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1 Introduction

Group delay of an extended source observed with
very long baseline interferometry (VLBI) differs
from the group delay of the point source. Up
to now, the contribution of source structure is
not included in routine analysis of VLBI data. It
was known for long time that source structure
is a significant (f.e., Zeppenfeld, 1993; Sovers
et al., 2002; Tornatore and Charlot, 2007; Sha-
bala et al., 2015; Petrov and Kovalev, 2017) or
even the major contributor (Anderson and Xu,
2018) to the error budget in geodetic VLBI.
One of the most promising ways to compute
the source structure contribution to group de-
lay is to generate images from the same VLBI
observations, perform their 2D Fourier trans-
form over spatial coordinates, and use it for cal-
culations (see, f.e., Petrov and Kovalev, 2017).
Unfortunately, geodetic observing schedules are
not well suited for producing good quality im-
ages. A typical geodetic schedule splits the net-
work into a number of ad hoc subarrays, so a
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subset of stations observes one source and a sub-
set of other stations observes another source at
the same time and upon completion of integra-
tion, another subset of stations observe the next
source. This leads to a very substantial reduc-
tion of the number of closures in phase and am-
plitudes required for robust imaging. Astronom-
ical schedules usually avoid subarrays. The use
of data for geodesy and astrometry from astro-
nomical programs designed for imaging was not
common in the past because 4 to 8 intermedi-
ate recorded frequencies were usually allocated
contiguously, while for geodetic applications the
frequencies are allocated as wide as possible. As
a result, group delay uncertainty at a given sig-
nal to noise ratio (SNR) was an order of mag-
nitude worse than from geodetic schedules and
although these such data were still useful for
astrometry (Petrov, 2011, 2013), they were not
interesting for geodesy. A non-contiguous allo-
cation of intermediate frequencies for astron-
omy projects was rare because usually it was
not required and a commonly used AIPS soft-
ware package (Greisen, 2003) that implemented
the fringe fitting procedure dos not support pro-
cessing these data. data. In a case if the goal of
astronomical observation required wide spanned
band width, for instance, for VLBA Imaging
and Polarimetry Survey at 5 GHz (Helmboldt
et al., 2007), processing the data in a geodetic
mode was feasible provided good results (Petrov
and Taylor, 2011). However, single-band obser-
vations at rather low frequencies such as 5 GHz
are affected by the ionospheric contribution and
this limits their usability for geodesy.
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Progress in radioastronomy instrumentation
resulted in an increase of recorded bandwidth.
Since 2016—2020, astronomical observations typ-
ically cover frequency band 256 or 512 MHz
which produce group delay precision on par with
geodetic setups. Therefore, an astronomical ob-
serving program suitable as a testbed for study-
ing source structure contribution in detail should
a) observe strong sources; b) be conducted at
rather high frequencies to minimize the impact
of the ionosphere. MOJAVE-5 (Monitoring Of
Jets in Active galactic nuclei with VLBA (Very
Long Baseline Array) Experiments) suits both
these criteria. The program commenced in 1994
Lister et al. (2018) and focused on observations
of bright active galactic nuclea (AGNs) with dis-
cernible structure at 15 GHz.

MOJAVE (Monitoring Of Jets in Active galac-
tic nuclei with VLBA (Very Long Baseline Ar-
ray) Experiments) is a long-term program car-
ried out by an astrophysics community, which
focuses on monitoring of radio brightness and
polarization variations in jets associated with
active galaxies on parsec-scales visible in the
northern sky (Lister et al., 2018). In September
2016 the observing series with the VLBA obser-
vation code “bl229” has started. In this series,
the observations are carried out at a wavelength
of 2 cm (15 GHz, Ku band) approximately every
month within 2048 Mbps 24 hour-long experi-
ments.

ration) we further focus on the MOJAVE data
from the astrometry point of view, dealing with
the estimated radio source positions which built
the celestial reference frame.

2 Motivation

Before commencing a thorough investigation of
the impact of source structure on astrometry
and geodesy results we need establish a solid
foundation of that work. MOJAVE dataset dif-
fers by a) the way how it was scheduled; b) by
observing frequencies; and c) by the source se-
lection.

An observing schedule consists of a sequence
of time intervals called scans when all or a part
of antennas of the network record voltage from a
given source. Astronomical schedules are usually
made by optimization of the wuwv-coverage, i.e.
projections of the baseline vector on the plane
tangential to the source direction. The goal is
to generate such a sequence of observations that
covers that plane as uniform as possible for each
program source. Geodetic schedules are usually
made to optimize elevation/azimuth coverage at
each station for some interval (1-3 hours).

