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ASTRO-ARRAY
A SPACE-BASED, COHERENT RADIO INTERFEROMETER ARRAY

f INTRODUCTION

Through employment of the techniques for Very Long Baseline
Interfarometry (VLBI) maximum radio interferometer baselines have now
reached the physical limits of the diameter of the Earth.
Additionally, construction has already started on a dedicated VLBI
telescope, the Very Long Baseline Array (VLBA), and plans are being
developed for extending Earth based instruments to higher resolution

through the addition of a space antenna in a highly elliptical orbit.

This last project, appropriately named Quasat, will give baseline

"
Py
iy

langihs up -0 approximately 20,000 km for the principal objective of 2
-"-‘.-‘

studying the active nuclei of galaxies and quasars (see ESA, 1984). -
The Quasat will serve as an important first step into space and ;*i
will be able to perform very important science during its operational }g%
lifetime. However, it is still useful to consider the next epoch of Zf&
o

. . . . . Y
radio telescope configuraticns and technologies., A fully space-based i
ey

array will offer great possibilities for very high resolution with

excellent mapping capability in all directions, at high sensitivity, o
over an 2axtremelv broad range of frequencies. Therefore, we present -
L
PO
h2re a praliminary discussion of the design and use of such a fully e
i
space-oased radio telescope array employing numerous high orbit radio iy
e
ant2nnas linked %o a correlator locazad on the Space Station. S |
~ey

Manuscript approved July 10, 1985.
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SCIENTIFIC CAPABILITY

Althougn more detailed discussion of the proposed properties of
Astro-Array will be reserved to the following Sections, a short
synopsis is given here to aid consideration of its scientific
capability. The arrav is to be entirely in space, with no ground
pased elements and with the correlator also in space on the low Earth
orbit Space Station. The individual antenna elements will be large
(w50m) with accurate reflecting surfaces to provide observing
capability over all radio astronomy frequencies from «»30 MHz to «200
GHz (+10 m to «»1 mm wavelength). These antennas, chosen to be 20 in

numpber, will be placed in orbits such that the array provides full sky

coverage with good Fourier (u,v) plane sampling on baselines from a

minimum of 1,000 km to a maximum of 200,000 km.

The general design goals are summarized in Table 1 with th
resulting capabilities of the array given in Table 2. Interstellar
scattering (ISS) will be an important effect for the telescope at

lower frequencies, so this information is also included in Table 2

<

(Column &) and discussed in more detail in a following Sectioen.

Although thne t=2lescope i3 Jesigned tc nave a maximum resoluticn of
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at »1 mm observing wavelength (200 GHz), for

r2fa2renca tihe linear resoluticn of the array on a number of important

b

U

treonomical cbjects 13 given in Table 3 for a more 2verage freguency
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Hz (7.1 milliarcsecond ({
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mas) angular ra2solutinn). The




capability of the array is portrayed grapnically in Figures 1 and 2.
The resolutions of the Astro-Array, the Very Large Array (VLA)
(maximum baseline «»35 km) of the National Radio Astronomy Observatory
(NRAO) , the planned Very Long Baseline Array (VLBA) (maximum baseline
+8000 km) of the NRAO, and the VLBA with Quasat (maximum baseline
+»20,000 km) are shown in Figure 1 along with size estimates or size
limits for a number of astronomical objects. Correspondingly, *the
flux density and brightngss temperature sensitivity for the
Astro-Array, and the flux density sensitivities for the VLA and the
VLBA are shown in Figure 2 together with the intensity and surface

orightness for a number of astronomical objects.

Astrometry

Astrometry concerns itself with the establishment of a basic
coordinate grid on the celestial sphere and the determination of
motions with respect to that grid. For radio astrometry, which is now
the premier technique for high accuracy position measurement, the work
can be roughly split into three parts: 1) the determination of a
refarence grid for radio sources over the whole sky to as high an
accuracy as possible with currsnt technology (often called "absolute"
astremetry); 2) the verv high pr=acisiocn measurement of relative
moticns over only a very small part of the sky (often called
"relative" astrometry); and 3) the determination of the relationship
cectween the optical and radio raference frames (with subsets of the

dynamical reference frame of solar system objects, the stellar
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2rance frame oI galactic stars, and the extraga

[

actic r=ferance
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frame of quasars and galactic nuclei). (For a brief discussion of che

current status of the field, see e.g. Johnston, 1984).

What might be called the mcdern era of radio astrometry can be
considered to have started with Ryle and Elsmore (1973) who achieved

an accuracy of «» 0903 at § = 45°

for "absolute" astrometry of a few
objects with the conventional (connected element) 5 km interfercmeter
in Cambridge, England. A number of other workers using connected
interferometers at Green Bank, West Virginia and the VLA have more
recently achleved similar accuracy (¢ « 0Y0l) for much larger numbers

of sources (see e.g. Wade and Johnston, 1977; Ulvestad, et al.,

1981; Periey, 1982).

However, with its much higher resolution and (theoretically) far
superior positional accuracy, the forefront efforts in radio
astrometry use VLBI techniques and are claiming an order of magnitude
improvement in positional precision (¢ » 0Y00l) over that available
witn connected interferometers (see e.g. Johnston, 1983, 1984; Araue,

et al., 1984).

The establishment of a precise relationship between the optical
and radio reference frames is prasently limitaed by the accuracy oI
optical position determinations and the guestion c¢f the exact
r2lazionship Detween radio and optical amitsing ragions. The orffset
setween the FK4 and radio referance frames in the nortihern hemisphera

15 only “nown t£o the »0QVl level ({Jjonanston, et z2l., 17285). However,

v
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ontical rz=faresnce frame 10 be 2stablished by the HIPFARTICS
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satellite will be accurate to the ,»3 mas level at the epoch (1990) o:
observation and refinements in optical astrometry via optical
interferometry may further increase the accuracy of the optical

reference frame.

