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Abstract

:

Accurate measurement of angular positions on the sky requires a well-defined system of reference that is realized with accessible objects. The purpose of this study is to review the international standard realization of such a system, the International Celestial Reference Frame (ICRF). The ICRF uses the Very Long Baseline Interferometry (VLBI) technique as it has the highest resolution of any current astrometric technique for reference frames in order to observe Active Galactic Nuclei (AGN) which are at such great distances (typical redshift ∼1) that there is currently no observed parallax or proper motion of these objects thus giving the frame excellent stability. We briefly review the history of the transition from the Fundamental Katalog 5 (FK5) optical frame to VLBI-based frames with attention to each of the three generations: ICRF-1, ICRF-2, and ICRF-3. We present some of the more prominent applications of the ICRF and outline the methods used to construct the ICRF. Next we discuss in more detail the current standard ICRF-3—which is the first frame to be realized at multiple wavelengths (S/X, K, X/Ka-bands)—including an estimate of its accuracy and limiting errors. We conclude with an overview of future plans for improving the ICRF.






Keywords:


radio interferometry; astrometry; active galactic nuclei; ICRF












1. Introduction


The International Celestial Reference Frame (ICRF) is based on the currently accepted International Celestial Reference System (ICRS) [1] and forms the basis for all positional astronomy in the radio domain. The first three generations of this frame have been built from high precision Very Long Baseline Interferometry (VLBI) astrometric measurements of positions of extragalactic radio sources (quasars and other radio-loud Active Galactic Nuclei, AGN), with each successive realization of the ICRF becoming more precise [2,3,4]. VLBI angular position accuracy has now improved to near the 100 micro-arcsecond ( μ as) level. Catalogues of positions of extragalactic radio sources with the highest precision, such as the ICRF, are crucial to many applications, such as determining the Earth’s orientation in space [5], providing calibrator sources for astronomy [6,7,8], studying the motion of tectonic plates [9], and in spacecraft navigation [10]. The ICRF also contributes towards the realization of a Global Geodetic Reference Frame (GGRF) [11] for sustainable development, a resolution adopted by the United Nations in 2015 [12].



Preparing a candidate celestial reference frame (CRF) for consideration for adoption as an official ICRF is a major undertaking which relies on international collaboration involving considerable effort and major investment in organizational, operational, analysis, and research and development activities (e.g., [13]). Global networks of radio telescopes acquire weekly to monthly geodetic and astrometric VLBI data which are then transferred to the correlators for processing and then distributed to the analysis centers. To create a CRF, analysts use specialized software (e.g., [14]) to solve for source coordinates from the observed VLBI delays from all of the available data from geodetic and astrometric VLBI observing sessions, using the latest geophysical and astronomical models in compliance with the latest conventions [15] that define the standard reference systems. Another step in creating a CRF is to identify a subset of the ‘best’ sources, called defining sources, which are then used to define the axes of the new CRF.



Both the original ICRF [2] and its successor, the ICRF-2 [3], are based on dual-frequency 2.3 (S-band) and 8.4 GHz (X-band) VLBI observations that have been conducted since the end of the 1970s. A new realization, the ICRF-3 [4], was adopted by the International Astronomical Union (IAU) during its XXXth General Assembly in August 2018 [16] and has replaced the ICRF-2 as of 1 January 2019. The ICRF-3 is based on nearly 40 years of VLBI data at the standard S/X frequencies, along with observations at 24 GHz (K-band) and at 8.4 and 32 GHz (X/Ka-band), making it the first multi-wavelength frame ever realized. The S/X component of the ICRF-3 contains positions for 4536 sources—more than 1000 additional sources and more than a factor of three improvement in precision over the ICRF-2. In addition, a new set of 303 uniformly distributed defining sources, with very precise positions and fairly compact source structure, were selected to define the axes of the ICRF-3. Another new feature of the ICRF-3 is the incorporation of a Galacto-centric acceleration correction [17].



The accuracy of all three (wavelength) components of the ICRF-3 is limited by systematic errors such as stochastic fluctuations in tropospheric delay [18] and clocks as well as non-pointlike source structure [19]. The biggest challenge in improving precision is the need for more uniform global network geometry: North–South baselines in order to improve the declination precision in the approximate range   −  45 ∘  < δ < +  45 ∘    and more South–South baselines to improve the deep South (  δ < −  45 ∘   ). The IAU recommendations on the ICRF-3 [16] require that appropriate measures be taken to maintain and improve the ICRF-3, at multiple radio frequencies and with specific efforts on the Southern Hemisphere. Continued observations and dedicated efforts to improve the ICRF-3 have already shown a considerable increase in source density and precision over all three components of the ICRF-3 [20,21].



Looking to the future, the international community is developing road maps for continued improvement of the ICRF, e.g., [4] (Section 8), and [22,23,24], in particular dedicated strategies to improve the astrometric observing programs in the South, ongoing efforts to monitor source structure [8,25,26,27,28] and to mitigate its effect on the measured astrometric source positions [19,29,30], and plans for a fully integrated multi-wavelength realization of the ICRF, including also the optical Gaia reference frame [31,32].



This paper provides an overview of the evolution of the ICRF, since before its formal inception in 1997 up to its current status followed by plans for future realizations. The history and evolution of CRFs are given in Section 2, and the many applications of CRFs in Section 3. Details of how to construct a CRF are given in Section 4. A summary of the ICRF-3 is given in Section 5, and a discussion of the accuracy and limiting errors of the ICRF-3 is given in Section 6. Details on future plans to maintain and improve the ICRF are given in Section 7.




2. The History of Celestial Reference Frames Realized from VLBI


The construction of celestial frames goes back to ancient times such as Hipparchus, the Greek, in the 2nd century B.C. The advent of radio CRFs—the subject of this paper—had to wait until the discovery of astronomical radio emissions in the early 1930s by Jansky [33] and the invention of the VLBI technique in the 1960s [34,35,36,37,38,39].



