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PREFACEThe EVN/JIVE Symposium series was established a year ago to bring European as-tronomers together to hear the latest results in VLBI-related resear
h. The �rst Sympo-sium was held at Jodrell Bank just pre
eding the autumn meeting of the EVN Board ofDire
tors. A key fa
tor in the timing was to bring young resear
hers in Europe in 
onta
twith their more senior 
olleagues from other 
ountries and vi
e versa. This su

essfulformula was 
ontinued in the se
ond in the series hosted by the Toru« Radio AstronomyObservatory of the Ni
olaus Coperni
us University at the time of the opening of the new32 m radio teles
ope on 22 O
tober 1994.These Pro
eedings present the 
ontributions made to the se
ond EVN/JIVE Sympo-sium in Toru«. Seventy four parti
ipants dis
ussed 21 papers on subje
ts ranging overmost areas impa
ted by 
urrent VLBI: astrometry, geodesy, astrophysi
al appli
ations inmillimetre-wavelength and spe
tral lines, surveys with milliar
se
ond resolution, gravita-tional lenses, a
tive gala
ti
 nu
lei, and 
orresponding new teles
opes, instrumentationand data pro
essing. The authors were requested to bring their manus
ripts in 
omputerreadable form to the Symposium or to send them ahead of time via ele
troni
 mail. Lessthan one month after the Symposium, these Pro
eedings are ready for issue, a tribute tothe authors themselves and the hard work of the sta� at the TRAO.We thank the TRAO sta� for their help in organising this very su

essful Symposiumand the Polish Ministry of Edu
ation, the State Committee for S
ienti�
 Resear
h, theNi
olaus Coperni
us University and Mostostal Gda«sk S.A. for �nan
ial support. Anumber of parti
ipants wish to thank the Joint Institute for VLBI in Europe for travelfunds to enable them to attend the Symposium.A.J. Kus, R.T. S
hilizzi, K.M. Borkowski, L.I. GurvitsToru« { Dwingeloo, 16 November, 1994
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VLBI Astrometry of Radio-Emitting StarsJ.-F. Lestrade1, R.B. Phillips2, D.L. Jones3 and R.A. Preston31Observatoire de Paris-Meudon, F92195 Meudon, Prin
ipal Cedex, Fran
e2Haysta
k Observatory, Massa
husetts Institute of Te
hnology, Westford, MA 01886, USA3Jet Propulsion Laboratory, Calfornia Institute od Te
hnology, 4800 Oak Grove Dr.,Pasadena, CA 91109, USA Abstra
tHigh-a

ura
y astrometri
 VLBI observations of 7 radio stars are presented with appli
a-tions to the 
onne
tion between the Hippar
os and VLBI extragala
ti
 referen
e frames, tothe identi�
ation of the radio emitting region in the ternary system Algol and the dete
tabityof Jupiter-size planet orbiting the radio star �2 CrB.Introdu
tionVery Long Baseline Interferometry (VLBI) observations of radio-emitting stars 
ondu
tedover the last de
ade have yielded their positions, annual proper motions, trigonometri
parallaxes with a pre
ision of 1 milliar
se
ond or better. The appli
ations of su
h ahigh-a

urate astrometri
 parameters in
lude the improvement of the astronomi
al dis-tan
e s
ale through trigonometri
 parallax measurements, the 
onne
tion of the radio andopti
al 
elestial referen
e frames, the attempt to dete
t Jupiter-size 
ompanions orbitingradio-emitting stars, the determination of the orientation (node) and angular separationof binary system orbits for dynami
al studies of these systems, the 
ru
ial proper motionof the referen
e star in the Gravity Probe B mission to test the Lense-Thirring e�e
t ofGeneral Relativity amongst others.There are about 30 stars dete
table with the state of the art VLBI data a
quisitionsystem and there might be 100 dete
table by the end of the de
ade with the new VLBI
apabilities being developed in the US and in Europe.Our VLBI astrometri
 program of 11 radio-emitting stars (Figure 1) started in 1982and its initial motivation was to 
onne
t the Hippar
os opti
al referen
e frame to theVLBI (radio) extragala
ti
 referen
e frame at the milliar
se
ond level. The 
ux densi-ties of these 11 stars are variable between a few millijansky and a few tens milliJansky,i.e. substantially weaker than the extragala
ti
 radio sour
es usually observed by VLBI.We had to resort to the phase-referen
ing VLBI te
hnique both to enhan
e sensitivitywith multi-hour integrations and to a
hieve high astrometri
 a

ura
y through use of thedi�erential inteferometri
 phase between the target star and an angularly nearby VLBIextragala
ti
 sour
e. The details of this te
hnique is des
ribed in Lestrade et al. (1990).



2 Lestrade et al.We shall summarise the state of the Hippar
os/VLBI 
onne
tion based on our programand present 2 additional results as spin-o�s of these VLBI observations.
Figure 1: Sky distribution of the VLBI link stars for Hippar
os.Preliminary link of the Hippar
os and VLBI referen
e framesWe have 
arried out a 
omparison between the VLBI and Hippar
os astrometri
 parame-ters of 7 radio-emitting stars of our program. Both te
hniques (VLBI and Hippar
os) haveprovided positions, annual proper motions and trigonometri
 parallaxes of these stars with
omparable formal un
ertainties at the 1 milliar
-se
ond level or better. We have foundthat the systemati
 dis
repan
ies between these 2 sets of astrometri
 parameters 
an beremoved by performing a single global rotation between the extragala
ti
 and Hippar
osreferen
e frames. The three angles and annual rates of this rotation are determined atbetter than the milli-ar
se
 level as shown in Table 1. The Hippar
os parameters used forthis determination are from the Hippar
os redu
tion 
onsortium FAST but similar resulthas been found with the other 
onsortium NDAC.Table 1: VLBI/Hippar
os-FAST 
onne
tion: the 3 angles (A1 =A1, A2 =A2, A3 =A3)and the 3 rates of rotation (PA1= _A1, PA2= _A2, PA3= _A3) between the Hippar
os andVLBI referen
e frames have been determined with 7 link stars.Weighted least-square-fit solution :Rotation angles at epo
h 1991 4 1 :A1 = -26.87 +/- 0.46 masA2 = -12.64 +/- 0.55 masA2 = 22.99 +/- 0.46 masRotation rates :PA1 = 0.60 +/- 0.48 mas/yrPA2 = 0.06 +/- 0.46 mas/yrPA3 = 1.35 +/- 0.43 mas/yrThe robustness of the solution has been tested by splitting the 7 FAST link stars intotwo independant subsets, one with 3 stars (HR1099, HR5110, AR La
) and one with 4



VLBI Astrometry of Radio Stars 3stars (UX Ari, �2 CrB, CygX1, IM Peg). Rotation angles and rates have been solvedindependently for with these 2 subsets and 
ompared. The di�eren
es are no more thanthe quadrati
ally 
ombined un
ertainties of the 2 solutions (Table 2).Table 2: Di�eren
es between the angles and rates of rotation determined after splittingthe 7 VLBI link stars into 2 independent subsets of 3 and 4 stars. The symbol � is thequadrati
ally 
ombined un
ertainties of the 2 solutions.Di�eren
es between solutionsFAST(3 stars) � FAST(4 stars)(mas or mas/yr, 
orrespondingly)A1 +0:53 � 0:5�A2 �0:48 � 0:5�A3 +0:08 � 0:1�_A1 +1:17 � 1:0�_A2 +0:91 � 1:0�_A3 +0:54 � 0:5�The 3 angles of rotation are 
onsistent with the expe
ted values sin
e the FAST Hip-par
os 
oordinate system is aligned upon a quasi-FK5 referen
e frame and the FK5 isaligned with the VLBI referen
e frame to within 70 mas. The measured rotation ratesare 
onsistent with the un
ertainty of about 0.5 mas/yr, although the _A3 rate rea
hes 3�.This means that the pro
edure used in the Hippar
os data redu
tion to stop the rotationof the Hippar
os sphere is eÆ
ient.The angles of rotation found are relative to a VLBI extragala
ti
 referen
e frame thatis de�ned by the International Earth Rotation Servi
e (IERS) VLBI 
oordinates of the ex-tragala
ti
 referen
e sour
es (Arias, Feissel, Lestrade 1991) used for the di�erential VLBImeasurement of the link stars. The post-�t residuals of the star 
oordinates and propermotion 
omponents after the adjustment of the global rotation indi
ate that the 
onsis-ten
y between the Hippar
os and VLBI astrometri
 te
hniques is at the milliar
se
ondlevel. This is the �rst 
ross-
he
k between these two astrometri
 te
hniques of 
omparablepre
ision. The level of agreement found is 
onsistent with the expe
ted a

ura
y of thete
hnique, even though the astrometri
 parameters used are from preliminary redu
tionsof the data for both te
hniques. A 
omplete a

ount of this preliminary link is in Lestradeet al. (1994a).VLBI astrometri
 identi�
ation of the radio-emitting region inAlgolSpe
tros
opy, photometry and spe
kle interferometry have already provided a

urate val-ues for almost all the geometri
 and orbital parameters of the ternary system Algol (e.g.Soderhjelm 1980). Consequently, it is known that the mass ratio MA=MB between theprimary (main-sequen
e) and se
ondary (subgiant) stars of the 
lose binary of this sys-tem is � 4:5 and thus signi�
antly di�erent from unity. This makes the motion of theradio sour
e quite di�erent depending on whether it is asso
iated with the subgiant or themain sequen
e star of the 
lose-binary (astrometri
 measurements ex
lude that the third



4 Lestrade et al.
omponent of the system 
ould be responsible for the radio emission). The maximumdis-pla
ement of the radio sour
e proje
ted on the sky o

urs between the quadrature pointsof the 
lose binary orbit. This means between orbital phase � = 0:25 and � = 0:75, if� = 0 is the primary e
lipse time when the 
ool subgiant is in front of the bright B8Vstar. The magnitude of this displa
ement would be 0:003600 (from 2� MAMA+MB � a) if theemitting region is 
entered on the subgiant but it would be 0:000800 (from 2� MBMA+MB �a)if 
entered on the more massive main sequen
e star B8. a is the semi-major axis and isknown. The displa
ement would be intermediate if the emitting region is asso
iated withthe transient 
ow of gas between the two stars.In April 1989, we made four VLBI astrometri
 observations of the Algol radio emission.The observations took pla
e on April 12th, 15th, 16th and 19th, allowing 2.5 orbitalrevolutions of the 
lose binary to be sampled over these 7.5 days. These four epo
hs were
hosen so that the observations took pla
e when the two stars of the 
lose binary wereas 
lose as possible to the orbital phases � = 0:25 and � = 0:75. A single observation atea
h of these two orbital phases would have suÆ
ed but two additional observations weres
heduled be
ause of possible te
hni
al failures during the observations and for redundan
yof the measurement. All four observations were su

essful.
Figure 2: The four positions of the radio emission of Algol (
rosses) measured by VLBI are superposedon the 
on�guration of the 
lose binary during the observations at orbital phases 0.25 and 0.75. A portionof the traje
tory of the 
lose binary mass 
enter orbiting the third star in 1.86 yr is displayed.We measured the displa
ement of the radio sour
e in Algol of 4�0.5 milliar
se
ondbetween two orbital phases 0.25 and 0.75 over two 
onse
utive orbital revolutions of the
lose binary (see Figure 2). The magnitude of the displa
ement unambiguously indi
atesthat the less massive star of the 
lose binary, the K subgiant, is the star responsible forthe non-thermal radio emission of the system. This is 
onsistent with the idea that theradio emission in Algol is related to the strong magneti
 a
tivity of the subgiant.The orientation and sense of the displa
ement on the sky that are dire
tly dedu
edfrom our astrometri
 VLBI observations imply 1) that the orbital plane of the 
losebinary is at p.a. = +52 � 5Æ (p.a. = 0Æ is North and p.a. = 90Æ is East) and 2) thatthe sense of 
ir
ulation of the 
lose binary is 
lo
kwise, as seen on the sky. Thus, thelong-period and 
lose binary orbital motions are almost orthogonal and 
ounter-revolving(Figure 3). The orientation and sense of 
ir
ulation of the 
lose binary determined byour VLBI observations are identi
al to the �ndings of Rudy (1979) and Kemp et al.



VLBI Astrometry of Radio Stars 5(1981, 1983) obtained less dire
tly with opti
al polarisation observations. This intriguing
on�guration is diÆ
ult to re
on
ile with our present idea on the formation, evolutionand dynami
al stability of multiple stellar systems sin
e it is diÆ
ult to 
on
eive that theangular momentum of the primordial 
loud of this ternary system was split along twoorthogonal axis. The full a

ount of these observations is in Lestrade et al. (1993).
Figure 3: Con�guration of the two orbital planes in the Algol ternary system.Astrometri
 dete
tability of a Jupiter-size planet orbiting theradio-emitting star �2 CrBThe motion of a single planet in a 
ir
ular orbit around a star 
auses the star to undergoa re
exive 
ir
ular motion around the star-planet bary
enter. When proje
ted on the sky,the orbit of the star appears as an ellipse with angular semimajor axis � given by� = mpM? ad (1)where � is in ar
se
 when the semimajor axis a is in AU, the mass of the planet (mp) andthe mass of the star (M?) are in solar masses and the distan
e d is in p
. For example,observing the solar system from a distan
e of 10 p
, the presen
e of Jupiter would berevealed as a periodi
 
ir
ular displa
ement in the Sun's position, with a diameter 2� of1.0 milliar
se
ond and a period of 11.9 years.Ground-based opti
al astrometry has generally been limited to a pre
ision of a fewtens of milliar
se
onds althought the best measurements are at the 1 milliar
se
ond levelnow (Gatewood et al. 1992). VLBI astrometri
 observations of �2 CrB 
ondu
ted byus at 13 epo
hs between 1987 and 1994 have yielded its position, proper motion andtrigonometri
 parallax and the resulting post-�t 
oordinate residuals are 
hara
terisedby an rms as small as 0.2 mas (see Figure 4). The formal un
ertainties for the 5 �ttedastrometri
 parameters are 0.08 mas for the relative position between �2 CrB and thereferen
e sour
e 1611+343, 0.04 mas/year for the proper motion and 0.08 mas for thetrigonometri
 parallax (Lestrade et al. 1992, 1994b).The la
k of a 
lear sinusoidal signature in the post-�t 
oordinates residuals of Figure4 sets a limit on the presen
e of a planet around �2CrB for the 7 years observation span.The rms of the post-�t residuals (0.2 mas in Figure 4) is an upper limit on any systemati
departure from linear motion of the star. Eq (1) 
an be used to ex
lude a range ofplanetary perturbations by taking 2� = 0:2 mas, M? = 2:26 M� and d = 22.7 p
 for�2CrB. The log-log representation of eq (1) with these parameters is in Figure 5 and in



6 Lestrade et al.Lestrade et al. (1994b). The diagonal line of 
onstant astrometri
 signature in Figure 5follows eq (1) for 2� = 0:2 mas. We assume that a full orbital period of the planet mustbe sampled during the observations to separate the sinusoidal planetary signature fromthe �tted linear proper motion. In these 
onditions, the maximum semimajor axis a ofthe orbit of a planet 
orresponds to the total observation span through the third Keplerlaw. This lower limit on a is 4.8 AU for the 7 years of observations and is indi
atedby the verti
al dashed line in Figure 5. Finally, the shaded area indi
ates the planetparameter spa
e (a;mp) that are ex
luded by the present observations, i.e. any planetaryperturbations in the shaded area is too large to be 
onsistent with the post-�t 
oordinateresidual rms of 0.2 mas measured over 7 years by VLBI. Note that for a = 4:8 AU, theupper limit on the planet mass mp is 0.0012 M�, (� 1 Jupiter mass) as derived by eq. (1)for �2 CrB and 2� = 0:2 mas.
Figure 4: Post-�t 
oordinate residuals for �2 CrB. The 5 astrometri
 parameters of �2 CrB (
oordinates,proper motion 
omponents and trigonometri
 parallax) are adjusted to the 
oordinates measured by VLBIat 13 epo
hs.This limit will be
ome more stringent if the period of observation is extended. Theultimate goal of our program is now to extend these 7 years of astrometri
 VLBI obser-vations of �2 CrB to 
omplete a full 12 year 
y
le typi
al of a Jupiter-size planet thatmight orbit this star. The goal is also to improve the level of pre
ision of our astrometri
measurement sin
e this level is not presently SNR-limited. It might rea
h 20 mi
roar
-se
onds if all systemati
 errors 
ould be removed by an improved strategy of observationsand data analysis.
Figure 5: Log-log representation of eq (1) for the rms of the post-�t 
oordinate residuals (0.2 mas) of�2 CrB. The shaded area is the parameter spa
e (semi-major axis a, mass mp) that are ex
luded by our7 years of VLBI observations for a planet around this star.
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hanisms, are you looking at the stars asthey 
are or in a quies
ent state? How would this 
onfuse an attempt to �nd a planet?J.-F. Lestrade (A): The positional stability of the radio-emitting region within the staris a 
ru
ial question. Presently, we 
an say that if there is a jitter, it is no more than 0.2milliar
se
ond for the star �2 CrB. Now, it is possible to dis
riminate between the sinusoidalsignature of a Jupiter-size planet with a period of � 12 years or more and the errati
 signatureof the possible positional variations of the radio-emitting region in various states of a
tivity.
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In
uen
e of Radio Sour
e Stru
tureon Geodeti
 VLBI AnalysisA.-M. Gontier1;2 and S. Britzen1;31Max-Plan
k-Institut f�ur Radioastronomie, Bonn, Germany.2IERS/
b, Observatoire de Paris, Paris, Fran
e.3Geod�atis
hes Institut der Universit�at, Bonn, Germany.Abstra
tVLBI is at present the most powerful te
hnique to 
onstru
t the best approximation to aninertial referen
e frame. After more than a de
ade of VLBI observations several hundreds ofextragala
ti
 obje
ts have positions known within �0:0003". The a

ura
y of sour
e positiondetermination has rea
hed a limit where se
ond-order 
ontributions, like sour
e stru
turee�e
ts, be
ome signi�
ant. As there is essentially no point like sour
e at the milliarse
ondlevel, we need to 
orre
t for sour
e stru
ture to rea
h and maintain 0.1mas a

ura
y on sour
espositions and millimeter a

ura
y on geodeti
 parameters. Status report on the software to
orre
t sour
e stru
ture will be presented together with re
ent 
omparisons between observedand 
omputed 
losure quantities.Introdu
tionVLBI (Very Large Baseline Interferometry) is at present the most powerful te
hnique to
onstru
t the best approximation to an inertial referen
e frame. The IERS (InternationalEarth Rotation Servi
e) 
elestial referen
e frame is based on the positions of 
ompa
textragala
ti
 obje
ts measured by VLBI and it's maintained on the basis of the analysisof several observation programms for the study of Earth rotation, 
rustal deformations,astrometry and for deep spa
e navigation. The latest realizations of the IERS 
elestialreferen
e frame is 
ompiled from �ve individual extragala
ti
 referen
e frames obtained inglobal solutions at the Goddard Spa
e Flight Center, the Jet Propulsion Laboratory, theNational Astronomi
al Observatory of Mizusawa, the National O
eani
 and Atmospheri
Administration and the United States Naval Observatory (Charlot (ed.) 1994). It 
ontains531 obje
ts uniformly distributed on the sky (�86Æ < Æ < +85Æ), over 239 obje
ts havepositions known within �0:00025" (IERS 1994).A limiting fa
tor of the pre
ision and the maintenan
e of the extragala
ti
 VLBI refer-en
e frame is the stru
ture of the radio sour
es. As there is essentially no point like sour
eat the milliarse
ond level, sour
e stru
ture e�e
ts must be a

ounted for in high-pre
isiongeodeti
 VLBI analysis.



10 Gontier and BritzenSour
e stru
ture 
orre
tionThe e�e
t of sour
e stru
ture on the bandwidth synthesis delay is de�ned as the fringephase derivative with respe
t to the angular frequen
y:�s = ��s�! (1)where �s is the part of fringe phase due to stru
ture e�e
t and ! the observing frequen
y.As we are not only interested in phase 
omputation but also in phase variation withrespe
t to frequen
y, we have expanded equation (1) into two parts and we obtain:�s = ��s�u �u�! + ��s�v �v�! = r�s B�!where r�s is the gradient of phase with respe
t to u; v-
oordinates and � the wavelength,B represents the baseline proje
tion onto the plane of sky.The fringe phase and the derivative of the phase are only fun
tions of the 
omplexvisibility of the observed sour
e 
al
ulated from a given brightness distribution usinga two dimensional Fourier Transformation. Then to obtain the delay due to sour
estru
ture-e�e
ts we only need the map of delta fun
tions representing the brightnessdistribution of the sour
e in the plane of sky (Thomas 1980).Closure quantitiesFor sour
e imaging we use the 
losure phases whi
h are 
omputed by summing the phasesaround a triangle (i.e. a 
losed loop of baselines). As all e�e
ts known today, ex
ept sour
estru
ture e�e
ts, are asso
iated with individual antennas, we expe
t that the non-zero
losure quantities are only due to sour
e stru
ture e�e
ts (Pearson and Readhead 1984).Provided that all 
omputations are based on the same experiment and same frequen
y,the 
losure quantities (phase, delay and delay rate) derived from the map should agreewith observed data to within the noise level due to un
ertainties in observations andmapping algorithms. We have performed 
omparisons between the predi
ted and theobserved 
losures in order to test our 
omputation of delay 
orre
tions due to sour
estru
ture.Geodeti
 observations, performed the 25 february 1992 on the sour
e 1803+784 at X and Sband using 4 stations: Mojave, Westford (USA), Wettzell (Germany) and Hartebeesthoek(South Afri
a), are used for the test. Figure 1 show the good agreement between 
omputedand measured 
losure phases and 
losure delays.
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Figure 1: Closure phases and 
losure delays with respe
t to time for the triangle Mojave { Westford {Wettzell. Dots are observed 
losure quantities with their un
ertainties, and 
omputed 
losure quantitiesare the 
ontinous 
urves.Con
lusionThe 
omparisons between 
omputed and measured 
losure quantities have shown a goodagreement. The 
omputation of the additional delay due to sour
e stru
ture is now avail-able and 
an be used with the geodeti
/astrometri
 VLBI software CALC and SOLVE.We have now to map all sour
es observed during this experiment and 
ompute sour
estru
ture delay 
orre
tions for ea
h observation in order to analyse the in
uen
e of sour
estru
ture on the a

ura
y of geodeti
 parameters and sour
e positions.
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ount frequen
y dependent e�e
ts in \position-ing" of a bright feature in sour
e stru
ture?A.-M. Gontier (A): Not at the moment.R.T. S
hilizzi (Q): At a resolution of 0.25 mas, most 
ompa
t sour
es will bevariable. How do you take a

ount of variability?A.-M. Gontier (A): Geodeti
 
ampaigns, whi
h are made regularly (every month), 
anbe used to monitor sour
e stru
ture and dete
t time variations.L. B�a�ath (Q): Is anyone working on looking into going ba
k into the 25 years ofgeodeti
 data and 
onne
t for sour
e stru
ture?A.-M. Gontier (A): This study is a
tually made on re
ent geodeti
 data but possiblywill be extended to previous data.



Pro
. 2nd EVN/JIVE Symposium, Toru�n, O
tober 21, 1994 13High Frequen
y Variations of EOPfrom Extensive VLBI Operations in January, 1994yS.L. BolotinMain Astronomi
al Observatory, Kiev, UkraineAbstra
tResults of pro
essing the VLBI observations of extensive VLBI/GPS 
ampaign in January12{24, 1994, are presented. The IERS Standards (1992) have been used for modelling groupdelays and SRIF-te
hnique (Square Root Information Filter) has been used for estimating,predi
ting and smoothing of solved for parameters. Clo
k parameters, wet zenith delays,
orre
tions to Earth orientation parameters (UT1 and pole 
oordinates X, Y ) have been
onsidered as sto
hasti
 parameters in 
onformity with random walk sto
hasti
 model. Thepower spe
tral densities of d(UT1� UTC), dX and dY values have been 
al
ulated.Introdu
tionThe geodeti
 Very Long Baseline Interferometry (VLBI) is a unique te
hnique permit-ting determination of all �ve Earth orientation parameters (UT1, pole 
oordinate X, Yand 
elestial pole o�set � , ��) simultaneously. During the last few years there wasa signi�
ant progress both in the a

ura
y of VLBI-observations and redu
ing of theseobservations. It allows to obtain polar motion variations with pre
ision higher than 0.1mas for dX and dY and Earth rotation variation with pre
ision higher than 0.05 ms ford(UT1 � UTC). Majority of geodeti
 VLBI studies determine the estimations of EOPaveraged over a one day period. However high a

ura
y of VLBI-observations allows toinvestigate the behaviour of EOP variations at subdaily time s
ales.Re
ent theoreti
al studies of the Earth rotation have predi
ted the existen
e of diurnaland semidiurnal signals in d(UT1�UTC), dX and dY due to o
ean tides (Gross [1993℄).There are at least three di�erent methods for determining the subdaily variations in theEOP from VLBI-observations:1) parametri
 estimation;2) LS-estimation of EOP values averaged over �nite time interval;3) sto
hasti
 estimation.In 
ase of parametri
 estimation the amplitudes and phases of signals at sele
ted har-moni
s are estimated. The se
ond method generates least square (LS) estimates averagedover �nite time (usually, 1 { 2 hours). By introdu
ing the mapping equation to tie thesystem state equations for adja
ent sampling intervals, we turn to sto
hasti
 estimation.This allows also to de
rease the lengths of sampling intervals. One 
ould realize the thirdmethod by using the Kalman �lter te
hnique (for example, Herring et al. [1990℄). For thispurpose we have used Square Root Information Filter (SRIF) des
ribed in Bierman [1977℄be
ause of its numeri
al stability and ability to save results of 
al
ulations for followingsmoothing of parameters.yPaper not presented orally
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Figure 1. The estimates of d(UT1 � UTC) at 13-days interval. The estimates of d(UT1 � UTC) areshown by dots and 1 standard deviation error bar is pla
ed in left bottom 
orner of the panel. Slowlyvarying part of d(UT1� UTC) is shown by solid line.The SRIF-te
hnique 
onsist of the following steps:1) initializing of equation of system state (a priori data);2) \Data update": involving the information of measurement equation into the equa-tion of system state for given epo
h;3) \Time propagation": predi
tion of system state at next observation epo
h (anequation of mapping);4) 
al
ulating of smoothed estimates and 
ovarian
es.Pro
edures 2) and 3) are repeated sequentially up to the moment when all data arepro
essed. After performing \Data update" one 
an obtain �ltered estimates from systemstate equation. These estimates 
ontain information of a priori data and information ofobservations up to epo
h of 
urrent observation. After \Time propagation" one 
an obtainestimates predi
ted at next observation epo
h. Smoothed estimates 
ontain informationof a priori data and information of full set of pro
essed data. In general, this property ofsmoothed estimates is the main di�eren
e between sto
hasti
 and LS estimation.Data usedThe extensive VLBI/GPS 
ampaign in January 1994 was 
ondu
ted by NASA GSFCVLBI group in order to 
ompare Earth orientation results (hourly and daily values) de-rived by the VLBI networks and the IGS network, and the re
overed sto
hasti
 atmosphere
alibrations at 
ollo
ated VLBI/GPS sites. This 
ampaign was 
arried out during the pe-riod of January 11{26, 1994. It was supposed that VLBI stations would produ
e nearly
ontinuous series of observation.
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Figure 2. The subdaily variations in d(UT1� UTC). The dots are the subdaily variations of d(UT1�UTC) after eliminating long periodi
al variations. The solid and dotted lines are the variations ofd(UT1� UTC) a

ording to Herring and Dong [1993℄ and Gross [1993℄ respe
tively.There were up to 24 VLBI stations that made observations simultaneously in threeseparate network (NASA-R&D, VLBA and NAVEX-G). We have pro
essed observationsof one of these networks (NASA-R&D). There were 7 stations: Fairbanks (Alaska), KokeePark (Hawaii), Westford (Massa
husetts), Los Alamos VLBA (New Mexi
o), Wettzell(Germany), Onsala (Sweden), and Fort Davis VLBA (Texas) and 41 radio sour
es. Itturned out that the NASA-R&D observations were 
ondu
ted from 12 January to 25January and there was a one-day gap in observations on 18/19 January (when the stationstook the day o�).Redu
tion of dataWe have developed our own software SteelBreeze 1.0 for redu
ing the VLBI observa-tions. This software is based on the SRIF te
hnique mentioned above and the IERSStandards [1992℄.The ITRF92 (solution SSC(IERS)93C01) with its velo
ity �eld and ICRF92 (solutionRSC(IERS)93C01) were used as a realizations of the Terrestrial Referen
e Frame (TRF)and the Celestial Referen
e Frame (CRF) respe
tively. The IAU 1980 Nutation modeland initial values of EOP(IERS)90C04 were applied.Tropospheri
 refra
tion in the lo
al zenith dire
tion 
aused by hydrostati
 and watervapour 
omponents of the neutral atmosphere was modelled a

