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An X/Ka-band (8.4/32 GHz) celestial reference frame hasilseastructed using single baselines
from the combined NASA and ESA Deep Space Networks for apprately 100 sessions each
of ~24-hour duration. The frame solution has dramatically iowpd with respect to the last
reported frame due to the inclusion of Southern NASA-ES/Aeliass, routine 2-Gbps data rates,
and correction of instrumental delays by recently depldgasband phase calibration tones.
Comparisons with the S/X-band (2.3/8.4 GHz) ICRF-2 refeedname will be presented showing
increasing agreement for 525 common sources. About 13%asare located in the south polar
cap 0 < —45°) which became accessible for first time with the additionh&f ESA station in
Malargue, Argentina to our project’s network. There is evide for systematic errors at the 100
uas level. The known sources of error will be discussed.

Frame tie precision with Gaia has been estimated in abi@utias (1o, per 3-D rotation com-
ponent) using measured X/Ka position uncertainties andlsied Gaia uncertainties. Compared
to X-band, Ka-band allows access to more compact radio sauarphology and reduced core
shift which should reduce these systematic errors comparadie of Gaia to S/X-band VLBI.
However, there is a great deal of uncertainty in the offsetvben optical and radio centroids from

effects such as optical host galaxy asymmetry which magnaliely limit the frame tie accuracy.
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1. Introduction
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Figure 1: NASA-ESA combined Ka-band network: southern geometry matly aided by addition of
Argentina (left) providing 3 more baselines and full sky emge (right).

The NASA's Deep Space Network (DSN) is the largest and mostitiee scientific communi-
cations system in the world and during 2014 reached its S@tivarsary. This international array
of giant radio antennas supports interplanetary spadeuissgions, plus a few that orbit Earth. The
DSN also performs radar and radio astronomy observatiatdrtiprove our understanding of the
solar system and the universe. Additionally motivated l®rtbed to navigate inter-planetary space
probes, the DSN also constructs VLBI radio reference frailm@seasure spacecraft positions and
motions. Moreover, the DSN is an excellent instrument faromsetric measurements due to its
large apertures, low system temperatures, high data natel®ag baselinesx 8000 km).

However, the DSN’s single southern site limits the soutirerst observed declinations>(
—45°). To overcome this deficiency, a collaboration with the Ppaan Space Agency’'s (ESA)
35-m antenna located in Malargle, Argentina (Fig. 1) watsaiieid, thereby adding three more
baselines to the DSN’s two baselines. We note the near pdiqugsr mid-latitude baselines
(California-Australia and California-Argentina) and tilésouthern baseline (Australia-Argentina)
which completed full sky coverage by giving Ka-band accesbé south polar cap for first time.

Higher data rate requirements for spacecraft telemetryladeed of smaller and lighter radio
frequency systems in the spacecraft are driving the DSNgtiodnifrequencies, from X to Ka-band
(32 GHz). The radio catalog presented in this paper waszeshkt X/Ka band due to spacecraft
needs. Fortuitously, Ka-band offers the advantage of eddlastrophysical systematic errors from
reduced core shift and from accessing more compact sourgehwlogy.

We note that international Ka-band acceptance is growingouf 20 antennas around the
world have, will have, or are considering acquiring 32 GHpatality. Jacobset al. (2012 [7])
discuss the potential for a worldwide Ka-band VLBI netwodpable of high resolution imaging
and astrometry of the most compact regions in Active Galadticlei.

This paper is organized as follows: Section 2 describesdhe® of the astrometric targets and
the role of the observed frequency, Section 3 presents tia-Kand Celestial Reference Frame
and compares it with current radio-based celestial frarBestion 4 discusses the viability of a
frame tie between the Gaia optical frame and the DSN X/Keaor&dime.

*Speaker.
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Figure 2: Nature of astrometric targetk.eft. Source structure and compactness vs. wavelength for 0458-
020 (Pushkarev & Kovalev 2012 [17], Charleital. 2010 [3]). Right. Multi-epoch radio spectrum for 2
different astrometric sources: 0458-020 and 3C286 (MOJpXxgect, Listeret al., 2009 [10]).

