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Abstract. On 18 November 1993, we observed the QS@I.[19/9) allows us to determine angular separations between
1150+812 and the BL Lac object 1803+784, nearly &part pairs of radio sources at the submilliarcsecond level. One im-
on the sky, with a VLBI array, simultaneously recording gtortant advantage of phase-delay astrometry is that we can iden-
8.4 and 2.3 GHz. Using difference astrometry techniques, Wi with sufficient accuracy suitable reference points within the
determined the coordinates of 1803+784 relative to those atfuctures of the radio sources whose relative positions we wish

1150+812 to be to determine, whereas in group-delay astrometry suitable ref-
Ao = 6" 7™ 33318469 + 0300020 erence points are not so easily identified from epoch to epoch
AS = —2°30' 25713557 & 000075. with the desired accuracy.

These standard errors contain estimated contributions from the With the phase-delay technique, the differences between
propagation medium, the effects of source opacity, and the pggage dela)_/s_ for two radio sources are used to determine their
sible misidentification of the reference point in some of tHé&lative positions, because these differences have reduced sen-
maps. We obtained comparably accurate and consistent réjilvity to unmodeled effects. For sources nearby to one another
tive positions of the radio sources with GPS-based ionosph@ﬂathe sky, this technique yields statistical standard errors of
corrections, thus demonstrating that dual-frequency obser@aly a few microarcseconds:gs), as in the case of quasars
tions are not required for state-of-the-art accuracy in VLBI ad038+528 A and B (Marcaide & Shapiro 1983; Marcaide et
trometry. These results also demonstrate the feasibility of usitlg 1994), whose components are separated by orily-&Bv-
single-frequency measurements for sources separated lon158Ver; the overall standard errors are dominated by inaccuracies

the sky, and open the avenue for the application of this technid0dhe reference-pointidentification (e.g., Rioja etal. 1997). For
on a full-sky scale. sources with larger separations, the main contributions to the as-

trometric standard error in the relative position of two sources
Key words: astrometry —techniques: interferometric — galaxie§2mes from uncertainties in the coordinates of the source cho-
quasars: individual: QSO 1150+812 — galaxies: BL Lacert8€n as the reference, in the value used for UT1-UTC, and in
objects: individual: BL 1803+784 the effects of the propagation medium. For radio sources with
separations ranging frot5° to 7° on the sky, standard errors
in relative positions of about 0.1-0.3 mas have been obtained
(Bartel et all1986; Guirado et al. 19954,b, 1998; Lara et al.
1996; Ros et al. 1999).
The establishment of a radio reference frame with submilliarc- A limiting factor in centimeter-wavelength VLBI astrome-
second accuracy has been a major goal of astrometrists forttlyes the uncertainty in the contribution of the ionosphere to
last several decades. Centimeter-wavelength very-long-basellreastrometric observables, even though its dispersive charac-
interferometry (VLBI) group-delay astrometry of extragalactiter makes this contribution scale:as? and, in principle, allows
radio sources routinely provides precisions at the milliarcsgtto be determined accurately (see, e.g., Thompson|etall 1986).
ond (mas) level, thus allowing a celestial reference frame to G@e strategy to take advantage of this scaling is to make si-
built with corresponding accuracy (e.g., Ma et[al. 1998). Thsultaneous VLBI measurements in two frequency bands. The
use of phase-delay difference astrometry (see, e.g., Shapirmain disadvantage of this option is that the (fixed) bandwidth of
the recording equipment has to be split between two frequency
bands, decreasing the signal-to-noise-ratio (SNR) for each. Al-
ternatively, one may compute corrections based on estimates of
the ionosphere total electron content (TEC) obtained indepen-
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dently from Faraday-rotation measurements and, more recerigly | 1sos+78¢ " 8.4 Gz

from the Global Positioning System (GPS). The advantage 9f" [ X1 X2 X3 1
the latter approach (e.g., Guirado efal. 1895b, Ros efall 200p) | 1
is that only single-band VLBI observations are needed, avoidi@go - .
the loss of sensitivity mentioned above. s | |

In this paper, we study the applicability of the phase§ o~ |
difference technique to the strong radio sources 1150+812 ant |@
1803+784, separated on the sky by almost. WWe show that ¢
reliable phase connection is feasible at such a large angular s:er“ i
aration, and estimate the relative position of the two sourcgs |
with submilliarcsecond accuracy. We compare the estimates;oo
the relative angular separation that result from use of two di-
ferent methods of removing the ionosphere contribution basgc, |
on two different types of data, namely, phase delays from dual-’
frequency-band VLBI measurements and TEC values from GP<
measurements. The estimates from the two methods agree t
within the standard errors from each method, showing that T
single-frequency astrometric VLBI experiments can be confi-~ [
dently carried out. = |

In Sect[2, we briefly describe the observations; in $éctf3. -
we describe the radio sources, and in Séct. 4 the data reductio |
process. In Sedf]5 we discuss our estimate of the relative po_ -
sition of the source 1803+784 with respect to 1150+812, a@d I
in Sect[® we carry out a sensitivity analysis of the estimated
position of 1803+784 to errors in other model parameters. Fi-7 |
nally, in Sec{7 we summarize our main results and discuss thei

(@]

naty,in of 0]
implications. O y

T
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2. Observations Relative RA. (milliarcsec)