ording to Saastamoinen[1972℄. The zenith delays were mapped to line of sight elevations with the MTT mappingfun
tion of Herring [1992℄ for both hydrostati
 and wet 
omponents.The ionosphere e�e
t was eliminated by using of simultaneous dual frequen
y obser-vations.
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Figure 3. The power spe
tral densities of variations in d(UT1 � UTC). Main plot is the PSD ofvariations in d(UT1�UTC) for sele
ted frequen
y range 0 { 15 
y
les per sidereal day. The PSD for fullfrequen
y range (0 { 50 
psd) is plotted at the right top 
orner of the panel.Calibration data 
olle
ted at ea
h observing site were applied to 
orre
t for variationsin the ele
tri
al length of the 
ables between the radio re
eivers and the data a
quisitionsystems.All adjusted parameters have been treated as sto
hasti
 pro
esses ex
ept for CelestialPole o�set. We have modelled the sto
hasti
 pro
ess as random walk with magnitudes ofpower spe
tral density of ruled white noise:| for time o�set in 
lo
k model: 182 ps2/hour;| for wet 
omponent of tropospheri
 delay: 1:0 
m2/hour;| for d(UT1 � UTC): 0:0122 ms2/hour;| for dX and dY : 0:162 mas2/hour.Clo
k parameter and wet zenith delay at ea
h observing site have been reset as soonas new session has started. Therefore it has not been assumed 
ontinuity in behaviourof these parameters at the boundaries of sessions. But Earth rotational parameters havenot been reset and these parameters have been pro
essed as 
ontinious series for wholeinterval of observations.Nutations in longitude and obliquity have been treated as global parameters for thewhole period of observations, be
ause numeri
al experiments have shown that there arenot signi�
ant variations in these parameters and there is bias in Celestial Pole onlyde�ned by solution EOP(IERS)90C04 and derived from these data. We have obtainedthe following magnitudes for this bias: d = 0:887 � 0:094 mas and d� = 0:002 � 0:038mas.
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Figure 4. The PSD of variations in dX (see Fig. 3 for details).ResultsAltogether 27,975 group delays with quality fa
tor 0 only have been pro
essed. The �nalweighted rms post-�t residual is 10.30 ps.Long periodi
al variations of Earth orientation parameters have been eliminated byperforming 
ubi
 spline smoothing. As an example, Fig. 1 illustrates the estimates ofd(UT1 � UTC) and its long periodi
al variations, and Fig. 2 illustrates variations ofd(UT1�UTC) at subdaily time s
ales and its 
omparison with theoreti
al (Gross [1993℄)and empiri
al (Herring and Dong [1993℄) models of diurnal and semidiurnal variations ind(UT1� UTC).It is easy to see that the Earth orientation parameters de�ned by solution EOP(IERS)90C04 and derived from pro
essed set of data have both biases and long peri-odi
al variations.We have interpolated the EOP variations at subdaily time s
ales to uniformly spa
edseries using 
ubi
 spline with slight smoothing. These series have had 0.01 day spa
ing.We have 
al
ulated the power spe
tral densities of uniformly spa
ed d(UT1 � UTC),dX and dY series for the whole interval of observations. For this purpose we have usedspe
tral analysis te
hnique des
ribed in Marple [1980℄. The results are plotted in Fig. 3{ Fig. 5 for Earth rotation parameters. The diurnal and semidiurnal bands are 
learlyvisible for all estimated EOP. The power at these frequen
ies is 20 dB higher than at otherfrequen
ies. However, obtained spe
tra are di�erent from spe
tra of above mentioned tidalmodels with additive noise for the same time series. It is possible that signals distin
tivefrom tidally 
oherent ones are present in Earth rotation variations and polar motion.Atmosphere 
alibrations obtained are available in form of ASCII �les through e-mail:maouas�gluk.ap
.org (S. Bolotin).
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Figure 5. The PSD of variations in dY (see Fig. 3 for details).A
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 DataD. Fraix-Burnet, V. Despringre, E. Anterrieu and A. LannesLaboratoire d'Astrophysique de ToulouseObservatoire Midi-Pyr�en�ees14 Avenue Edouard Belin, F-31400 Toulouse, Fran
eAbstra
tWe present a new te
hnique for Fourier synthesis referred to as FIRST or WIPE dependingon what is emphasized, FIRST for the prin
iple (Fourier Interpolation and Re
onstru
tion viaShannon-type Te
hniques), and WIPE for the 
orresponding re
onstru
tion method (WIPEbeing reminis
ent of CLEAN). This method, developed by A. Lannes and E. Anterrieu, is nowoperational for 
alibrated data. We illustrate the main features of WIPE on Plateau de Buredata of the jet in M87 at 89 GHz (
onstru
tion of the obje
t representation spa
e, 
ontrolof robustness at ea
h step, 
riti
al eigenmodes to identify artefa
ts, et
.). This te
hnique isabout to be in
orporated into a self-
alibration pro
edure for VLBI, and 
urrent developmentsin
lude multiresolution and multispe
tral Fourier synthesis.Introdu
tionIn aperture synthesis, the data are 
omplex quantities 
orresponding to a �nite andirregular sampling of the Fourier transform of some obje
t brightness distribution. Morepre
isely, the data are blurred values of the Fourier transform of the obje
t fun
tion(multiplied by the in
oherent point-spread fun
tion of the pupil elements of the array,i.e., the antenna re
eption pattern) on a given experimental frequen
y list. In general thisinformation is partly 
ompleted by the expertise of the observer. The problem is to redu
ethe overall input information to a more 
ompa
t form, dire
tly interpretable in terms ofobje
t representation.The guiding idea of the method presented in this paper is based on the Shannonsampling formula, when
e the name of the prin
iple: FIRST (Fourier Interpolation andRe
onstru
tion via Shannon-type Te
hniques). To 
ope with the diÆ
ulties arising fromthe �nite and irregular 
hara
ter of the data sampling, this elementary referen
e must of
ourse be enri
hed by other theoreti
al 
onsiderations. In parti
ular, very powerful toolsare to be found in approximation theory and in multiresolution analysis. For example,the 
on
ept of \regularization" proves to play an important role in pra
ti
e. Likewise,as most of the images of physi
al interest have features at di�erent levels of resolution,multiresolution analysis is a key related topi
 (Mallat 1989; Wi
kerhauser and Coifman1992). It is intuitively 
lear that the study of the reliability of a Fourier synthesis operationrequires a few tools of this type, in parti
ular when re
onstru
ting large �elds.The motivation at the origin of this work was to apply these general 
on
epts to aper-ture synthesis, and thereby to make the link with the experien
e of radioastronomers inaperture synthesis. This is why the widely-used te
hnique in astronomy, CLEAN, appearsin 
ounterpoint. We will even adopt its terminology for des
ribing the 
orresponding de-
onvolution method of FIRST: WIPE.



20 Fraix-Burnet et al.In its global approa
h to Fourier synthesis, the regularization prin
iple of FIRST,and its implementation through WIPE, allows us to 
ope with the following diÆ
ulties(Lannes, Anterrieu and Bouyou
ef 1994a, 1994b):1) the �nite and irregular 
hara
ter of the Fourier data sampling: its relation to the�eld and the resolution of the re
onstru
ted images;2) the 
hoi
e of a 
ontinuous �nite representation of the images to be re
onstru
ted;3) the need to �nd a way of in
orporating the expertise of the observer into the method-ology, as 
exibly as possibly;4) 
ontrol of the robustness of the 
orresponding re
onstru
tion pro
edures;5) provision of basi
 tools for further developments towards mosai
 image re
onstru
-tion in multiresolution Fourier synthesis;6) the use of the Fast Fourier Transform in su
h a framework (\non-Cartesian Fouriersampling"). General review of FIRSTThe regularization prin
iple of FIRST is based on the de�nition of three Hilbert spa
es:the obje
t workspa
e, the Fourier data spa
e and the obje
t representation spa
e whi
h isin
luded in the �rst one. The 
orresponding regularization parameters are related tothe �eld of the obje
t workspa
e, to the frequen
y 
overage to be synthesized and tothe synthesized �eld. The parameters 
hara
terizing the multiresolution stru
ture of theobje
t representation spa
e 
an also be regarded as regularization parameters. All theseparameters, whi
h are interpretable in terms of obje
t representation, 
an be modi�edthroughout the image re
onstru
tion pro
edure. FIRST is therefore very 
exible andparti
ularly well suited to in
orporating the expertise of the observer.In the absen
e of any a priori information on the support of the original obje
t, the�eld of the obje
t workspa
e must 
ontain the e�e
tive support of the antenna di�ra
tionpattern. The 
hoi
e of the frequen
y 
overage to be synthesized of 
ourse depends on theexperimental frequen
y 
overage, but also on the quality of the data. The resolution s
aleof the obje
t workspa
e is sele
ted, via an oversampling parameter, as a fra
tion of theresolution limit 
orresponding to the frequen
y 
overage to be synthesized. In general,the density of the experimental frequen
y 
overage is too low for re
onstru
ting, withinthe resolution limit, an image that would 
over the entire �eld of the obje
t workspa
e.Finally, the 
hoi
e of the synthesized �eld therefore depends on this density and on themultiresolution stru
ture of the obje
t as it is revealed by the re
onstru
tion pro
ess (�eldaliasing e�e
ts may then blur the re
onstru
ted image). All these 
hoi
es are 
ontrolledthrough an appropriate analysis of the error propagation. The 
ondition number, whi
h isan in
reasing fun
tion of the amount of interpolation to be performed both in the obje
tand Fourier domains, must be relatively small (say < 5); otherwise the re
onstru
tionpro
ess is slow and in pra
ti
e unstable. This is the basi
 reason why the re
onstru
tionmethods are ne
essarily limited in their obje
tives, and that the notions of �eld andresolution should expli
itly appear in their prin
iple.The re
onstru
ted image is de�ned as the fun
tion minimizing an obje
tive fun
tional ofthe form k	�A�k2 where � is the image variable; A is some regularized Fourier samplingoperator, a
ting from the obje
t workspa
e into the Fourier data spa
e; 	 representsthe regularized Fourier data, i.e., the experimental Fourier data damped by the Fouriertransform of the apodized point-spread fun
tion. This fun
tion, the neat beam, whi
hresults from the 
hoi
e of the frequen
y 
overage to be synthesized, is the analogue tothe 
lean beam in CLEAN. The obje
tive fun
tional 
orresponds to a hybrid 
riterionin the sense that it 
an be de
omposed into two 
omponents: an experimental 
riterion
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riterion. The �rst one 
onstrains the image to be 
onsistent withthe regularized Fourier data, whereas the se
ond one is of 
ourse related to the resolutionproperties of the re
onstru
tion pro
ess.The obje
tive fun
tional of CLEAN, whi
h only refers to the experimental frequen
ylist, is not regularized. To 
ir
umvent this diÆ
ulty, CLEAN impli
itly pro
eeds as fol-lows. The 
hoi
e of the obje
t representation spa
e is de�ned via the lo
alization of themain 
omponents of the obje
t map: a series of delta fun
tions on a grid having somelevel of oversampling. To this end, CLEAN uses, impli
itly, the old method of Southwell(S
hwartz 1978). This te
hnique also gives an approximation to the solution of the 
orre-sponding normal equation. This image is unstable; indeed, in general, the 
orresponding�eld 
onstraint is not suÆ
ient for regularizing the results: the problem must be statedin terms of Fourier interpolation. This is why CLEAN smoothes the unstable image inquestion by a given point-spread fun
tion: the 
lean beam. The latter is most often 
ho-sen to be a Gaussian with half-amplitude width equal to that of the dirty beam. Thisregularization pro
ess, whi
h yields the 
lean map, is thus performed a posteriori. The
lean map is therefore not de�ned as the fun
tion minimizing a given obje
tive fun
tional.The re
onstru
ted image of this ad ho
 method must be a

epted as it is. In other words,the heuristi
 approa
h adopted in CLEAN 
annot provide any further results 
on
erning,for instan
e, the study of the error propagation (in short, no error bars with CLEAN).It is of 
ourse preferable to de�ne the image to be re
onstru
ted from the outset, to 
om-plete the general regularization s
heme, and then to re
onstru
t the image dire
tly by solv-ing the regularized normal equation A�A� = A�	 (with the aid of the 
onjugate-gradientmethod for example). Then, the re
onstru
tion pro
ess is stable, faster and perfe
tly
ontrolled. Moreover, the study of the error propagation 
an then be developed on thegrounds of the Singular Value De
omposition of the regularized Fourier sampling operator(A) restri
ted to the obje
t representation spa
e.General review of WIPEWIPE, the imaging kernel of FIRST, is the 
onstru
tive pro
ess minimizing the ob-je
tive fun
tional. The domain of this fun
tional is the obje
t representation spa
e, ora more general 
onvex set when dynami
-range 
onstraints are imposed. For simpli
ity,and without any loss of generality, let us 
onsider the spe
ial 
ase where the image issimply 
on�ned to a linear spa
e su
h as the obje
t representation spa
e. WIPE is thenled to solve the normal equation, in whi
h the dusty map (A�	) proves to be the dis
rete
onvolution of the traditional dirty map by the neat beam. The dusty map, whi
h 
an beobtained through a sort of ba
k Fourier sampling operation, is a blurred version of theobje
t within the level of resolution determined by the 
hoi
e of the frequen
y 
overage tobe synthesized. The frequen
y gaps, the systemati
 errors and the noise limit the qualityof this representation. To improve this image, one must inje
t some a priori information(here, the 
hoi
e of the obje
t representation spa
e, i.e. for instan
e the support of theobje
t), and then solve the normal equation with an appropriate iterative method. Theneat map is then obtained as the fun
tion minimizing a well de�ned obje
tive fun
tional.This point is essential for the interpretation of the results in terms of �eld, resolution andbrightness.At ea
h iteration of the sele
ted 
onstru
tive pro
ess, the experimental dusty map is
ompared with the dusty map of the 
urrent image. The 
orresponding operation, A�A�,proves to be a trun
ated dis
rete 
onvolution, in whi
h the dis
rete point-spread fun
tion,the dusty beam, has two 
omponents: the traditional dirty beam and the regularizationbeam. Their dis
rete Fourier transforms are the dirty transfer pattern and the regulariza-
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tively. The speed of the Fast Fourier Transform (FFT) is amajor advantage in 
omputing large maps. This algorithm is therefore used for 
al
ulatingthis trun
ated dis
rete 
onvolution.The obje
t gridding operations 
on
erning the dusty map and the dirty beam 
an beperformed without any loss of a

ura
y through ba
k Fourier sampling operations. Tosave 
omputer time, these quantities 
an equally well be obtained \dire
tly". The approx-imations indu
ed by the related Fourier gridding operations 
an be perfe
tly 
ontrolled.Let us �nally note that the 
al
ulation of the regularization transfer pattern does notpresent any diÆ
ulty.Example: Plateau-de-Bure data on M87We are 
urrently �nishing the �rst test of WIPE on real data. We dis
uss in this paperpreliminary results. A more 
omplete des
ription will appear elsewhere (Despringre et al.1994). The data were obtained with the Plateau-de-Bure (IRAM) interferometer at 89GHz. They 
onsist of two sets, one with three antennas and the other with four antennas.These data were 
alibrated with the GILDAS pa
kage; we de
onvolved themwith CLEAN,as implemented in GILDAS, and with WIPE. The error analysis provided by WIPE showsthat the stability of the re
onstru
tion pro
ess is quite good for this type of obje
t withan isotropi
 neat beam, even though the frequen
y 
overage is anisotropi
. The resolutionlevel of the re
onstru
tion pro
ess 
an therefore be 
hosen higher than that of the 
leanmap. The stability is also good down to faint levels indi
ating that the re
onstru
tedstru
tures are not merely noise. However, be
ause of the input errors (whi
h also playsan important role in the study of the reliability of the �nal map), these stru
tures 
an alsobe due to metrology or 
alibration errors. It is possible to \ba
k-
alibrate" the metrologywith FIRST and we are 
urrently investigating this point on the data set obtained withfour antennas.In summary, this real-data test seems to indi
ate that we 
an e�e
tively extra
t moreinformation with WIPE. Con
luding remarksFIRST 
annot be simply regarded as an updated version of CLEAN. In its 
on
eption,as well as in its te
hni
al developments, FIRST a
tually leads to a better understandingof what 
onstitutes an image re
onstru
tion pro
edure in Fourier synthesis.In the implementation of FIRST, the regularization parameters are sele
ted in anintera
tive way. The expertise of the observer 
an thus be easily in
orporated into there
onstru
tion pro
ess. FIRST 
an be useful even when other Fourier synthesis methodsare used (for example those based on a probabilisti
 approa
h). By simple examinationof their results, it is possible to exhibit the 
orresponding regularization parameters ofFIRST. By using these parameters, WIPE provides a neat map whi
h is in general very
lose to that given by the parti
ular te
hnique thus tested. The robustness and thereliability of this neat map 
an then be examined on the grounds of the error analysis ofFIRST. By using the triangle inequality, it is thus possible to verify a posteriori whetherthe impli
it 
hoi
es of the alternative approa
h are satisfa
tory. This deterministi
 aspe
tof FIRST is perhaps the most attra
tive.FIRST is now about to be in
orporated into a self-
alibration pro
edure, so that we arekeen on applying this new approa
h to VLBI data. Preliminary results on Plateau-de-Buredata on M87 give us 
on�den
e in that FIRST 
ould be
ome a widely used and appre
iatedte
hnique for interferometri
 data.
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esDespringre V., Fraix-Burnet D., Anterrieu E., Davoust E., Lannes A. 1994, in preparation.Lannes A., Anterrieu E., Bouyou
ef K. 1994a, J. Mod. Opt. 41(8), 1537.Lannes A., Anterrieu E., Bouyou
ef K. 1994b, J. Mod. Opt., in preparation.Mallat S. 1989, IEEE Trans. on Pattern Analysis and Ma
hine Intelligen
e, 11(7), 674.S
hwartz U.J. 1978, A&A 65, 345.Wi
kerhauser M.V., Coifman R.R. 1992, IEEE Trans. on Information Theory, 32, 712.DISCUSSIONT. Kri
hbaum (Q): How is it possible to de
ide whether a \feature" in the map isreal, due to 
alibration errors or sidelobes?D. Fraix-Burnet (A): The 
ondition number tells you whether the stru
ture you tryto de
onvolve is due to noise or not. If it is not noise, it 
an be real or due to input errors.Metrology errors 
an be 
orre
ted by FIRST. But I do not think we 
ould dis
riminate betweenreal features and features due to 
alibration errors simply by using any software. The observer'sexpertize is 
ertainly needed as well as self-
alibration pro
edures.P. Wilkinson (Q): What is the speed of the programme 
ompared with CLEANand MEM? It's important to have fast algorithms if the method is to be in
orporatedinto the self-
alibration loop.D. Fraix-Burnet (A): The speed of WIPE is 
omparable to that of CLEAN. But of
ourse the longest part is the intera
tive 
hoi
e of parameters. Then the de
onvolution is veryqui
k.L. B�a�ath (Q): What is your platform and data stru
ture for the program?D. Fraix-Burnet (A): Currently, there is no platform for our software but we have
onta
ts to in
lude it within AIPS++, and we are working on its implementation within theCalte
h Pa
kage.
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tober 21, 1994 25Status of the Spa
e VLBI User Assistan
e SoftwareBeing Developed at the Satellite Geodeti
Observatory, HungaryI. Noszti
ziusF�OMI Satellite Geodeti
 Observatory, Pen
, HungaryH-1373 Budapest, P.O. Box 546Abstra
tThe Satellite Geodeti
 Observatory (SGO) has been involved in spa
e VLBI related re-sear
h sin
e 1987. One of the main obje
tives of this resear
h was to develop an assistan
esoftware to help the user 
ommunity to prepare observing proposals for both planned spa
eVLBI missions. (The Japanese VSOP and the Russian RadioAstron satellites are expe
tedto be laun
hed at the end of 1996 and in the �rst half of 1997 respe
tively.) The 
urrent ver-sion of the the Spa
e VLBI Assistan
e Software (SPAS) is being developed sin
e 1993. Thesoftware 
an be used to give some insight to the 
omplex geometry of spa
e VLBI missions,and for approximate s
heduling of spa
e VLBI observations taking various restri
tions intoa

ount. The state of the development and some of its preliminary results will be presented.Introdu
tionThe SGO parti
ipation in VLBI resear
h has been going on sin
e 1987. The resear
hin
ludes both geodeti
 and astronomi
al aspe
ts of Spa
e VLBI. Part of this resear
his to develop a software tool to visualize the 
omplex geometry of Spa
e VLBI missions,(useful for the two VLBI satellites: VSOP and RadioAstron, to be laun
hed in 1996 and1997 respe
tively) 
he
k the te
hni
al restri
tions posed by the satellite and the groundbased teles
opes and give some insight into the s
heduling pro
ess and optimization ofground based tra
king and radio astronomy networks. This tool 
alled SPAS (Spa
e VLBIAssistan
e Software) will repla
e an earlier program written at the observatory, and it willnot only unify but will also expand the features of its progenitor. It will do all this in avery user friendly manner, by using a graphi
al user interfa
e with menus and windowswherever possible, and a mouse as the main input devi
e.Software designFor the SPAS development proje
t a team has been set up, whi
h 
onsists of three as-tronomers and two software engineers. This team is responsible for the design and de-velopment of the software, for whi
h we have de
ided to follow the software engineeringstandards of the European Spa
e Agen
y (ESA) [1℄. We also have a 
ooperative proje
twith the Agen
y, in whi
h they agree to parti
ipate at the review meetings to superviseour development that the standards are satis�ed. These standards do not only assure soft-ware quality, but also by following them one 
an easily tra
e the development (throughheavy do
umentation) and make needed 
hanges easier.
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ziusThe software life 
y
leA

ording to the ESA software standards [1℄ the \evolutionary" approa
h of the Soft-ware Life Cy
le has been adopted, whi
h seems to �t best our design. This approa
h is
hara
terized by planned development of multiple releases. All phases of the life 
y
leare exe
uted to produ
e a release and ea
h release in
orporates the experien
e of ear-lier releases. This approa
h is justi�ed be
ause some of the requirements are diÆ
ult tomeet within the planned time frame of the delivery. This de
ision was made in the Soft-ware Management Plan [6℄, where the proje
t deliverables, responsibilities and managerialpro
esses were also laid down.Phases of the developmentThe development of the software { after the �rst version of the Software Management Plan{ started with laying down the user requirements in the User Requirements Do
ument[2℄. The do
ument is the output of the \problem de�nition phase", where the users'expe
tations of the software are 
olle
ted. This was a
hieved by 
arrying out 
onsultationsand interviews to state the spe
i�
 requirements of possible users. The users in
ludedpeople who may intera
t with the software (see Table 1).Table 1. Possible users and appli
ations of SPAS.Possible group of users Possible appli
ationS
ientists interested in VLBI and spa
e VLBI resear
h Observation proposalsStudents and trainees interested in spa
e VLBI Edu
ation and demonstrationSatellite operation and resear
h groups Operational resear
hOther users with spe
ial interest in orbit dynami
s,spa
e 
ommuni
ation or remote sensing Satellite orbit determination,modelling optimizationFrom the User Requirements and earlier software developed at the observatory we 
on-
luded what the software should be 
apable of, and 
ame up with the following fun
tions(see Table 2). These fun
tions were spe
i�ed in more detail in the Software RequirementsDo
ument. This do
ument des
ribes what the software should be 
apable of doing, with-out going into �ne details about how it should a

omplish those goals. Of 
ourse, not alluser requirements were planned to be implemented in the 
urrent software, but they mightbe in
luded in future versions (as well as requirements that arise during the development).The next step in the software design was the Ar
hite
tural Design, whi
h resulted inthe Ar
hite
tural Design Do
ument [4℄. This do
ument des
ribes the physi
al model ofthe main 
omponents of SPAS based on the logi
al model. It also des
ribes the stru
-ture of the whole program with top-down de
omposition as well as the stru
ture of thedatabases used by SPAS. For user program 
ontrol we have 
hosen a nowadays 
ommonand widespread method: an event oriented environment (like MS Windows) where theuser is \in 
harge" and the sequen
e of events (e.g. starting/aborting ea
h subprogram)depends on her/him. The only ex
eptions are the tools to be in
luded with the pa
kage,these will handle database 
onversions and ar
hivation, and will be based on the DOS
ommand line philosophy.
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tions.Modulename PurposeUVPlot Plot the baselines on the uv-plane, that is proje
t the ground-to-ground,ground-to-spa
e and spa
e-to-spa
e baselines on the plane perpendi
ularto the dire
tion of the radio sour
e.3DView Produ
e a 3-dimensional movie of the rotating Earth and the satellitesorbiting around it as seen from a spe
i�ed dire
tion. This dire
tion isthe dire
tion of the radio sour
e, but 
an be modi�ed.Spa
eView Produ
e a 3-dimensional movie of the rotating Earth as seen from oneof the sele
ted satellites. Also display the telemetry stations and thesubsatellite tra
k on the surfa
e.SubSat Plot the subsatellite tra
k on the Earth map. Indi
ate if telemetry 
on-ne
tion is a
tive or not by using a di�erent plot 
olor.SatVis Display visibility diagrams of the satellites vs. time from sele
ted teleme-try stations. Satellite rise and set times are also available in writtenoutput (in �le or on printer)ObsInt Display the visibility diagram of a given radio sour
e vs. time fromsele
ted VLBI stations and satellites. Sour
e rise and set times are alsoavailable in written output (in �le or on printer)TopoPos Plot the topo
entri
 
oordinates (elevation vs. azimuth) of a given radiosour
e and the sele
ted satellites as seen from a VLBI station.SkySurv Create a survey for a spe
i�ed area of the sky de
iding if 
ertain partsare observable from ground VLBI stations and satellites (a network) ornot at a given time.A

ess Create a long term survey for a sky area. It shows how long (in per
ent)
ertain parts are observable from ground VLBI stations and satellites (anetwork) during a time interval.Che
kAr
 Give information about the possible attitudes of a spa
e VLBI satellite(taking on-board 
onstraints into a

ount) when observing a sele
tedradio sour
e during a time interval.Beam Sele
t radio sour
es within the primary beam of a spa
e VLBI antenna,for phase referen
ing purposes.Sensitivity Plot the RMS sensitivity of baselines as a fun
tion of integration time;plot the minimum dete
table brightness temperature and the signal tonoise ratio for the baselines as a fun
tion of time.Cone Sele
t radio sour
es in spe
ial geometri
 
on�gurations with respe
t tothe satellite orbit normal.Cal
ulator Perform basi
 
al
ulations, unit 
onversions and 
oordinate transforma-tions. (These 
al
ulations are also used by the other modules.)Current status and some preliminary results of the proje
tCurrently the proje
t is in the Detailed Design phase, where the inner workings of thesoftware is des
ribed in detail, and also the 
oding is done. For ea
h module the do
ument[5℄ 
ontains a 
ow 
hart a pseudo 
ode, and information about where the 
omputer 
ode
an be found for that module. Flow
harts make it easy to follow and understand how



