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Abstract. We present results froth3.6 cm observations of the black hole (see eg. Blandford &d6igl|1986). Whilst jet fea-
quasar pair 1038+528 A and B, made in 1995 using the VLB#&ires may correspond to shocks in the moving plasma, and can
together with the Effelsberg 100m telescope. We describe tjiee rise to the observed “superluminal’ component motions in
use of a phase-referencing technique to measure the astroms@tie sources (Porcas 1987), the “core” emission is thought to
ric separation between the quasars. We also introduce a raige from a more-or-less permanent location close to the ori-
data analysis method - “hybrid double mapping” - which prejin of the beam, where the ambient conditions correspond to a
serves the relative astrometric information in a single VLBI hyransition from optically thick to optically thin emission at the
brid map for close source pairs. We combine our measuremeuitserved frequency. Although the “core” position may thus be
with those from three previous epochs, the earliest in 1981. Grequency-dependent, for a fixed observing frequency the core
new observations confirm the evolution within the structure should provide a stable marker, anchored to the central mass
quasar B, previously proposed to explain the measured chanf¢he quasar, whose location can be used to define a precise
in the relative separation of the pair. Our upper bound for apgsition for the object as a whole. Although short time-scale
systematic proper motion between the mass centres of quasargtions in physical conditions may cause small changes in
A and B is 10uas yr!. This is set by the limited precision inthe “core” location, over long time-scales it may be used to
defining the reference points in the quasars at different epotfack any systematic proper motion of the quasar.
and by possible instabilities of the source “core” locations. A The results from a near decade-long VLBI monitoring pro-
separate analysis enables us to put more stringent upper lirgitsm on 1038+52A,B at3.6 and 13 cm (from 1981.2t0 1990.5)
to any core motions along the two source axes. are reported by Rioja et al. (1997a), whose main conclusions can
be summarized as follows:

Key words: instrumentation: interferometers — techniques: in—1 There | id ¢ lati tion bet
terferometric — astrometry — radio continuum: general - INereis no evidence ot any relative proper motion between

the quasars A and B. The uncertainties in the astrometric
parameters result in an upper bound to any systematic rel-
ative motion between the cores of 4@s yr-!, consistent
with zero.

The quasar pair 1038+528 A,B (Owen et/al. 1978) consists 8f A compact feature within the jet of quasar B, chosen as
two flat-spectrum radio sources, with redshifts 0.678 and 2.296 the reference point for the structure, expands away from
(Owen et al_1980), separated on the sky by onl.3his sys- the core at a steady, slow rate of 18 + 5 pas yrt,
tem provides a unique opportunity to carry out high precision, correspondingtov.8 +0.2) ™! cforaHubble constant,
relative astrometric studies using the full precision of VLBIrel- Ho=100hkms! Mpc™!; gy = 0.5. These values are used
ative phase measurements, since most sources of phase errofdere throughout.
are common for the 2 sources (Marcaide & Shapiro 1983). 3. The accuracy of the relative separation measurement is lim-

VLBI studies of the mas-scale structure of flat-spectrum ited by noise and source structure, with estimated precisions
quasars show that they typically have “core-jet” morphologies, of about50 pas ath 3.6 cm at any epoch.
consisting of a highly compact feature (the “core”) located at. Confirmation of the consistently large offset (about 0.7 mas)
the base of an extended linear feature or line of lower brightness between the positions of the peak of brightness (“core”) at
components (the “jet”). Both 1038+528 A and B exhibit such A 3.6 and 13 cm in quasar A.
structures_. In s_ta_ndard models .Of extragalacu_c radio SOUrCes, \lew VLBI observations of this pair were made in November
these radio-emitting features arise from a collimated beamfg .

L : : L 95 (1995.9) ah 2, 3.6 and 13 cm. In this paper we report on
plasma which is ejected with a highly relativistic bulk veloc: . . . .
; . : ; results from our analysis of the 3.6 cm observations and investi-
ity from a region close to a central massive object such as & : :
gate the temporal evolution of the source structures and relative

Send offprint requests tMaria J. Rioja separation from all four epochs spanningl5 years. Investi-

1. Introduction
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gations of frequency-dependent source structure have also b&én Hybrid mapping in AIPS
made from a comparison of the astrometric measurementwf

the separations between A and B at all 3 wavelengths obser}/oer ﬁgg:}e; S;?s,n:f?;de\c/)tirvgir(;i;n;ptil)rt]r? ti(;zglgu:;n d'?al Pv?le
in 1995; these will be presented elsewhere (Rioja & Porcas in Y q ’

: used the information on system temperature, gain curves and
preparation). . o

. . . { scope gains measured at the individual array elements, to

Our new observations are described in Sect. 2. In SeCc’ ibrate the raw correlation coefficients. We used the AIPS task
we describe the data reduction and mapping techniques u '

and in Sect. 4 an analysis of the measurements in the maps Ir{NG o estimate residual antenna-based phases and phase

Sect. 5 we compare the astrometric results from these obse&%—'vawes (delay and rate) at intervals of a few minutes. It

tions with those from previous epochs and analyse the ChangF@portant to realise that FRING is a global self-calibration

in separation. Conclusions are presented in Sect. 6 gorithm, and performs an initial phase self-calibration also.
P ' P o We ran FRING on the A quasar data set, with a point-source

input model.