Cohen et al.’s 1968 paper [40] as well as histories from Ken Kellerman [41,42] and Barry Clark [43] make it clear that even very early in the history of VLBI there were those who appreciated the potential of VLBI for milliarsecond (mas) level astrometry. From 1972 to 1984, early astrometric results on compact extragalactic radio sources started to appear in the literature [44,45,46,47,48,49].



For many years the IAU’s fundamental CRFs were based on optical observations of galactic stars. These frames were called ‘Fundamental Katalogs’ and they were labeled starting with FK1 and ending with the FK5 in 1988 [50] by which time it had become clear that the proper motions of stars in our galaxy were increasingly a limitation on the stability of the IAU’s fundamental CRF.



During the second half of that same decade, VLBI had begun to produce high accuracy (mas) positions of extragalactic radio sources (e.g., [51,52,53]). These frames were typically oriented based on lunar occultations of 3C273B, which placed that quasar on the equator and equinox system of the Earth’s orbit [54].



International coordination of VLBI CRFs began in the 1980s under the leadership first of the Bureau International de l’Heure (BIH) [55] and then the International Earth Rotation Service (IERS) [56,57,58,59,60,61]. In fact, the conventional orientation of the ICRF originates from the IERS frames; the small variations in orientation in the IERS frames until final convergence are summarized in [1].



In order to formalize the work started at the IERS, the IAU adopted a series of resolutions in the late 1980s and 1990s which laid the foundation for moving the IAU’s official CRF from optical catalogs based on galactic stars to extragalactic objects [62]. These are as follows:




	(1)

	
The 1988 resolution C1 [63] called for the IAU fundamental frame to move from galactic stars (e.g., as used in the FK5 frame [50]) to extragalactic objects.




	(2)

	
The 1991 resolution A4 [64] recommended a general relativistic framework using a solar system barycentric frame (item 6).




	(3)

	
The 1994 resolution B5 [65] documented the first list of so-called ‘defining sources’ to be used to define the rotational orientation of the frame. This was done three years before the adoption of the ICRF-1 in order to allow the ICRF-1 solution to be frozen in 1995 and in turn to give time for the Hipparcos optical catalog to be aligned with the ICRF-1 radio frame [66].




	(4)

	
The year 1997 saw a series of resolutions [67]:



B2 adopting the first ICRF realized with VLBI observations in the radio and Hipparcos observations in the optical.



B3 on the relativistic framework.



B4 on Non-rigid earth theory for nutations.



B5 ICRS and Hipparcos.



B6 Relativity in celestial mechanics and astrometry.









The ICRF-1 with its 608 sources (Figure 1, left) and a noise floor of 250  μ as was adopted by the IAU in 1997 [2]. Soon after, the International VLBI Service for Geodesy and Astrometry (IVS) was organized to coordinate continued S/X observations, processing, and analysis amongst interested agencies around the world [13] in support of the celestial and terrestrial frames as well as the Earth Orientation Parameters (EOP). Official operations began in 1999.



By 2009, there was a significant enough increase in available data to warrant a second generation frame, the ICRF-2 [3], which had 3414 sources (Figure 1, right) and an estimated noise floor of 40  μ as. However, two-thirds of those sources were only sparsely observed in the first generation Very Long Baseline Array (VLBA) Calibrator Surveys (VCS) [6] with much larger position uncertainties than the other one-third of the sources. Consequentially, beginning in late 2009, the IVS Research and Development with the VLBA (RDV) sessions (VLBA plus 4–10 IVS stations) were used to re-observe some 12–15 VCS sources in each bi-monthly session, concentrating on the least observed sources. However the cadence and sensitivity of these had only a small impact on the overall precision of the VCS sources.



In 2012, work on the third generation ICRF began with the formation of an IAU working group. An emphasis was placed on increasing the observations of S/X survey sources starting with the VCS-II campaign in 2014–2016 [7], which improved survey source precision by about a factor of 5. From there the United Stated Naval Observatory (USNO) sponsored an ongoing series of survey observations contributing 25 additional VLBA S/X sessions by the March 2018 cutoff date of the ICRF-3. The ICRF-3 S/X cataloged 4536 sources with an estimated noise floor of 30  μ as. Table 1 summarizes the three generations of S/X-band ICRFs.



In addition to the S/X catalog, the ICRF-3 added two complementary catalogs at higher radio frequencies: K-band (24 GHz) and X/Ka-band (32 GHz). The motivation for augmenting S/X work with K-band and X/Ka-band was based on several factors. For one, S/X observations are becoming increasingly difficult due to increasing Radio Frequency Interference (RFI) at S-band. In fact, many of the next generation VLBI Global Observing System (VGOS) antennas may not support the S-band spectrum (≈2–3 GHz). There is also concern that source structure limits the accuracy and stability at S/X-band. On the positive side, source jets often have steep spectra causing the jet to fade with increasing frequency thus K- and X/Ka-band sources often have reduced source structure [28,68]. Ka-band has the added benefit of enabling spacecraft tracking at that frequency where telemetry bandwidth is higher than at X-band.



From 2002 to 2010, the initial work on higher frequencies began with VLBA sessions at K-band and Q-band (43 GHz) [69] motivated by a desire to explore higher frequencies while waiting for spacecraft tracking networks to install Ka-band. The early K-band results were very positive. However, sensitivity at Q-band was a serious limitation in those early experiments due to low data rates (128 Mbps) causing Q-band CRF work to be set aside until 2021 [28] when 4 Gbps was available.