We observed the radio sources 1150+812 and 1803+784Fih 1. Hybrid maps of 1803+784 at 8.4 (top) and 2.3 GHz (middle
18 November 1993 for 12 hours, in right circular polarizatiornd bottom). Contours are 0.5,1,2,4,8,16,32,64, and 90% of the peaks
simultaneously recording at two frequency bands (X-band of brightness, which are 1.48 Jy/beam and 1.35 Jy/beam for 8.4 and 2.3

. .~ GHz, respectively. The sizes of the restoring beams, shown shaded at
8.4 GHz and S-band 2.3 GHz). We used the following radio e bottom left corners, are 0.520.49 mas (PA=61) at 8.4 GHz and

telescopes (in parenthesis we give_ the site symbol used in rgqlz'sl x 1.68 mas (PA=29 at 2.3 GHz. East is left, and north is up.
paper, the diameter, and the location of the telecope): Effe{g;e igentification of the components in the 2.3 GHz map is based on
berg (B, 100 m, Germany); Medicina (L, 32m, Italy); Onsalan overresolved map (not shown here).

(S, 20 m, Sweden); Fort Davis (F, 25 m, Texas); Hancock (H,
25m, New Hampshire); North Liberty (I, 25 m, lowa); Owens
Valley (O, 25m, California); Los Alamos (X, 25 m, New Mex-paseline, except those baselines involving the Onsala antenna.
ico); and the phased VLA (Y, 130 m equivalent, New Mexicopfter correlation, we exported the VLBI observables (fringe
The European antennas (B, L, and S) recorded in Mark Il mogghplitude and phase, group delay, and phase-delay rate) for the
A, covering a total bandwidth of 56 MHz, via seven adjacemgference frequencies = 8,413 MHz ands = 2,295 MHz, and
channels spanning 8,403 to 8,431 MHz and seven such chgdlibrated the fringe amplitudes using the information provided
nels spanning 2,273 to 2,301 MHz. The American antenn@gthe staffs at the observing antennas. In our astrometric analy-
used the Mark Il recording system in mode B, covering a totgis, we discarded the data from Onsala due to the low SNR of the
bandwidth of 28 MHz, with four contiguous channels spanningetections with this antenna; and from the phased VLA, since
8,403 to 8,419 MHz and three such channels spanning 2,288 antenna recorded only at 8.4 GHz and was used solely to
to 2,301 MHz. We used an observing cycle consisting of 2 mificrease the SNR of our hybrid maps. In addition, we discarded
observing 1150+812, 1.5 min antenna slewing, 2 min obsegata from Effelsberg for the interval 18:30 until 23:28, since
ing 1803+784, and 1.5 min antenna slewing back to 1150+81Ris antenna, too, only observed at 8.4 GHz during that interval.
making a total cycle duration of 7 min. To obtain our hybrid maps, we self-calibrated, Fourier inverted,
The data were correlated at the MPIfR correlator in Bonand CLEANed the visibility data using the Caltech program
Germany. Since both sources were strondl(Jy) at the epoch DIFMAP (Shepherd et &, 1995).
of observation, we detected each of them with high SNR within
the 2 min integration time, at both frequencies and for each
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Fig. 2. Hybrid maps of 1150+812 at 8.4 (left) and 2.3 GHz (right). Contours are 0.5,1,2,4,8,16,32,64 and 90% of the peaks of brightness, which
are 0.90 Jy/beam and 0.74 Jy/beam for 8.4 and 2.3 GHz, respectively. The sizes of the restoring beams, shown shaded at the upper right corners,
are 0.61x 0.55 mas (PA=1% at 8.4 GHz and 2.3% 1.67 mas (PA=-56 at 2.3 GHz. The identification of the components in the 2.3 GHz

map is based on an overresolved map (not shown here; see text).

3. The radio sources the emission is concentrated within the innermost 5 mas, but
. . . - .. .emission is also evident farther to the southeast.
The radio source 1803+784 has been optically identified with'a Our maps of 1803+784 and 1150+812 are in good agreement

BL Lac object at z=0.684 (ngkel etal. 199;)' This source ha‘?’/v?th maps of similar resolution from 1995 published by Fey &
nearly flat spectrum from millimeter to decimeter Wavelengﬂl?harlot 1997)

(Strom & Biermann_1991) and displays many interesting prop-
erties (Biermann et al. 1981), including rapid variability, com-
pactness, and strong X-ray emission. . .

Our 8.4 and 2.3 GHz maps of 1803+784 (Fig. 1) show & A\Strometric data reduction
jet pointing westward. The hybrid map at 8.4 GHz shows tt@ur strategy in the astrometric data analysis was to obtain a set of
jet extending about 3 mas, with three components, labeled Xdpnnected” phase delays that could be analyzed via weighted-
X2, and X3. Most of the emission comes from componenksast-squares to estimate the relative position of the two sources.
X1, identified as the core, and X2, about 1.5 mas west of X1. The observables in our experiment, after correlating and
Component X3 lies about 2.8 mas west of X1 and is much fainfeinge-fitting the data, were the interferometric phagethe
than X1 and X2. Ourmap at 2.3 GHz also shows the jet, which,@®up delay,, and the phase-delay ratg,. We based our
in the maps of Ros et al. (1999) and Eckart et al. (1987), exteratslysis primarily onp, converted first to the phase delay,
up to about 25 mas and is slightly bent towards the southwest\Ad removal of the 27 n” ambiguities (where: is an integer).
2.3 GHz, most of the emission is concentrated within 3 mas Difie delay equivalent &= in phase isv 120 ps at 8.4 GHz and
the peak, but emission is also discernible at points about 5, 8, and40 ps at 2.3 GHz. To remove these ambiguities we used a
10 mas west of S1 (Figl 1, middle). These latter bright regiorfphase connection” technique (see, e.g., Shapiroletall 1979) that
especially the innermost and the outermost, may corresparath be outlined as follows: We constructed a model of the phase
to real features of the jet, but like the questionable featuréslays, based on a model of the geometry of our interferometric
farther out, they are not relevant for our astrometric purposasay and the radio sources (Talle 1); the propagation medium;
and, therefore, are not labeled. and the clock behavior at each station relative to a reference.

