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INTRODUCTION

The NRAG-Greenbank Workshop on Meter-Wavelewgth Radioc RAstro-
riomy was held on November 16-17, 13984, The principal impetus behind
this workshop was the proposal (VLA Scientific Memorandum No. 162)
for a 75~MHz system at the VLA. It was felt that it would be timely
toc assemble a group of radioc astronomers who are active in meter-
wavelength research to discuss the science that is and should he
done, to discuss the merits of the 75-MHz proposal, and to discuss
the implementation of this proposal.

. Research at 327 MHz is actively pursued irn the Netherlarnds,
India, and the United States. This frequency is not technically
within the "meter-wavelength” band and this work was rot speci-
fically included, nror was ground-based decameter-wavelerngth work ar
hectometer—wavelength work from space.

Meter—wavelength radio astronomy  is practiced by a rather
small subset of radio astronomers. The institution with the longest
and most sustained tradition in the field is the Cavendish Labora-
tory. The Cavendish ogroup have led the field sirce the earliest
days of radio astronomy and was well-represented at the Workshaop.
From the United States, the Clark Lake, UCSD, Florida, Colorado,
and NRAG groups participated. There were reports from the meter-—
wavelerigth projects in India but, " unfortunately, wc members of
the Australian or Soviet Uwniorn groups were able to attend.

" Sessions were held concerning Meter—-Wavelength Science and
concerning Meter—Wavelength Instrumentation and Technigues. In
order to accommcdate the travel plans of some of the key parti-
cipants, the sessions were somewhat mixed in their order. Sessions i,
2 and 5 were on Science while Sessions 3 and 4 concerned Instrumenta-—
tion and Techwnigues.



INTERPLANETARY SCINTILLATION AS A PROBE OF.THE UNIVERSE

W.G.'Rees, P.J. Duffett-Smith, S.J. Tappin & A. Hewish.
Mullard Radio Astronomy Observatory
Cambridge, UK. : -

This paper 1is: principally a brief vreview of the technique of
interplanetary scintillation (IPS), with a short discussion of two pieces
- of work recently performed at Cambridge. S

Interplanetary. scintillation 1is the fluctuation produced in the
apparent brightness of a radio source, owing to refractive effects in the
turbulent solar wind. Turbulent fluctuations in the electron density cause
the solar wind to act as a random phase-changing medium. If this medium is
illuminated coherently (by a point radiation source), analysis of the
_spatial and temporal properties of the radiation reaching the earth's
‘surface- allows the stochastic properties of the medium to be inferred;
such inferences may also be drawn from observations on signals exchanged
" through the medium between the earth and a spacecraft, or between two
spacecraft. Conversely, once the refractive properties of the medium are
known, -observations of the radiation field at the earth's surface allow
deductions to be made concerning the coherence of the radiation which
illuminates the medium, thus permitting inferences to be drawn concerning
the structure of the radio source. Since the phase deviation due to a
plasma is proportional to wavelength, IPS is predominantly a low-frequency
phenomenon. Although it has been observed at several GHz, most useful data
have ~been. obtained between 50 and 200 MHz. Table 1 summarizes a few

‘propert1es of the solar wind.

: Table 1
Some relevant properties of the solar wind

’ 0.1 a.us 1. 0 a.u.
Ne/cm - 1000 10
ANg/cm™? o 0.1
V/kms ! . hoo ’ Loo -
Valfyven/kms™' 500 50..
B/gauss = 10°2 107"
Te/K 10° 10°

1) Observation - of the medium.

Flgure 1 (adapted from Rlckett) 111ustrates the geometry of IPS. The
‘density irregularities (turbulent blobs) introduce a .phase modulation,
‘which develops into an amplitude modulation when the wave has propagated a
distance roughly equal to the Fresnel distance Zp = a2/A. For this reason,
very - large irregularities produce no IPS (just phase variations). The
- intensity pattern on the ground propagates at the velocity v of the solar
- wind, and :so observations at a. single antenna show the flux density
fluctuating. with an amplitude AS on a timescale of roughly a/v. The
scintillation index m is defined as AS/S. _

Observations at a 31ng1e antenna - have establlshed that in  weak
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scattering, the scintillation index is well described by m = 0.08 Ap"1'5,
where X is the wavelength in metres and p  is the closest distance of
approach of the line of sight to the sun, measured in au. It can easily be
seen that p = sin e. The condition of weak scattering means, in essence,
that the formula should give m < 1, This tells us three things about the
solar wind:

i. m a p-1.5 implies that the scattering power B(r) of the solar wind
varies as r'", where r 1is the distance from the sun. This is roughly
consistent with AN o N. (N is the electron density, AN is its rms
variation.) :

ii., m o X implies that, within the range of scale sizes which can
contribute to IPS (i.e. a < Fresnel scale ap = V/Az = 700 km when X = 3.68 m



and z = 1 au), the dominant feature of the turbulence spectrum is a
characteristic scale size a.
~1ii. The normalization implies that AN :10.1 em™3 at 1 au

. By making 2- or preferably 3-station simultaneous observations, the
size and velocity of the intensity pattern on the ground may be deduced,

and hence the velocity of the solar wind itself. There are permanent

* multi-station IPS networks in the U.S. A., India and Japan.

The common assumptions have been that the pattern is 'frozen', i.e.
;that the turbulent blobs do not rearrange themselves as they blow along,

_and . that the autocorrelation function of. the density variations is

'»EGauSSian,_ i.e., characterized by a single scale-size a. -With  these

. ~assumptions, the velocity of the solar wind has been found to be about 400
'km/s, directed radially from the sun to’ within 10°, and the scale. size is
roughly 200 (r/au)°+® km. IPS observations of the solar wind have also
demonstrated the existence of an acceleration region in the first 0.05 au
from the sun,

The pattern is slightly anisotropic (axial ratio = 1 3), and it seems
from Y-station observations that it does in fact rearrange as it drifts,
although the rearrangement velocity is less than U0 percent of the bulk
velocity. The scale size observations assume  that the source which
illuminates the medium is effectively a point source. This can be checked
by : dual-frequency IPS, by observing pulsar broadening, or- by
interferometry. ' S :

Observations of the particle flux detected by artificial satellites
have found fluctuations on timescales from 1 to 10° seconds, implying
variations on length scales from 10° to-10'° m. (Structures 1larger than
10'° m occur, but they are due to stream structure in the solar wind and
are not part of the turbulence spectrum). These variations appear to:fit
the. Kolmogorov theory of turbulence rather well, in .which the spectral
density of the irregularities varies as an inverse power-of the spatial

frequency. At first =sight this seems flatly to contradict the IPS

~observations, although satellite data now suggest that there is a marked

flattening of the spectrum at spatial frequencies corresponding- to scale
lengths of about 200 km. When this is combined with the fact that IPS,
because’of»the action of the Fresnel filter, is insensitive to large-scale
~structures, it seems that the single-scale-size Gaussian model is in fact a
better approximation to the true spectrum, for IPS purposes, than is a pure
power-law. There is not however, universal agreement about this.

- 2) Observations of interpianetary weather.,

-In this sectionf we decscribe observations of large-scaie transient

phenomena in the solar wind, made at Cambridge during the period 1978 - 1981,

These observations were made with the 36 000 m® array, operating at 81.5

MHz over two continuous periods of about 400 days. For the first period, we

observed a grid of about 900 sources, and for the second this was increased
to about 2500 sources covering most of the sky visible at. Cambridge. This
is a far .larger number than has been used in any previous work.

~ ‘Rather than simply mapping the scintillation index m, we found the
long-term trends in the average scintillation indices <m> of all the
sources in the grid, and then observed for each source the scintillation
enhancement g = m/<m>. This makes the transient disturbances much easier to
see: They appear as large regions, with well-=defined boundaries, in which g



differs significantly from unity. Careful comparison of our values of g
with solar wind parameters measured by spacecraft near the Earth have shown
beyond reasonable doubt that the scintillation observations measure
density, or more accurately vdensity, at 1 au. Because the transient
disturbances are three-dimensional and we see only the projection of these
onto the sky, it is necessary to fit models to the observations. For this
purpose, computer models to calculate the appearance of 1idealized
disturbances have been developed.

This method has proved very successful in elucidating the large- scale\
structure of the transient disturbances that were seen during the
observations. One example 1is that of a disturbance which caused a
geomagnetic storm on 28 August 1978. This disturbance, which caused severe
disruption to communications and power transmissions, was easily detectible
on the IPS observations of the day before it arrived. Thus, a day's warning
of the likelihood of geomagnetic activity could have been given, had the
observations been analyzed in real time. Conventional techniques failed
entirely to predict the storm. ' .

The information obtained from large numbers of disturbances, both by
direct observation and by statistical means, have enabled us to construct a
standard picture of an interplanetary disturbance at solar maximum. This is
a compreéssion region formed by a fast flow in the solar wind which sweeps
up -the 'quiet' wind in front of it. The high density region usually travels
from the Sun to the Earth at 400 to 450 km/s. This is followed by a fast
low-density stream with a speed of about 500 km/s and a density of about
half the ambient value.

The .information obtained by IPS and from spacecraft are largely
complementary, insofar "as IPS measures large-scale structure while
spacecraft make high-precision local measurements. For constraining
dynamical models of the solar .wind it is clear that the large-scale
structure is the more important, ‘and IPS is the nly observational method
. of determining this structure.

3) Observations of radio source structure.

IPS observations are an important means of obtaining high resolution
structural data on individual radio sources. The resolution obtainable is
about 0.1 arcsec, with a maximum of about 2 arcsec. At 81.5 MHz, such data
could be obtained interferometrically only with baselines between 500 and
10 000 km. The other advantages of IPS are that it is fast, and cheap. The
principal disadvantage.is‘that it gives only limited information about the
structure of “the observed source. IPS has been used in this way to obtain
structural "information which would otherwise have been difficult to obtain
on many sources, including the compilation of catalogues of thousands of
sources. The technique is also well suited to the ‘identification of
possible pulsars.

The determination of source structure by IPS relies on the fact that an
extended source blurs the random diffraction pattern formed on the ground.
This blurring reduces the width of the scintillation frequency spectrum,
and also reduces the scintillation index. Both phenomena are in use as
indicators of angular size, and both have been described at length in the

1iterature.



4) Observing very faint sources by IPS,

Finally, we describe recent work performed at Cambridge in which the
method of IPS has been combined with confusion analysis: (p(D), or
background deflexion analysis) to determine the average scintillation
properties of radio sources whose flux densities at 81.5 MHz lie in the
range 15 to 1.5 Jy. - '

Observations were made during the period 1981 August to 1982 October,
" using the Cambridge 36 000 m> array. This was operated in a number of
different modes to sample source structure at different flux density levels
between 2.4 and 1.5 Jy, and between declinations of 20° and 61°,

The data were processed to remove interference, solar breakthrough, the
effects of the ionosphere and so on, and then analyzed to give histograms
of p(D),. where p is the probability of seeing a deflexion D in the
scintillating output signal. The p(D) data give information principally
about sources at the confusion level (i.e. sufficiently numerous that
brighter sources occur, on average, once per beam area), whereas direct
observations of individual sources are reliable only at flux densities 10
to 15 times greater. The p(D) distributions were analyzed to yield the rms
scintillation index m, of the sources at the confusion level, for two
ranges of solar elongation, 30°-50° and 60°-80°,

‘From these values of mo,, the IPS parameters R (the compactness, equal
‘to the. fraction of the total flux originating in the scintillating
component) and 6 (the angular diameter of the scintillating component) were
deduced. The variation of mo, 6 and R with flux density S are shown in fig.
2, together with points for S = 15 Jy derived from the survey of 3000
discrete sources due to Purvis et al. It can be seen from the figure that
the scintillation indices in the two elongation ranges increase from 15 Jy
to 2.4 Jy, and then decrease rapidly to 1.5 Jy. The compactness R shows an
increase from 0.3 at 15 Jy to 0.6 at 2.4 Jy, and an insignificant increase
thereafter. The angular size 6 increases from 0. 35 arcsec at 15 Jy to 1.0
arcsec at 1.5 Jy. :

“The interpretation of these trends of R and e with flux density sheds
light on a number of important cosmological questions. Here we summarize
the range of possible explanations in table 2. This logically divides all
possibilities into four categories, according to whether faint sources are
(a) further away or (b) less luminous, and-to whether (a) 6 and R are true
representations of source structure or (b) they are affected by ‘blending',
in which slightly extended parts of a source scintillate dependently of the
compact. part, causing distorted values of 6 and R to be :observed. Each box
of the table describes the straightforward implication of the data, and
then lists effects which could cause such behaVioUr. For example, in the
upper right-hand box, the angular sizes of the 1lobes  decrease with
increasing redshift; this could be explained by the inverse Compton effect.
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Table 2

The range of possibilities implied by our measurements

© corresponds to
" true hotspot sizes

© is affected by
blending with lobes

Sources have same
luminosities

|~ qo = 0.8 if hotspots

|- intergalactic

Hotspot size increases
with increasing z

scattering

have same physical
size

Blending increases
with 2z

- angular size of
extended lobes
decreases with
increasing z .

Sources are at same

redshift

l
I
I
l
l
I
I
I
|
I
|
I
l
1

Hotspot sizes increase
with decreasing
luminosity

Blending increases
~with decreasing
luminosity

- physical sizes of
‘extended lobes . .
decrease with
luminosity
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D. E. HARRIS, Center for Astrophysics
i. McHARDY, University of Leicester
, P. E. DEWDNEY and C. H. COSTAIN,
Dominion Radic Astrophysical Dbservatory

Thia. written version will cover just a few banda of the
frequency spectrum defined in the titla! the participants of
the worksaop were not ao lucky, as I was able to devote only
2 nanosec to each MHz.. I should also mention at the outset
that A. G. Willis and G. K. Miley are also collaborators on
this project which has been receiving various amounts of our
time for the last 5 vyears. Over this period, we have
accumulated radio data from the DRAO (1420 MHz), the VLA
(mostly 1420 MHz)>, WSRT (610 MHz), and most recently, from
CLRO (57.5 and 30.9 MHz). Almost all of our fields were also
observed with the Imaging Proportional Counter (IPC) of the
Einstein Observatory (E0O) and this is the basic reason = that
~the radio observations were pursued. We also obtained
optlcal 'spectra for redshift determinations of a  few
candidate identifications. Results for Abell 566 'Abell 754,
~and 4C. 08. 6b have already been publlshed. : :
‘ Two EO Guest Projects formed the basis of this study.
That of Willis et al. selected sources with steep spectra in
the "cm  band,. in order to isolate distant clusters of

- 'galaxies. _In the proposal of Harris et al. sources with
steep spectra below 100 MHz were chosen in order to increase :

the probablllty of selecting sources with a large number of
low energy electrons (%, the Lorentz energy factor = ,2000);
A further selection criterion was - the absence of
: interplénetary,scintillations, insuring that most of the flux
"density originated in structures greater than 1", a condition

favoring weaker magnetic field strengths. These = two
conditions are the desirable characteristics for sources to
‘be"observable as "IC/3k" radiators: i.e. relativistic

elecﬁrons scattering 3k background photons up to x-ray
energies. - ' ) ’ -

An allied, but more'general quegtion is 'What happens
to old electrons?"” There are at least three possibilities.
First, we have adiabatic expansion; but this cannot dominate
“in all cases because there are many extended sources which
are gtill- powerful radiators and thus must: have survived the
crippllng early phases of expansion losses (dE/dt=-v=*E/r
where v - is the velocity of expansion and r is the
characteristic radius). Next there is confinement, which
describes the fate of dead radio lobes entrapped in a
cgnfiniﬁg thermal gas (aa in a rich cluster of galaxies).



 Here we expect the EZ losses (aynchrotron or inverse-Compton)
to progreasively degrade the energy of the electrons, .
producing the well-known steep sapectrum radio saources in,
clusters such as that in Abell 5S66&. Finally there 1is
diffusion out of the volume of space containing a -reasonably
strong maghetic field i.e."spreading the ashes to the winds"
rather than being "“locked in a steel casket™. Figure 1  is
an example of trying to show too many relationships at once,
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Figure 1 Halflife of relativistic electrons for various types of energy
‘losses. The ordinate is log E (bottom scale) or the Lorentz energy
factor (top scale). Bremsstrahlung and ionization losses depend on
the ambient gas density, n (/em™ ) .Synchrotron and inverse Compton
losses go as E4 and are shown as the straight lines. Adiabatic ex-
pansion affects electrons of all energies equally: for a source
expanding at 1 km/s with a characteristic radius of 1 kpc¢, log (r/v)
is zero and all electrons lose half their energy in 5°10%°yrs.. The
electrons of interest for the present discussion are those with .
gamma=2000 (IC emission in the EO band) which attain ages of 108 yrs
for the parameters indicated by the shaded region.
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but, with some perseverence, it serves to summarize and
quantize these notions.

The upshot of thisz discussion ias that in the aearch for
IC/3k x-ray emission, we are looking for large radio sources
or remnants of radio sources 108 years after injection
ceased: we are asearching for all the reliativistic electrons
which ever radiated in a particular source!