In contrast, after only a few year hiatus, the K-band work was re-started in 2013 adding the baseline from Hartebeesthoek Radio Astronomy Observatory (HartRAO) 26 m antenna in South Africa, to the Hobart 26 m antenna in Tasmania, Australia. The addition of this all-southern baseline enabled full sky coverage at K-band for the first time [70]. Regular VLBA observations resumed in 2015 including imaging of source structure [27]. We also note that K-band is the best of the three radio bands for observing near the Galactic plane due to its lower sensitivity to scattering from the Inter-Stellar Media (ISM). Thus K-band is important for studying objects in the plane of the Milky Way such as water masers [71] and the radio source at the Galactic center, SgrA* [72]. The ICRF-3 K-band catalog has 824 sources made from 56 sessions: 12 early VLBA (2002–2007) sessions, 28 more recent VLBA sessions plus 16 HartRAO–Hobart sessions.



In 2005, X/Ka-band work began driven by the need to track spacecraft at Ka-band starting with Mars Reconnaissance Orbiter (MRO) in that year [73]. In parallel, spacecraft networks soon began retiring S/X antennas: the National Aeronautics and Space Administration’s (NASA) Deep Space Station (DSS) 15 at Goldstone, CA, and DSS-45 at Tidbinbilla, Australia—with DSS-65 at Robledo, Spain, scheduled to be the next retirement. The Japan Aerospace Exploration Agency (JAXA) has replaced its 64 m S/X antenna at Usuda, Japan, with a 54 m X/Ka antenna 1.3 km away at Misasa. The European Space Agency (ESA) antenna at Malargüe, Argentina, never had S-band. Moreover, the number of S-band spacecraft missions has diminished significantly. We note that the move to Ka-band not only avoids S-band RFI, but it also greatly reduces plasma effects near the Sun where missions such as NASA’s Parker Solar Probe, ESA’s Bepi-Columbo, and JAXA’s Hayabusa-2 have traveled. For all these reasons, S/X work has been de-emphasized and X/Ka-band has become the focus for CRF work in the spacecraft tracking community. ESA joined the X/Ka-band effort in late 2012 with its 34 m antenna at Malargüe, Argentina, allowing full sky coverage at X/Ka for the first time [74]. JAXA joined in 2020 with its 54 m antenna at Misasa, Japan [75].



The ICRF-3 X/Ka-band catalog contains 678 sources observed on single baselines with the large NASA Deep Space Network (DSN) antennas and the ESA spacecraft tracking antenna at Malargüe, Argentina.



To summarize, the combined S/X, K, and X/Ka efforts were adopted as the ICRF-3 in 2018 [4,16] as the first multi-wavelength frame. That milestone paves the way for future integration of radio frames with the Gaia optical frame [31,76]—which, since 1 January 2022, is the official realization of the ICRS at optical wavelengths [32]. The story of the ICRF so far spans four decades from the first S/X observations in the late 1970s to the adoption of the ICRF-3 in 2018 with each successive ICRF realization taking about a decade. Having briefly reviewed the history of VLBI CRF work, we now turn to applications of those frames.




3. Applications of Celestial Reference Frames


A CRF provides fiducial points on the sky for measuring angles. The main advantage of VLBI versus artificial satellite techniques such as Global Navigation Satellite Systems (GNSS) and Doppler Orbitography by Radiopositioning Integrated by Satellite (DORIS) is that the ‘orbits’ of the VLBI sources are stable to better than a part per billion over time scales of decades using only two parameters to describe their position. This extreme stability of the CRF objects gives a corresponding stability to the many applications of VLBI.



What are these applications? For millennia travelers both on land and especially at sea used the stars to navigate by. We have now extended this idea to enable ‘sailing’ the solar system for exploring the planets. Related to that work, we use the radio sources as reference points against which the motion of the planets are tracked and thus improve our knowledge of the planetary ephemeris [77]. Even farther from home, the CRF enables differential astrometry of the position, parallax, and proper motions of objects in our galaxy such as water masers which trace out the spiral arms of our galaxy [71]. Calibrators from the CRF are also used to phase calibrate images of other extragalactic radio sources [78,79]. By observing changes in the apparent positions of extragalactic sources, we can also test the theories of special relativity (aberration) and general relativity via gravitational delay/‘bending’ [80]. Returning nearer to Earth, VLBI signals contribute to atmospheric studies by measuring the ionosphere and troposphere. Of course, the CRF is essential to geodesy which measures both motions of the stations (tidal motions, plate tectonics) [9] as well as the orientation of the Earth in space [5]. VLBI is the premier technique for measuring UT1-UTC and nutation from which we get a deeper understanding of the interior of the Earth.



In deep space, there are no GNSS satellites with which to navigate. One has to rely on observations of naturally occurring objects such as quasars. Spacecraft angular positions are measured by doing a differential VLBI group delay measurement between an ICRF source and the spacecraft radio signal [10]. This data is combined with measurements of radial distance (range) and velocity (Doppler) to determine the complete position and velocity in three dimensions.



One of the key advantages that VLBI has over space-based missions, such as Gaia [81], is the capability to continue observations without any large temporal gaps (such as that occurring between space missions) for all VLBI products such as CRF, Terrestrial Reference Frame (TRF) [82,83], and EOP [5]. While our VLBI sources have no measurable parallax or proper motion, effects such as Galacto-centric acceleration [17] create effective proper motions that over the decades integrate up into significant position changes. The ICRF-3 is the first frame to model this Galacto-centric acceleration and refinements will surely be needed to maintain the long-term stability of the frame.