Anticipating our phase-referencing scheme (Sect. 3.2) we
applied the antenna phase, delay and rate solutions from A to
The pair of radio sources 1038+528 A and B was observed wWiBth the A and B data sets, and averaged them in time to 60 s,
the NRAO Very Long Baseline Array (VLBA) on Novemberand over the total observed bandwidth of 32 MHz. After suitable
10, 1995, for a total of 13 hours, alternating every 13 minutesliting of the data, we made hybrid maps of both quasars, using
between observations in dual 3.6/13 cm mode and observatignsumber of iterations of a cycle including the mapping task
at 2 cm. The 100m telescope at Effelsberg was also includedw and further phase self-calibration with CALIB.
the array for the 3.6/13 cm scans. The primary beamwidths of Fig[Jaand b showthe hybrid maps for both sources at 3.6 cm
all the antennas were sufficiently large that both sources coif{d1995.9. The maps are made using uniform weighting of the
be observed simultaneously at all wavelengths. Each 10 minyigibilities, a map cell size of 0.15 mas and a circular CLEAN
observation of 1038+52A,B was precedgae3 minute obser- restoring beam of 0.5 mas (these same mapping parameters are
vation of the compact calibration source 0917+624, to monitgged throughout this work). The “dirty” beam has a central peak
the behaviour of the array. 0f 0.57 x 0.47 mas in PA -29PA = position angle, defined start-

All stations used VLBA terminals to record an aggregate @dg at North, increasing through East). The root-mean-square
64 MHz bandwidth for each scan, using 1-bit sampling, Squ.h'ns) levels in the A and B maps, in regions away from the
vided into 8 channels (mode 128-8-1). For the dual 3.6/13 &Burce structures (estimated using AIPS task IMSTAT) are 1.0
scans, four 8-MHz channels were recorded for each bagdd 0.12 mJy/beam respectively, an indication that dynamic

(2254.5-2286.5 MHz; 8404.5-8436.5 MHz), using RHC p@ange considerations dominate over thermal noise in determin-
larisation. At 2 cm, eight 8-MHz channels (15 331.5-15 395jg the map noise levels.

MHz) were recorded in LHC polarisation.

The correlation was made at the VLBA correlator in Socorr,
(New Mexico). As for previous epochs, two separate “passe
were needed, using different field centres for the two sourc@sorder to make an astrometric estimate of the separation be-
to recover data for both the A and B quasars from the single aveen quasars A and B at this 4th epoch, we first used a “conven-
servation. Output data sets were generated for the two sourg@sal” phase-reference technique to make maps of the quasars
consisting of the visibility functions averaged to 2 s, with sanwhich preserve the relative phase information. In practice this
ples every 1 MHz in frequency across the bands. consists of using the antenna-based residual terms derived from

the analysis of the data of one “reference” source (A), to cali-
) brate the data from simultaneous observations of the other “tar-
3. Data reduction get” source (B). The reference quasar source structure must first

We used the NRAO AIPS package for the data reduction. \W& estimated from a hybrid map, and then fed back into the phase
applied standard fringe-fitting, amplitude and phase (self-) c&glf-calibration process to produce estimates of the antenna-
ibration techniques and produced hybrid maps of each qua&ased residuals, free from contamination by source structure.
The astrometric analysis was done using two different map- Phase referencing techniques work under the assumption
ping methods: a “standard” phase-referencing approach, trafét the angular separation between the reference and target
ferring phase solutions from one quasar to the other (see e.g. A@#rces is smaller than the isoplanatic patch size (i.e. the ef-
1988; Beasley & Conway 1995) and a novel mapping meth&fts of unmodelled perturbations, introduced by the propaga-
for astrometry of close pairs of sources, hybrid double mafien medium, on the observed phases of both sources are not
ping (HDM) (Porcas & Rioja 1996). Both routes preserve th¢ery different) and that any instrumental terms are common.
signature of the relative separation of the source pair pres&fometric errors in the correlator model must also be negligi-

in the calibrated phases. These analysis paths are describd8n ) )
Sects. 3.1 to 3.3 below. Assuming that the antenna residuals have been “cleanly”

estimated using the reference source data, the calibrated phases

2. Observations

2. Phase referencing in AIPS
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Fig.1a and b. VLBI hybrid

1= N 1 -| maps of 1038+528 at 3.6 cm.
Uniform weighting, CLEAN

beam 0.5 x 0.5 mas, pixel

MilliIARC SEC
MilliIARC SEC

s _ s | size 0.15 mas, tick interval 1
mas. a Quasar A. Contours
A 7 A 1 at 3,6,12,24... mJy/beam.
| | | | | | | | | | | | | | | | | | b Quasar B. Contours at

4 8 2 MillARC SEC ) N “ 4 s 2 b illiakc seC 2 3 “ 1.5,3,6,12... mJy/beam.

MilliIARC SEC

Fig.2a and b. VLBI phase-
reference astrometry maps.
Map parameters as in Fig. 1.
Astrometry reference points are
3 — indicated with a cros@ Quasar
A. Contours at 3.5,7,14,28...
v “r 7 mJy beam!. b Quasar B.
\ \ \ \ ! ! | Lol \ \ \ \ ! ! ! ! ! Contours at 1.5,3,6,12...
: 28 2o mJy beam*.

MilliARC SEC

1 0 -1 1 0 -1
MilliARC SEC MilliARC SEC

of the target source should be free from the errors mentioned For our implementation of phase-referencing using AIPS,
above, but still retain the desired signature of the source struge chose to re-FRING the (calibrated) A data set, using our
ture and relative position contributions. The Fourier Transfdmybrid map of quasar A as an input model, and applied the ad-
mation of the calibrated visibility function of the target sourcgistments to the antenna phase, delay and rate solutions to both
produces a “phase referenced” map. The offset of the brigttie A and B data sets before re-averaging. We then made maps
ness distribution from the centre of this map reflects any ermafrboth A and B using MX, performing no further phase self-

in the assumed relative separation in the correlator modelcHlibration. These are our “phase-reference astrometry” (PRA)
the reference source has a true “point” structure and is at thaps (shown in Fifl2a and b) on which we performed astromet-
centre of its hybrid map, this offset will be equal to the erroric measurements (see Sect. 4.2). Although the rms noise levels
more generally, one should also measure the offset of a referthe PRA maps are slightly higher than in the corresponding
ence point in the reference source map, and estimate the ehydsrid maps (2.0 mJy beam for A and 0.24 mJy beam for

in the source separation used in the correlator model from tBE our procedure ensures that the A and B visibility functions
difference between the target and reference source offsets. from which they are derived have been calibrated identically.

