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:,The Tape Recorder Interferometer and Small
Dlameter Radlo Sources

Aiectﬁre'Notes, 1970
. B. Clark '

I, The,Tape Recorder'Interferometet Technique

The tape recorder 1nterferometer is in essence no dlfferent from more

A‘conventlonal ones. The»over—all block dlagram of almost any radio astronomy

- interferometer is given below.
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In this dlagram the X'ed circles represent mixers or multipliers -- ba51cally
the same process, as both involve multiplying the two inputs and rejecting the

high frequency components of the output -- and'the_triangles denote amplifiers.



‘ The.same diagram can be used to discuss tape recorder interferometers
with very little‘modification. The first modification is in the area of
the local oscillator, which translates the radlo frequency radlatlon from

- the. radlo source. down to a more convenlent frequency range. As drawn above,
vthe same131n0301da1 voltage from a common oscillator is used at the two ends
of the baseline. In the tape recorder interferometer, sinusoidal voltages
are generated at each end of the interferometer by separate oscillators
governed by.very‘good frequency standards. These frequency standards’are
sufficiently good that for'the'duration of the observation, essentially

identical voltages are being:generated at each end of the baseline..

‘ The IF transmission 11nes in the drawing above are replaced by tape
reCorder systems. The IF signal is recorded at each end of the basellne,
and the tapes are transported to some common location. The two signals

_ are then reproduced in synchronlsm and are then processed by the remalnlng

: parts of the system.

CII. Appllcatlons of the Technlque ‘

A. Orders of Magnitude of Relevant Quantities

Maxinum Baseline - 12756 Km

= 2‘r$- =
Maximum Geometric Delay = r /c = 21.3 ms
For operation with a baseline of r and at frequency F (in- GHz)
Baseline in wavelengths = 21.3 x F x 10°
Fringe Spacing (seconds of arc) t= 0097/F
‘Maximum Fringe rate (Hz) = 1840 x F.

4 Tape recorder 1nterferometers have been used at frequencies between
‘24 MHz and 23 GHz.

" B. Jupiter Bursts

The high intensity rapid bursts emitted by the planet Jupiter at
frecuencies between 5 and 30 MHz have been measured to, arise in regions
" less than 1" in size; that is, less than 4000 Km. The radiation is interpreted
as arising from cyclotron or stimulated cyclotron emissionAfrom electrons
energized by local "dumping" of the Jupiter van Allen belts. (See Dulk,
1970, Ap. J. 159, 671). | |



e

'«C{ Ihterstellar Masers’

For a coherent radlo source, such as the line emission masers due to

'ﬁ,inverted state popnlatlons in 1nterstellar OH and H20 clouds, the interferometer

' 'measures an intermediate value between the size of the region and the size

1 over whlch spacial coherence is maintained. The OH maser emission sources

* have apparent angular sizes of 0.05 to 0.005 seccnds of arc, corresponding
to a few astronomical units at,the;source, However, it is suggested that

' these sources may actually be much smaller regioas, whose radiation is
spread by small angle scattering from intersfellar electron inhomogeneities. .
The'H20 masers, at a much higher frequency, and hence much less affected by
interstellar scattering, have limits on apparent physical sizes as small as

0.1 A. U., smaller than many types of stars.

D. The Synchrotron Sources

Synchrotron radiation is, in the rest frame of-the.eleccron, simply
‘_cyclotron radiation, or magnetic bremstrahlung, caused by the acceleration
of the electron by the magnetic field. ~The Loren 2z transformatlon causes

thlS radiation to be emitted in a cone of opening angle —-= Y1 =82 . An

electron is accelerated through thlS angle 1n a time 2mm e v2 so that no

radiation of a single synchrotron electron consists of pulses of this

duration. These pulses have spectral components up to a critical frequency
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Because there are many more low energy electrons than high energy.ones,
selecting the observing frequency effectively selects the energy of the

electrons being observed.
The total power emitted by one electrbn may also be calculated as the

blue shifted cyclotron radiation

-l e s, |
P = o e“B YZ | (@)




Observ1ng at frequenc1es where the emltted power is a max1mum, we may insert

. the observed power emission: in equation 2 to derive a relatlon between the )

| total number of electrons, the fleld B, and the energy Y.