28 Noszti
zius���������	���������	
��
Figure 1: The SubSat output window | lighter 
olor indi
ates when the satellite is tra
kable from thetelemetry stations, indi
ated by a re
tangle with a 
ross on the map.ea
h subprogram works, while the pseudo 
ode | whi
h is written with basi
 Englishwords | gives a very good basis for programmers to 
ode.The 
oding of the program is 
urrently about 50% �nished, and it should be ready for�rst 
omparison testings by the �rst quarter of 1995. The following parts of the programare partially or fully 
ompleted :| Graphi
al user interfa
e| Database management| ObsInt, SubSat, SatVis, Sensitivity, TopoPos modules (see Figures 1-3)Hardware and software requirementsSPAS is originally being designed for MS-DOS based IBM 
ompatible ma
hines, butfuture enhan
ements may in
lude a version for the widely available UNIX system.SPAS requires at least a 80386 (DX-33 MHz re
ommended) with 4 MB of RAM. Amathemati
al 
opro
essor is advised to in
rease the speed of 
al
ulations. An SVGAboard with 1 MB is also re
ommended for produ
ing really impressive graphi
s outputs.Although it is hard to estimate at this point of the development it is a good guess to saythat the pa
kage will need about 2 Megabytes of disk spa
e (ex
luding external databases,e.g. radio sour
e 
atalogues).A mouse as an input devi
e | although not ne
essary | is required to take fulladvantage of SPAS' graphi
al user interfa
e.
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Figure 2: The SatVis output window | lighter 
olor indi
ates when a given satellite is visible from agiven telemetry station.���������	
��
Æ���������Figure 3: The ObsInt output window | shows when a given sour
e is observable from the satellites,VLBI stations and the network (de�ned as a minimum of 2 stations or satellites).
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ziusPrinter output will be available on a variety of models, but to produ
e the highestquality a HP LaserJet is re
ommended with at least 1.5 MB memory to a
hieve 300 DPIresolution. Table 3. SPAS resour
e requirements.Minimum Re
ommendedOperating System MS-DOS V3.0 MS-DOS or DR-DOS V5.0, V6.0Pro
essor 80386 80386 DX-33MHzCoPro
essor none 80387Free Disk Spa
e about 2MB about 2MB + 
ataloguesMemory (RAM) 2 MB (?) 4 MBGraphi
s 
ard EGA/VGA/Her
ules Mono SVGA with 1MB VRAMPrinter Epson 
ompatible 9-pin HP-LaserJet (
ompatible)matrixInput devi
e Keyboard Keyboard + MouseDevelopment toolsSPAS is being developed using Borland Pas
al 7.0, Borland C++ 3.1, and the TEGLWindows Toolkit V3.1 for Borland Pas
al (Prote
ted mode). The Borland 
ompilersproved to produ
e one of the smallest and fastest exe
utable 
ode and Borland Pas
al isalso able to 
ompile to prote
ted mode whi
h gives the programmermore memory not onlyduring 
ompilation time but also inside his/her own programs by using the 16 bit linearaddress spa
e. Also both languages 
ome with a user friendly integrated developmentenvironment, 
ommand line 
ompilers and various utilities.The TEGL Windows Toolkit V3.1 provides a perfe
t tool for 
reating a graphi
aluser interfa
e, but it also helps in a lot of more things (e.g. virtual memory, mouse andkeyboard handling, i
ons, fonts, et
.)A
knowledgements: This work is being supported by the Hungarian Spa
e OÆ
eunder 
ontra
t MEC 93-0054 and by the Joint Institute for VLBI in Europe (JIVE) under
ontra
t with the Commission of European Communities (CHGECT920011).Referen
es[1℄ ESA Software Engineering standards, ESA PSS-05-0 Issue 2, February, 1991, Paris,Fran
e.[2℄ S. Frey, SPAS User Requirements Do
ument V2.1, May, 1993, Pen
, Hungary.[3℄ S. Frey, SPAS Software Requirements Do
ument V1.3, August, 1993, Pen
, Hungary.[4℄ G. Heitler, SPAS Ar
hite
tural Design Do
ument, V3.0, February 14, 1994, Pen
,Hungary.[5℄ G. Heitler, (ed.) SPAS Detailed Design Do
ument, V2.2, August 24, 1994, Pen
, Hun-gary.[6℄ I. Fejes, SPAS Software Management Plan, April, 1993, Pen
, Hungary.
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hilizzi (Q): How many of the features of SPAS are needed to be used by asimple non-expert user?I. Noszti
zius (A): As with a lot of software, more fun
tions are integrated into SPASthan an average user would use, but what seems important for one user might not be usedby another, and vi
e versa. So I would say there are some basi
 fun
tions that most radioastronomers interested in spa
e VLBI 
ould and would use (like UVplot and ObsInt) and thereare some that are more \fun" fun
tions (like 3DView and Spa
eView) but 
reate a goodba
kground for understanding the 
omplex geometry of spa
e VLBI experiments.A.A. da Costa (Q): SPAS is DOS-based. What do you plan about a WINDOWSbased SPAS, as DOS/WINDOWS seems to go to be substituted by CHICAGO?I. Noszti
zius (A): As SPAS is developed a

ording to ESA standards | whi
h in
ludelanguage and operating system independent design up to the 
oding phase | the software
an be (and might be at a later stage) rewritten for other systems, like WINDOWS. Untilthen one must use the DOS 
ompatibility box in CHICAGO; hopefully it works.
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GPS QSO 2022+171 - A Possible Targetfor VLBI Dete
tion of Gravitational WavesS. Pogrebenko1, M. Mingaliev2, S. Montebugnoli3,S. Neizvestny2, N. Borisov2 and V. Stolyarov21 Joint Institute for VLBI in Europe, The Netherlands2 Spe
ial Astrophysi
al Observatory, Zelen
hukskaya, Russia3 CNR/IRA, Radio Astronomi
al Station Medi
ina, ItalyIntrodu
tionThe radio sour
e 2022+171 (RA1950 = 20:22:39.54, De
l1950 = +17:08:25.0) was �rstdis
overed in the MG survey (Bennet et al., 1986) and identi�ed with mB = 17:5 andmR = 19:5 star-like obje
t with the POSS (Lawren
e et al., 1986).The sour
e is of interest be
ause it is at the angular distan
e of only 30 ar
se
 froma 
lose binary star CM Del (mV = 13:4, orbital period 3.9 h, (Shafter, 1985), �nding
hart | Vogt and Bateson, 1982) and may reveal an e�e
t of phase modulation of anele
tromagneti
wave by a gravitational wave generated by the 
lose binary (Laberie, 1993;Pogrebenko, 1994). The e�e
t is potentially dete
table with the global VLBI network ifthe radio sour
e has a bright 
ompa
t 
ore with the sub-milliar
se
ond angular size.A study of the 2022+171 was started by us in order to determine an existen
e of theVLBI-dete
table 
ompa
t 
ore, suitable for the future use of 2022+171 and CM Del pairas the observational target for the VLBI dete
tion of gravitational waves.Radio observations of the 2022+171A 6-
m VLA snap-shot map of the 2022+171 (Lawren
e et al., 1986) presented in Fig. 1shows a barely resolved quasi-point stru
ture and about 90% of the total 5 GHz 
ux ofthe sour
e is 
olle
ted in this 
entral region with the s
ale of 1.5 { 2 ar
se
.Observations of the 2022+171 at radio frequen
ies of 0.96, 2.3, 3.95, 7.7, 21.7 GHz were
arried out by M. Mingaliev and V. Stolyarov with the RATAN-600 (Parijskij, 1993) andat 0.408 GHz by S. Montebugnoli with the Bologna Cross (Fi
arra et al., 1985) teles
opesat June-August 1994 in order to obtain the radio spe
trum and to 
lassify the sour
e morede�nitely.To 
alibrate 
ux density measurements we used 3C138 as a 
alibrator for the RATANand PKS 2021+168 and PKS 2024+171 for the Bologna Cross observations. Adopted
ux densities of the 
alibrators available from literature (Kuhr et al., 1981; PKSCAT90,1990; Bennet et al., 1986) are listed in Table 1.



34 Pogrebenko et al.
Fig. 1. The 6-
m VLA snap-shot map of the 2022+171 (Lawren
e et al.1986).Table 1. Flux densities of the 
alibration sour
esFrequen
y (GHz): 0.408 0.960 2.300 3.950 7.700 11.200Sour
e name Flux (mJy)3C138 { 11.300 6.700 4.150 3.000 2.100PKS2021+168 2.610 { { { { {PKS2024+171 2.420 { { { { {The radio spe
trum of the 2022+171 (see Table 2 and Fig. 2) observed at a broad wavelength region together with the data available from the literature (Bennet et al., 1986;Lawren
e et al., 1986; Condon and Broderi
k, 1986; Gregory and Condon, 1991) show aGPS-like shape with a turnover frequen
y of 6{7 GHz and spe
tral index 0.1 in a 8 GHz{ 11 GHz band and �0.6 in a 0.4 GHz { 5 GHz band. The 
ut-o� of the spe
trum at lowfrequen
y exhibits some slow-down.Table 2. Radio spe
trum of 2022+171N Frq BW Flux Err Epo
h Teles
ope Ref(GHz) (MHz) (mJy) (mJy) (Y)1 0.408 2.4 175 50 1994.6 BoCross This paper2 0.960 120.0 195 20 1994.5 RATAN This paper3 1.400 60.0 250 10 1983.8 GB-300 24 2.300 250.0 359 34 1994.5 RATAN This paper5 3.950 500.0 485 24 1994.5 RATAN This paper6 4.775 580.0 480 15 1982.8 GB-300 17 4.850 600.0 586 80 1987.8 GB-300 48 4.885 580.0 446 25 1982.8 VLA-B 79 7.700 600.0 582 36 1994.5 RATAN This paper10 11.200 1000.0 553 26 1994.5 RATAN This paper
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Fig. 2. The radio spe
trum of the 2022+171Opti
al identi�
ationTo prove 2022+171 is extragala
ti
, its opti
al spe
trum was observed with the 6-meterteles
ope BTA by S. Neizvestny and N. Borisov in August 1994 using the 2�1024 
hannelphoton 
ounting spe
trometer (Zinkovsky et al., 1994). To observe the sour
e, the POSSopti
al identi�
ation and VLA 
oordinates from Lawren
e et al.(1986) were used.
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Fig. 3. Opti
al spe
trum of the 2022+171The spe
trum observed is presented in Fig. 2. At opti
al wavelengths, the obje
t showsa very blue 
ontinuum. Two emission lines at 5748 �A and 3905 �A are identi�ed with thoseof Mg and CIII at z = 1:05, so, it is almost de�nitely a QSO.
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lusions and further stepsThe VLA data, the GPS-like radio spe
trum and the QSO-like opti
al identi�
ation atz = 1:05 lead us to expe
t a 
ore of 200 to 400 mJy, well suitable for the possible use withgravitational wave VLBI dete
tors.An additional astronomi
al study of the 2022+171 (in
luding MERLIN and EVN ob-servations) is planned in order to obtain high resolution and high dynami
 range radiomaps. The monitoring programme, 
urrently running at RATAN and Bologna Cross radioteles
opes, will measure any variability in the sour
e strength.Also, it is ne
essary to re-observe CM Del in order to determine more a

urately theorbital period, 
omponents' masses, the orbit in
lination and the distan
e from the Earth.A
knowledgementObservations with the RATAN-600 radio teles
ope and the 6-meter opti
al teles
ope were
arried out within the frame of the INTAS proje
t #94-4010 
oordinated by the JointInstitute for VLBI in Europe.Referen
es1. Bennet et al., 1986, ApJS, 61, 1.2. Condon & Broderi
k, 1986, A 1400 MHz sky atlas, NRAO.3. Fi
arra et al., 1985, A&AS, 59, 255.4. Gregory and Condon, 1991, ApJS, 75, 1011.5. Kuhr et al., 1981, A&AS, 45, 367.6. Laberie, 1993, A&A, 268, 823.7. Lawren
e et al., 1986, ApJS, 61, 105.8. Parijskij, 1993, IEEE A&P, 35(4), 7.9. PKSCAT90, 1990, ATNF.10. Pogrebenko, 1994, XXII GA IAU Astronomy posters abstr., 105.11. Shafter, 1985, AJ, 90, 643.12. Vogt & Bateson, 1982, A&AS,48,383.13. Zinkovsky et al., 1994, Spe
tros
opi
 
omplex for Nasmyth-1 fo
us of the 6-m teles
ope.Manual guide. SAO RAN Library.DISCUSSIONJ.-F. Lestrade (Q): How are you going to dis
riminate between the intrinsi
 vari-ability of the quasar and this e�e
t 
aused by the gravitational wave radiated by thebinary.S.V. Pogrebenko (A): The modulation e�e
t has an exa
tly known frequen
y | twi
ethe frequen
y of the binary star rotation. Thus, a periodi
ity analysis will be a suitable tool.



GPS QSO 2022+171 | A Possible Target for VLBI Dete
tion of Gravitational Waves 37A. Ipatov (Q): Whould the in
uen
e of the atmosphere be on short wavelengthobservations of your e�e
t?S.V. Pogrebenko (A): The modulation e�e
t is stronger at shorter wavelengths, butall external phase degradation e�e
ts, like those 
aused by the atmosphere, are stronger too.It may be that an optimum exists at some wavelength.T. Kri
hbaum (Q): Would the gravitational waves, besides the 
ux density variabil-ity, also 
ause a position shift of the QSO, whi
h 
an be measured with phase referen
ingVLBI? How large would be su
h a position shift?S.V. Pogrebenko (A): I think that the gravitational wave may 
hange the observedposition of the sour
e, but it would need to be very a strong gravitational wave to produ
e adete
table shift.A. Stepanov (Q): What wavelength is optimal for VLBI observations of the gravi-tational lens e�e
t?S. Pogrebenko (A): As short as possible to observe with a good SNR.L. B�a�ath (Q): This looks like an antenna-based e�e
t. On
e you have done yourimage with self
al you will lose that information. How 
an you see it in the map?S.V. Pogrebenko (A): The e�e
t is mu
h more 
learly dete
table in the uv-plane. Ihave used the image plane only as an illustration.R. Por
as (Q): What is the size of the e�e
t? What is the period of the binary?S.V. Pogrebenko (A): For this parti
ular pair of CB+QSO, the expe
ted e�e
t is1� 2 �Jy. The orbital period of CM Del is 4 hours.
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Fringe Finding for 3mm-VLBI:Appli
ation to 3C111S. Doeleman1, A.E.E. Rogers1 and J.M. Moran21MIT{Haysta
k Observatory, Westford, MA, USA2Center for Astrophysi
s and Harvard University, Cambridge, MA, USAAbstra
tWhen 
oheren
e losses limit the integration time in mm-VLBI, dete
tion thresholds riseand weak sour
es 
annot be dete
ted. Coheren
e problems in our 3 mm data have led us toreformulate dete
tion methods and measurements of visibility in terms of in
oherent averages.These te
hniques are outlined with examples and results from a 1993 global VLBI 
ampaign.Introdu
tionThe 3mm-VLBI e�ort re
orded its �rst fringes in 1981 on the OVRO-HatCreek baseline(Readhead et al., 1983). Sin
e then, as re
eiver sensitivity and number of antennas havein
reased, the list of dete
tions has grown to in
lude some 33 sour
es. This list 
onsistsof quasars, Bl La
 obje
ts and 
ores of a
tive galaxies, all 
hara
terized by 
opious mmemission, and some by large 
ux variations and X-, 
-ray emission. Table 1 shows sour
esdete
ted at 3 mm with VLBI along with redshifts and the size s
ales probed by theobservations.The motivation to mm-� VLBI starts with the in
reased resolution whi
h, on longbaselines, 
an approa
h � 50� as. More importantly though, the higher frequen
y VLBI
an look deeper into those sour
es whose 
ores are opti
ally thi
k at lower frequen
ies.As eviden
e of this e�e
t 
onsider the inverted 
ores seen in many 
m-VLBI maps. Also
onvin
ing is the eviden
e presented through multi-frequen
y 
are monitoring of 3C273by Robson et al.(1991). Their light 
urves of a 1990 
are show in
reased emission atall wavelengths shortward of 3.3 mm but none at 8.1 mm. At 3 mm we begin to seeemission during the 
are from regions whi
h are invisible at longer wavelengths due toself-absorption. 3 mm-VLBI also redu
es the e�e
ts of s
attering by the interstellarmedium in our galaxy. The s
attering size of a point sour
e near the gala
ti
 plane isproportional to �2. Observations of the gala
ti
 
enter Sgr A* (Rogers et al., 1994a) arelimited by this s
attering as are data on all sour
es at low gala
ti
 latitudes su
h as CygA (Carilli et al., 1991).
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Figure 1: Redu
tion in the 
ux dete
tion threshold obtained by sear
hing over an in
oherent averageof many segments. The open 
ir
les show results of a simulation in whi
h a maximun in segmented andaveraged amplitude was found in a sear
h of 100 points in (delay { delay-rate) spa
e. 2000 of thesesear
hes were made and the threshold was de�ned as the dividing line between the top 1% and lower99%. The solid line is 
al
ulated by numeri
al intergration of the probability density for A2.Fringe dete
tionTraditional methods of VLBI fringe dete
tion have negle
ted the systemati
 
oheren
elosses due to atmospheri
 turbulen
e and lo
al os
illator instability. At lower frequen
iesthis is forgivable sin
e a VLBI interferometer 
an be phase stable during a 6{13 minuteintegration. But, at mm-wavelengths, the interval over whi
h the visibility 
an be 
oher-ently integrated (�
oh) is usually mu
h shorter than the s
an time. If baseline sensitivity islow, then amplitude losses due to phase noise may raise the 
ux dete
tion threshold andthe sour
e will go undete
ted. To deal with this spe
i�
 problem we have reformulated thefringe dete
tion pro
ess to use an in
oherently averaged best-estimator of the amplitudewhi
h is immune to phase noise. A VLBI s
an is divided into N segments of length �segand we de�ne (Thomson, Moran, Swenson, 1986)A2 =Xi (a2i � 2) (1)where ai is the amplitude of the ith segment in units of SNR. The 2 is in
luded to subtra
tthe noise bias in the amplitude. The SNR of A2 
an be written (s =SNR/segment)SNRA = 12s2pN (2)
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Figure 2: In
oherently averaged amplitudes and SNR as fun
tions of segmentation length. The top twopanels show a low SNR s
an of 3C111 on the Quabbin-Pi
oVeleta (QX) baseline whose SNRin
 peaksnear �
oh = 12se
. The amplitude in
reases as segment length de
reases to �
oh and rea
hes a limit forsmaller segments. Lower panels show the same quantities for a Haysta
k-Quabbin (KQ) s
an on 3C273.Here the SNR is higher but the 
oheren
e is mu
h worse : even at a segment length of 2 se
. there is nopeak in SNRin
 and we have not re
overed all the amplitude.(s =SNR/segment) with the result that in a sear
h of n points in delay and rate, theprobability of false dete
tion will be (Rogers, et al., 1994b)PE = np2� SNR2A e�SNR2A=2 (3)We 
an 
ompare this method of sear
hing for a fringe to the 
oherent 
ase by 
omputingthe ratio Sin
=S
oh where S
oh is the 
ux threshold for 
oherent dete
tion in the 
oheren
etime and Sin
 is the threshold for dete
tion using the average of many segments, ea
h oflength �
oh. We �nd that for large NSin
S
oh = (0:53)N� 14 (4)where we have assumed a PE of 10�6 in both the 
oherent and in
oherent sear
h. Fig.1. shows the behavior of Sin
=S
oh where the small N regime has been examined usingMonte Carlo simulations and numeri
al integration of an analyti
 expression for p(A2).Cal
ulation of visibilitiesAfter a sear
h, the visibility amplitude of a s
an is 
omputed by segmentation and in
oher-ent averaging. The 
hoi
e of �
oh 
omes after 
onsideration of how amplitude varies with
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Figure 3: Top panel shows 
losure phase on the Haysta
k-Quabbin-Onsala triangle a s
an on 3C273.Errors are 1-�, determined empiri
ally by 
omparing noise and signal 
ontributions from ea
h segment inthe bispe
tral sum (Rogers, et al., 1994b). Last two panels are the rms phase of all segments in bispe
tralsum and the SNRB .segmentation. Too short a segment redu
es the SNR/segment and SNRA de
reases. If toolong a segment is 
hosen then SNRA su�ers from 
oheren
e losses. This behavior is seenin the plots of amplitude and SNRA vs. segments in Fig. 2. For the Quabbin-Pi
oVeletabaseline a 
lear peak in SNR shows that the optimum segmentation time for dete
tion is12 se
onds. When �seg be
omes 
omparable with �
oh, ea
h segment is essentially 
oher-ent and we get a good estimate of the amplitude. On the Quabbin-Haysta
k baseline thephase noise on this parti
ular observation was due to an unstable bu�er from the station'sH-maser. Sin
e �
oh < 2 se
, the SNR and amplitude do not turn over for this s
an andkeep in
reasing with smaller segment size.We treat the interferometri
 phase on ea
h baseline as random and glean all phaseinformation from 
losure around triangles of stations. In the estimation of 
losure phase,segmentation 
an boost SNR. It 
an be shown that averging the 
omplex triple produ
tof visibilities around a triangle (known as the bispe
trum) will in
rease phase SNR if
oheren
e losses are a problem. We de�ne the averaged bispe
trum as:B = 1N X a1a2a3ei�
 (5)where the ai are amplitudes of ea
h segment and �
 is the 
orresponding 
losure phase.For low SNR SNRB = 12s3pN (6)In Fig. 3, the 
losure phase derived from the averaged bispe
trum is shown as a fun
tionof segment length.Appli
ation to 3C111As part of the April 1993 3 mm-VLBI 
ampaign we made a 1.5 hour observation of thesour
e 3C111. 3C111 was 
hosen as a mm-VLBI target primarilly for its high mm 
ux
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ation to 3C111 43(4.4 Jy in 1993) and the 
ompa
t 
ore seen at lower wavelengths. Opti
ally, the 
ore isidenti�ed with an N-galaxy at z = 0:049 and is diÆ
ult to image due to low gala
ti
latitude (b = �9Æ). VLA maps at 1.4 GHz show a highly 
ollimated kp
-s
ale jet thatpoints towards the NE lobe but with no dete
ted 
ounter jet to the SW (Lin�eld, 1987).Re
ent monitoring of the p
-s
ale jet with VLBI at 5 GHz (Preuss, et al., 1990) showsthe jet to be superluminal with a speed of � 3:4h�1
. At 3 mm, dete
tion on our longestbaseline (Kitt Peak-Pi
o Veleta), provides information on s
ales of 0:06h�1 p
 assumingHo = 100h km/s/Mp
 and qo =0.5.Observations ran from 17:30 to 19:00 UT on April 9 with u; v-
overage shown in Fig. 4.Fringes were dete
ted using the 
oherent sear
h te
hnique on 25 s
ans; after 
onstrainedsear
hes using in
oherent averages, the sour
e was dete
ted in 37 s
ans. Calibration ofamplitudes with system temperatures and gain 
urves gave 
orrelated 
uxes to within20% and a 
ux vs. baseline plot is shown in Fig. 5.
Figure 4: u; v-
overage for 1.5 hour observation of 3C111.

Figure 5: Plot of 
orrelated 
ux density vs. proje
ted baseline. The solid line shows the visibilityamplitude for a model 
onsisting of two 
ir
ular gaussian 
omponents.
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Figure 6: Closure phases for triangles in 3C111 observation.Also shown (Fig. 6) are 
losure phases on the 5 triangles present whi
h do not signif-i
antly deviate from zero. Given the possible 
alibration errors, we modeled the sour
ewith 
ir
ular gaussians and the visibility amplitude of the best-�t two 
omponent modelis shown as a solid line in Fig. 5. The 300 mJy dete
tion on the long Kitt Peak-Pi
oVeleta baseline implies a slight 
ore-halo interpretation to the model. Most of the 
ux(2.9 Jy) is found in a 
omponent with FWHM = 0.126 mas and a se
ond 
omponent witha 
ux of 0.38 Jy and FWHM of 0.016 mas a

ounts for the 
ux on long baselines.The smaller 
omponent boosts the maximum Tbright of the model to 2:75 � 1011 K.Convolving the model with an interferometer beam of 0.3 mas � 0.09 mas redu
es thismaximum to 1.9 Jy/Beam or Tbright = 1:2 � 1010 K.With these limited observations there is no eviden
e for asymmetry on sub-parse
 s
ales- no 
ontinuation of the kp
 and p
-s
ale jet to the high frequen
y 
ore. One possibility forthis may be the timing of our observation. The lifetime for sy
hrotron ele
trons emittingat 86 GHz 
an be written as : �syn
h = 0:092B� 32 years: (7)Assuming an order of magnitude magneti
 �eld of � 1 Gauss extrapolated from 5 GHzdata (Lin�eld, 1987), the �syn
h is about 1 month. Observations within a month of 86 GHz
ux 
hanges may show the innermost jet stru
ture just as material is eje
ted from the 
ore.Better u; v-
overage observations will also help sear
h for small-s
ale stru
ture (
aring andquies
ent). 3C111 is a relatively high-de
lination sour
e and longer observations with thesame stations will �ll out the u; v-
overage 
onsiderably.
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ation to 3C111 45Table 1: Sour
es dete
ted with 3 mm VLBI. B | BL La
 obje
ts, Q | quasar, G |galaxy. The s
ale 
olumn shows the linear size at sour
e redshift assuming a 100 �asbeam with qo = 0:5 and Ho = 100h km s�1 Mp
�1Sour
e Alias 90GHz Flux Type z S
ale (h�1P
)(Jy) � � 100�as0212+735 { 1.4 B 2.367 0.390224+67 4C67.05 2.3 Q { {0235+164 OD 160 1.9 B 0.94 0.420316+413 3C84 7.3 G 0.0172 0.240415+379 3C111 2.6 G 0.049 0.0660528+134 { 4.7 Q 2.06 0.410552+398 DA 193 1.9 Q 2.365 0.390642+449 OH 471 1.1 Q 3.406 0.350716+714 { 1.5 Q { {0748+126 { 2.9 Q 0.889 0.420836+710 4C71.07 1.0 Q 2.16 0.400851+202 OJ 287 2.6 B 0.306 0.280923+392 4C39.25 6.2 Q 0.699 0.401055+018 OL 093 2.3 Q 0.888 0.421226+023 3C273B 22.5 Q 0.158 0.181228+126 3C274 7.3 G 0.004 0.0061253�055 3C279 24.2 Q 0.538 0.371334�127 { 7.8 Q 0.541 0.371641+399 3C345 4.8 Q 0.595 0.381730�130 NRAO 530 6.0 Q 0.902 0.421742�289 Sgr A* 3.0 G 0.0 4e-61749+096 4C09.57 5.1 B 0.321 0.291803+784 { 1.3 B 0.68 0.401823+568 { 2.7 B 0.664 0.391921�293 OV 236 Q 0.352 0.301928+738 4C73.18 1.8 Q 0.302 0.281957+405 CYG A G 0.056 0.072007+777 { 1.1 B 0.342 0.302145+067 DA 562 5.7 Q 0.990 0.432200+420 Bl La
 1.7 B 0.0695 0.092223�052 3C446 2.0 B 1.404 0.432230+114 CTA 102 2.7 Q 1.037 0.432251+158 3C454.3 12.8 Q 0.859 0.42A
knowledgements: 3mm-VLBI experiments always require the e�orts and spe
ial at-tention of many people. We thank all those who were involved with this global 
ampaign.The quality of high frequen
y VLBI data depends heavily on good 
alibration at ea
hantenna. Some 3 mm 
ux values given in Table 1 were taken from Standke et al. (1994)whi
h also 
ontains a good dis
ussion of 
oheren
e. A good overview of 3mm VLBI aswell as an explanation of a global fringe sear
hing te
hnique 
an be found in B�a�ath et al.(1992).
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esB�a�ath, L.B., et al., 1992, VLBI observations of a
tive gala
ti
 nu
lei at 3 mm, A&A,257, 31{46.Carilli, C.L, Bartel, N. and Lin�eld, R.P., 1991, VLBI Observations of the Nu
learJet in Cygnus A, AJ, 102, 1691{1695.Lin�eld, R.P., 1987, VLBI Observations of the 3C 111 Jet, Ap. J., 317, 121{127.Preuss, E., et al., 1990, 3C111 and 3C390.3: Beaming in Nearby Radio Galaxies,in Parse
-s
ale radio jets, J.A. Zensus, Ed., Cambridge University Press, Cam-bridge, pp. 120{124.Readhead, A.C.S., et al., 1983, Very long baseline interferometry at a wavelength of3.4 mm, Nature, 303, 504{506.Robson, E.I., et al., 1993, The infrared-millimetre-
entimetre 
aring behaviour ofthe quasar 3C273, M.N.R.A.S., 262, 249{272.Rogers, A.E.E., et al., 1994a, Small S
ale Stru
ture and Position of SGR A* FromVLBI at 3 mmWavelength, Ap. J. Let., 434, L59{L62.Rogers, A.E.E., Doeleman, S.S., Moran, J.M., 1994b, Fringe Dete
tion Methods forVery Long Baseline Arrays, AJ, submitted.Standke, K.J., et al., 1994, \High sensitivity"VLBI at 86 GHz: First Fringes with the100m Radio Teles
ope in E�elsberg, in URSI/IAU Symp. on VLBI te
hnology,progress and new observational possibilities, M. Inoue, T. Sasao, S. Manabe andO. Kameya, ed., Kyoto, in press.Thompson, A.R., Moran, J.M. and Swenson Jr., G.W., 1986, Interferometry andSynthesis in Radio Astronomy, John Wiles & Sons, New York, p. 268.DISCUSSIONR.T. S
hilizzi (Q): Your segmented 
oheren
e approa
h reminded me (as anold-timer) of a programme 
alled BCA (Broken Coheren
e Averaging) written, I think,by Barry Clark in the early 70's, and used for dete
tion of fringes.S. Doeleman (A): In
oherent averaging has been used for a long time to obtain betterestimates of amplitude. We are in
orporating this te
hnique into the sear
h pro
ess to redu
ethe minimum 
ux threshold and estimate the amplitude.J.-F. Lestrade (Q): Have you used this dete
tion te
hnique at smaller wavelengthsthan 3 mm?S. Doeleman (A): 1 mm fringes have been dete
ted with low SNR using 
oherentaveraging. This te
hnique of sear
hing on the in
oherent average 
an be applied to 1 mmdata and we hope to re-analyse 1 and 3 mm data from past experiments.
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tober 21, 1994 47Jets of Blazars at Sub-mas S
ales:a Status Report on mm-VLBIT.P. Kri
hbaum1, K.J. Standke1;6, A. Witzel1,C.J. S
halinski2;1, M. Grewing2;3, A. Grave2;3, R.S. Booth4,L.B. B�a�ath4, A.E.E. Rogers5 and J.A. Zensus71Max-Plan
k Institut fur RadioAstronomie, Bonn, Germany2Institut de Radio Astronomie Millim�etrique, Grenoble, Fran
e3Instituto de Radio Astronomia Millimetri
a, Granada, Spain4Onsala Spa
e Observatory, Onsala, Sweden5Haysta
k Observatory, Westford, Massa
husetts, USA6Geod�atis
hes Institut der Universit�at Bonn, Germany7National Radio Astronomy Observatory, So
orro, New Mexi
o, USAIntrodu
tionAt millimetre wavelengths VLBI-imaging with an angular resolution of a few tenthsof mi
ro-ar
se
onds allows to investigate 
ompa
t radio sour
es in unsurpassed detail.Stret
hing the te
hni
al possibilities of some observatories to their extremes, one hopesthat in the near future VLBI observations at 3mm & 1mm and eventually sub-millimetrewavelengths will improve our knowledge of the energy produ
tion in blazars (and 
om-pa
t gala
ti
 obje
ts, as e.g. radio emitting X-ray binaries or the Galati
 Center sour
eSgrA*), helping to understand more details of the still mysterious pro
esses in the `
entralengines'.Sin
e the early eighties, when �rst fringes at mm-wavelengths were dete
ted, 
onsid-erable improvement has been made. Due to better system- and antenna performan
esAND due to the addition of large and sensitive antennas to the existing arrays (e.g. theVLBA at 43GHz, the 30m-MRT at Pi
o Veleta and the 100m-RT at E�elsberg at 43 &86GHz), the dete
tion sensitivity has improved 
onsiderably, and the number of sour
esa

