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Final Report
VLBI - UTILIZING THE SPACE SHUTTLE
NASA Contract NAS-5-25543

October 12, 1982

The uses of the Space Shuttle transportation system for orbiting
Very-Long-Baseline Interferometry (OVLBI) have been examined, both with
respect to technical feasibility and its scientific possibilities. The
study consisted of a critical look at the adaptability of current technology
to an orbiting environment, the suitability of current data reduction
facilities for the new technique, and a review of the new scienceé that is
made possible by using the Space Shuttle as a moving platform for a VLBI
terminal in sp.ce. The conclusions are positive in all respects: no tech-
nological deficiencies exist that would need remedy, the data processing
problem can be handled easily by straightforward adaptations of existing
systems, and there is a signficant new research frontier to bhe explored,
with the Space Shuttle providing the first step.

The VLBI technique utilizes the great frequency stability of modern
atomic time standards, the power of integrated circuitry to perform real-
time signal conditioning, and the ability of magnetic tape recorders to
provide essentially error-free data recording, all of which combine to permit
the realization of radio interferometry at arbitrarily large baselines.

This has permitted ground-based radio observers to achieve angular resolution
a thousand times greater than that achieved by Opticil astronomy, and has
revealed a wide variety of interesting phenomena. The size of the Earth

is a fundamental limitation and the use of an orbiting radio telescope allows



one to pass beyond this barrier. Chapter II gives an overview of the
method.

The specific advantages of VLBI in space are given in Chapter III.
Simulations of OVLBI with various choices of near-Earth orbits are given
in Chapter IV.

A single antenna in near-Earth orbit can be used in conjunction with
ground-based radio telescopes in the simplest realization of OVLBI con-
figurations. This is the mode in which the Space Shurtle would be used.
There is, however, a strong impetus to place antennas in much larger orbits,
and these possibilities are exzmined in Chapter V.

A critical examination of OVLBI must examine the effects of orbital
perturbations, precession, and decay. These problems are examined in Chapter
VI, in which it is shown that all such perturbations can be corrected for.
The question of the best orbit for OVLBI applications can be formulated, and
the results are discussed in Chapter VII. It turns out that the common
shuttle orbit with an orbital inclination of 57° is close to the optimum
choice.

The state of technical readiness of present VLBI data acquisition,
handling, and processing systems is discussed in some detail in Chapter VIIT.
The conclusions are favorable: the requirements of OVLBI can be met by
straightforward adaptations of existing systems.

The state of technical readiness, and the intense scientific interest
of the potential subjects of research lead to the conclusion that the next
phase of work should be the development of actual mission concepts. It is
recommended, therefore, that mission concept studies be carried out for near-
Earth orbiting VLBI experiments, including shuttle-based, space platform-based,
and free-flying missions. The relative costs and benefits of the various con-

cepts can guide the program development.
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II. A BRIEF DESCRIPTION OF VLBI TECHNIQUES

The technique of very long baseline radio interformetry (VLBI)
affords astronomers their highest-resolution look at cosmic phenomena.
The basic principle of VLBIL is the same as that of connected-elemenc
radio interferometry - the synthesis of a large aperture by the combination
of the outputs of two or more widely-separated antennas.

In connected-element interferometry rthe outputs of the antennas are
brought together in real time, while in VLBI they are recorded on separate
magnetic tapes at each station and played back together at a later time.
This. flexibility leads to vastly increased angular resolution for VLBI.
Connected-element arrays are limited to tens of kilometers in size by the
requirements of real-time data and time-standard transmission and by the
constraints of geography. For example, the longest baseline at the Very
Large Array of. the National Radio Astronomy Observatory (The VLA) is Bm