In general, the success of the phase-referencing technique is
critically dependent on the angular separation of the target 9,
reference sources. Simultaneous observation of the sources, as
was possible here, significantly simplifies the procedure, elinwhile the conventional phase-referencing approach worked
nates the need for temporal interpolation, and reduces the propeH for our November 1995 observations of 1038+52A and
gation of errors introduced in the analysis. While random errds the method relies on making a good estimate of the antenna
increase the noise level in the phase referenced map, systemasi@uals from just one of the sources - the reference. We have
errors may bias the estimated angular separation. devised an alternative method which extends the standard VLBI

self-calibration procedure to work on both sources together, for

New mapping method for astrometry of close source pairs
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cases where they have been observed simultaneously, and when
either could be used as the reference (see Appendix A). o N
The basis of the new method is to recognise that, since thg_ o |
visibility functions for both sources are corrupted by the same
(antenna-based) phase and phase derivative errors, the sum:ef —
the two visibilities also suffers the same errors. We form the
point-by-point sum of the two data sets, creating a new opé|~ 7
which represents the visibility function of a “compound sourcéﬂ’ B |
consisting of a superposition of the two structures, corrupted %y
the common antenna phase errors. If the source separatiof,i
close enough, the (summed) data as a function of the (averaged
uv-coordinates can be Fourier Transformed to form a map of- -
the compound source structure, and (iterative) self-calibration
in FRING or CALIB yields the antenna-based residuals. The'[-
advantage of this approach is that the antenna-based residy

vm

als are determined using both source structures smultaneousl;@

and may thus reduce the chance that reference source structural—. — L a— T —

phase terms contaminate the residuals. We term this process MillIARC SEC

“Hybrid Double Mapping” (HDM); a detailed description isFig. 3. HDM map of 1038+52 (A+B). Map parameters as in Fig. 1.
given in Porcas & Riojd (1996). Quasar B has been offset by -4.0 mas in declination. Contours at

It is convenient to shift the source position in one of th&,6,12,24... mJy beant.
data sets (by introducing artificial phase corrections) prior to
the combination into a compound-source data set, to avoid su-
perposition of the images in the map. The phase self-calibratig identification of the NW component as a “core” (Marcaide
steps which are then applied to the combined data set are idg®Bhapiro 1984); the SE component, corresponding to a knot in
tical to the case of a Single source. In HDM the informatioﬂhe jet, has been used as a reference Component in previous as-
on the angular separation between the sources is preserveglgmetric studies. The separation between these 2 components
the process of self-calibration of the combined visibilities, and 1995.9 has increased, continuing the expansion along the axis
can be measured directly from the compound-image map; #f&he source, as discovered from previous epochs of observa-
relative positions between the individual source images in thgns at this wavelength (Rioja et al. 1997a). There is no trace of
compound map, taken together with any artificial position shife third, extreme SE component, seen in maps of this source at
introduced, give the error in the assumed angular separation #icm. This feature is evidently of lower surface brightness at
the correlator model. In this approach one must be careful to usg cm and is resolved out at the resolution of these observations.
the same number of visibility measurements in each time inter- \we used AIPS task IMSTAT to estimate total flux densities
val from the two data sets, in order to avoid the predominangg quasars A and B (within windows surrounding the sources
of data from a particular source. in the hybrid maps). The values are given in TdHle 1. Table 1

Fig[3 shows the HDM map of quasars A and B in 199585 Iists the fluxes and relative positions of the most prominent
at A 3.6 cm; the B source is artificially offset by -4 mas ifeatures in the maps of A and B, obtained using task JMFIT
declination. The rms noise in the map is 0.82 mJy beam 1o find parameters of elliptical Gaussian functions which best
higher than that in the hybrid map of B but lower than in that @4 the various source sub-components. The formal errors from

A. the fits, however, do not give realisitic values for the parameter
uncertainties. The distribution of flux between the core and k1

4. Analysis of the maps in quasar A, and their relative separation, are quite uncertain,
for example.

4.1. Source structures

The 1995.9 hybrid maps of quasars A and B 8t6 cm (FlgDL)
show the core-jet structures typical of quasars at mas scales.
They may be compared with maps from previous epochs givEhe astrometric measurement of a separation between two non-
in Rioja etal.[1997a). The structure of A in the new map shov®int sources must always refer to the measured positions of
no major changes with respect to previous epochs. There igeference points within maps (or other representations) of the
prominent peak at the SW end of the structure (the “core”) asdurce structures. The selection of suitable reference points is
a jet extending in PA 15-25containing at least two “knot” crucial in monitoring programs, where the results from the anal-
components (k1 and k2). ysis of a multi-epoch series of observations are compared. Ide-

The new map of B at 3.6 cm is qualitatively similar to thosally, a reference point should correspond to the peak of a strong,
from previous epochs. It shows 2 point-like components sepairesolved component, which is well separated from other radio
rated by justunder 2 mas in PA 12Bpectral arguments supporiemission within the source structure.

4.2. Estimating positions of reference features
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Table 1. Parameters derived from the Hybrid Maps of 1038+528 A and B.