essible for mm-VLBI observations in
reased drasti
ally (see Kri
hbaum et al., 1994
,Standke et al., 1994). By now, sour
es with 
orrelated 
ux densities of S
orr � 0:1 Jy
an be reliably imaged at 43GHz (e.g. Kri
hbaum & Witzel, 1992). For a summary ofsour
es dete
ted so far at 43GHz see e.g. Kri
hbaum et al., 1994
. At 86GHz typi
al sin-gle baseline dete
tion thresholds are higher and range between 0:2� 1 Jy (using antennaparameters as summarized in Table 1).Prior to 1990/1991 reliable images from VLBI observations performed at 3mm wave-length were still sparse (see B�a�ath et al., 1992 for details). In order to further improvethe imaging 
apabilities at 86GHz we performed several VLBI observations, all of whi
hwere aimed as te
hni
al tests for at least some of the parti
ipants: in 1991 we obtained`�rst fringes' for Pi
o Veleta and one VLBA antenna (Pie Town) at 43GHz (Kri
hbaumet al., 1993b), in 1992 we obtained for the �rst time fringes between E�elsberg and Pi
oVeleta at 86GHz (S
halinski et al., 1993), while at 43GHz the 
ombination of 4 VLBAantennas with the antenna at Haysta
k and three antennas in Europe (E�elsberg, Onsalaand Pi
o Veleta) yielded maps with largely improved dynami
 range (see e.g. Kri
hbaumet al., 1994
).
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hbaum et al.Table 1: Antenna Spe
i�
ations at 86GHzStation D Tsys gain �A[m℄ [K℄ [K=Jy℄E�elsberg 60 350 0.13 0.13Haysta
k 37 200 0.058 0.15Nobeyama 45 400 0.17 0.29Pi
o Veleta 30 180 0.14 0.55Onsala 20 250 0.056 0.49SEST 15 300 0.032 0.50Quabbin 14 300 0.024 0.43KittPeak 12 150 0.023 0.56OVRO 4x10.4 300 0.067 0.55Hat Creek 7x6.1 300 0.050 0.65VLBA (PT&LA) 25 150 �0.09 �0.50JCMT 15 300 0.038 0.60P. de Bure 15 150 0.043 0.67Mets�ahovi 14 300 0.017 0.30Note: For the 100m-RT at E�elsberg the illuminated diameter is given. Stations whi
h may join in inthe near future are listed in the lower part of the table. For the 4 element interferometer at Plateau deBure parti
ipation with a single antenna is planned �rst.ResultsA step towards an improved performan
e of the VLB-interferometer at 86GHz was ob-tained in an experiment performed in April 1993, in whi
h the antennas at E�elsberg,Onsala, Pi
o Veleta, and Haysta
k parti
ipated. Aimed as a dete
tion test 25 
at spe
-trum sour
es were observed in snap shot mode (S
halinski et al., 1994, Standke et al.,1994), and 23 sour
es were dete
ted with VLBI at 86GHz, 19 of these for the �rst time(in
luding 3C454.3, S
halinski et al., 1993 and the gala
ti
 
enter sour
e SgrA*, Kri
h-baum et al., 1994a&b). In table 2 we summarize for ea
h baseline the signal-to-noise ratioafter standard fringe �tting (program `FRNGE') and integration over the full s
an length.As 
an be seen most sour
es with total 
ux densities S86GHz > 1 Jy were dete
ted at leaston one baseline.To demonstrate the performan
e of mm-VLBI in some examples, we present in thefollowing paragraph preliminary maps from VLBI observations at 43GHz and 86GHzand 
ompare them with data obtained at longer wavelengths.Spe
i�
 sour
esThe blazar PKS 0528+134The high redshift blazar PKS0528+134 (z = 2:07), re
ently attra
ted attention due toits extreme brightness and variability in the gamma-ray regime (Hunter et al., 1993) andin mm- and 
m- radio bands (Zhang et al., 1994). At 8 and 22GHz the sour
e displays aslightly bent and 
ore-jet stru
ture of � 3mas length (Zhang et al., 1994). Based on a newhigh dynami
 range map obtained from a 10 station experiment in 1992.85 at 22GHz (see�gure 1), we �nd several jet 
omponents `N', `C1', `C2', `C3' & `C4' lo
ated at separations
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ales: a Status Report on mm-VLBI 49Table 2: Signal-to-Noise ratios of sour
es observed at 86GHz in April 1993.Sour
e S86GHz BK BX BS KS KX SX[Jy℄0212+735 1.4 <7 7 <7 � <7 �4C67.05 2.3 <7 <7 <7 <7 8 80235+164 �4.0 <7 � 8 <7 � �3C84 7.3 � < 7 < 7 � � �0528+134 7.4 7-12 13 < 7 � � �DA193 2.4 <7 <7 � � 11 �0642+449 1.1 <7 <7 <7 <7 9 170716+714 1.5 <7 15 8 <7 7-26 160836+710 �1.0 <7 7 <7 <7 <7 10-124C39.25 5.8 <7 7-12 9-10 <7 8 143C273 27.0 10-12 39-73 17-27 � 149-207 �3C279 20.5 12 43-107 13-19 � 169 �3C345 5.8 <7 10-32 7-15 � 6-13 24NRAO530 7.0 7-8 8-70 10-19 7-9 21-82 12-76Sgr A? 8.1 � 7-20 � � � �1749+096 2.6 7 15-30 7-12 7-10 9-43 20-391803+784 1.8 <7 <7 <7 <7 8-10 25-311823+568 2.7 <7 11-17 <7 16-15 35-43 49-641928+738 1.8 <7 7 <7 <7 8 8-11Cyg A 1.8 <7 <7 <7 <7 <7 10-132005+403 1.0 <7 <7 <7 <7 <7 <72007+777 1.5 <7 <7 <7 <7 <7 13-182145+067 4.6 <7 8-47 12 7 9-19 38-37CTA102 1.7 <7 10-14 < 7 < 7 9-14 7-223C454.3 10.0 8-16 12-80 12-27 10-29 10-20 28-84�: not observed; <7: not dete
tedB E�elsberg; K Haysta
k; S Onsala; X Pi
o Veleta.of 0.2, 0.6, 0.9, 3.1, and 4.9mas relative to the 
ore C0, respe
tively (Pohl et al., 1995,in preparation). Our VLBI observations at mm-wavelengths now tra
e the jet down tosub-mas s
ales (see �gure 1). 0528+134 is also in
luded in S/X Geo-VLBI experiments,whi
h have the potential to yield maps with a time sampling of typi
ally 1 map every1-3 months (S
halinski et al., 1986, Britzen et al., 1993&1994). First maps from su
hGeo-VLBI monitoring were re
ently obtained for 0528+134 (amongst other sour
es), andshowed a 
ontinuously bent jet, extending to even larger 
ore separations than those seenat 22GHz.The 
ombination of our data with the observations of Zhang et al., 1994, allowedto identify the jet 
omponents and to sear
h for stru
tural variability. We suggest anidenti�
ation s
heme in whi
h the 
omponents `C2', `C3', and `C4' remained stationaryrelative to `C0' within the observing interval 1991.16 - 1992.85. For 
omponent `C1',however, we �nd strong eviden
e for motion with �app = 5:3�1:4 (see �gure 2). The highfrequen
y data (22 & 43GHz) revealed eviden
e for a new 
omponent `N' at r = 0:2mas,
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Figure 1: Left: 0528+134 at 22GHz. Contour levels are 0.1, 0.3, 0.5,1,2,5, 10, 15, 20, 30, 50, 70, and90 % of the peak 
ux density of 2.8 Jy beam�1. The restoring beam size is 1:62�0:25mas, p:a: = �10 deg.Right: 0528+134 at 43GHz. Contour levels are 0.5, 1, 2, 5, 10, 15, 20, 30, 50, 70, and 90 % of the peak
ux density of 2.5 Jy beam�1. The restoring beam size is 0:70� 0:25mas, p:a: = �4 deg.whi
h was not seen previously in our 8GHz maps (epo
hs 1991.2 & 1992.2) nor in the dataof Zhang et al., 1994 at 8 & 22GHz (epo
hs 1990.9 & 1991.1). This new 
omponent is alsoseen in a preliminary 86GHz map obtained in 1993.3 (Standke, 1994). We tentativelydetermined the angular separation rate of `N' to be in the range of 0:3 � 0:5mas/yr(�app = 12 � 20), whi
h is about a fa
tor of 2 to 4 faster than the apparent velo
ity of`C1' (see �gure 2; another 
omponent registration is indi
ated by a dashed line in the�gure, but seems in
onsistent with results obtained at 86GHz). At 22GHz 0528+134showed a large 
ux density outburst with a pre
eding smaller peak near � 1992:2 and aprominent peak near � 1993:5. Ba
k-extrapolation of the motion of `N' yields t0 ' 1992:1for its zero-separation epo
h. This and the observed 
onsiderable 
attening of the totalspe
trum of 0528+134 (Zhang et al., 1994) strongly indi
ates that `N' was eje
ted duringthe �rst maximum of the outburst and now be
omes visible at high frequen
ies. Futureobservations should allow to relate the eje
tion of `N' with this outburst more 
learly.The blazar PKS 0420{014The strongly variable 
at spe
trum radio sour
e PKS0420{014 (z = 0:915) shows super-luminal motion with �app � 8 
 (Wagner et al., 1994). The dete
tion of quasi periodi
opti
al variability, whi
h presumably 
orrelates with variations seen at 100Mev { 5GeVwith EGRET (Wagner et al., 1994, and referen
es therein) 
an be explained by a heli
aljet model, similar to the one suggested for 3C 345 (Ste�en et al., 1993, S
hramm et al.,1993). In �gure 3 we show the �rst high resolution map of PKS0420{014, obtained inMay 1992, during a global 43GHz VLBI 
ampaign. The sour
e stru
ture is of 
ore-jettype and shows 
onsiderable bending (by more than 90 deg) on mas- to sub-mas s
ales.Combination of the maps a
hieved from mm-VLBI observations with images obtained
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?Figure 2: Motion of two new jet 
omponents in PKS 0528+134. The two solid lines represents �tsto the data using the most plausible 
ross identi�
ation between 
omponents at di�erent frequen
ies andepo
hs. The dashed line indi
ates an alternative identi�
ation s
heme, whi
h we regard as less plausibledue to mismat
hing 
omponent at 86GHz. The slope of the solid lines 
orresponds to apparent velo
itiesof �app = 5:3� 1:4 for `C1', and �app ' 20� 4, for `N', (using H0 = 100 km s�1 Mp
�1, q0 = 0:5).

Figure 3: Hybrid map of the quasar PKS 0420{014 at 43GHz; epo
h 1992.40. Contour levels are: 0.3,0.5, 1, 2, 5, 10, 15, 20, 30, 50, 70, 90 per
ent of the peak 
ux density of 2.37 Jy beam�1. The map isrestored with a superresolving beam of size 0.3 � 0.3 mas. The true observing beam has a size of 0.9 �0.25 mas, oriented at p:a: = �8 deg.from the geodeti
 VLBI-monitoring at S/X-bands (Britzen et al., 1994) will allow to see,if the jet 
omponents move along bent paths, as expe
ted from the heli
al model.
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Figure 4: The sub-mas stru
ture ofthe BLLa
 1803+784. From top to bot-tom we show maps obtained at 22GHz,43GHz and 86GHz. Although still oflow dynami
 range, the map at 86GHzis in good agreement with the maps ob-tained at longer wavelengths and rep-resents the basi
 sour
e stru
ture 
or-re
tly. The high quality of the 43GHzimages now allows to produ
e spe
tralimage maps, if 
ombined with data ob-tained at longer wavelengths (e.g. at22GHz). Frequent monitoring with suf-�
ient time sampling will therefore al-low to determine spe
tral index 
hangesin the sour
e stru
ture, whi
h are ex-pe
ted from merging of moving and sta-tionary 
omponents.The BLLa
 obje
t 1803+784The S5-sour
e 1803+784 (z = 0:684) shows a pronoun
ed 
ore jet stru
ture with embed-ded moving and stationary 
omponents. The misalignment between p
- and kp
-s
alesindi
ates large s
ale jet 
urvature of � 90 deg. On mas- to submas s
ales the mean ridge-line of the jet is `quasi-sinusoidally' bent and the apparent 
omponent velo
ities varysystemati
ally, strongly indi
ating motion along spatially 
urved paths (
f. Kri
hbaumet al., 1993a & 1994b&
). Within this s
enario one would expe
t 
omponent a

elerationin the region 0:4mas < r < 0:8mas from � ' 0:05mas yrs�1 to � ' 0:3mas yrs�1. A
omparison of the 22GHz map from 1991.9 with the new (but still preliminary) mapobtained at 43GHz in 1992.4 indeed supports these expe
tations (see �gure 4): betweenboth epo
hs a 
omponent seems to have moved from r = 0:5mas to r = 0:8mas, whilea 
omponent lo
ated at r = 1:1mas (in 1991) merged with the stationary 
omponentat r = 1:4mas in 1992. A �rst 86GHz map of 1803+784 (epo
h 1993.3) shown in �g-ure 4 represents the basi
 sour
e stru
ture quite well (
ore and stationary 
omponent atr = 1:2mas) and furthermore reveals eviden
e for stru
tural variability near r = 0:5mas.Future monitoring at 43GHz and 86GHz will allow to test the heli
al motion model for1803+784 also in the vi
inity of the VLBI-
ore (at r � 0:5mas).
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on
lusionConsiderable progress has been a
hieved with VLBI imaging at millimetre wavelengths:at 43GHz the maps now have dynami
 ranges 
omparable to those from 
m-VLBI obser-vations, allowing detailed investigations of the sub-parse
 s
ale stru
tures in AGN, andgala
ti
 
ompa
t radio sour
es. In many 
ases the 43GHz images revealed in
reasing jet
urvatures when approa
hing the VLBI-
ores, sub- or superluminal motion along bentpaths, and eviden
e for motion along spatially bent (heli
al) traje
tories. All this indi-
ates a 
ommon physi
al pro
ess for most of the superluminal radio sour
es, whi
h mightbe explained by taking the 
oupling of the rotating a

retion disk with the jet into a

ount(
f. Camenzind, 1994, Hardee et al., 1994).At 86GHz 
ompa
t sour
es with total 
ux densities of 1 � 2 Jy are now a

essible forVLBI-imaging. First models and maps for sour
es like 0528+134, 4C39.25, 1803+784,and 3C454.3 are now obtained, tra
ing the jets down to mi
ro-ar
se
ond s
aled regions.With its high angular resolution VLBI imaging at millimetre wavelengths (� � 43GHz)provides a unique tool to investigate the morphology and kinemati
s of the jets in AGNin mu
h more detail.Combined with 
ux density monitoring programs (at all a

essible wavelengths),mm-VLBI observations 
an signi�
antly 
ontribute to the understanding of the physi-
al pro
esses of jet generation, in parti
ular with the early dete
tion (and subsequentmonitoring) of new jet 
omponents, whi
h are eje
ted after phases of enhan
ed a
tivityof the `
entral engines'.A
knowledgements: We espe
ially like to thank the sta� of the observatories for theire�orts making mm-VLBI possible. Without the 
ontinuous engagement of Dave Grahamthe observations presented here would have been less su

essful. T.P.K. appre
iates thesupport of the German BMFT-Verbundfors
hung.Referen
esB�a�ath, L., et al., 1992, A&A, 257, 31.Britzen, S., Gontier, A.-M., Witzel, A., and Campbell, J., 1993, in: Pro
eedings of the 9thWorking Meeting on European VLBI for Geodesy and Astrometry, Mitteilungen ausden Geod�atis
hen Instituten der Rheinis
hen Friedri
h-Whilhelms-Universit�at No. 81,ed. J. Campbell and A. Nothnagel, p. 157.Britzen, S., Kri
hbaum, T.P., Ste�en, W., Witzel, A., and S
halinski, C.J., 1994,in: Compa
t Extragala
ti
 Radio Sour
es, ed. J.A. Zensus and K.I. Kellermann,NRAO-workshop, So
orro, p. 251.Camenzind, M., 1994, in: IAU159: Multi-Wavelength Continuum Emission of AGN, ed.T.J.-L. Courvoisier and A. Ble
ha, (Kluwer, Dordre
ht), p. 257.Hardee, P.E., Cooper, M.A., and Clark, D.A., 1994, ApJ, 424, 126.Hunter, S.D., Berts
h, D.L., Dingus, B.L., et al., 1993, ApJ, 409, 134.Kri
hbaum, T.P., and Witzel, A., 1992, in: Variability of Blazars, ed. E. Valtaoja and M.Valtonen (Cambridge University Press), p. 205.Kri
hbaum, T.P., et al., 1993a, in: Sub Ar
se
ond Radio Astronomy, ed. R.J. Davis andR.S. Booth, Cambridge University Press, p. 181.Kri
hbaum, T.P., et al., 1993b, A&A, 275, 375.
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 Center, ed. R. Genzel (Kluwer, Dordre
ht), in press.Kri
hbaum, T.P., et al., 1994b, in: IAU159: Multi-Wavelength Continuum Emission ofAGN, ed. T.J.-L. Courvoisier and A. Ble
ha, (Kluwer, Dordre
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t Extragala
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hilizzi (Q): Is 3C345 the only example you 
an use for this detailed analysisof 
omponent expansion and 
ux density evolution?T. Kri
hbaum (A): For 3C345 the most 
omplete set of data is available. However, inthe BLLa
 1803+78 (Kri
hbaum et al., 1994, IAU 159) and in the QSO 4C39.25 (e.g. Alberdiet al., 1993, A&A, 271, 93) also some good eviden
e for motion along spatially 
urved pathsis found from VLBI at 
m{ and mm{wavelengths.
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VLBI Study of Cir
umstellar Masers:Status ReportFran
is
o ColomerCentro Astron�omi
o de Yebes, Apartado 148. E { 19080 Guadalajara, SpainandOnsala Spa
e Observatory, S { 439 92 Onsala, SwedenAbstra
tWe dis
uss the European e�ort in the study of millimeter{wave 
ir
umstellar masers withvery long baseline interferometry.Present statusWe have undertaken the study of the sili
on monoxide (SiO) maser emission in the 
ir-
umstellar envelopes of late{type stars with European VLBI teles
opes sin
e 1990. Weobtained the �rst dete
tion of 
ompa
t SiO maser features with interferometri
 baselinesup to 1750 km, providing fringe spa
ings as small as 0.000004 (Colomer et al., 1992).The �rst attempt to map the distribution of the SiO masers, performed in April 1991,
on�rmed the dete
tion and the estimated maser sizes. The study of the supergiant �Cepshowed two spots separated � 5mas (Colomer, 1993).We observed the Mira star RCas for 6 hours with the Onsala{E�elsberg baseline.We have obtained a fringe{rate map (Colomer, 1995) that is 
onsistent with previousobservations of this sour
e (Lane et al, 1982; M
Intosh et al., 1989). We 
learly distinguishfour regions of emission, distributed within 40 mas. Amplitude visibilities for this sour
eyield Gaussian sizes in the range 1 { 2 mas (4 to 8 � 1012 
m at 270 p
), demonstratingthe existen
e of stru
ture at milliar
se
ond level. These results 
ompare well with thestru
ture of the SiO masers obtained at 86GHz with the Plateau de Bure interferometer(A. Baudry, priv. 
omm.).Future workWe have performed a new set of observations with 14 VLBI teles
opes (the VLBA tele-s
opes in the USA, Onsala, E�elsberg, Yebes, and the IRAM 30{m on top of Pi
o Veleta)to be pro
essed soon at the VLBA 
orrelator. We expe
t to produ
e high quality resultsowing to the mu
h improved u; v-
overage obtained.



56 ColomerWe are also planning new observations of the SiO masers at 43 and 86GHz. Welook forward to the parti
ipation of other European teles
opes (like Toru«, Mets�ahovi,Medi
ina, Noto, Cambridge, or Crimea) to enhan
e the geometry of the interferometerwith more east{west baselines.A
knowledgements: This proje
t is being developed in 
olaboration with D.A.Graham,T.P.Kri
hbaum, A.Witzel, R.Booth, B.R�onn�ang, P. de{Vi
ente, A.Bar
ia, J.G�omez-{Gonz�alez, V.Bujarrabal, J.Al
olea, A.Baudry, and N.Brouillet. It would not have beenpossible without the expertise and help of the sta� 
rews at all parti
ipating observatories.Referen
es[1℄ Colomer, F., Graham, D.A., et al.: 1992, `Dete
tion of 
ompa
t SiO maser emissionat 43GHz with a European very long baseline interferometer', A&A 254, L17.[2℄ Colomer, F.: 1993, `The study of SiO masers with VLBI'. Te
hni
al Report No. 144L,Chalmers University of Te
hnology, G�oteborg (Sweden).[3℄ Colomer, F.: 1995, `VLBI Study of the SiO maser emission at 43GHz in the 
ir
um-stellar envelope of RCas'. Pro
eedings of the `Cir
umstellar matter' 
onferen
e heldin Edinburgh (S
otland), on August 29th { September 2nd 1994. G.Watt, P.Williams(Eds), Kluwer A
ademi
 Publ. (in press).[4℄ Lane, A.P.: 1982, `Observations of SiO masers in the 
ir
umstellar envelopes oflate{type stars', PhD Thesis, University of Massa
husetts.[5℄ M
Intosh, G.C., Predmore, C.R., et al.: 1989, `VLBI and polarimetri
 observations ofthe SiO masers in R Cassiopeiae', ApJ 337, 934.
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tober 21, 1994 57Towards Stellar Proper Motions in the Gala
ti
CenterLor�ant SjouwermanOnsala Spa
e Observatory, 439 92 Onsala, Sweden andLeiden Observatory, P.O.Box 9513, 2300 RA Leiden, The NetherlandsPrologueAt the Gala
ti
 Centre (GC) a large sample of OH/IR stars has be
ome available (Habinget al., 1983; Lindqvist et al., 1992a; Van Langevelde et al., 1992a). These stars areoutstanding tra
ers of the gravitational potential in the inner 100 parse
s of the Galaxy.We have sear
hed for H2O maser emission in all the (known OH masering) stars and forSiO maser emission in a subsample. The results of su
h a survey will be valuable forthe study of the maser emission me
hanisms and the stellar population of the GC. Mostimportantly, it will enable future VLBI measurements of stellar proper motions at theGC within a few years.Introdu
tionBe
ause the OH masers in the 
ir
umstellar envelopes of the OH/IR stars dire
tly revealthe radial velo
ity, these obje
ts 
an be used for studies of the dynami
s of the innerGalaxy (Fig. 1). In a �rst analysis the results have been modelled using a spheri
al po-tential and isotropi
 velo
ity distribution (Lindqvist et al. 1992b). Further work on morerealisti
 models is in progress (Sevenster and Habing, private 
ommuni
ation). But in allapproa
hes it is 
lear that the interpretation is limited by the fa
t that only two 
ompo-nents of the true position and one 
omponent of the velo
ity of the stars are measured.This is frustrating, be
ause already there is some eviden
e that there is interesting stru
-ture in the stellar dynami
s near the GC; stars with pe
uliar high velo
ity are presentand apparently di�erent populations of OH/IR stars 
an be distinguished near the GC.In parti
ular it is of great importan
e to know the velo
ity distributions, not only in theradial (line-of-sight) dire
tion, but in the transverse dire
tions as well. Only knowledgeof the true velo
ity distribution 
an reveal the true mass distribution in the GC (Bin-ney & Tremaine, 1987) and therefore measurements of proper motions of these stars arerequired.A VLA surveyA typi
al velo
ity of 100 km/s at the GC 
orresponds to about 2.5 mas/yr. Unfor-tunately, su
h a motion 
annot be dete
ted with VLBI observations of the OH maser
lose to the GC, be
ause of heavy interstellar s
attering at de
imeter wavelengths (e.g.



58 SjouwermanFigure 1: Radial velo
ities of OH/IR stars
lose to the GC as a fun
tion of Gala
ti
 Longi-tude. The dotted lines show the velo
ity limitsof Lindqvist et al. (1992a). Open 
ir
les takenfrom Habing et al. (1983) and asterisks fromVan Langevelde et al. (1992a). The 
orrelationbetween the velo
ity and longitude is 
ommonlyexplained by a net gala
ti
 rotation.
Figure 2: SiO emission from OH/IR stars
lose to SgrA�. The 
ir
le is drawn at 140 fromSgrA�. Triangles are tentative dete
tions; opensymbols taken from Lindqvist et al. (1991),�lled symbols are dete
tions from our VLA sur-vey.

Van Langevelde et al., 1992b; Frail et al., 1994). Therefore we have embarked on a proje
tto sear
h for H2O maser emission in all 150 OH/IR stars and for SiO maser emission in asubsample of 50 OH/IR stars 
losest to SgrA�. In the H2O line this has been moderatelysu

essful, with a 15% dete
tion rate. However, it is 
lear that SiO masers are even morepromising in this respe
t. Not only would SiO observations yield even higher resolution(� 1 mas), allowing a 10 km/s a

urate proper motion measurement within a year. Butthe SiO masers have the advantage that they originate very 
lose to the star (Diamondet al., 1994; Miyoshi et al., 1994), making it easier to interpret VLBI data in terms ofproper motions.From our �rst VLA SiO observations we were already able to dete
t 7 out of 24 sour
es.The futureThe total sample of strong SiO masering OH/IR stars, together with the ones that showH2O maser emission, should be enough to model the distribution of proper motions ofOH/IR stars in the GC. Up till now we have good quality, strong (over 300 mJy) dete
-
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ti
 Center 59tions of 19 SiO and 9 H2O stellar masers. We are still extending the list with our latestVLA observations and hope to 
on�rm about 10 dete
tions ea
h in SiO and H2O in thenext months (Fig. 2).In addition to the study of the stellar dynami
s at the GC, a dire
t 
omparison ofradial and transverse velo
ities and velo
ity disppersions would provide us with a dire
tgeometri
al value of RÆ, the distan
e to the GC (Reid et al., 1988).In parti
ular the VLBA 
hara
teristi
s for these frequen
ies are most suited to dete
tthese high brightness maser proper motions. With the full VLBA being operational, weproposed to observe three epo
hs of the H2O and SiO masering OH/IR stars within thenext year. Be
ause we also have some stars that show both SiO and H2O maser emissionwe will be able to 
he
k the resulting proper motions (referen
ed to SgrA�) independentlyand start to build a 
atalogue of a

urate relative proper motions (<� 1 mas/yr or 40 km/sat 8 kp
).This should enable us to rea
h our �nal goal: to model the mass disrtibution of theimmediate environment of SgrA�; the dynami
al 
enter of our Galaxy.Referen
esBinney, J., Tremaine, S., 1987, Gala
ti
 Dynami
s, Prin
eton Univ. Press, Prin
eton.Diamond, P.J., Kemball, A.J., Junor, W., Zenzus, A., Benson, J., Dhawan, V., 1994, ApJ430, L61.Frail, D.A., Diamond, P.J., Cordes, J.M., Van Langevelde, H.J., 1994, ApJ 427, L43.Habing, H.J., Olnon, F.M., Winnberg, A., Matthews, H.E., Baud, B., 1983, A&A 128,230.Lindqvist, M., Ukita, N., Winnberg, A., Johansson, L.E.B., 1991, A&A 250, 431.Lindqvist, M., Winnberg, A., Habing, H.J., Matthews, H.E., 1992a, A&A Suppl. 92, 43.Lindqvist, M., Habing, H.J., Winnberg, A., 1992b, A&A 259, 118.Miyoshi, M., Matsumoto, K., Kameno, S., Takaba, H., Iwata, T., 1994, Nature 371, 395.Reid, M.J., S
hneps, M.H., Moran, J.M., Gwinn, C.R., Genzel, R., Downes, D., R�onn�ang,B., 1988, ApJ 330, 809.Van Langevelde, H.J., Brown, A.G.A, Lindqvist, M., Habing, H.J., de Zeeuw, P.T., 1992a,A&A 261, L17.Van Langevelde, H.J., Frail, D.A., Cordes, J.M., Diamond, P.J., 1992b, ApJ 396, 686.DISCUSSIONT. Kri
hbaum (Q): Will the regions of emission in the SiO stars be longlived enoughto follow their motion?L. Sjouwerman (A): We know the lifetime of individual SiO maser spots in these starsis about a few months. But the general SiO variability (integrated over all spots) is mu
h less.We are 
on�dent that, if we might resolve some of the ring-like stru
tures of the SiO maserspots, the average SiO maser spot is well de�ned | enough to keep the positional error ofthe star within 1 mas (whi
h is the diameter of the SiO masering ring).P.S.: We redete
ted 50 % of previously known (= 1990) SiO masering stars.