The accuracy of "relative" radio astrometry of the rapid internal
motions within active radio sources, both sub- and super-luminal, (see
a following Section on LFVs, AGNs, and QSOs and, e.g., Kellermann and
Pauliny-Toth, 1983) is at the sub-milliarcsecond level and mainly
limited by maximum resolutions (maximum baselines) available to
current Earth-based VLBI. The same is true for relative positions of
maser spots in galactic interstellar maser clusters (see a following
ﬂ# Section on Interstellar Masers and, €.g., Genzel, et al., 1982) and a
relative positional accuracy between two presumably unrelated radio
sources in the antenna beam has been achieved at the level of 20 - 30

,as (Bartel, et al., 1984). These relative astrometric measurements

will be directly improved by the increase in resolution of the
Astro-Array. Also, the increased sensitivity of the Array will give
not only a greater selection of radio sources sufficiently intense for

study, but a gr=2ater precision in position measurement due to improved

signal to noise.

The unique contribution to astrometry of the Astro-Array, however,

will be in the area of "absolute" position measurements -- i.e.,

20sition and mction deta2rmination over large areas of the sky. Not

onlv will the hignh resolu-ion and sensitivity increase the astrometric
Y J

oracision available in the same manner as for relative astrometry, but

alsc bv maintaining communication links between antennas and to the
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Space Station housing the correlator (see the Antenna Description
Section) it will be possible to establish baseline leagths,
crientations, and changes to high accuracy. This translates directly
into high accuracy absolute astrometric positions in much the same
manner that ground-based antennas are maintained phase coherent and
ire surveyed to establish their relative positions on the Earth for
sranslation into a celestial coordiate frame (see e.g. Ryle and
flsmore, 1973; Wade and Johnston, 1977). The establishment of well
determined baselines and the absence of perturbing effects such as the
Zarth's atmosphere and ionosphere for the Astro-Array means that
ipsolute phase stability can be maintained, giving absolute positional
accuracies equalling or exceeding those already demonstrated for

relative astrometry -- i.e. s

10 *as. (The structure of extragalactic
rad o> sources will have to be monitored and taken into account for an
absolute reference frame with such an accuracy, but this does not

reporesent a fundamental proolem.)

Such an improvement, by more than two orders of magnitude, in

strometric precision will not only establish new coordinate systems
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ably accurate for interplanetary and interstellar navigation, but
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SO permit the study of a number of important =2ffects. E.qg.:

>, measurament of the space motions of galactic objects such as Cyg

, RS CVn 3tars, pulsars, etc. (510 mas, year);
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3) rapid determination of the solar motion in and perpendicular to

the galactic plane (+» 100-200 yas/ year);

4) measurement of the rotation of nearby galaxies (» 2 pas/ year at 1

Mpc) ;

5) measurement of the dynamics of the local grcup of galaxies («» 1

was/ year);

6) statistical parallax to Hzo masers in the Virgo Cluster galaxies

(v 0.6 pas/ year at 10 Mpc);

7) <trigonometric parallax measurements to galaxies in the Virgo

Cluster (« 0.1 uas at 10 Mpc).

Radio Stars

Many stars exhibit strong radio emission. This may be due to
large flares in active binary systems such as RS Cvn stars, Algol, 3
Lyvrae and others which radiate principally at centimeter wavelengtns,
or by low frequency outbursts at meter wavelengths as is found in come
dMe stars. Transient flares have also been repcrted from some
supergiant stars sucn as g Ori, and a Sco A. All of these types of
radio emissions are non-thermal in nature. Thermal emission
associataed with stellar winds has been detected from early type O

s-ars, Wolf Rayet stars, and a few late type stars, but this radiation

will orobably not be of great interest at milliarcsecond resolutions

-1

e
L L W S L W WY L N e .




unless it turns out to be partly of non-thermal origin (Abbot%, et

al., 1984; Underhill, 1984).

The flux density variations of HR1099 (v71ll Tau), an RS CvVr star,
have been reported extensively in the literature. Feldman, et al.

(1378) have shown that during one interval the star showed daily

flaring events at 10 GHz which rarged in fiux density from 0.1 to 1
Jy. These are very high brightness temperature even:ts since, for
2xample, the sizes of emission regions for HR 5110 and Ux Ari ar=a
reported by Muct2l, et al. (1985) to be »1 and <0.4 mas giving

<o e c . ~10 . . .10 .
brightness temperatures of 2 x 10 K and >1 z 10 K, respectively,
at 5 GHz.

Flares from dMe stars were first reported by Lovell, et al. (1963)
tor UV Ceti. The dMe star YZ CMi has exhibited large flaring events,
notably a three hour event in 1969 for which the flux density at 240
MHz was 30 Jvy. This was a very steep spectrum event since its 408 !MHz
Ilux density never exceeded 6 Jy. The estimated brightness
“emperature for this flare was «»2 x 1015 K with a spectral index

ranging from -5 < a < -1 (Lovell, 2t al., 1969). A very large stellar

flare was detected by Slee, =2t al., (1962) which had a maximum
. o .20 : Coo e \
origatness temperature >10 ¥ associataed with Zhe nebulay varizbles

in tne Orion aggregate. ~flares on the dMe stars measured by Spangler,
1

A . . e , , R
e7 1l. (1274) have sacwn =vpical brigntness tamperaturas of »l

(]

%4
RS

witn snectral indices of 3 » -4, The -imescales for these flaring

1=2as5% for AD _L20) are on *+*h2 crier of seconds or less




e s A i it I S it T S A e

With the Astrc-Array, radic sources sucn as the RS CVn and Mira
variable stars within the Milky Wav and in other nearby galaxies can
pe studied to determine the origin and distribution of radio emitting
regions on their surfaces. Rotation periods and perturbations in the
oroits of the stars caused by unseen bodies can easily be measured.
Also, high precision astrometry on such objects will allow the

accurate coupling of the stellar (optical) and extragalactic (radio)

reference frames.
Flares on dMe stars appear to be large manifestations of processes
similar to those seen on the Sun, Solar radio bursts occur mosc

3trongly at meter wavelengths but there is centimeter wave emission

associazted with coronal loops with brightness temperatures of »10' -
-3 I . . . .