ax

= 36 km, or * 610,000 wavelengths at the typical wavelength of 6 cm. This
corresponds to resolution of 46 = R/Bmax 2 0.35 arc seconds. On the other
hand, VLBI antennas may be separated by as much as an earth diameter, al-
though considerably less is more typical. If we take Bmax < 2RE 12700 km
as an example at 16 cm the baseline is = 220 million wavelenghts, corres-
ponding to resolution of I 1 milliarcs;econd, 350 times better than the VLA.
In each kind of interferometry the basic measurement for a source in
a direction § is the correlated output of two antennas separated by an
instantaneous baseline B. This is called the visibility V of the source,

and is a (complex) function of the source brightness distribution on the

sky, B(a,8), and of the perpendicular component of the baseline,



EJ_ =38 - (8.3)s. -é_‘_is usually resolved into components along the
(projected-on-the-sky) east and north directions; in units of the wave
length of observation, these components are referred to as u and v. As '
the earth rotates with respect to the source so does the baseline, the
projected baseline tracing out an elliptical path in (u,v) - space. The
parameters of the u-v track depend on the length and orientation of 3, on
the coordinates (a,5) of the source, and on the time. included in the
observation.

The relationship between the source brightness distribution B(a,$)
and the measured visibility V(u,v) is that of a Fourier transformation,

© © ' E

V(u,v) = f dx f dy B{x,y) exp [2mi(ux+vy)],
where x is an eastward and y a northward angular displacement from the
source center (a,8). Knowledge of the visibilty at all (u,v) would enable us

to reconstruct the source brightness from the inverse transform,

B(x,y) = f du fdv V(u,v) exp [ =-2mi (ux + vy)].

However, the visibility can be measured only at those (u,v) points which
correspond to possible projected separations of the various antennas
which are used. In connected-element arrays such as the VLA, the N antennas
are so arranged that the coverage of the (u,v) plane which is afforded by

1 . N(N el l) . o
the Earth's rotation of the ——=—— baselines is very dense out to some
maximum spacing Bmax/x' and is zero beyond. As a result, a nearly-complete

Fourier inversion of finite resolution is possible. The result M(x,v) (the

"dirty map") is the convolution of the true source distribution B(x,v) with

$)



the point response R(x,y) (the "dirty beam') of the observation, which is

the Fourier inverse of the u-v coverage, i.e.,

M(x,y) = B*R =[[ dx' dy' B(x',y') R(x=x', y-y')

R(x,y) = fdufdv exp [-2m1 (uv + vy)].
(Sampled points)

The beam R is a sharply-peaked function of angular width 48 (the resolution) of

56 = A/B___,
max

which, because of the incompleteness of the u-v coverage, possesses a low,
non-zero sidelobe level.

The effect of the beam sidelobes is to mix the true source brightness
at a given point with a fraction of the source brightness of nearby points.
Because the Fourier inverse of the beam R has zeros (it is the u-v coverage),
a recovery of B using the Fourier convolution theorem is not ponssible, so an
approximate deconvolution of the dirty map is performed in the map plane. This

procedure, called '"cleaning" the map, consists of successively subtracting point-
source responses from the highest points in the dirty map, storing the amplitudes
of these 'components'", and then reconstructing the map by convolving these roint

amplitudes with a "clean" beam having the same width as the central peak of the
dirty beam, but no sidelobes (Hdgbom 1974). With a dirty beam of low sidelobe
level this non-linear procedure works well, and it is possible to produce a
"clean map' of a complicated source which has a dynamic range (the ratio of the
brightest map feature to the weakest believable one) close to the limit imposed

by the noise in the receivers. The dynamic range tvpically achieved with the

VLA, where N = 27 so the u-v plane is very well sampled, is several hundred
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to several thousand. However, in VLBI as currently practiced, the antennas
are few in number (N < 7) and somewhat arbitrarily located on the Earth, so
the (u-v) plane can be sampled only sparsely. The "holes'" whichL result in

the (u-v) coverage have the consequence of a dirty beam with a high sidelobe
level. Under these circumstances the map cleaning does not work very well,
and the dynamic range of the clean map is severely limited, often ten or less.
As we shall demonstrate in the next section, one of the important advantages
of a Space-VLBI observation over current Earth-based VLBI is the tremendous
improvement in the density of the (u-v) coverage which is obtainable for a
given source, with the result of greatly-reduced sidelobe levels, and therefore
significantl!y improved maps.

