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AbSt raCt When very long baseline interferometry (VLBI) is applied to observation of S Kf.::::;a fa cgomparison with g:ocentric arft GEEs K
radio source in the solar system, the curvature of the the wave front cannot be approximated as g % Qi AT — : vector K.OLeﬁ panel shows changes of the
plane wave, then current standard VLBI model ("consensus model') does not have enough £ E T]::::;'::m direction of vector during 24 hours. The origin
accuracy. An alternative precise VLBI delay model for finite distance radio source £ g 3 of the plot is the direction of K (vector.
corresponding to the ‘consensus model' is required in such a case (e.g. planets, asteroids, and ; - Lower panel shows deviation of the
spacecraft). We derived a formula of relativistic VLBI delay model for finite distance radio g g 000 A ! magnitude of K vector from unity. Three lines
source by taking into account coordinates transformation by using linearized PPN metric. This B L b on both two panels represent Kashima-
model is valid in accuracy of several pico seconds when the radio source is at distance beyond 2 001 o ;;I:::;n | Algonquin (9109 km), Kashima-Tomakomai
10° m. Our model include the "consensus model' as a special case that radio source is at infinite (750 km), and Kashima-Usuda (208 km)
distance form the observer. This model was implemented by modification of CALC ver.9 and - i b e baselines. Predicted orbit of NOZOMI on 4th-
used for correlation processing and analysis of NOZOMI. OIS L 0006 o 0005 IO G001 5th June 2003 was used for computation of the

Angular;differene betweenlitand Ka (fa) vectors here. Geocentric distance to the

NOZOMI was 4x10° m at this time.
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1. Delay in the rest frame of
Solar System Barycenter

Variables of large capital indicate quantity in the rest frame of solar system
barycenter (hereafter referred as FCB) and small ones represent those of
geocentric reference frame (hereafter referred as FCG). Then Barycentric
Coordinate Time (TCB) is represented by T and Geocentric Coordinate
Time (TCG) is represented by t. Suffix 0,1,2 corresponds to radio source
and two VLBI observation stations, respectively. Position vector of i
station in the FCB is expressed by X‘-. Radio signal is supposed to be
emitted at T, from the radio source and to arrive at i observation station

at T;. Relative vector and magnituyde of it is expressed by
R, i X -X. 4o R i TR ‘I
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fLﬁt us define a pseudo baseline vector B and pseudo source vector Kas pseudo source vector K . The vector ‘ Time (UT)
OTOWS:ge — K is on the diagonal line of parallelogram ~< - .
B" = X,(1,) — X,(T}) = Ryp(B) — Ryo(T)) composed from R .and Ry And it s neither unit vector nor | 3+ COMparison with the

K* :w (@))] constant vector. Consensus model

Ry, (Tz) - Ry, (Tl ) The formula of consensus model (Eubanks, 1991) is

Time interval between arrival of signal to two stations is expressed with 2 . COO rd i na‘te T ransfo rma‘tion o (l " K 0 ® (\7(, +W,) ]71

th it foll Fukushima, 1994) :
ese vectors as follows (Fukushima ) We follow the approach of Hellings (1986) and Shahid-Saless €

C(Tz - T1) = Roz (Tz) - Ro1 (Tl) + CAtg & Hellings (1991). Linearized post-Newtonian metric was K ob V210V ew
S =0 @) used for relativistic transformation from the delay expression in {Atg - "7 I-(1+y)U - 827;2
=—-K oB +cAt g coordinates of Solar system barycenter to that in geocentric ¢ ¢
— o _ ~
where At indicates difference of delay due to gravitational refraction of coordinates . _V,eb 1+ KooV, , (14)
light between two VLBI stations. Predicted coordinates of radio source is 8w =1-20+0(c") @ 2c
supposed to be given a priori as function of time. The 'coordlnate§ of {adlo g4 = O(c™ 3 ) a1 Where, K, is unit vector to the radio source in FCB. The
source X, (7)) , where a signal is departed at T and arrived to station X at .. .
T,, is obtained by a solution of light time equation. I g, ==, (1+2y) +0(c™*) form of (13) and (14) are similar each other and it can be
i L e shown that they are identical when radio source is at infinite