METHCODS OF USING THE DATA

We use the observed flux densities in the radio and the
upper limit (or actual values if available) of the x-ray flux
to determine the magnetic field strength, B, necessary to
explain the x-ray emission (or limit) on the IC/3k model.
Since part or all of any coincident x-ray emission may arise
trom thermal bremsstrahlung emission rather than from IC
emission, B so derived is always a lower 1limit. In any
event, this B is compared with B(eq), the field strength for
equipartition, or B(min P), the field neceasary for minimum
non-thermal pressure within a radio feature. This 18 a
circuitous route toc assess the likelihood of IC/3k detection,
but so far it has been extremely difficult toc find convincing
evidence for IC/3k emission from similar morphologiea or from
similar values of the spectral index (in the radio and x-ray
banda) . Moat sources of interest are unresolved with the 90"
FWHM IPC beam and with the amalil number of photons available
from short observations, the x-ray =spectral index is also
pooriy determined.

To astudy confinement and aging, we estimate the gas
pressure from the x-ray data and the minimum non-thermal
preasure, F(m)}, for varioua reasoclved or unresolved atructures
in the radio sources. Althcugh we have no assurance that the
radio source is actually embedded i1in the hot gas (rather than
lying just beyond the high density regions), we smile when
the gas pressure is greater than P(m) and frown when the
situation is reversed. in a few cases (e.g. AS6E) we are
able to obtain estimates of the time elapsed since injection
ceased from the curvature of the radio spectrum.

FOUR FIELDS FROM THE OLD 26 MHZ SURVEY OF VINER AND ERICKSON

For sources with normal spectra, the flux density limitse
of the Viner and Erickson (VE) survey were such that any
source detected should also be in the 4C catalogue. For this
reason, we selected four sources from VE which were ithout
4C counterparts. Below we summarize the data and results 1in
a very cursory way. The final study should be submitted to
the Ap.J. in the first half of 1985.

11
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In this field we find twoc steep sgpectrum sources
separated by a degree in declination (see Fig 2. The CLRO
26 MH=z position ia situated midway between them and the flux
densities are such that it is highly likely that the VE entry
represents a caze of confusion. The northern source haa a
apectral index «=1.4. It has an "L" type radic morphology
(i.e. a rather complexr Wide Angle Tail) and .is probably
associated ‘with an uncatalogued cluster of galaxies
with my=18 to 19 mag. Unfortunately, this source was outside
the field of the IPC. ' The southern source is a morphological
twin to 3C 465, with a steep. spectrum below 200 MHz, but with
a strong core which dominates the spectrum above 200 MHz. It

is identified with a galaxy (z=0.07) in a cluster. An
extended X-ray source (outside the rib shadows of the IPC) is
coincident, but there are too few counta to place a
meaningful value on the x-ray size. If the two radio
B713+37 , _38.9 MHZ |
= %>I i r“lIVIQI“TI<J/L/IQ/1Lfd>l_LTYPE=CLEHN MAP
N : ‘ ! ey Sem” .
g VYo S PR
R } 5 Y Uy n]195@ MAP CENTER:
‘ / , _|RR =7 H 13M 53S
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SR /,1255:-0. MAX AT (8,39 .,27.81 )

— ¥ _\/l@ ‘ FIRST=3.8  STEP= 5.9
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Figure 2 = CL0713+37 at 30.9 MHz. The two sources discussed
;- in the text are N and S of the field center (cross).
. The lowest contour is 1.2 Jy/beam and higher levels
- are at 10% intervals of the peak intensity which. is
' 24.5 Jy/beam. The beam (insert) is 13'x11',
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spectral components correspond to
(low freguency - ‘component=t
. component=core? then the IC calcu

the two spatial c
ails, high
lation gives B(IC

omponents
frequency
/ERIDO A

~-Gauss. A rough estimate of the field vrequired for minimum
non-thermal presssue in the tails is B(min P)=0.7 # Gauss.
Chiéiiiéé
TheaCLRO 26 MHz source is resolved into - two‘ coﬁponents
~ separated by 2.5’ arcmin ‘in RA, which is a significant
- fraction of the 4C fringe sgeparation of 7.4°. No -~ optical’
identification has been found "and no x-ray emission was
detected. ' . '
530+41
The bulk of the low'frequency ~emisaion comes from an
unidentified source with &%=1.0. However, €’ to the NE ia an
‘extended radiouaource (#=0.9) identified with 'a 17.5 mag-
.galaxy’andfanwx-ray_eource.' L :
~-cL1713¥76
- In thle field we £find a aource_ with H=1.4, identlfied'f
~with an. uncataloqued cluster of galax1ee at z=0.162 which is’
also an X- ray aource. The new CLRO obarvations (Figure 3)

demonatrate the power of the TPT to distinguleh spatlally and

spectrally the source of intereat
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Figure 3 Contour maps of CL1718+26. The steep spectrum source is just
north of the field center: compare the relative intensities
of adjacent sources.

a) 30.9 MHz: the first contour is 0.75 Jy/beam and successive
levels are at 10% intervals of the peak = 15 Jy/beamn.

b) 57.4 MHz: the first contour is 0.44 Jy/beam and higher
levels are at 10% intervals of the peak = 8.7 Jy/beam. The
central source has a flux density of 7.6 Jy.
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OBSERVATIONS OF M31 AND EDBE-ON SPIRAL GALAXIES
H. V. CANE, Laboratory for High Energy Astrophysics,

NASA/BFSC

W. C. ERICKSON, Clark Lake Radic Observatory,

University of Maryland

Summary

-~ We have made low frequency { (60 MHz) obs.ryafions of foqr '
ml gi]-‘xiﬁg M31, .‘NBC 891, NBC 4565 and NGC 453;." Our
,>pu§pos- was to look fOr QUissioh uﬁich could b.’atfriSU£-d to
‘fgalactxc radic halos. For none of the galaxins did the data
require the presence of a radio halo. Hou-vgr, tho data for NGC
4631 are compatible with the presence of a halo with the
intensity of emission as ditbus?nd’by i ﬁuub.r 6f aqfhprs..puﬁ
‘Vobs.rvation- of M31 at fr.qunncins b.lou 50 MHz reveal the

nucl.ar source and nn.bl. us to dlrivn its spnctrum.v

-.ohe‘vof thel pajpp .mdtivations bfof Studying'»épirgligaiaﬁiés
~is the bdﬁe-.of" gaining ‘inforuafion‘ 'nhich» will aiﬂ,“iﬁ:'the
-Understéﬁding of our own Balaxy. Dur éé;axy i;, 'of é&urse,gfhél"
 éa§;e§t}B§1axyito'observéi bqt_éinﬁe we are immérée& in the sysiém‘,
it is ‘oféen'difficult-fto ihteﬁpret the'obééﬁvatiéns.ﬁlﬁ péfticuiéf,'
it is daff:cult to determ:neb‘the dzstr:but:on of intérstéllaf'
méter;al and, espec:ally,v1ts scaleAheaght.» | |

The‘QOncept of a halo around the Balaxy was or:g:nally intro-
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'duéed from two ”difféfewf viewpaints. Fiwstg a halo was inveked .
45hk1av5kii, 1352) to explain the bright radic emiséinﬂ cbhearved
- out of»fhe plare of the Galaxy. Second Pikeliner (1953} intwoduceé
the concept of a  physical halq as‘ the volume filled by cosmic
rays. The question of the confinement region of cosmic rays remairns
unanswered. However, it is clear that much of the high latitude
radic emissioh can be attributed to local ((1 kpc) structure énd the
separation of a true hala‘eomponent is essentially impossible. Thus
one is forced to study external systems which are similar to ihe
Gé]axy.

The elosesf obgeet isi M31s and the first observaticors were
made'with‘a 2 degree beém  in'1951' {Hanbury Brown and Hazard). Sub-
sequent' observatibns by Baldwin (1954) ‘were interpreted in terms
of a disk component and a spherical component, the latter contairming
two-thirds of the total filux density. If was this result which
for'méﬁy'yéars was Qsed as suppofting‘ evidence fork & radic haleo
in our Galaxy. Dbservatidns"by PFooley '(19693 showed that there
were more than EOO.Vdiscreté objects in thg field of M3t and that
these could account fdf fhe structure seen in earlier maps. However
it was hot'possibié to rule cut the presevnce of a low luminosity
extended region. |
| - Bince ’thev rédio .eﬁissian froﬁ any extermnal gaiaxy;ﬁ, hala;
presﬁmably ha$ a steeper . spectrum tharn its disk emission‘(and the
foregﬁoundv Baléctic disk‘remission),,‘its detectability shculd be '
greatest at.low frequenciés. The»Clafk Lake TﬁT ~(Erick$en et»él,;
'igéei'isvithevonly instrumaﬁt_whieh dpefétes at frequeﬁcies 1955 thar

100 MHz with adequate resclution to search for halqs. We ocbserved
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M3t at 25.6, 30.9 and 57.3 MHz in January 1384.  Furither measursmernts
were made in RAupust 13985 when some additicrmal data wére also takern at
38.5 MHz.

Figwes 1, £ and 3 are three maps of the ﬁ 2% vegion at 25.56,
30.9 and 57.5 MHz. On the 30.5 MHz map we have marked the krnown

sources. Figure 4 is our 30.9 MHz map convolved to the same bean

12

(&7x47varc—mih),a§ that used by Artyukh and Ogarnmisyar (1884 st 10
MHz.vue find - that there are essentially nrno differences betwesen the
30.9 MHz and 103 MHz maps, apart form those due to exterral scurces

' with different ' spectra. The distribution is alsc comparable to that
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seen in the 408 MHz map (Haslam et ai., 1374} obtained Qith.a-
beamwidth of 37 arc—-min. The rasembiances of all three maps suggeét
‘that no halo emission is perceptible at 30.2 MHz.

Artyukh and Dgannisyaﬁ {1984) Vfimd a sciﬁtillating source
i3 arc-min from the nucleus of M31 and identify this with the
supernova, S"ﬂndromedae, yhicﬁ cccurred in 1885. This sourcebis
probably 5C€3.107 and is the source seern near the ¢Enter of the 537.5
MHz map (Figﬁre i). At 30.9 MHz (Figure 2) the spectrum of this
source has turned over but at 25.6 MHz  there is anotheﬁ scurce of

~ about 5.5 Jy wnear the map center thch we identify with the nucleus

M31 | . 38.9 MHZ
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of M31. Our estimates for the flux demsity of this ruclear scurce at
25.6, 30.9 and 38.5 MHz are consistert with the measuremernts of
Pocley (1969) and imply a spectral index of ;p.s with some éteepemiﬁg‘
of the spectrum at low freguerncies. Clark Lakevdata'indicate that the
Galaxy also has a steep-spectrum saurcé ésseéiated'with its nuéle#a
{LaRosa and Kassim, 1383).

| Qpaft from searches for extended structure ‘anéther iway‘af
,invésfigating the preéence of ﬁadio hal&s, is” ta’iaok for steep
spectrum components in unfesalved s;urces,isiv2h  tﬁat_ éosmic réyS’

~have theirvorigih in galéctie disks, the old'agevof those cdsmi:,rgys

o

42 a8 38

Figure 3
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that d:ffuse ocut intc a halo wégion will produce a  wadio 9¢thwum
that will be steeper than that of the disk. This éropeéty was irvoked
by”uebster (1975,'1978) who, in recent years, is tﬁe only researchear
to addFESQ the qugstibn of a Galactic radic Ealan Unfortunately, in
the‘Galaxy the téchniq#a cani-not be apﬁli&d unambiguousliy. In his
analysis it was necessary for Webster to assume that therspeﬁtral
index of the disﬂ was everywhere constawt.‘This is' rot expeéted
because of loéal'ghhomogeneitieg and is‘ incowsistewt.with cbhserva—
tions (Bridie, 19673 Cane,1978). Meanwhile, attentiqn has‘ beewn

directed at the few spiral palaxies which are edge-orn and close

M31 | | | 30.9 MHZ
oI /l, T T J--H I‘*L\I MRS NE
‘" R

|

) \
T - I 147 )
43 39
Figure 4
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encugh to be resoclved at cent imeter wavelengths. There are less than

haif a dozern such galaxies, the most favorable ormes are HNEC 4631 and

RNEC &3i. A third suitable galaxy is NGC 456S. We observed these

gaiaxies at Clark iLake with the following results:

30.9 MHz
38,0 MMz

57.5 MHz

Fiﬁures‘ﬁ, &, and 7

three edge—on galaxies.

NGC 831

¢ 3.0 Jy

NGC 4565 NGE 4631

{ 1.0 Jy 9 to 25 Jy

—_ . ' ¢ 10 Jy

{ 3.1 Jy 12. 444, 0 Jy
show the integratad spectra of these .

The flux densities were obtaired from

compilations iﬁ the following papers: NGC 391 - Allen et al. (1978);

NGC 4565 - Hummel et al. (1984); NBC 4631 - Pocley (1969), Sukumar

' FLUX DENSITY (Jy)

~ NGC 891

10

100 1000
FREQUENCY (MHz)

: Figure 5
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and Velusamy €1985). Coﬁbining our S57.5 MHz measurements with
.those at higher frequenéies we obtain spéctral indices pf'—0.75
and -0.95 for NGC 8931 and NGC 43565 respectively. Forlkbath these
‘galaxies »fhe . 30.3 MH=z uéper limits are well below theispectra
extﬁapalated fraom bigher frequencies. Ne»assuﬁe that 5uéh tﬁrh overs
are caused by free—free absofption;  thé existewce»of aaturn-over
caused by free—free absorption implieé tﬁat tﬁevéssoéiaféd emission
is generatéd predomihantely by a disk component bathervﬁhan a halo
component. Low freguency observations of cur Galaxy would suggest
that the spectrum of its disk component would also turn dver'5ome-
where near 30 MHz (Cane, 1378) if viewed from an>ed§é—on direction.

We made two independent measurements of NGC #631 at SO;BvMHz and
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cbtained irconsistent tatal flux.densitiés df'Q‘And’ES Jy. The gélaky
is pﬁrtialiy resﬁlved at{57;5'vﬁHi;.Its  péa§ fl&x denSity7 was 8.5
Jyfbeam aﬁﬁ ité 1htegrated fiux; deﬁsityzvzs est1mated to be 12. 4

| Jy; (ha JB MHz data suggest a flatten:ng of the speetrum. below 57.5

‘MHz but the possibility that thzs may be followed by a rise at lower

»fPEQﬂEﬂCiEE'QaﬂhOt be ruled outf,Thus the shape that one. expeets from'
a gaiaxy with twe components viz. a dlsk component with em:ssxon aﬁd
-jaﬁsarpfidn, awd a halo eomponent wh;ch domxnates at lawjfrequencies
f}ié al}owed'by oﬁr‘measurements. The 1ntegrated spectrum us:ng the 327
: ;MHZ :ﬁhé~hélo: flux-kﬁensifies_‘andb:spectral 41ﬂd1ces est:mated by
'Sukuﬁar an& :Qélusaﬁy  §1555);;i§: in.>reasonable agreement w1th cur
,ﬁéésu&emaﬂts. | | o |
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Observations of Pulsars with the Gauribidanur

Radio Telescope‘

A,A, Deshpande, Ch,V, Sastry & V, Radhakrishnan
Raman Research Institute, Bangalore=560080,

| The pulsars PSR 1919 + 21 and PSK 0950 + 08 were observed
with the Gauribidanur Radlo Telescope at 34,5 MHz which has a N
collectlng area of 250 7\ and beamwidths of 26!' x AO'Y The
observations were}made‘uSLng the recently installed tracking

system which permits tracking of a source fdr 42 secS minutes,

ObservationS‘ef PSR 0950 + 08 were made using a-bandwidth
of 30 KHz and a post detector time constant of 10 msecs, while
PSR 1919 + 21 was observed using a 16=channel receiver (BW 60 KHz
and channel separatlon of 40 KHz) and post detector time

constent of 100 msecs,

Analysis and Results

The‘detector,outputs were direetly reeorded on a magnetic
tape unit, The data from each channel were then folded over a
twoAperiod stretch, In the case of PSR 1919 + 21, the folded
outputs .of the'16-chaﬁnels were“added_affer eppropriafe shifts
in tiﬁe. 'AVerage»pulse profiles of the even and odd pulses in
the tﬁo period streﬁch were added to get the final average profiles

and are shown in Figure 1,

~ These profiles were used to estimate (1) the average ehergy
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LY PSR 1919421

(a)

AV;eilj’q'g}Ae profil‘e V(,""21,00‘0’PU|,Sve‘sv)>‘

PsR-’osso_;o_g 1

(b)

Ave rage profule (~10000 pulses)

F1gure 1

| per pulse, (2) the amount of interstellar scattering in the pulsar
 direction at 34, 5 MHz , - '
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- The average energy per pulse for PSR 1919 + 21 at 34,5 MHz
was (2550 + 400) 10~297u~21z=" and that for PSR 0950 + 08, was
(480 + 140}10”29Jm'2ﬂz'1. The spectra of these pulsars were
compiled by Bruk et,al, (1978) in the frequency range 16,7 to 1420 Mhz,
The average spectra of these pulsars including oﬁr values are

shown in Fig, 2, In the case of PSR 1919 + 21 the measured energy

10T PSR 1919+21

0L
: -29 ELZ 1
(107°Jm Hz)

1

10+

- | L J
100 10 10° 10%

t (MHz)
Energy per pulse Vs Frequency

Flgure 2(a)
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10T PSR 0950+08

2
10
(10 Im'HZ)

1

0

R ) o N

o1t 17 10 10t
- f (MHz) '

Energy per pulse Vs Frequncy

| —— -Spectrum without mcludlng our values.