The radio source 1150+812 is a QSO with redshift 1.25 We estimated the parameters of this model via weighted-least-
(Hewitt & Burbidge[1993). For this source, our 8.4 and 2.3 GHsjuares analysis of the observed phase-delay rates and group
maps (FiglR) indicate a curved jet directed to the south and wektlays. We used an improved version of the program VLBI3
The 8.4 GHz map contains at least four components, labeled gRlobertson 1975) to carry out this weighted-least-squares analy-
through X4, from north to south. Most of the emission comess. The resultant model of the phase delays was accurate enough
from the components X1 and X2, which are separated-byto allow phase connection, i.e., the elimination of2ke: ambi-
1.5 mas. Extended emission is still discernible at a distangaeities for almost all of the observations (see below), via a suit-
of ~ 4 mas from X1 (components X3 and X4). At 2.3 GHzable iterative scheme that took advantage of the closure relations
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Table 1. A priori values of the parameters of the theoretical model used in the estimates of the source positions

Source coordinates (J2000.0)
1150+812 « = 11"53™12°499188 & = 80°58'29"15453
1803+782 o = 18"00™45°683922 § = 78°28'04”01852

Antenna site coordinates and atmosphere parameters

Radio Cartesian coordinates [m] Axis Mean atmosphere
telescope’s offset [m]  zenith delay[ns]

X Y A Tdry Twet
B Effelsberg 4033947.51 486990.46 4900430.75 0.00 75 0.1
F  Fort Davis —1324009.08 -5332181.98 3231962.49 212 64 0.1
I North Liberty  —-130872.19 -4762317.13 4226851.05 213 75 0.1
L Medicina 4461370.05 919596.77 4449559.16 183 7.7 0.2
O Owens Valley -2409150.05 -4478573.27 3838617.42 213 6.8 0.1
X Los Alamos —1449752.31 -4975298.60 3709123.95 214 6.2 0.1
Earth Tides

Radial Love numbér, h = 0.60967 Tidal lag anglé, = 0°.0
Horizontal Love numbér, | = 0.085

Precession Constant (J2000.0) Polar Motion and UT1 Nutation
p=5029'.0966/Julian Century Interpolated from daily values  Interpolation of IAU 1980 Nutation Model
Mean obliquity (J2000.0¥ from IERS (1996) with IERS (1996) daily corrections

€0=2326'21"'448=84381448

# We took 0.058 ms and 0.140 mas to be the standard errors in the right ascension and declination, respectively, of 1150+812, twice the quoted
IERS [1996) errors. We also used as standard errors 2cm in each coordinate of every antenna location (conservatively chosen to be at least
twofold larger than the errors given by IERS), 0.7 mas in each pole coordinate, and 0.04 ms in UT1-UTC. We calculated the location of each
antenna by linear extrapolation, using the velocity given by the IERS, and applied to the 1993.0 position, also given by the IERS.

P The coordinates of 1803+784 serve only as an initial estimate, and do not affect our results.

¢ Mean values of sampled zenith delays, computed using the meteorological values provided by the staff at the observing antennas.

4 Dahlen [(1975).

¢ Lieske et al.|[(1977).

over triangles of baselines. Since we phase-connected the dmtaned maps of the two radio sources using pixel size 0.01 mas
independently for each source, we used weighted-least-squaiteés 4 GHz and 0.03 mas at 2.3 GHz. We identified the brightest
to verify — successfully — the consistency of the “overall resolyixel in each such map as the POB and defined a new coordinate
tion of ambiguities” of the delays for the two sources (see Rosststem with that reference point as its origin. We then computed
al.[1999 for a detailed discussion of this step). During our andlem these maps the structure-phase contribution to each phase
ysis, we discarded all data from the Hancock antenna, since dafay. These contributions — up4025 ps at 8.4 GHz and 55
phase connection failed at both frequencies. We also discargedt 2.3 GHz —were removed from the phase delays, to effect a
the data from the Medicina antenna from 18:30 to 23:48, sinpeint-like source at each POB. The standard deviations assigned
in this time period our phase-connection appeared to be unrédieach POB location included uncertainties due to (a) the pixel
able. (These failures are likely the result of some combinatisize used for each map, which was about 0.01 (0.03) mas at 8.4
of tropospheric, ionospheric, and instrumental effects.) (2.3) GHz, for each source; and (b) SNR for the peak, which was
about 0.04 (0.27) mas at 8.4 (2.3) GHz, for each source. Note,
however, that when the delays at the two frequencies are com-
bined to form “plasma-free” delays, errors in the phase delays at
The extended structure of even a “compact” radio source oft213 GHz are scaled down by afactorx /vg)? — 1]‘1 ~ 0.08
makes a significant contribution to the phase delays. Such a cgiee SecE414), and therefore the uncertainty of the POB at 2.3
tribution depends on the point chosen as a reference on the n@Rz is less significant than that of the POB at 8.4 GHz. The
Identifying a reference point in a reliably epoch-independefdot-sum-squares of these contributions, at each frequency, are
manner is crucial for the use of our method to compare positioRgicated as the first (8.4 GHz) and second (2.3 GHz) entries

obtained from different epochs. For each source and frequefg¥able2, and are dominated by the relatively low SNR of the
band, our procedure was to choose the peak of brightness (P&&rid maps.