S-tot S-pk S-int  maj. min. PA sep. PA
(mJy) (mJy/b) (mJy) (mas) (mas) (deg) (mas) (deg)

1038+528 A 603.0 core 3016 3553 0.28 0.12 3 - -
k1 171.8 2355 0.42 0.16 13 0.639 151
k2 9.3 14.0 - - - 1.796 248

1038+528 B 86.5 core 33.5 40.9 0.32 0.11 132 - -
ref 24.6 34.4 0.39 0.24 123 1869 127.1

For the 1995.9 epoch observations of 1038+528 A,B we sesed in making the map (e.g. cell size and beam width). The
lected the same reference features as those used for the analieS task IMFIT can be used to fit an elliptical Gaussian to a
of previous observing epochs. These are the “core” componeamponent in a CLEAN map, for example. However, the posi-
for quasar A, and the prominent SE component for quasarti®in of the peak of the Gaussian depends on how asymmetric
These features are labelled with a cross in[Big. 2a and b. Tthe component brightness distribution is, and the area of the
core of A is indeed strong and compact, but has the disadvamap to which the fit is restricted. MAXFIT fits just to the local
tage that it merges with knot k1. Although the SE componemaximum around the peak map value, and is thus less sensitive
of B is no longer the strongest feature at 3.6 cm, it has alwagsthe rest of the distribution.
been strong at both 3.6 and 13 cm wavelengths, is reasonablyWe have attempted to quantify some limits to reproducibility
compact and is easily distinguishable in maps made at longeising from the use of MAXFIT for defining the peak position
wavelengths, thus facilitating spectral studies. Our astrometifidCLEAN maps. We investigated the effect of changing the true
analysis refers to the measured positions of the peaks of thpssition of a point-like source with respect to the pixel sampling
components in A and B. We used the AIPS task MAXFIT t¢here 3.3 pixels per beam) by offsetting the source position in
measure the position of these peaks in the PRA and HDM map8.increments of 1/10 of a pixel in the visibility domain, map-
MAXEFIT defines the location of a peak in a given map regioping and CLEANing the new data sets, and estimating the new
by fitting a quadratic function to the peak pixel value and thogesitions in the CLEAN maps using MAXFIT. The maximum
of the adjacent pixels. A comparison of this method of definirdjscrepancy found between the values of the artificial offset and
the peak position with that used for earlier epochs is describibe shift derived by MAXFIT was 1/20 of a pixel. This corre-
in the next section. sponds to §as in our 3.6 cm maps.

For the analysis of previous observing epochs, the reference
points were defined to be the centroid of the most prominent
delta functions from which the CLEAN source map was de-
An analysis of errors presented in Rioja et Al. (1997a) showged (Rioja et al[[1997a). We examined possible systematic
that the dominant uncertainty in the astrometric measuremeditferences resulting from these different definitions of refer-
of the separation between this close pair of quasars comes framee points. One might expect the largest discrepancies to arise
the limited reproducibility of the reference point positions isvhen the underlying source structure near the reference point
the VLBI maps, from epoch to epoch. The magnitude of this asymmetric, as in quasar A. We investigated such differences
effectis hard to quantify, however, since it depends on the natiedetermining “centroid” positions for both A and B reference
of the source brightness distribution surrounding the refererm@mponents, using various criteria for excluding clean com-
point, and the method used to define the position of the pealnents from the calculation; this included the “25 percent of
in addition to the resolution of the array and the signal-to-noitiee value at the peak” threshold used for earlier epochs. For A
ratio of the peak in the map. the difference between this centroid position and the MAXFIT

A rough estimate of the error due solely to finite signal-toralue was 0.12 pixel (18as). For B the difference was less
noise in the maps is given by dividing the beam size by the ratlan 0.1 pixel. These are probably the largest potential sources
of the component peak to the rms noise level in the maps (sferror arising from using different methodologies at different
e.g. Thompson et &l._ 1986). This yields values of 3.3, 3.5 asgochs.

1.4 pas for the A and B PRA maps and the HDM map. These Our use of two different mapping procedures - phase-
may be taken to represent lower limits to the reference poreference mapping and HDM - also gives some insight into the
position errors; realistic errors will be larger, and will depensize of position errors resulting from standard CLEAN + phase
on the nature of the reference features and the manner in wrielf-cal mapping algorithms. The differences between the sep-
the position is estimated. aration estimates from the PRA maps and the HDM map are 27

It is important to choose a definition of the reference poiaind 28uas in RA and Dec respectively. This would suggest that
position such that it can be reproduced reliably from epoch diéfferences in the positions of peaks in maps reconstructed in
epoch, and is as independent as possible from the paramedéfsrent ways may vary at the l4as level.

4.3. Position error analysis
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Table 2.Change in the separation between quasars A and B in 1998&tion of random contributions. In Sect. 5.1 we justify compar-
with respect to 1981.2, estimated using standard phase referendingthe astrometric values measured at the various epochs, even

(PRA) and hybrid double mapping (HDM) techniques. though non-identical observing, post-processing and analysis

procedures were involved. In Sect. 5.2 we present the astromet-
A(Aa)cosda  A(AS)  Method ric results from the 4 epochs. In Sects. 5.3, 5.4, 5.5 and 5.6 we
[nag [nag present various analyses of these results, and attempt to quan-
148 249 PRA tify, or put upper-limits to, proper motions within and between
175 277 HDM the A and B quasars.

Table 3. Fixed source coordinates used for quasar A in the astromé&:1. Comparison between the techniques used at different
ric analysis (these coordinates correspond to GSFC global solution epochs
GLB831 (Chopo Ma, priv. comm.)), and separation between quasars