60 SjouwermanP. Wilkinson (Q): How 
lose to the dynami
al 
entre do you have to measurevelo
ities to be within the sphere of in
uen
e of the 
entral massive obje
t?L. Sjouwerman (A): The SiO masers we have looked for all are well within 50 p
 ofthe GC. The expe
ted 
ir
ular velo
ity at 1 parse
 is about 65 km/s for a 1 million solar massBla
k Hole. The line-of-sight velo
ity disperssion of the OH/IR stars in the GC is alreadylarger than this. So we really are interested in the type of stellar orbits (whi
h probably arestrongly ellipti
al). An interesting obje
t we have found to show SiO maser emission is lo
atedat 0.3 p
 proje
ted distan
e of Sgr A* (whi
h we believe is the dynami
al 
enter). We havehigh expe
tations for this sour
e (for whi
h the radial velo
ity is only �27 km/s) to show alarge transversal motion.
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tA ground{based VLBI survey to measure the visibilities and 
orrelated 
ux densities in
ontinuum at 22 GHz of more than 140 extragala
ti
 radio sour
es has been 
ondu
ted withbaselines up to � 11000 km. The proje
t has been designed to help in preparation of targetlists for VSOP and RadioAstron Spa
e VLBI missions as well as providing observational datafor statisti
al study of stru
tural properties at 22 GHz on sub{milliar
se
ond s
ales for thislarge sample of extragala
ti
 sour
es.Introdu
tionSpa
e VLBI missions will provide baseline lengths up to 30000 km (VSOP) and 85000 km(RadioAstron). In order to make eÆ
ient use of observing time with two orbiting anten-nas, multifrequen
y estimates of 
orrelated 
ux densities on these baselines are needed.To some extent, these estimates 
an be based on parameters whi
h 
an be determinedwith single dish observations: total 
ux density, spe
tral and variability indi
es. How-ever, two mu
h more representative parameters are the 
orrelated 
ux density and sour
evisibility on long ground baselines (8000 { 10000 km). Sour
es with large 
orrelated 
uxdensities and/or high visibilities are almost 
ertain to be visible over at least some of therange of VSOP baselines, and are the best 
andidates for observations with RadioAstron.Extensive ground{based VLBI surveys of more than 900 extragala
ti
 radio sour
eswith inter
ontinental baselines have been performed at 2.3 and 8.4 GHz (Preston et al.1985, Morabito et al. 1986). More than 200 extragala
ti
 radio sour
es have been imagedwith VLBI at 5 GHz in re
ent years (e.g. E
kart et al. 1987, Pearson and Readhead 1988,Taylor et al., Thakkar et al. 1994). Su

essful dete
tions on baselines of 1 { 2.4 Earth



62 Moellenbro
k et al.
Figure 1: Sky distribution of sour
es observed in VLBI survey at 22 GHz. Filled 
ir
les show dete
tedsour
es, open 
ir
les { non-dete
ted.diameters were made on 23 of 24 sour
es in the �rst Spa
e-Ground VLBI experimentusing an antenna on a TDRSS satellite at 2.3 GHz (Lin�eld et al. 1989). At 15 GHz, thedete
tion rate in TDRSS Spa
e{Ground demonstration VLBI experiment was lower, butso was the sensitivity of a small (5 m diameter) antenna. This indi
ates that sour
es 
anbe dete
ted on baselines of at least 40000 km (Lin�eld et al. 1990).Mu
h less extensive ground{based VLBI observations have been performed at 22 GHz.Lawren
e et al. (1985) have dete
ted 25 of 26 sour
es observed with baselines up to� 5� 108� (� 7000 km). Only a few strongest sour
es (e.g. 3C84, 3C273, 3C345) whi
hwere well studied at lower frequen
ies have also been extensively imaged with VLBI at 22GHz. Re
ently a sample of 15 bright AGN has been observed at 22 GHz with a globalVLBI network (Wiik et al., this Symposium).The dis
ussed survey allows a substantial enlargement to the list of sour
es suitablefor follow up VLBI observations at 22 GHz with ground and spa
e{ground VLBI.It also has been shown that data from a non-imaging VLBI survey of a large enoughsample of opti
ally identi�ed extragala
ti
 sour
es 
an be used in order to 
ondu
t a
osmologi
al study (Gurvits 1994).Sample sele
tion, observations, and data redu
tionSele
tion of sour
es for the survey was based upon spe
tral 
atness at 22 GHz. As ofMar
h 1993, 211 sour
es had published 22 GHz total 
ux densities and � > �0:5 at 22GHz. These sour
es 
onstituted the primary target list. In order to redu
e a bias towardnorthern sour
es, sour
es with � > �0:5 at higher or lower frequen
ies (22 GHz total 
uxdensity unknown) were added. In a

omodating �nite observing time, s
heduling prioritywas given to the strongest sour
es.The sample 
ontains all 26 sour
es from the previous 22 GHz VLBI survey (Lawren
eet al. 1985) and all 47 suggested sour
es for mm and Spa
e VLBI (Valtaoja et al. 1992).The observations have been 
arried out in 8 sessions in 1993. The following antennashave been used (although not always all in ea
h session): Goldstone (70 m), Tidbinbilla
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Figure 2: Correlated 
ux density versus proje
ted baseline for the sour
e 1253{055.(70 m), Nobeyama (45 m), Kashima (34 m), VLBA Brewster (25 m), VLBA Mauna Kea(25 m). Nobeyama radio teles
ope was also used for total 
ux density measurements of allobserved sour
es. Data had been re
orded in Mk3A mode B format (28 MHz bandwidth),using high-density (narrow-tra
k) terminals, and 
orrelated at the 4-station Calte
h/JPL
orrelator in Pasadena.Preliminary results and 
on
lusionsThe allo
ated amount of time allowed observation of 142 sour
es, ea
h sour
e at at least3 hour angles. A total of 135 sour
es has been dete
ted (SNR>7 with an integration timeof 4 minutes). Fig. 1 shows the distribution of the observed 142 sour
es over the sky.Table 1 represents distribution of dete
ted and non-dete
ted sour
es over various typesof opti
al 
ounterpart obje
ts a

ording to 
lassi�
ation of V�eron-Cetty and V�eron (1993).Redshifts are known for 122 out of 135 dete
ted sour
es.Table 1. The distribution of observed 142 sour
es over opti
al 
ounterpart typesQuasars BL La
s Other AGN Empty �eldsDete
ted 99 23 7 6Non-dete
ted 4 1 1 1Total 103 24 8 7Fig. 2 shows a typi
al example of the available data. As a general statement we notethat almost all dete
ted sour
es show de
reases in 
orrelated 
ux density with in
reasingproje
ted baseline. However, at least 30% of the observed sample is 
omposed of sour
eswhi
h have high enough 
orrelated 
ux density to be primer 
andidates for observationswith VSOP and RadioAstron. Further analysis will allow better spe
i�
ation of thesesour
es.A
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i. Report No. 13.Wiik K., Valtaoja E., & Lepp�anen K. 1994, these Pro
eedings.DISCUSSIONE. Valtaoja (Q): Do you see any dependen
e between the length of the baseline andthe dete
tion rate? In other words, 
an you extrapolate to RadioAstron/VSOP baselinesand estimate how many of the sour
es you would be able to dete
t?L. Gurvits (A): That is exa
tly the aim of the proje
t. I present here very preliminaryresults. Further elaborations should answer the question.I. Fejes (Q): What per
entage of the 135 sour
es would you be able to observe withthe sensivity of RadioAstron and VSOP?L. Gurvits (A): PLS sample sele
tion 
riteria have been 
hosen to mat
h expe
tedsensivity of the spa
e VLBI missions. Therefore, we expe
t that a substantial part of thepresented sample 
ould be dete
ted with the spa
e VLBI, given that about 50 % of thesour
es observed demonstrate high enough 
orrelated 
ux density at baselines �10 000 km.
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tober 21, 1994 65Global VLBI Observations of Bright AGNKaj Wiik, Esko Valtaoja and Kari Lepp�anenMets�ahovi Radio Resear
h Station, FinlandAbstra
tA sample of 15 bright AGN has been observed at 22 GHz with two epo
h global VLBIobservations. The sample 
onsists of all sour
es in the 
omplete 2 Jy 
atalogue of Valtaojaet al. (1992) previously unmapped at 22 GHz. The aims of the survey are 1) to obtain basi
high frequen
y data in preparation for the spa
e VLBI missions, 2) to explore 
onne
tionsbetween 
ontinuum and VLBI data, and 3) to test uni�ed models for AGN by estimatingviewing angles and Lorentz fa
tors from v=
 (VLBI) and Tb (
ontinuum).The observing sampleFor several years we have been monitoring the 
ontinuum 
ux densities of over 100 brightAGN with Æ > �25Æ using the Mets�ahovi (22, 37 and 90 GHz) and SEST (90 and 230GHz) teles
opes (Ter�asranta et al. 1992), with additional surveys of 
omplete samplesof radio sour
es (Wiren et al. 1992; Tornikoski et al. 1993). With the ex
eption of afew steep-spe
trum radio galaxies, virtually all important present-day VLBI sour
es aswell as the most likely future millimeter and spa
e VLBI 
andidates are in
luded in ourmonitoring sample.Although high resolution 22 GHz spa
e VLBI observations are just a 
ouple of yearsin the future, our knowledge of the mas stru
ture of even the brightest AGN remainsvery fragmentary and hampers the planning of the 
ompli
ated spa
e programs. Usingthe results of our monitoring, we have 
onstru
ted a 
omplete Northern hemisphere sam-ple of 
ompa
t AGN (Valtaoja et al. 1992). The sample is the �rst one based on thehigh-frequen
y 
hara
teristi
s of AGN, using the sele
tion 
riteria S(22 GHz) > 2 Jy and�(2.7{5 GHz) > �0:5. Being the brightest and the most 
ompa
t (from spe
tral 
atness)of sour
es, the 2 Jy sample of 47 AGN is likely to in
lude most of the main targets ofmm and spa
e VLBI. Our la
k of basi
 data is well illustrated by the fa
t that of these47 sour
es 15 had no published 22 GHz VLBI observations. These 15 sour
es formed oursample.Our approa
h di�ers from that of the 22 GHz pre-laun
h survey (Moellenbro
k et al.,these pro
eedings) in that instead of measuring one-epo
h visibilities of a large sampleour aim is to obtain high resolution multiepo
h maps of some of the brightest and most
ompa
t sour
es. The basi
 diÆ
ulty with all non-mapping snapshot surveys is that the
orrelated 22 GHz 
ux density is almost 
ompletely dependent on whether the sour
eis having a radio outburst at the time of the VLBI observation, sin
e most of the the
orrelated 
ux 
omes from the 
ompa
t new sho
k. Thus, the '
ompa
tness' of a sour
e,as derived from 
orrelated and total VLBI 
ux density, is as time-variable as the total
ux density, and therefore not a very good indi
ator of 
ompa
tness at some future date(Valtaoja 1991; Valtaoja et al. 1992).



66 Wiik et al.The 
ontinuum/VLBI 
onne
tionTotal 
ux density measurements are often used just to 
alibrate VLBI data. However,they 
an be of mu
h more use in trying to unravel both the stru
ture and the evolutionof the innermost regions in AGN. A

ording to sho
k models, new sho
ks in the rela-tivisti
 jets are responsible both for the major 
ontinuum 
ux density variations and forthe 
reation of new VLBI 
omponents. We have begun to investigate, to whi
h extent
ontinuum monitoring 
an be used as a predi
tor of what will be seen in an up
omingVLBI observation, how mu
h stru
tural information 
an be derived just from 
ontinuummonitoring, and other ways of using 
ontinuum data to 
omplement VLBI (for example
omponent identi�
ations and zero separation epo
hs).The basi
 prin
iple is simple. At 22 GHz (or higher), the lifetime of an outburst isusually less than the time interval between su

essive bursts, and only one bright sho
k
omponent is visible at a given time. In the �rst approximation, a simple stru
ture isthen seen: either just the 
ore (i.e., the base of the jet), or the 
ore and the most re
entsho
k propagating along the underlying jet. With well-sampled 
ontinuummonitoring the
ontributions of these two 
omponents 
an be separated, and the variability times
alesasso
iated with the sho
k 
ux 
hanges 
an be used to get an estimate of the sho
k's phys-i
al size. New 
omponents are also 'seen' mu
h earlier as total 
ontinuum 
ux 
hanges,enabling the determination of zero epo
hs for the emergen
e of new VLBI 
omponents.In the few 
ases where suÆ
ient 22 GHz 
ontinuum and VLBI data are available, the
orresponden
e between 
ontinuum- and VLBI-derived sour
e parameters is quite good(Valtaoja 1994; Valtaoja and Ter�asranta 1993). (Abundant lower frequen
y data is notsuitable for the 
omparisons, sin
e the sho
ks remain visible for a long time, and thesour
e stru
tures be
ome quite 
omplex, as amply demonstrated by 
m-VLBI maps.)Sin
e all the 15 sour
es in our sample are being monitored with Mets�ahovi and SESTteles
opes, our multiepo
h observations will enable us to evaluate the usefulness of 
on-tinuum support for high resolution VLBI. Of high interest would also be the �nding oftotal 
ux 
hanges without the emergen
e of new VLBI 
omponents (or vi
e versa). Thesemight indi
ate that other me
hanisms than sho
ks are important, for example 
hanges inthe jet dire
tion followed by Doppler (de)boosting of the 
omponents.Uni�ed models and viewing anglesThe 
entral tenet of uni�ed models is that the orientation of a sour
e is a 
ru
ial parameterfor its observed properties and 
lassi�
ation. As the viewing angle, the angle between theout
ow and the line of sight, 
annot be measured, various indire
t estimates have beenattempted. We have proposed a very dire
t method, whi
h has not been previously used.In the simplest 
ase, a relativisti
 out
ow 
an be de�ned by just two parameters, theviewing angle � and the intrinsi
 Lorentz fa
tor � of the 
ow. These are dire
tly relatedto two at least in prin
iple measurable quantities, the expansion speed �app, and theDoppler boosting fa
tor D. Taking the 
onventional view that apparent high brightnesstemperatures in ex
ess of 1012 K are due to Doppler boosting, D 
an be estimated fromTb, whi
h in turn 
an be 
al
ulated from the 
ontinuum 
ux variability times
ales.We have applied this method to all sour
es with known VLBI expansion speeds andsuÆ
ient monitoring data (Ter�asranta and Valtaoja 1994). We found that the di�erent
lasses of sour
es do indeed o

upy di�erent regions of the (�;�)-spa
e in a

ordan
ewith the uni�ed model predi
tions. For examples, radio galaxies have, on the average,



Global VLBI Observations of Bright AGN 67larger viewing angles than 'normal' low polarization quasars, and the 'blazar-type' highlypolarized quasars have the smallest viewing angles, while all three 
lasses have similarLorentz fa
tors indi
ating that they belong to the same population of sour
es.However, these 
on
lusions are based on only 2{5 sour
es in ea
h 
lass, and at the veryleast a 
omplete sample of radio sour
es should be observed for � and Tb. We hope toget expansion speeds for the majority of our 15 sour
es. Sin
e we 
an estimate the zeroepo
hs from 
ontinuummonitoring, we 
an 
al
ulate upper limits to � even for unresolvedsour
es.The observationsThe �rst epo
h observations were made in November 1992 and the se
ond epo
h obser-vations in September 1993 (not yet 
orrelated) at 22 GHz. We applied MK III for bothepo
hs but got MK III mode E only for the latter. Be
ause of this the �rst epo
h data isquite noisy. 14 teles
opes parti
ipated in the �rst epo
h observations but due to wrong
oordinates used in 
orrelation, VLA (W1) data was lost. Furthermore there were prob-lems with Green Bank baselines, phase os
illated during the whole session with a periodof about 38 minutes and amplitude of even 180 degrees, possibly a re
eiver phaselo
kproblem.Fifteen sour
es (plus two 
alibrators) were observed during the 48 hours of total allo-
ated time. Observations were split to EVN, US and global networks to keep all teles
opesobserving most of the time. One sour
e was observed only a half or one hour at a timeand s
ans for the same sour
e were spread to 
over the allo
ated observing time as evenlyas possible and also to minimise the slewing time of the teles
opes. Despite the snap-shot nature of this observation, the uv-
overages are reasonable and even enable makinghigh-resolution maps of some of the brightest sour
es.Data redu
tionFringe �tting, 
alibration and 
ombining of the data was made using the AIPS software.Editing, self 
alibration, model �tting and hybrid mapping were done using the Calte
hVLBI software pa
kage.The system temperature information from the teles
opes (ex
ept VLBA) were editedheavily as it seems that usually the �rst Tsys �gure in a s
an is taken before the antennarea
hes the 
orre
t elevation.First �ve sour
es were redu
ed using NRAO AOC Sun workstations but all the furtherwork is done in Mets�ahovi using x486 and Pentium based Linux workstations.Examples of the preliminary results2134+004 (OX 057)When 
ompared to the previous VLBI observations at 10.7 GHz (Pauliny-Toth et al.1990) the 
omponent separation is virtually 
onstant and only the relative positions of thesour
es are 
hanged. Furthermore Mets�ahovi 
ontinuum data shows a nearly 
onstant 
uxof 5 Jy with very slight variation for nearly a de
ade. This supports the suggestion thatthe observed 
omponents represent quasi-stationary sho
ks in an underlying relativisti
jet.
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Figure 1: VLBI maps of 2134+004 at 10.7 GHz (Pauliny-Toth et al. 1990) and 22 GHz. The 
omponentseparation is virtually 
onstant and only the relative position has 
hanged.



Global VLBI Observations of Bright AGN 692145+067This sour
e was observed previously at 5 GHz (Wehrle et al. 1992) in 1986. There are nohigher resolution/high frequen
y maps available although the sour
e is quite strong (9 Jyduring the observation).0202+149The 
ux of 0202+149 showed two peaks before the �rst epo
h observations. If these peaks
orrespond to the 
omponents seen in the VLBImap, the velo
ity of the 
omponents wouldbe 4
 (z = 0:8) indi
ating a new superluminal sour
e. Comparing the 
ux 
urve with alsothe se
ond epo
h map will be most interesting.

Figure 2: VLBI map of 0202+149 at 22 GHz. If the 
ux variations 
orrespond to the VLBI 
omponents,this sour
e is a new superluminal sour
e
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ale radio jets, eds. J.A. Zensus and T.J.Pearson (Cambridge: Cambridge University Press), p. 55.Wehrle, A.E., et al., 1992, Astrophys. J., 391, 589.DISCUSSIONA. Alberdi (Q): Whi
h explanations 
ould you give to the 
ase where you �nd a
are not asso
iated with a 
omponent eje
tion?K. Wiik (A): Good question! This is in fa
t one phenomenon we would like to study.One possibility is the too low resolution at lower frequen
ies.
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Investigation of a Unique Sample of Faint PeakedSpe
trum Sour
esIgnas Snellen1, Ri
hard S
hilizzi1;2, George Miley1,Ger de Bruyn3 and Mal
olm Bremer11 Leiden Observatory, The Netherlands2 Joint Institue for VLBI in Europe, The Netherlands3 Netherlands Foundation for Radio Astronomy, The NetherlandsObje
ts with radio spe
tra peaked near 1 GHz are a separate important but relativelyrare 
ategory of radio sour
e. These powerful radio sour
es are thought to be 
on�nedwithin their host galaxies, with spe
tral turnovers due to syn
hrotron self absorption
aused by their high ele
tron densities. It is thought that their host galaxies have parti
-ularly dense ISM whi
h 
auses the radio sour
e to be 
on�ned, to dimensions of typi
ally100 p
. It is not 
lear if they are small in linear size be
ause they are very young radiosour
es (Mutel and Phillips 1988) or be
ause they are 
on�ned by a very dense interstellarmedium (O'Dea et al. 1991).Until now, published studies (Fanti et al. 1990, O'Dea et al. 1991) have only 
on
en-trated on the bright members of the 
lass, due to the la
k of a signi�
ant sample of peakedspe
trum sour
es at low 
ux densities. We have sele
ted a sample of 119 peaked spe
-trum 
andidates with inverted spe
tra from two regions from the Westerbork NorthernSky Survey (WENSS). Additional 20 and 6 
m observations with WSRT and 3.5 and 2 
mobservations with the VLA have been undertaken to sele
t a sample of 52 truly peakedspe
trum sour
es. The peaked spe
trum sour
es in this sample have peak frequen
iesbetween 0.5 and 10 GHz and peak 
ux densities between 50 and 1000 mJy. The medianpeak 
ux density of our sample is 100 mJy, more than an order of magnitude lower thanpublished samples.We have already made 
onsiderable progress in the opti
al study of this sample. Ofthe 25 sour
es observed with the Ja
obus Kapteyn Teles
ope (in June 1994), about halfare galaxies and half are stellar obje
ts (probably quasars). The magnitude distributionis similar to that for the bright peaked spe
trum sour
es (O'Dea et al. 1991), so they veryhave probably the same opti
al luminosity distribution. Observations to determine theredshift for the sour
es in this sample have been proposed. If indeed our sample is similarto O'Dea et al., we expe
t to �nd a wide range of redshift; this in turn should ensure goodsampling of intrinsi
 peak frequen
y.With this sample we hope, for the �rst time, to be able to investigate peaked spe
trumsour
es over a wide range of luminosity, peak 
ux density and peak frequen
y. VLBIobservations have been proposed, and are a 
ru
ial element of this proje
t. It is the onlyway to investigate the radio stru
ture of these obje
ts, and will serve to investigate thephysi
al nature and 
osmologi
al evolution of peaked spe
trum sour
es.
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esFanti R. et al., 1990, A&A, 231, 333.Mutel R. L., Phillips, R. B., 1988, Pro
. IAU, 129, p. 73.O'Dea C. P., Baum, S. A., Stanghellini C. 1991, ApJ, 380, 66.DISCUSSIONA. Lobanov (Q): When you determine the spe
tral parameters of the sour
es, do youplan to �t your data by some physi
al model, or just use a mathemati
al approximations?I. Snellen (A): Yes, I plan to do physi
al modeling for these sour
es.A. Lobanov (Q): In this 
ase, do you expe
t to be able to avoid 
onfusion be
auseof possible multiple emitting regions in the sour
e?I. Snellen (A): The spe
tra we have are very 
learly and narrowly peaked, whi
h 
ansupport physi
al modeling. We also hope to 
onstrain this modeling using VLBI observations.J. Ma
halski (Q): Are you sure that your faint sour
es are not variable?I. Snellen (A): For ea
h sour
e in our sample we have 5 or 6 
ux-points at di�erentfrequen
ies. Although taken at di�erent epo
hs, the sour
es still have narrow 
one-shapespe
tra, whi
h would be unlikely if they were variable. I 
annot rule out low-level variability.We have 5 GHz data at 2 epo
hs (WSRT + Green Bank) whi
h 
an rule out the variability.
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as21University of Man
hester, NRAL, Jodrell Bank, Ma

les�eld, Cheshire, SK11 9DL, UK.2MPIfR, Auf dem H�ugel 69, 53121, Bonn, Germany.Abstra
tWe present a new method for imaging wide-�eld gravitational lens systems. This method usesthe strongest, most 
ompa
t lensed image as a phase 
alibrator. The phase 
orre
tions derivedfrom mapping this image may be applied to the entire �eld of view. We present a wide-�eldEVN map of 2016+112 whi
h employs this method. The phase 
alibration method also allowsmaps to be made of very weak images whi
h might otherwise go undete
ted. Finally we notesome 
aveats regarding the interpretation and 
omparison of VLBI maps of lensed images.Introdu
tionVLBI observations of large-separation (� 1 � 700) gravitational lens systems introdu
eseveral 
hallenging data pro
essing problems. In parti
ular, lensed images of 
omparable
ux give rise to multiple responses in rate and delay spa
e. As a result, it is oftendiÆ
ult to isolate the visibilities asso
iated with any one parti
ular image or to make amap whi
h is big enough to en
ompass all the images in one large �eld. Por
as (1993)has examined the pro
ess of fringe-�tting su
h data and demonstrates the advantagesof adopting delay-rate referen
ing in these 
ases. This dis
ussion will 
on
entrate onthe problem of wide-�eld mapping after the fringe-�tting pro
ess has been su

essfully
ompleted.Wide-�eld mappingThe �eld of view of Global VLBI observations is usually set by the bandwidth and visibilityaveraging time 
hosen by the observer. Averaging in time and frequen
y redu
es the noiseasso
iated with ea
h averaged visibility and allows weaker sour
es to be mapped usingself-
alibration pro
edures. However, the larger the bandwidth and the integration time,the smaller the �eld of view. The typi
al �eld of view is <� 300 mas for MkIII mode A (56MHz) �18 
m Global VLBI observations. This is usually more than suÆ
ient for VLBIobservations of 
ompa
t, extragala
ti
 radio sour
es sin
e most of these show stru
ture ons
ales <� 150 mas. However, for gravitational lenses the separations are often 
onsiderablylarger than this and most of the known systems are relatively weak. Hen
e a 
lear 
on
i
texists between these two opposing 
onstraints. On one hand the observer must averagein time and frequen
y in order to have enough signal-to-noise for the self-
alibrationpro
ess; on the other hand, this redu
es the �eld of view to su
h an extent that it nolonger en
ompasses all the lensed images.



74 Garrett et al.The traditional solutionPrevious VLBI observations of gravitational lenses have pursued the following (partial)solution. The fringe-�tted data are rotated to the position of one of the lensed 
omponentsand then averaged severely in frequen
y and in time (subje
t to the usual 
oheren
erestri
tions). By doing this for ea
h 
omponent, multiple data sets are generated (usuallyone for ea
h image) and these are then mapped and self-
alibrated in the normal way.The main draw ba
k of this pro
edure is that it only works well for the largest separationlens systems (e.g. 0957+561). Even in this 
ase one still �nds that the response of bothimages is present on the shortest baselines (e.g. E�elsberg-Westerbork, �18 
m). Thisprodu
es artefa
ts in the maps and usually the only solution is to delete the o�endingbaselines (often the baselines with the highest sensitivity!). Nevertheless, this methodhas been able to produ
e reasonable results (Por
as et al. 1981, Gorenstein et al. 1988,Campbell et al. 1994 & Garrett et al. 1994).The phase 
alibration solutionThis new method uses the brightest, most 
ompa
t lensed image as a phase 
alibratorin order to determine the phase 
orre
tions for the entire �eld. The data are averagedseverely (as in the traditional method) and a map is made of the 
hosen 
alibrator image inthe usual way. The phase 
orre
tions thus obtained (in the form of an AIPS CL table) areapplied to the original unaveraged data and these are then transformed and CLEANed.
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Wide-�eld VLBI Observations of Gravitational Lenses 75Figure 1 shows a wide-�eld EVN map of the remarkable gravitational lens system2016+112 A,B,C. The map is 4 ar
se
2 in extent and in order to avoid smearing e�e
tsthe data are stored as 7 adja
ent (but independent) frequen
y 
hannels (IFs) within whi
hthe visibility averaging time ranges from 30 to 5 se
onds, depending on the baseline length.The 
ir
ular restoring beam has a FWHM of 15 mas. The data were self-
alibrated butthe �rst phase 
orre
tion was determined by using 2016+112B as a phase 
alibrator. Thisis an important �rst step, as it is very diÆ
ult to generate an a

urate starting model forthe �rst self-
alibration pro
edure and a point sour
e model is simply inadequate.Mapping weak lensed imagesThe phase 
alibration method (previous se
tion) has also been used to obtain the �rstglobal �18 
m VLBI map of a lensed image whi
h was previously 
onsidered too weakto map with global VLBI - 2016+112C (see Figure 2). Again 2016+112B was 
hosen asthe phase 
alibrator and the phase 
orre
tions were applied to the averaged 2016+112Cdata set. This sour
e is too weak for self-
alibration so the 
orre
ted data are simplytransformed and 
leaned. The resulting map is shown in Figure 2. The peak 
ux is only4 mJy/beam and the extended double stru
ture is strongly suggestive of gravitationallensing. C2 is almost 
ertainly a third lensed image of the same sour
e whi
h gives riseto the lensed images at A and B.
Step 1 as Input model. 
[Produces SN table 1]

SelfCal data using Map from 

Run CLCAL SN1 x CL1 
        ----> CL2

SLPIT MSF1

Map the avg data: CALIB-MX

UVSUB to B position

Avg the data: AVSPC, UVAVG

MSF=Multi-Source File 

3

Avg the data: AVSPC, UVAVG

(MULTI, INDXR)
Create MSF of Avg C data

TACOP CL2 to C MSF

SPLIT C MSF using CL2

Transform and CLEAN (MX)

Map of C image!