as the reference point. To find the POB, we constructed fine-

4.1. Source-structure contribution
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Effelsberg - Medicina Fort Davis - Owens Valley
,é\ 04 T T - O 4 T T -
- 0 [ CRCECERRTRRGR s wssssaisas 0 . R T Fig.3. lonosphere contribution, in nsec
% 0.4 . . | 0.4 @Qf‘ . | at 8.4 GHz, as obtained from our dual-
o ' ' frequency-band (8.4/2.3 GHz) measure-
g E 0 2 4 6 0 2 4 6 ments (filled circles) and from the GPS-
@ o0 uT (hr) uT (hr) based measurements (open circles), for a
s :;. representative set of baselines including
o = Effelsberg - Los Alamos Effelsberg - North Liberty both intracontinental and intercontinental
Q baselines. The standard errors shown are
=3 0.4 ' ' b for the TEC-inferred delays, and are much
e 0 B el larger than those from dual-frequency-band
c
° -0.4 b | | : measurements. All four plots start at 00:00,
since until approximately that time Effels-
0 2 4 6 0 2 4 6 berg observed only at 8.4 GHz, and thus
uT (hr) uT (hr) lacked dual-frequency-band corrections.
4.2. Neutral atmosphere contribution tain TEC values for Effelsberg and Medicina, and from Gold-

stone (California) to obtain TEC values for Owens Valley, Los

The neutral atmosphere (primarily the troposphere) adds an &fimos, and Fort Davis; we were fortunate to have a GPS an-

tr? delaytto the miﬁlmmg:hra\;jvlo Wavis, tZethequwaIent of ulp {gnna collocated with our VLBI antenna at North Liberty to ob-

atew meters in pathiength. YVe monitored the pressure, re at%g h TEC values for this site. In Figl. 3 we compare the estimated

humidity, and temperature at each observing antenna to tr Cnosphere delays as deduced from both dual-frequency-band

the atmosphere behavior during the observations. We used0 arvations (8.4 GHz/2.3 GHz delays) and GPS-based mea-
e G0a . . 5 . .

mode! by Saastamoinen 1“_'93’ in which the atmosphere is SCfements (TEC delays), for arepresentative subset of baselines,

rated into two components: a dry component and a wet comp

. tracontinental (upper two plots) and intercontinental (lower
nent (due to the water vapor in the atmosphere). Based on { ' plots). Dual-frequency corrections refer only to baselines,

model, we calculated a priori values for the delays for the WhGtindividual antennas. On the other hand, TEC ionosphere cor-

and dry atmosphere components in the zenith direction for €8&Ltions are calculated for individual antennas. Therefore, for

antenna site (Tab 1), and then used the C_hao (197.4) MaPRINE antenna there can be a constant offset between the TEC
function to determine delays at other elevations. This mappi

. o . . [Shosphere correction and the dual-frequency one as a result of
function agrees to within about 1 cm with ray-tracing computa- P q Y

tions (Davis et al, 1985) for antenna elevations larger thn 2 nstrumental effects, but, for clarity, we subtracted the mean dif-
. : gerthan ?erence between each of the two corrections (Effelsberg, 1.35
all of our observations had elevation angles above this limit.

Q. . i . ) .
specify adjustments to the combined (dry and wet) atmosph%rsé Medicina, 0.55 ns; North Liberty, 7.80 ns; F_or@ Davis and

. . . SO 0s Alamos had no offset). We assumed a statistical standard
delays during the observations, we used a piecewise-linear fugﬁ—or for the vertical TEC at each GPS antenna efl 016 m 2
tion characterized by zenith delay values at epochs about th €8 priv. comm.), corresponding to a standard erroy @0
hour; apart. Errors in the combined neutra]-atmosphere del %%or tr;e (vértical) .pr’1ase delays at 8.4 GHz. For each antenna
— mainly due to the wet troposphere — are likely to be up to ﬂ'&']s error is multiplied by the value from the mapping function

ns/hr (D. Lebach, priv. comm.). Since the wet atmosphere ze . .
: r the elevation angle of each radio source (here, the secant of
delay fluctuates approximately as a random walk (Treuhaft . . . . .
the zenith angle at the ionospheric point) of each radio source.