A and B measured in 1995.9. Before attempting a comparison of the astrometric results from
the 4 observing epochs, we need to show that any bias in the
Coordinates RA (J2000) DEC (J2000) astrometric estimates introduced by the use of different proce-

dures is small compared with other errors in the measurements
for the individual epochs. The consistency between the results
Relative Sep(B-A) 271160588 27/376325  from previous epochs of observations has been exhaustively
Estimated erroi(B-A) £0%0000027 +07000025  tegted (Marcaide et al. 1994: Rioja et[al. 1997a). We outline

here the largest changes involved in the fourth epoch, 1995.9,

After considering the various possible effects which caffith respect to previous ones:
limit the accuracy of position estimates, we adopt a “conser-
vative” value for the error in estimating the peak position irl. The observing array and frequency set-up used in the fourth
our A 3.6 cm maps, embracing all the effects detailed above, epoch was different from previous epochs of observations
of 18 pas (this corresponds to a thirtieth of the CLEAN beam). (frequency range 8404.5 to 8436.5 MHz instead of 8402.99
The associated estimated error for a separation measuremento 8430.99 MHz at first 3 epochs). This results in a dif-
between the two sourcesi5s uas. ferent coverage of thBlV plane, leading to changes in the
reconstruction of the source images. Investigations of such
effects by Marcaide et al. (1994) show that the effect on
the astrometric anaylsis is only a feuas. It is important to
Table[2 lists the results of our astrometric measurements of note that the observations at all 4 epochs have comparable
reference point positions in the maps. They are presented asresolutions and sample the same range of structural scales
changes in measured separation between the reference points iin the sources.
AandBin 1995.9, with respectto their separationin 1981.3. TH& The processing of the fourth epoch was done using the
values given from the phase-reference technique correspond toVLBA correlator, which uses a theoretical model derived
the difference between the A and B reference feature position from CALC 8.2; we used AIPS to analyse the data with vis-
offsets in their respective PRA map. The values derived from ibility phases residual to that model. For previous epochs
HDM have been corrected for the artificial offset introduced the correlation was done at the MPIfR (Bonn) MK3 cor-
before adding the A and B source visibilities. relator, and an analysis of the data using total phases was

All these values have been corrected for a small er- made with VLBI3 (Robertson 1975). The differences be-
ror in the AIPS calculation of the u,v coordinates in the tween CALC 8.2 and the one implemented in VLBI3 propa-
frequency-averaged data set. (Distances measured withingate into changes of only 1;&s in the astrometric analysis
the maps must be adjusted by a small correction factor of of the 1038+528 A-B separation (Ridja 1993, Rioja et al.
1—Avx(2v)~t =0.998.) 19974a). This is because any such differences are “diluted”

by the source separation expressed in radidiis# in the

Table[3 lists the coordinates of the reference source (A) case of this very close source pair.
adopted in the analysis and the measured coordinate separaBorThe values used in the analysis of previous epochs for Earth
between quasars A and B in 1995.9. Orientation Parameters (EOP), stations and reference source
coordinates were consistently derived from a single global
solution provided by Goddard Space Flight Center (GSFC).
For the correlation of the fourth epoch, the values used for
In this section we make a comparison of the astrometric mea- EOP were derived from IERS solutions, and the station co-
surements from the series of 4 epochs of observations. Any ordinates from USNO catalogs. We have made a compar-
increase of the temporal baseline in the program of monitoring ison of the values derived for all the parameters at the 4
the separation between A and B should result in a more preciseepochs from a single global solution from IERS (namely
identification of any systematic trends, with an improved elimi- |IERS eopc04), with the actual values used in the individual

Reference Sourqd) 10" 41™ 46781613 52 3328/23373

4.4, Astrometry results

5. Comparison of astrometry at all 4 epochs
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200 I | Changes with time in Fi@] 4 represent the vector difference
- . between any motions of the reference points in quasars A and B.
r + ] The near-orthogonal nature of the source axes in 1038+52 A,B
I 4 1 (along which one might expect any motion to occur) simplifies

200 _ the interpretation of any trends seen. The new 1995.9 value

- 1 follows the same steady trend towards the NW shown by the

three previous epochs. Rioja et al. {1997a) interpreted this as an
outward expansion of the reference component in quasar B at
arate ofl8 + 5 pas yr ', and quoted an upper bound on any

- ] proper motion of quasar A dfo pas yr!.
4

ol ) 5.3. Vector decomposition
1 . . T .
] In this section we attempt to separate the individual contribu-

tions from the 2 quasars in the astrometric separation measure-

L L Ll Ll ments presented in FIg. 4. We make no assumption about the sta-

100 0 ~100 —R00 bility of either component, but assume that any displacements

ho cosd(uas) of the A or B reference points from their positions at epoch

Fig. 4. Measured separations between the A and B reference pointd are along the corresponding source axis directions. This is

epochs 2 (1983.4), 3 (1990.5) and 4 (1995.9), with respect to epoch plausible assumption if the reference point coincides with a

(1981.2). Plotted error bars correspon@fouas. non-stationary component moving along a ballistic trajectory,

or with the location of the peak of brightness within an active

core or near the base of jet, where changes during episodes of
epoch analysis. The difference between the correspondagjivity are likely to occur along the jet direction. This approach
EOP values is always less than 4 mas. Such discrepandsegjosely related to that used previously by Rioja etal. (1997a).
propagate into errors in the relative position estimates F@r fixed assumed source axes for A and B, it results in a unique
each epoch of only a feyas. decomposition of the changes in the A-B separation into sepa-

4. Our astrometric analysis in AIPS using a phase-referenciigge A and B displacements, from 1981 to 1995.
approach and HDM differs from the phase difference It is clear that the dominant contribution to the separation
method used in VLBI3 analysis. Comparisons show thebanges seen in F[g. 4 comes from quasar B, in which the source
these procedures are equivalent (Porcas & Rioja [199&s is well defined by the 12PA of the separation between
Thompson et al._1986). Both involve the definition of refcore and reference components. For quasar A the source axis
erence points in source maps; uncertainties in the refereeads, from the inner “core” region (PA = 750 the outer jet
point positions (as described in Sect. 4.3) arise in the sag@mponents, and it is not so clear which direction should be
way. chosen.