2. Astrometry at Higher Radio Frequencies

A perfect astrometric target would be a point source at ityfinivhile no radio source meets
this ideal, the cores of quasars and radio galaxies can agpithis standard. Typically for self-
absorbed synchrotron sources, the observed flux densitijodison on VLBI scales becomes more
compact but weaker at higher observing frequencies (Figogigl, 1981 [8]).

Recent efforts at higher frequencies are beginning to geovery promising astrometric re-
sults (Lanyiet al. 2010 [9], Charlotet al. 2010 [3]). Our Ka-band (32 GHz) observations, ap-
proximately a factor of four larger than the usual X-bandpdbke advantage of the more compact
structure of the targets apart from avoiding the S-band &R&dequency Interference (RFI) and
reducing the ionosphere and solar plasma effects on grday ded signal coherence by a factor
of ~15 allowing observations closer to the Sun and the Galadites.

The increase in frequency also implies several disadvastadvioving closer to the water
vapor line at 22 GHz increases the system temperature to 1@-tts K per atmosphere or more,
thereby greatly increasing vulnerability to poor weathairthermore, the sources themselves are
in general weaker and many sources are resolved, with trerédss sources detectable. Also,
the coherence times are shortened so that practical ititagtanes are a few minutes or less and
lastly the antenna pointing accuracy requirements musgbtehed by the same factor of four. The
combined effect of these disadvantages reduces the systesitity. Fortunately, recent advances
in recording technology (e.g. Garcia-Miebal., 2015 [5]) make it feasible and affordable to offset
these losses in sensitivity by recording at higher datarate

3. The X/Ka-band Celestial Reference Frame

The results presented here are from approximately 100 VenglBaseline Interferometry
(VLBI) observing sessions of24 hour duration (35,000 group delay/phase rate obsengtio
performed from July 2005 until September 2014 using NASAgiens in Goldstone (Califor-
nia), Tidbinbilla (Australia) and Madrid (Spain), and snearly 2013, the ESA station located in
Malarguie, Argentina. Jacolesal. (2011 [6]) give details on the experiment design and arglysi

We have detected 654 extragalactic radio sources with lkyllceverage, of which 138 are
located in the south polar cap made accessible for first timectal the ESA site in Argentina. The
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new south polar cap sources were selected from Petrov (REJ28]) when fluxes >200mJy and
70% of its total flux was unresolved. We detected 96% of oudickates. Fig. 3 shows the location
in the sky of the X/Ka catalog sources using a Hammer-Aitodjgxtion.

Comparisons with the S/X-based (2.3/8.4 GHz) ICRF-2 refezdrame (Maet al. 2009 [13])
show improving agreement for the 525 common sources. Feetheurces, the weighted RMS
(WRMS) differences are-165 uas ina cosd and~205 uas ind. When comparing with a recent
2014 Goddard solution (GSFC-2014bp3, Gorabral., private comm., NASA Goddard, 2014)
the wRMS slightly improves to 154 and 13fas inacosd and d, respectively. Moreover the
declination bias decreases from -102 to #68s, showing a significant reduction of systematic
errors between the frames.

Systematic errors at the 1Q€as level include limited SNR, partially calibrated instremta-
tion, and tropospheric turbulence. Recently we incredsedata rate by factor of 4 to 2 Gbps using
a new DSN digital backend (Garcia-Migb al., 2015 [5]). Ka-band phase calibrators have been
installed at Goldstone with units being prepared for Carsband Madrid. Water vapor radiometer
calibrations have been demonstrated, but are availabjeabsbme antennas.
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3a. RA* (arc) precision: Mediaw is 96 uas. 3b. Dec precision: Mediaag is 126 uas. Note

Note lower precision for Dec < -4%ecause less lower precision for Dec < -45because less than
than 5% of data is from the all-southern baseline. 5% of data is from the all-southern baseline.
Figure3: Distribution of 654 X/Ka sources plotted using a HammereKiprojection to show their locations
on the sky.a = 0 is at the center. The ecliptic plane is shown by the dasheztdplay line and the Galactic
plane is indicated by the yellow-red dashed line. The s@uce color and symbol coded according to their
1-o0 formal a cosd andd uncertainties with the value ranges indicated in the legend

4. Gaia Optical FrameTie

The ESAs Gaia astrometric observatory was launched Deeedfiih 2013. It scans the sky
using twin telescopes with the aim to observé @bjects down t&/ = 20 visual magnitude (500—
600 nm), including 500,000 quasars of which about 2,000 quasars should be radio lou®B(B6-
mJy) and optically bright (V< 18 mag). Position precisiorlwéange from 25uas atV = 16 to
~ 70 pas atV = 18. Several issues with Gaia performance may affect adesrdorV > 18
objects.

