(Network 1) and (b) 38 vertical displacements of ~20-year duration (Network 2) from JPL residuals.
The Y. denote the degree-n order-m components retrieved from the OSE.

of-Figure reference frame. We have tested two different hydrological models: soil moisture, snow
and canopy water from GLDAS/Noah v1.0 model (Rodell et al., 2004, 3 hours, 0.25 degree) ; soll
moisture and snow from MERRA2 (Modern Era-Retrospective Analysis) reanalysis (Gelaro et al.,
2017, 1 hour, 0.50x0.625 degree). In both cases, permanent ice-covered regions have been masked
out.

Resulting stacked FFT spectra are plotted on Figure 2, showing 3-year and 6-year spectral
peaks for both hydrological models (larger for GLDAS than for MERRA2). We have also applied
the OSE on the hydrological loading predictions. Results for the stations of Network 2 are shown
in Figure 4. We recover a broad peak around 6 years on the components of degree-2 and order-2.

4, DISCUSSION AND CONCLUSION

Both FFT stacking method and OSE show a spectral peak around ~6 years with an amplitude
less than 1.5 mm on GPS time-series spanning ~20 years of continuous measurements. Radial
deformation due to hydrological loading also exhibits a spectral peak around ~6 years with an am-
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Figure 4: OSE on ~20 years of hydrological loading predictions for (a) MERRA2 and (b) GLDAS
model at stations of Network 2. The Y denote the degree-n order-m components retrieved from
the OSE.

plitude larger than (for GLDAS) or equal to (for MERRA2) the GPS-derived vertical displacement.
When comparing the OSE method on two station networks (Figure 3), the retrieved degree-2
spherical harmonic components are however clearly different. A bias due to the network geometry
is inherent to any spherical harmonic method and was noticed for example in the application of
OSE with noisy data by Majstorovi¢ et al. (2018). As known in signal processing, spectral aliasing
of higher spherical degrees on the retrieved degree-2 components is another difficulty, particularly
when the distribution of stations is sparse. Indeed, Network 2 (Figure 1) exhibits a non-uniform
geometrical pattern for which spherical harmonic functions cannot be orthogonal.

Previous estimates using zonal pressure flows (Dumberry & Bloxham, 2004) show that the ex-
pected radial deformation at the Earth's surface will hardly reach the millimeter level on sub-decadal
periods. If accounting for non-axisymmetric motions may help reach larger surface deformation,
we may still miss one order of magnitude. Alternatively, hydrological decadal fluctuations are large
and have already proven to be responsible for polar motion (Adhikari & Lvins, 2016). Hydrological
models exhibit a strong degree-2 and order-2 component at ~6 years (Figure 4) that may partially
explain the interannual observed signal in GPS observations. Note that alternative mechanisms,
like crystallization and dissolution processes at the CMB (Mandea et al., 2015), might also result
in interannual deformation signals of similar pattern.

As a conclusion, if a signal from the outer core cannot be entirely discarded, our preliminary
analysis render more probable a hydrological source to interannual surface deformation of degree-
2. Further analyses using longer GNSS time-series corrected from hydrological loading will be
required. However, sources of errors in vertical GPS solutions are numerous (Teferle et al., 2008)
and separating the several geophysical contributions still remains a challenge.
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IERS RAPID SERVICE / PREDICTION CENTER PRODUCTS AND
SERVICES: IMPROVEMENTS, CHANGES, AND CHALLENGES, 2017
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ABSTRACT. The International Earth Rotation and Reference Systems Service (IERS) Rapid
Service/Prediction Centre (RS/PC) has continued to make improvements to its products through-
out the time period from 2017 to 2019. Several noteworthy improvements are as follows: a) the
method of computing Celestial Pole Offsets (CPO) was updated; b) the Navy Global Environment
Model (NAVGEM) atmospheric angular momentum (AAM) input was updated from version 1.4
to 1.4.3eop; c) a new version of the Earth Orientation (EO) matrix calculator using the IERS
Conventions 2010 (v1.2.0) was made available; and d) updated VLBI 24-hour and intensive series
solutions were incorporated.