4. How to Construct a Celestial Reference Frame


A CRF is based on a celestial reference system (CRS), which gives the definitions and specifications of the system, such as its origin and axes, as well as what constants and models are to be used. The CRFs prior to 1991 were dynamical systems based on the Earth’s motion in space, its mean equator and the dynamical equinox at some epoch. The FK5 catalog [50] was based on such a system. In 1988, the IAU decided to base its CRF on the precise coordinates of distant ‘fixed’ extragalactic objects [63]. The currently accepted ICRS is defined by the IERS in a kinematical sense with the origin at the solar system barycenter and with axes fixed with respect to distant objects in the Universe [1]. For continuity, the ICRS was initially aligned with the previous dynamical FK5 system by defining the principal plane to be close to the mean equator at J2000.0 and by defining the origin of right ascension by fixing the right ascension of the VLBI position of 3C273 to its FK5 value. The ICRS can be ‘realized’ by constructing a CRF of precise celestial coordinates of many ‘fixed’ sources in the sky. Distant quasars represent the ideal ‘fixed’ sources since they are so far away that they should not show any measurable proper motions and VLBI has been the only tool capable of very precise measurements until recently with Gaia [31,76]. The current ICRS was adopted by the IAU in 1997 and there have since been three ICRF radio realizations from VLBI measurements and two optical realizations: Hipparcos [67], and Gaia-CRF3 [31,32].



Creating a CRF with which to realize the ICRF is a major undertaking. ICRF-3 was created from a global least-squares solution of nearly 40 years of geodetic and astrometric VLBI observing sessions. Most of the ∼6200 VLBI sessions used for ICRF-3 were approximately 24 hours in duration and involved from 2 to 32 VLBI stations. In a global solution, an analysis package, such as the CALC/SOLVE package, is used to make a least-squares solution between the observed baseline delays and modeled theoretical delays. The observed VLBI delays are the differences in arrival times of a wavefront at the two antennas of each baseline. Theoretical delays are computed using the latest geophysical and astronomical models in compliance with the latest IERS Conventions [15,84]. These models account for the effects of Earth rotation, precession/nutation, polar motion (wobble), solid Earth tides, ocean loading, Galacto-centric acceleration [17], the dry troposphere, and several other effects. Ionosphere corrections are computed from the delay differences between the two bands in dual band sessions, or by interpolating GNSS ionosphere maps in single frequency sessions. Global VLBI solutions normally solve for source coordinates as well as VLBI station positions and velocities, the five daily EOPs and residual atmosphere delays (mainly due to water vapor).



For ICRF-3, the resulting source catalog was kept in alignment with ICRF-2 by holding the 295 ICRF-2 defining sources to a no-net-rotation constraint [85] (Section 6, Appendix), in which any deviations of defining sources from their ICRF-2 positions would be averaged out over the other 294 defining sources. It has been found that the source position uncertainties from such solutions are underestimated because the software cannot take into account all the error sources and correlations between baselines. Therefore, the formal errors are first increased by 50% and then a noise floor value is added in an RSS sense. Noise floors can be estimated by doing solutions on subsets of the data and seeing how well the resulting source catalogs agree. For the ICRF-3 S/X catalog, noise floors of 30  μ as in right ascension and declination were determined, down from the 40  μ as of ICRF-2 and the 250  μ as of ICRF-1 (Table 1).



Another step in the creation of a CRF is to select a set of ‘defining’ sources to define the axes of the new CRF. This set of sources is to be held to a no-net-rotation constraint in future solutions in order to prevent arbitrary rotations of the reference frame. Ideally, defining sources should be very stable in position, frequently observed and evenly distributed around the sky. The reality though is far from ideal. When choosing defining sources, source structure is an important criteria and only compact sources are chosen whenever possible.



Many of the ICRF sources exhibit spatially extended intrinsic structure that can introduce significant errors in the VLBI delay measurements [86] and instabilities in the individual source positions [87]. Ideally, the effects of source structure should be accounted for in the VLBI global solutions [19]. However, such modeling is facing many issues in practice, from temporal variability to frequency dependence, which makes the identification of an appropriate structure feature that is stable over time and frequency for every source not so easy [88]. Achieving this goal would require a more or less quasi-permanent ongoing imaging effort for all CRF sources.



Finally, for a new CRF to become the ‘International’ CRF, it must be adopted by the IAU [16,67,89]. This requires the writing and acceptance of formal IAU resolutions six months in advance. Lastly, the prospective ICRF needs to be made publicly available to the IAU community and then needs to be voted on and accepted by the IAU members at an IAU General Assembly business meeting.




5. Overview of the ICRF-3


The ICRF-3 [4] is based on nearly 40 years of VLBI data (1979–2018) at the standard S/X frequencies, along with observations at K-band and X/Ka-band that were initiated in the early/mid 2000s [69,90], making it the first multi-frequency frame ever realized. The data come from a total of 167 radio telescopes organized under the umbrella of the IVS, VLBA, and DSN, or through ad hoc VLBI networks in the early years. The geographical distribution of these telescopes is pictured in Figure 1 of the ICRF-3 publication [4]. The ICRF-3 contains positions for a total of 4536 sources at S/X-band (see the sky distribution in Figure 2), which is 1122 (about one-third) more sources than in the ICRF-2. The S/X-band positions are supplemented with independently estimated positions for 824 sources at K-band and 678 at X/Ka-band. In all, the frame comprises 4588 sources, 600 of which have positions available at the three frequency bands. Another new feature of the ICRF-3 is the incorporation of a Galacto-centric acceleration correction of 5.8  μ as/year, estimated directly from the S/X-band data. This correction was mandatory due to the data span involved, as otherwise the effect induced would have caused deformations of the frame.



The noise floor in the individual ICRF-3 source coordinates is at a level of 30  μ as, with a median position error at S/X-band of about 0.1 mas in right ascension and 0.2 mas in declination (Figure 2)—a factor of more than three improvement over the ICRF-2. This improvement results from the re-observation of all of the ICRF-2’s lower-accuracy VCS-type sources, as explained above. While the large number of survey sources dominates the error statistics, it must be emphasized that the S/X band catalog also includes a subset of roughly 500 sources, observed as part of the IVS programs, which have highly precise positions (uncertainties in the range of 30–60  μ as). This subset manifests itself through a secondary peak, next to the noise floor, in the histogram of position uncertainties plotted in Figure 2. The median positional precision at K band and X/Ka band approaches that at S/X band but remains a factor of 1.5–2 lower when comparing the   α cos δ   and  δ  uncertainties for the sources common to all three bands.