The Gaia optical frame (Lindegreshal., 2008 [11]) will also use quasars as defining sources
thus allowing direct comparison with VLBI, starting withettrelease of the position-only First
Notional Intermediate catalog in mid-2016. Boumgaal. (2012 [2]) found that only 6% of the
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ICRF-2 sources (195) are bright f48) and compact enough to make significant contributions
to an optical-radio tie. The sample for potential Gaia tierses has therefore been enhanced
by adding 119 sources selected from a sample of 447 optibaltyt (V<18) extragalactic radio
sources from the NRAO VLA Sky Survey (Bourdhal. 2010, 2011 [1]). These new Gaia tie
sources, mostly located in the Northern Hemisphere, wetaded in our DSN S/X catalog (Fig.
4, left), and 18 of them, the strongest flat spectrum soumers also detected in X/Ka. Fig. 4b.
(right) shows optical magnitudes for the X/Ka sources (We@etty & Veron, 2010 [18]) with 345
sources having optical counterparts bright enough to bectit by Gaia( < 20 mag) and 175+
objects having optically bright counter parts € 18).

Using existing X/Ka-band uncertainties and simulated Geieertainties (Gaia, (2012 [4])
corrected for ecliptic latitude, but not V—I color, a covariance study predicts that the X/Ka and
Gaia frames could be aligned with a precisiom~o¥ uas per 3-D rotation angle (@), a number
so small that one must expect systematic errors to domihatgue accuracy.

Therefore, a tie between the optical and radio frames reguardeep understanding of the
different emitting regions in relativistic jets. In the radegime, increasing frequency tends to
more compact but weaker sources. Moreover, opacity efthasto synchrotron self-absorption,
that alter the core position, are greatly reduced at higrezruencies. This core shift for phase
delay from X to Ka is expected to be 100 pas and from Ka to optical 25 pas. However, Porcas
(2009 [16]) argues that, under minimum energy condition@ear) equi-partition of particle and
magnetic energy in the jets (Pacholczyk, 1970 [14]), theatfon the group delays used on radio
frames is several times smaller than on phase delay.

With respect to the radio-optical centroid offset, for mtbud quasars the optical and radio
emission may both be dominated by the emission from the yijésted to opacity effects) while
for radio-quiet quasars the optical emission is dominatethe non-thermal emission from a cen-
tral ionizing source (corona or wind) and the thermal congmbfirom the accretion disk ("big blue
bump"), while radio emission from the jet is weak or absenelfvié et al., 2009 [19]). Given
Gaia's~60 mas linear spread function (Mignard 2014, private comasymmetry from the host
galaxy may bias the optical centroid. Zacharias & Zachdfi@g4 [20]) estimate that these biases
may be manymnas or even larger which would dominate the tie error budget.
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Figure4: X/Ka Radio Frame to Gaia Optical Frame tie
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5. Conclusions

The ESA-NASA collaboration has greatly improved our X/Kéwark configuration, achiev-
ing full sky coverage by accessing the south polar cap foffiteetime. Astrometric results are
improving rapidly due to this augmented geometry, the impdoastrophysical stability at 32 GHz,
increased data rates (2 Gbps), and Ka-band instrumentiatatats. Comparison of 35,000 group
delay/phase rate observations at X/Ka with the S/X-bas&FI2 reference frame shows agree-
ment below 20Quas (1 nrad) in both axes. Declination bias is a concern, lmginteS/X solutions
reduce the absolute value of the bias tors. In order to achieve true accuracy better than 100
uas, we need to reduce systematic errors with further obsengausing ESA's Malargiie antenna
and any other Ka-band worldwide antennas, installationabignd instrumental phase calibrators
at all DSN sites, and usage of water vapor radiometers tbreddi the troposphere. These results
give hope that better than 1Qfas radio accuracy might be achieved in the near future. I€alpt
systematics can be calibrated with comparable accuracgyeera in reference frame alignment
will be born.
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