167 K. Witnh Zne very high sensitivity of the Astro-Array, detection

and study of the brighter dMe stars, or even of common stars like the

Sun, will be possible at low frequencies during their active phases.

For example, during the maximum of the sunspot cycle, the 3un would be

detectaole below «»1 GHz even at a distance of 10 pc (see Figure 2)

2!

1th resolution sufficient to map the structure of the emit:ting

e

r=3isns. The dMe s%tars could be studied to much great=r distances.
Si2n measursmencts will allow detailed compvarison of solar-type stars
1n o Thelrz radio amissicn and gr2actly enhance studizs of the
"sslar-stellar connection."
Interstce.lar Scattaring

Interstellar scattering (1IS3) is, n =2If=2ct, 2 "seeing" limitation
Scr radion astroncmy at long VL3I basellianas and 1ow Iraguenciles
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(decreasing roughly as the sguare of the observing frequency). It
arises in the scattering of the radio waves by the inhomogenities of
the interstellar plasma and is, accordingly, greatest in the galactic
plane and least towards the galactic poles. A recent review by

Rickett (1977) fully develops a theoretical treatment of the subject.

The details of the actual distribution of the amount of ISS are,
as yet, poorly determined. Duffett-Smith and Readhead (1976) (see
also Readhead and Hewish, 1971, 1974) studied the problem at 81.S5 MHz
and concluded that they could roughly describe the scattering size
limit as 3155 = 0v15 + 0V05 at that frequency for /b/ > 10°. as a
general indication of the magnitude of the effect, this is the value

2

shown for ISS size (scaled as vy ° to other frequencies) in Table 2 and

Figure 1.

There is considerable deviation from this value arocund the sky
with Rickett (1977) predicting a factor of 4 smaller scattering size
at the galactic poles and a number of authors finding much larger
scattaring sizes in the galactic plane, particularly in the direction

=4

2f known HII regions (see &.g9. Z0r

fon
[

es, 1982; Dennisorn, 1982; Anderson,

et al., 1372).

Dennison, et al. (1984) investigated this more fully and found
that whilz some dicections ia the galactic plane show scattesring
consistant with the nigh latitude rasults extrapolated as

-

o} . . . . - . .
, other diractinns, pnarticularly near the galactic center,
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show much stronger scattering. They also found that ISS varies
significantly on angular scales ;50, supporting the earlier results
that local inhomogeneties such as HII regions can have a large effect
on the scattering. Cordes, Ananthakrishnan, and Dennison (1984)
describe the high scattering regions as a disk «»100 pc in thickness

Wwith clumpiness on a scale of 1 - 10 pc.

On average, it appears that at many galactic latitudes ISS will
become the limiting factor on resolution for observations <3 GHz (see
Figure 1) but near the galactic poles this limit will be considerably
relaxed and near the galactic center it will be much more severe., On
the other hand, the relatively large effects of ISS mean that the
Astro-Array will have sufficient resolution to carry out a detailed
study of its origin, effects, spatial distribution, and variation at
relatively high frequencies over the whole sky. Together with
electron density and magnetic field data from pulsar dispersion
measurements and from linear polarization Faraday rotation
measurements, such data will allow the detailed modelling of the
anagneto-hydrodynamic properties of the ISM. Also, since the near
field pattern of the telescope will extend for several kpc at hign
fraquenci=as, more local cells cf the scattering medium can be mapped
ina thre= dimensions.

-

Iintzsrstellar Masers

Thera are a number of molecules and radicals which are known to

display mas=2ring prccesses in interst2llar molecular clouds or in tne

=

14

ust clouds surrounding te-type stars. In general,

[oR

circumstallar
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the apparent spot sizes of individual maser components are strongly
related to their gain and it appears that masers associated with
late-type stars have lower gains than masers of the same species in
the interstellar medium. Si0 masers (43 GHz) have only been observed
in areas associated with late-type stars and the peculiar Orion IRc2
region and appear to be relatively large since VLBI observations have
resolved the individual spots on moderate baselines. OH (1.6 GHz) and
H,0 (23 GHz) masers are observed in both interstellar clouds and near
late type stars with the clouds containing the stronger and more
compact sources. In contrast to radio continuum sources, maser
studies cannot obtain greater resolution by going to higher
frequencies on the same baselines so that more detailed studies

require larger interfercometers.

Present studies of the galactic HZO masers indicate there is

considerable source structure on angular scales <0.3 mas (Genzel, et

al., l9élb) and unresolved emission has been detected on baselines as
long as possible on the surface of the Earth (12,100 km) (Batchelor,

et ai., 1976), indicating that such objects can only be studied in

detail with a large space array. Other observations suggest that th

apnarant angular sizes of some HZO masars are limitad by intersitellar

scattaring siace the angular sizes appear 2o incr=ase with 3istance
(Mcran, et al., 1973). This hvpothesis must be checked by incr=2asing

the baselines to greata2r than the Tartn's diamet2r and is important to

study pecause all of our knowledge of ISS, at the present time, is

sased upon cobservations a: mucn lower frequencias where lit:l2 Ras

. "

seen determined about the interstellar electron distributions 2ad

scale sizes.
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Observations of extragalactic masers have been limited so far to
spectroscopy Sy low resolution single antennas. Hence, we know
nothing of their structure and dynamics. However, the potential for
new knowledge is great. 1If proper motions of OH and H,0 maser
complexes can e measured, as has been done for a few HZO maser
clusters in the Galaxy, their dispersion will give a direct measure of
the ocutflow in extragalactic regions of star formation to be compared
with other regions in the same galaxy and with similar regions in the
Milxy Way for information on the universal processes of star
formation. Such compact radio sources as masers will also serve as

reference points for measuring the rotation curves, inclinations, and

distances to other galaxies.