A subset of 303 sources among the most observed ones at S/X-band have been picked out as defining sources and as such serve to define the axes of the ICRF-3. The selection of these sources was achieved by splitting the celestial sphere into equivalent sectors and identifying the most compact and stable source in each sector based on the available S/X-band data (leaving out the few sectors where no such sources were available). As a result of this selection process, the sky distribution of the ICRF-3 defining sources is fairly uniform (Figure 3, left panel). Furthermore, these sources, in their vast majority, have also very precise positions. Median uncertainties are 36  μ as for right ascension and 41  μ as for declination, which is very close to the noise floor (see the error distribution in Figure 3, right panel). They are also in general fairly compact, as illustrated by the sample of X-band images shown in Figure 4 for three such ICRF-3 defining sources.



In general, the sources forming ICRF-3, however, are not as compact as those shown in Figure 4. They exhibit spatially extended brightness distributions that vary in both time and frequency. On VLBI scales, their morphology is usually characterized by single-sided jets that can extend over several mas, as illustrated by the sample of images at X and S bands shown in Figure 5. Due the non-point-like nature of the sources, regular VLBI imaging sessions were initiated in the late 1990s [91] and indicators such as the structure index have been developed to assess the astrometric source suitability [92,93]. The monitoring of the sources through these sessions allows for tracking source structure variations and helps to further qualify the astrometric source suitability [94]. Altogether, these elements were essential in the selection process of the ICRF-3 defining sources.



Comparison between the ICRF-3 S/X frame and the recently released Gaia CRF shows no relative global deformations between the two frames at the level of the ICRF-3 noise floor. On the other hand, significant (>3 σ ) offsets between the optical and radio positions are detected for more than 20% of the sources in common. Of particular interest is that these offsets occur predominantly for sources with extended VLBI morphologies. Significant positional offsets are also found within the radio band when comparing the K or X/Ka positions against the S/X positions. Although a smaller portion of the sources (5%) is concerned, here again sources with extended structure predominate among those showing offsets. Further studies have confirmed that the optical-to-radio offsets correlate with source structure [95], with the offset vectors preferentially oriented along the VLBI jet directions [96,97,98,99,100]. In all, there is thus now increasing evidence that the observed position differences between the bands are the manifestation of extended source structure, thus motivating the approach to estimate source positions at each band separately so that real astrophysical offsets between the bands can be preserved.




6. Current Status of the Celestial Reference Frame: Accuracy and Limiting Errors


The formal precision in all three components of the ICRF-3 (S/X, K, X/Ka) is quite good for well-observed sources, generally below 100  μ as. So, the accuracy is limited by systematic errors. We quantify the systematics by inter-comparing the three independent S/X, K, and X/Ka frames. We also compare against the Gaia optical frame [76], which is an independent technique (optical versus radio, space versus ground, and pixel centroiding versus interferometry).



While our VLBI sources have no measurable parallax or proper motion, effects such as Galacto-centric acceleration create effective proper motions that over the decades integrate up into significant position changes. The ICRF-3 is the first frame to model this Galacto-centric acceleration and refinements will surely be needed to maintain the long-term stability of the frame. There are also long-standing issues from stochastic variations in clocks and tropospheres which will be difficult to eliminate entirely. On the analysis side, there are issues with modeling source structure as well as accounting for the correlated nature of stochastic errors when weighting solutions.



In addition to maintaining temporal continuity, our ICRF work needs more observations on North–South baselines to improve declinations. All three radio frames suffer from a deficit of long North–South baselines which can lead to declination precision being a factor of two or more worse than right ascension precision, depending on the region of the sky being observed.



Catalogs of compact extragalactic radio sources are generally weaker in the South by factors of 2 or more, in both density and precision. This is mainly because of the much smaller number of network stations in the South, compared to the North. Historically, approximately 80% of all antennas used in VLBI have been in the Northern Hemisphere. Even though the ICRF-3 showed significant improvement over the ICRF-2, the current S/X frame still shows deficiencies by factors of 2–3 in the South. More observations on North–South baselines are needed to improve declinations, and more southern stations are needed to observe sources in the deep South.



Since the spring 2018 cutoff date for sessions to be included in the ICRF-3, observations and analysis have continued with very positive results at S/X and K-bands [20], and at X/Ka-band [21]. Imaging work, to assess and monitor the astrometric source suitability, has also continued, and images of ICRF sources from astrometric VLBI observations at S, X, and K-bands are continuously updated, e.g., as part of the Bordeaux VLBI Image Database (BVID) [25,101], the Radio Fundamental Catalog (RFC) [102] of the Astrogeo Center, the USNO Fundamental Reference Image Data Archive (FRIDA) [26,103], and as part of the K-band CRF collaboration [27]. The current status, including the accuracy and frequency specific limiting errors, for each of the S/X, K, and X/Ka frames, are detailed below.



6.1. The S/X-Band Frame


The S/X frame has the most sources, but the distribution of observations is very uneven. Some 80% of the sources have been observed in fewer than 10 observing sessions. In contrast, 99 sources have been observed in 1000 or more sessions, the most observed source being OJ287 in over 4800 sessions. The S/X frame also has the most source structure issues, since source structure tends to decrease with increasing frequency (e.g., as shown in Figure 5).



Dedicated S/X astrometry observations received a significant boost in 2017 when the USNO began funding 50% of the VLBA’s budget in exchange for up to 50% of the observing time. Twice monthly VLBA S/X astrometry sessions were made until mid-2019, and then have continued at a monthly cadence into the present, in support of the USNO mission. The sessions through spring 2018 were used to add more sources while also significantly improving the precision of existing sources for ICRF-3. Since ICRF-3, the VLBA S/X sessions have concentrated on re-observing the lesser-observed sources and on adding new sources, particularly along the ecliptic band. At present, this work has yielded an S/X catalog of ∼5460 sources. Approximately half of the additional sources added since ICRF-3 are located within 7   ∘   of the ecliptic, thus approximately doubling the number of ICRF sources available for navigation of interplanetary spacecraft. Precision of the 4536 original ICRF-3 S/X sources has been improved by ∼25% to ∼95  μ as in right ascension and ∼160  μ as in declination. Imaging of the VLBA S/X sessions is also being made at the USNO and will serve to characterize the structure of ∼4500 sources at S/X band (e.g., [26]).



