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Data Flow
From Correlator (program dbedit)

Calc 11 (Compute theoretical delays)

Dbcal/Pwxcb (Add met and cable cal)

Solve or nuSolve (Analyze and update)

Solve/Globl Analysis



Single session analysis and database updating done with Calc/Solve or

Calc/nuSolve (Least squares analysis).

 Apply cable cal and met data.

e Apply various contributions (Earth tides, ocean loading, pole tide, etc).

e Resolve X and S band 2t ambiguities.

e Form X/S combination.

e Set parameters to solve for (site positons, clocks, atmospheres, gradients,
nutation, UT1 rate, etc).

e Edit — restore/delete data points

e Save/Update database to version 4.



Analysis Example:

Before ambiguity
resolution:

$15APRO7XA <3> Delay GX
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Analysis Example:
After ambiguity
resolution:

$15APRO7XA <3>

Delay GX
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Solve/Globl is used to analyze the ensemble of VLBI databases (currently
~5700 databases). [Other global analysis packages include OCCAM, VieVs,
MODEST, SteelBreeze, GLORIA, c5++, GEOSAT.]

Analysis/Science products are in 3 main catagories:
 Terrestrial Reference Frame (TRF)

e Earth Orientation Parameters (EOP)

e Celestial Reference Frame (CRF)



Earth Orientation Parameters

(EOP):
Hutation
and

The 5 Earth orientation parameters :
Precession

give the orientation of the Earth’s
crust and spin axis with respect to
the Celestial Reference frame; i.e.
they link the TRF to the CRF. EOP is
essential for many applications such
as Earth navigation, spacecraft
navigation, VLBI correlation.

Polar -
Motion |
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Polar Motion, Xp, Yp:

Polar motion is the movement of the point where the Earth’s rotational axis intersects the crust.
It is a circular or elliptical motion of the pole over time. The two main components are the
Chandler Wobble with a harmonic period of 14 months (~435 day period), and an annual
wobble. The amplitude of the motion is typically ~¥12-15 meters (¥40-50 feet).

Polar motion also shows a slow drift (secular motion) towards ~80° West Longitude. This is
believed to be due to various mass redistributions such as melting of the Greenland ice sheets
and after-effects of the end of the ice-age. This drift amounts to ~20 meters since 1900.

VLBI (IVS) makes ~2-5 weekly polar motion measurements in 24-hr sessions.
These are combined with GPS, SLR, and DORIS measurements by the USNO and IERS for their

EOP series.



Polar motion from
~2001-2006.
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Universal Time, UT1:

Earth’s rotation rate is uneven, and is gradually slowing down. Long term, there is an exchange of
angular momentum between the Earth and Moon, with the Earth slowing down and the Moon
spiraling farther away. Short term, the Earth’s rotation rate is affected by interactions with the
atmosphere and oceans and various other mass redistributions.

UT1-UTC gives the correction to Universal Time due to variations in the Earth’s rotation rate. A
related parameter, Length of Day (LOD) is the difference in (UT1-UTC) from one day to the next,
typically ~1-2 milli-seconds. To keep UT1-UTC less than 0.9 seconds, leap seconds are
occasionally added (usually on Jan. 1 or July 1).

UT1 is the most critical EOP parameter, since it changes the most rapidly. VLBI is the only
technique that precisely measures UT1. For this reason, IVS makes 8 weekly 1-hr UT1
measurements and processes them as quickly as possible. Predicted values of UT1 1-4 days in
advance are critical for some users. Even with the rapid UT1 measurements, these predictions
can be off by the equivalent of several meters in Earth rotation.



Variablility of Earth's Rotation: (Length of Day - B6400 seconds)
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L Nas:
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LOD has been Atmospheric Angular Momentum
shown to be closely and Length Of Day

correlated to total
atmospheric
angular momentum

Correlation of AAM and VLBI LOD




Precession and Nutation (Celestial Pole Offsets), dX, dY:

The Earth’s spin axis precesses, like a spinning top, with a period of ~26,000 years.
This is called precession. But this motion also has shorter-term variations, called
nutation. Precession and nutation are caused by torques exerted on the Earth and
its equatorial bulge by the Moon, the Sun, and the planets. Precession/Nutation
is described very well by the IAU models (IAU Nutation2000A, IAU
Precession2006). (These models were derived by fitting to VLBI nutation series.)
However there are residual effects of up to 1 milli-arc-second due to the free-core
nutation, the inner free-core nutation, and other small effects, that cannot be
predicted by the models. VLBl makes the most accurate measurements of
Precession/Nutation in IVS sessions (such as the R1’s, R4’s, RDV’s, etc).
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Terrestrial Reference Frame:

VLBI determines the positions and velocities of the VLBI stations at a specified

epoch. Precisions of current sites: Most positions ~¥1 mm. Most velocities <.1
mm/year.