Ié?rg'olf?%' )>’< %nleir%r 107f r?'sle?/z/r hrt:]r?enesfgmz ”jl'tr?e?e?(t)?gdin e resultant mapped TEC-based ionosphere corrections had
S y : ' “standard errors ranging from 70 ps to~ 120 ps, highly cor-

our sensitivity analys,ls, we allowed_ the (_';\tmosphere paramet erated from point to point (Fi¢l3). The standard errors for our

at each antenna location to vary with this standard error. . : :
dual-frequency-band corrections are the appropriate combina-
tion of the statistical errors of the phase delays at each frequency,

4.3. lonosphere contribution and ranged from- 5 ps for the Effelsberg—Medicina baseline up

. . . to ~ 30 ps for the Fort Davis—Owens Valley baseline. The root-
As explained in Sedtl1, we removed most of the ionosphere . ;
A . ' . ean-square (rms) of the differences between the corrections
contribution in two alternative ways, first by using our dual-, -~
) . obtained by the two methods ranged fren20 ps up to~ 90
frequency-band observations and, second, by using the tOtéa depending on baseline. The maximum difference was for in
electron content (TEC) values deduced from GPS measure: P 9 '

ments (see, e.q., Sdnd et al T994). For the latter removal, w ercontinental baselines and wasl 10 ps, when it was nightin

. . rope and noon in North America. The level of agreement in
followed the same procedure as described in Ros et al. (20 ) o
. ) . : results from the two methods is gratifying, and foreshadows
modeling the ionosphere as a thin layer located at an altituge

of 350 km. We used GPS data from Wettzell (Germany) to o Wia;rg]]:ﬁgéint in the astrometric results obtained below with the
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4.4. Opacity contribution Table 2. Contributions to the standard errors of the estimates of the

relative coordinates of the POB at 8.4 GHz of 1150+812 and 1803+784
When we use phase delays at both 8.4 and 2.3 GHz (see

Sect{4.B), the reference points on the 2.3 GHz maps shoulddagt TAnt  Oas®
chosen to correspond to the same points in the sky as those on mas mas
the 8.4 GHz maps. Unfortunately, opacity effects may introdugga4 GHz source structdte 0.07 007
an offset between the POB for one frequency band with respe¢et 5, source structute 0.04 0.04

to the POB for the other frequency band (see, e.g., Marcaideb{gacity effects 0.08 0.08
Shapira 1984). Since jet components are less self-absorbed @#stical errord 0.41 0.62
core components, their associated peaks should be less affegtgvare limitation$ 0.40  0.40
by opacity effects and should therefore be better suited for UB®&ot-sum-square 0.58 0.75

as guides for the alignment of the maps at 8.4 and 2.3 GHZontributions to the standard errors of the estimates of the coordinates

We registered the peaks of the less self-absorbed components i803+784 minus those of 1150+812, namely relative right ascension,

our 8.4 GHz maps with their corresponding peaks in (twofoll«, and relative declinatiom\d.

overresolved) 2.3 GHz maps. > Root-sum-square (rss) of the standard errors due to the use of data
For 1803+784, we identified component X3 at 8.4 GHz witat 8.4 GHz. Each value has been scaled®y R — 1) ~ 1.08. See

component S3 at 2.3 GHz (Fig. 1) on a twofold overresolvexfctiZH. _

map (not shown). Based on this map, we concluded that blendet$s of the standard errors due to the use of data at 2.3 GHz, which

components S1, S2, and S3 at 2.3 GHz correspond to com§ ludes estimated errors in the “registration” of the 2.3 GHz and 8.4

nents X1. X2 ahd )(,3 respectively, in the 8.4 GHz map. Thi2 Z maps, taken to be 0.7 mas for each source. Each value has been

. L ' . ' 'scaled byl /(R — 1) ~ 0.08. See Seckt 414.

identification Implled thatin our maps the POB of 1803+784 at We estimated a. in milliseconds (ms). To transform this estimate

2.3 GHz (S1) is offset by~ 0.6 mas westward from the POBjg milliarcseconds (mas), we multiplied B - cos 51503 7s4.

at 8.4 GHz (X1). For 1150+812, we also used a twofold overgee Sedils.

resolved map at 2.3 GHz to make a plausible registration of the

maps for the two bands. We identified components X3 and X4 at _—

8.4 GHz with components S3 and S4 at 2.3 GHz (Big. 2), impl)3V€ to be scaled by/(R —1). Thus, the contribution to the

ing a shift of the POB at 2.3 GHz (S1) ef 0.5 mas northward otal error bydget QUe to the use qf dual-frequency-band mea-

from the peak of the core in the 8.4 GHz map (X1). To esfPUréments, in particular the seemingly large error at 2.3 GHz

mate the standard error in our determination of those shifts Ji§cussed above, is not significant (see entry “Opacity effects

followed a similar procedure to that described for the deternift Tablel2).

nation of the standard error associated with the reference-point

identification (POB), but applied to components X3 and S3, fgr Relative position of the two sources
each source. This procedure yielded a standard error of 0.4 mas

for each source. Finally, to take into account the possible addf€ OPtained afinal set of phase delays for each source by cor-

tional shifts due to opacity effects of the POB of component $8Cting for source-structure, opacity-effect, and ionosphere con-

with respect to X3, for each source, we increased the estimaffégutions as described above. We then formed a set of differ-

standard error in each coordinate of the registration estim§fé-€d phase delays by subtracting the delay for each observation
from 0.4 mas to 0.7 mas. Estimates of the shift between tﬂte1803+784 from the corresponding delay for the previous ob-

POBs at 8.4 and 2.3 GHz (where opacity effects are expecﬁftfvation of 1150+812. The use of differenced phase delaysisin
to be larger than in the jet components) of other radio sourdderal more effective the closer together the sources are in the
—1038+528 A (Marcaide & Shapifo 1984), 1226+023 (Charlé%w' since differencing results from neighboring observations