2
Create MSF of Avg B data

(MULTI, INDXR)

UVSUB prev SPLIT data to 
          C Position

Center at RA 20 19 18.08000  DEC 11 27 12.9600

2016+112  LL   1654.990 MHZ   DFEDT.LCLN.1 

PLot file version   5  created 16-SEP-1994 10:53:08

Peak flux =  4.1778E-03 JY/BEAM 
Levs =  1.0000E-03 * ( -0.400, 0.400, 0.800,
 1.600, 3.200)

M
ill

iA
R

C
 S

E
C

MilliARC SEC
50 0 -50 -100

30

20

10

0

-10

-20

-30

-40

C12 C13 C2
Fig. 2 Left: The phase 
alibration pro
ess as implemented within AIPS. Right: The phase-
alibrated�18 
m Global VLBI map of the C 
omplex. The peak 
ux is � 4 mJy/beam and the 
ir
ular restoringbeam � 6 mas.Note that with this method the position of C is known a

urately with respe
t to theposition of the phase-
alibrator, 2016+112B. The su

ess of this te
hnique should allowother weak, demagni�ed lensed images to be mapped on mas s
ales. A similar te
hniquewas used by Rogers (1989) in order to map the weak third 
omponent (G0) of 0957+561.A similar result is obtained if the phase 
orre
tions are applied to the unaveragedGlobal VLBI data set (2.5 s average time, 7 IFs [Mode B℄ ). However, the 
omputationaldemands are 
onsiderable, with task 
ompletion measured on the time s
ale of days (for aSPARC
lassi
). This makes experimentation/iteration virtually impossible. The prin
iple



76 Garrett et al.advantage of using the unaveraged data is that the shortest, most sensitive baselines arenow properly utilised.Analysis detailsThe pro
edure, whi
h is most easily implemented within AIPS, is shown s
hemati
allyon the LHS of Figure 2. On the RHS the phase-
alibrated map of the C 
omplex is alsoshown. There are several possible pitfalls one might en
ounter along the way. Firstly, theo�set position used for ea
h of the images should be known to a few mas, if the data areto be severely averaged. Se
ondly, a CL table determined from the averaged data set (1IF) will not be dire
tly appli
able to the unaveraged data set (multiple IFs). In this 
asea multi-IF CL table 
an be generated by self-
alibrating the unaveraged phase 
alibratordata set using the best averaged (single IF) map as the input model. Finally, data editing
an be greatly simpli�ed by 
onsidering the strongest lensed image alone and applyingits 
ag table to the other data sets (in
luding the unaveraged data set). With multi-IFdata it is often impra
ti
al to look at ea
h IF individually but many of the remaining badpoints 
an be removed with CLIP.The interpretation of VLBI maps of lensed imagesThe observation that lensed images of a given system are magni�ed (or stret
hed/-
ompressed) in di�erent ways, 
oupled with the fa
t that VLBI 
an often resolve theseimages may lead to in
onsisten
ies in the interpretation of the maps. This is not usuallythe 
ase for the VLA (or even MERLIN) sin
e the lensed images are often unresolved forthese instruments.
Fig. 3: Images of a VLBI array as it might appear to a sour
e in the absen
e of lensing (3a) and in thepresen
e of lensing (3b,
).It is perhaps instru
tive to view the geometry of the observational pro
ess from thesour
e's point of view rather than the observer's. The sour
e \sees" multiple images ofthe Earth and hen
e multiple images of the VLBI array. Figure 3a,b,
 show images ofa VLBI array as it might appear to a sour
e in the absen
e of lensing (3a) and in thepresen
e of lensing (3b,
). The image shown in Fig. 3b represents a magni�ed image ofthe array while Fig. 3
 represents a demagni�ed image of the array. The net e�e
t is thatas far as the sour
e is 
on
erned, multiple observations (and 
orrelations/
alibrations!)



Wide-�eld VLBI Observations of Gravitational Lenses 77are made with very di�erent uv-
overage. From the observers perspe
tive this means thata feature whi
h is dete
ted in one image need not be dete
ted in another.This e�e
t 
an lead to di�erent levels of missing 
ux in di�erent images and maymake the 
al
ulation of image 
ux ratios a tri
ky business. It would appear that sour
eswith extended, non-dis
rete stru
ture (e.g. 2016+112) are more likely to be a�e
ted thansour
es with relatively strong, barely resolved, dis
rete stru
ture (e.g. 0957+561 A,B).Further work is required in order for these e�e
ts to be properly quanti�ed.A
knowledgments:It is a pleasure to thank Sunita Nair for many useful dis
ussions and for 
omments on thetext of this paper.Referen
esCampbell, R. et al. 1994, Astrophys. J., 426, 486.Garrett, M.A. et al. 1994b, Monthly Noti
es Roy. Astron. So
., 270, 457.Gorenstein, M.V. et al. 1988, Astrophys. J., 334, 42.Por
as, R.W. et al. 1981, Nature, 289, 758.Por
as, R.W. 1993, Compa
t Extragala
ti
 Radio Sour
es, NRAO Workshop No. 23, edsJ.A. Zensus and Kellermann, K.I., p. 125.Rogers, A.E.E. 1989, in Gravitational Lenses, ed. J.M. Moran, J.N. Hewitt, and Lo, K.Y.(Springer-Verlag), p. 70.DISCUSSIONA.A. da Costa (Q): Has the reversed e�e
t of lensing on baselines you have des
ribedother e�e
ts besides the di�erent resolution of the images?M.A. Garrett (A): The e�e
t is that radio stru
ture whi
h is mapped well in one of the(relatively demagni�ed) images may not be dete
ted in another (relatively magni�ed image)be
ause the VLBI array does not properly sample the larger s
ale size of the radio stru
ture.This 
an make 
ux measurements ina

urate.
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Pro
. 2nd EVN/JIVE Symposium, Toru�n, O
tober 21, 1994 79A Global VLBI Sear
h for Milli-lensesD.R. Hensto
k1, P.N. Wilkinson1, I.W.A. Browne1,G.B. Taylor2, A.C.S. Readhead2, T.J. Pearson2,R.C. Vermeulen2 and W. Xu21University of Man
hester, NRAL, Jodrell Bank, Ma

les�eld, Cheshire, UK2California Institute of Te
hnology, Pasadena, CA, USAAbstra
tWe have sear
hed for milliar
se
ond-s
ale gravitational lenses (\milli-lenses") by examiningVLBI maps of 300 
at spe
trum sour
es from the re
ently 
ompleted CJ2 survey and theexisting PR and CJ1 surveys. We have identi�ed the 8 most promising lens 
andidates fromthis sample and have 
arried out multi-frequen
y follow-up observations with the VLBA.These VLBA observations allow us to rule out half the 
andidates; further observations arerequired to determine the nature of the remaining obje
ts. If all the 
andidates are ruled outthen the density of uniformly-distributed bla
k holes must be less than �1% of the 
losuredensity.Introdu
tionOver the last few years there have been several major opti
al and radio surveys to sear
hfor multiply imaged quasars, in
luding surveys with the HST (Bah
all et al. 1992) andthe VLA (e.g. the Jodrell Bank{VLA Astrometri
 Survey, JVAS; Patnaik et al. 1992 andunpublished data). These surveys have had resolutions of 0:1 � 0:2 ar
se
onds and sohave probed for lensing by gala
ti
 mass lenses of � 1010 M�. Most of the lens systemsdis
overed have image separations of �1"; only a few have been found with sub-ar
se
ondseparations. The smallest 
on�rmed lensed system is 0218+357 (Patnaik et al. 1993)whi
h was found during the JVAS; the lensing mass in 0218+357 is part of a gas-ri
h(hen
e spiral) galaxy (Carilli et al. 1993; Browne et al. 1993). A lens system with 0.45ar
se
 image separation (1208+411) has been found opti
ally (Magain et al. 1992; Bah
allet al. 1992). Finally, MERLIN observations of the 
ompa
t triple sour
e 2311+469 haveshown that one of the outer lobes may be an Einstein ring with a diameter of � 0.2 ar
se
(Polatidis 1993).Lenses with image separations below � 100 mas (\milli-lenses"), 
orresponding tolensing masses of � 109 M�, have not yet been found be
ause they are smaller than theresolution limit of previous sear
h te
hniques. In fa
t the only dire
t way to push theimage separation limit below � 100 mas is to use VLBI. With VLBI we 
an look forlenses with image separations of 1�200 mas and hen
e probe for several interesting typesof obje
t whi
h have masses in the range 106 to 109 M�.The se
ond Calte
h-Jodrell VLBI survey (CJ2; Taylor et al. 1994, Hensto
k et al. 1994)was the �rst systemati
 sear
h for gravitational lensing on s
ales of 1�200 mas. CJ2 wasa global MkII snapshot VLBI survey of 193 
at spe
trum radio sour
es at 5 GHz. Flatspe
trum sour
es were 
hosen as the target obje
ts be
ause multiple imaging is mu
h easier



80 Hensto
k et al.to re
ognise in these 
ore-dominated sour
es. The sour
es were sele
ted from JVAS withthe sele
tion 
riteria: S5GHz � 350 mJy; �365MHz8:4GHz 
atter than 0.5; Æ � 35Æ; jbIIj � 10Æ.CJ2 extended the Pearson & Readhead (PR; 1988) and �rst Calte
h-Jodrell (CJ1;Polatidis et al. 1994, Thakkar et al. 1994, Xu et al. 1994) 5 GHz global VLBI surveys, bylowering the 
ux density limit and restri
ting the sample to 
at spe
trum obje
ts. Also,the 
at spe
trum sour
es from the PR and CJ1 surveys (107 obje
ts out of the 200 sour
esin the PR and CJ1 samples) have been retrospe
tively examined for lensing. CombiningCJ2 with PR and CJ1 there is a total sample of 300 
at spe
trum sour
es in whi
h wehave sear
hed for millilensing.Gravitational lensing on milliar
se
ond s
alesConventional mass 
on
entrations do produ
e systems with image separations of a fewhundedmas and hen
e there is good reason to sear
h on smaller s
ales. Spiral galaxies withsmall 
entral bulges are obvious � 100 mas lens 
andidates. Also, the re
ent dis
overyof a large population of faint blue galaxies at z � 0:5 � 1 (e.g. Cowie, Songaila and Hu1991; Smail et al. 1994), whi
h are ideally pla
ed for lensing, gives spe
i�
 impetus to aVLBI sear
h whi
h is sensitive to 10 { 100 mas separations. The mass distribution in the
entre of 
ompa
t galaxies is, however, un
ertain and this pre
ludes a predi
tion of thefrequen
y of lensing on these s
ales.Sear
hes for lensed systems with smaller image separations still, 1 { 10 mas, are ofgreat 
osmologi
al interest. Su
h separations 
orrespond to lensing masses in the range� 106 to � 108M�, 
omparable with the expe
ted masses of pre{gala
ti
 
ompa
t obje
ts(PCOs). PCOs arise in a wide range of 
osmogoni
 s
enarios with a natural mass s
ale,set by the Jeans mass, of order 106M� (e.g. Carr 1990). Uniformly distributed PCOs
ould provide a signi�
ant fra
tion of the 
losure density of the universe and 
an onlybe dete
ted by their gravitational lensing e�e
ts. Press & Gunn (1973) �rst 
al
ulatedthe opti
al depth of the Universe to lensing by point masses and their 
al
ulations havebeen extended by Ostriker & Vietri (1986), Nemiro� and Bistolas (1990) and Kassiola,Kovner and Blandford (1991). Gnedin & Ostriker (1992) have re
ently suggested thatradiation from an early generation of massive stars (106:5M�), forming somewhat afterde
oupling, may have altered the light element abundan
es. Their hypothesis allows alarger amount of baryoni
 dark matter and does away with the need for non{baryoni
forms. The massive stars 
ollapse to bla
k holes and with the required density, 
 � 0:15,� 5% of high-redshift quasars should be milli{lensed.The VLBI sear
hObservational parametersA total of 300 
at{spe
trum radio sour
es have been mapped in the 
ourse of the PR,CJ1 and CJ2 surveys. The typi
al resolution a
hieved with the USVN + EVN array at 5GHz is 1 mas and the dynami
 range in all the maps is > 100 : 1. We are 
on�dent thatwe 
an dete
t 
ompa
t lensed 
omponents 30 times weaker than the brightest 
omponentin the map out to �200 mas. However, for image separations < 1:5 mas, i.e. 
omparablewith the beam size, we are only sensitive to 
ompa
t 
omponents with 
ux ratios < 10 : 1.



A Global VLBI Sear
h for Milli-lenses 81Redshift distributionRedshifts for many of the PR and CJ1 sour
es have been determined using the Palomar5m (e.g. Xu et al. 1993). More re
ently, we have used the 2.5m Isaa
 Newton Teles
opeon La Palma, and the Palomar 5m, to measure redshifts of many of the CJ2 sour
es.Hen
e the great majority (� 80%) of the 300 
at{spe
trum sour
es in the PR, CJ1 andCJ2 surveys now have measured redshifts. The 
urrent redshift distribution of the 
atspe
trum sour
es in the 
ombined PR, CJ1 and CJ2 sample is shown in Figure 1. Furtheropti
al observations of faint CJ2 sour
es are planned whi
h should in
rease the fra
tionof CJ2 obje
ts with known redshifts to > 90%.The fra
tion of high redshift sour
es is a strong fun
tion of the limiting 
ux densityof the sample. In the 
ombined PR sample (S6
m > 1:3 Jy) and CJ1 sample (1:3 Jy� S6
m � 0:7 Jy) only 3 obje
ts (� 3%) have z > 2:5 whereas in the CJ2 sample (0:7 Jy� S6
m � 0:35 Jy) 18 obje
ts (� 9%) have z > 2:5.

Figure 1: The redshift distribution of 
at{spe
trum sour
es in PR+CJ1+CJ2Re
ognizing lens 
andidatesTo get a feeling for the possible lensed-image 
on�gurations to be expe
ted in the VLBIsurveys we 
arried out simulationsyof the lensing e�e
t of a 107 M� PCO on a typi
al
ore-jet sour
e. These simulations were 
arried out for various impa
t parameters of thelens with respe
t to the sour
e.In a few 
ases the stru
ture obtained was a Einstein ring-like (
f. 0218+357) or a twin
ore-jet (
f. 1830�211) 
on�guration. These obviously lensed images would be easy tore
ognise. However, in the majority of 
ases the stru
ture was mu
h simpler, 
onsisting ofyUsing a program written by D. Narasimha



82 Hensto
k et al.the 
ore-jet primary image with the se
ondary image a demagni�ed, fainter 
omponent.When these 
ases were 
onvolved with a 1 mas restoring beam the se
ondary imageappeared to be smaller than, or 
omparable in size with, the primary image. Therefore,we treated any sour
e with a 
ompa
t 
ompanion 
omponent no larger than the bright
omponent as a lens 
andidate.Full details on the simulations are given in Hensto
k (1992) and are summarised inWilkinson et al. (1994a).Candidates and follow-up observationsUsing the knowledge gained from our 
omputer simulations and with the aid ofmodel-�tting for an initial set of 
andidates, we identi�ed six promising 
andidatemas{s
ale lens systems in CJ2 and two 
andidates in CJ1. No 
andidates were iden-ti�ed in PR as this sample has been well studied and the few potential 
andidates 
ouldbe ruled out from the literature. It should be noted, however, that there are other sour
eswith well{separated multiple 
omponents in PR, CJ1 and CJ2 but these are (or are likelyto be) Compa
t Symmetri
 Sour
es (CSOs; Conway et al. 1992, 1994; Wilkinson et al.1994b).We made initial follow-up observations of these 
andidates with 6 teles
opes of theVLBA in February and Mar
h 1994 (total observing time = 2 � 12 hours). To 
omple-ment the existing 5 GHz images we observed ea
h 
andidate at 1.6 GHz, 8.4 GHz and15 GHz using the MkII re
ording system; three 20-minute snapshots were obtained persour
e at ea
h frequen
y. The aims of the follow-up observations were twofold. First,we were interested in the appearan
e of 
omponents at the di�erent frequen
ies/higherresolution|would they have simply related stru
tures 
onsistent with lensing, or wouldthey, for example, be shown to be 
onventional 
ore-jet sour
es with the fainter 
omponentbeing a knot in a previously unseen jet. Se
ondly, we wanted to use the multi-frequen
yobservations to measure the radio spe
tra of the potentially lensed 
omponents; lensedimages must have identi
al spe
tra.The 1.6 GHz and 8.4 GHz observations were very su

essful, and we obtained goodimages of all the 
andidates at these frequen
ies. However, the 15 GHz observations wereless su

essful as the limited sensitivity of the MkII re
ording system meant that reliableimages were only obtained for sour
es with 
orrelated 
uxes of > 250 mJy. We obtained
Figure 2: The lens 
andidate 0740+768: left|CJ2 map at 5 GHz (resolution � 1 mas) made with a\global" array; right|VLBA map at 15 GHz (resolution � 0:5 mas)
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Figure 3: The lens 
andidate 1543+480: left|CJ2 map at 5 GHz (resolution � 1 mas); right|VLBAmap at 1.6 GHz (resolution � 5 mas)
Figure 4: The lens 
andidate 1205+544: left|CJ2 map at 5 GHz (resolution � 1 mas); middle|VLBAmap at 1.6 GHz (resolution � 5 mas); right|VLBA map at 8.4 GHz (resolution � 1 mas)reliable images for only two 
andidates at this frequen
y.The follow-up observations allowed us to rule out about half of the 
andidates as being
onventional 
ore-jet sour
es. Figure 2 shows an example of su
h a sour
e, 0740+768.Our CJ2 survey map shows 0740+768 to be a good lens 
andidate, however the higherresolution 15 GHz VLBA map reveals the sour
es to be a 
ore with a jet at a p.a. of�100Æ. Figure 3 shows another example, 1543+480. Here, the 1.6 GHz map shows asteep spe
trum third 
omponent not seen at 5 GHz. This, 
oupled with the fa
t that themiddle 
omponent has a steeper spe
trum than the right-hand 
omponent, imply thatthis sour
e is not a milli-lens but is instead almost 
ertainly a 
ore-jet sour
e.Most of the remaining 
andidates are probably ruled out be
ause of spe
tral di�eren
esbetween the 
omponents, but the limited su

ess of the 15 GHz observations means thatwe 
an as yet not be 
ertain. Figure 4 shows one of the remaining 
andidates, 1205+544,at 5 GHz, 1.6 GHz and 8.4 GHz. For su
h remaining 
andidates, we await the results ofhigher sensitivity VLBA observations at 15 GHz, whi
h are s
heduled for the 1994/1995Winter.If any of the remaining 
andidates are 
on�rmed as gravitationally lensed systems, thenwe will have revealed the presen
e of a signi�
ant population of obje
ts in the universewith masses of � 106 � 109 M�. Further observations will then be 
arried out to tryand determine whether the lensing bodies are galaxies or bla
k holes (e.g. is there any
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e of gas in the lensing obje
t?). If the lensing bodies are bla
k holes, then wewould 
on�rm that PCOs make up a signi�
ant fra
tion of the 
losure density of theuniverse. Alternatively, if all the 
andidates are �nally ruled out, we 
an limit the densityof uniformly distributed PCOs to less than 1% of the 
losure density.Note that CSOs might initially be mistaken for milli{lenses and vi
e versa. But CSOsare predominantly identi�ed with galaxies, have low polarisation and low variability andalso have radio spe
tra whi
h steepen at high frequen
ies; their 
omponents are alsolikely to be more resolved than a system of multiple 
ore images. Hen
e it should bestraightforward to dis
riminate lensed systems from CSOs.Con
lusionsWe have identi�ed the 8 most promising milli-lens 
andidates from our sample of 300 
atspe
trum sour
es. We have followed these up with multi-frequen
y VLBA observationsand have ruled out about half of the 
andidates. We will follow up the remaining obje
tsat 15 GHz with the VLBA in Winter 1994/5. If all the 
andidates are eventually ruledout, we 
an 
onstrain the density of uniformly distributed PCOs to � 1% of the 
losuredensity.However in order to pla
e stronger 
onstraints on the 
osmologi
al density of PCOs,and the 
ontribution of 
ompa
t galaxies to lensing on s
ales 10 { 100 mas, a larger sampleof sour
es must be sear
hed. Following the suggestion of Kassiola, Kovner and Blandford(1991) an initial goal would be to in
rease the sample size from 300 to � 1000 sour
es.Su
h a sample would be 
omparable in size to that of su

essful ar
se
{s
ale lens sear
hesmade with the VLA. The VLBA is well{suited to this new surveying task.A
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Pro
. 2nd EVN/JIVE Symposium, Toru�n, O
tober 21, 1994 87Sub-ar
se
ond Stru
ture of the `Opti
ally QuietQuasar', 0646+600C.E. Akujor1;2;3, R.W. Por
as1 and J.V. Smoker31Max-Plan
k Institut f�ur Radioastronomie, Auf dem H�ugel 69, 53121 Bonn, F.R.G.2Chalmers University of Te
hnology, Onsala Spa
e Observatory, Onsala S-439 92, Sweden3University of Man
hester, NRAL, Jodrell Bank, Cheshire, SK11 9DL, EnglandAbstra
tWe report the progress on our 
ontinuing survey of Opti
ally Quiet Quasars (OQQs)and present multi-frequen
y (1.6, 4.9, 8.4 and 22 GHz) VLBI and opti
al observations of0646+600, a prototype OQQ. It is a 'red' quasar with a 
ompa
t mas double/triple radiostru
ture, whi
h exhibits anomalous stru
tural 
hanges. Between 1989.79 and 1992.22, theoverall separation of the two bright 
omponents at 5 GHz de
reased by 0.25 mas, and a weakmiddle feature evident in 1989 was not dete
ted in the later observations. We dis
uss thesestru
tural 
hanges in 0646+600.Introdu
tionIn the last few years we have 
ontinued detailed opti
al and radio investigation of `Opti-
ally quiet quasars' (OQQs) | obje
ts whi
h resemble quasars in radio stru
ture (brightradio 
ores) and spe
trum (
at), but are unidenti�ed or faint opti
ally (Akujor & Por
as1991; Akujor et al. 1994 and in prep.). These observations made with the Nordi
 Opti
alTeles
ope (NOT), VLA, MERLIN and VLBA/VLBI do show that a majority of OQQs are'red' quasars with mR�V � 1 and show di�erent stru
tural types in their 
ores; 
ore-jet,doubles/triples (Akujor et al. in prep.). Observations at several wavelengths also suggestthat many OQQs are Gigahertz-peaked spe
trum (GPS) radio sour
es.The 
on�rmed 
ompa
t (mas) double/triple radio sour
es so far found amongst OQQsin
lude 0218+356, 0026+346, 0646+600 (Zensus & Por
as 1985, Akujor & Por
as 1992).0646+600 is a � 1Jy (5 GHz) variable radio sour
e whi
h shows no large-s
ale extendedstru
ture (Stanghellini et al. 1990). We had asso
iated it with an `empty �eld' on thebasis of the radio position of Patnaik et al. (1992), but Meisenheimer & R�oser (1983)report an identi�
ation with a faint 19 mag red QSO with a redshift z = 0:455 (Sti
kel &K�uhr 1993). We have made deep multi-band opti
al images of 0646+600 with the NOTand observed it with VLBI at 1.6 (1992.87), 5 GHz (1989.79; 1992.22), 8.4 GHz (1991.17)with transatlanti
 baselines and at 22.2 GHz (1992.85) with the EVN.NOT observationsThe opti
al observations of 0646+600 were taken during 1993 April 22nd using the 2.5 mNOT using the Sto
kholm CCD 
amera. The 2.50�2.50 �eld was imaged in V for 900 sand in R&I for 600 s with the seeing FWHM being �0.8 ar
se
. Standard CCD redu
-



88 Akujor et al.Table 1: Magnitudes for QSO 0646+60mV mR mI Referen
es20.5(0.2) 19.6 (0.1) 18.9 (0.1) This paper19.9 Sti
kel & K�uhr (1993)19.2(0.2) Fugmann & Meisenheimer (1988)18.9(0.3) Meisenheimer & R�oser (1983)tion pro
edures were used to redu
e these data. This in
luded dark 
urrent subtra
tion,debiasing, 
osmi
 ray removal and 
at�elding using twilight 
at�elds. The standard star�eld F873{8 (Stobie et al. 1985) was used to 
alibrate the V and I �lters and the R
alibration was tied to stars in the 0957+561 �eld observed in r by Young et al. (1981).We estimate the un
ertainty in the 
alibration to be less than 0.1 magnitudes.Using the Jodrell Bank 
oordinate measuring ma
hine, we measured the 
oordinates of15 SAO stars of known positions and used these to 
al
ulate the position of the brighteststar on the CCD image that was also visible on the Palomar Sky Survey. Unfortunatelyonly one su
h star exists whose image is visible on both the CCD and POSS print; theQSO and surrounding galaxies are invisible on the POSS. This is not surprising as theirmagnitudes lie beneath the print limit of mR=18.9 mag (Meisenheimer & Roser 1983).We note that having only one star 
ommon to the CCD and POSS print is not an idealsituation; if the star has signi�
ant proper motion between the date of the POSS plateexposure (1954 Nov 2nd) and the 
urrent CCD image exposure (1993 April 22nd) thenthe opti
al QSO position given here may be in error. With this 
aveat, the derived opti
alposition agrees within the errors with the radio position given in Patnaik et al. (1992).The apparent V RI magnitudes of 0646+600 were determined using FOTO withinFIGARO and are listed in Table 1. The errors in our magnitudes have been 
al
ulatedusing the photon and readout noises and a 
ontribution of 0.1 magnitudes due to thezero{point un
ertainty. Values have not been 
orre
ted for internal absorption or gala
ti
extin
tion; using the maps of Burstein & Heiles (1982) we estimate AV = 0:20 magand AR = 0:15 mag. Previous measurements of the R magnitude of 0646+600 takenby Meisenheimer & R�oser (1983), Fugmann & Meisenheimer (1988) and Sti
kel & Kuhr(1993) indi
ate that 0646+600 is an opti
ally variable obje
t. Although these authors useddi�erent types of R passband for their observations, this is unlikely to a

ount for thelarge spread in R magnitude observed over the last ten years whi
h is probably intrinsi
to the QSO.As was noted by Sti
kel & Kuhr (1993), we �nd that the QSO is surrounded by anumber of faint galaxies. Sti
kel & Kuhr �nd that one of these galaxies has a redshiftz � 0:45, 
ompared to the QSO whi
h they �nd to have redshift of z = 0:455.VLBI observationsAll our VLBI observations were made using the MK2 re
ording system and 
orrelated atthe Calte
h Blo
k2 
orrelator. A summary of the observational details is given in Table 2.At 5 GHz (�rst epo
h: 1989.87) the stru
ture showed two bright 
omponents separatedby 3:0 mas and there appears to be a weak 
omponent or extension, Ae with a brightnessof �50 mJy/beam. This feature had been 
on�rmed independently by the Calte
h-Jodrellgroup (A. Polatidis, private 
ommuni
ation). Further observations were made to deter-mine whether 0646+600 was either a double or triple, and to measure the motion, if any,



Sub-ar
se
ond Stru
ture of the `Opti
ally Quiet Quasar', 0646+600 89Table 2: Journal of VLBI observationsFrequen
y Epo
h Duration TelsMHz Hrs1662 1992.87 0.5 Eb,Jb(1),Wb,On,M
,Tr,Nt,Sh,Hh,Gb,Sm,Bl,HN,NL,PT,KP,LA,BR,OV4995 1989.79 8.0 Eb,Jb(2),Wb,On,M
,Hs,Gb,Vl,PT,KP,FD,Ov4995 1992.22 3.5 Eb,On,M
,Nt,Hs,Gb,VlPT,KP,LA,FD,BR,OV8414 1991.17 3.5 Eb,On,Nt,Gb,Vl,Ov22230 1992.85 3.5 Eb,On,Mh,M
,Ntof the 
omponents. At all the frequen
ies it essentially remained a double.A se
ond epo
h observation at 5 GHz (1992.22) indi
ates that the overall size de
reasedby 0.25 mas; while the middle feature, Ae was not dete
ted. There is no indi
ation of a
hange in size or the existen
e of Ae from 8.4 GHz observations made between the two5 GHz epo
hs. The observations at 22 GHz show that it had apparently 'relaxed' to the

Figure 1: Global 5 GHz VLBI maps of 0646+600 at two epo
hs (1989.79; 1992.22) and 1 mas resolution



90 Akujor et al.original size and de
reased again at 1.6 GHz; but Ae was not dete
ted. It is not 
lear howmu
h of these apparent 
hanges in size are the e�e
t of di�erent observing frequen
ies.