Geodetic observations are done at two or more
frequencies simultaneously. Since the ionospheric
group delay is frequency dependent, multi-band
observations allows to derive an ionosphere free

The MOJAVE dataset provides a unique testbed combination of group delays. Astronomical ob-

for research of source structure which is recog-
nized as one of the contributors (Sovers et al.,
2002; Tornatore and Charlot, 2007; Shabala et al.,
2015) or even as the major contributor (Ander-
son and Xu, 2018) to errors in geodetic VLBI.
The Earth orientation parameters, which built
the link between the terrestrial and celestial ref-
erence frame, are regularly estimated by Very

Long Baseline Interferometry. The unsubstitutable

role of VLBI is in the measurement of UT1-
UTC and nutation components. Until recently,
the estimates of EOP were produced only from
the observations in the traditional S/X bands
(2.3/8.6 GHz, 13/3.6 cm). In Krasna et al. (2019)
the first estimates of the EOP from the ded-
icated geodetic VLBA experiments in K band
(24 GHz, 1.2 cm) were published. In this paper,
we present the first EOP estimates in Ku band
(15 GHz, 2 cm) from purely astrophysics VLBA
sessions covering the last four years (2016.7 —
2020.5). In Krasnd and Petrov (2021, in prepa-

servations are usually done at one frequency at
once. Therefore, group delay observables form
astronomical observations are affected by the
ionosphere.

A list of ~100 objects are usually observed
with geodesy schedules. Sources with extended
structures are observed less often than point-
like sources. Astronomical schedules have less
sources, but they are observed more intensively
during an experiment. Sources with extended
structures are preferably picked.

In this paper we wanted to answer the follow-
ing questions: 1) what are the metrics of geode-
tic parameters from MOJAVE-5 dataset? 2) how
worse or better these metrics are with respect
to similar geodetic programs? 3) what is the
main cause of these differences? And finally, we
wanted to learn whether we can use MOJAVE-
5 dataset as a testbed for investigation of the
impact of source structure on geodetic and as-
trometric results.
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3 Data analysis

The VLBA network consists of ten 25-meters radio tele-
scopes located on the U.S. territory (eight in North
America, one in the Pacific, and one in the Caribbean),
see Fig. 1. The interferometric visibility data of

MOJAVE-5 campaign (observing code bl229) at 15.3 GHz

(Ku band), dual circular polarization, frem—the
V-EBA-eerrelator are publicly available through the Na-
tional Radio Astronomy Observatory (NRAO) Science
Data archive! in the FITS-IDI (Interferometry Data

Interchange) format M%W

‘We processed 33 MOJAVE-5 experiments since
September 26, 2016 through July 02, 2020.

1 The first 25 experiments (bl229aa-ay) were ob-
served at eight sub-bands independent recorded eight
intermediate frequencies (IF) of 32 MHz wide
per polarization using the PFB personality of
the digital backend. 64—ehannels—each. Since July
2019 (experiment bl229az) the-bandwidth-of-a-sub-band
has-inereased-to—64-MHz—which-built-forr—sub-bands
eovering—128-channels MOJAVE-5 campaign used
four IFs of 64 MHz wide per polarization us-
ing the DDC personality of the digital back-
end. In both cases the total recorded bandwidth
per polarization was 256 MHz (see Table 1). We
processed the observations with the fringe-fitting soft-
ware PIMA (Petrov et al., 2011) (coarse fringe fitting
— bandpass calibration — fine fringe fitting) and pro-
duced databases including among others group delays
and their uncertainties. in-ageo-VEBHormat-GVH-and
shert-VBA-footnotehttp: //astrogeo.org/gvh/vda. These
quantities databases serve as input for the data analy-
sis software package pSolve? and as an alternative input
for the analysis software package VieVS (B6hm et al.,
2018).

We process the MOJAVE group delays with these
two independent analysis software packages and com-
pare the estimated baseline lengths and Earth orien-
tation parameters in terms of the weighted root mean
square. Farthermeore; As a reference dataset, we ana-

lyzed 22 geodetic RV {Researeh-and-Development-VERD

(Regular geodesy with VLBI) (Petrov et al., 2009)-

and 6 CN sessions observed in S/X band for the same

time span starting with rv119 on September 14, 2016

wat—RDV34+—-en through July 07, 2020. swhich—are

22-RPV-and-6-EN-experiments-in-total—RV-sessions
e Loeodeti . hedied—forfill

1 https://archive.nrao.edu/archive
2 http://astrogeo.org/psolve

Fig. 1 Distribution of the ten VLBA radio telescopes.