5. Finally, a minor VLBA correlator error (Romney priv.  In our analysis we tried a range of values for fixing the A
comm.) caused incorrect time labels to be attached to #feurce axis (0 to 45in steps of 8). For each, we calculated A
visibility records, resulting in incorrecti(v) values. The ef- and B reference-point displacements at epochs 2, 3 and 4 with
fect on the relative visibility phases for our source pair ikgspect to epoch 1. Then we performed a least-squares fit to the
small (~ 0.004°) and can be neglected. B displacements with time to estimate a linear expansion rate

for the B reference feature along PA 2™ Fig.[5 we plot the

The magnitudes of all of the effects reported in this sectiffconvolved B reference point displacements from the analysis
are much smaller than our estimate in Sect. 4.3 of the uncertaffith the A source axis fixed at PA 2(he value adopted by Rioja
ity in reproducing the reference point in the source, from epo€hal-19973). The fitted expansion rate6s) + 0.6 pasyr -

to epoch, and we are thus justified in comparing the astrometfi€ error and .associated rms values take accoupt of the small
results from all 4 epochs. number of points and 2 degrees of freedom. This rate agrees

well with the value ofl8 + 5 pas yr' deduced by Rioja
et al. (1997a). The rms residual from the fit £as) is low,
and vindicates our use of measurements derived from differing

The astrometric measurements of the separations betweent@ganiques for investigating the relative proper motion between
reference points in A and B at 3.6 cm from 4 epochs areA and B.

presented in Figll4. Itincludes our new 1995.9 measurementand

those from three earlier epochs, in 1981.3, 1983.4 and 199G% Structural evolution within 1038+528 B

reported in Marcaide & Shapiro (1984), Marcaide et al. (1994)

and Rioja et al.[(1997a), respectively. The origin of the pl&ur deconvolution analysis of the changes in separation mea-
represents the separation at epoch 1. sured between all 4 epochs supports the finding, previously pro-

Ab(uas)
)
)
‘ T
w
‘ L

5.2. Astrometric separations at the 4 epochs



M.J. Rioja & R.W. Porcas: A phase-reference study of the quasar pair 1038+528A,B

300 ‘ 2.0
w F 1 —
¢ :
2 % g
c r e b ~
] 4 ©n
= A :
© 200 - i - s 1.9
&S] H s | m
o H ’ g =
5 L 7 i 5
m F 7 R =
©
2 100 |- 7 - 5 1.8
° % o,
m [ // 1 g
- r 7 — -
s L . 1 g
£ . g
) r e b &
& of }5 - SR
ET r slope: 17uas/yr 1 3
- [l ! ! L
1980 1985 1990 1995
Epoch (yr)

I I
r slope: 13uas/yr
L ‘ L ‘ L L ‘ L L ‘ L il
1980 1985 1990 1995
Epoch (yr)

559

Fig. 5.Changes in position of reference componentin B along P& 127#19. 6. Changes in the position of the reference component in B along
deduced from deconvolution of the A-B separation measurements. R&- 127, from measurements of its separation from the core in hybrid

sumed source axis for A is 25Plotted error bars correspondto p.as.

300

posed, that the B reference component moves along the source
axis, away from the B core. In this section we make an indepen-
dent determination of the separation rate between the core and

reference component in B from measurements within the maps200 B

at the 4 epochs.
Fig[8 shows the separation between the core and referesce
component in B at the four epochs plotted against time. Fér

=100 —

epochs 1-3 we used the values given in Rioja et al. (1997a). For
1995.9 we used AIPS task UVFIT to estimate a separation from
the B visibility data directly, in order to follow the methodol-
ogy used for the other epochs as closely as possible; the value
obtained was 1.895 mas. The slope from a least-squares fit cor-
responds to an expansion ratelgf0 + 0.7 pas yrt. In the
standard picture of extragalactic radio sources, the “core” is
stationary, so this corresponds to an outward expansion of the
reference component along PA £27

maps of B. Plotted error bars correspon@iouas.

<+
g

1

Il ‘ Il
100

0

—100

The rms of the fit (8.as) is again surprisingly low, implying Fi
typical errors in the separation measurements at each ep

Aa cosdé(uas)

. 7.Separation between the cores of A and B (with respect to epoch

erived by correcting the A-B reference point separation measure-

(both within the B structure and between the reference poinfsdnts with the core-reference separations measured in the B hybrid
of only about 10-12:as along the direction of the B source axisnaps. Plotted error bars correspon@fo.as.

This is considerably less than the estimate of position separation

errors given in Sect. 4.3.

not a conclusive result since differences of this order arise from
choosing different values of PA for the motion in A in the vector
decomposition method.

The analysis presented in the previous sections demonstrateA more suitable tracer of relative proper motion between
clearly that the chosen reference component within quasath® quasars is the variation of the separation between the cores
is unsuitable for use as a marker for tracing any relative propsrA and B. We have used the separations between the core and
motion between quasars A and B. The value of its expansimierence component measured in the B map at each epoch, and
velocity derived in Sect. 5.4 appears to differ significantly frorthe astrometric separations between A and B, to calculate the
thatdeduced by vector-decomposition in Sect. 5.3. Although theparations between the A and B cores at each epoch; these are
difference between these estimates, if real, could be interprepdatted in Figl¥. The area occupied by the points defines an
as motion of the core of B at a rate of 4 pas yr!, this is upper limit of ~ 10 pas yr! for any relative proper motion

5.5. Relative proper motion



560 M.J. Rioja & R.W. Porcas: A phase-reference study of the quasar pair 1038+528A,B

140 |- n 140 | .
120 - a — 120 ,b —
Emo - — g 100 — =
: Y r ]
§ 80 |- 7 § 80 I~ /// 1
=60 4 f e[ e ]
5 ) 3 - ]
-7 B> L - il
% 40 7 4 2 40 P ]
g P 5 1 Fig. 8aand b.Residual motions
520 [ L 4 £ =20 F e ] )
2 e ] =2 F - 1 of the cores using the decon-
o [ - b o 71 volution approacha Displace-
] r 1 ments of B core along PA 127
—20 [ slope: dpas/yr -20 slope: 5uas/yr - b Displacements of A core along
L L L L S I T ST T NSO Y NS N1
1000 1085 1090 1005 1980 1985 1990 1995 PA 25°. Plotted error bars corre-
Epoch (yr) Epoch (yr) spond ta25 uas.