For independent distance measurements, the technique of
statistical parallax has been used with VLBI on several HZO maser
clusters in the Milky Way. These studies measure the small angular
motions of the many maser spots in a complex and then compare those

statistically with the radial motions obtained from spectroscopy to

determine a distance. Using this technique Genzel, et al. (1981la,b)

4s

nave determined independent distances to the Orion-XL comrlex and to

{

tha W51 HZO masar complex (see also Schneps, et al., 1981). In each
taken over abcut 2 years. However, with the relatively short
liZetimes of maser svots of only a few years, the nec=ssary tracking
e o . , . . o . . e o
of iIndividual spots places a severes limitation on the amount of =ime

avzilaple for measurahle nroper motions £o accumulate and, therefore,

the maximum distance to which this technigue can »e used




AL S an g el M il ik i S o M - 8 Wil 1t 8 LA 2 St N & PSR S b I Al i -ait, S A M b0 P bt el M At IRV o AT o I C G~ ol S i S "1

with current VLBI technology and Earth limited baselines (Reid, 1984).
Clearly, the much higher resolution and sensitivity of the Astro-Array
will allow utilization of this powerful technique to much greater

distances.

Radio Supernovae

Supernovae nave long provided one of the most spectacular events
in the universe. A single star, due to an internal explosion or
implosion, increases over a period of days from obscurity to a
brightness which rivals the combined luminosity of the other lOll
stars in a galaxy. During the brief span of a few weeks to a few

months, the supernova releases wlO51

ergs of energy before fading
again into relative quiescence. The supernova's effects, however,
linger on through the formation of a supernova remnant which, at least

. . : 5
in our own Galaxy, remains visble for »10~ years and, perhaps, a

pulsar with a lifetime of wlO6 - lO7 years.

These catastrophic events, which occur every «»25 years in a galaxy
such as the Milky Way, are thought to be responsible for many of the
most important galactic orocesses such as: 1) formation of heavy
alaments and return of these 2l2ments to the interstz2llar medium; 2)

fcrmation of neutron stars (and, »erhaps, olack holes) which ar=2

responsible for X-ray binary systems and puls
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While the study of supernovae was for many years a subject only
for optical astronomy, new instrumentation has allowed results to be
extended into other wavelength ranges. Infrared (see Elias, et al.,
1285), ultraviolet (see Panagia, 1984), and even X-ray (Canizares,

Kriss, and Feigelson, 1982) results have been obtained.

Of particular concern to us here, however, is that supernovae
have heen found to frequently be powerful emitters of radio emission
(Weiler, et al., 1981, 1985; Panagia, Sramek, and Weiler, 1985;
Sramek, Panagia, and Weiler, 1984). While this radio work has met
with a great deal of initial success with the development of a
detailed description of the radio generation processes (Pacini and
Salvati, 1981; Bandiera, Pacini, and Salvati, 1983, 1984; Chevalier,
1982, 1984) and the obtaining of estimates of the stellar progenitor
types, evolutions, and winds (Chevalier, 1984; Sramek, Panagia, and
Weiler,»l984), detailed radio study of the phenomenon is still very

much instrument limited.

The one supernova event expected in a galaxy such as ours every
guart=2r century is rapid by astronomical standards, but it is
impossibly slow for human observers. Therefore, all modern supernovae
{since AD1504) havz been observed only in external galaxies where, in

: L. . , - . 39
spite of their prodigious radio eneragy output for a single star («10
7, they are still relatively weak radio sources of, at most, a

2w miy £lux density. Thus, the study of these radio supernovae (RSN)

aas only developed since the compl=tion of the VLA with its high

sensitivity. However, 2ven with the excellent maxinum resolution of
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the VLA and with the RSN expanding rapidly («10° km s-l),they remain

unrasolved point sources throughout their (radio) visible lifetimes of

.. .

vl - 20 years and the structure of the =2mitting regions cannot be i

studied. The present results, even though they have been fruitful
(see references given above), have been almost entirely limited to the ’
determination of radio light curves and spectra. The single exception
Zo this has been the work by Bartel, et al. (1984, 1985) in using VLBI

to siightly resolve one exceptionally bright RSN, SN1979c in NGC4321

P

{1100) . However, low sensitivity and resolution of current VLBI

arrays have so far limited the results to model dependent estimates of

the sizes and angular velocities for this single case. Complation of

the VLBA will aid this study significantly but will still be limited |
by low resolution when the supernovae are young, small, and bright and 3
low sensitivity when they are older, larger, but weaker. As 1is '
illustrated in Figure 1, the Astro-Array can map all bright RSY as

soon as they become optically thin after the supernova explosion and

a g L .

determine the (changing) details of their structures, their angular
velocities, their accelerations or decelerations, and their spectral !
index distributions as they age. Such results will not only tell us

nmuch more about the mechanisms of supernova explosions and their

r2lation to the develocment of remnants, cosmic rays, and tha
Iormation of acktive neutron stars, but thev will give us decailad
information on the properties of the ianterstellar medium and the local

ing estimatas of the stellar winds
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(pulsar) or externally (shock) generated. Then without model
assumptions, radio measurements on RSN can be used to obtain

independent estimates of the Hubble Constant (H.) out to the Virgo

0
Cluster of galaxies and beyond (Bartel, et al., 1985). Finally, when
young and small, RSN will provide compact reference points for

obtaining astrometric information on external galaxies.