, -5----,- —Spectrum mcludlng our vcllues
FigurevZ(b) . o
at 345 MHz fits f‘eaSOnably"well'with the Spectrum given'by Bruk
et.al, (1978) but for PSR’ 0950 + 08 it appears that the pulse |

energy at 61 MHz quoted by V.A, Izvekova et. al, (1979) is an

: underestlmate, poss:.bly due to 1nadequa1:e smooth:.ng of 1nterstellar '

: sc 1ntillatlons .
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The amount df'interstellar scattering was estimated by
finding the best fit f(t) for the average profile using the CHI=
square test, The function f(t) used had the form

fit) = ple) = sltt) = d{t) = £L(t)
where | P (t)

A Gaussian pulse of width

| ~0.25
Wy = Wy ) (355

s(t)

A truncated exponential, with g
as the characteristic time constant,
'repreSenting scattering impulse response

of the interstellar medium,

d ()

Dispersion function as a function of

DM and pre—detection filter band shape,

A (t) = A truncated exponential with a
. characteristic width equal to the

post=detection RC time constant,

3%

Convolution

From this analyéis, we estimate Cs to be 67 + 22m sec, in
}the“caseﬂdf~PSR 1919 + 21, and 9,0 + Z:g m sec in the case of
PSR 0950 + 08. The main sources of error in these estimates,
apart from noise, are the uncertainties in the détermination '

“of d(t) bécausg of the inaccuracies in band shape determination;
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In the case of PSK 0950 + 08, this error is minimal becanse of

the accurate determination of the predetection filter band shape,

| The value of Cs obtained here are much larger than those
expected from the decorrelation band-width ( AY ) measure= 5'
o ments at high }frequencies, if the two rela_tions 2MAYZs =1,
'Suttonv (1971) ,'ana.'zg < 2}74 are assumed. :AS‘diecuSSedr_
by Suttcn,jif the condition of multiple scattering is barely
satisfied, then it will cause AY  to exceed its theoretical
value,rwhile' ts' derived from pulse shapes'averaged over many
scintii‘lation features will be unaffected. Most probably, the
condition of multiple scattering is barely satisfied for near-by
pulsars, Further, the condition of strong scattering is also
vnof qnite,satisfied for nearby pulsars, Therefore the relation
2MAY T, 5[1’is;almost'certainly inappropriate in the case‘of
}Anearby pulsars, If, in‘general, 2TAVCq =HK, then K has -
“the value ~ 17 for PSR 1919 + 21 and:3»70 for PSR 0950 + 08,

Such large values for K, call for further 1nvestigations

}into “the validity of the (Ts—AY) relation for nearby pulsars

~ and generally for low DM pulsars, However, it should be borne

in mind that the estimates of Ts could have large errors if
rthe intrinsiC'pulse Widths at low frequencies are very different

from the-values obtained byvextrapolation'frem high frequencies.

- No 1nterpulse feature 'is obvious in either of the two pulsars.
We plan further observations to 1mprove on- the Signal to noise

vratio,achieved;here.
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LONB-BASELINE INTERFEROMETRY AT B1.5 MHz

- . - e WA " - 5a . - e WA G W . e S . e e .

by F. J. Duffett-Smith, M. J. Spinks, and W. G. Rees.

1. Introduction

The need for long-baseline interferometry at 81.5 MHz arose
as a natural extension to interplanetary‘ scintillation (IPS)
studies at Cambridge. ﬁeasurements with the 3.é6-hectare Array
over a number of years have provided a body of high—quality data
on nearly 2000 individual radio sources (Purvis et al., in
preparation), besides statistical evidence for variations in
average angular size and cﬁmpactness with flux density between 15
and 1.5 Jy (Rees and Duffett-Smith, in preparation; see also the
contribution by Rées et al. in this volume). One of the clearest
results from IPS is that many sources which are compact at high
frequencies are extended at metre wavelengths, with a significant
proportion of their total emission arising in structure »> 2
arcsec (Duffett-Smith, 1980; see also VLBI measurements at 81.5
MHz by Hartas et al., 1983; Laing, 1981; Perley et al., 198@). A
range of resolving powers from arcminutes to less than 1 arcsec
at 81.5 MHz is required to measure such sources éccurately, and
this is available only by interferometry with baselines from a
few hundred metres to mare than lﬂDB‘ km. We have therefore
embafked on a programme of long-baseline interferometry at this
frequency with a view to mapping radio sources brighter than
about 5 Jy.

There are a number of difficulties. First, few if any
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~ antennas :are_'ayailable.yat this frequency within 1008 ka of

.Cahbfiﬁge. whiie‘MERLIN i§ now opérating at 150 MHz, its maximum

“baseline is ﬁresently'liﬁited'to‘about 158 km an&vits minimum to
about 6 km, gléhough.the incorporation of another glement at
‘_Cahbridge,‘wiil vméke significant ;ontributions at‘ both ends.
'Se:and; the B81.5 MHz béndv(or any cher beIow 15& MHz)  is naot
:prqtécted for radid-asironomy excéptwby ;ocal agreement within 30
km - of Cambridge; Third, differential Faraday rofatiqn in the
ionosphere bet;eenv'the two ends of the vinterferometer becomes
serious for baselines greater than about 50 km. Fourth, as in all
VLBI fﬁeasuramehts; the‘local'oscillétdrs.are incoherent except
over relétively‘shart times. Fifth, ‘and most serious, is the
difficulty impdsédA.by the effects o{.celeséiél,pla;mas on  the
phases 6¥:the signals'propagating through them; eﬁﬁecially the
idhusphefe;  the"inferplanetafy_’meqium, and “the. interstellar
nedium. Nevertheléss, it ig possible to make useful ﬁeasurements,
and = we now déécribé the manner ih‘whithiwé havev'attempted to

overcome these difficulties.

- . - - - (i - - -

WE"lhayé cgnyér{ed thé ‘lérgé .fixedb éleﬁentidof the 4C
\inthfErqmeter ‘to"wﬁrk,aé'a fracking aﬁte;na at‘Bl;fFﬁﬁz (ﬁees L'
;'buffegt-smitﬁ, 1984). A linéifeed:of‘256 ha1f-uave dipoles at thg'
-fq;usi of  a,cy{inrical“tr6u§h1Eef1etting screen can _bé phased
"electrically tu‘ﬁfaCk sources north afid?CIinatidﬂ“S degrees for

at least & hours. It has a geometrical collecting area o?nv96B0



mz; sufficiently large. tﬁat- it can be Eumbined with a much

smaller antenna the other end of the baseline to give a wuseful
interferometer sensitivity. We wuse .a portable array of VYagi
~antennas at the remote station which, in principle, we can
position to give any desired baseline. Since only a few hundred
square Ahetrés of ground are~required for a few days at a time,
there 1is not usually much difficulty in finding suitable Qites.
~The bréceiving, fiming“and recording equipmeht for the remote
antenna is housed in a motor caravan which also serves to tow the
antennav trailer between locatipns and to house the ﬁbserver in
reasonable comfort when necessary.
8ignals arg' received in a total bandwidth of 1 MHz,
subdivided into B coﬁtiguous channels of 125 kHz. Simple double-
sideb#nd‘re;eivers are used ha?ihg sine/cosine (quadrature phase)
- outputs which are récofded on standard video casséfte tapes. Two
.recorders ,aré used at eéch terminal to cover the full 6-hbur
tracking period. They are switcﬁed by a mitroprocessof so that a
single observér can operate the interferometer by vhimself
provided that he can drive from one end to the other within a few
haurs. %ubdividing the receiving band into a nﬁmber of smaller
channels ‘helps to overcome the problem of interference. This ‘is"
,usuallyrﬁan-made,‘ narrow band, and very strong. If thé full band
of ;  ﬁHz were to be saﬁpled and recorded with ane-bit
.representationA (as is usual‘fn VLBI) a sfrong :signal anywhere
within vthe' band would obliterate all the data. In the multi-
channel case, the same gignal affects only one of the channeté.

The recorded tapes are played back and correlated using a
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purpose—bﬁilt play-back system. The chSS*correlatinnV{antiﬁn is

measured in fifteen delays in Eosine and sine phases in each

polarisation in -each of the B8 frequency ’cﬁannels. Geometricv
" fringe rate and delay correctinns.are applied so that the data

can be integrated for 1 second befora_fecarding on magnetic tape

for subsequent processing. A full six-hour run takes about 9

hours to process sufficiently that it may be passed to  the

mapping package. We generally correlate each day’'s data within 24

hours of recording.

The large fixed antenna at Cambridge receives signals in one
linear palarisation. For vbaselines largér‘than about S50 knm,
differential Faraday rotation (DFR) in the ionosphere becomes
significant. Observations by Rees & Duffett-Smith (1983) on a
baseline of 13@ km at latitude 519 N indicate that the rms DFR is
about 259 at B1.5 MHz, being more than 459 about 1@ per cent of
the time. DFR is expected to scale roughly as the square of the
wavelength and as the baseline length up to about 180 km. Two
arrays of yagi antennas are used at the remote station, set to
receive in orthogonal linear polarisations, When DFR is expected
to be serious, both polarisations can be recorded at ané;,'though
with a small reduction in overall sensitivity.

The‘interfgraméter is synchronised using low-frequency radio
’traﬁsmissions. MSF Rugby (National Physical Laboratory) onbbﬁ kHz
provides time-coded signals for automatic time transfér to within
a few hundred microseconds. Hence we do not need to keep our
clocks operating continuously to preserve time, but ;an switch on

from ‘cold’ and achieve synchronisation in a few minutes. Fine
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adj@stmeht,fo within 5 micrbéecdnds,ié made usiﬁé‘th§4LbRAN-t:(U§
Coasiguérd)vtransmiséions on 1@0@ kHz.

The local oscillators at_each site are iockedvto rdbidiﬁm
frequency standards (which also supply the reference signals for
the clocks). These unité have a coherence time of abuut‘ 15
minutes at 81.5 MHz, but coherence over tﬁe full six-hour
tracking period might be achieved by locking the standards
themselves to low-frequency ground-wave transmissions., The short-
term stabilities of the rubidium standards are preserved, but
tﬁeir longer-term variations are reduced. This method requires
that both stations are locked to the same LF signal and that
there is no significant differential variation in the propagation
paths from the transmitter to either station. Hence it is
essential to select ground-wave signals only. We use the LORAN-C
‘transmissions for this purpose. Our automatic tracking receivers
provide, as a by-product, a signal proportional to the
accumulated phase error between the LORAN-C ground wave and
rubidium references. We use this to vary the . magnetic field
inside the rubidium cavity, thereby making fine adjustments to
the resonant frequency. Early résults indicate that it is
possible to,maintéin phase coherence by this method to within 999

over & hours on the shorter baselines.

3. Celestial plasmas

(i) The ionosphere

Irregularities of refractive index céuse'phase and intensity
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scintillafions on a length scale of about S5 km and a time 'scéle
af abouf 10 s. These sometimes result in gppreciaﬁle
decorrelation of the interfgrometér signals, but can usually be
ignored whén the ionosphere is in its ‘quiescent’ state. Much
more serious are the phase errors introduced by quasi-periodic
travelling ionospheric disturbances. Rees and Duffett-Smith
(1985) recorded up to 24 radians of differential phase at 81.5
MHz across’ tﬁeir ‘baseline- of 138 km on a time scale of 20
minutes. This is entirely consistent with observations at 151 MHz
by the Cambridge 151-MHz Array, and with other studies of
ionospheric conditions. The phase is expected to scale roughly
with baseline lengfh to about 10@ km. There are several ways-in
which the effects of “such digturbances might be avercome,

a) A point source in the fiel&, resolved in interferometer
delay or accessible by fast nodding, may be used as a reference
to correct the infer{erumeter phase.

b) [f the source under ubéervatiun is bright -enough, it
may be possible to use the frequéncy dependence of the refractive
index - of ‘the -plasma to correct the observed phase. The

“interferometer phase,jzg, ingerted by the plasma is given by

, VoA
. A ot et .
where Z&&ﬁt is ‘the - difference in phase measured across the
‘observing ,baﬁdhidth 13\’ at- frequency V4 . With a 1 per cent
\Tbandwidfh, afsignal/ndise7fatio in excesé.dfvlmﬂ in a few minutes
of 'integfatian shoﬁld ‘bE‘suffitient to correct the phase to

within 989  Note that it would be necessary to search in fringe-
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rate space before carrying out the integration as the geametric
fringe rate would be significantly perturbed.

c) With three or more baselines aperating simultaneously,
the closure phase can be measqred (Rogers et al., 1974)., It is
important, jhowé;er;'kto: be able to me;sure the phase on each
baseline separately, but‘ﬂith one large antenna an& two smaller
portable autstafions the full sensitivity can only be realised oﬁ
two of}the,baselines.' It then becomes necessary to apply some
sort of global fringe-fitting téchnique (Moran et al., 1973) so
that a large enough int;gration pefiod can be applied to the
third baseiine.’ |

d) There.is some evidence to suggest that the presence of
travelling ionospheric disturbances may 1be reflected in
microfluctuations of barometric pressure at ground level.
Monitoring the pressure at each station may at least allow the
detectioﬁ'of fhe waves and might bé used in some circumstances to
correct the  phase variations. ~We are investigating this

‘possibility.

(ii) The interplanetary nedium

Scattéring in the interplanetary medium at 91.5 MHz is &eak
for solar élongations gre;ter fhan 359, The diffraction pattern
£Hen  has a scale size of about 2088 km and c;usés scintillations
on a time scalé of about 1 éecﬁnd. " Rees & Ddffett-Smith (1984)
méésured the efféct'of the scintillations on the in(erferometer
fringe visibility,~ finding negligible effect for | salar

elongations Qreater than 5@°. AtA2ﬁ°, the fringe visibility was
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reduced by 4@ per cent on a baseline of 132 km (see Figure 1).

10- : , - N .‘§°'°g ) %ow‘bo# N

40° 60°  80°
solar elongation ——

L

100°

Figure 1, ‘,The effect'df the interplanetary medium on the

fringe visibility, & .

(iii) The interstellar medium

 The scéttering ‘in the intekstellér medium  is strong at
metre wavelengths and scales as )\ . Measurements at a number of

frequencies- suggest that the scatterihg on lines oaf sight

perpendicular to the galactic plane is about Q.Z'arcsec (see eg(

Reaﬂhead' % Duffett-Smith, 1975; Dennison et al., 1983). This
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becomes significant for basélines more than about 2000 km. Figure
2 shows a map of the average angular size of scintillating "radio
sources measured using IPSAdqring a recent radio survey (Rees &
Duffett-Smith, in preparation). The data are provisionéi; iﬁ
particular the reality of the feature at the bottom right—hand‘
corner of the map has yet to be confirmed. The map does show,
however, that the scattering increases near the galactic plane

and that it is patchy. Note that the intrinsic mean angular size

—

of the sources, EQL' is 0.5 - 0.6 arcsec, so that the scatte?ing

only shows up clearly where it exceeds this amount. I _90 is the

ohserved mean angular size, then the scattering angle is given by

2

6 =

10 8 6 4 2 (0]

<«— RA (hours)

Figure 2. A map of the‘average angular sizes of radio
sources measured by IPS at B1.5 MHz. The dashed

line 6F indicates the galactic.piane;
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4. Concluding remarks

- . o - - - - - we

| AtAthe tiﬁe of writing (May i?éé); obgervétiﬁns-ﬁfVCygndsiﬂ‘
were in prgfgs§ ét Cambridqe using -the twufelement inter{erométer
desﬁribeq abbve;.bneasurements ‘had ‘bgen made at 14 sites. on
haselines vfrgm 250 mbto 23 km. At lea§€ twovobservations were
made at each location 24bhours apart. We‘found_thét the data were
reproducible to»wiﬁhin_é few percent and that the oyeral} effgct;;
qf inte}ferepcév}frqm man-made transmisSinns was élﬁastvralways
nggligiﬁig,‘gven/whén one end of'the interféromefér was stationeﬁ
in'the‘middle of the City-of Cgmbridge its§1f. We ekpéct tu_#dd\ab
éecqnd recording terminal and fﬁrther‘cofreléﬁbrs td  fhe»’pléy—
back'syétemifb give Qs ajthfeé~baselihe capabilify-ﬁy:egriy 1986.
4Meénwhile, .iour rg;ultsQth date, _.taken togethér.‘with the
» pidneeriﬁgv'ef{orts»of_ﬂartas ef al. (1984), cdnfiém”thgt this
sort idf‘ éxperimént'is‘rélﬁtively stfaijhtfdr&ard; providing a

powerful means of[cumplementingvnthér’fou-*réquency techniqdés;
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INDIA'S PLANS FOR GIANT METER-WAVELENGTH RADIOQ TELESCOPE*
D.S. BAGRI **

RADIO ASTRONOMY CENTER, OOTY, INDIA

SUMMARY "

~ India is planning to construct giant meter-wavelength
radio telescope (GMRT). The telescope is designed to work at 38,
150, 327 and 610 MHz and would consist of a number of paraholic cy-
linders distributed over an area of about 25km having a total
effective collecting aréa of approximately 65x103 sq.m. This
report briefly describes the plan for the telescone. Present

design of the telescope is preliminary and needs to be optimized.