The second difference between connected-element interferomet~y and VLBI
concerns the measurement of the phase of a visibility pcint V(u,v). In
connected-element interferometry a single clock keeps time for each of the
antennas, so the phase visibility points for any one baseline is directly
comparable to that obtained simultaneously on every other baseline. (0f course,
the actuval measured phase depends on time-dependent instrumental constants
which must be removed by observation of suitable point sources, for which the
visibility is independent of (u,v), and for which the phase is defined to be
zero). In contrast, in VLBI each station has a separate clock. These clocks
are suf'iciently stable that when the outputs of two stations are combined, a
coherent cross-correlation may be obtained for a time long enough to reach a
suitable signal-to-noise ratio for each separate visibility point V(u,v). However,
because of longer-term clock drifts, and otier instrumental and atmospheric
effects, it is not possible to directly compare the phases of visbility points

obtained on different baselines at the same time, or on a single baseline



at widely separated times. Thus a direct Fourier inversion approach to map
making is not very useful. The earliest VLBI observations were therefore con-
fined to measurement of the amplitude of the visibility, and map making was
reduced to modeling the amplitude of the visibiltiy by the sum of a smail
number of elliptical gaussians.

Recently, more sophisticated VLBI data reduction techniques which do
make use of the measured phases have been developed. When observations on any
three baselines which form a closed loop (i.e., from the same three stations)
are combined in a suitable way the net visibility phase around the loop is
esientially free of instrumental effeccs; However, the resulting 'closure

phase'" does depend on the structure of the source, and provides constraints in
the source map which are in addition to those due to the amplitude information.
When a reasonable number of antennas are involved, the closure phases contain
almost all of the phase information that would be obtainable in connected-element
interferometry (in an array of N antennas, we get all but 2/N of the phase
information). VLBI data reduction based on this idea is called "hybrid mapping",
and has greatly improved the quality of VLBI maps. (Hybrid mapping is closely

related to the '"self-calibration'" technique employed in phase-stable inter-
ferometry, in which an initial map of the source is used to generate a model
visibility, which is in turn compared to the data and thereby used to correct the
gains of the antennas. This procedure may be iterated several times, and works
when there are many more baselines than antennas, so that the problem is well-
constrained. ) These techniques should be applicable to space-VLBI, but their
use in the case of numerous baselines which are not simultaneously present has
not been explored in detail. Of course, the use of closure phase will require

the simultaneous use of a minimum of two ground stations in concert with a

space VLBI termiral.



III. ADVANTAGES OF A SPACE-VLBI STATION

We hiave studied the advantages of using one or more space VLBI

stations in a variety of orbits to observe celestial objects at various
vositions in the sky. In (his section we discuss the advantages of such a
VLBI system compared to an Earth-bound system. One of the limitations of
ground-based VLBI is the lack of large north-south antenna separations. This
constraint, which arises because of the predominantly east-west distribution
of habitable places on the earth, results _n poor north-south resolution for
celestial objects of low declination. A second limitation is that most of the
large astronomical'antennas are in the northern hemisphere, making the southern
half of the sky effectively unobserved by VLBI. The use of a single space
VLBI station immediately removes the first of these restrictions, and also
opens up to VLBI all of the southern sky that can be seen from a single (or
perhaps two) ground-based antenna. The existence of at least two large antennas
in the southern hemisphere (Parkes 64-mand the JPL Deep Space Network 64-m
in Australia) means that with space VLBI we can study objects anywhere in
the sky. A third, fundamental, limitation of ground-based VLBl is the small
number of antenna statiuns available. This results in a coarse and sporadic
coverage of the Fourier tiansform (u-v) space, since the spacing between
various u-v tracks is dictated by the separations of the various antennas.
Recent proposals for a dedicated VLBI array of approximately 10 antennas at
sites chosen to "optimise" the u-v coverage go part of the way towards solving
this problem, but the results are limited by the small number of stations that
is economically feasible, and he difficulty of seeing a given source simul-
taneously from two ground stations which are far apart.