Table 1 Lower edge frequency of the sub-bands in the bl229
experiments in GHz.

bl229aa—ay  bl229az—bg
15.22400 15.17575
15.25600 15.25575
15.28800 15.31975
15.32000 15.38375
15.35200

15.38400

15.41600

15.44800

eapab-}e-ef—reee-rdﬁig%-BvArn&ed-es- The RV network

consists of ten VLBI and three to six other geode-
tic stations. These sessions are scheduled to provide
ameng—others accurate EOP, a high accuracy TRF,

and source p051t10ns where-the VEBA-stations-are

ebseﬁa-t-teﬁs- Only 10 VLBA stations partlclpated
in CN experiments. Fhe-CN-experiments-eonsist-of
the-ten—VEBA-stations-only-and-rin-eonenrrent-with
We show the comparison of the baseline length scat-
ter between the VLBA telescopes and of the estimated
EOP from the astrophysics MOJAVE measurements
and from the dedicated geodetic experiments.
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-T-hefefe%e- As an extra check, we analyzed the VLBA
data in several ways. One solution was produced us-
ing the software PIMA for the fringe-fitting and pSolve
for the analysis. In the second solution we analyzed
the group delays produced with the PIMA software
with the analysis software VieVS. For the rv+cn exper-
iments we run another solution them with the software

VieVS where we used the—effieiat—veosDB—databases

Corr 20



http://astrogeo.org/gvh/vda
https://archive.nrao.edu/archive
http://astrogeo.org/psolve

Corr 21

_orr 22

_orr 23

Hana Kréasnd, Leonid Petrov

S&Astrometry—VS) group delays evaluated with

Fourfit visibility analysis software. These data
products were retrieved from the International
VLBI Service for Geodesy & Astrometry (IVS)
data archive?.

Tables 2 and 3 contain the parameterization of the
estimated parameters in the solutions. The MOJAVE
and RDV&CN experiments are processed in the same
manner with the same parameterization to allow for an
informative comparison.

Baseline length repeatability. We run several solutions
which we compare in terms of baseline scatter. In Fig. 2
we show the Noteweighted root mean squares (wrms)
of the estimated baseline length from selected solutions
computed with pSolve (upper figure) and with VieVS
(lower figure). In both figures the red crosses denote
the baselines determined from the MOJAVE experi-
ments. Two further solutions in the upper figure com-
pare the baseline scatter computed from the RDV&CN
sessions once with the whole scheduled network and
once with observations conducted at the VLBA sta-
tions only. The results show that wegleeting dropping
the data obtained with the non-VLBA stations does
not change the wrms of the baseline lengths between
the VLBA telescopes. In the lower plot we compare
the MOJAVE bl229 basehne scatter with rv+cn ses-

d—a-ﬁa-base—brt—he—?@% processed with Fourﬁt Compar—
ison of the VLBA baseline scatter obtained from MO-

JAVE and RDV&CN sessions gives similar conclusion
independently from the used software packages. There
is an increase in the baseline length repeatability from
a solution using the MOJAVE-5 dataset with respect
to the reference RDV&CN sessions. With a linear ap-
proximation the difference makes about 1.3 mm for a
1000 km long baseline or 3.2 mm for 8000 km base-
line length. The coefficients of the linear regression are
summarized in Table 4. We conclude the baseline

length repeatability derived from analysis of single-

bane 15 GHz MOJAVE-5 experiments is ap-
proximately a factor of 1.5 greater than these
statistics derived from contemporary dual-band
2/8 GHz datasets.

FEarth orientation parameters The Earth orientation pa-
rameters are estimated in a so-called backward solu-
tion, i.e., a solution consistent with globally estimated
terrestrial and celestial reference frame from the re-
spective sessions. The orientation of the TRF is set

3 Available at
data/index.html

https://ivscc.gsfc.nasa.gov/products-

with the NNT/NNR condition on all ten VLBA sta-
tions and the CRF is oriented with the NNR condi-
tion on ICRF3 defining sources. Several solutions sim-
ilar to that introduced in the afore-noted paragraph
are computed and the EOP are estimated with both
software packages pSolve and VieVS. Table 5 shows
the wrms of the ERP (polar motion components and
dUT1) w.r.t. IERS 14 C04 time series after a trend and
bias removal, whereas the wrms of the nutation offsets
is given w.r.t. a harmonic expansion heo_20200606.heo

produced from analysis of available geodetic VLBI

data since 1980 through 2020 using the method
presented in Petrov (2007). In addition the median
formal error for all five EOP is summarized in the table.
We show three solutions computed with pSolve similar
to those introduced by the baseline length repeatability,
i.e., EOP from MOJAVE dataset, EOP from RDV&CN
sessions including all stations, and EOP from RDV&CN
sessions using the VLBA telescopes only. Estimation
of EOP using single band observations at high
frequencies was made in the past (f.e., Petrov
et al., 2011). Our recent processing of of 37 VLBA
experiments at 24 GHz (Krasna et al., 2019)
showed that although formal uncertainties were
on par with dual-band regular geodetic experi-
ments (60 pas for X-pole, 80 pas for Y pole and
5us for UT1), wrms of difference with respect
to the IERS 14 C04 time series taken as a refer-
ence were greater than formal uncertainties by
a factor of 3 for polar motion and a factor of 10
for UT1.