I. INTRODUCTION

Large man made interference, labor intensive congtruction’
and ionospheric scintillations have generally discouraged building
large meter wavelength telescopes. In India the problem of man
made interference is less serioﬁs and labor is relative-
ly much cheaper compared to western countries. Further, with
recent develonments in radio astronomical techniques, the nroblem
of ionospheric scintillation can be largely overcome by suitable
design of the telescope and data processing technigues. These
considerations and our experience in working at meter wavelengths
at Radio Astronomy Center, Ooty, have lead us to nropose construc-.
tion, in India, of a high sensitivity, high resolution telescope
operating at meter wavelengths. This would fill a very important

gap in available radio astronomical facilities in the world.

*This report -is based on Giant HMeter-Wavelength Radio Telescope-
A prooosal by G. Swarup, Radio Astronomy Center TIFR, Coty, India
1984, | |
#*%Present Address: NRAO-VLA, P.O. Box 0 Socorro, N.Mex. 87801
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II. OBJECTIVES OF THE TELESCOPE
Major obJectlves of the telescope are:

(1) High resolution (a few arcseconds) studles of galactlc
and extragalactlc radio sources with high dynamic range.

(2) Deep searches for a variety of celestial objects such
as pulsarSL(including millisecond pulsars), proto-galaxies and
proto-ciusters, variable radio sources (both galactic and
extra—galaetic) etc. that requirebsearching over a wide field
of vieWFUSing multi-beam, multi—fiiter receivers.

“(3) EXplbitation of the techniques of inter planetary

scintillations (IPS) and lunar occultation (LC) to obtain
very high angular resolution (fraction of arcsecond) at meter

‘wavelengths.

III..DESIGN»CONSIbERATiONS

‘Effective Collecring Area Required: To achieve a significant

improvement in the available sensitivity for observing weak radio

sources, it is essential that thertotal.effective collecting area

of the telescope-exceeds at least fifty thousand sq. m. It is

alsc necessary that each element of the array has an effective .

- collecting area of about two thousand sq. m. in order to be able
“to. use methods of. closure phase and closure amplitude for mavnlng

the sky with hlgh dynamlc range.»

xelatlve Cost-of Parabollc Dlshes Versus‘Gylindrical Antennas:

For ooerations at meter wavelengths it is relatively easy to

,construct parabollc cyllndrlcal antennas. ‘The cost of cylindrical

antennas 1s-rough1y $110/m2 for a 3Jm wide cylinder and aporox- _
imately linEarlysproportional~to therlength of.the'Cylinder. ‘This
is at least an order of megnitudevlower than the cost of a

parabolic dish of 25m diameter. 'Thus;_even'Withmadditional cost

‘of-electronics*and some sacrifice in terms of system temnerature

etc. for cyllnders, their effective cost is almost an order of

magnltude cheaper compared to dishes.

East»West (Ew) Versus North-South (NE) Orientation of Parabolic.
Cyllnders:- The NS orlentatlon of the cyllndrlcal antennas would
allow hour—angie'(HA) coverage of about 900 and declantlon

(8) coveraoe from roughly (45+A)° to —(45 -A)O, where‘A is Lhe
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latitude of the observing station. For the EW orie,ntat:ion,‘

the coverage would be only about f45° in hour angle and from

4909 to -(90-A)°in declination. Thus, although the NS orien-

tation would have a restricted declination capability, it has

full hour angle coverage which is very important for aperture
synthesis mapping and also helpful in obtaining 1ong_integra-

tion time that would be required for weak radio sources. We

have therefore preferred the NS orientation over the EW orientation.
The Antenna Configuration: Considering_the various objectives
described above, the following antenna configuration is proposed.

For achieving high angular resolution for sources both at
high as well as low declination, the Y shaped configuration of the
array of antennas used for VLA is well suited. It is proposed to
have 13km for each arm of Y which provide good resolution for
studying galactic and extragalactic radio sources.

For the second objective, it is required to have a mini-
mum number of multiple beams covering a wide field of view
which requires uniform element spacing. Turther, the.allow-
able integration time depends upon the size of the array.
Considering these aspects, it has been planned to have a
central square array of 16 elements with spacing between
elements of approximately 300m. »

For exploiting the techniques of lunar occultations and
interplanetary scintillations to achieve subarcsecond resol-
utions at meter wavelengths, which is hard to obtain other-
wise, requires a large collecting area. While the scintill-
ation observations would be possible using both the Y array and
the central square array, only the central array of about lkm
may be used for the occultation observations. This is because
the overall size of:about.lkm woﬁld not degrade appreciably
the achievable resolu;ioh which is ‘determined by tﬁe size of

the array divided by its distance from the occulting object.

IV. ANTENNA SYSTEM
As shown in Figure 1, the proposed GMRT consists of
(a) A 1km x lkm square array (the central array) consisting of

16 steerable parabolic cylindrical antennaé, each of size 92m
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FIG:1 GIANT METRE WAVELENGTH RADIO TELESCOPE (GMRT)
Consisting of 34 parabolic cylinders of size
92m (NS) x 35m (EW) each.

long (NS) x 35m wide (EW) placed about 300m apart,

(b) Fifteen parabolic cylindrical antennas each of size 92m
x 35m, placed along the 3 arms of a.Y, with 5 cylinders in each
arm. Several of the 16 antennas of the central .square array
also lie in the direction of the Y array. Starting from a
distance of about 630m from the center of the sduare'array,
the antennas in each arm of the Y are placed progressively
further apart so that the distance of the nth antenna from the
center is about nl'7 as in the VLA (Napier et al. 1983), and

" (c) Three 92m x 35m NS oriented cylinders are placed near the

“center of the square array for obtaining the low spatial
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J

frequencies necessary for mapping extended regions.

The total.physical'area of the 34 cylindrical antennas

would thus be about 109,000m2 and the total effective area about

65,000m2 (giving 24°/Jy). Brief specifications of the proposed

antenna system and electronics are summarized in.Table 1. The

"length and width of each antenna would be optimized dgring the

detailed design phase, considering the cost of. the structural,

mechanical, electrical and electronics system.

Table 1: Tentative Specifications of GMRT

1. Antenna System : 34 parabolic cylindrical antennas, each

92m(NS) x 35m(EW), piaced as_follbWs:

a) 3 antennas at the corners of a
triangle with sides of 140m.
lengths, )

~b) 16 antennas in a central square with
separation of 300m between adjacent
antennas and ‘ ’

c) 15 antennas in a Y-shaped array with
a length of 13.4km of each arm.

._Totél Effective Area: 65,000m2.

Antenna Sensitivity: 249K/Jy
Steerability : HA 1900 ‘ » ,
' 'DEC  -30° to +55°( 3 dB points)

5. Parameters

Total No. Field of Resolu- ‘RMS Noise

| of dipol- ?sys ~view of each tion of f=4MHZ

Frequency es* , antenna - Y-array

’ . NS x EW , _ T=10hours

(MHz) . oK (arcmin?) (arcsec) (mJy)

38 1300 12,000  265x939 75 4.9

152 6000 .. 400 65x235 18 0.13

326 12000 ' 120 31x108 8 0.04

610 24000 .90 - 17x58 SRR 0.03

43500 .

7.

* total for both polarization
6. Bandwidth (Computer '

Selectable) ;1, 4, 12 MHz

Digital Correlator : Minimum 4096 channels, preferably 8192 or

larger.

All the 34 parabolic cylindrical antennas will be mounted with

their long axes in the horizontal direc¢tion. The tracking of a
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radio source would therefore require simultaneous east-west mech-
anical rotation of the 34 NS antennas, and approprlate beam steer-
ing in the NS direction by phasing of the dipole arrays along the
focal lines.’ The‘enﬁire tracking operation would be computer-
controlled. .
Frequency of Operation: The radio telescope would operate at the
four frequency bands which are protected 1nte*nat10nally for radio
_astronomy observations in the metre-wavelength region, namely, 37.75-
38.25, 150-153, 322 -328.6 and 608-614 MHz.

As shown in Figure 2, electrically-steerable dlpole—arravs
for reception at the four different frequencies will be placed
along the four faces of a square-shaped steel'trusseé running along
the focal line of the parabolic cylinders. The desired frequency
of observation will‘be selected by appropriate rotation of the steel
trusses using electrical motors. By rotating the trusées differ-
rently on different sets of antennas one could even make observations
at 2 or more frequenciés'simu]tanebhsly if necessary. One could
for instance use the central square array énd the Y array for two
independent scientific programmes at different frequencies simul-
“taneously. ' ., o
Dual Polarization: The feflecting surface of fhe parabolic qylihdérs
is proposed to be formed by a square mesh of 2cm'x 2cm size, made
of stainless steel (s.S. ) wires of 0.38 or O. 44mm diameter. The
cross wires of the mesh would be electrlcally welded at each
joint;_ The mesh surface is to be tensioned using long north-
south S.S. wires of about 3 or 4mm d1ameter placed every one metre
apart. The crossed mesh would allow polarlzatlon measuremants by
plac1ng orthogonal dipoles along the focal line of _the cylindri-
cal antennas conneeted to two independent receiver systems. The.
dipoles would be placed at 450 to the NS axis of each cylinder.
This‘shohld 1eadrt6 a highly symmetric placement of the dipoles
with respect to the cyliﬁdricalvantenna, and would therefore
minimize cross-polarization of the waves received by the
orthogonal dipoles.

For ease of servicing the dipole array, it is proposed to

make the parabolic cylindrical antenna semi-asymmetric (Fig.3);'
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Fig. 2 (a) Placement of the dipole arrays at 38, 150, 327 and
‘ 610 MHz along the four faces of the rotatable square

truss placed near the focal line of the cylindrical
antenna. ' o
(b) At each frequency orthogonal dipoles are placed +45°
in This

to the long axis of the parabolic cylincers;
figure are shown the dipoles for 150 Miz, each backed

~up by a reflectour,
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'so that the height of the focal line from the ground is only
about 1lm when the antennas are driven to eastern or western
horizons. One could then easily reach the focal line usingba
"cherry picker" type of mobile vehicle.
V. ELECTRONICS SYSTEM

The proposed electronics of the telescope is conventional.
The system would consist mainly of: o

(1) Phased dipole arrays including a low noise amplifier, a
variable phase shifter and atteénuator after each dipmle: A total
of about 44,000 dipoles arc required for operation at the four
frequency bands. Output from each dipole would be connected to
an RF unit consisting of a low noise RV amplifier, a digitally
controlled phase shifter and a variable attenuator. The phase
shifters may be placed in the local oscillator path rather than
RF path, if a mixer and an IF amplifier are placed after each
dipole but would depend on the cost and relative advantages.

(2) Rapid check out system for the phased dinole arrav:
In view of the large ﬁumber of dipoles, RF amplifiers, phase
shifters, attenuators and mixers required for SHMRT, it would be
essential to develop and install a suitable check out system
for measurement, adjustment and fault finding. A scheme as
shown in Fig. 4 and described below is proposed for this purpose.
Near the center of each of the parabolic cylindrical antennas
four oscillators, operating at center of the four operating bands,
are nlaced which excite probes suitably placed near the center
line of the surface of the parabolic cylinder. Signals vpicked u» by
each dipole can be comnared with a suitable reference and thus
amplitude and phase of each dipole can be adjusted under computer
‘control.

(3) Multi Frequency Phase Stable l.ocal Oscillator and IF
system:Output from 12 or 16 dipoles would be suitably combined and
given to a mixer gnq IF amplifier before combining signals from all

dipoles of a cylinder. Combination of fiber optics and co-axial

cables are planned for distribution of local oscillator signals
and bringing IF signals from all antennas to a central place for

correlating. It is planned to use round trip phase measuring
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Fig.4 A schematic diagram showing that a test signal is
radiated by a standard Probe, received by one
dipole at a time through the RF amplifier, phase
shifter and attenuator, and then its amplitude and
phase measured by a vector volt meter, :

technique for stabilizing local oscillator and IF.

"(4) Correlator System: Signals received from the 34 antennas
would be correlated in suitable analog and digital correlators.

(5) Control and Monitb\: System: 4 mizro-comnuter at each

antenna with a central on-line computer to control and monitor
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the entire array and receiver'system including data acquisition and

calibration of the array is being planned.

VI. SITE SELECTION
The occurance qf spreadg-TI irragularitiés in the equatorial
ionosphere gives rise to considerable ionospheric scintillations
at sites close to the magnetic equator. .Observations with the
Ooty telescope (327 MiHz) show that the rms value of the gcintill—
ation index > 0.l for about 3 hours a day. Zven in the absence
of noticeable ionospheric scintillation a phase variation of &~ 5°
to 10° rms are observed across 4 km baseline of the Ooty synthesis
radio telescope. Although self calibration techniques using clos-
ure amplitude and closure phase should be able to correct for this,
it would still be desirable to locate GMRT at a site appreciably
farther away from the magnetic equator. On the other hand, it
would be desirable to locate GMRT as far south {(in Indiza) as
possible for ensuring good coverage of the southern sky (especially
galactic center region around §~-300).
Considering (i) ionospheric scintillation and {ii) coverage
of southern sky as well as (a) low interference (away from indus-
trial complexes, protection by low lying hills etc.) (b) logistics
of construction and running the array and- {c) possible future
expansion, two potential sites have been located:
(i) A site about i00km north of Bangalore = Lat<~13.5N
(geomagnetic Lat~69)

(ii) A site about 250km south of Bombay -Latav170N
(geomagnetic latitude~’109)

Various tests about ionospheric scintillation etc. are being

carried out to choose a site.

VII. COST ESTIMATE AND TIME SCHEDULE

The cost of GHMRT is estimated to be equivalent of U.S.
$2) million with a fofeign exchange content of about ten perceﬁt.
The cost of the telescope is roughly half in structural, mechan-~
ical and civil, 6ne third in electronics and the balance in

miscellaneous. It is proposed to construct GMRT over a scven
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year period from 1985-92 with maior design optimization for the
antenna system-during mid 1335 to mid 1985 and for the electronics
during 1935-87. ’

REFERENCES | |
Napier, P.J., Thompson, A.R., and Ekers, R.D. (1983), Proc.
I.E.E.E., 71, 1295 | ‘
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Self-Calibration at Meter Wavelengths

FREDERIC R. SCHWAB

National Radio Astronomy Observatory,?) Charlottesvﬂle, Virginia 22901

In ordinary self-calibration one assumes that the observed visibility V on the -3
baseline at time ¢ is related to the true radio source visibility V according to

(1) ¥ (usi (6), vis (8), wij () = 0:(8); (A)V (ui5(2), vis (£), wi5(8)) + exror.

Here, the spatial frequency coordinates (u,v,w) along the baseline track have been
parametrized by time, and the bar denotes complex conjugate. gj, the so-called an-
tenna/i.f. gain for antenna k of the array, is complex-valued; it can also be written as
gk(t) = ak(t)e¥* () with ay real. ¥y = arg gj, is called the antenna/i.f. phase. System-
atic amplitude errors are lumped together in the ax, and phase errors due to unstable
clocks, troposphere, ionosphere, etc., are lumped together in the 9.

Now, the basic idea of self-calibration is that given a source model whose visibility
function is V¥, one can solve for the unknown g, say, by least-squares—minimize the
quantity

~ 2
(2) , s@= Y |Fu-egVi
1<i<j<n

Here, n denotes the number of antennas comprising the array, and f",-,- = V(u;j, Vi, Wij).
Also, the time-dependence has been omitted—in practice one assumes that the g; are
constant over short intervals of time, and the least-squares estimation procedure is
applied separately to the data from each of a number of appropriately chosen time
segments. What remains is to correct the data, make a map, and deconvolve the ideal
point source response, in order to obtain an improved source model and its visibility
function VM and then iterate the entire process. This is all nicely described in a
recent review article by Pearson and Readhead [3]. An essential point is that—once
the source model has been specified—these least-squares problems often are nicely
overdetermined: with an n element array there are only n unknown gi, but (n? —n)/2
observations have been recorded during each integration period.