A single space VLBI station provides a continuously changing baseline
to each ground station being used. Such a space terminal in a near-earth

orbit circles the Earth about 8 times in a 12 hour period, and because the



ground stations are in different positions relative to the source for
each orbit, a large number of u-v tracks result {rom each ground station.
Figure III-1 shows the kind cof u-v tracks generated by one orbit and by
several consecutive orbits. As we demonstrate explicitly below, this
results in u-v coverage which is decidedly superior to that obtainable
with current ground-based antennas, and comparable in density and superior
in resolution to that of the proposed dedicated VLBI arrays.

The fourth fundamental limitation of ground-based VLBI is that the
longest baseline obtainable is the diameter of the Earth. In practice the
maximum baseline is somewhat smaller than this because of the actual locations
of Earth-based stations and of the requirement of simultaneous visibility of
the source at both ends of a given baseline. The latter problem is exacerbated
by the location of most large ground-based antennas at latitudes between 30 and
50 degrees north. The use of a single space station results in substantially
increased usable baselines even for near-Earth spacecraft orbits. Larger orbits
accessible to free-flying spacecraft result in dramatic increases in baseline,

with concomitant increases in resolution.

Limits on Resolutions Due to Interstellar Scattering

The ultimate limit to the resolution of VLBI is set by interstellar
scattering. Measurements at low frequencies have shown that a point source

is broadened into a finite disk of size

n

g 150 (k/lo)“ milliarcseconds (mas),

where n = a/(a - 2), a is a poorly-known parameter, and A, = 368 cm corresponds
to a frequency of 81.5 MHz (see Rickett 1977). Studies of the Crab pulsar

have shown that a > 3, so that n < 3; a nominal value might be n = 2.
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Figure III-1. Tracks in (u-v) space produced by one and by several

consecutive orbits of a space VLB station and a single ground station.
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The results below are quite sensitive to the exact value of n (because
the VLBI frequencies are so far from 81.5 MHz), so we present results for
n=2andn = 3.

The longest useful baseline is the one for which the angul4r resolution

of the experiment,
8, = 2 . 2 x 103 A /B mas
r B cm’ “km 4

is equal to the scattering disk es. Since

1.1 x 10 3 a2 mas
cm

=
[}
ro
-

]
(98]
-

3.0 x 10 ® xcm3 mas n

the maximum useful baseli-r ., expressed in Earth radii, is about

1

300 Ao

(n. =2),

max’' "E =2

1.1 x 10° A a1 (n=13)

In Table III-1 we present the maximum baseline, and resulting maximum
angular resolution, as a function of cbserving wavelength, for the cases
n=2 and n = 3, alorg with the resolution currently obtainable (GFB) from

3

ground-based VLBI, zssuming Bm = RE.For the case n =3 (¢ = 3), it is clear

ax
that almost vnlimited resolution is theoretically possible - interstellar
scattering falls off with decreasing wavelength so fast (GS = 1%) that at the
higher frequencies used for VLBI the scattering is negligible for baselines
which are tens of thousands of Earth radii. However, if n = 2 (a = 4), the
scattering disk remains a constraint for baselines of a few hundred Earth
radii, and resolution would be limited to a few hundred times that currently

available. It might be added that a determination of o can only be made with

long baselines and short wavelengths, so space VLBI will lead to important new
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information about the interstellar medium.
In the next section we begin our detailed examination of the properti=s

of space VLBI with a discussion of the spacecraft orbits involved.