Table 5 shows that EOP determined from
MOJAVE-5 data have the wrms differences with
respect to the reference IERS 14 C04 a factor of
1.3 to 1.8 larger than from RV+CN experiments
at the same network.

4 Differences between MOJAVE bl229 and
RDV&CN

We recognize that there are three major differences be-
tween the datasets which can have an impact on the
geodetic results. The first one is the scheduling ap-
proach due to different goals of the experiments. The

second one is the treatment of ionosphere since MOJAVE-

5 sessions are single-band experiments. The third dif-
ference lies in the radio sources which were selected for
observations. We will try to isolate these factors
and determine which factor has the greatest im-
pact on the accuracy of geodetic solutions.
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Table 2 Parameterization of estimated parameters of the single session solutions in pSolve

pSolve

CRF

TRF

ERP

celestial pole offsets
zenith wet delay
tropo. gradients

selected sources

clocks
baseline clock offsets  offset with constraint sigma 500 ns
weights yes

NNT/NNR condition on VLBA stations with 0.1 mm constraints
offset and rate with-eonstratt-signra4b-mas—(3-msr-on-offset
offset without constraints
B-spline with the time span 20 min and sigma of constraints 50.00 ps/h
8 hours with sigma of constr. 0.5 mm on offset and 2.00 mm/day on rate
B-spline with the time span 60 min and constraint sigma 5.e-14 s/s

Table 3 Parameterization of estimated parameters of the single session solutions in VieVS

VieVS
CRF selected sources without constraints
TRF NNT/NNR condition on VLBA stations
ERP

celestial pole offsets offset
zenith wet delay

tropo. gradients

clocks
baseline clock offsets  offset without constraints
weights baseline-dependent weighting

pwlo with the time span 24 hours with relative constraints 1 mas

pwlo with time span 30 min with relative constraints 1.5 cm
pwlo with time span 180 min with relative constraints 0.5 cm
pwlo with time span 60 min with relative constraints 1.3 cm, one rate and one quadratic term

Table 4 Baseline length scatter. Coefficients of a linear re-
gression: a - L + b where L is length of baseline in [mm)].

dataset software a [ppb] b [mm]
MOJAVE bl229 PIMA, pSolve 0.91 2.50
RDV&CN VLBA only PIMA, pSolve 0.64 1.51
RDV&CN all stat PIMA, pSolve 0.61 1.54
MOJAVE bl229 PIMA, VieVS 0.98 2.04
RDV&CN all stat vgosDB, VieVS 0.60 1.17

4.1 Scheduling

In Fig. 3 we show the sky coverage during a 24-hour ob-
serving session at three selected telescopes (BR-VLBA,
FD-VLBA, SC-VLBA) where colors depict the time
passed since the start of the session. As an example
we show the sky coverage during the MOJAVE session
bl229bc observed on December 22, 2019 in the upper
plots and the CN1924 session observed with the same
network on December 09, 2019 in the lower plots. Ta-
ble 7 summarizes the mean number of scans in a 24-
hour experiment at each of the ten VLBA telescopes
computed over the investigated time period (Septem-
ber 2016 — July 2020). The numbers show, that dur-
ing geodetic experiments there are twice as many scans
at each telescope as during the MOJAVE sessions. The
geodetic sessions focus on even distribution of the ob-
servations over all azimuth and elevation angles in the
common visibility sky area to ensure a good decorre-
lation of station dependent parameters such as station

height, zenith wet delay, clock parameters or baseline
clock offsets. On the other hand, the primary goal of
the bl229 experiments is to provide best images in
monttering of jets in active galactic nuclei, therefore
the schedule is optimized to track a set of sources in a
24-hour session. The Fig. 4 depicts the total number of
observed sources in each session (upper plot) and the
median number of observations during a 24-hour session
for each source computed over the respective four years
period. The red crosses show the MOJAVE sessions,
and blue x-signs depict the RDV&CN sessions. The me-
dian of observed sources lies at 30 radio sources during
a MOJAVE session, and at 78 radio sources during a
RDV&CN session. Comparison of the number of obser-
vations for each source during a whole session shows
that 95% of the AGN observed in MOJAVE sessions
have more than 150 observations whereas only 35% of
the sources observed in RDV&CN sessions gets over
this limit. Fhis—shows-again-the-interest-of- MOJAVE

obtat—enretweh P N

© O a Ot crata O th

stdy. Sources with few observations in geodetic exper-
iments serve for a good sky coverage over the stations
which allows an accurate estimation of geodetic relevant

parameters.
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Fig. 2 Baseline length scatter. Without iono correction.