In the meter wavelength regime the ionospheric phase corruption is very severe.
Because of this, and because interferometers operating in this regime respond to radio
emission over a fairly large region of the sky, the model given by Eq. 1 is inadequate.
To remedy this situation, let’s forget the amplitude errors and consider only the .
- We need to assume that they are functions of position on the sky (specified by direction
cosines (z,y,z = /1 — 22 —y% — 1)), as well as of time—i.e., functions ¥(z,y,t).
Let’s divide the “field-of-view” of each antenna (we’ll assume that each antenna has the
same ﬁeld-of-view) into some (hopefully small) number m of pieces, whose centroids

2)The National Radio Astronomy Observatory (NRAO) is operated by Associated Umversxtles, Inc.,
under contract with the National Science Foundation.
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we’ll denote by (zz,yz) l =1,...,m. Over any sufficiently small patch, termed an
1soplanatic patch, 1y is essentla.lly constant as a function of (z,y).

’ Having carved the field-of-view up into patches, if we know, for antenna k, and for
each [, the phase corruption ¢x; that is suffered by a plane wavefront impinging from
the direction (zi,y;), then we can approximate v, anywhere within the field-of-view
by forming an approprlately weighted sum of the ¢i;. So write (ignoring the time
dependence)

 Y(z,y) ~ Pilz,y) = sz(z,y ¢kz

=1

- If there are suﬁ’imently many well-posmoned patches, then t can be well approx1mated
by an expression of this form.!
Very frequently in self-calibration, the model visibility V¥ corresponds to a set of

- N CLEAN components (point sources) of flux p, located at positions (lq,mq,nq), ie.,

Vi(u,v,w) = ZN pqe?™i(vlatvmatung) g0 assuming this to be the case—we can,
" in analogy to Eq 2 solve for the nm unknowns ¢y; by mmlmlzmg the expression

)

N ’ : |
S(¢) Z : f/;] N Zpqe\/—;T(zw(ue,-l.‘,+,,..'jmq+w.-,-vn,,)+2;"=lw, (lgymq) ($it—¢31))
T 1<;<g<ﬁ .§=1 , :

2

: Obv1ous1y, for all of the: @11 to be well-determined, there must be modeled emission in
- each of the m patches. ‘
~ The big problem is that there are m times more unknowns to solve for than in
ordinary. self—ca.hbra.tlon So clearly it is desirable to have a large number of antennas,

_ observations that are of high signal-to-noise ratio, and a good initial model of the radio
emission over the entire field-of-view. Fortunately for the proposed 75MHz array,
reasonable models ought to be. a.va.lla.ble from 327MHz VLA observations. The big

o remalnmg questions are:

i) How do we hold this larger number, nm, of degrees of freedom in check?
and (11) How can we make use of the space-variant antenna/i.f. phases in inversion
' ' (ma,ppmg/deconvolutlon)? (The visibility data cannot be corrected prior to

‘mapping; the data correction must be a.pplled somehow, 1ns1de of the map- :
pmg / restoratlon process.) :

" IThe specific functiohal form of the interpolation weights w;(z,y) is not important in the context
_of this discussion. One might choose simply'to make :/;k piecewise constant, in which case w;(z,y) A
- would be defined to be 1-everywhere within the Ith patch, and 0 elsewhere. Another possibility is to
incorporate a scattered data interpolation formula which is due to Shepard [2]. One form of Shepard’s
formula leads to the im"erse-dista.nce weighting (analogous to a 1/r gravitational law)

DY ¢kl/\/(z —z1)? + (y — wi)? .
Z,_ 1/4/(z - zl)z +(y—w)?

'ﬁk (z,9) =

‘These tﬁk resemble thin elastic membranes elevated by pomt supports of a,ltltude ¢ch at the interpo-
lation points (zi, y1).
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The answer to question (ii) is easy: One can combine mapping and CLEANing
in a mosaicing algorithm d la the AIPS program MX (MX is an implementation of
the so-called “battery-powered” CLEAN algorithm). The patches must be CLEANed
in parallel, because sidelobes from a source in any one patch fall into each of the other
patches. MX occasionally recomputes the residual map over each mosaic patch by re-
gridding the difference between the data and the model. At this step in the algorithm,
one would s1mply a.pply spax:e-va.rlant phase correctlons when computing the residual

- visibilities. :

~ In regard to questlon (1) there are a number of ways to control the large number
of degrees of freedom. First of all, one may incorporate an assumption of spatial
correlation of the antenna phases. This is reasonable to do because closely spaced
antennas see a given patch of the sky through nearly the same tropospheric/ionospheric
path. A straightforward way to appropriately constrain the least-squares solutions is
by use of a penalty function added to S (Eq. 3). For example, one might add the term

A Z ¢1l ¢Jl

1<l<m

where r;; is given by some monotone increasing function of the separation (or the
prOJected separation) of antennas ¢ and j. A would be chosen so as to achieve a

reasonable balance between the influence of the x? error term and the penalty. This
. technique could be applied, as well, in ordinary self-calibration—it would be useful,
e.g., for VLA observations done in the compact C- and D-array configurations.

 Secondly, one may incorporate an assumption of temporal correlation of the an- -
tenna phases. This assumption, in fact, is usually incorporated in ordinary self-
calibration, through use of a data window (a time-window). A different approach
is to incorporate another penalty function. Assuming that the data are processed se-
~ quentially in time, one might assume a Gaussian prior distribution for ¢, of mean py;
equal to some running mean of the solutions for earlier times. E.g., one might add the
term (6 ) g A

' kl — Kkl
vy Gzl
1<k<n
“1<0<m
A further refinement—in the same vein—would be to further constrain the ¢y
to be in accord with higher-order statistics of the ionospheric phase variations, ac-
cumulated over time. Armstrong and Sramek [1],[5], for example, characterize the
tropospheric phase scintillations at centimeter wavelengths by means of a structure -
function which, at 5 and 22 GHz, they find is well-modeled by a power law. One might
_ constrain the solutions so that the mean square variation of each computed antenna
phase surface is in accord with some estimate of such a structure function.
In ordinary (phase-only) self-calibration, at each instant there are n — 1 unknown

antenna phases and n(n — 1)/2 observations; hence, it can be said that the solutions
are overdetermined by the factor ¢ = n/2. In the present case—ignoring the penalty

. . . : -1 . s
constraints—this ratio-becomes ¢ = 2—'('5::”—_1%, and so, for an overdetermined solution,
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~ one must have m, the number of patches, satisfy m < r(n) = &'2-2 + % Two interesting
~ cases are r(27) = 13 and r(50) = 2412. Based on 327 MHz VLA observations, Perley
and Erickson have estimated, I believe, that one might typically be dealing with ~ 36
isoplanatic patches over a 1° field at 75 MHz—so clearly we may have a few extra
degrees of freedom to hold under control. ‘

To date, no attempt has been made at a practical implementation of the scheme
presented here. One would probably want to combine all of this into a single computer
program, or into a set of tightly-coupled programs, because the handling of space-
variant effects within the steps of the procedure would have to be highly intertwined.
A saving grace is that the map sizes required for the proposed 75 MHz array may
be fairly small, so that the computing effort would be less heavily directed toward
large images (than is customary for VLA data), and more heavily directed to intensive
computing on relatively small chunks of visibility data.

My work is also described in [4], where additional details can be found.
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 MAXIMUM ENTROPY METHOD FOR LOW FREGUENCY MAPPING

'R K. Shevgaonkar
Indlan Institute of Astrophysics, Bangalore 560034 INDIA

Astronomy Program, Un1vers1ty of Maryland College Park
Md 20742, U.S.A,

ABSTRACT

An application of the Maximum Entropy Method to closure
data is described here, It is shown by simulated examples that
although the principle of the method is to:obtain'a'brightness
distribution which has highest entropy, fhe closure phases play
a prominent role in giving the correct reconetruction espeéially
when the sources are complex and the measnrement errofs‘are
large, The method gives a faithfull reconstruction even upto
phase errors of % 1500° It appears that the method oould be an
alternative to the routinely used 'self celibra;ion'btechnique
for improving radio images obtained from phasekunetable |

interferometers,

The method is further extended for low frequency imaging
where the fleld of view is not 1sopldnatlc. In this case the

sum of v131bllity phases around a close loop of interferometere

is not free from the systematic measufement‘errors. However,
if we assume that the whole anisoplanatic sky can be divided into
number of small isoplanatic patches and that there is-only a

small coupling'among the different petohes,‘it'is pOSSible
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- to obtain approximate clbsﬁre,relations for visibilities_
corresponding to the small patches, The uncertainty in the
closure phases can be tfeated'as a noise in the observation,
It is suggested that the effect of the closure phase uncer-
tainty can be compensated to some extent by making use of
the relative entropy where one can bias the reconstruction

by an a priori known distribution,

1. Introduction

In the past few yegrs*considerable progressghas:been ﬁade
in the direction of improving thevimages obtained froo unstable
interferometers (CornWelljand Wilkinson 1981, Readhead and
Wiikinson‘1978,‘Readhead et.ai. 1980). The success of |
. these image improving technique lies in the use of so called
'closure'! phase Which brovides an indirect information about}
the true visibility phases.: The‘method which uses the closure
phase information for reiining the measured phase errors is
called the 'self callbration' technlque and the reconstructed
maps are known as 'hybrld,maps' (Baldwin and Warner 1976).
 The self calibration method\is.a combinationyof the image
deconvolution method CLEAN (Hogbom 1974) and the closure
pﬁases. vThe‘method stafts':With a model distributioh which
is usually a CLEANed 'vervs"'j:.‘on ‘of the initial dmy map. The
method is quite sensitive?to the choice of model'distribution
and at many occasions it hasfbeen”observed that due to improper

: stafting model the method gives a bad reconstruction. For
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the brightneSS’distributions}which are composed of point like‘
- sources the guess of model distribution could be Pelativelyb "
veasy but forefhe extended distributions, especially when the
errors are iafge,'it‘is not‘always possible tO‘pfedictmthe«
correct starting model, Furthef, due tovreﬁetitive uSe of
the CLEAN the method becomés quite expensive in computer time
 for large fields of view (Cornwell and Evans  1984),

| " The Maximum Entfopy'Method has shown a new promise in
‘the field of astronomical image reconstruction, In radio
astronomy the method'has so far been used as an image decon-
volution.iéchnique, However, in other fields like crystal-
‘lography, the.metho& has been applied to the phase refinement
pfoblem (Narayan and Nityananda 19813 1982)y In crystallography
" problems where'the'sourcesbare well isolated point like sources
(atoms) the maximization of the entfopy alone can providé
reasohably good.reconsfrﬁction. However, in radio astronomy
‘where‘the presence of extended sources is_common, only maximi-
zation of the entropyvdoes not give good image reQOnstruction
if the measurement errors are 1arge; The reliabilify of the
‘recbnétruction can berinéreased by providing an additional
’ithrmétién about the’visibility phases through the closure
-relations.' We discuss here an_applicatiOn of MEM combined with
the closure phases-to the phase réfinement problém in radio 
.astfonomy.- Strictlj speaking, in low frequency imaging thé
'éSSumptionvthat’theAsky iS iéoplanatiq ovér the_field of view isv
not satisfied, However,‘just to initiate the problem, in the

first‘part'of the paper we have assumed that the sky is isdpla-
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natic over the entire field of view, The method is;then extendéd
to accommodate the anisoplénatic nature of the sky at low

frequencies,

2., Closure Relations

For strong sources which have a high signal~to-noise
radio the phase errors could be mainly introduced by the changes
in the path lengths due to variable atmosphere and the
temperature sensitive electronics, and the positional accuracy
of the interferometer elements. The concept of closure phase
- which is ffee from éll these errors was first introduced by
Jennison in 1958, The statement of the closure phase is,
'the sum.of visibility phases around a close loop of interfero-
meters is free from all systematic measurement errors', | For
a system of N elements i.eiffN(N-1)/2 visibilities, the total
number of lbops and therefofe thektotal number of the closure
phases is
However, it should be noted that all the fﬂc *closufe‘phases
are not independent, For an N element interfefometef;systemb
there could be.maximum N errors associated With the N(N—1)/2
visibilitiés. Further, since the phése measurement is always
relativé, any one of the interferometer elements éan be taken

as a reference element giving the maximum number of phase errors

of only (N-1), This gives the error-free quantities or the
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indépendent closure phases~atmostfiN(N-1)/2 - (N-ﬁ)}_ = (N=1)(N=2)/2.
The number of yisibility phases is always greater than the total
closure relations and therefore there are infinite distributions
which satisfy the closure relationg. To obtain a unique solution
we need to have more information about the distriﬁution al ong
with the closure phases, In self calibration the additioﬁal
information about the source is provided in the form of- a
- model distribution, In the Maximum Entropy Method, among the
infinite solutions given by the closure relations, we propose
to accept that solution which maximizes the entropy of the
observed brightness distribution, In this method the closure
conditions aré the essential conditions, whereas the maximiza-

tion of the entropy is a desirable condition,

3. MEM for Closure Data

The observed brightness distribution, B(x,y) in the sky

is related to the complex spatial visibility function,

mn
(=] Ppy €XPCt &, ) through a Fourier transform relationship
i.e, | .
, izv‘(vnnc+143)
m TN | m,n E M;N
where,

-ier Cfnx-l-nz)

F»,;n = ” i ™d) € | dax dy )

where x,y are the sky coordinates and m,n are the spatial
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coordinates on the earth, Bhue(x) ¥) is the true brightness
distribution in the sky,

The entropy of the brigh'tness distribution could be
defined in the most general form as (Nityananda and Narayan 1982)

£ = .(,( {{3(1,%}} doccfy (4)

where 'f' can be one of the conventional entropy functions,
ln B, -B 1n B (Gull and Daniell 1978, Gull and Skilling 1984’)
or other functions like B1/2, 33/2 ete,

Since the brightness distribution is real the visibility

function ﬂn'ﬂ is hermitian i,e,, ﬁmn = [0 (* represent

-m -7
the complex conjugate), With this modification egqn, (2) can
be rewritten as

B eizﬂ‘(many)

Blx,y) = fy tZZI0lE

C_id  _iam
+ T L) b | € Fmm g T CTITHO)
m

To maximize the entropy with respect to the unknown phases

o€ i
/ag_‘%ould be equal to zero giving,

g?%, . 2 /Om“—“ d’mﬁl Sim (o("m'n— dn) =0 (6)
mn |

where, i dmn‘ eL :-:ff f/{BC‘X-)y')} 82277’(7’717—1'}71?0')‘)( O’j ) _(7)

and f'(B) is the derivative of f(B) with respect to B, Equatio

(6) is similar to the one obtained by Narayan et,al. (1984)..
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Considering the cyclic nature of the phase, it is clear that
eqn, (6) has multiple maxima and depending upon the

- starting condition the solution may converge to the nearest
maximum, The positivity’of‘the map can certainly be utilized
to restrict the choice of the solutions, Obviously, beside
the positivity if we have more a priori information about the
brightness disf?ibution the chances of obtainihg the cofrectb
/solution gb on increasing. One of the indirect ways which
provides an additional information about the brighthess
distribution is the closure phase, The choice of solution
becomes much more restricted when along with the positivity.

of the map the visibility phases have to satisfy the closure

relations,

Since, eqn, (6) gives gradient of the entropy
with respect to the unknown phases through one Fourier transfofm;
it is relétively straightforward to maximize the entropy
by any of the "iterative gradient techniques, Starting from'fhe
observed distribution the visibility phases are shifted in the
direction of the gradient subject to the observational constraints
until the entropy is reached to the maximum, If the closure
phases were not there, the obvious choice would be to shift the
unknown phases in the direction of the gradient defined by eqgn, (6).
However, in the presence of the closure relations all the‘phases
cannot be shifted along the,gradiept. Sinces the closure relations
muét,be satisfied at every stage of iteration, the changes in the

visibility phases should be in such a way that the sum of the
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changes arou_nda close Loop of inter‘ferometers is equal to

zero, Mathematically this can be written as }

e ——————

A aogp =0 @

~ where, Azis apxq (bp < q) rectangular matrix which defines

the closure i‘eiations and contains elements O or ':’l;_A_g is

a 'véc'tor of q elements denoting the changes in the q uhknown
visibility phases. Since, p< q i,e,, number of ciosur‘e i‘elations
is less than the number of unknowns, eqn, (8) ‘represents a
surface in a q-dimensional space, Any vector _{52 lying in
‘this surface satisfies the closure conditions. However, for
maximization of entropy we take that vector which is clos'e'st

to the entropy gradient vector or in other words we compute a
vector _Aﬁ on the closure surface which has smallest distance
to the gradient vector, The scalar distance between the gradie‘nt

vector and a vector Agﬁ is

5 =y - 28|={Z (B-28f | o
“‘ =1 |

Since, the q unknowns are coupled through only p closure equations,
any (qQ-=p) unknowns can be chosen independently, For S to be |

minimum with respect to the (g-p) independent_variables

88

= 0 »y y=4,2, - (9-p). (10)
aA%, ¢ P _
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These (q-p) equations along with the p closure relations form
a set of simultaneous algebraic equations which can be solved

uniquely to give ,5395 .