1993), 1901+319 (Lara et 4l 1994) — are also no greater thtgﬁdsto cancel effects which for each source alone cannot be ac-

0.7 mas. Thus, our estimates of these shifts for 1803+784 aﬁlrlﬁatew enough described by theoretical models. The best such
1150+812 seem reasonable. pair of sources for such cancellation so far studied is 1038+528

In this dual-frequency-band method to reduce the ion@‘-and B (Marcaide & Shapiro_1983), because this pair simul-

sphere contribution, the resultant “ionosphere-free” phase {gneously lies inside the beam of each antenna, yielding almost
lays have the form: complete cancellation of several sources of error. For sources

separated by increasingly larger angular distances, the cancel-

T free = R1o1— T2 lation of unmodeled effects in general lessens, due directly to
’ R—-1 the increase in angular separation of the sources and indirectly

where the subscripts 1 and 2 refer to the two frequency bantsthe increase of the cycle length of the observations.

withvy > v andR = (v1/12)?. Inour caseR ~ (8.4/2.3)? ~ From a weighted-least-squares analysis of the differenced

13; hence standard errors in the phase delays at 8.4 GHz jghase delays, we estimated the coordinates of 1803+784 relative
scaled up by a factaR/(R — 1) ~ 1.08, whereas correspond-to those of 1150+812 (see Table 3). In this analysis, we also in-
ing errors in the phase delays at 2.3 GHz are scaled downdbyded the (undifferenced) phase delays of 1150+812, suitably
1/(R — 1) ~ 0.08 in their effect on7, ree. Likewise, uncer- weighted, to estimate the relative behavior of the site clocks.
tainties accounting for registration errors due to opacity effe¢fBhe opposite scheme, i.e., using the differenced phase delays
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Fig. 4. Postfit residuals of the phase delays
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° 006 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ shows a gap until 23:48, since the phase-
g 0.06 [ " Bl delay connection for this antenna appeared
3 e L1 1”'”'1'[“1”'I'I'I'['I'['I']'I' 'I'I'fmml'rrl'[”” uncertain in this time range. One ambigu-
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g oosp Y BF 1 7116 pe the right margin). The error bars shown are
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7002k AR MR IR Febbbbrrppet 1 I the standard deviations of the phase delays,
’ . . . . . . . \ L L | scaled so that the weighted-mean-square of
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the postfit residuals is unity for each baseline
UT (hours) (see text).
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S oos| ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ "Bl Fig. 5. Postfit residuals of differenced phase
3 L Lo dprta e ebe e e B e bep e - o) delays (ns) for the same solution and the
= L ; ; ; ; ; ; ; ; ; ] same subset of baselines as in Elg.4. The
g 006 BF 1 Ti10pe ITOF bars shown are the standard deviations
U pRRAE A iy perpriierrrprerehr AL L b - o I of the differenced phase de|aysy scaled so
—0.06 1 . .
L L L L L L L L L L L that the weighted-mean-square of the postfit
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residuals is unity for each baseline (see text).

of 1803+784 minus those for 1150+812, and the undifferenctmtent results foiha andAé. As a simple check on the signif-
phase delays of 1803+784, did not alter our estimate signifance of those differences — one that avoids the effects of the
icantly.) The total number of parameters whose values wesderence system in which the coordinates are expressed — we
estimated was 26, and include those of a third-degree polywmaiculated the arclength between the two sources for each of
mial to model the clock behavior at each station (except ftire two solutions. We expected to obtain nearly the same result
North Liberty, which was taken as our reference station), tifigr the two cases and, indeed, the difference was a mgee,5
coordinates of 1803+784, and four atmosphere parameters (segligible compared to the overall standard errors of our results.
Sect[4.?) for the Effelsberg antenna, since the information on For our nominal, dual-frequency-band solution described
the atmosphere conditions provided for this site was very sparakove, we scaled separately the standard deviations of the dif-
and thus of doubtful utility. Nonetheless, the estimated atmi@renced phase delays and of the phase delays of 1803+784,
sphere parameters for Effelsberg agreed with the a priori valsesthat for the data for each type, and for each baseline, the
within 0.11 ns. weighted-mean-square of the postfit residuals was nearly unity.
Our choice of 1150+812 as the reference source was ma@s a result, the error bars assigned to the differenced phase de-
vated by its being one of the defining sources of the quasi-inerfi@s were, in general, smaller by a factorl.2 with respect to
International Celestial Reference Frame. As atest of the effectloé error bars assigned to the phase delays of 1150+812 (see
this choice, we solved for the coordinates of 1150+812—keepifigs[4 andb). We studied the effect of varying the relative
those of 1803+784 fixed at their IERS values—and obtained difeights of our two data types and verified that such variations
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Table 3.Phase-delay-based estimates of the coordinates of 1803+z&tributes a standard error of about 0.4 mas in right ascension

minus those of 1150+812 and about 0.6 mas in declination to the estimate of the position
of 1803+784. To be conservative in our estimate of the error

lonosphere correction method contributed by the neutral atmosphere, we took for each site

Dual-frequency* GPS-derived TEC the larger of the following two values: the root-sum-square of