Table 5 Statistics (wrms and median formal error) of the estimated EOP from MOJAVE bl229 and RDV&CN series. The
values for ERP are given w.r.t. IERS 14 C04 time series after trend and bias removal, for celestial pole offsets dX and dY
w.r.t. harmonic expansion heo_20200606.heo

x-pole [puas] y-pole [pas] dUT1 [us] dX [pas] dY [pas]

MOJAVE bl229 wrms 228 286 23 169 128
median formal error 109 153 9 59 56
RDV&CN VLBA only  wrms 126 218 15 89 129
median formal error 80 120 6 92 69
RDV&CN all stat wrms 117 130 14 72 87

median formal error 57 89 4 86 60
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Table 6 Weighted rms of post fit residuals in [ps].

min max median
MOJAVE bl229 series 11.3 28.7 184
geodetic RDV&CN all stat 14.7 40.3 25.2
geodetic RDV&CN vlba only  14.7 37.8 24.1

4.2 Tonosphere

The ionosphere is a refractive media. Propagating in the
ionosphere, phase delay decreases, and group delay T,
increases with respect to the ionosphere free ;¢ group
delay in the absence of the ionosphere as

Tgr = Tig + KATEC/ f4, (1)

where fog is the effective frequency that is within sev-
eral percent from the recorded central sky frequency,
ATEC is the differential Total Electron Content mea-

sured in TEC units (TECU, 1 TECU = 106 electron/m?):

ATEC = / N, ds; — / N, ds, (2)

SROEE T
e B%8 4O

Fig. 3 Sky coverage of three VLBA stations: BR-VLBA, FD-VLBA and SC-VLBA during the bl229bc MOJAVE experiment
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Fig. 4 The upper plot shows number of observed sources in
each session. The lower plot depicts the median number of ob-
servations for each source. The red crosses stand for the bl229
experiments, blue x-signs for the RDV&CN experiments.

with s; and so as paths of wave propagation from a
source to the first and second station of the radio inter-
ferometer, and

k=10"16. = 5.308018 - 101% 57! (3)
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Table 7 Mean number of scans at VLBA telescopes in one session computed over the period of interest (September 2016 -

July 2020).

Br Fd Hn Kp

La Mk NI Ov Pt Sc

MOJAVE bl229 series 245 245 241 248
geodetic RDV&CN experiments 451 485 445 493

251 204 251 252 235 219
483 357 467 487 451 423

where e — charge of an electron, m, — mass of an
electron, €, — permittivity of free space, ¢ — velocity
of light in vacuum.

To mitigate the impact of the ionosphere on group
delay, geodetic observations are usually conducted at
two frequencies simultaneously. Combining group de-
lays T, and T; at the upper and lower frequencies f,
and f; respectively, we can derive the differential TEC
and the ionosphere free path delay as

2 £2
ATEC = fgiflff (11 — ’ru)72
s :ﬁ@ﬁ“_ﬁﬁﬁ“ @
Tiu = fif (Tt — Tw)-
fi—f

Derivations of these equations can be found for ex-
ample in Petrov et al. (2011). This approach allows to
effectively cancel the ionospheric contribution, leaving
residual contribution at a level not exceeding several
picoseconds (Hawarey et al., 2005).

MOJAVE program used only one frequency. An al-
ternative approach for modeling the ionospheric con-
tribution is to use TEC maps from GNSS observation
processing. Applying time and spacial interpolation, we
can compute TEC in the up direction for each station
and each observation. Then we can related the TEC
into direction of observation at elevation angle E to
TEC in vertical direction via mapping function M;(E).
Considering the ionosphere as a thin shell at height H,
we can easily derive the mapping function as

1
M) = oy
B(E) = arcsin Lsfl, (5)

where Rg is the Earth’s radius.

We use Center for Orbit Determination in Europe
(CODE) TEC time series (Schaer, 1999)* with a resolu-
tion of 5° x 2.5° x 2" This resolution is relatively coarse
and accounts only for a part of the signal. Therefore,

4 Available at ftp://ftp.aiub.unibe.ch/CODE

our results of processing MOJAVE results are affected
by systematic errors caused by the residual ionosphere.

In order to quantify the residual ionospheric signal,
we process dual-band RDV&CN data set. For the pur-
pose of this study, we consider that the ionospheric free
linear combination of X and S band group delays has
no ionospheric contribution. We can form the differ-
ences between the ionospheric contribution computed
from TEC maps and from X and S band group delays
and investigate the properties of this stochastic process.