4, Computational Simulations and Results

A simple gradient method is implemented for the'naximization'
of the entropy., A flow diagram Of‘the'algorithm is given in
Figure 1, First, a suitable entropy function is'chosen in’
the form of £ directly (e.,g. for entropy function ln B,

f' = 1/B). The observed map is lifted by,a suitable constant

to make it positive definite at every point, Taking fv of the
lifted distribution the gradient of the entropy is computed by

a fast Fourier transform—(FFT) of the f!', Combining the gradient
with the closure relations the direction of the pPhase shift is

‘ computed, The unknown visibility phases are rotated by the
computed phase changes, New refined distribution isfobtained by
'Fourier transforming the modified visibilities, The method: _

‘iterates until the convergence is reached

' The method'has been sucoessfully»tried on arbitrary
simulated distributions‘ One of the examples is shown in Figure 20
From the variety of Simulated examples the main features of
the method can be summarized as follows, (For detail discussion
,see'Shevgaonkar, 1985) ‘
(i) The method gives faithfull reconstruction for phase

errors upto *150°
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A flow diagram of the algorithm,
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(ii) For small phase errors the maximization of the entropy
alone can provide reasonably good reconstruction whereas, for large
phase errors if the distribution is complex,*thé use of the

closure relation is rather essential,

(iii) Even for large phase errors if the distribution con-
'sists of well isolated point sources, it is'possible to obtain

a’good phase refinement without the closure relations,

(iv) The gradient method works satisfactorily and cbnvergence
is reached in 20-40 iterations which in other words gives a_

computational time of 40-80 FFT's,

(v) The method could be used as an alternati ve to the

routinely used self calibration method,

5. Relaxing the Condition of Isoplanatism

The success of the phase refinément technique to some
-extentblies in the closure phases which restricts the choice
of distributions given by maximization of the entropy, Hdwever,
at low frequency it is not possible’to obtain the closure
phéses which are free from all theFSYStematic measurement
errérs.  Due tobdifferent ionoépheric conditions in different
" directions of the sky the radio signals arriving from different
pafts_of fhe sky are subject to different phase errors, JSince
the measurement error is a function of the sky coordinates it
éan'be seen eésily fhat it is not possible to absorb this error

in the‘antenna_phase and therefore it is not possible to obtain
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the closure phase which is an error-free quantity, The problemv
‘of finding closure phase seems to‘be impossible in the most general
case of the low frequency mapping, Howgver, if we make a |
simplifying assumption (as made by Schwab 1983) that the anie
soplanatic field of view can be divided into number of small
isoplanatic patches the observed visibility function can be
written as |

£ 95£ |
/an» L (11)
. L=Tota1 isoplanatic patches

T~4r

o =

£
z
where /;rn, and Qan’ are amplitude and phase respectively

£

it

of the Fourier transform of the brightness distribution in

the L™ patch of the sky. (It should be noted that the
different patcheslneed not be identical and they could be

of any arbitrary size and shape), With this assumption we see
that although /anb cannot give the closure relations, the
visibility phase ?%iﬂl corresponding to the individual

patches do satisfy the closure relations as

A -t 9%1' | (12)

_——

The visibility phases -§@hmﬂﬁ of the individual isoplanatic
patches although satisfy the closure relations, cannot be
measured eipliéitly. If we take the Fourier transform of

the observed brightness distribution in the lﬁh‘patch*assuming

that the remaining sky is empty, we obtain a visibility
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function for‘that;patch_whiehiin‘géneral is not equal to the
true visibility function i,e.,

i EEPRIEER ,l )
/D, ‘ 8L¢mn »e l¢mn f | (13)

mmn = fznrlé?* + €mn

'Thekcomplex error-term Enn is»meinly due to two effects
(1) Finite size of the isoplanatic patch‘which‘introduces
"a sudden discontinuity in the'disfributidn (ii) interference
from the other}patches in the sky. Obviously, the magnitude
of the error, e,n,;depends upon:how far away the boundary of
“the patch is from the distribution w1th1n 1t and also upon how
" bad. the interfering 81delobes of the synthe51zed beam are, If :
- we make one more simplifylng assumption that the different
 patches have low coupling among themselves, the magnitude of
:the error term ean'will be small compared to the true

visibility and the eqn, (13) can be approximated to

L "g‘v"f | ,e | LTA ¢m
£ % _ ﬁ,m)eﬁ25 | (1%)

If we replace S#? by 95'6 in the closure egn, (12) we

get | T Z.

(15)

=¢+.

The second term in the eqn, (15) can be treated as an

3YTOY

uncertainty in the closure phase due to dbservetiohal noise,
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It is shown in the prev10us sectlon that for simple
distributions and for moderate phase errors the quality of
the reconstruction is mainly due to the maximization of the
entropy alone and the closure phases play a relatively less
important‘role. _Therefore, in‘theSe‘type of situations at
least the method should be,able;to give a reasonable low
frequenc& imége reconstruction.. For large errors and for
cemplex distributions where the reconstruction is mainly
goierned bf the closure relafionsvfhe reliability_of the

 method can be increased by the use of relative entropy

ret "—fJ B j”‘ (B/50> dx'df (16)

where one can bias the reconstruction with a . prior knowledge

about the distr;butlon,
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EVENING DISCUSSION OF THE 75-MHz VLA PROPOSAL

. An evening discussion on November 16 and the final
discussion focused upon the 75-MHz VLA proposal. The original
proposal envisioned free—-standing 75 MHz antermas and a
narrow—barnd correlator system separate from that of the present
VLA. A spare charmel of the VLA waveguide would be used to

transmit the data from the antennas to the control

building. The ratiornale was that the major cost of any
reter-wavelength system with the aperture of the VLA is
in the signal transmission system. This system already exists
at the VLA site. On the other hand, meter—-wavelerngth
observations are often destroyed by ionospheric scintillation
arid by terrestrial interference. The scheduling flexibjlity of
a system independent from the present VLA is essential. As
originally proposedy the 75-MHz ‘would operate completely
independently of the 25 wmeter dishes. However, from our
discussions it became clear that the furnds reqguired +to build
this system (abocut $1,000,000) could not be obtained in the
near future. Also, there are some questions about how diffi-
cult it will prove to be to correct for ionospheric image
distortioms using self—-calibration techmniques.

It was concluded that before pursuing the original proposal
for an indeperndent 75-MHz system, we should instrument the 25
meter dishes for 75 MHz and use the existing correlator. This
carn be accomplished at very low cost (about $i100,000) and it
will provide a viable system at this frequency. It will have
comparable caollecting area and capabilities to the
free—-standing system. It will allow us to carry out inter—
esting sciernce at this frequency and to prove that the reces-—
sary ioncspheric corrections can be made.

On the other hand, it is extremely inefficient to tie up
the expensive 25 meter dishes and 50 MHz bandwidth correlators
for 75 MHz observatiorns. The dishes are only six wavelengths
in diameter and provide no more cocllecting area tham a simple
array of dipoles. The observing bandwidth near 75 MHz will be
limited by terrestrial interference to 1-2 MHz., The deletion
and re—cbservation of data destroyed by ionospheric distur-—
bances will represent a painful waste of VLA time. Therefore,
it was concluded that we should implement the original proposal
for an independent system as scon as it is financially fea-
sible.
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LOW FREGQUENCY OBSERVATIONS OF SUFERNOVA REMNANTS

M.d. Mahmney
Clark Lake Radio OUbservatory

University of Maryland
College Fark, MD 20742

INTRODUCT ION

The Clark Laké Radio Observatory’s TPT synthesis radio.teles&ope
(Ericksaﬁ, Mahoney and‘Erb 1982) is ideally suiied for mapping old
éupernova remngﬁts‘(SNRs);'Becauée of their large angular size, mostk
of theée Dbjects have'mnly been happed using single dish observaticn%
at centimeter waveléngthau The TET telescope operating at decametric
waveléngths has a comparable resolution to man? of these single dish
measurements and thus provides avvery convenient meané to look for
spectrai index variations over differents parts of the remnants.

In addition it provideé the only ﬁeans for observing SMRs at long
wavelengths with sufficient resqlution to‘say something about their

structure.

Many old SNRs have now béen mapped, of’ara being mapped, using
the TPT telescope. This papér will present a combination of
prelimiﬁary and final results for four of these objects which have
been observed in collaboration with either Bill Erickson or Namir

Kassim. Table I summarizes some of their physcical parameters.
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Table 1. Some characteristics of the observed SNRs .

SR 1 b Diétance(ﬁpc)i Radius(pc) Spectral Index

1CA4% 190 5.0 2.3 ‘13,] *0;36 

ME21 89 5.0 1.0 - 1&,5“ ~0. 40

VR042.05.01 166 4.5 5.5  25.0  -0.40  wing
o #0. 00 shell

Wso 40 -2.0 3.0 0 25.0  -0.42  SNR

—=0.60 55433 .
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Before dlSCHSSIHQ each of the remnants 1nd1v1dua11y. it is
"aﬁpfoprlate to make a few generdl comments. ‘The most important is that
bthe 1ow frequenéy haps look v1rfua11y 1dent1cal to the maps observed
as much as twm decades hlgher in frequency at comparable angul ar -
resolutlon. This 1mp11es,.contrary to many phev;pus reports, that
the specfral indesx dnes not. vary within these SNRs. as would be

the case 1f there were locall ed electron accelerat1on. Presuﬁabiy
_the SNRs atéfpppulgted by’électruns with a differéntial energy
spectrum éhéfacterizgd by>én‘unique spéctral'ihdek, In éddition it
also apbearﬁ that.thébﬁpectral index is sign{fi¢aﬁtly flatter than:
what wmuid bE'thainéa if thevcmsﬁic-ray éleﬁtron enérgy‘index seen
at higH gélééﬂic‘1é¥?£udes is:emteﬁded‘to tﬁeihlane.

IC447

The results of mbsef#ations‘of:IC443 (3C157) at 73.8, 57.1, 38.5
and ’O 9 MHh have recently bpen publlshed (Er1ckson and Mahoney 1985).
As'can be ﬁeen,mnak1gure 1, the spectrum is fmtted by s1ngle power 1aw |

from 20 MHz to iluéHz‘wiﬁhwa,spectral‘;ndex of mu.ab +- 0.02. There
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is no @vid@naa for steepening at high freguencies due to relatiyistic
electron energy ioSses,‘nor is th@re eVidenﬁeror internal-fﬁée~free
absorption. 'Gcchding’tm:the theogy’of Blandfordvand'cowiefiiéaéﬁp
int&rst@llarvclﬁqu are cmmpres%ed by thé hot gaé of an‘éxpandiné SNF
to the pmint wheFe ¥rée~free absQrptiQn cén mccﬁf. :Ih the gase Df
I1C44% fhe élight;turnuver a£ the Iowest freqqencié5{can eésily be
accounted fdr byfabsprption exterhél to thé ramﬁént;' In additinn,it’
can be seen that the spectrum 04‘16443 is significéhtly différent'Fromv
the ~0.5 spectrum predicted for synchrotron emission from electrons
accelerated by sfrang Shmcks, if such shocks have é compreséion'Fatia
of four.  This implies that aithér the cosmic ray,electrun'energy
spectrum is different in the plane than was heasurad at high latitudeé,
or that compression ratios greater than four afe desible.‘The*latter
wmuld b@,pussiblé if there wmre'particle ahd/nf“thermal'ldsSEE (El1lison

et oal. 1987%).

Figure 2 Shmws'mur 75.8 MHz map Df IC443’and thEVE,Bvcm'mab of
Fundu and Velusamy (19732) which have similar angular resoiutions.b It
is clear that there is little change in the brightness distributionb
of the SNR over more than two d@cadés in frequency. This strongly
- supports the idea that IC443 has a global electron energy spectrum

independent of the prmperties of the SNR.

HEBZ1

Our conclusions regarding HE21 (Mahoney and Kassim 1985) are .
similar to thw%é_%or IC443.  As seen in Figure 3, the spéctrum:a+ HEZ21

Can also he fitted by & single poweﬁ law of spectral index —0.405 +-
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0.030. Again there is np.évidencé for either low frequency absorption
or high freguency steepening. In Figure 4 we Gnmparélour 40,0 MHz
map to the 1420 MHz map of Hill (19?4); It is clearrthaf fhe

maps are very similar, agaih implying 1it£1e o nor véfiation in the
differential electron energy spectrum throughout the remnant. As
indiﬁatéd on the 40,0 MHz image., there are three sources witﬁin HEZ21

which are unrelated £o the SMR: IC418, for which HI absorption gives

b

distance of 7.5 kpc, 4850}52,‘thch is a double radio source of

2 arcmin separation at a position ahglé Of,43 degrées, and 4C51.44.
A fourth sowce, 4C51.93, is not clearly detected. THe flux density
contributions of these SQurceslhave been removed in deriving the
integrated flux -density for HB21 at 40.0 MH:z.

Sevefal authqré have in the past noted é ¥iattening in the
northern part of HBZ21l, presumably due touthe interaction of the
,expanding.remnant‘with a denser regionlo$,the ISM. In fact tﬁere is
a dense HI cloud in this érea. We see this feature as well; but in
addition our mép also sﬁows'a lopp of emigsibn even further to the
north. We attribute this to a combination of 4C51.44, the galactic
backgrmdhd, and a spur seen in the 1420 MHz map of Hill (1974),‘which

is also suggested in the 610.5 MHz map of Yang and Dickelv(IQbS).

VRO 42.05.01

' Figure S compares our preliminaryyso.ObMHz map of: VRD42.05.01 to
the 1420 MHz map of Landecker et al. (1982). Obviously this is a very
spectacular obijiect, suggesting the possibility that it might be either

two SNRs, or a single BNR_breakihg into a less dense region of the
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I8M. All previous images of this object ( for example, Dickel, McBuire
aﬁd Yarig (1?65) at &10.5 MHz and Nillié (1973%) at 2.7 GHz) were unable
to resolve the amal ler shell component, and in fact‘mad@ it>éppear muech
larger by blending in thé three strong souwrces,labeled ﬁ,é and C, to the
ngrth—eaﬁt,'The S0.0 MHz map resolves these objects, which we find all
have much steeper spectra than the remnant. fAn additional map at 30.9 HHZ

spectrum of the
however indicates that th@Ashell component is tunnlnq over relative to

?fﬁeoiagtern wing component. This might be due‘to free-free absorption
within the shell if it were more dense, and would lend support to a
mmdél for VRO42.05.01 in which the wing component is a part of the
shell bursting into a 1a5§'denﬁa ISM.  SBimple mohentum argu@ents based

.om the observed component radii indicate that the shell is about four
times more dense than the wing. .

spectrum of the
In determining whether or not theAshell is twrning over, all
flux contributions due to obvious point souwrces in the 1420 MHz
waere removed. To do this we assumed typical extra- galactxc ‘spectra for

these sources and extrapolated the 1420 MHz flux densities provided

by Landecker {(private communication).

WSO AND SS433 | .

Figure & compares a 57.5 MHz'CLRD map of W30 to a recent VLA
composite map at 1420 MHz ( Baum, private communication). Because the
low frequency map has been scaled to fhe BAME anﬁular size aé‘the VLA
map, the eastern lobe of the SNR has been lost off the f1eld Clearly all
the other featureﬁvauch as the west radio lobe attributed to interaction

of a radic jet from 884733 with the remnant®s shell are very similar
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:
in both hamg, #5 is the prominent narthern ridgeg and_an addifioﬁal
ridge runningrsmuthwhest'from 88433, As in the case of the o@&?er SNRs
diagua%&d here, thé 5imilarit§ of maps at such widely éeharé£ed 
f%equanciea strongly suggests that the?radiatiﬁg.eléctfons within the
SNRs are characterized by & single energy indem;
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FIGURE CAFTIONS

Fig. 1. The iﬁtegrated flux density spéﬁtrum of IC443.YThev5olid dots
refer to data that has been piéc&d on thé MFI flux scale
(Baars et al. 1977). A single power-law 5beatrum of index
=3 EES 4 O,024 fits these daté.»This di%fers significantly

from the index of 0.5 which iéipredicted by some theories.

Fig. Za. i map of 10443 at 73.8 MH: as observed with the CLRO TFT
synthesis radio telescope. The contour levels are 3% (10%)95%
of the map maximum. The beam size is S5.4x4.7 arcmin and is

:%hmwn in the box.
Fig. Zb. & 10,700 MHz of 10443 as observed by Kundu and Velusamy (1972).
Fig. 3. The integrated flux density spectrum of HB21. The solid dots
refer to data that has been placed on the MPI flux scale. A

single power-—law spectrum of index —0.405 +- 0,020 fits these

da?;a..

Fig. 4a. A map of HE21 at 40.0 MHz as observed at CLRO. The contour
| levels are D4(10%)95% of the map maximum. The beam size is

10.049.3 arcmin and is shown in the box.