A precise TRF allows for study/detection of plate tectonic motion, earthquake and
episodic motions, regional deformations, post-glacial rebound/subsidence, sea
level rise, etc. GPS, with many more stations, has mostly taken over in this area.

The ITRF is a combination of TRF’s from the 4 space geodetic services (VLBI, GPS,
SLR, DORIS). Current official ITRF is ITRF2008. Epoch is 2005.0. Positions for 118
VLBI sites. Accounts for current plate tectonic motions, past earthquakes, rail
repairs, etc. Does not account for earthquakes, etc, after 2008.0 (Chile, Japan), so
we have to keep monitoring. ITRF2014 will come out soon.



Example of the
VLBI TRF:

Selected VLBI Velocities

¥ = ﬂr

Goddard Space Flight Center VLBI solution KB 201 1an version 01
NUVEL1A-NNR reference frame.



Celestial Reference Frame:

A celestial reference frame is a set of coordinates (RA and Declination) of ‘fixed’ distant objects
(stars, galaxies, quasars, etc). The first CRF’s were optical catalogs of stars, galaxies, nebula, etc.

The CRF provides the inertial frame for absolute orientation of the Earth in the Universe. It allows

measurement of the properties of the Earth’s mantle and core. It is necessary for maintaining
satellite orbits.

VLBI can determine positions of radio sources much more accurately than ground based optical
telescopes. In 1997, the celestial reference frame defined by VLBI became the official
International Celestial Reference Frame, ICRF1, replacing the FK5 optical frame. ICRF1
represented a major paradigm shift for fundamental astronomy, with approximately an order of
magnitude improvement in source positions and frame stability.

ICRF1 was replaced on Jan. 1, 2010 by ICRF2.

Work is now underway for ICRF3, planned for 2018/2019.



ICRF1 (1997) ICRF2 (2010) ICRF3 (2018/2019)

Observation Dates 08/1979 — 07/1995 (16 yrs) 08/1979 —03/2009 (29.5 yrs) 08/1979 — 2018 (~38.5 yrs)
# Observations 1.6M S/X group delays 6.5M S/X group delays ~15M S/X; also X/Ka, K delays
# Defining Sources 212 295 similar

Total Sources 608 3414 4000+ S/X; ?? X/Ka, ?? K
Noise Floor ~250 pas ~40 pas 20-30 pas

Axis Stability ~20 pas ~10 pas <10 pas



ICRF2:

ICRF2 was a tremendous improvement over ICRF1 in terms of source positon precisions, axis
stability, and number of sources.

However, sources are sparse south of ~-40° declination.

And ~2/3 of the sources were observed only once in VLBA Calibrator Survey (VCS) sessions, and

have an average position uncertainty ~5 times larger than the other 1/3. [The VCS sessions were
made to find phase-referencing calibrators for VLBl imaging and astrometry. The precision goals
were ~1 mas.]

Also, some of the ‘defining’ sources are showing instability (significant position differences from
ICRF2).



S/X-band (2/8 GHz) ICRF-2
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e 3414 Sources in ICRF2. Huge improvement over ICRF1’s 608
sources

» But ~2200 are single session survey sources (VLBA Calibrator
Survey) with large formal errors.

» Deficiency: ICRF-2 is sparse south of about -40 deg.



The VCS-Il Sessions:

~2/3 of the ICRF2 sources were single-session sources with relatively large position uncertainties.
To remedy this situation, a small group (the VCS-Il team) was formed to re-observe these sources
with the VLBA. Eight sessions were run between Jan. 2014 and March 2015. The bit rate was 2
GB/sec, versus 128 MB/sec for the VCS sessions. Observations were made at X/S. 300 target

sources were observed in each session. Processing was done with difx, difx2mark4, and
Calc/Solve.

VCS-Il results: 2063 ‘old’ sources were re-observed. Average formal errors were reduced by
~3.8X in RA and Dec. (RA: .84 => .22 mas, Dec: 1.44 => .38 mas).

325 ‘new’ sources were detected and added to the S/X catalog.
12 sources were undetected (only 0.5%).

[VCS-Il team: D. Gordon (Pl), C. Jacobs, C. Ma, T. Beasley, A. Peck, A. Fey, D. Boboltz, R. Gaume, P.
Charlot, O. Titov]



RA formal error (mas)

Improvement in source position formal

errors from the VCS-Il sessions.