Let baseline vector and pseudo source vector defined at the same epoch T} | yare ¢ is gravitational potential, and v is of of PPN parameter, |distance. However. iy ear sttty winem ey e
in TCB be respectively B and K. Since the time interval Tp-T, is small (43 | yhich is unity in case of general relativity. Based on this metric |applied to finite distance radio source as displayed in Fig.2.

milec for eartttlll dlarriete'rt), X (] mmie Gz iy SUTNE MUY | R el coordinates transformation between FCB (T, X) The figure indicates that even detecting fringe is difficult
order terms than velocity as: and F_CG coordinates nearby earth (t, ) is given as follows without using finite distance VLBI model, especially on
Xy (L) = VL (T, - T) + X, (T) “4) (Hellings, 1986) : intercontinental baseline. The main cause of difference comes
R (TY=R (T)-V.AT.-T —(1=-U V V o dX from the pseudo source vector K, which is neither unit vector
n(B) =Ry (1) =VS(T, =T) ( —— ; ;
) 2¢? @ (12) nor constant vector as defined by equation (9). Behavior of the

Ry (T)) = ‘ﬁoz T)- \72 (I,-1, )‘ V dX 2 K vector in comparison with geocentric unit source vector K,

R _ = (1+yU)(d;(+ is drawn in Fig. 3.
=Ry (1) -Ry o VL (T, -T)) . . The finite distance VLBI model was implemented in our
By using these relation of coordmates between the FCB and software by modification of CALC Ver.9. And it has been
[V (T, - T ) [R n® V (BT )]Z the FCG, the expression VLBI delay in TT Terrestrial Time) £ Y ati . l » £
(6) : " . . : used for correlation processing and analysis of VLBI
2R AT is derived through that TCG. Detail of derivation procedure is . .
(1)) el o e e, The fawm i observations data for spacecraft NOZOMI (Ichikawa et al.
where R = R ;/ R .Square root of the equation was approximated up to =] - 2003).
second order of V,(T, —T)/R,,. In ground based VLBI observation of T,—T = (1 + ﬁoz)
radio source at distance beyond 10° m, the contribution from the second ~ = — _ References
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order term is less than 1.5 mm. Thus we will keep remain up to the
second term of equation (6). Substituting this into equation (2) becomes

c(T,-T))= Ry, (T))- Ry, (T)) - R, 'V(T T)"'CAt

=-KeB-R,, eV (T,-T)+cAt @) (13)[ | rchikawa R. etal., (2003) Orbit determination of NOZOMI Spacecraft using
. . . & . Differential VLBI Technique. IUGG 2003.
Therefore, VLBI delay for finite distance radio source measured in McCarthy, D. D. and Petit,~G. (2003), TERS Conventions.
i leas o059 Shahid-Saless, B. & Hellings, R. W. (1991) A Picosecond Accuracy Relativistic
TCB is o
1 K ° B VLBI Model via Fermi Normal Coordinates. GRL 18: 1139-1142
T - T = | — + At (8) Se-06 le-09
2 1 g P - -
1+ 02 ¢ - é Fig.2 Difference of delay and rate of finite VLBI delay model
G i ! 3‘"”: from the consensus model when spacecraft NOZOMI is observed with
L = = Roz (Tl) = R01 (T1 ) é £ Kashima-Algonquin (9000 km) baseline. Delay and rate of consensus
B= Xz (Tl ) - X1 (Tl )7 K=—2>——>2—= 5 9) (] A " & model were already subtracted, where geocentric unit vector to the
and Roz (T;) = R01 (Tl) & radio source was used as source vector. Solid line indicates dela
Yy
o \72 et #19 scaled with left vertical axis. Dashed line is delay rate scaled with
P =Rpo— (10) | - ; | | L) ey Tight vertical axis. Geocentric distance to the NOZOMI was 4x10° m
c PO ) I TP (RPN P (PO PP I IO i 1 L
o M e 39&% ??‘E‘ ?2"88 i) W‘&‘ W at this time.
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