Fig;g4bu'THe 1420 MHz map of HBZLl as obtained by Hill (1974) with the
Hé1§‘Milﬁ telescope. The resolution is 3.0x3.9 arcmin. The

source 3C418 has been removed from the mapi: not all contours

are shown for the sowces 4C50.52 and 4C51.44,
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Fig. Sa.

Fig. Sb.

Fig. 6éa.

Fig. éb.

A preliminary 50.0 MH:z map.oF‘VRﬂdﬁ.OSjﬁl; Because of the

low surface brightness of this source, the first contour shown
wepéehts about 0.5 Jy/beam and successive contours steps of
about 0.2 Jy{haam. All previqua haps of VR042.0“;ﬁ1‘included
the three sources labelled A B and C as part of the remnant.

The beam shown in the box is 8.046.9 arcmin.

A 1420 MHz map of %RD#EQQS.OI from Landecker et al. (1981).
This was the first image of the SNR that clearly demonstrated

its remarkable structure.

A 57.5 MHz map of W30 and 584733, Because this image has been
scaled to the same angular size as Fig. é6b. the eastern lobe
has been lost off the field. 85433 appeaﬁs to be clearly

detected, as are the other features of the remnant.

A preliminary VLA 1420 MH: composite map of W30 (Baum, private

communication).
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LUNAR OCCULTATION OBSERVATIONS OF THE CRAB NEBULA AT METER AND
DECAMETER WAVELENGTHS

A. G. Weisenberger, J. A. Phillips, S. T. Gottesman, and T. D. Carr
Department of Astronomy, University of Florida
Gainesville, FL. 32611

Introduction

One-dimensional strip brightness distributions of the Crab Nebula at meter
wavelengths are obtainable at resolutions of tens of arc seconds from lunar occultation
observations made with single radio telescopes of sufficient size. The production of an
unambiguous two-dimensional source brightness map usually requires several such strip
distributions. While a comparable resolution may be obtained using interferometry,
baselines of tens or hundreds of kilometers would be required. Few such interferometric
observations have been made at meter wavelengths. Periodic lunar occultations have
afforded an opportunity for investigating the Crab Nebula at meter wavelengths with
high resolution, but the observations have not been systematic and the mapping has
generally been fragmentary. A complete map derived from occultations of the Crab was
produced, however, by Maloney and Gottesman (1979) at 114 MHz. Unfortunately,
ionospheric and interplanetary sciltillation in the occultation records at such frequencies
may create erroneous structure in the derived maps. A sufficient number of occultation
observations is therefore required to reduce the effects of scintillation to an acceptable
level. The situation at decameter wavelengths is even worse because of the increased
ionospheric scintillation and the often severe interplanetary scintillation of the Crab
Nebula pulsar, NP 0532. The published results of the few Crab occultations that have
been observed at decameter wavelengths are not of high quality, in most cases because
of scintillation and interference. There are times, however, when scintillation is
negligible, even at decameter wavelengths. Occultations occurring under such conditions
could produce good maps. Since occultations of the Crab are rare (occurring only at
intervals of 8 or 9 years) it is important that full advantage be taken of these events
whenever they can be observed by large meter and decameter wavelength telescopes.
We report in this paper results from the most recent series of occultations, observed at
four meter wavelengths and at one decameter wavelength.

Observations

We observed the occultation of the Crab Nebula on October 8, 1982 with the 1000
ft Arecibo radio telescope in Puerto Rico and with the 640-dipole, 26.3 MHz array of the
University of Florida Radio Observatory (Desch, Carr and Levy, 1975). The Arecibo
observations were made at the four frequencies 84, 111.5, 114.5, and 218 MHz. At each
frequency, separate right- and left-hand circular polarization component outputs were
recorded, each at two bandwidths (125 and 500 KHz), providing a total of sixteen
channels. The Florida observations, at 26.3  MHz, were made at linear polarization and
with a bandwidth of 260 KHz. Usable results were obtained from only the ingress at
Arecibo, the Crab having passed beyond the Arecibo beam limit before the egress was
complete, and from the egress at the Florida observatory, the ingress having been marred
" by radlo station mterference.

The plots in Figure 1 and Figure 2 are the occultation records of the ingress event
for both polarizations at 84 and 218 MHz, respectively, at the 125 kHz bandwidth.
Scintillation is apparent at 84 MHz, but is less severe at 218 MHz. The 26.3 MHz
occultation egress record is displayed in Figure 3. Despite the scintillation in this
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record, we believe its quality to be generally better than that of any other obtamed yet
from a Crab Nebula occultation below 40 MHz. -+ *

“Analysis. =

The procedures of Scheuer (1962) have been employed to recover integrated strip
brightness profiles from the ocecultation records. Figures 4 and 5 show the four strip
scans recovered from the two polarizations of the 84 and 218 MHz records obtained at
Arecibo. These scans correspond to an ingress position angle of 109 degrees. The
resolution achieved for the 84 MHz strip scans is comparable to that of a radio telescope
with a fan-shaped beam of Gaussian cross-section and a full width at half power of 38.4
arc seconds. The corresponding resolution for the 218 MHz profiles is 23.8 arc seconds.
The maximum resolution that can be realized in each case is a function of the noise in
the original occultation record. Since scintillation is more intense at 84 MHz that at 218
MHz, the resolution is poorer at the lower frequency. '

An inspection of Figures 4 and 5 clearly reveals that there is resolved structure in
the Nebula, and that it becomes more pronounced. at the lower frequency. In addition,
the strip scans for left-hand circular polarization appear to differ appreciably from those
at right-hand circular polarization, particularly in the case of the feature about 2' east of
the origin. This difference is evident at all the frequencies observed at Arecibo and may
be an indication that some emitting regions in the Crab Nebula have a surprisingly high
degree of circular polarization. On the other hand, the possibility that the observed
polarization results somehow from secintillation or from instrumental effects cannot be
ruled out at this early stage in our analysis.

The 26.3 MHz restored integrated strip brightness map is shown in Figure 6. This
strip profile corresponds to an egress position angle of 281 degrees. The brightness
distribution is equivalent in resolution to that obtainable with a fan-shaped radio
telescope beam of 45 arc seconds full width at half power. The dominant feature of the
brightness profile is a strong pointlike source (broadened in the smoothing process)
centered on the known position of the pulsar, to the accuracy at which the time of the
deflection maximum can be read. The peak is seen to arise from within the region of the
nebula itself, which in turn rises well above the galactic background. The part of the
nebula brightness distribution west (i.e., to the right on the diagram) of the pulsar is
decidedly smoother than that to the east. The probable reason for this is that there was
almost no scintillation as long as the pulsar was covered by the moon, but it became
severe when the pulsar emerged from behind the moon.  The structure of the nebula
distribution to the right of the pulsar in Figure 6 is therefore much more reliable than
that to the left, which was badly contaminated by the pulsar scintillation. A similar
situation is probably encountered in the restored strip brightness distributions from most
Crab Nebula occultations observed in the decameter band and, at a lower level, for the
meter wavelength results reported here.

Our 26.3 MHz Crab Nebula occultation results have provided more detailed
structural information than did the earlier observations (Costain, 1956; Andrew, Branson
and Wills, 1964; and Matveenko, 1968), presumably as a result -of better -observing
conditions and the use of a much larger antenna array. The degree of ‘ionospheric
scintillation at the time of our measurements was definitely below average, and there
was no interference from radio stations or distant thunderstorms during the egress
period. Frequent reference has been made in the literature to the "low frequency
compact source" in the Crab Nebula, even since the discovery of the Crab pulsar. Our
strip bnghtness profile in Figure 6 will reinforce the conclusion that the two are the
same, since the peak of the curve is centered on the position of pulsar NP 0532. By
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integrating the curve in Figure 6, we have found that the pulsar emits 25% of the
observed Crab Nebula flux den31ty at 26.3 MHz, with error limits +6, -10 %. Cronyn
(1970) obtained the value 26% from interplanetary scintillation.

Conclusion

Maloney and Gottesman (1979) claimed that the Crab Nebula at a frequency of 114
MHz is composed of a broad envelope of emission with small scale structure. The
structure was attributed to the non-negligible opacity of the major filaments at these
wavelengths. This effect was expected to become more pronounced at even lower
frequencies. The 1982 occultation observations, which we have reported here, confirm
the presence of sub-minute-of-are structure and that a substantial fraction of the total
flux density at 26 MHz is emitted by the low frequency compact source (the pulsar). To
our surprise, we have found that the meter wavelength emission from some of these
features is relatively highly circularly polarized. However, the presence of scintillation
makes this conclusion less than certain at this time. Before this project is completed, we
plan to analyze more fully this apparant polarization phenomenon, and to determine the
two-dimensional brightness distribution of the Crab at 114 MHz.

Finally, these meter and decameter lunar occultation observations have shown that
it would be extremely useful to have a dedicated meter wavelength array of the kind
proposed for the VLA. A system of high sensitivity with a resolution of better than 1'
would be able to make repeated observations of the Crab and overcome, finally, the
problem of confusion caused by scintillation. Notwithstanding, lunar ocultations at
meter wavelength are a powerful tool for investigating the structure of strong sources in
the ecliptic and for determining their low frequency spectral indices.

References

Andrew, B. H., Branson, N., and Wills, D., 1964. Nature, 203, 171.
Costain, C. H., 1956. Mon. Not. R. Astr. Soc., 116, 380.

Cronyn, W., 1970. Science, 168, 1453.

Desch, M. D., Carr, T. D., and Levy, J., 1975. Icarus, 25,12,
Maloney, F. P., and Gottesman, S. T., 1979. Astrophys. d J., 234, 485.
Matveenko, L. 1., 1968. Sov. A. J., 12, 552.

Scheuer, P. A. G., 1962, Aus. J. Phys., 115, 333.

Addendum

We were informed recently by the Arecibo Observatory that the observations we
have described were sensitive to linear rather than circular polarization.
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" Lower 1limits of solar hurst source sizes at decameter wavelengths

T.E. Gergely
Astronomy Program
University of Maryland

College Park, MD 20742

The impact of a new deéameter waveleﬁgth telescope, pperating at spatial
resolution aﬁd sensitivity;two orders Qf.magnitude‘higher than those achieved by
current'instfuménts is difficult to predict. In the following, I discuss the
usefulness of such a‘:eleSCOpe for solar research basgd,on our current knowledge.

I assume that the telescope will have an angular resolution of ~ 20" at.~ 75v
MHif Long integration timés are pf relafively little uséfulness for solar
research. I assu@evtherefore é'lvmin_integration time and a 2 MHz bandwidth.
'Thg sghsitivityrof fhe feigscope would then bhe ~ O.IVJy. For some programs’~evehl
a‘one minqte 1ntegratiqn‘t1me may be too long and infegration times of thg oraer
~of a second or shorter'may be desirahle, furthgr 1owering the sensitivity,_ The
75 MHz plasma level is located in the mid-corona, ~ 0.6 R, above the
photosphere. A resolution of ~ 20"‘correspondsito a size of ~ 0.02 Rg» OF 1.5 x°
10* km on the Sun. It is therefore natural to ask the questions:

1} Are there structures on this gcalé in the corona ~ 0.6 R, above the

‘photosphere.

2) What source sizes are obseryed at decaméter wavelengths with the

resolution presently available?

3) Could "solar" type bufSts that occur on nearby stars bé observed ét :

decameter wavelengths?
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1) The angular resolution of presently operating coronagraphs (e.g. the c/p
carried on board of the SMM satellite,‘or'the ground based MK-III’coronameter of
HAO) is similar to that of the proposed decameter telescope, and is in‘no case
better fhan ~~10";,'Filamentaryvstructures, a few times the size of the
resolution element‘are often seen on images of the quiet sun ohtained with these
instruments. -Structure on a somewhat larger scaleliS‘nearlyvalways present on
images of coronal mass ejections (CME”s), which consistvof dense, magnetized
coronal plasma ejected from the Sun. On the average they occur once per day,
typically the mass ejected is ~ 1016 g, and the energy contained in the event is
~ 1032 ergs. They are often associated‘with intense type II and IV radio
burSts. Fig.‘l'Shows~the,visih1e light image of a CMEirecorded by the'
;Coronagraph/Polarimeter of the Solar Maximum Mission. The'hright inner loop is
an eruptive prominence, the outer loop consists of coronal material. Decameter'
radio emission isvoften.associated with various parts of the coronal loop: thev
legs.lthertop of the:loop. or the material juSt hehind the hright rim. The
»thickness of the loop shown ranges from ~ 1 5 to 2 5, and structure on a smaller
scale can be seen inside it. The answer to our first question is therefore that
structure on a scale size ~ 0 5 arcmin ‘is seen at coronal heights where 75 MHz
emission is expected. n |

2) At decameter wavelengths the emission from the quiet or background Sun.
is thermal in nature. Bursts ohserved at ~ 75 MHz include: type III bursts, type
“II and type IV bursts,‘and a variety of other bursts that occur during noise
storms. Among these we mention only the S hursts.

‘ a) At 73. 8 MHz the Clark Lake radioheliograph (Kundu et al., 1983) is
. sensitive enough to provide an image of the quiet Sun every 0.67 seconds. The
' spatial resolution of ‘the heliogranh at 73.8 MHz is 47 6; the presence of

structure at or below the resolution of the telescope is often sug?ested by the
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Fig.l.

A coronal mass ejection recorded by the Coronagraph/Polarimeter on the

Solar Maximum Mission Spacecraft on 14 April, 1980. The dark occulting
disk has a radius of 2276. The white dot near the top of the outer loop

is slightly larger. than 20". (Courtesy of W. J. Wagner).
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‘ observations;l'Figs.‘?a,and?b show images of the'Sunfrecorded on July 25 and,ZB,
l§84rfespectively;'_Tenv0.67 second snapshot-frames'vere integrated to obtain
‘each>map;’ Alclose double source is visible on.the notthern hemisphere on both
days. Such sources are likely ‘to mark the location of the legs of high coronal
‘loops. The elongated source on the southern hemisphere is also 1ikely to
tindicate an'unresolved double source. This interpretation is borne out by the
nap ot large scale magnetic fields present~on the Sun; Fig. 2c shows the
Stanford magnetogram (Golar Geophysical Data, 1984) obtained on July 27. (No
magnetograms were available for July 25 or 26) Solid and dashed contours
indicate positive and negative magnetic fields at 0, + 100, 500,’1000 and 2000
-microtesla'levels; The location of the polarity inversion associated with
»features A and B are clearly seen on the magnetic map. No statistics are_kept on
vsuch;unresolved features, but they are frequently observed. iThe associated.:ﬂ-*
excess flux is of the order of a few hundred Janskys. High ‘resolution studies‘of
fsuch sources are certainly desirable and might contribute significantly to out
understanding of coronal loops.
" ‘b) Type III, II and IV bursts..

' Type‘llI bursts occur freouentlyvatvdecameter wavelengths. During timesmof
intense-solarcactivity tens or even hundreds per‘hour may be ohsetved, They may
or may not be associated with flares, CME’s or other'surface activity. At
decameter wavelengths they drift from high to low frequencies at a rate of ~ 0*1
MHz s“l, their duration is a few seconds. Type II”s are believed to be the radio
signaturelof shock waves moving outwards in the corona. They also drift from the
high to the low ffequencies,‘although at a lower rate of ~ 0.04 MHz s_l.b,They
are associated with-flares or CME”s, and last ~ 10 minutes. Moving type IV
hursts also are associated with flares or CME s. They last a few tens of minutes

~ and are usually broadband (Af/f ~ 1). Type III, II and moving IV sources have

100



[y

 RECMIN]

i1

Ly

73.8 ,MHZ
] ]

(15 ARCMIN)

DECLINATTON

| | | i ] ] j |
RIGHT ASCENSION ( MIN )

,.¢uLv.n,‘yaeAx s
STANFORD MAGNETOGRAM
N
Solid = + P
Dashed= - =<

1531 Ut

Fig. 2. 73.8 MHz sﬁapShotlimages of the "quiet” Sun (7 = 0.67 s) obtained with
the CLRO radioheliogfaph,YOn'July 25 and 26, 1984, 'Also ‘shown is the

“Stanford magnetogram corresponding to July 27,

been observed with the Clark Lake Teepee Tee and with the Culgoora
radioheliograph at ~ 80 MHz. The distribution of the source sizes of type III”s
observed at Culgoora was given by Dulk and Suzuki (1980), 'Nelson and Robinson

(1975) discussed source sizes of some type II bursts. Fig. 3 shows the type III
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Dulk and Suzuki, 1980).

source size distribution obtained by Dulk and Suzuki at 80 MHz, the mean size 1is
~ 1120, The figure.éhows fhat while most sources are larger than the beam, quite:
a few are unresolved. About half of the type III“s at 80 MHzAhave sizes only 1-2
times the beamwidth of the teiescope. The time resolution of the observations
wasba few seconds (1 to 3 seconds). High time resolution (0.02 seconds)
observations obtainéd at 169 MHz indicate that many type III bursts consist of
the superﬁosition of several components of smaller size (Raoult and Pick,

1980). ThiS'is likely to be the case at lower frequencies élso.