Giant Planets

Jupiter is known to emit very strong bursts of low frequency (<100
MHz) radio radiation (Brown, Carr, and Black, 1968: Dulk, 1970) from
small regions in its belts and Clark and Erickson (1973), with
transcontinental VLBI at 26.3 MHz, have shown that the radiation
arises from a source which is <0%1 in size. It is not even clear
wnether the bursts originate by the incoherent synchrotron mechanism
(as in most known radio souces) or by a coherent radiation process
wnicn could show a much smaller size and a much higher brightness
temperature, To study the structure of such compact sources at the
low frequencies where the Jupiter bursts are detectable is not
possible with ground based arrays. However, sucin bursts would be
easily detectable and, presumably, resolved with the Astro-Array and
could te mapved in 3-dimensions for a better understanding of their

location, mechanism, and evolution.

jon

A second tcpic for possible study on the ciant rlanets is tne

n
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2rn IZlectrostatic Discharges (SED). These hdave, so far, onlv been
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range from ~100 kHz to »40 MHz (Evans, et al., 1931; Warwick, et al.,
1962). The bursts are cnaracterized by short impulses lasting from
+~30 ms to »250 ms and may extend in frequency above the 40 MHz upper
limit to the spacecrafts' receivers. They are theorized, although not
proven, to originate in electrostatic discharges in the ring system c¢f
tihe planet. Such emissions should easily be detectable with the
Astro-Array, allowing, as with the Jupiter bursts, detailed study of

their location, structure, and mechanisms.

Pulsars

Pulsars will constitute a class of objects which will probably be

o
oy

e only true "point" sources for the Astro-Array at most frequencies. !
IZ the pulsar emission arises at or within the light cylinder (see
e.g. Goldreich and Julian, 1969) the size of the emitting region will
ve £o20 small to be resolved except for, perhaps, the nearest and

siowest examplas. However, the Astro-Arrav will be able to provide

.

important limits on emitting region sizes. Also, as unresolved
sources the pulsars, with the high sensitivity and nigh resolutiocn of
tne Astro-Array, will serve as important references for pnase

n

0]
.
{1

orooer motiscns of uo to

pete

(pesizion) calibration and their own intr

—~

£004, 7ear (Anderson, Lvne, and Peckham, 127%; Racker and Sramek,

" 12745; 3Ables and Manchester, 1977; Hanson, 13792 will he detectadle ia
s a faw hours or a few days time. With such accurate positional )
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My infocmazion, 1t will also b2 nossinla oo sz2arcn for acceleraciocns or

(- \

e decelierations in pulsar motions due 2o “hne prooosed "rocket" (Harrison
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v i i , 1

f; ané Tademaru, 1975; Tademaru and Harrzrison, 1273 or other 2ffacts.
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Extragalactic pulsars, of which at least one has now been
discoverad in the Large Magellanic Cloud (McCulloch, et al., 19283)
will provide reference points for determining the astrometric
distances and motions of their parent galaxies (sée the Astrometry

Section) .

Galactic Center

The center of the Milky Way is known to have structure on
essentially all angular scales from large sizes easily resolved with
single antennas (see e.g. Haslam, et al., 1982) though sizes available
ftor study with connected interferometers (see e.g. Goss, et al., 1983)
to VLBI size scales (see Balick and Brown, 1979). Even though the
interstellar scattering (ISS) in the direction ¢f the galactic center
1s poorly known and likely to limit the effective resolution possible
with the Astro-Array at all but the very highest frequencies (see the
ISS section), with its high resolution, wide frequency coverage, and
excellent mapping capability the Astro-Array will certainly contribute
much new and valuable information on the active processes occuring in
the center of the Milky Way and, by analogy, in the centers of other

]
s5imilar galaxi=s.

Jrom astremetric measurements our distance from the galactic
centar can de easily measured with the Astro-Array by trigonometric
Darallax (vD2.1 mas). Also, the rotational moticn of the solar systam
around the galzactic center (»13 mas/year) and the peculiar motion of
the Sun perpencdicular to the galactic plane {(»9.15 mas, vear; Delhave,

1963) can bhe determined (see the Astrometry Section).

19
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LFYs, AGNs, and QS0s

One of tne most intractible problems in modern astronomy is
understanding the nature of the energy sources powering the
non-thermal, compact extragalactic radio sources such as the Low
Frequency Variables (LFVs), Active Galactic MNuclei (AGNs), and
Quasi-Stellar Objects (¢SOs). These scurces contain an energy of
m106l ergs within small regions less than a few parsecs in size and,
oy poorly understood processes, often channel a portion of this energy
into sharply focussed, relativistic beams which transport it to
distant radio lobes which are tens of kiloparsecs or even megaparsecs

from the central "engine."

Investigation of the "cores" of AGNs and (QSOs by the :zachniques of
JLBI has proceeded rapidly for a number of years (see, e.g., a recent
raview by Xellermann and Pauliny-Tctn, 1981l) and has revealed very
cempact and nigh surface brightness components. The phenomenon of LFV
wnich 1s present in many sources (see Fanti, et al., 1979, 1981, 1983)
5uz 3270uld not occur under standard models (and may yet have an
axtrinsic explanation - Rickett, Coles, and Bourgois, 1984) has been
sacwn, in some cases, %o be associated with similarly compact andéd high

4

surlace Drightness reglons (Romney, =2t al., 1924). Additionallv, manv

sI Tasse compact =2xtragalactic radio sources sh0wW 3 Dhencm2non X1own
is "superluminal™ moticn or changes in theilr structuras which imply
OvEmants of radic =mizzing components at velosizies sevaral Zimes

Iast2r zhan the speea of ligat (»2 - 19¢) (Unwin, et al.,, 17°231; Cochen,
=z al., 1372, Jinil2 a numoer of models havz been nroposed o 23¥2liin