However, the VLBA can only observe down to around   −  45 ∘    declination. In order to improve the S/X frame in the deep South, starting in 2018 the sensitivity of the Southern IVS CRF observations was increased from 256 Mbps to 1 Gbps and the pool of sources was increased by a factor of two [24]. This in turn has already improved the source density and spatial coverage in the South, as well as the position accuracy of Southern sources, in both coordinates. The scheduling of these sessions was also optimized, using the most recently developed geodetic scheduling software VieSched++ [104], to allow for simultaneous astrometric and imaging observations in order to map the structure and evolution of the CRF sources in the deep South (e.g., [105]).




6.2. The K-Band Frame


The K-band has also benefited from the USNO’s VLBA timeshare allocation. Approximately monthly K-band VLBA sessions have been made since January 2017 for astrometry and imaging. Moreover, approximately two dozen single baseline HartRAO–Hobart26 sessions have been run since ICRF-3, improving the full sky coverage at K-band. In order to improve the K-band declinations, a North–South baseline (from Spain to South Africa) has been started. First fringes were obtained in 2021 and full 24-hour observations are scheduled for mid-2022. The K-band reference frame currently has ∼1.8 million observations, a nearly four-fold increase over the ICRF-3, and has added 211 sources for a total of 1035, a 25% increase over ICRF-3. Source precision has also improved considerably at K-band to ∼45  μ as in right ascension and ∼80  μ as in declination, or ∼40% better for the original 824 sources. Current K-band source precision is now nearly as precise as at S/X for 1014 sources in common to both catalogs. The biggest issue for the K-band frame is the limited number of sessions and observations from the Southern Hemisphere. In spite of this, the distribution of sources at K-band is fairly even between the North and South, even though less than 1% of the observations are made from the Southern Hemisphere. At K-band, ionosphere calibrations are less than perfect, being based on GNSS ionosphere data [106] due to the lack of dual-band observations, but do not appear to produce systematic errors above the current noise floor of ∼30  μ as.



To date, a total of 5879 K-band images of 731 ICRF-3 sources, from 28 VLBA sessions spanning from 2015 to 2018, have been produced [27]. The vast majority of sources are imaged at multiple epochs. Quantitative estimates of source strength, size, compactness, and jet direction as well as the temporal stability of these quantities were derived to aid in characterizing the suitability of each as a reference source. A sample of three K-band images is shown in Figure 6.




6.3. The X/Ka-Band Frame


The X/Ka frame has the largest zonal errors due to its reliance on just two baselines for ∼85% of its data. As the X/Ka network geometry adds data from stations in Argentina and Japan, these errors are being reduced [21].



X/Ka (32 GHz) work with the combined NASA, ESA, and JAXA network has now produced 0.11 million observations. X/Ka-band sessions continue at an approximately three week cadence at 2 Gbps using a combined NASA, ESA, and JAXA network. As with the K-band program, the X/Ka program has added a long North–South baseline (Misasa, Japan, to Tidbinbilla, Australia) in order to improve declination accuracy [75]. Median source precision has improved considerably at X/Ka-band to 55, 75  μ as in right ascension and declination, respectively. Accuracy is currently limited by a quadrupole 2,0 ‘magnetic’ distortion of   131 ± 19    μ as. The large Z-dipole distortion seen in the ICRF-3 X/Ka [4] is now statistically insignificant as long as the full  α - δ  parameter covariances are accounted for [21].





7. Future Plans


It is essential that the CRF astrometric VLBI observing programs be continued and developed along the recommendations put forward in the IAU 2018 Resolution B2 on the ICRF-3 [16]. The IAU recommendations require that “appropriate measures be taken to continue to develop these programs, at multiple radio frequencies and with a specific effort on the Southern Hemisphere, to both maintain and improve the ICRF-3”. Many efforts are already underway to continue the maintenance of the ICRF, and the CRF community is developing a roadmap for the improvement of the ICRF. These efforts are closely aligned to the recommendations made by the ICRF-3 working group of the IAU on prospective astrometric VLBI observing programs and the future evolution of the ICRF [4] (Section 8). These recommendations are:




	
To devise a proper observing strategy to increase the source density and improve the source position accuracy of the S/X and K-band CRF’s in the far-south, and to reduce the systematics in the X/Ka-band frame.



	
To acquire more data and further increase the source position accuracy for ∼3000 sources in the S/X-band frame that are observed in only a few sessions.



	
To include observations of optically bright ICRF-3 sources to strengthen the alignment between the radio VLBI and Gaia optical frames.



	
To closely monitor and image the defining sources in order to assess their astrometric stability and to track potential source structure changes.



	
To refine the underlying models, e.g., the determination of the solar system acceleration vector and the effects of source structure.



	
To explore alternate analysis configurations, e.g., multi-frequency analysis in which data sets at S/X, K, and X/Ka-band are processed together and to incorporate data from other space geodetic techniques, such as satellite and lunar laser ranging (SLR and LLR), GNSS, and DORIS systems, in the combination.