As a rule, type II sources are larger than type III”s at any given
freduency. Neison and Robinson (1975) found a mean size of 10° at 80 MHz,
considering both harmonic and fundamental sources. They included only a few
soﬁrces in their study, however. They noted thét most 80 MHz fundamental sources
remained unresolved by the Culgoora telescope, while harmonic sources were well
resolved. | |

Robinson (1979) carried out a ‘study éf 23 moving type IV sources observed at
- Culgoora, and compiled the §1ze of 19 of the bursts.

Fig. 4 shows this data, in the form of a histogram. We converted Robinson”s 2D
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(data from Robinson, 1979).

sizes assuming that all sources were circular in shape. 1In most cases the source
size varied during the event. TFig. 4 is based;on the minimum sizes, sources the
size of which remained constant were also inc]uded. Most type IV”s have winimum
sizes close to or below the resolution of‘ihe telescope.

e) S bursts. |

S bursts occur duriﬁg noise storms. fheir duration is very short (~ 5 msec)
and their bandwidth is extremely narrow (~ 120 kHz). Assuming that they are
generated by fundamental plasma emiésion, McConnell (1983) estimated the radial
exténsion of the sources to be a few hundred kilometers, and their lateral
exﬁenéion to be in the 600-1800 km range. S bursts offer the most direct and
convincing evidence for the presence of sﬁall scale structure in the corona.

The observétion of S bursts shows clearly that transient sources in the

corona exist on spatial scales an order of magnitude below the resolution of the
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planned telescope. Might'such'sources be oBserved? It is well known that
scattering by electron density irregularities increases the apparent angular
sizes of coronal sources. Many scattering models have been computed, and
although they differ iq details, their main features are similar. A popular one
due to Riddle (1974) predicts that point sources emitting in a spherically
symmetric corona at 80 MHz will be broadened to ~ 175 or 1° if the emission is
due to fundamental or to second harmonic plasma emission, respectively. .If the
source of the burst is located on tﬁe axis bf a streamer in an otherwise
homogeneous corona, then sizes as small as 075 would result. The above sizes
refer to centef of the disk sources, all models predict an increase in the size
of sources at the limb.

Whi le scéttering certainly must take place in the corona, its effect on the
apparent size of burst sources is uncertain. All models are sfrongly dependent
on a number of parameters, none of which are well known. Further, all models

.predict an increase in.size whgn the burst source approaches the limb. This
effect has not been observed. Ocassionally, sources smaller in size than
predicted by scattering theory have been observed (Kerdraon, 1979). Thus, while
it should be kept in mind that scattering probably imposes limits on the ohserved
size of some sources, this 1limit is not well known. Moreover, scattering affects
6n1y sourceé that emit at frequencies close to the corresponding plasma level.
Many burst sources, such as moving type IV°s, do reach much greater heights than
the plasma level corresponding to the frequency of emission and therefore should
not be affected by scattering at all.

3) Finally, we ask the question: Could any of the bursts discussed ahove be
observed on other stars? At around 80 MHz the brightest solar bursts observed to
déte are the moving type IV”s, which reach brightuness temperatures up to Tg ~

1013 K. TIf the source region has a diameter of'~,106 Km (1.5 Ro)’ and the
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sensitivity 1limit of the telescope is ~ 0.1 Jy, a stellar burst could still be
observed only out to a distance less than ~ 1 pc. Thus, "solar" type bursts are

not likely to be observed.
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METER WAVELENGTH RADIO ASTRONOMY IN CHILE
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Introduction

The Maipu Radioastronomical Observatory of the University of Chile is located at
latitude 33°30' S, 70°51' W, 30 km southwest of Santiago. It is situated on a large plain in
a valley of the Andes foothills. The first radioastronomical activity at Maipu was the
construction in 1959 of a 175 MHz solar interferometer by the University of Chile with
support from the Carnegie Institution. The observatory was founded in 1959 jointly by
the University of Chile and the University of Florida, with support from the National
Science Foundation, principally for the study of = Jupiter's decametric radiation.
Following the completion by th,ze University of Chile of a 45 MHz filled rectangular array
with an area of about 10,000 m“ in 1976, activities of the observatory were extended into
the meter wavelength band and beyond the solar system. To facilitate the use of this
large array, the Chilean government has prohibited radio transmissions in the band from
43.7 to 47.6 MHz. - A description of the array and its operation is given by May et al.
(1). Current meter-wavelength research at Maipu consists largely of a galactic survey of
-the southern sky, a search for secondary calibration sources, pulsar studies, a search for
atmospheric pulses from Saturn (SEDs), and the continuing investigation of Jovian S
bursts above 30 MHz.

The 45 MHz Array.

The 45 MHz antenna is a rectangular array consisting of 528 full-wavelength
"dipoles oriented E-W and distributed in 48 rows of 11 colinear dipoles each. The rows are
separated by a half wavelength, and the dipoles are at a height of a quarter wavelength
above a reflecting plane. The dimensions of the array are 160 m in the N-S direction by
73 m E-W. The half power beamwidths are 2.4° N-S by 4.6° E-W. Four such beams, fixed
to the meridian but overlapping at their N-S half-power points, are simultaneously
available. The declinations of the group of beams are altered by means of phasing
adjustments, coarse phasing being made manually in the field and fine phasing by remote
control with the aid of a Butler matrix. Essentially interference-free night-time
operation is usually possible with receiver bandwidths up to 3 MHz. Additional
information on the array and its operation are given in the references (1,2).

Galactic Mapping.

The mapping of the Galaxy at 45 MHz will cover declinations from -90° to +20°, and
all right ascensions. No other southern hemisphere survey of comparable resolution,
sensitivity and coverage is available below 85 MHz, others at 10 and 30 MHz being
limited to the vicinity of the galactic center. Fig. 1 is a preliminary map of the galactic
center region prepared from a part of the 45 MHz data obtained thus far (1). The coolest
region is mapped in Fig. 2. The maximum and minimum galactie brightness temperatures
at 45 MHz were found to be 89,000 K and 3050 K, respectively (3). Both the galactic
center and the coolest part of the Galaxy pass nearly overhead at Maipu.
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Fig. 1. Preliminary map of galactic center region at 45 Mz, Brightness temp- -
- erature contours are in thousands of Kelvins. Half-power keam contour is at

upper right. Map is derived from a limited number of observations. Discrete

sources have not been removed, nor has correction for sidelobes been made.

- The primary calibration sources for the galactic survey are Fornax A and Hydra
A. A network of secondary calibrators is being built up. The flux density measurements
of the 8 secondary calibrators that have been investigated so far at Maipu, by Alvarez et
~ al. (4), are listed in Table 1 and are plotted in Fig. 3. Also plotted in Fig. 3 are the

available published flux density measurements of these sources over a wide range of
- frequencies (5). The lowest frequency measurements that have yet been made of two of
the sources, 1424-11 and 1449-12, are apparently those from Maipu.

Table 1

Flux densities at 45 MHz

Source ’ - S(dy)
0038-09 64
0131-36 97
0521-36 . 61.
0806-10 46
1136-13 96
1424-11 35
1449-12. 29

2032-35 33

Pulsars.

Althbugh extensive studies of northern hemisvphere pulsars at decameter and the
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longer meter wavelengths have been made by Bruck and Ustlmenko, using the large UTR-
2 radio telescope of the Ukranian Academy of Sciences, very few such observations have
been made in the Southern Hemisphere (6). We have therefore undertaken an
investigation of known pulsars observable at 45 MHz with the Maipu array. This
investigation is being supplemented by 26.3 MHz pulsar observations with the 640-dipole
array of the University of Florida. Two of the seven pulsars searched for thus far at
Maipu are relatively strong and are always detectable by averaging 10 to 80 pulse
intervals; they are PSR 0834+06 and PSR 0628-28. Two of the others, PSR 2045-16 and
MP 0031-07 are sometimes strong but are undetectable at other times. The remammg
three are only marginally detectable at present. The main pulse of PSR 0834+06 is
sometimes apparent with no pulse interval averaging at all, as can be seen in Fig. 4. In
this photograph, the oscilloscope sweep perlod has been made equal to the period of the
pulsar. The main pulse is discernable in 4 of the 6 successive sweeps; its failure to
appear on two sweeps is probably due to interplanetary scintillation. Fig. 5 is the
average of 350 periods of PSR 0834+06. The pulse peak is about 7 0 above the mean. -
There is definitely some interpulse aectivity, but the mterpulse appears to be more
variable than the main pulse. A 32-channel receiver is being constructed for pulsar
observations. With it, correction can be made for interstellar dispersion, greatly
increasing the effectlve bandwidth. The inecreased sen51t1v1ty will make possible the
~ study of pulse structure in more detail. A further increase in the number of channels is
planned in order to provide good resolution in frequency as well as time in an
mvestngatwn of pulsar scintillation at this frequency.
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Fig. 4. Successive unaveraged oscilloscope sweeps of the ‘receiver output
indicating the presence of pulsar PSR 0834+06 at 45 MHz. The sweep period
is 1.27 sec, the same as that of the pulsar. The center of the main pulse
on each sweep is at the time indicated by the arrow.

INTENSITY
£

Fig. 5. Pulse proflle of pulsar PSR 083h+06 at 45 MHz obtalned June 11,
1983 by averaging 350 pulse periods. The period is 1.27 sec.

SEDs. -

‘ The pulses from Saturn (SEDs — Saturn Electrostatic Discharges) at meter,
decameter,‘ and hectometer wavelengths that appeared in the data from the two Voyager

spacecraft when they were close to the planet (7) have never been observed from Earth.
First thought to be electrostatic pulses from ring particle collisions, the idea that they
instead result from lightning discharges in Saturnian thunderstorms has recently gained
favor (8). The rate of occurence of SEDs underwent a pronounced maximum whenever
‘the observing spacecraft was over a particular sector of Saturnian longitude, these
episodes of activity recurring at intervals of roughly 10 hours. The SED power spectrum

~ appeared to be relatively flat from less than 1 MHz to 40 MHz, the highest frequency

observed. -On the basis of data obtained during the most intense episode observed from

Voyager 1, it appears that one might expect the flux density at Earth on such an oceasion
to exceed 50 Jy (+3db) for at least 30 msec once per minute, more or less (9). The
corresponding estimate based on Voyager 2 observations would be 5 to 10 db less,
probably due to source variability on time scales of days, weeks, or months.

A search for SEDs with the 45 MHz Maipu array has been initiated. The‘eelculafed
SED detection sensitivity for this radio telescope is given in Table 2, together with that
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for the 640 dipole 26.3 MHz array at the University of Florida Radio Observatory. On
the basis of the Maipu estimate, one might expect to detect an SED above the 3 ¢ level
about once a minute during a storm of the intensity observed by Voyager 1. The Voyager
2 experience, however, suggests that there might be delays of weeks or months between
the stronger storms. Occasions when the activity is even less than that observed by
Voyager 2 are likely, but storms exceeding the one found by Voyager 1 in intensity are
just as probable on the basis of our present knowledge. Any clear-cut information on
SED detectability that can be obtained from large terrestrial meter and decameter
wavelength radio telescopes, even information based on negative results, will be worth
the expenditure of considerable effort. .

. It is apparent from Table 2 that the probability of ultimately detecting SEDs with

the Maipu array at 45 MHz is good, but that the detection probability with the Florida
26.3 MHz array is less by an order of magnitude because of the higher galactic
background temperature, the larger Saturn zenith angle at transit, and the narrower
bandwidth. We believe, however, that the probability of detection from Florida of
occasional particularly strong SEDs is large enough to justify at least one series of
Florida observations, simultaneously with those of Maipu. Such simultaneous
observations will be made during the approaching apparition of Saturn.

Table 2

SED Search Sensitivities

Observatory ' Freq. Ta Ag cos z Af T ’ AS
. - (30)

MHz K m2 MHz msec Jy
Maipu 45 7,000 6,000 3 30 30
U. of Florida 26.3 33,000 8,000 0.5 30 280

Tg = 'galaétic background temperature. .Aé'— effective area. z = Saturn
zenith angle at transit. Af = bandwidth. T = time constant. AS = minimum
detectable (3 0) flux density.

Predicted SED flux density at Earth: S > 50 Jy (x3db) for at least 30 mseec
once per minute (morq or less) during stronger episodes.

- Several 20-min tape recordings of the passage of Saturn through the beam of the
Maipu array were made during the previous apparition. A computer program has been
developed for determining the pertinent statistical parameters of each data run, and for
plotting the larger pulses. Two receivers, connected to adjacent N-S beams of the array,
were used. One of the beams was centered on Saturn at transit, and the other was just
off Saturn, to the south. Two of the recorded tapes have been analyzed so far. The
hlghest pulses observed were between 3 ¢ and 4 g above the mean, occuring equally often
in the off-Saturn and on-Saturn beam channels (but never simultaneously on the two).
The rate of occurence of pulses exceeding 3 g was just about what would be expected for
Gaussian noise fluctuations, about one per 10 sec on each channel. Examples of these
largest pulses are shown in Fig. 6. The left pair of plots shows such a large pulse in the
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Fig. 6. Two of the largest pulses observed during a 20 min SED run at 45 MHz on April 17T,
1983. Two receivers of 3 MHz bandwidth each were used, one connected to the antenna beam
pointed at Saturn and the other offset from the planet. Indicated points are running 20-
msec averages of the data samples. i

on-Saturn channel, while the right pair shows one in the off-Saturn channel. Terrestrial
interference does not seem to be a problem, despite the wide bandwidth (3 MHz).
However, since the median prediction of one SED exceeding the 3 ¢ level per minute is
only 1/6 the occurrence rate of pulses this high due to statistical fluctuations, some:
additional means must be provided for identifying the 3 ¢ SEDs. This is easily
accomplished, and will be done for future measurements. Two receivers tuned to
adjacent but non-overlapping frequency bands will be operated from the on-Saturn
antenna beam. The SEDs, being very broad band, will always oceur simultaneously in
these two channels, while the 3 ¢ statistical fluctuations will almost never do so.
Another advantage of such dual frequency channels is that they provide a means for
identifying occasional pulses due to the scattering of signals from distant radio stations
off meteor trails into our antenna beams. Such interference, being narrow band w1ll
appear in only one of the two frequency bands at a time. :

Jovian S Bursts.

Most of the research at Maipu on Jupiter's low frequency burst radiation has been
done at decametric wavelengths. The Io-controlled components, however, often extend
into the meter wavelength band (above 30 MHz), occasionally reaching the source cutoff
frequency just below 40 MHz. Investigation of this radiation at Maipu is continuing at
both decameter and meter wavelengths. The millisecond-burst component, S bursts, -
were first observed near their upper frequency limit, 32 or 33 MHz, with a small array at
Maipu (10). S bursts always (or nearly always) display a negative frequency drift (i.e., to
lower frequencies). This drift is consistent with the idea that the radiation is emitted
near the local electron gyrofrequency by groups of electrons ascending the northern:
hemisphere Io-threaded magnetic flux tube, from just above its intersection with the
Jovian ionosphere. It had previously been suggested that the S burst radiation arises
from ascending electrons that have just mirrored. Desch, Flagg, and May (10), however,
showed from the Maipu measurements that the S burst-emitting electrons possess their
highest velocities at the start of their ascent from just above the ionosphere (where the
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gyrofrequency is highest) instead of having mirrored there. Such S burst studies jointly
at Maipu and at the University of Florida Radio Observatory are continuing.

The Futuré;

Future meter wavelength research programs planned for the Maipu observatory are
the measurement of Jupiter's synchrotron radiation at 45 MHz, searches for lightning
- pulses from Jupiter and Venus, measurement of the velocities of sources of Jovian S

bursts with a Chile-Florida interferometer, a search for intensity variations in
_extragalactic sources, and the detection of absorption lines due to outer-level transitions
in carbon and other atoms within clouds lying in front of the strong continuum source at

- the galactic center. A continuing program of array expansion in area, resolution and
frequency coverage is planned. Sufficient flat land is available at the observatory for a
considerable increase in array dimensions. An engineering study is in progress which is
aimed toward the design of more inexpensive array elements possessing the desired
frequency coverage, and the design of improved and relatively inexpensive array beam
steering methods suitable for use at Maipu.

We greatfully acknowledge the support of the Departamento de Desarrollo de la
Investigacion of the University of Chile, CONICYT, the European Southern Observatory,
the NASA Satellite Tracking Station at Santiago, and the National Science Foundation.
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FINAL DISCUSSION

The final discussion was rather short. It basically
provided participants an opportunity to bring up any further
poirts that might have been overlocked during the discussion of
the 75-MHz array proposal the previocous evening. The conclu-
siorns of the previous evening were re—affirmed by the group.

Therefore;, the decision was made to proceed with the
instrumentation of the 25-meter VLA dishes at 75 MHz as quickly
as possible and to keep the initiative for free—-standing
antermas viable for future implementation.

115