Specification of the Orbit

The orbit of a satellite about the Earth is specified by six elements,
three which give the size and shape of the orbit and the satellites' initial
positicn in the orbit, and three which specify the orbit's orientation in
space. The semi-major axis a and eccentricity e specify the size and shape
of an elliptical orbit. The satellite's position in the orbit at an initial

time t, may be specified by the initial mean anomaly

Mo ol o (t0 - tp), [modulus 271,

where T is the orbital period and tp is the time of perigee passage. The

period of the orbit is related to its semi-major axis by Kepler's third law,

T2 _ 41233
G ME ’
where G = 6.67 x 10 3 cgs is Newton's constant of gravity and M_ = 5.98 x 1027g

E

is the mass of the Earth. Numerically,
T(minutes) = 1.659 x 10™*-a3/2 (km)

aClam) = 331.3 T2/3 (min).

The standard circular orbits available from the Space Shuttle will have
altitude h in the range 270 <hc< 400 km, so since the mean radius of the

Earth is RE = 6731 km, these have periods in the range 89.8 < T < 92.4 min.

An Earth-synchronous orbit of period 24 hours has a = 42200 km, so h = 35800 km.

A highly eccentric orbit with a=100,000 km and e = 0.90, corresponding to

altitudes 3630 km < h < 184000 km has T = 5240 minutes = 3% 15" 20"

14



The orientation of the orbit is described by two angles which specify
the plane in which it lies and by one which specifies a direction in that
plane. For orbits around the Earth it is convenient to refer the orbital
plane to the plane containing the Earth's cent:r and equator, and whose
intersection with the celestial sphere is the celestial equator, and to
choose the fiducial direction in that plane to be toward the Vernal Equinox
y (origin of right ascension, a = Oh). The longitude of the ascending node Q
is the angular distance zlong the celestial equator between y and the ascending

node of the orbit, N the peint at which the plane of the orbit intersects the

A’
equatorial plane and at which the projected motion of the satellite is from
the southern into the northern hemisphere. The inclination of the orbit i is

the angle (0 < i < 7) between the orbital plane and the equatorial plane; orbits

are called prograde if i < % and retrograde if 1 > %, corresponding to satellite
revolution in the same direction and the direction opposite the Earth's rotation,
respectively.

The sixth orbital element is the longitude of perigee w, which specifies
the location of the perigee of the orbit with respect to the Celestial Equator.
It is the angular distance along the projection of the orbit onto the celestial

sphere from the ascending node to the point of perigee passage, and satisfies

0<w<2r. Whenw =0orw=nm, the major axis of the orbit lies in the
celestial plane of the celestial equator, while when w = % or w = %1— the

minor axis is parallel to this plane. The geometry of orbital orientation

in space is illustrated in Figure III-2.

The velocity v of the satellite in its orbit is

B 9

"RE RE ) 5

v(km/s) = 7.91 | — - — ;
r a
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Figure III-2. Geometry of the orbital elements for a spacecraft in

orbit about the Earth.
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where r is the length of the radius vector between the instantaneous position
of the satellite and the center of the Earth. The maximum velocity occurs

at perigee, where r is a minimum,

L in ™ a(l-e),
and is
@y 1/2 14e, 1/2 Re. 1/2 , 14e\1/2 km/s,
v =(— (—=) =7.91(—) (—)
max a l-e a l-e
while the minimum velocity occurs at apogee,
r = a(l+e),
max !
and is
o oy e o R 1/2(& W2
min max (l+e) ) Ta) 1+e) 8

Thus the circular shuttle orbits have v = 7.7 km/s, a large elliptical orbit
(a = 100,000 km, e = 0.9) has v = 8.7 km/s, v ., = 0.5 km/s, and a

max min
geostationary orbit has v = 3.1 km/s. By way of comparison, the velocity

of a ground-based station at latitude ¢ is that of the rotating earth,

Y 0.46 cos ¢ (km/s).
As we demonstrate below, the fact that the station velccities appropriate
to space VLBI are one order of magnitude larger than those encountered
in ground-based observations necessitates only minor changes in the data

processing, but enormous improvements in the possible u-v coverage.
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IV. SIMULATIONS OF SPACF-VLBI OBSERVATIONS =~ - NEAR-EARTH ORBITS

In order to better understand the properties-- advantages and restrictions--
of VLBI with one or more antennas in orbit we have performed simulations of
such observations, varying the source position, spacecraft orbital elements,
and the number and locations of the ground stations involved. In this section
we present the results for simulations involving a single space-borne antenna
in near-Earth orbit.