Monthly S/X astrometric observations on the VLBA, to add additional sources and improve the precision of existing ICRF-3 sources, will continue in support of the USNO mission. Imaging of VLBA sessions at S and X-band will also continue in order to characterize the source structure and its variation over time. Plans to increase the data rate of the S/X VLBA astrometric sessions from single-polarization 2 Gbps to dual-polarization 4 Gbps are being investigated. Efforts to improve the S/X frame in the deep South will also continue [24], e.g., adding more telescopes to existing Southern astrometric IVS sessions, and increasing the data rate of the deep South sessions from 1 Gbps to 2 Gbps. Running Southern observing programs at S/X-band that include some stations operating in single band (X) mode only, are also investigated: (1) to avoid severe S-band RFI issues at some stations and (2) to include large sensitive antennas that do not have dual-band capability, e.g., the 30 m Warkworth antenna in New Zealand. In addition, efforts to include more observations of defining sources in Southern sessions, as well as efforts to further optimize the networks and scheduling of the Southern sessions to allow for imaging, will continue.



Dedicated K-band astrometric observations will continue, with the goal of improving the quality of the observations. Imaging of VLBA sessions at K-band will continue and will be extended to include full Stokes polarization imaging. The fraction of polarized light may help to identify which component is the core and thus the point of reference for the source. Core components are often characterized by weak polarization that increases with larger distances from the jet base (e.g., [107,108]). The next challenge for K-band is to add North–South baselines longer than an Earth radius and, as noted earlier, full 24-hour sessions between the 40 m Yebes telescope in Spain and the 26 m HartRAO telescope in South Africa are scheduled to start in mid-2022. There are also plans to further increase the sensitivity of the K-band observations, e.g., to augment the VLBA with the 50-meter Large Millimeter Telescope (LMT) in Mexico [109]. The K-band frame remains weak in the South and options for adding more Southern stations to the existing K-band network are being investigated. Another challenge for K-band is the imperfect ionosphere calibrations based on GNSS data. Plans are underway to install geodetic GNSS stations at the five VLBA sites now lacking GNSS and thereby improve the ionosphere calibrations [106].



In the X/Ka program, work is underway to determine whether more sophisticated analysis using Kolmogorov spectrum correlated observation noise to account for tropospheric turbulence [18] will correct the quadrupole distortion. Furthermore, as noted earlier, the improved geometric diversity from the ESA and JAXA stations should help reduce distortions. In particular, since the dominant random and systematic errors are both a function of declination, the North–South baselines from Japan to Australia and from California to Argentina are expected to have the most impact.



Observations to explore the construction of CRFs at even higher radio frequencies, such as Q (43 GHz) and W (86 GHz) bands, are being investigated. At Q-band, a recent exploratory imaging-astrometry project to compare the structure of ICRF sources at S, X, K, and Q bands [28] showed promising results for the construction of a CRF at Q-band.



Efforts to observe ICRF-3 sources that are also seen in the optical band (i.e., detected by Gaia) will be pursued further, in particular by means of a dedicated and ongoing observing program conducted by the IVS at S/X band [110,111]. This program, which has run since 2013, should continue until the end of the Gaia mission (which is foreseen to be extended to 2025 at the end of the life time of the satellite). Plans to observe such sources in K-band sessions will also be implemented in the near future. Increasing the number of common objects between radio and optical will depend largely on increasing the number of sources in the radio frame and therefore on having deeper VLBI observations. In this respect, the high sensitivity that the Square Kilometre Array (SKA) will have in its VLBI mode on long baselines (i.e., when observing jointly with VLBI arrays) at frequencies above 5 GHz will play an important role in detecting new, weaker radio sources and measuring their astrometric positions with sub-mas accuracy [112,113]. Ultimately, the SKA may be able to densify massively the radio frame, in particular by taking advantage of the possibilities of commensal observations, which would also multiply the number of radio counterparts to the sources that are comprised in the Gaia optical frame [114].



There are many ongoing efforts to image and monitor the ICRF sources on a regular basis and at multiple frequencies. Estimates of the source characteristics can be used to either filter out the sources with the least point-like structure or to apply structure corrections through modeling. There are also ongoing efforts, as mentioned previously, to study the frequency dependence of source positions and its correlation with source structure (e.g., [95,99,100]), which will be particularly useful in selecting defining sources for future multi-waveband realizations of the ICRF. In the four years since ICRF-3, a few defining sources have been found to be problematic, e.g., [27] (Section 7), and may need to be replaced when a new realization is made.



For now, the networks that will be targeted for CRF observations will be the legacy networks operating with legacy narrow-band systems. The level to which the broadband (2–14 GHz) VGOS [115] may contribute to the CRF is still to be evaluated—in particular, for how many sources may be observed, and for how to deal with source structure issues. Depending on the conclusions of this evaluation, VGOS observations may want to concentrate on a set of core sources, e.g., the ICRF-3 defining sources, ideally ultra-compact, and push their position accuracy to the limit, or cycle through a larger set of sources to start building a VGOS CRF. In any case, the VGOS CRF will not match any of the current S/X, K, or X/Ka band realizations because the source positions do not coincide at the different bands due to the changing source morphology as a function of frequency (e.g., [29]). However, for now, sessions observed in a mixed-mode configuration, including legacy systems and VGOS systems operating in the standard S/X-mode are being considered for IVS astrometric observations—in particular to densify the IVS network in the Southern Hemisphere. Initial tests to correlate and analyze mixed-mode sessions, using the Hobart, Katherine, and Yarragadee 12 m AuScope antennas in Australia were successful [116], and a more extensive test series, the Australian mixed-mode (AUM) sessions, was initiated in 2019 [117].



In the longer term, higher radio frequencies may benefit from a broad-band receiver being prototyped for the VLBA which would cover from 8 to 36 GHz [118]. This prototype is scheduled for testing at the Owens Valley VLBA site in mid-2022. If this system becomes operational, it has potential to enable simultaneous X/K (8/24) and X/Ka-band (8/32) observations. Each of the sub-bands (X, K, Ka) could be extended to as much as 4 GHz, thereby greatly improving sensitivity and group delay precision. Moreover, K-band would gain dual-band ionosphere calibrations for the first time thereby solving any ion calibration issues for VLBA observations.