2063 Re—obsarved VS Sources

Avarage Formal Errors in 2 Degree Bins

M T T T T
Before WCS—Il sessione
After 8 YCS5—I gesgions
col =
— = L - :
"  ® B b l. ..' " " .
o o L iy
| o W tt*‘*mi.tl'_ﬂi"m P ,..*1- 'i'\q-"‘"l" 'q-i*"r"":iu. *._ E
ﬂ i g 1 1 ¥ | ¥
=50 O T

Declination (degrees)

Declination formal error (maos)

Ay T J J ! ? T
= Before WCS~Il sassions
. After 8 YCS5—Il gesgions
ﬂ- - -
LB & T ] o
5 . . I. 5 l. L] ¥ 2 - l. L ]
oy "*-a_-.-lth _'. - . "Ew ) .l e " ..l a® 3 l:
ey e
'-. -:*"'-t'rr—-r-l--l-"l rn-*l Imhﬁ?,**ﬂﬁ*,:..-*.l;n*
=50 L] 50

Declination (degrees)



ICRF3: Planned for the IAU2018 Meeting

Unlike ICRF1 and ICRF2, ICRF3 is expected to be a 3-frequency catalog at S/X, X/Ka,
and K bands. Sources should be more stable at the higher frequencies. However,
the sources get weaker at the higher frequencies, so there will be fewer sources.

ICRF3 must also deal with galactic aberration (next topic).

The Gaia reference frame (optical) will also come out in the next few years. Efforts
are underway to link the ICRF3 and Gaia frames as accurately as possible. However,
most of the VLBI radio quasars are very faint optically, and will not have the best
Gaia positions. We are currently observing a set of optically bright radio quasars
several times per year to be used as Gaia-link sources.



Aberration:

Aberration is the apparent shift in an object’s direction due to motion of the observer. The
Earth’s motion around the sun produces such a shift in starlight that was discovered by early
astronomers in the late 1600’s/early 1700’s who were trying to measure parallaxes. It was
explained by Bradley in 1727.

Aberration causes the stars, galaxies, etc. to move in circles/ellipses.
major axis ~= (v/c)*sin(q). [v = Earth’s velocity; c = speed of light; q = angle with the ecliptic]

Stars near the ecliptic poles show an annual circular motion with a 20 arc-second radius.
The VLBI delay model takes aberration into account so that we always reference the positions to

their un-aberrated value (as seen from the SSBC). However, we never actually see the sources at
their un-aberrated positions (except in the ecliptic plane twice per year).



Example of aberration. Rain is falling vertically, but if you are running, it appears to be falling at
an angle and you have to hold your umbrella ahead to keep your legs dry.
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Parallax vs. Aberration:

¢ (fo left)¢ > a (to right)

b (in back)

parallax
stellar position is
opposite position of Earth
(also, size depends upon distance)

-__'__,..-—'-—'_'__—_\.\
A C
January July
B
April

a (in front)
b (to right)
c (in back)

aberration
stellar position is offset
in direction of Earth's motion
(also, independent of star's distance)

A ¢
January B July

April



Galactic Aberration:

One of the hottest topics today in VLBI is galactic aberration.

As the solar system orbits the galaxy, with a velocity ~8 times faster than the Earth’s orbital
velocity, we should see aberration for all extra-galactic objects. Quasars near the galactic poles
should show circular motion with an ~320 arc-second diameter every galactic ‘year’ (~215 million
Earth years). With our short lifespans, we should only see a slow change in these aberrated
source positions. Sources near the galactic poles should show motions of ~5 micro-arc-seconds
per year, decreasing to zero in the direction of the galactic center and anti-center, following a
dipole field pattern. This has been call ‘secular aberration drift’, or solar acceleration.



Dipole field pattern for galactic aberration shift:
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Measurements of galactic aberration from VLBI:

Xu, et al (2012): A=5.1+0.3 pas/yr
Titov and Lambert (2013): A=6.4+0.3 pas/yr
MacMillan (2014): A =5.3+0.3 pas/yr

Some disagreement about the direction of solar acceleration.

ICRF3 will have to deal with galactic aberration. An IVS Working Group was recently
formed to study this issue.



Near-Field VLBI:

More and more interest is developing in near-field VLBI. This is VLBI to any object in the solar
system, such that it cannot be treated as being at infinity, as for the quasars. Several models have
been developed for computing the delays to near-field objects. The most commonly used model
is that of Sekido and Fukushima (J. Geodesy, 80, 137-149, 2006) because of its similarity to the
far-field VLBI Concensus delay model.

Applications of near-field VLBI:

e Earth satellites. Connecting the VLBI frames and the GNSS or SLR frames. Tie the VLBI TRF to
the Earth’s center of mass.

e Lunar/planetary probe navigation.

e Lunar/planetary lander location.

 Near-Earth asteroids illuminated by radar.



Correlator Support for Near-Field VLBI:

Difxcalc is a version of calc11 modified for use on the difx correlator, developed by GSFC. It will
support both far-field (quasars, etc.) VLBl and near-field VLBI. It is currently being tested at the

VLBA and should be available soon.