(mas) (mas) the delay contribution from all atmosphere parameters for that
Ao — 6" 7™33518473¢ —0.12+0.58¢  4+0.12 4+ 0.784 site (one every three hours), or the algebraic sum of the signed
Ad +2°30'25713601¢ —0.44 4+ 0.75 -0.314£0.82 partials. In this way, we made some allowance for the potential

= Estimates of the relative position of the two sources, minus the réffects of possible correlations among the estimates of the atmo-
erence separation, from a weighted-least-squares analysis of the pRgkere parameters for each site. The second largest contribution
delays, after corrections for source-structure, source opacity, and iotthe total error budget of each coordinate comes from the cor-
sphere effects, the last via dual-frequency-band observations. The eesponding standard error in the a priori position used for the
mated standard errors include statistical standard errors and errorsigference source (1150+812). This large contribution is due to
to opacity effects, to registration of the maps, and to software limitgye geometry of the sources on the sky. For sources with smaller
tions. See Tablel2 and Sét. 6. angular separations, the contribution of the a priori uncertain-

ons. » . y
Estimates of the same relative position as above, except that o5 f the coordinates of the reference source to the standard
phase delays at 8.4 GHz were used and that the corrections for ion

0- . . . . . .
sphere effects were obtained from GPS-based estimates of TEC. efror in relative position is usually a small fraction of the a pri-

¢ The reference separations are from the IERS (1996). See Table 9” uncertainty of the rel_‘erence coordinates (e.g., Guirado etal.
4 To facilitate comparisons betweexr andAs, we have multiplied 1295D), because there is a positive correlation between the right

the Aa (ms) values byl5 - cos 815034784 t0 ObtainAa in mas. ascensions, and similarly the declinations, of the two sources.

However, because 1150+812 and 1803+784 are withinof

the north celestial pole and lie almost exactly six hours apart in
did not change our result significantly. In fact, any ratio of theght ascension, an error in the position of one of the sources
weights of the differenced to the undifferenced data betweemright ascension (or declination) translates into a similar er-
0.1 and 10 with respect to our “nominal” solution did not alror for the other source in declination (or right ascension). (See
ter our estimate of the angular separation significantly. ElgsTdblel4.) A covariance analysis confirms this “tradeoff”, show-
andD also illustrate a virtue of the difference phase-delay tedhg a fairly strong correlation between the estimates of the right
nigue mentioned above: although the separation of the souraesension of one source and the declination of the other source
is 14° 50’ 21147559 and the cycle length of the observation§p(a1150+s12, d1803+784) = —0.7; p(d1150+812, A1803-+784) =
is correspondingly large, the differenced phase delays are gai, but little correlation between the estimates of the two right
tially free from some incompletely modeled effects as attestadcensions (and between the two declinations). Moreover, the
by the larger residuals seen in Fij. 4 than in Elg. 5, in particulaearly complete cancellation of the geometric errors usually
for the baselines involving the Medicina antenna. obtained in astrometric studies of radio sources with smaller

The standard errors in Talile 3 are larger than the differen@®gular separations is not so effective in the present case. For

between our estimates &fa and Aé, and those provided by example, the uncertainties in UT1-UTC values do contribute
IERS, indicating that the a priori IERS values are quite accsignificantly to the standard error in the estimate of the angular
rate. This accuracy is not surprising, since both radio sourcesseparation. The remaining significant contributions to the stan-
dominated by emission from the core, and so the IERS valuedard error are attributable to the uncertainties in the estimates
mainly based on averages of results from observations at mafithe antenna locations.
epochs using group-delay astrometry — should be accurate, ex-Software limitations prevented us from taking into account
cept for a small offset that may be contributed by persistentour analysis such effects as ocean and atmosphere loading,
opacity effects in the core components. For sources with strdigpl terms in polar motion and UT1, and arbitrary variations
emitting features well separated from their cores, larger diffén the atmosphere zenith delays. Based upon a surrogate test
ences from the a priori IERS values can be expected, given tiighe sensitivity of the relative position of a different pair of
greater sensitivity of the “structure group delay” to componentsdio sources (observed in an unrelated experiment) to these
farther from the cores (Thomlias 1980). Those differences carditects, performed using the CALC (Ma e(al. 1886) and SOLVK
largely removed by using the more precise, structure-free ph@derring et al[ 1990) packages, we estimated that the known
delays. limitations of our software contribute an uncertainty of about 0.4

mas to each coordinate of our estimate of the sources’ relative

L . position.

6. Sensitivity analysis
We carried out a sensitivity analysis to estimate the contribe—
tions of individual effects to the standard errors in the relative-
position determination; see Talhle 4 for a list of these effects. Wie observed the strong radio sources 1150+812 and 1803+784
found that the primary source of error is due to the uncertaintyith a VLBI array on 18 November 1993, an epoch of mild solar
in our knowledge of the neutral atmosphere, which by itselftivity. The antennas recorded data simultaneously at 8.4 and