between the A and B cores, and hence between the quapastional stability of their cores. The changes measured in the
themselves, during the period of nearly 15 years for which tkeparations between quasars A and B at 3.6 cm are dominated
separation has been monitored with VLBI. The limit seems tiy the motion of the reference feature in quasar B. These astro-
be set by the relatively large deviation of the 1995.9 epoch poimetric results, and measurements in the hybrid maps of B are
in the direction of the A source axis, presumably arising froeompatible with an expansion rate for the B reference compo-
the difficulty in defining the reference point at the A “core” frorment of 13—17:as yr-'. At a redshift of 2.296 this translates to
epoch to epoch. an apparent transverse velocity of 0.55-0.70 & WVe note that
this is an order of magnitude smaller than the more typical su-
perluminal velocities seen in many quasars; it is a rare example
of a subluminal velocity measured for a knot in a quasar jet.
Finally, we investigate any possible residual motions of the After correcting for the motion of the reference component
“cores” in A and B. The most likely causes of any such appan B, we can put a conservative upper bound to any relative
ent motions are changes in the relative brightness or positiongpodper motion between the quasard 6fuas yr-!. Despite the
features in the source structures at a resolution below that of therease in temporal baseline, this upper bound is no better than
maps. One might expect that these, too, would produce effeittst given by Rioja et al[ {1997a). Its value is related to the
predominantly along the source axis directions. We therefaificulty in reproducing a stable reference position along the A
used the vector deconvolution method on the plot of core-cageurce axis near its “core”.
separation with time to study displacements of the cores along Theories in which the redshifts of quasars do not indi-
their source axis directions. Fig. 8a and b show plots of the sete cosmological distances, and in which quasars are “local”
arated contributions from B and A, for an assumed A soure@d have high Doppler redshifts (e.g. Narlikar & Subramanian
axis PA 25. The displacements for the B core seem to increg$§883) are incompatible with our measured upper-limit to rel-
systematically. The fitted rate &8 + 0.3 pas yr!, indicat- ative proper motion. Quasars at 100 Mpc distance moving at
ing a possible slow outward motion. The displacements for thelativistic speeds would have proper motions of the order of
A core do not seem to vary systematically - the fitted slope 480 pas yr-!, nearly 2 orders of magnitude greater than our
5.5 + 3.6 pas yr!. Here the scatter is considerably largetimit. Assuming cosmological distances, our limit corresponds
reflecting both the difficulties of defining the reference poinb apparent transverse velocities of 0.43<¢ land 0.22 ¢ h'!
along the A core-jet axis, and also, perhaps, real “jitter” of thet the redshifts of the B and A quasars, respectively.
position of the peak due to variations in the “core” substructure. We have investigated the way in which the definition of ref-
These plots indicate the level of stability of the individual corerence points in a map may be only loosely “fixed” to the radio
positions; the fits represent realistic upper limits to any possieurce structure, especially when the latter is strongly asym-
ble systematic core motion in the A and B quasars along theietric. We have also developed an alternative analysis route -
source axis directions. Hybrid Double Mapping - for imaging both sources of a close
pair simultaneously, and at the same time preserving their rela-
. tive astrometric information in a single map.
6. Conclusions The surprisingly low rms from the fits of linear expansion

The series of astrometric VLBI measurements of the separatiBrjuasar B, and the discrepancy between the two estimates
between the quasar pair 1038+528 A and B, spanning nea(ﬂl?-9 + 0.6 pas yr! from the astrpmetrlc measuremen;s and
15 years, provides excellent material for investigating the réf3-0 =+ 0.7 pas yr* from the hybrid maps) are suggestive of
ative proper motion of two extragalactic radio sources and tft do not prove) a residual motion of the core in quasar B;

5.6. Possible “core” motions?
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our decomposition along the source axis direction gives a fit analysis is a simplification which ignores possible “non-
of 3.8 + 0.3 pas yr', corresponding to an apparent trans- closing” instrumental baseline phase terms arising from e.g.
verse velocity of 0.17 ¢ h!. If real, this might indicate a steady ~ un-matched bandpasses and polarisation impurities.)
change in physical conditions at the base of the jet, or perhaps

the emergence of a new knot component moving outwards withi, j) = ¢s(u, v) + ¢p(u,v) + 0;(t) — 0;(t)

a velocity similar to the reference component, but as yet unre- ) ) ) _ ) _
solved by our 0.5 mas beam. In this regard, it is interesting Iy conventional hybrid mapping, an iterative procedure is used

note the slight extension of the core of quasar B in PA°y8&n [0 Separate out the antenna-based phase terms from the “source”
by the Gaussian model fit. terms; the latter must produce a consistent and physically plausi-

The low rms derived from fits to the expansion of the Bl€ source structure after Fourier transformation of the corrected

reference component indicate that we have been overly condéibility:

vati\_/(_e in our estimate of8 pas for the error in ref_eren_ce pointA . ei[¢5+¢”](u V) = V(i j) o il0:(1)=0; ()]
positions. Errors at least 2 times smaller are implied, corre= ! ’ —_—
sponding to a sixtieth of the beamwidth. It is interesting to noteerrected visibility antenna phase terms

that such small errors are also implied in the work of Owsianjk,\vever the position offset term,, can also be expressed as
7 . ’ D)
& Conway (1998), where the low scatter in the plot of expany jifference in wavefront arrival times at the 2 antennas and so it

sion of the CSO source 0710+439 allows an expansion rate0f s, “absorbed” in antenna phase tefth#’; the “absolute”
14.1 4+ 1.6 pas yr! to be determined. position information is lost:

There are no obvious systematic motions within quasar A,

but the “noise” in the estimates of position along its axis are{ « ¢’%](u, v) =V (i, j) * e~ 0 (1) =05 (2)]

much larger. This noise, along with any associated underlyin — —
N . .~ .cqrrected visibility

changes in source substructure, provides a fundamental limit to

estimates of any systematic core motion in A. Improvements Hybrid Double Mapping (HDM), the visibility functions of

on the estimates of (or upper bounds to) the relative motiomo sources observed simultaneously are added. For a close

between the quasars, or of the individual motion of the A corsgurce pair, we make the same assumption as for conventional

will require a considerable increase in the temporal baselinegifase-referencing - that the model error phase terms are essen-

antenna phase terms

VLBI monitoring. tially the same for both sources. We make a further assumption
that theu, v coordinates are also essentially the same for both

. ) o 5

Appendix A: Hybrid Double Mappping (HDM) sources, for each baseline and time. The visibility sufn:- 172,

can then be re-written:

A.1 Principle of Hybrid Double Mapping (A1 5 S8 4 A2 ei[d’i*((ﬁi*d’;)])(u? ») =
The visibility function, V', measured at time, on a baseline
between antennasandj, is represented by a complex function corrected visibility sum

with amplitudeA, phaseP:

— Vsum(l,j) * e*i[ei(t)fe; (t)]
—_—

V(Z7 ]) = A * ei[d)] (t) antenna phase terms
For this analysis it is convenient to indentify 3 contributions tghjs may be recognised as the visibility function of a “compos-
the visibility phase: ite” source consisting of the sum of the brightness distributions

CoN of sources 1 and 2, with antenna-based phase error &rfis
905,7) = 65 (1, v) + dp(u,v) + G (?) as before. The HDM method consists of performing tﬁeﬂr}ormal
where hybrid mapping procedure with the visibility sum, resulting in
] the separation of the antenna-based errors, and a physically
¢s is due to source structure, evaluated w.rt. a referenggsible map of the sum of the two source brightness distru-
position for the source. butions. An important point is that, whereas tégin of the
¢p is due to any offset of the true source position from th@ap of the composite source is arbitrary (as it depends on the
reference position. position of the starting model), tleeparatiorof the two source
Both ¢, and¢,, are functions of the resolution coordinatesyrightness distributions within the composite map (determined
u andv, at timet. by gbf, — gb}j) is fixed during the phase separation procedure, and

énm is due to inaccuracies in the correlator model calculatidf €qual to thelifferenceof the errors in the two source posi-
of the interferometer geometry and the signal propagati§ans used for correlation. We call this the “residual separation”.
delays in the ionosphere, troposphere and receiving system;
it is an unknown function of time. A.2 Practical aspects
This term can be represented by the difference of two
“antenna-based” phasés,andd;, since it can be related to There are some practical aspects to be considered. If the source
the difference in signal arrival times at the two sites. (Thizoordinates used in the correlator model are very precise, then
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the residual separation may be less than the interferoméigbrid mapping.

beamwidth, and the two source distributions will lie on top gfq; re|ative astrometry studies (as described in this paper), the
each other. In this case it is desireable to introduce an artificighp method has some advantages over conventional phase-
position offset into one of the source visibility functions beforgatarence mapping and explicit phase-differencing methods. In
forming the visibility sum, to ensure _that the two sourc hase-differencing astrometry, separate hybrid maps must be
reference features are well separated in the HDM map. QR& e of hoth sources to correct for source structural phase terms
should also arrange that the peak of one source does notfigy the antenna phase errors are NOT constrained to be the same.
on the sidelobe response of the other in the “dirty” map, §fperfect separation between source and antenna phase terms
this may degrade the CLEAN deconvolution process in the, increase the noise on the differenced phase, as well as lead to
mapping step. possible systematic errors. In phase-reference astrometry, only
Another important consideration is that the time-averagede of the sources is used to solve for the antenna phase terms;
samples of the summed visibility function contain equamperfect separation can lead to extra phase noise in the phase-
contributions from both source visibility functions. When botheferenced visibility of the “target” source. In HDM we use both
sources are observed simultaneously this will normally Iseurce structures simultaneously to separate the (common) an-
the case, except when different amounts of data are lostt@mna error phases from that of a single “structure” in which the
the two separate correlator passes needed for the two souwederence points of the two sources are spaced by the residual
positions. It is important to edit the data sets carefully to fulfieparation.

this condition. When the separation between the two sources of a pair ex-

The range of validity of the assumption that the v) coordi- ceeds the telescope primary beamwidths, astrometric and phase-
nates for the two sources are the same depends on the “dilutieference observations must involve switching between the
factor”, i.e. the reciprocal of the source separation, measumalirces, and the visibility phase of at least one of the sources
in radians. Th€u, v) value assigned to the summed visibilitynust normally be interpolated in the observing gap. The con-
will be incorrect for either source by roughly 1 part in thalition that must be fulfilled for HDM to work in this case is
dilution factor (roughly 1 in 6000 for 1038+528A,B). This isthat an equal number of observations of both sources must be
equivalent to having source visibility phase errors of this orderided to form an average visibility function for the length of the
and thus limits the size of an HDM map to be less than thisolution interval” in the phase self-calibration step of HDM.
beamwidth times the dilution factor; the residual separatidris length is generally limited by the coherence time of the
should be much smaller than this value. atmosphere, and would imply a very fast switching cycle in

In the actual analysis used in this work, we first made a rou§}PSt cases. Another appli”cation for HDM could be in the the
correction to the phase of the summed visibility of 103g+52812lysis of “cluster-cluster” VLBI (see e.g. Rioja et:al. 1997D),

A + B, using the antenna phase and phase derivative errrvhich two or more sources are observed simultaneously on

from fringe-fiting 1038+528A using a point source modelVLBI baselines by using more than one telescope at each site.

However, there is no reason why one should not fringe-fit tIA‘:cknowledgementSNe thank Dave Graham for help with the obser-

summed visibility function directly. vations in Effelsberg, Tony Beasley for asistance at the VLBA, and
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