Solving for zenith path delay in the neutral atmo-
sphere will pick up a portion of the slowly varying bias,
but the ionospheric fluctuations at scales less than sev-
eral hours will propagate to residuals. We can try to
characterize stochastic properties of the residual sig-
nal. The ionospheric path delay fluctuation is a non-
stationary process. From the general results or turbu-
lence theory, we can expect that fluctuations at scales
x will be related to fluctuations at scales y via a power
law. Therefore, we did the following:

First, we computed the mean differences dg, = Ty —
T;» between the ionospheric path delay at X band com-
puted from TEC maps (T;4) and from VLBI dual band
observables (t;,) for every baseline and every exper-
iment in RDV&CN dual-band dataset, and then we
subtracted the mean value from dg,. The mean value
is the sum of the bias between TEC maps and VLBI
ionospheric path delay and instrumental delay in VLBI
hardware where the instrumental delay may be greater
than the ionospheric signal. Since the instrumental de-
lay is not calibrated, the mean value of dg, is meaning-
less. Then we computed the rms over dg,. We discarded
the data with clock jumps that may happen at only one
band. We got time series of rms(dy,) and we examined
empirical relationships of rms(dg, ) with other statistics.
We found that rms?(dy,) has a linear dependence with
rms(T;g). The power law dependence between dg,, and
Tiq was expected, but the power law coeflicient, 2, is
purely empirical. Fig. 5 demonstrates the time series of
dg, and their fit.

We can compute the rms of the ionospheric errors
at a given baseline of a given experiment via

rms(dgs) = /p rms(tig), (6)

where p is the empirical coefficient determined from fit-
ting (see Fig. 5) equal to 12.8 ps and the rms is ex-
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Fig. 5 The rms of the errors in ionospheric path delay as
a function of rms of the variations of group delays derived
from TEC maps (green dots). The solid blue line shows a
regression in a form of the power law 1/2.

pressed in ps. This empirical relationship allows us to
predict the second moment of the residual noise after we
perform data reduction for the ionospheric contribution
using the TEC maps. One can expect that if the TEC
variance is greater, the residual errors are also greater.
Expression (6) shows how much greater.

We have computed baseline-dependent additive noise
due to mismodeled ionosphere for every baseline and
every experiment of MOJAVE program using t;;. We
added that noise to the a priori group delay errors in
quadrature and computed new weights. We ran several
baseline solutions, computed baseline repeatabilities,
and compared them with the reference dual-band solu-
tion using RDV&CN data. In solution “bx” we used the
ionosphere-free computations of group delays, added
the contribution of the ionosphere T;, and processed
this data the same way as MOJAVE data, i.e. perform-
ing data reduction for the ionosphere using CODE TEC
maps and inflating a priori group delay uncertainties for
the additional noise due to mismodeling the ionosphere.
In the second solution “bu” we simulated how the defi-
ciency of CODE TEC model would alter RDV&CN so-
lution, as if these experiments ran at 15.3 GHz instead
of 2.3/8.6 GHz. To achieve this, we re-scaled T, by
the square of the frequency ratio (8.64/15.28)% ~ 0.32.
Fig. 6 shows fit in a form /a2 + (b L)? for all these solu-
tions. The baseline length repeatability from MOJAVE
solution is shown by the dashed line.

We found that the impact of the mismodeling iono-
sphere on the baseline length repeatability of Ku band
VLBA data collected in 2016-2020 during Solar mini-
mum is negligible. Therefore, an increase in the baseline
length repeatability from a geodetic solution using the
MOJAVE dataset with respect to the reference dual-
band RDV&CN solution cannot be explained by the
unaccounted contribution of the ionosphere. We should

- N N
o (64} o
B B e e e

¢ ]

Baseline length repeatability (mm)
o

1
0 5000 10*

Fig. 6 The dependencies of baseline length repeatability fits
on the baseline length. Upper blue curve shows the baseline
repeatability for the X band only “bx” solution that uses
GNSS TEC maps. Two lower very close curves, red and green,
show the baseline length repeatability for the “bu” solution
that shows the effect of mismodeled ionosphere on Ku band
observable, and the reference dual band solution. The dashed
black line shows the baseline length repeatability from the
MOJAVE solution.

also caution that this result should not be extrapolated
to any other estimated parameter, such as source posi-
tion, and should not be extrapolated to epochs of the
Solar maximum.