Looking at the next stage, the future ICRF is likely to be multi-waveband, incorporating also the optical realization by Gaia into a fully unified multi-waveband frame integrating source positions in all available bands. To this end, a new IAU Working Group entitled ‘Multi-waveband ICRF’ has been created [119]. Areas of work (prior to producing such a frame) include agreeing on common values for the amplitude and direction of the Galactic acceleration vector, establishing common practices to align reference frames in different bands and to treat wavelength and time-dependent source positions, and defining a proper terminology for referring to individual (per wavelength) components of the reference frame. This future multi-waveband ICRF should be a valuable asset to further improve our understanding of the physics of the underlying objects.




8. Conclusions


The ICRF is the physical realization of the ICRS and comprises a catalog of precise positions of extragalactic radio sources observed by VLBI. The ICRF provides the basis for astrometry and deep space navigation and is essential for all space geodesy applications. Since the first realization of the ICRF by VLBI astrometry of extragalactic objects in 1997, the ICRF has evolved considerably. The most recent realization, the ICRF-3 was constructed using VLBI data acquired over nearly 40 years, and shows more than a factor of three improvement over the previous realization, the ICRF-2. The ICRF-3 is also the first multi-wavelength celestial reference frame ever generated and includes independent positions for sources at S/X-band, K-band, and X/Ka-band. The ICRF-3 was adopted by the IAU in August 2018 and is now the fundamental celestial reference frame to be used for all applications. Since 2018, considerable work has been done to maintain and further improve the ICRF-3, at all three frequency bands.



In the future, it will be necessary to continue to maintain and further increase the quality of the ICRF, which in turn will require a continued increase in the precision of the measurements and refinement of the methods and models used in the analysis. In order to achieve this, the current dedicated CRF observing programs must be assessed and one should determine whether it is possible to improve the observations with the available resources. Which sources, which network or network combinations, and which observing and scheduling strategy are the major points to be addressed in this respect. The second focus will be on alternate analysis techniques and the refinement of the modeling. Considering the effect of source structure in the modeling will become necessary. This will require imaging and monitoring of source structure, at all three frequency bands, which in itself is an enormous task.



Maintenance and continuous improvement of the ICRF requires a substantial investment from many individuals and institutions across the globe: the coordination centers and individuals responsible for planning and scheduling of the observations, each of the network stations and the operators that run the observations, the facilities that correlate the data, the analysis centers and many individuals that contribute to the models, the calibration and analysis of the data, and the evaluation of the results. No single person or entity can implement and monitor these programs on their own. Thus, we are thankful for the many scientists, engineers, and institutions that have contributed and continue to contribute to the great successes of the ICRF.
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	SLR
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	VGOS
	VLBI Global Observing System
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Figure 1. Sky distribution of the 608 sources in ICRF-1 (left panel) and 3414 sources in ICRF-2 (right panel). Each source is plotted as a dot color-coded according to its position uncertainty (defined as the semi-major axis of the error ellipse derived from the right ascension and declination uncertainties and correlation coefficients between the coordinates). The color scale ranges from 0 to 1 mas. 
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Figure 2. Left: Sky distribution of the 4536 sources in the ICRF-3 S/X frame. Each source is plotted as a dot color-coded according to its position uncertainty (defined as the semi-major axis of the error ellipse derived from the right ascension and declination uncertainties and correlation coefficients between the coordinates). The color scale ranges from 0 to 1 mas. Right: Distribution of coordinate uncertainties for the same 4536 sources. Right ascension is shown in blue, declination in salmon, and the superimposed portion in purple. Reproduced from [4]. 
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Figure 3. Left: Sky distribution of the 303 ICRF-3 defining sources. Each source is plotted as a dot color-coded according to its position uncertainty (defined as the semi-major axis of the error ellipse derived from the right ascension and declination uncertainties and correlation coefficients between the coordinates). The color scale ranges from 0 to 1 mas. Right: Distribution of coordinate uncertainties for these sources at S/X-band. Right ascension is shown in blue, declination in salmon, and the superimposed portion in purple. Reproduced from [4]. 
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Figure 4. Very Long Baseline Interferometry (VLBI) maps at X-band for three ICRF-3 defining sources (0002–478, 0007+106, and 0010+405). Contour levels are drawn at ±1, 2, 4, 8, 16, 32, and 64% of the peak brightness. These maps are from the Bordeaux VLBI Image Database, BVID [25]. See https://bvid.astrophy.u-bordeaux.fr/ (accessed on 13 May 2022) for full details on the map parameters. 
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Figure 5. VLBI maps at X-band (upper sub-panels) and S-band (lower sub-panels) for three ICRF-3 non-defining sources showing single-sided jets (0035+413, 0148+274 and 0430+052). Contour levels are drawn at ±1, 2, 4, 8, 16, 32, and 64% of the peak brightness. Note that the map scale at X-band and S-band is different. These maps are from the BVID [25]. See https://bvid.astrophy.u-bordeaux.fr/ (accessed on 13 May 2022) for full details on the map parameters. 
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Figure 6. VLBA maps at K-band for three ICRF-3 sources (0234+285, 0621+446, and 1642+690) with compact structure or weak extended emission. The contour levels start at 3× the background rms brightness level and increase by factors of 2 thereafter. The weak extended emission, visible only in the lower contour levels, has a small impact on the astrometry. See [27] (from which these maps are reproduced) for full details on the map parameters. 
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Table 1. Overview of the three generations of S/X-band ICRFs. The date gives the start of each frame as the IAU standard.   N sources   gives the number of extragalactic radio sources in each S/X-band frame. The noise floor is the minimum realistic error based on internal repeatability studies. Note the trend of increasing number of sources and decreasing noise floor.
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	Frame
	Date
	    N sources    
	Noise Floor (  μ  as)





	ICRF-1
	1 January 1998
	 608
	250



	ICRF-2
	1 January 2010
	3414
	 40



	ICRF-3
	1 January 2019
	4536
	 30
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