The dependence of the resulting u-v tracks on the relative source-
orbit orientation is demonstrated by the examples in Figures IV-lathrough IV-1ld
(sunmarized 15 Table IV-2). In each case the source is at a = Oh, § = +30°;
referring to Figure III-2, the source has right ascension corresponding to the
direction of the Vernal Equinox (v), and is located 30° above the plane of
the celestial equator. The orbit is chosen to be circular and to have inclin-
ation i = 60°; the longitude of the ascending node (Q) is varied from 0° to
270° in steps of 90°. As a result the orbit is '"side-on'" (Figure IV-la),
"face-on" (IV-1b), "side-on" (IV-lc), and "back-on" (IV-1d) to the source
directions, respectively. The u-v tracks which result from a 24-hour obser-
vation with a single ground antenna demonstrate how these geometrical rela-
tionships translate into u-v coverage. It is clear that an orbit which is

exactly '"face-on" toa source with coordinates (a,3) has elements

such an orbit results in u-v tracks with the maximal extent both N-S and E-W.

19



TABLE IV-1

h
Four Orbits Projected on the u-v Plane for a Source at a = 0", § = +30°

Space VLB Terminal*

Figure Ground Stations 1 3
la Goldstone 60° 0°
1b Goldstone 60° 90°
lc Goldstone 60° 180°
1d Goldstone 60° 270°

*In all cases the space antenna is in a circular orbit at an

altitude of 370 km.



Figure IV-1: Fourier (u-v)coverage and resulting synthesized beam from
simulations of VLBI observations of a single source (a = Oh, § = +30°) from
four different orbits (i = 60°; 2 = 0°, 90°, 180°, and 270°). The angular

scale assumes that the observing wavelength was 18 cm (v = 1.665 GHz).
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On the right hand side of each figure is a "three-dimensional' plot
of the dirty beam (point response) corresponding to the u-v coverage shown
on the left. In these plots the x-axis is East-West, the y-axis is North-
South, and the z-axis is the amplitude of the response. The angular scale for
the beam plot will depend on the wavelength used in the particular simulations,
and can easily be scaled for any desired value. For Figures IV-1 the wave-
length used was 18 cm; for the rest of the simulations the figure captions
contain this information.

A. Simulaticns for Three Real Sources

Several simulations of observations of real astronémical sources are
summarzzed in Table IV-2. In each case a series of several ground antenna
combinations has been used, followed by a spacecraft simulation employing
three ground stations. The spacecraft orbit was fixed, and the results
illustrate the various morphologies of u-v tracks which can result.

For the source 3C84, a high-declination radio galaxy, ground-based VLBI

produces rather good u-v tracks, even with only three US-based stations (Figure

IV-2a). Inclusion of a midwest station (North Liberty, lowa; Figure IV-2b) helps

to fill in the "holes', and addition of a European station (Bonn; Figure IV-2c)

approximately doubles the extent nf the u-v coverage. However, use of a single

space-based antenna, illustrated in Figure IV-2d, clearly improves both the extent

and densicy of the u-v coverage.
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Figure