4.3 Simulations

To touch the effect of source structure we run simu-
lations of the observations. In the simulation tool of
VieVS (Pany et al., 2011) we create the artificial group
delay as:

(7)

We add to the theoretically computed time delay (Tinoq)
three stochastic error sources caused by the troposphere
(Towa), station clock (Tex) and measurement errors of
the receiving system (T, ). For simulation of zenith wet
delays VieVS using the model of Nilsson and Haas
(2007). In the framework of that approach we
considered that the atmospheric turbulence for
every station is described with a structure func-
tion with C,, = 1.8 -10""m~1/3 for refractive index
structure constant, H = 2 km for effective height, and
constant wind velocity v = 8 m/s towards East. whieh-4s
based-on-the-eitet Frenhaft87T-turbulence-model. Then

Tgr = Tmod + Teik + Tzwd + Twn-

Baseline length (km)

Corr 29

Corr 30

we computed the covariance matrix between group

delays each pair of observations of a given sta-
tion and used them for computation of the full
weight matrices under assumption that the at-
mospheric turbulence is a stationary process.-
The simulation of station clocks was performed with
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baseline length [1000 km]

Fig. 7 Difference between the wrms of baseline length from
simulated (dashed line) minus real observations (solid line).
The upper red lines show the baseline lenght repeatability
from analysis and simulation of MOJAVE-5 data. The low
blue lines shows results of analysis and simulation of RV+CN
data.

an Allan standard deviation of 1 - 1074 at 50 min,

and we applied 20 ps for white noise. Fhis-means-that
e £ : e radi

not-ineluded-in-the-stndated-delyys: We did not in-

clude modeling source structure into simulation.-

We have computed baseline length repeata-
bilities from simulated rv+cn and MOJAVE-5

4.4 Insight on the possible contribution of the source
structure

Fig. 8 shows images of the three most observed sources
in bl229aa (06364680, 02104515 and 0128+554) and in
rv119 (22294695, 03454460, 0529+483) which are the
first sessions of our datasets. We computed the so-called
Structure Index (SI) introduced by Fey and Charlot
(1997) for all sources observed in bl229aa. For that cal-
culation we used maps provided by MOJAVE team?
and split the sources in the four SI groups according
to the median value of calculated structure delay cor-
rections. Out—ef+the Among 30 sources observed in
bl229aa, 3 sources have SI 1, 14 sources SI 2, 8 sources
SI 3, and 5 sources have the highest SI 4. Fig. 9 shows
post fit residuals in session bl229aa for real observa-
tions vyeq; (lower plots) and for simulated observations
Vsim (upper plots). As an example, we highlighted the
most observed source 0636+680 in this session which
has structure index 2 and 0128+554 with structure in-
dex 4. The comparison shows that the scatter of delay
residuals for 0636+680 is similar to real and simulated
observations and reaches in terms of rms 29.6 ps and

9.3 ps, tively. Th f del iduals fi
datasets. The regression curves in a form /A2 + (b L)% b, TESpECrvEry ¢ TS of deiay esidials Trom

for simulated and real data are shown in Fig-
ure ??7. We see from these plots that simulation
results exhibit the same disparity in repeata-
bilities between MOJAVE-5 and rv+4cn data as
we saw in observations. Simulation results show
even deeper disparity. Both datasets have dif-
ferent formal uncertainties that are computed
using the law of error propagation based on the
scan duration and a priori telescope sensitivi-
ties, but the same stochastic model. Since the
the formal uncertainties for most of the obser-
vations are lower than the white noise and cor-
related atmospheric noise added during simu-
lations, the stochastic observation model used
in simulation is almost the same. This finding
pinpoints the origin of discrepancies: differences
in schedules. The main factor that affects base-
line lengths is the spread of observation over low
and high elevations over short periods of time.
Since atmospheric path delay an clock function
are modeled in a form of an expansion over the
B-spline basis with a time span 20—-60 minutes,
in order for these two group of nuisance pa-
rameters be decorrelated, observation at signifi-
cantly different elevations are required. Figure 7
shows that the spread of observations over ele-
vations for geodetic experiment rv119 is notice-
ably wider, and observations at elevations below
30° are much more often.

source 01284554 with extended structure is 2.5 times
larger from real observations compared to the simulated
ones, i.e., 72.3 ps and 27.4 ps, respectively. We com-
puted the rms of delay residuals for every source in the
bl229aa experiment and built the difference between the
rms from real and simulated observations. The median
value of the rms difference was built as

Armspeq = median(rms(vpeqr) — rms(Vsim )) (8)

over each source group with respective structure index.
The obtained median values are summarized in Table 8.
It is obvious that with increasing source structure index
the difference between simulated and real delay residu-
als is raising since the structure delay is not modeled in
the simulated observations. With the SI 1 taken as a ref-
erence, the rms of the delay residuals increases by about
36 ps for sources with SI 4. The-better-performance-of
resl-measurements The lower wrms of postfit resid-
uals from processing real observations for sources
with low structure indices (SI 1 and SI 2) compared
to the simulated observations as it is given by the neg-

teleseopes-in-the-network: is due to the fact the ex-

cessive noise due to source structure is less than

5 Available at https://www.physics.purdue.edu/MOJAVE
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Fig. 8 Distribution of observations over elevations for station NL-VLBA within first two hours of an experiment. Left:
Geodetic experiment rv119. Right: Astronomical experiment bl229bf.