In order to improve accuracy and increase robustness of the EO parameter (EOP) results,
development work for future enhancements is being performed in the following areas: a) investi-
gating the use of a new combination of Very Long Baseline Array (VLBA) and Very Long Baseline
Interferometry (VLBI) intensives, named the w-series using a combination of Mauna Kea (Mk),
Wettzell (Wz), and Wettzell-North (Wn) radio telescopes; b) improving polar motion and possi-
bly UT1-UTC accuracy and robustness through the use of AAM and oceanic angular momentum
(OAM) inputs; c) investigating the use of improved optimal estimation techniques to improve the
accuracy and robustness of the EOP combination results; and d) investigating improving EOP
prediction techniques.

A few anomalous EOP results that were reported, but not fully explained in the IERS RS/PC
contribution to the IERS Annual Report 2018 (Stamatakos et. al, 2020), are further discussed.
These are the larger than expected residuals in the Nxdaily/off-hours EOP solutions and the USNO
versus IGS polar motion products reported in the weekly statistics (contained in the gpspol.asc file).

Between the time of the Journees 2019 conference® and the writing of this document, the U.S.
Naval Observatory's IERS RS/PC web and FTP sites (maia.usno.navy.mil and toshi.nofs.navy)
were ordered to be taken offline to undergo modernization, starting on 24 October 2019. The
expected completion of work and return to service are estimated to be no earlier than June, 2020.
The implications of this change are that a) the EO matrix calculator will not be available until
the return-to-service work is completed and b) the RS/PC EOP results and the IERS Conventions
will also be unavailable at https://maia.usno.navy.mil and https://toshi.nofs.navy.mil.
However, both EOPs and Conventions are hosted at other servers — as discussed later in this report.

1. OVERVIEW OF RS/PC SOLUTION.

The operational, daily EOP combination and prediction (CP) solution (which includes fi-
nals.daily) is produced at approximately 17:00 UTC each day; the weekly version (Bulletin A) is
produced on Thursdays just after 17:30 UTC. Both provide EOP values that include polar motion,
UT1-UTC, and CPOs used to relate the terrestrial to celestial reference systems. Observations
from VLBI, the Global Positioning System (GPS), Satellite Laser Ranging (SLR), and AAM are
used to generate these solutions. Further details about inputs, processes, numbers of users, and

! Journées 2019, " Astronomy, Earth Rotation, and Reference Systems in the Gaia Era,” Paris, France, 7-9 October
2019.
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results are provided in Stamatakos et al., (2011) and in Section 3.5.2 of the IERS Annual Report
2018 (Stamatakos et al., 2020).

In addition to the operational, daily EOP CP solution, there are three additional EOP solutions
(referred to as the Nxdaily solutions) that have been produced each day since 16 December 2011.
The automated processes that generate the Nxdaily solutions begin at 03:10, 09:10, and 21:10
UTC and should be completed within 20 minutes after the initial start time. The only solution that
is currently actively monitored by EOP RS/PC personnel is the operational, daily EOP solution that
begins processing at 17:00 UTC. A discussion of the advantages, increased accuracy of results,
and additional observations available at the 03:10, 09:10, and 21:10 EOP solution update times
is provided in the Prediction Techniques and Results subsection within Section 3.5.2 of the IERS
Annual Report 2018 (Stamatakos et al., 2020).

Until 24 October 2019, all EOP results were located at http://maia.usno.navy.mil/ser7
(maia) and http://toshi.nofs.navy.mil/ser7 (toshi) and several other backup locations as
listed in Table 8 of Section 3.5.2 of the IERS Annual Report 2018 (Stamatakos et al., 2020). Until
the restoration of maia, planned for June 2020, the 17:00 UTC, operational daily, EOP solutions
are available only at Crustal Dynamics Data Information System (CDDIS)<?> and IERS<3>
servers, with USNO uploading directly to each of those sites on a daily basis. As of the writing of
this report, the Nxdaily solutions are only available at the CDDIS site. (Lastly, CDDIS does host
RS/PC EOP results at an https site; contact CDDIS for details on how to access this site.)