3a
3b
3c
3d

* HSTK =
GB =
OVRO =
NLRO =
BONN =

**In all

Three Real Sources Observed with Various Combinations

TABLE IV-2

of Ground Stations and Space Stations

Source Ground

Name a ) Stations*

wsi B sy HSTK,GB,OVRO

e84 3 16™ +41° 20 HSTK,GB,OVRO,NLRO
3c84 30 16 +41° 20" HSTK,GB, VRO, BONN
3C84 30 16% 441° 20° HSTK,GB, OVRO
3c273 120 27 + 20 19 HSTK,GB,0VRO
3c273 12" 27™ 4 2° 19 HSTK, GB, OVRO, NLRO
30273 12: 2™+ 2° 19" HSTK,GB, OVRO, BONN
3273 12 27 + 2° 19 HSTK,GB,0VRO

h . .m ° '

wa9 19" 08™ + 9° 01 HSTK.GB,OVRO

w49 19" 08™ + 9° o1’ HSTK.GB.OVRO,NLRO
w69 197 08" + g9° o1 HSTK,GB , OVRO , BONN
wa9 197 08™ + 9° o1° HSTK,GB, OVRO

Haystack Ohservatory, Westford,MA.

NRAO, Green Bank, W.VA.

Owens Valley Radio Observatory, Big Pine, CA.

North Liberty Radio Observatory, North Liberty, IW.

MPIfR, Bonn, West Germany

Space VLB Terminal**
.

cases the space antenna is in a circular orbit at an altitude of 370 km



Figure IV-2. Fourier coverage and resulting synthesized beam from simulated
VLB observations of the source 3C84. The angular scale assumes that the ob-

serving wavelength was 18 cm.
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Figures IV-3 are the results of simulations for the low-declination
quasar 3C273. As summarized in Table IV-2, the antennas involved in IV-3a
through IV-3d are identical to those used for 3C84 above. Examination
shows the dramatic effect of changing the source declination from & = 41°
to § = 2°: ground-ground baselines involving the usual existing stations have
almost no North-South baseline projection (v). As a result, the u-v coverage
degenerates into East-West lines, and there is essentially no North-South (y)
resolution of the source. This is reflected in the extremely broad beams in
Figures IV-3a through IV-3c. However, just as in the case with the high-
declination source 3C84, use of the same single space antenna produces ex-
cellent u-v coverage (Figure IV-3d). [In this case, even though the source
right ascension (a = 12h 27" = 187°) corresponds to a nearly "back-on" view
of the orbit (2 = 90°), the u-v coverage is good because the difference
between "face-on" and '"back-on" disappears for sources at very low declinatioms.]

Finally, in Figures IV-4 we present the results of simulations for thke
interstellar maser source W49. This also lies at low declination (& = 9°), but
is about 90° away from 3C273 in right ascension. Figures IV-4a through c
show that, for a gronund-based array, poor North-South resolution occurs for
I = 9°, although it is not as poor as for 3C273. Figure IV-4d shows once
again that, even for low-declination sources, inclusion of a single space-
borne antenna results in a dramatic improvement in the density and extent of

the u-v coverage. Comparison of Figures IV-lc (a = 0h and 2 = 180°) and

IV-4d shows that in this case (for W49) we have the same sense of "edge-on"
orbits. This is in fact the case; W49 has a = 19h 08" = 287° and Q = 90°, so
a - Q = 197°, while the example of Tigure IV-lc had « - Q2 = -180° = 180°.
Further comparison of Figures IV-lc and IV-4d shows how the additional ground
stations of the latter case result in denser u-v coverage, and thus in a lower

sidelobe level than in the case of a single ground station.

33.
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e

Figure IV-3. Fourier coverage and resulting synthesized beam from simulated
VLB observations of the source 3C273. The angular scale assumes that the ob-

serving wavelength was 18 cm.
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Figure IV-4. rourier coverage and resulting synthesized beam from simulated
VLB observatio.. of the source W49. The angular scale assumes that the ob-

serving wavleny.a was 13 cm.
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Summarizing this section, we conclude that the use of a single space
antenna, in a high-inclination (i = 57°) but otherwise arbitrar-ly oriented
("2 doesn't matter much") orbit results in dramatic improvement in the North-
South resolution for low-declination sources, and in some increase the East-
West resolution, and in a significant improvement in the density of the u-v
coverage for all declinations. In all cases the simulations ran for one period
of 24 hours. Had we chosen a longer period, the ground-ground tracks would be
unchanged. However, because the spacecraft orbital period and a sidereal day
are surely incommensurate, a second day would produce space-ground u-v tracks
which differ from those produced the day before. The density of the u-v
coverage can, in principle, be made as complete as desired in this way. This

is a significant advantage over ground-based VLBI, and is independent of the

number of ground antennas involved in a ground-ground synthesis. Orbital pre-

cession, considered more fully in Ch. VI, is only a small effect in these examples. .