_—




More detailad study of these types of objects is, in fact, one of

the principal scientific goals of the planned Very Long Baseline Array
(VLBA) (NRAO, 1982) and its extension with Quasat (ESA, 1984). While
these new telescopes will make major advances in the study of such
high energy and enigmatic phenomena, the best resolution of the VLBA
at its nighest planned observing frequency (or the VLBA plus Quasat at
its somewnat lower maximum frequency) of »0.1 mas will still be
insufficient to resolve the most compact inner structure of these
objects. For example, the current record resolution for an Earth
based VLBI interferometer cof «0.2 mas (1.1*1o9x or 3700 km at 89
GHz), even with the relatively low sensitivity available, still shows
anresolved structure in 3C273 (Backer, et al., 1984). Thus, the
ability to obtain resolutions of a few hundred AU with the
Astro-Array, rather than the several parsec sizes currently possible

or proposed, will be an important advance for the study and

understanding of these complex phenomena.
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ANTENNA DESCRIPTICHN

Intarferometry

From the wave nature of electromagnetic radiation, it is
impossible to study details (obtain a resolution) finer than »x/D
whare Az 1is tne observing wavelength and D is the diameter of the
inastrument. Since when studying an cobject in any glven fregquency band
A 1s essentially fixed, the only solution to obtaining better
resolution is to build instruments with larger diameters. Assuming 2
circular apercure, this correspondingly increases the photon

L)

collecting area of the instrument so that fainter objects can also be

studied.

. . . 5!
for radio astroncmy, where i 1is very long (» 107x}) comparad to

Znatc of visible light and radio sources are copious producers of

r

azively low ensrgy photons, £illed ap
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lescopes witn

irzsecond or petter resolutions ara neither possible nor necessary. i

Ly

Tsr 2xample, t£o 2qual the tneoratical resolution »f the Mt. Palomaxr £ \

m opTlical t2lescoge at 5000 S, a radic telescope at 3 cm wavelength )
wSii.d nave =0 be 500 Xm ia diametesr. However, since the entire filled

iz2rIur2 13 ao: needed for sensitivity, i1t turns out Enat 3z Lard p

A

- 3 . - ’J

zadin relascove can e acprroximatad by combining many widely 4

s2oariced, "small" (usuzally 25 m o 100 @ in diamern2r) radlo antennas 1

2

oo 2airs to form interiarometars. Jathemazically, cthes resulc from ]

i e e = 1

21cn 2% rmhe inszerfzromecars providas infsrmation ¢n the Fourier ]

i i ]

transform 5 whe radio scurc: s-ructuar2 deling studiad and a2ll i
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complets Fourier transform of the radio source. Only 3 straight

crward mathematical transformation is then needed to obtain the

th

cdesirad picture of the object under study.

In principle, all possible separations and orientations of the two

ant2nnas in the interferometer (all possible baseline lengths and
orientations) must be obtained to give an accurate estimate of the
Fourier transform. This would be an endless process for maximum
interferometer baselines more than a few hundred meters in length.
However, througn the use of multiple antennas to give multiple
simultaneous interferometers (N = n(n-1)/2 where N is the number of
interferometers which can be formed with n individual antennas), and,
at least on cthe Earth, through the Earth's rotation to change the

paseline crientations with respact to the source being observed, larg

aumbers of independent samples 0of the Fourier transform can be
obtained rapidly. Also, within limitations, arn acceptable picture of

)
Fty

radio source can usually be obtained with only partial sampling o

[

TS Fourier transform.

The qguality of the sampling of the Fourier transform is usually

gipressed as 2 plot of the positions where data samples will bhe
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and uniform filling of the u,v plane within some maximum radius. Such

£illing can be enhanced if the individual antennas can be moved
respect to one another by more than the relative motion the rotation
of the Earth provides. For example, the 27 antennas of the VLA can bhe
moved to concentrations within 4 different maximum baselines and all 4
configurations can be added, if desired, to obtain the final picture
of the radio source. The VLBA, on the other hand, will not have
moveable antennas and will have, at any given frequency and point on
the sky, a fixed filling of the u,v plane. The addition of Quasat to
the VLBA will then provide not only a longer maximum baseline but a

mopile antenna to give denser and more uniform coverage in the u,v

plane.

A second factor for consideration in interferometer arrays is
that, while the entire collecting area of the equivalent single dish
antanna 1s not needed, sensitivity is an important consideration and,
assuming that all modern telescopes have approximately the same
qualizy of low noise receivers available, goes directly as the total
collecting aresa in the array (i.e. the number of antennas times the

in

b
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a per antanna) .

Performance

"Ne Ascro-Array will have many advantages Zor all of these

its antennas are in crbi+, zheyv are =z

i

o)

[
pea

2CrTors., pecaussa 13
nozion wlth respect -0 one another, giving 3 rapid 2nd uniform filling
of e u1,v plane (providing gquic¥ mapping and good imag=2 gquality,

2venl =0 gulzZe snorzt minimum baselines fzproviding a wide Ileld of
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view). This filling of the u,v plane to short baselines is
particularly important for allowing the study of relatively large
objects and the uniform filling of the u,v plane will lead to a high

dynamic range in the maps.

With a purely space-based array, the maximum baseline is no longer
limited by the diameter of the Earth and has been chosen to be 200,000
km (orbital radius 100,000 km) to provide a resolution 2f »1 uas at 1
mm observing wavelength (300 GHz). While there is, in principle, no
limitation of the maximum baseline, this represents a compromise with

such difficulties as placing large structures in high orbits,

oroviding sufficient numbers of antennas to give good u,v plane

covarage with rapid source mapping, and remaining within a justifiable

and reasonable expansion (approximately an order of magnitude) of the

planned maximum baseline of the VLBA plus Quasat.

Without the limitations of the Earth's atmosphere (at high
frequencies) and ionosphere (at low frequencies), the Astro-Array can

be used at all radio frequencies and without the gravity and wind

loading of antennas on the Earth's surface it can have large (» 50 m)
antsnnas as array elements for improved sensitivitv., AaAdditionally,

witn interfarometric discrimination against, and

s
3

tanna pattern
supprassion of, terrestriallv generatad interference, large («» 10%)

receivaer bandwidths can be used for gocd sensitivity. For an initial

Py

conceptual design, =he number of antennas has been chosen to bpe 30.
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These telescope parameters are listed in Table 1 with the

resulting array capabilities listed in Tables 2 and 3 and shown in
Figures 1 and 2. Examples of possible u,v plane coverages for several

simple orbital configurations and relatively short observing times

1

(6“) are described in the next Section and shown in Figures 2 to 4.