Figure 2: VLBI maps of 0646+600 at 1.66, 8.4, 5 and 22 GHz; the high frequen
y data are 
onvolvedto the resolution (2 mas) of 1.6 GHz data
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se
ond Stru
ture of the `Opti
ally Quiet Quasar', 0646+600 91However, the apparent 
ontra
tion at 5 GHz is unusual, but appears to be transientsin
e it is not evident in the observations at 8 and 22 GHz. If it is a result of the motionof either 
omponent, it implies a proper motion � � 0:18 mas/yr and �app � 2:8
 (forh = 1; qo = 0:5). One possibility is that Ae moved towards, and blended with, either
omponent 
reating a new 
entroid of the 
ombined 
omponent, thus resulting in anapparent de
rease in overall size. In this 
ase it is not 
lear whi
h dire
tion it wouldhave gone sin
e both 
omponents appear to vary in brightness. There is also no obvious
hange in the size of either 
omponent to support this s
enerio. Moreover, a motion of Aetowards the nearer 
omp A would imply an in
redibly high speed �app � 10
. The otherpossibility is that the middle 
omponent has faded, but this doesn't explain the apparentsize de
rease.0646+600 is unusual be
ause it is a Gigahertz-peaked spe
trum (GPS) sour
e witha stru
ture resembling the 
ompa
t triples/doubles (Philips & Mutel 1982), but showsstru
tural 
hanges not usually seen in these types of sour
es. Indeed, the two 
omponents,A;B also have peaked spe
tra around 3.8 and 3.4 GHz, whi
h 
orresponds to estimatedmagneti
 �eld � 2:8 mG and 4.2 mG, respe
tively. Component B has a steeper opti
allythin spe
trum, whi
h may imply higher syn
hrotron and inverse Compton losses andsuggesting that A is the main 
entre of a
tivity.Although superluminal motion is 
ommon in the 
ore of bright 
at{spe
trum sour
es,no de�nite separation speed has been measured in true 
ompa
t doubles/triples. Anapparent size 
ontra
tion had been reported for one obje
t, 4C39.25 (Sha�er & Mars
her1987), and this is explained by a bright feature moving between two stationary 
omponents(Sha�er et al. 1987). Mar
aide et al. (1990) model this in terms of motion in a twistedrelativisti
 jet. Further observations may reveal a similar phenomenon in 0646+600.Con
luding remarksWe have made deep opti
al images and multi-frequen
yVLBI observations of 0646+600 atdi�erent epo
hs. It is a 'red' obje
t, as are many others found amongst OQQs. The radiostru
ture is mainly a mas double of 3 mas separation; ea
h 
omponent has a spe
trumpeaked at very high frequen
ies. The overal size appears to have temporarily 
ontra
ted
orresponding to an apparent motion �app � 2:8
. A middle weak feature found earlieris not evident from later observations. We note, however, that these observations are'snapshots'. More frequent observations with improved resolution and sensitivity areneeded to understand the nature of the possible 
hanges in 0646+600.Referen
esAkujor, C.E. & Por
as, R.W., 1992, in `Extragala
ti
 Radio Sour
es{From Beams to Jets',Roland J., Sol H., Pelletier G. (eds), CUP, p. 134.Akujor, C.E. et al., 1994, in `Multi-Wavelength Continuum Emission of AGN', T.J.-L.Courvoisier & A. Ble
ha (eds), Kluwer, p. 419.Burstein, D., Heiles, C., 1982, AJ, 87, 1165.Fugmann, W., Meisenheimer, K., 1988, AAS, 76, 145.Mar
aide, J.M. et al., 1990, in `Parse
-S
ale Radio Jets', J.A. Zensus & T.J. Pearson(eds), CUP, p. 59.Meisenheimer, K. & R�oser, H.-J., 1983 AAS, 51, 41.
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her, A.P., 1987, in `Superluminal Radio Sour
es', J.A. Zensus &T.J. Pearson (eds), CUP, p. 67.Sti
kel, M., Kuhr, H., 1993, AAS, 101, 521.Stobie, R.S., Sagar, R., Gilmore, G., 1985, AAS, 60, 503.Young, P. et al., 1981, ApJ, 244, 736.Zensus, J.A. & Por
as, R.W., 1985, in `A
tive Gala
ti
 Nu
lei', J. Dyson (ed), Man
hesterUniv. Press, p. 54.
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tober 21, 1994 93Multifrequen
y VLBI Monitoring and Jet Physi
sA.P. Lobanov1;2 and J.A. Zensus11National Radio Astronomy Observatory, So
orro, NM, USA2Astro Spa
e Center of P.N.Lebedev Physi
al Institute, Mos
ow, RussiaAbstra
tWe present results from multifrequen
y VLBI monitoring of 3C345. Spe
traland kinemati
 evolution of the bright features in the jet are dis
ussed, withappli
ation to di�erent types of jet models. We show preliminary results frommapping the distribution of the turnover frequen
y in the jet.Introdu
tionThe radio emission of the quasar 3C345 has been monitored 
losely for a few de
ades usingVLBI and single dish observations (
f. Terrasranta 1991; Hughes, Aller, and Aller 1991;Zensus, Cohen, and Unwin 1994, [ZCU94℄). The VLBI monitoring has been performed at1.4, 2.3, 5, 8.4, 10.7, 22.3, 43, and 89GHz; the single dish observations have been made at5, 8, 15, 22, and 37GHz. The morphology and kinemati
s of the jet have been determinedand studied (
f. Biretta, Moore, and Cohen 1986, [BMC86℄; Kri
hbaum 1991, Matveenkoet al. 1992; Unwin and Wehrle 1992), altogether with obtaining information about spe
tralproperties of the jet emission (Lobanov, Zensus, and Lepp�anen 1993). Several physi
almodels have been used for explaining the observed 
ux and kinemati
 evolutions, in
ludingthe relativisti
 sho
k model (Raba�
a and Zensus 1994), heli
al jet model (Ste�en et al.1994) two-
uid s
enario (Lobanov and Zensus 1994, [LZ94℄), and a 
omposition of theK�onigl inhomogeneous{jet model with homogeneous spheres for superluminal 
omponents(ZCU94).In this 
ontribution, we present results of a 
ombined study of spe
tral and kinemati
evolution in the 
ompa
t stru
tures of 3C345. We dis
uss them in the framework ofpossible sho
ked and non{sho
ked emission s
hemes. In the last se
tion, we show the �rstresult from mapping the turnover frequen
y distribution in the jet of 3C345.Jet kinemati
sThe kinemati
 parameters of the 
ompa
t jet in 3C345 are dis
ussed in ZCU94. Thetraje
tories of jet patterns were �tted by polynomials; the evolution of apparent speed andthe 3{dimensional traje
tories were 
al
ulated. The strong 
urvature of the 
omponenttraje
tories near the 
ore is re
e
ted by the signi�
ant 
hanges of their apparent relativea

eleration d�=� (Figure 1). At larger distan
es, the 
hanges be
ome less pronoun
ed(see the traje
tories of C2 and C3 in Figure 1). Apparent speed of the 
omponents
ontinuously in
reases with distan
e from the 
ore, from about 3 to 10h�1
.We use the results from ZCU94 in our dis
ussion about appli
ability of the sho
ks tothe des
ription of the observed spe
tral 
hanges in the jet.
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µ/µFigure 1: Apparent relative a

elerations d�=� of the jet 
omponents in 3C345. The variations in C4and C5 are due to the jet 
urvature on the small distan
es from the 
ore. At larger distan
es, the jetseems to be
ome less 
urved, resulting in smooth 
hanges of a

eleration (see the 
urves for C2 and C3).Syn
hrotron spe
tra of the jet 
omponentsWe have used 43 VLBI observations of 3C345 at 2.3, 5, 8.4, 10.7, 22, 43, and 89 GHz(BMC86, ZCU94, Zensus et al. 1995). The VLBI images have been model �tted byopti
ally thin spheri
al 
omponents, so that every model �t 
omponent 
orresponds toa unique bright feature observed in the sour
e (traditionally for 3C345, the 
omponentshave been denoted as D { the VLBI 
ore, and C2{C7 { superluminal features in the jet).We have extra
ted the 
omponent 
uxes from the model �ts, and formed the mul-tifrequen
y datasets [MD℄ by 
ombining the data for ea
h 
omponent observed at 
loseepo
hs at di�erent frequen
ies. We limit the time separation between individual observa-tions 
ombined into a MD to 6 months, pro�ting from the fa
t that the amplitude of the
ux variations on these times
ales do not ex
eed the amplitude of the 
ux errors frommodel �tting. The total number of 10 MD has been produ
ed, ea
h assigned to a medianspe
tral epo
h. In order to 
al
ulate the shape of syn
hrotron spe
tra, we have developedthe loose{
uto� algorithm (Lobanov and Zensus 1995) whi
h uses Monte Carlo simula-tions and a �2{minimization pro
edure for improving the spe
tral �tting. The �tting hasbeen done in assumption of self{absorbed emission from a plasma with the power{lawenergy distribution (Pa
hol
zyk 1970).From the �tted spe
tra, we have 
al
ulated the integrated 
ux between 4 and 25GHz,peak 
ux density, and turnover frequen
y, for every 
omponent at every spe
tral epo
h.The 
orrelations between the integrated 
ux and turnover frequen
y found in LZ94suggest that there might be di�erent emission me
hanisms involved in the 
ore and in thejet 
omponents. The turnover frequen
y of the 
ore experien
es a sharp rise at the epo
hsof emerging a new 
omponent. LZ94 found that the evolution of the turnover frequen
y inC4 and C5 did not follow the sho
ked emission s
enario suggested in Mars
her and Gear1985; Mars
her, Gear, and Travis 1991. In C4 and C5, the turnover frequen
y is lower inthe beginning of their evolutions, and rea
hes their maxima a few years later (tm � 3:9years and � 8:3 years for C4 and C5, respe
tively).
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Figure 2: Conditions of existen
e of a maximum in evolution of the turnover frequen
y �m expressedthrough the energy spe
tral index s, and 
onstants a and b des
ribing the magneti
 �eld and Dopplerfa
tor, respe
tively. Bla
k 
ir
le and bla
k square denote the upper limits of b determined from theobservations.Jet physi
sIn this se
tion we would like to provide some arguments for 
hoosing between the sho
kand the two{
uid approa
hes to the jet physi
s.Sho
k{in{jet modelWe investigate the possibility of the variable Doppler boosting fa
tor to produ
e theobserved spe
tral evolution, in the frame of the sho
k models. We use the formalism fromMars
her and Gear 1985, and 
onstrain the model parameters by the 
ondition of peakedevolution of the turnover frequen
y �R��1 dRdt = 0; (1)where R { distan
e from the inje
tion point of relativisti
 ele
trons; � = �(a; b; s) { afun
tion of model parameters des
ribing: a { magneti
 �eld B / R�a, b { Doppler fa
torÆ / Rb, and ele
tron energy spe
tral index s.We plot the solution � = 0 of Equation 1 in Figure 2, for ea
h of the three stages ofsho
k development 
onsidered by Mars
her and Gear. Then, we 
al
ulate the observedvalues of b, and s for C4 and C5 at the epo
hs of the maximum turnover frequen
y.We use the small angle solution for the 
omponent traje
tories (see ZCU94). Redshift,time dilation, and relativisti
 aberration have been 
orre
ted for, assuming the standard
osmologi
al model (Weinberg 1972) with H0 = 100 km/s�Mp
, and q0 = 0:5. The energyspe
tral index is determined from the spe
tral index data, using the relation s = 1� 2�.Using the minimum kinemati
ally allowed values of the Lorentz fa
tor for C4 and C5(from ZCU94), we estimate the upper limits on b, and these estimates are presented inFigure 2 by the bla
k 
ir
le (C4) and bla
k square (C5).In Figure 2, C4 satis�ed the maximum 
ondition for the Compton{loss stage, andC5 lies beneath. It is diÆ
ult to explain why the sho
k 
onstituting C4 is still at the



96 Lobanov and ZensusCompton{loss stage, after more than 40 years of intrinsi
 evolution. The maximum inC5 o

urred after about 50 years of evolution in the jet frame; and one would expe
t themaxima in both 
omponents to o

ur rather during the adiabati
{loss stage.Two{
uid modelThe two{
uid model (Henri and Pelletier 1991, Roland et al. 1992, 1994) assumes existen
eof a thermal (� � 0:3
� 0:4
) e� � p plasma in jets, alongside with relativisti
 (
 � 10)e� plasma. The model explains the observed kinemati
 properties of the jet, in
luding (1)
urved traje
tories and variations of apparent a

eleration of 
omponents near the 
ore;(2) in
reasing a

eleration of C4 at the latest epo
hs (see ZCU94, LZ94). The observedspe
tral evolution 
an be explained by rea

eleration of the relativisti
 plasma due to theintera
tion with the thermal out
ow. The observed high{frequen
y spe
tral maximumof the 
ore (ZL94) 
an be explained by the e� es
aping the relativisti
 
hannel in thevi
inity of the 
entral engine.One of the apparent diÆ
ulties of this s
heme is the existen
e of the jet 
omponentswhi
h had appeared very 
lose in time (the epo
hs of origin for C4 and C5 are within 1year from ea
h other(ZCU94); the �rst dete
tion of C6 and C7 was made simultaneously(Kri
hbaum 1991)); while in the sho
ked s
enarios this 
an be viewed as an eviden
e forsome sort of relation between the pre
eding and su

eeding 
omponent (su
h as forwardand reverse sho
ks (LZ95), or the opposite edges of an ellipti
al distortion in the jet(Hardee, personal 
ommuni
ations).New observationsWith the new fa
ilities and te
hniques available, the goals of this monitoring programwill be extended to providing 
ontinuous information about physi
al 
onditions in the jet.With in
reasing number of antennas and improving uv{
overage, spe
tral index mappinghas be
ome more reliable for VLBI images (LZL93). The absolute astrometry programsand phase referen
ing are expe
ted to provide better position information essential forspe
tral index mapping. Simultaneous multifrequen
y observations with the VLBA mayenable a 
ontinuous spe
tral �tting. The preliminary result from this approa
h is pre-sented in Figure 3 showing the turnover frequen
y distribution along the jet of 3C345.Witn the multifrequen
y VLBA data available, we expe
t to distinguish between sho
ked(rea

elerated) areas of the jet, as well as to verify the presen
e of a relativisti
 
hannelsuggested by the two{
uid s
enario.We also plan to extend this monitoring to polarization measurements, attempting toprovide a more 
omplete pi
ture of the parse
{s
ale stru
tures in AGN.Con
lusionThe multifrequen
y VLBI monitoring of 3C345 has revealed a signi�
ant informationabout the very 
ompa
t stru
tures in the sour
e, and enabled us to study their long{termkinemati
al and spe
tral evolution. Continuation of the monitoring and expanding itsgoals are very likely to bring a better understanding of the 
entral regions in AGN.
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Figure 3: Preliminary map of the turnover frequen
y distribution in the jet of 3C345. The map has beenprodu
ed from three Global VLBI observations at 1.3
m (Jun'92), 3.6
m (Sep'92), and 6
m (Jun'92). Thehigh turnover frequen
y region in the jet 
orresponds to the lo
ation of C5 and may re
e
t the a
tuallo
ation of the sho
k, or the 
ite of rea

eleration of the e� plasma. The 
hannel of higher turnoverfrequen
y going through the jet may 
orrespond to the relativisti
 
hannel in the two{
uid model.A
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y-map"?Can we believe that the \sho
k" seen in that map is real?A. Lobanov (A): Te
hni
ally, the feature in the map I have shown is overresolved.However, we 
an expe
t spe
tral �tting to be very sensitive to variations of the turnoverfrequen
y. And in this 
ase, we are dealing with the same kind of overresolution as that of themodel �tting.L. Matveenko (Q): Is the visible size of the 
ore real (in your 3C345 map) or is otdetermined by saturation?A. Lobanov (A): This is the saturation level 
hosen, in order for the jet features to bebetter displayed in the map.
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Aberration of Light and Time Delay E�e
ts inParse
-s
ale Relativisti
 JetsA. Alberdi1;2, J.L. G�omez2;3, J.C. Guirado2;4, L. Lara2and J.M. Mar
aide51L.A.E.F.F., Madrid, Spain2I.A.A., Granada, Spain3Boston University, Boston, MA, USA4JPL, Pasadena, CA, USA5University of Val�en
ia, Valen
ia, SpainWe have developped a numeri
al 
ode whi
h solves the transfer equation for the syn-
hrotron radiation in extragala
ti
 relativisti
 jets with bends and sho
k waves (G�omez,Alberdi, Mar
aide 1993, 1994a, 1994b; Alberdi, G�omez, Mar
aide 1993). Our 
omputer
ode studies the spatial, frequen
y, and temporal behaviour of bent sho
ked relativisti
jets, using the transfer equation of syn
hrotron radiation, the jump 
onditions for sho
kswith relativisti
 
ow speed and equation of state, and the 
hange in the Doppler boostingfa
tor produ
ed by bends in the jet axis. In our 
omputer 
ode, we 
onsider the integra-tion 
olumns parallel to the line of sight, thereby 
al
ulating the emergent 
ux densityprodu
ed by the inhomogeneities present in the integration 
olumns when the jet is notseen side on. We have also 
onsidered the di�erential Doppler boosting e�e
t a
ross thejet 
ow, sin
e the jet 
onve
ts diverging 
ow. Here, we summarize our main results:1.|We have studied the e�e
ts whi
h produ
e on the VLBI maps the presen
e of bendsin the jet (G�omez, Alberdi, Mar
aide 1993). When there is a bend in the dire
tion towardsthe observer, these bends may produ
e enhan
ed emission in the total and polarized
ux density maps, although a bend towards the observer 
an also de
rease the polarized
ux (depending on the opa
ity at the jet position where the bend is lo
ated) produ
inga relative minimum. In a similar way, bends away from the observer 
an lead to theappearan
e of new 
omponents through relative minima in the total and polarized 
uxdensities. These 
omponents resulting from bends 
an explain the stationary 
omponentsin non-ballisti
 models.2.| We have studied the e�e
ts of sho
k waves in the relativisti
 jets radio stru
ture(G�omez, Alberdi, Mar
aide 1994a; Alberdi, G�omez, Mar
aide 1993). The evolution ofthe sho
k wave along the jet is 
hara
terized at the early epo
hs by a qui
k in
reasein the total 
ux density of the sour
e a

ompanied by a de
rease in the polarized 
uxdensity asso
iated to the high opa
ity of the sho
ked 
ow. Thus, by 
omparing thetotal and polarized 
ux maps we observe an anti
orrelation in the region asso
iated withthe sho
ked 
ow at these earlier epo
hs. At later epo
hs, this anti
orrelation turns into a
orrelation, and both the total and polarized 
ux maps show the existen
e of a 
omponentat the position of the sho
ked 
ow.



100 Alberdi et al.3.| We have studied the 
ombined e�e
ts of both bends and sho
k waves in theemission of relativisti
 jets. With this intention, we have 
omputed the emission from areverse sho
k wave travelling along a heli
al jet (G�omez, Alberdi, Mar
aide 1994a, 1994b).When the sho
k wave rea
hes the position of a bend towards the observer, the di�erentialin
rease of the Doppler boosting, the lengthening of the integration 
olumn, and sho
ke�e
ts are simultaneously present and add together, produ
ing relative maxima in thetotal and polarized 
ux densities. The sho
k wave reorders the magneti
 �eld within thesho
ked region, resulting in a magneti
 �eld perpendi
ular to the jet ridge line (if the jetis opti
ally thin) in 
ontrast to the rest of the jet where the magneti
 �eld is parallel tothe jet ridge line. This rotation of the magneti
 �eld ve
tor in the sho
ked region 
analter the measured value of the polarization angle of the sour
e as a whole if the sho
k isstrong enough to in
uen
e the emission of the whole jet.In this 
ontribution, we 
onsider the in
uen
e on the emission of bent jets of two rela-tivisti
 e�e
ts: aberration of light and time delays. These e�e
ts 
an alter signi�
antly theobserved syn
hrotron emission from extragala
ti
 relativisti
 bent sho
ked jets (G�omez,Alberdi, Mar
aide 1994
).� The in
uen
e of relativisti
 aberration on the emission of relativisti
 jets dependson the degree of randomly oriented magneti
 �eld within the jet. For fra
tions of �70%of randomly oriented magneti
 �eld we have demonstrated that aberration does not altersigni�
antly the total 
ux density of relativisti
 jets, with the 
orre
tions being smallerthan about the 10% on it. On the other hand, for this same fra
tion of randomly orientedmagneti
 �eld (�70%), the polarized 
ux density is strongly in
uen
ed by aberration,with 
hanges as important as the 50% in the polarized emission. It is 
lear that, fora totally randomly oriented magneti
 �eld aberration, there is not any 
hange in theemission of relativisti
 jets due to this e�e
t.� The importan
e of the time delay e�e
t depends basi
ally on the viewing angle andon the opening angle of the jet. Sin
e the jet 
onve
ts diverging 
ow, the time delayis di�erent for di�erent 
uid lines, and 
auses rotations and deformations of the sho
kfronts as viewed in the observer's frame. This results in variations in the length of thesho
ked region and in the apparent velo
ity between di�erent 
uid lines. Hen
e, both thetotal 
ux density and spe
ially the polarized 
ux density, from a 
ertain sho
ked regionis strongly altered.In
uen
e of the aberration of lightWhen we solve the transfer equations for the syn
hrotron radiation, the orientation ofthe plasma 
uid lines with respe
t to the line of sight is in
uen
ing mainly two physi
alparameters: i) in the emission and absorption 
oeÆ
ients, whi
h are proportional toB sin �, where B is the magneti
 �eld and � is the angle between the magneti
 �eld andthe line of sight; ii) in the polarized emission, mainly through the angle between theproje
ted magneti
 �eld on the sky plane and the axis with respe
t to whi
h we aremeasuring the polarization angle.Let's 
onsider a re
tilinear jet with a Lorentz fa
tor (
=6), and a viewing angle of10Æ for the 
uid elements in the ridge line of the jet. In this parti
ular 
ase, whenwe observe this jet with an angle of 10 degrees, we are observing the emission that wasemitted in a dire
tion perpendi
ular to the velo
ity of the 
uid in the 
uid referen
e frame.This suggests that these 
orre
tions 
an be very important depending on the degree ofrandomness of the magneti
 �eld within the jet. Continuing with the same example,
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 Jets 101in 
ase the randomly oriented magneti
 �eld fra
tion is small, the fa
tor B sin � in theabsorption and emission 
oeÆ
ients a
quires a value of B sin 90 if aberration is in
luded,and B sin 10 if it is not. Thus, when the aberration is not in
luded, the situation is similarto the 
ase of a smaller magneti
 �eld (and then, smaller opa
ity), and the maximumintensity position shifts to a position 
loser to the 
ore of the jet.It should be noted that the per
entage of randomly oriented magneti
 �eld 
an be sig-ni�
antly smaller in regions ex
ited by sho
k waves than in the rest of the jet, and thereforegreater 
orre
tions due to aberration in these regions are to be expe
ted. However, wemust be 
autious in the sense that the presen
e of a sho
k wave does not ne
essarilyimply a reordering of the magneti
 �eld: this is strongly dependent on the strength ofthe sho
k wave and on the initial per
entage of randomly oriented magneti
 �eld. As anexample, if the basi
 magneti
 �eld is oriented parallel to the jet ridge line and the degreeof randomness is redu
ed, the presen
e of the sho
k wave will only introdu
e a higherdegree of randomization.In
uen
e of the time delayThe time delay e�e
t is relevant when we 
onsider relativisti
 jets whi
h are not stationarywith time, when any 
lass of inhomogeneity travels along the jet. In su
h situations, thedi�eren
e in time of arrival at the observer of emission from di�erent positions in thejet will produ
e 
hanges in the shape and width of sho
ked regions, as viewed in theobserver's frame, as fun
tion of the viewing angle.Due to time delay, as the sho
k travels along the bent jet, the two sho
k fronts rotateand the length of the sho
ked region is modi�ed when viewed in the observer's frame. Thise�e
t is strongly dependent on the orientation of the jet with respe
t to the observer. Therotation produ
ed by time delay 
auses both sho
k fronts to be almost aligned with theline of sight, and produ
es a lengthening of the edge of the sho
ked region 
loser to theline of sight. All these fa
ts translate into an enhan
ement of the emission of the sho
kedregion.A parti
ular modelLet's 
onsider the parti
ular 
ase of a heli
al sho
ked jet model whi
h was presented inG�omez, Alberdi & Mar
aide (1994). We refer the reader to that work for details about theheli
al geometry and the physi
al parameters of the model. Basi
ally, we 
an des
ribe thegeometry of the bent jet through the presen
e of two kinks: the �rst one very 
lose to the
ore region, and the se
ond one far away from the 
ore position. We are also 
onsideringthe presen
e of a planar sho
k wave travelling along the stru
ture of the relativisti
 jet.We present in Figure 1, the total 
ux maps and polarized 
ux maps 
orresponding todi�erent positions of the sho
k wavetravelling along the jet. In these models we have nottaken into a

ount the aberration of light and the time delay e�e
ts. The sho
k wave
an be seen as a moving 
omponent travelling from the 
ore of the jet to the position ofthe stationary 
omponent, the latter being asso
iated with the most favorably orientedportion of the twisted jet, where the Doppler fa
tor is maximized. When the sho
k waverea
hes the position of the stationary 
omponent, the 
ux in
reases markedly to a highervalue than that of the 
ore, resulting in a new merged 
omponent and in a maximum inthe light 
urve.
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Figure 1: a) Evolution of the total intensity maps for the sho
ked heli
al jet models at 22 GHz, withouttaking into a

ount aberration and time delay e�e
ts. The 
ontours shown 
orrespond to 2, 5, 10, 35, 65and 95% of the peak brightness. Ti
k marks on the horizontal axis represent 0.5 mas, whereas those onthe verti
al axis represent 0.2 mas. b) Evolution of the polarized intensity maps for the sho
ked heli
aljet models at 22 GHz, without taking into a

ount aberration and time delay e�e
ts. The 
ontoursshown 
orrespond to 2, 5, 10, 35, 65 and 95% of the peak brightness. The bars shown 
orrespond to theorientation of the ele
tri
 ve
tor. Ti
k marks on the horizontal axis represent 0.5 mas, whereas those onthe verti
al axis represent 0.2 mas.
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Figure 2: a) Evolution of the total intensity maps for the sho
ked heli
al jet models at 22 GHz, in
or-porating aberration and time delay e�e
ts. The 
ontours shown 
orrespond to 2, 5, 10, 35, 65 and 95% ofthe peak brightness. Ti
k marks on the horizontal axis represent 0.5 mas, whereas those on the verti
alaxis represent 0.2 mas. b) Evolution of the polarized intensity maps for the sho
ked heli
al jet models at22 GHz, in
orporating aberration and time delay e�e
ts. The 
ontours shown 
orrespond to 2, 5, 10, 35,65 and 95% of the peak brightness. The bars shown 
orrespond to the orientation of the ele
tri
 ve
tor.Ti
k marks on the horizontal axis represent 0.5 mas, whereas those on the verti
al axis represent 0.2 mas.