B. Comparison and Combination with a Dedicated Ground Array.

The idea of an array of about ten telescopes, at carefully chosen locations,
dedicated to VLBI, (= Very Long Baseline Array, or VLBA), has been discussed by
groups at NRAO (1981) and at Caltech (Cohen 1980). A proposal to build such a
VLBA has been made to ths NSF by NRAO. In this section we compare the properties
of such a dedicated array with those of space VLBI. Because these cwo.aéproaches
to improving the current abilities of VLBI turn out to be quite complementary,
we also discuss the combination of a VLBA with a space-borne antenna.

In Table IV-3 we summarize the simulations we have performed using a dedi-
cated VLB array and various space stations. Fictitious sources at three dec-
linations, corresponding to three equal-area sections of the Northern celestial
hemisphere (§ = 64°, 30°, and 6°), were assigned a = th -- these choices were
made to facilitate direct comparison withe the Caltech study. Each source

was "observed" for 24 hours with a set of ten ground stations - -
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*In all cases the space antenna is in a circular orbit at an altitude of 370 km.

**HSTK
G!
OVRO

TABLE IV-3

Simulations with a Dedicated VLB Ground Array

and Various Space VLBI Stations

$

Space VLB Terminal**

Source(u-lzh) Ground Stations* i 2
+64° Network #13 - -
+64° HSTK, GB, OVRO 57° 0°
+64° HSTK, GB, OVRO 57° 270°+
+64° HSTK, GB, OVRO 26°+ 270°+
+64° Network #13 57 0°
+64° Network #13 L o 270°t
+30° Network #13 - -
+30° HSTK, GB, OVRO 571° % 0°
+30° HSTK, GB, OVRO ST+t 270%+
+30° Network #13 571 0°
+30° Network #13 57°++ 270°+
+ 6° Network #13 - -
+ 6° HSTK, GB, OVRO 57° 0°
+ 6° HSTK, GB, OVRO 57° 270°¢+
+ 6° Network #13 - ¥ 0°
+ 6° Network #13 57° 270°+

= Haystack Observatory. Westford, MA

= NRAO, Green Bank, W. VA.

Owens Valley Radio Observatory, Big Pine, CA.
Network #13 = VLB Array #13 (Cohen 1980).

* = optimum value for this parameter.

++ = near-optimum value.
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the "Network 13" chosen as roughly optimal in the Caltech study -- as .well
as with various combinations of space antenna orbits and ground stations.
The resulting u-v coverage and synthesized beams are presented in Figures
IV-5, IV-6, and IV-7. 1In all cases the observing wavelength was chosen to
be that of the Caltech study, A 2.8 cm.

h, § = +64°), observed by the dedi-

The high declination source {(a = 12
cated array "Network 13", results in the u-v coverage and beam shown in
Figure IV-5a. It is clear that the array functions exactly as designed -—
the coverage is very dense, and the North-South and East-West resolutions are
comparable, as expécted for a high-declination source. In Figure IV-5b we
contrast this with the results of a three-ground-station, single-space-station
observation, with the orbit chosen to be "edge-on'". Comparison with the
previous Figure shows one advantage of space VLBI - - the maximum baseline is
about 50% larger than that obtained with a VLBA. In Figure IV-5c and
IV-5¢ we change the spacecraft orbit to have, first, the optimal &, and second,
the optimal Q2 and the optimal i. Comparison of these two Figures with the
previous one shows that a con<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>