-

To avoid the limitations imposed by the need for direct
communication with the Earth's surface, all elements of the array
will be space based as will the correlator, with this last nlaced on
the Space Station. The communication links between antennas and to
the correlator will be through broadband (perhaps laser)
transmissions. Performing correlation and averaging on the Space
Station means that transmission of the results to the ground will
raquire minimal bandwidth. Antenna to antenna communication will be
maintained to provide high accuracy determination and monitoring of
the many interferometer baselines for precision absolute astrometry
and to provide data relay, avoiding information losses due to Earth

blocking of some lines of sight to the low orbit Space Station.

With all elements placed in space and without the disturbding
2ffects of the Earth's atmospherz and ionosphera, the Astro-Array will
aave sufficient phase stability that cohsrenca can be dezermined and
maintainad, removing restrictions on aminimum averaging %imes and the

.

sroblems c¢f orbital "smearing" of the data. A cchnarent array will

2150 provide large gains in dynamic range and astrometric orecision.
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Orbital Considerations

With a large number of antennas and full 3-dimensional spacz in
whicn to place them, there are many free orbital parameters. To
reduce the number of degrees of freedom, we have made the simplifying
assumptions that: 1) the orbits are all circular with the same radii
(100,000 km); 2) only the simplest, most symmetric arrangements of
orbital planes will be considered; and 3) the satellites will be
2qually spaced around the orbits. These assumptions can be justified
to some extent and, in any case, provide a conceptually easy first
lcck at the u,v plane coverages obtainable. Also, we have selected a
short (Sh) mapping time as the basic unit for these first estimates to
avoid undue "blackening" of the u,v plane. For this same reason, the
Hermitian conjugate points have not been plotted; i.e., the density of
points cbtained in the u,v plane is actually twice that shown in
Figures 2 to 6 and actual mapping would have a point symmetric through

the origin for every point shown.

With the above constraints, the minimum number of symmetric,
independent orbital configurations for 30 satellites are: 1) 10
satellites in each of 3 planes, 2) 7, 7, 8, and R satellites in each
of 4 nlanes, and 3) 5 satellites in each of 6 planes. No ground

N .

stazions azr2 used, but r=al time telemetry to the Space Station (via

o-har satellites if necessary), provides continuous data acquisition

1

n blockage ¢f the source being observed, which is small

D

F=4 - e
xcept for Eart

(~23°) for these large orbits. The orbital planes were selected using

i

-ne appropriate regular polvhedrons to orient the angles uniformly in

'

three dimensions.,
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For the 3 plane case there are 2 polar orbits and 1 equatorial.
The u,v plane coverage for a source at 40° declination at a longitucde
perpendicular to one of the polar orbits for a 6h observation is shown
in Figure 3. The coverage is a uniform ellipse from the equatorial
plane satellites superimposed on a cylinder from the two polar planes.
While the coverade is fairly uniform, there 135 a concentration of daca
points along the apparent tangents to the cylindrical surface.
Observation with the same parameters of a source which has been
shifted by 3 hours in right ascension will have the u,v coverage shown

in Figure 4.

The u,v plane coverage becomes more uniform as more orbital planes
are added. The case of 4 orbital planes is shown in Figure 5 where 7
satellites were placed in each of 2 planes and 8 in each of the other
two. While it is best to nhave an odd number of satellites in a
cigcular orbit for most uniform coverage of the u,v plane, these
numbers were chosen to maintain a constant number of 30 satellites.
As 1s apparent from inspection of Figure 5, a very uniform coverage of

the u,v plane is now obtained.

3v the time that the 20 satellites arz spread among 6 orbitsal
nlanes, tha2re are mor=2 slanes than there are satellitas in a given

plane., This naka2s the patterns that the individual planes define more

iifZizulz Lo 32e In the wu,v sampling, shown in Figure &, For 30
s5iaT2lllzes 1t appears zhat 5 orbizal planes are approacning the effeact
0I rzandom 2rzizs and thar2 does nok seem %o be a2 need to explcre more

ﬂ! orsizal »olanes 3t this time.
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Based on these simulations, it is clear that excellent u,v plane

coverage, and, therefore, excellent beam shape, field of view, and

dynamic range can be obtained for the number of satellites being
considered in this report, even with the relatively short observing
time of only 6h. (This time is comparable to that needed (wsh) for
full mapping with the VLA.) This is especially true since the u,v

coverages represented by Figures 3 to 6 would actually be twice as

dense as shown if the Hermitian conjugate points were plotted.

Although the excellent mapping capability of the Astro-Array has
oeen demonstrated with these simple simulations, with the large number
of free parameters available more detailed studies to determine the

optimum orbital arrangement are obviously needed.
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SUMMARY

-

We have presented here the concept of an entirely space based

radio telescope array which will enhance the capability of radio

astronomy to study the energetic,

non-thermal phenomena in the

Universe by more than 2 orders of magnitude in both resolution and

sensitivity.

It will provide detailed mapping capability of both

galactic and extragalactic radio sources with a stability not

attainable when observing from the Earth's surface.

Because of its

large physical size it will make possible, at the highest frequencies,

zne three dimensional holography of our local r=gion of the Galaxy and

the direct measurement of trigonometric parallax distances and

intrinsic motions throughout the Galaxy and in our local part of the

Universe.