Summary
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Table 4. Sensitivity of the estimated position of 1803+784 to the vafor ionosphere effects agree with those obtained from our dual-
ues of other model parameters included in the weighted-least-squdregiuency-band VLBI measurements to within the standard er-

analysis. rors for each method. Ros et al. (1999, 2000) also successfully
used GPS-based TEC values to remove the ionosphere’s con-
Parameter Standard dAa  JAS tribution to the phase delays at 8.4 GHz. The checking of their
Deviatior®  (uasf  (uas) removal in that experiment was limited to the precision of the
a1150+812° 174 pas -6 -158 dual-frequency-band (8.4 and 2.3 GHz) group delays, since Ros
d1150+812° 140pas 135 -2 et al. could not reliably connect their phase delays at 2.3 GHz.
Atmosphere F 017ns/3hr -123 298 In our case, we successfully connected the phase delays at both
zenith delays: I 0.17ns/3hr -150 —87 frequencies, and thus for the first time compared TEC iono-
L 017ns/3hr -267 117 sphere delays against phase-delay-based ionosphere corrections
)(2 8_‘1177 :://;’ :: _1151 32175 (Fig.3). This agreement supports the use of single-bansi4
Site coordinatés B 2em 60 40 GHz_) VLB_I observations for.astrometry purposes, an option of
= 2cm 30 35 particular interest for experiments to be carried out at epochs
| 2cm 42 20 of strong solar activity, when phase connection for a frequency
L 2cm 69 32 band< 2.3 GHz is likely to fail. Single-frequency VLBI ob-
0 2cm 34 76 servations along with GPS-derived TEC ionosphere corrections
X 2cm 24 39 can be confidently used instead.
Earth’s polé: X 0.7 mas 18 -1 Our standard errors shown in Talple 3 are larger than the
y 0.7 mas 8 21 difference between our estimates of relative source position
UT1-uUTC 0.04ms -126 95 and those provided by IERS. The high level of agreement is
Root-Sum-Square 412 616 likely due to the fact that both radio sources are strongly core-

dominated. However, were a bright emitting feature present sev-
2 Each value in thé Aa and§Ad columns was obtained by comput-eral milliarcseconds from one of the cores, large offsets could
ing the effect of altering the a priori value of each parameter by oexist between the true core position and the IERS position.

standard deviation on the relative-position determination. With VLBI phase-delay astrometry, such errors can be effec-
" We have multipliedus by 15 - cos 15034754 to obtainuas for the  tively reduced using structure-phase corrections computed from
penultimate column. self-calibrated maps derived from the same VLBI observations.

reover, phase-delay astrometry has the advantage of allow-

sitivity analysis, we adopted standard deviations for the coordinates us to knowvery accurately to which featurmside each

1150+812 twofold larger than the quoted IERS (1996) errors. forri h lculati lati iti
4 We specified the atmosphere delays at each site by a piecewise-lir?@é‘}rce we are referring when caiculating relative positions.

function characterized by values at epochs about three hours apart. ForlN SUMmary, we have de.termlned Wlth_submllllarcsecond ac-
each such epoch, we used 0.17 ns as the standard error. The quegisaCY the angular separation of two radio sources separated by
sensitivity values take into account the total contribution, for each aalmostL5°, using phase delays from dual-frequency-band VLBI
tenna, from all atmosphere parameters. Effelsberg (B) is not includegieasurements. Since withld° of any given source there are
since we solved for its atmosphere parameters. (SedSéct. 4.2.) almost always two or more reasonably strong radio sources, we
¢ Asgivenin Table 1. The 2 cm standard deviation refers to each of thave thus demonstrated that phase delays should be usable for
three coordinates for each antenna site. The sensitivity values accqyfitsky astrometry of radio sources. We have also shown that
for the errors in all three coordinates, assumed to be independent.GpS_based measurements can be used to obtain reliable iono-
sphere corrections to the phase delays, thus demonstrating the
feasibility of conducting VLBI observations solely at frequen-

2.3 GHz, which allowed us to estimate the ionosphere contrities> 8.4 GHz for astrometric purposes. Future improvements
tions to the phase delays; we also used TEC values from GRghe modeling of the atmospheric delay contribution, and in
measurements to estimate such contributions. We estimated, &gcknowledge of Earth rotation and pole position, as well as an-
thereby partly removed from the phase-delay data, contributidggna location, should result in increasingly accurate estimates
due to the dry and wet components of the atmosphere, and @héhe relative positions of sources far apart on the sky.
brightness structure of the sources. The phase-connection proWe stress that phase delays are more reliably corrected for
cess, required to extract the precision inherent in the phase gféucture phase than are group delays. Therefore, differenced
lays, did not pose special difficulties for our 7 min cycle timédhase-delay astrometry is better suited than group-delay as-
indicating that spatial and temporal fluctuations due to the &tometry for carrying out astrometric studies of extended ra-
mosphere and the ionosphere were not large enough to preg@sources. To date, however, group-delay astrometry has been
reliable phase connection in either frequency band. used to establish a quasi-inertial celestial reference frame based
We then estimated the relative position of the sources (TP estimates of the positions of a number of relatively compact
ble[3) via a weighted-least-squares analysis of a combined de¥iagalactic radio sources from many years of regular observa-
set of undifferenced and differenced phase delays. The efifins. Our results open the avenue to an alternative, potentially
mates resulting from use of GPS-based TEC values to accol@e accurate, approach, namely that of carrying out a suitable

¢ The standard deviations are as provided in IERS (11996). For the smg
i
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series of observing sessions and using difference phase-d€aiado J.C., Marcaide J.M., Ros E., et al., 1998, A&A 336, 385
astrometry to obtain submilliarcsecond positions for the corswitt A., Burbidge G., 1993, ApJS 87, 451
of these sources. Herring T.A., Davis J.L., Shapiro I.1., 1990, J. Geophys. Res. 95, 12561
International Earth Rotation Service (IERS), 1996, In: Feissel M.,
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