Table 8 Median of rms differences between delay residuals
from real and simulated observations in bl229aa. Sources are
divided in four groups according to their structure index.

SI  Nsou Armsmed [ps]
1 3 -11.3
2 14 -6.6
3 8 9.0
4 5 25.0

random Gaussian noise with the rms of 20 ps
that had been added to simulated path delay in
our simulation.

We see that the source structure contribu-
tion increases the rms of the postfit residuals
but such an increase even for a subset of sources
with strong radio jets picked up for an astro-
nomical program does not have a noticeable im-
pact on baseline length repeatability. Source struc-
ture causes not only random by also systematic
errors that in a case of baseline length repeata-
bility are insignificant. We exercise a caution to
extrapolate these result to another metrics such
the EOP and source position estimates. This re-
quires a further investigation that is beyond the
scope of present work.

5 Conclusions

The most limiting factor for the usage of bl229aa
MOJAVE-5 sessions for geodetic VLBI is the
schedule of the sessions which determines the
sky coverage over the stations.

We have processed 33 diurnal astronomical
observing VLBI sessions at 15 GHz under pro-
gram MOJAVE-5 and 28 diurnal VLBI geodetic
dual-band observing sessions at 2 and 8 GHz
under programs RV and CN. Both observing
sessions ran the same ten station VLBA net-
work with baseline lengths in a range from 237
to 8612 km at approximately the same time in-
terval 2016—-2020.

We found that while the wrms of post-fit
residuals from MOJAVE-5 program was lower
than from RV+CN, 16.37 ps versus 26.13 ps,
important metrics of the geodetic quality of so-
lutions, such as baseline length repeatability and
wrms of the differences of the EOP with respect
to the reference IERS C04 times series were a
factor 1.3 to 1.8 worse. We have investigated
the origin of these discrepancies. We found that
modeling the ionospheric path delay using the
GNSS TEC maps was adequate for processing
15 GHz data during the solar minimum, and the
errors of these map did not affect baseline length
repeatability at a noticeable level. We have in-
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Fig. 9 Images of three most observed sources (0636+680 with SI 2, 0210+515 with SI 3 and 01284554 with SI 4) in the bl229aa
MOJAVE experiment (upper plots) and in the rv119 experiment at X band (lower plots: 2229+695 with SI 2, 0345+460 with SI
2, 05294483 with SI 2). We have produced images from rv119 ourselves. The images in FITS format are available
in the Astrogeo VLBI FITS image database http://asteogeo.org/vlbi_images. Information about the structure index for
the X band sources was taken from the Bordeaux VLBI Image Database available at http://bvid.astrophy.u-bordeaux.fr.
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Fig. 10 Post fit residuals in session bl229aa for real (upper plots) and simulated (lower plots) observations. Highlighted are
sources 0636+680 with SI 2 and 01284554 with SI 4.
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vestigated whether the source structure can be
a factor, since MOJAVE-5 targeted objects with
strong radio jets and we did not find evidence
it affected baseline length repeatability. Finally,
we ran solutions with simulated right hand sides
for both MOJAVE-5 and RV+CN programs. The
stochastic model used for these simulations was
almost the same. And we able to reproduce dis-
crepancies in baseline lengths.

The major factor that caused discrepancies
in baseline length repeatability was more ag-
ile schedule of rv+4cn experiments that included
more scans at low and high elevations at short
intervals 0.5—2 hours than the astronomical ex-
periment.

Although the use of single-band astronom-
ical VLBI data from MOJAVE-5 program for
geodesy provided less accurate results than the
use of VLBI data from a the dedicated geodesy
RV+CN campaign, the baseline length repeata-
bility is still below 1 ppb. This gives us a rough
estimate of the impact of remaining systematic
errors that are specific for MOJAVE-5. This very

cations of the Astronomical Society of the Pacific
130(986):044503, DOI 10.1088/1538-3873 /aaa22b

Fey AL, Charlot P (1997) Vlba observations of ra-
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low level of systematic errors confirms that MOJAVE-B (2019) Earth Orientation Parameters Estimated

5 dataset is an excellent testbed for investigation
of the effect of source structure on astrometry
and geodesy in full detail.
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