104 Alberdi et al.We also show in Figure 1 the polarized intensity maps whi
h 
orrespond to the totalintensity maps. The �rst map 
orresponds to the quies
ent situation, and 
onsists ofthree 
omponents. The �rst two 
omponents 
orrespond to the 
ore of the jet and to thebeginning of the opti
ally thin portion of the jet. The third 
omponent 
orresponds to theregion of the heli
al jet whi
h is most favourably oriented with respe
t to the observer,and is stationary in 
ux and position.In Figure 2, we show the total and polarized intensity maps 
orresponding to theprevious jet, with the same geometry and the same physi
al parameters, but in
orporatingthe time delay and aberration of light e�e
ts. We 
an observe the di�eren
es between thetwo sets of maps, and we 
an inmediatley 
on
lude that di�eren
es are spe
ially signi�
antin the polarized 
ux density, degree of polarization, and polarization angle of the jet.As a global result, we 
an 
on
lude that the improved model shows a higher degree ofpolarization (the region in whi
h the magneti
 �eld is ordered has in
reased its size dueto time-delay e�e
ts) and the polarization angle of the sour
e as a whole is signi�
antlydi�erent. When the sho
k wave gets 
loser to the position of the stationary 
omponent,the polarized emission of the jet is dominated by the sho
ked region produ
ing a 
ompleterotation of 180 degrees in the polarization angle.Referen
esAlberdi, A., G�omez J.L., Mar
aide, J.M. 1993, in Sub-Ar
se
ond Radio Astronomy, ed.R.J. Davis and R.S. Booth, Cambridge University Press, p. 355.G�omez, J.L., Alberdi, A., Mar
aide, J.M. 1993, Astronomy & Astrophysi
s, 274, 55{68.G�omez, J.L., Alberdi, A., Mar
aide, J.M. 1994a, Astronomy & Astrophysi
s, 284, 51{64.G�omez, J.L., Alberdi, A., Mar
aide, J.M. 1994b, in Compa
t Extragala
ti
 Radio Sour
es,ed. J.A. Zensus and K.I.K. Kellermann, NRAO, p. 239.G�omez, J.L., Alberdi, A., Mar
aide, J.M. 1994
, Astronomy & Astrophysi
s, (in press).DISCUSSIOND. Dalla
asa (Q): What is the linear s
ale of the tangling of the magneti
 �eld?A. Alberdi (A): S
ale of milliar
se
onds, in the 
ase of our simulations.
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t1308+328Jerzy Ma
halskiAstronomi
al Observatory, Jagiellonian University, Kraków, PolandAnother newly dete
ted example of interesting GHz-peaked-spe
trum (GPS) highlyvariable radio sour
es is the obje
t 1308+328 (Ma
halski & Engels 1994). Its radiospe
trum peaks at about 20{40 GHz, and is strongly self-absorbed at lower frequen-
ies. Small angular size (� 0:03 � 0:04 ar
se
) of the sour
e, its stellar 
ounterpart, andthe low-resolution opti
al spe
trum with emission lines suggest a 
ompa
t quasar withredshift of 1.65. The sour
e is monitored now in the opti
al R-band, and radio 22 and37 GHz (H. Ter�asranta, priv. 
omm.). Fig. 1 shows high opti
al (3{3.5 mag) and radio(about 50%) variabilities over times
ales of a few years.Its X-ray emission has been dete
ted in the ROSAT 0.15{2.2 keV band with S=N >13� (N. Brandt, priv. 
omm.) enabling him to extra
t the spe
trum (Fig. 2, upperpanel), and �t a power-law model with a photon index 
 = 2:0� 0:6 and 
olumn density

Figure 1: Radio, opti
al, and X-ray brightnessvariations Figure 2: ROSAT PSPC spe
trum with itsbest-�t power-law model overlaid



106 Ma
halskiNH � 1:6 � 1020 
m�2. This NH value is 
onsistent with the Gala
ti
 NH value of1:1 � 1020 
m�2 at the position of the sour
e. The lower panel of Fig. 2 shows residualsof the �t, where �2 = 8:4 for 9 bins. Also the ar
hival 1979 and 1980 EISTEIN data
ontain X-ray dete
tion of the sour
e, and an upper limit to its X-ray 
ux in 1984 isdetermined from the EXOSAT data. The X-ray 
ux-densities 
al
ulated for 2 keV bandare also shown in Fig. 2. The 
orresponding X-ray luminosities in the 0.2{2.0 keV bandare about 1:7; < 5:9, and 2:2� 1045 erg s�1 in 1979.95, 1984.47, and 1991.48, respe
tively[for HÆ = 50; qÆ = 0:5℄.A broad-band SED for the obje
t 1308+328 is shown in Fig. 3, and 
ompared withthose for two highly-polarized QSOs and one BL La
 obje
t (Mrk 421 ). The radio-to-Xrayspe
tral index of the sour
e, �rx � 1:0 (hereafter F� / ���), is very steep suggesting rathera weak X-ray emitter, but its X-ray spe
tral index is 
lose to the mean for radio-loudBL La
 obje
ts (
f. Worral & Wilkes 1990), and is 
atter a little than the mean of about1.2 found in the ROSAT All-Sky Survey of AGN (Brinkmann 1991). Therefore, its X-ray
hara
teristi
s are similar to those of X-ray sele
ted obje
ts.
Figure 3: Broad band SED 
ompared with those for other very well studied AGNsThe sour
e is only 14.4 ar
min apart from the BL La
 sour
e 1308+326 whi
h 
anbe used as an external referen
e frame for very pre
ise (� 50 mi
ro-ar
se
) astrometri
studies with the VLBI te
hniques. High-resolution maps and astrometri
 measurements
an put further 
onstraints on the syn
hrotron self-Compton (SSC) me
hanism proposedfor AGNs, and provide an independent estimate of the Doppler fa
tor().Referen
esBrinkmann, W., 1991, in X-ray Emission from A
tive Gala
ti
 Nu
lei and the Cosmi
X-ray Ba
kground, ed.: W. Brinkmann and J. Tr�umper, p. 143.Ma
halski, J., Engels, D., 1994, MNRAS, 266, L69.Worral, D.M., Wilkes, B.J., 1990, ApJ, 360, 396.
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The Re
ent Status of the TIGO Proje
tHayo HaseInstitut f�ur Angewandte Geod�asie, Fundamentalstation Wettzell, GermanyAbstra
tThe Institute for Applied Geodesy (IfAG) 
arries out the TIGO proje
t. TIGO will bea transportable fundamental station for geodesy, whi
h will 
ontain all important geodeti
spa
e te
hniques like VLBI, Satellite Laser Ranging (SLR), and Global Positioning System(GPS). Fundamental stations are ne
essary to derive and improve the ITRF. TIGO will allowto �ll the gaps in the ITRF, espe
ially on the southern hemisphere. For VLBI operation anew designed 6 m o�set-antenna will be used. TIGO will be 
he
ked out in Wettzell during1995{1996 and used abroad afterwards.Introdu
tionAmong the stations whi
h 
ontribute to the IERS Terrestrial Referen
e Frame (ITRF)there are only a few fundamental stations, whi
h permanently operate using the geodeti
spa
e te
hniques like VLBI, SLR and GPS. Furthermore, the global distribution of theexisting ITRF sites is insuÆ
ient for a representative 
overage of the Earth surfa
e.The three major advantages of fundamental stations are (1) permanen
y, whi
h meansobservations on long term basis; (2) 
omplementarity, whi
h means to gain the synergiesof di�erent te
hniques for improvements in a

ura
y; (3) redundan
y, whi
h means a
ontrol of results with independent te
hniques.The situation of ITRF and the advantageous 
hara
teristi
s of a fundamental stationlead to the basi
 
on
ept for a \Transportable Integrated Geodeti
 Observatory" (TIGO)with an observation period of about one year in sele
ted sites, preferably in the southernhemisphere. The design goals for the geodeti
 observatory were state-of-the-art te
hnologyadapted for easy transportating in �ve standard 12 m 
ontainers (see Fig. 1).The implementation period for TIGO is 1992{1997.TIGO modulesThe TIGO modules will o�er the spa
e te
hniques, su
h as VLBI, SLR, GPS (GLONASS)and also PRARE, and the additional ne
essary equipment for meteorology, time and fre-quen
y standard, gravity, seismi
, supplementary terrestrial measurements. For internaland external data distribution a LAN and WAN interfa
e will be in
luded. To enable theuse of TIGO at remote sites an independent energy supply by generators is intended.



108 HaseVLBI moduleThe VLBI module 
onsists of two standard 12 m 
ontainers; one for transportation of the6 m o�set radio teles
ope and another one for the VLBI-operation and transportation ofthe two side-panels of the re
e
tor (see Fig. 2).The antenna was designed for S/X{band geodeti
 wideband observations. The helium
ooled low noise ampli�er and the Mk IV Data A
quisition Ra
k and tape re
order shall
orrespond to the NASA standards. The setup time in a �eld on the spe
ial platform forthe radio teles
ope will be less than 2 days.Spe
i�
ations of the Antenna with S/X Feedhorn (MAN)Diameter 6.0 mf/D 0.3629Surfa
e a

ura
y 0.4 mmAzimuth slewing rate 6.0 Æ/sElevation slewing rate 3.0 Æ/sS-band frequen
ies 2.216 { 2.350 GHzX-band frequen
ies 8.108 { 9.036 GHzEÆ
ien
y at S-band > 64 %EÆ
ien
y at X-band > 68 %Total noise temperature < 53 KSLR moduleThe SLR module 
onsists of one 12 m standard 
ontainer. The SLR instrument is designedas a two 
olour system of a sub
entimeter a

ura
y (�1 = 423:5 nm, �2 = 847 nm) withday and night 
apability based on a Titan-Sapphire laser. The spe
i�ed ranging distan
eis 500 to 40 000 km. A 50 
m teles
ope is used for transmission and re
eiption of the pulses.The teles
ope will be mounted on a 
art, while the laser transmission and re
eiption unitsare lo
ated inside the SLR 
ontainer. The opti
al beam will be introdu
ed in the teles
opethrough a tube. Spe
i�
ations of the Titan Sapphire LaserLength of pulses 10 : : : 50 psEnergy for 423.5 nm wavelength 10 : : : 50mJEnergy for 847 nm wavelength 30 : : : 100mJPulse repetition rate up to 100HzBasi
 moduleThe basi
 module 
ontains the time and frequen
y standards like Cesium 
lo
ks, GPS-timere
eiver and Hydrogen masers as well as the 
entral 
omputer for TIGO. The 
entral
omputer will serve with the auxiliary data e.g. meteorology, absolute time, wheneverthere is a request from one of the main te
hniques. In addition the 
entral 
omputer willbe an interfa
e to a wide area network in order to distribute data e.g. of the permanentGPS re
eiver to international ar
hiving fa
ilities.
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Figure 1: Overview of TIGO. The requested area will be about 30�30 m2. The VLBI antenna needs aspe
ial platform whi
h allows to �x and to 
enter the antenna.
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Figure 2: The VLBI antenna during transportation in a standard 
ontainer and in di�erent elevationpositions. The feed holder is drawn out for operation.



The Re
ent Status of the TIGO Proje
t 111TIGO s
heduleThe implementation s
hedule for TIGO 
overs the period of six years. In 1994 the Firstparts have been manufa
tured in 1994 and are not just drawings anymore. During thenext two years the 
ontainers will be 
ompleted and the �rst test operations will bepossible at Wettzell.1992 General Design and Request for O�ersFirst 
ontra
ts:� VLBI antenna� SLR module� Smallsize Maser1993 Design and begin of manufa
toring� VLBI module� SLR module1994 Request for O�ers and Contra
ts for� VLBI Re
eiver, DAR� Titan Saphir Laser� Containers1995 Setup a platform at WettzellDelivery of SLR, VLBI modules and ImplementationRequest for O�ers and Contra
ts for� Time & Frequen
y� Meterologi
al System� Central Computer, LAN/WAN1996 Request for O�ers and Contra
ts for� Gravimeter� Power GeneratorsIntegration of the Components1997 Final Integration and Testperiod at WettzellImplementation of� GPS� PRARE� Seismometer1998 Expe
ted to be ready for �rst 
ampaign abroadDISCUSSIONK. Nurutdinov (Q): Is there any 
ontradi
tion in the words \transportable" and\fundamental" with regard to stations? In my mind, \fundamental" means permanentand \transportable" | non{permanent.H. Hase (A): The term \fundamental station" in geodesy and geophysi
s means that astation is equipped with the spa
e geodesy instrumentation, su
h as VLBI, SLR, GPS and withthe dynami
 te
hniques, su
h as gravity and seismo-graphs for geophysi
s. Therefore, there isno 
ontradi
tion between fundamental and transportable. TIGO will fun
tion as a permanentobservatory for about 1 year at one site. Later it will 
ome ba
k to that site after 2 { 4 yearsfor another period of 1 year.
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. 2nd EVN/JIVE Symposium, Toru�n, O
tober 21, 1994 113A New S/X{band Re
eiver forthe Simeiz VLBI StationA. Ipatov, I. Ipatova, D. Ivanov, A. Kutuzov, V. Mardyshkinand A. MikhailovInstitute for Applied Astronomy, Russia A
ademy of S
ien
es, St. Petersburg, RussiaAbstra
tThe RT�22 radio teles
ope in Simeiz is a multi-purpose fa
ility whi
h is available for VLBIexperiments as a member of the VLBI network. This multi-purpose 
hara
ter introdu
esspe
ial requirements for an S/X{band re
eiver, whi
h operates from the primary fo
us of theteles
ope and is mounted in a spe
ial box. This box, a

ording to operational requirements,has to be repla
ed with other equipment within a rather short time. The experien
e at Simeizstation in frame of the s
ienti�
 programs Crimea-1, Crimea-2 et
. showed that radioteles
opeRT-22 
an be used for VLBI observations only episodi
ally. So it is ne
essary to 
onstru
t S/Xband re
eiver that 
an be operated on this teles
ope from prime fo
us and will be installedinto spe
ial box. This box has to be inter
hanged fast enough as required.The paper des
ribes the stru
ture of 
ryore
eiver and its fun
tional arrangement, givesthe results of the measurements of its main parameters.It is intended to use in this re
eiver model 
ooled ampli�ers with a noise temperature nothigher than 20 K for S{band and not higher than 25 K for X{band .An International geodeti
 VLBI station has been 
reated in Crimea on the basis of theradio teles
ope RT-22. Parti
ipants from the USA, Ukraine, and Russia take part in thisproje
t.The US side has provided a Mk 3 data a
quisition terminal, feeds, a phase 
alibrationdevi
e; the Ukrainian side has provided the required upgrade of RT-22, a part of the
ooling system, and an operational support; the Russian side has 
ontributed a Hydrogenmaser frequen
y standard and re
eivers.During the �rst observations, the system temperature of 90 K and 50 K has beena
hieved in S- and X{band 
orrespondingly. The re
eivers have been 
onstru
ted at theInstitute for Applied Astronomy of the Russia A
ademy of S
ien
es as a part of there
eiver 
omplex for the \QUASAR" network [1, 2℄.The S{ and X{band re
eiver system with FET ampli�ers has been installed in theprimary fo
us of RT-22 and 
onne
ted to the Mk 3 signal path. The frontend dire
tional
oupler and FET ampli�ers are 
ooled in order to obtain low system noise temperatures.The fun
tional diagram of re
eivers is shown on Fig. 1.The 
ryore
eiver 
onsists of two frequen
y 
hannels. Both 
hannels have the sames
heme { a superheterodyne re
eiver with a gain modulation of the se
ond stage ampli�erand a referen
e signal inje
tion. It gives a possibility to 
onstru
t a low-noise input lineand the �rst stage ampli�ers. A 
ontrol over the gain 
u
tuations is also provided. Themodulator is ex
luded from the re
eiver input and gives a possibility for observations witha high sensitivity both in VLBI and single antenna modes.Every 
hannel of the 
ryore
eiver 
onsists of the following blo
ks:Low noise ampli�er (LNA): The 
ooled re
eiving blo
k is situated inside a va
uumdewar. The blo
k 
ontains the 
ooled low noise transistor ampli�er, ferrite isolators and apart of the input line. There is also a 
old load inside the dewar for mat
hing the unusedport of the feed.
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Figure 1: The re
eiver fun
tional diagramOutput stages blo
k 
omprises an ampli�
ation modulator, some ferrite 
omponentsand an ampli�
ation-
onversion devi
e, whi
h allows to unite the mi
rowave ampli�er andtraditional output 
as
ades of a radiometer (mixer, intermediate frequen
y (IF) ampli�er,and IF �lter) in a single unit. There are also power supply 
ir
uits and a termostabilization
ir
uit inside this blo
k.The noise generator blo
k forms either a modulated signal or a 
ontinuous signalof noise balan
ing and a modulated or 
ontinuous 
alibration noise signal. The level ofthe signals above 
an be set in several steps. There are semi
ondu
tor noise generatorsfor 
ompensation and 
alibration, power supply 
ir
uits, 
ontrolled and �xed attenuators,a termostabilization 
ir
uit, ferrite 
omponents, dire
tional 
ouplers for inje
tion in there
eiver input noise 
alibration signals and pi
ose
ond pulses (for phase 
alibration) insidethis blo
k.Besides of the three main blo
ks above, there are also the lo
al os
illator (developed inthe IAA laboratory under S.G. Smolentsev supervision), the 
onne
tion unit, the powersupply equipment, a 
ontrol and diagnosti
 blo
k.Monitoring and 
ontrol of the re
eiver and its parameters 
an be done by a 
omputer.One 
ir
ular polarization was observed in ea
h frequen
y band using the primary fo
usfeed (provided by T.A. Clark of the NASA/GSFC).Fig. 2 and 3 show the s
heme of the re
eiver's 
ryoblo
k and noise temperature of re-
eiver at S and X band. Contributions of various units into the re
eiver noise temperatureare shown.Losses of the signal in the line between 
ryoblo
k and the output stages blo
k are anapproximation be
ause the a
tual 
ables' length will be veri�ed in future.Main parameters of the re
eivers are presented in the Table 1.The results of re
eiver noise temperature measurements 
orrespond to the input 
ange.By this time the Crimea station had already taken part in several geodeti
 and testingastrophysi
al experiments, that gave satisfa
tory results. At the same timean ex
essive
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��
Æ�������������Figure 2: Contributions of various units in the re
eiver noise temperature at S{bandnoise temperature in the S{band has been dete
ted in these experiments. This might beattributed to the poor mat
hing of the feed with the input 
ryoblo
k. In the last sessionwe used a 
old load with lower physi
al temperature. This measure de
reased the systemnoise temperature from 90 K to 70 K.At present, an installation of the re
eiver in the primary fo
us requires too mu
h timefor assembling and dismounting the equipment prior or after observations. This is why a���������	
��
Æ�������������Figure 3: Contributions of various units in the re
eiver noise temperature at X{band
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eiver parameters.Wavelength Band Frequen
y Re
eiver noise System noise SEFD
m GHz temp., K temp., K Jy13 S 2.15{2.5 27 70 13003.5 X 8.18{8.68 40 50 800parti
ipation in short observational sessions is 
urrently anreasonable. In order to simplifymounting/dismounting workload and to a
hieve higher time eÆ
ien
y, it is ne
essary to
onstru
t an S/X{band re
eiver built-in into a spe
ial box. The latter has to be easilyinstalled and dismounted when required.In 
on
lusion we would like to point out that further improvements and elaborationsof the re
eiver are ne
essary in order to provide a high quality of observations and toa
hieve higher sensitivity. Using a HEMT as the �rst stage, it is possible to redu
e thenoise temperature by a fa
tor of 1.5{2 at the X{band.Referen
es[1℄ Ipatov A.V., Ipatova I.A., and Mardyshkin V.V., 1994, \Cryogeni
 Cooled Re
eiversfor the QUASAR Network", in VLBI Te
hnology: Progress and Future ObservationalPossibilities, eds. T. Sasao, S. Manabe, O. Kameya and M. Inoue, Terra S
i. Publ.,p. 200.[2℄ Finkelstein A.M., Golub
hin G.S., Gorodetsky V.M. et al., 1990, \Dedi
ated SovietVLBI{network QUASAR", in Pro
eedings of the IAU Symposium No. 141: Internal
oordinate system on the sky, eds. J.H. Lieske and V.K. Abalakin, Kluwer A
ad.Publ., Dordre
ht, p. 293.DISCUSSIONR. Wielebinski (Q): In the pi
ture your re
eivers are open. Do you have no tem-perature stabilization.A. Ipatov (A): We have no temperature stabilization in joint box, but we provide thegood temperature stability inside of ea
h unit.
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tober 21, 1994 117VLBI Station \Simeiz"A.V. Stepanov1, L.I. Matveenko2 and A.V. Ipatov31Crimea Astrophysi
al Observatory, Crimea2Spa
e Resear
h Institute, Mos
ow3Institute of Applied Astronomy, St. PetersburgThe �rst VLBI observations at 22 m paraboli
 antenna of Crimea Astrophysi
al Obser-vatory had been in 1969 (Broderi
k et al., 1970). Then the radio teles
ope was equippedwith a hydrogen frequen
y standard, re
eivers at 1.3 { 92 
m wavelengths, terminalMK-2 and observations 
ontinued with 
omplian
e with the international programmes(Matveenko et al., 1992).Now the radio teles
ope equipment has been supplemented with the S/X band feed,Mk3A terminal, GPS re
eivers (GSFC) and S/X-band re
eivers (IPA). First VLBI obser-vations were 
arried out in June 1994. A

urate position of the antenna was determinedto be: x = 3785230826:8 � 6 mmy = 2551207490:5 � 6 mmz = 4439796120:0 � 6 mmThe dis
repan
y with the earlier results is around 12 m, whi
h 
orresponds to an errorof the early measurements (Matveenko et al., 1992).�, 
m 3.6 13 6Ae�, m2 150 150 200Tsys, K 45 80 200Tsys, Jy 800 1500 2700In September 1994 we had VLBI observations of radio sour
es at 3.6 and 6 
m.Referen
esBroderi
k et al., 1970, Sov. Astron. J., 47, 784.Clark et al., 1995, Sov. Astron. Letters, No 2.Matveenko et al., 1992, Sov. Astron. Letters, No 10, 891.
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. 2nd EVN/JIVE Symposium, Toru�n, O
tober 21, 1994 119Pulsar Pro
essing Fa
ility of the EVN MK-IVCorrelatoryS. Pogrebenko1 and G. Tu

ari21JIVE and NFRA, Dwingeloo, The Netherlands2IRA/CNR, Stazione Radioastronomi
a di Noto, ItaliaIntrodu
tionPulsar VLBI observations provide us with the a

urate position information on pulsarsin
luding their proper motion with the a

ura
y of few mi
roar
se
 per year. The impor-tan
e of the pulsar astrometri
 VLBI observations in a frame of the EVN Upgrade Proje
twas outlined by J.-F. Lestrade (1994, private 
ommuni
ation). Pulsar VLBI pro
essing isan important feature of the EVN MK-IV Correlator being 
urrently under 
onstru
tionat JIVE, Dwingeloo.The way to in
rease the sensitivity of VLBI pulsar observations is to enable the 
orre-lator to a

umulate a 
orrelation fun
tion only during a pulse. This way the in
rease ofsensitivity may be equal to KS/N = (P=W )1=2;where P is the pulsar period and W is the pulse width. For typi
al pulsars the P=W ratiois about 30 { 100, so a sensitivity in
rease of the order of 5 { 10 is a
hievable.To enable the 
orrelator to a

umulate data only during sele
ted periodi
 intervalsthe te
hnique of \pulsar gating" is used. Periodi
 gate fun
tion should be generated andmixed into \validity" stream of interferometri
 data.To normalize \gated" 
orrelator output 
orre
tly one needs to 
ount statisti
s of thegated input signals before 
orrelating them.To apply pulsar gating 
orre
tly one must take into a

ount su
h e�e
ts like disper-sion 
aused by the propagation of the pulsar radiation through the interstellar mediaand the 
hange of the apparent pulsar period with a time 
aused by di�erent kind ofmotion not 
ompensated by usual VLBI pro
essing algorithms: Earth-Moon bary
entremotion, annual Earth motion, binary pulsar orbital motion. E�e
t of the Earth rota-tion on the apparent phase of the pulse arriving time is automati
ally 
ompensated wheninterferometri
 delay is 
ompensated in the VLBI pro
essor.As the millise
ond pulsars be
ame the very interesting obje
ts for radio astronomy,a requirement of the e�e
tive VLBI pro
essing of them arose at the design stage of theEVN MK-IV Correlator proje
t.Other possible targets of the VLBI pulsar observations may be an investigation ofinter-pulse emission, both pulsed and 
ontinuous. For this purpose one will need to applydi�erent (in ea
h 
ase spe
i�
) gate patterns.yPresented at the EVN Users Meeting, Toru«, O
tober 21, 1994



120 Pogrebenko and Tu

ariAppli
ation 
hara
teristi
sTo ful�l the modern pulsar astronomy requirements the following 
hara
teristi
s of thepulsar pro
essing subsystem were spe
i�ed at the design stage (Anderson and Pogrebenko,1993; Pogrebenko and Anderson, 1993; Pogrebenko, 1994):1. Gate timing a

ura
y:1/1024 of a period pro
essed or 0.36 degree of phase.This seems to be enough to make e�e
tive gating in all 
ases.2. Gate patterns:Arbitrary programmed pattern of 1024 independent phase points.3. Pulsar periods pro
essed:16 s { 0.25 ms.Periods longer then 16 s are pro
essed without the use of gating, but using there-arrangement of the 
orrelator output data whi
h are basi
ally a

umulated with16 ms intervals, so 1000 points per period of 16 s are automati
ally available.The shortest period is spe
i�ed in a

ordan
e with the theoreti
al limit of the 0.3 { 0.6millise
onds of the rotational rate of a neutron or strange matter star (Kondratyuket al., 1990; Madsen, 1992; Glendenning, 1992). Nevertheless, the possibility topro
ess even twi
e shorter than 0.25 ms periods is kept, but with 1/512 of a periodtiming a

ura
y.4. Period 
hange rate:A 
orre
t performan
e of the Pulsar Gate Generator (PGG) with the gate timinga

ura
y of 1/1024 of the period is spe
i�ed (Pogrebenko, 1994) for the theoreti
allyextreme 
ase of the binary pulsar with orbital period of 0.5 h (Verbunt et al., 1990)and rotational period of 0.25 ms. A 
orre
tion of the period variation 
aused byEarth/Moon bary
entre motion and annual Earth motion may be done as well.5. Multi-pulsar 
orrelation mode::Either 2 or 4 pulsars 
an be pro
essed simultaneously. This is based on two assump-tions.First is the possibility of EVN MK-IV Correlator to be sub- divided into severalindependent \sub-array 
orrelators". This way we 
ould expe
t that more than onesub-array at a time will pro
ess pulsar observations.Se
ond is the possibility to observe more than one pulsar per the teles
ope primarybeam like in the 
ase of globular 
lusters (Biggs et al., 1993). In this 
ase more thanone pulsar 
an be pro
essed simultaneously.Currently there are te
hni
al problems implementing four independent generators. Ifthe problem is not solved shortly, only two independent generators will be available.All generators may be programmed to the same period.



PulsarPro
essingFa
ilityoftheEVNMK{IVCorrelator121
PG12
PG13
PG14

PG11Pulsar Gate
Generator

Pulsar Gate
Generator

Pulsar Gate
Generator

Pulsar Gate
Generator

#1

#2

#3

#4

PG21
PG22
PG23
PG24

PG31
PG32
PG33
PG34

PG41
PG42
PG43
PG44

Correlator
Control
Computer

stations processed
To all antenna 

PBU 16

PBU 1

Test/Synchronisation/PulsarGate  Unit
CORRELATOR

Data

Data

Archive
Correlated Data

Pulsar Gating

Pulsar Gating

Station Unit 16

Station Unit 1

Data

Gates

Data

Gates

Pulsar Gates

Fig.1. Pulsar Processing Architecture of the EVN MK-IV Correlator



122 Pogrebenko and Tu

ari6. Maximum number of independent gates:Maximum number of gates generated is 16, the same as the maximum number offrequen
y 
hannel pro
essed by 
orrelator. Gates are grouped in 4 or 2 groups of 4or 8 (it depends on the number of PGGs to be implemented).Ea
h group may be programmed to its independent period and period 
hange rate.Within the group of the same period all the gates may be programmed independentlyfor di�erent phase, duty 
y
le or even di�erent inter-pulse stru
ture.All the groups may be programmed to the same period and period 
hange rate, soall the 16 gates may be used as \dispersed" with di�erent phases.7. Routing 
exibility:Ea
h frequen
y 
hannel of ea
h baseline pro
essed may be gated with any sele
tedgate pattern of 16 available.In addition dire
t or inverted gate pattern may be used to 
orrelate separately\on-gate" and \o�-gate" data.8. Dispersion 
ompensation:The dispersion 
ompensation algorithm implemented in the 
orrelator is basi
allypost-dete
tor 
ompensation s
heme, but implemented di�erently to get advantageof 
exibility. This way the dispersion 
ompensation 
apability is limited by thebandwidth of a single frequen
y 
hannel observed.To 
ompensate the interstellar dispersion one may use up to 16 di�erently phasedgate patters. In the 
ase of a smaller number of frequen
y 
hannels pro
essed (say,for low frequen
y observations) the smaller number of gates may be used.Pulsar pro
essing subsystem ar
hite
tureA fun
tional blo
k-diagram of the pulsar gating fa
ilities of the EVN MK-IV Correlatoris presented in Fig. 1.Pulsar gates are generated by the four (or two) independently programmed PGGs.Pulsar gates are delivered to all Station Units, where the gating is performed and statisti
sis 
ounted. After that the gated signals are 
orrelated and ar
hived.Referen
esAnderson and Pogrebenko, 1993, EVN Do
 #9, Dwingeloo.Biggs et al., 1993, Jodrell Bank Preprint #1094.Glendenning, 1992, Phys. Rev. (D), 46 (10), 4161.Kondratyuk et al., 1990, Sov. Astr. L., 16, 954.Madsen, 1992, Phys. Rev. (D), 46 (8), 3290.Pogrebenko, 1994, EVN Do
 #41, Dwingeloo.Pogrebenko and Anderson, 1993, EVN Do
 #26, Dwingeloo.Verbunt et al., 1990, A&A 234, 195.
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