Nevertheless, all components of the telescope are

conceivable extrapolations of current technology and numerous objects

Zor study can be specified as needing such an array at the present

time.

observing capability and those are,

Nen-astronomical uses ar2 also likesly to be

2lanetary missions and moni+oring zhe positions

“we 2f the mosht obwvicus

interstailar pDrobes ara

Mew discoveries are always found by such a great advance in

of course, beyond our conception.

important.
navigation 5f manned
and mctions of

cf these.
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Number of Antennas
Antenna Size

Antenna Efficiency

Frequency Coverage

Wavelength Coverage

Bandwidth

System Temperature

Maximum Baseline

Minimum Baseline

A Bt a1 Chall M S ftin ciiie Sl U e Y

TABLE 1:

T e T N TN S R TR LR LS U LT e L e LT e U0 e L e L

Assumed System Parameters

30 MHz to 300 GHz

10 m to 1 mm

50 K

2 * 108 m

(200,000 km)
<1 * 10° m

(<1,000 km)
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Fig. | — Full Width at Half Maximum (FWHM) resolution vs frequency for an array with a maximum
baseline of 200,000 km. The figure also shows an average interstellar (IS) scattering size limit outside
of the galactic plane (/b/ > 10°) (also see the Interstellar Scattering Section). The current Very Large
Array (VLA) maximum resolution (Hjellming, 1982), the planned Very Long Baseline Array (VLBA)
resolution (NRAO, 1982), and the proposed Quasat resolution (ESA. 1984) are given for the frequency
ranges over which they are expected to operate. For reference, the known sizes or size limits for 4
number of comnact. non-thermal astrophysical objects are also shown. For example, the Earth-Sun
distance (1 AU) seen at 10 pc distance can be resolved by the VLA while the separation of galactic
clusters of interstellar masers into individual spots requires at least VLBI resolution. Separation of
extragalactic maser clusters into individual spots will require a factor of 10° — 10° more resolution and
will only be possible with the Astro-Array.

The emission regions on galactic flare stars such as the RS CVn and dMe stars are difficuit to
impossible to resolve with the VLBA, even with Quasat. and need the high resolution (and sensitivity)
of the Astro-Array to permit study in detail.

The extragalactic radio supernovae (RSN) become large enough to resoive with current or
planned telescopes only after several years of expansion and study of the critical early development
phase of the supernovae requires the much higher resolution of the Astro-Array.

The Low Frequency Variable sources (LFVs), the Active Galactic Nuclei (AGNs). and the
Quasi-Stellar Objects {QSOs) have structure on many size scales from < 0.1 milliarcseconds (mas) to
arcseconds and even to arcminutes. For these. all telescopes, from the large single dishes (e.g.. the
Effelsberg 100 m telescope), to the connected interferometers (e.g., the VLA), to the Very Long Base-
line Interferometers (e.g., the VLBA and Quasat), to the Astro-Array complement one another with
the increasing capability for observing smaller size scales. For studying the intrinsic energy generation
mechanisms of these powerful and poorly understood objects. the highest resolution at the highest fre-
quencies is needed.
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Fig. 2 — Flux density (left scale) and brightness temperature (right scale) sensitivity vs frequency tor
the Astro-Array with the system parameters from Tables 1 and 2. For comparison, the VLA flux den-
sity sensitivity (Hjellming, 1982) and the planned VLBA flux density sensitivity (NRAO, 1982) are
shown. (N.B.: While the flux density (left) scale applies to all telescopes. the brightness temperature
(right) scale is only applicable to the Astro-Array. Brightness temperature sensitivity is dependent on
the telescope resolution as well as on its flux density sensitivity.) The flux densitv sensitivity for the
VLBA with Quasat will not differ significantly from that for the VLBA only.

With the large collecting area per antenna. large number of antennas. and wide receiver
- bandwidths at high frequencies. the Astro-Array will have 3 to 10 times more sensitivity than the VLA
and approximately 2 orders of magnitude more than the VLBA. The Astro-Array will be able to detect
- even steep spectrum objects like pulsars (e.g.. NP0532) up to high frequencies and provide detailed
study of extended objects such as the cores of LFVs, AGNs, und QSOs and the young and rapidly
evolving Radio Supernovae (RSN). Emission regions on flare (RS CVn and dMe! stars will likewise
have sufficient surface brightness to be mapped at the higher frequencies and nol only wil] the galactic
masers (shown) be strong sources but the most intense extragalactic masers will be detectable (even
though 10° times weaker) out to the distance of the Virgo Cluster.

Ai the lowest frequencies. the structure of the non-thermal bursts in the magnetosphere of
Jupiter can be studied and the radio emission from active solar-type stars ¢an be detected out to several
parsecs.
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Fig. 3 — The coverage of the Fourier transtorm (u, v) ptane by an array of 30 telescopes arranged 10
2ach in 3 perpendicular orbital planes for a source lying at 40° declination perpendicular to one of the
polar orbital planes. All three orbits, one equatorial and two polar, are circular with equal radii of 1*
10% m (100,000 km). The 10 antennas in each orbit are equally spaced.

{N.B. The Hermitian conjugate tracks are NOT shown.)
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Fig. 3 — The coverage of the Fourier transform (u,v) plane by an array of 30 telescopes arranged in
numbers of 7, 7, 8. and 8 in 4 orbital planes for a source at 40° declination. As the only arrangement
of 4 independent planes the orbits pass through the points of a regular tetrahedron with one orbit in the
Earth’s =quatorial plane. All orbits are circular with equal radii of 1 * 108 m (100,000 km) and the
antennas in 2ach orbit are equally spaced.

(N.B. The Hermitian conjugate tracks are NOT shown.)
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Fig. 6 — The coverage of the Fourier transform (u,v) plane by an array of 30 telescopes arranged 3
each in 6 orbital planes for a source lying at 40° declination. As the only arrangement of 6 independent
planes, the orbits pass through the points of a regular duodecahedron with one orbit in the Earth’s
equatorial plane. All orbits are circular with equal radii of 1 * 103 m (100.000 km) and the antennas in
each orbit are equally spaced.

(N.B. The Hermitian conjugate tracks are NOT shown.)
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