2. IERS RS/PC IMPROVEMENTS AND CHANGES, 2017 TO 2019.

Beginning on 29 March 2018, an updated method for computing CPOs was integrated into the
RS/PC EOP products. Prior to this date, some of the CPO inputs used in the combination were
based on (dv / de)(1976/1980) (based on the 1976 precession and 1980 nutation theory) and some
inputs were based on (dX / dY)xpg6/2000 (the 2006 precession and 2000 nutation theory, Wallace
et al., (2006)). With the updated software, all CPO inputs are based on (dX / dY)2006/2000, thus
making the combination algorithm much simpler to implement and making systematic correction
adjustments more straightforward.

The algorithm to predict CPOs after the last combination value has also been updated and
is illustrated in the flowchart in Figure 1. First, empirical fits are performed on two years of
combination values to obtain offsets, rates, and annual, semi-annual, free-core, 9.1 year, and
27.55 day periodic signals, and then residuals are created by subtracting the empirical fits from the
combination data. An auto-regressive model of order 4, AR(4), is fit to the residuals and then used
to predict that portion of the signal forward 1 to 90 days. In addition, the empirical fit coefficients
are used to project forward the same 1 to 90 day period and then added to the AR(4) signal; the
results are dX and dY prediction values from 1 to 90 days into the future from the last observation
day.

Following the implementation of the updated CPO methodology, there has been an improvement
in accuracy in the 0-day and 1-day CPO predictions. A chart is shown in Figure 2 that compares
the CPOs obtained during the period 29 March 2018 to 31 July 2019 (Period 2) with the period
from 1 January 2016 to 28 March 2018 (Period 1). When compared to the C04 observational
data, the Period 2 dX RMS 0-day prediction residuals were reduced by 11% when compared to
Period 1 and 0-day dY prediction residuals were reduced by 23%. Similarly, the 1-day dX prediction
residuals were reduced by 5% and the 1-day dY were reduced by 14%.

Several times between 2017 and 2019, the USNO and NASA Goddard (GSFC) VLBI input
series were updated; USNO VLBI updated on 27 September 2017, 23 August 2018, and 01 August

2ftp://cddis.gsfc.nasa.gov/pub/products/iers
*https://www.iers.org/IERS/EN/DataProducts/EarthOrientationData/eop.html
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Figure 1: CPO Prediction Algorithm Flow Chart Used in RS/PC Software Since 29-March-2018.

Period 1: Period 2: Period 1: Period 2:
Prediction dX RMS dX RMS Prediction | dY RMS dY RMS
Day (milliarcsec) | (milliarcsec) % decrease Day (milliarcsec) | (milliarcsec) % decrease
11 0-day 0.106 0.086 23
5 1-day 0.099 0.087 14

Figure 2: CPO Prediction Statistics Before (Period 1) and After (Period 2) the Upgrade in Pro-
cessing.

2019, while GSFC updated on 29 August 2019. Each time an update was included in the RS/PC
combination, systematic adjustments for UT1-UTC, polar motion, and CPOs were re-computed
and applied to each series to maintain a minimal residual between each new series and the IERS
reference series (the C04).

Starting on 17 May 2019, the upgraded AAM model input, named the Navy Fleet Numerical
Meteorology and Oceanography Center (FNMOC) Navy Global Environmental Model (NAVGEM)
AAM version 1.4.3eop, was incorporated into the RS/PC combination and prediction software. This
new model incorporated the following upgraded features: a) approximately 31 km grid spacing, b)
an atmosphere up to a height of approximately 60 km, c) hybrid 4-D data assimilation, d) ozone
assimilation, and e) an engineering fit to better model upper atmospheric (zonal) winds.

Using the NOAA AAM forecast results as a benchmark, one can see the improvement of the
NAVGEM version 1.4.3eop to version 1.4. The top two plots are the mean and RMS errors of
the NOAA and NAVGEM version 1.4 forecast results compared to the NOAA analysis data from
01 January 2016 through 15 May 2018; the bottom two plots are comp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>