By thermodynamlc arguments, the emltted brlghtness ‘temperature cannot
‘exceed the equivalent electron klnetlc temperature, i.e. at frequenc1es

'where the source is optlcally thlck

b kymec : LTl (3)
.If'one measures the brightness temperature of the sources, then these three
'relations allow one to solve for the-three quantitiesv-- the total number of
‘electrons, the magnetic field, and the energy of the electrons emitting at -

a. specific frequency.

A more exact.treatment, taking account of the non-thermal nature of
itheﬁelectron energy distribution;ténd’of the various pitch angles between
“the electrons and the magnetic field, yieldslthe relation

' a8 - =2 e
B o= 246 x1080%s 237 (1427t
m- - Vm
€
for the magnetic field, B in gauss, 8 the angular size in seconds of arc,
Vo the frequency of peak emission in megahertz, and z the source redshift.
This equation gives a direct measurement of the magnetic field in a

"synchrotron emission source. (See Clark;<g£<§l.,>1968, Ap. J., 153, 705).



'whlch satisfies

(See Gubbay et al. 1969, Nature, 224, 1094.)

vi’E.-,Thé Variable'SynchrotrngSdurceé

Con51der a source expandlng with speed Bc, startlng at t
time t it will be a shell of size Bct.
Radiation emitted at angle ¢ will arrive
at the.earthuatvepoch . |

L % Bct cos ¢
c

T = t+

and it will appear to come from an angIe 6

removed from the center,

g = Bet sin ¢
L "

The radiation arriving at a given epoch T
thus arrives at angles 6

~ . Bc _ L, __sin ¢
6 = L (T c ) 1 -8 cos ¢

Tbe maximum .value of 6 occurs for.some ¢

¢os ¢ = B
=8
and has a maximum value

3] =—-8.(.:_(T_.l".).—__];_.____
° L ¢ /ZI-g2

Thus, the apparent expansion rate for

B =x 1 is higher than ¢ by the factor
1/'1—80 :

= 0.
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" Structure of Extragalactic Radio Sources.:

' 7/7/n9 ’

_ . Early'radlo observatlons showed that many sources vere extragalactlc,
g and Aike the optlcal galaxles, requlred specmal 1nstruments to explore thelr
' nature.~_ ' -
' In the 3C catalogue ( Edce et al. 1959) of L7l sources, 1nformatlon L
- on size was obtained for 19yonly, w1tn upper limits.for a further 149 sources.
-Aerials of at least 1000 A were needed: - interferometers 5. cross and T arrays,
synthe51s arrays and VLBI s are all the result of this search for: resolutlon
to examlne the structure and evolutlon of radio sources.

Some'Instrument,.~

Comparisori of the Resolutions of some Observatories

Observatory ' Method - Frequency Baselines - " Reference
o : - (MHz) . »n
Molonglo - ' pencil beam’ . . 408 : 0-1065 . Mills et al?

' . ) fan beams 408 .. . 0-2130 - v
Parkes : interferometer - . 468 . . 190-665. " Wall et alt - -

) T - : . ‘1401 . 570~-2000 ’ i .
Culgoora pencil beam - ) 80 N 0-800 Morimoto and Lockhart? ..
Cambridge: - - synthesis . " 408 0 0-2040 Macdonald et al.®
- o 1407 ) 0-7050 -

Owen’s Valley interferometer - 1425 . .0-2300 EW Maltby and’ Moffet?

Extensive observations have now shown that the size of extragalactic sources can
range from 10° doun to 6" with VLBI structure to ,00l%, When combined with optical
red shifts, the physical size is from hOO to O 5 kpe and ‘component size down to-

. 37)ight months (VlTGO &) : _

Size overall 6.3 10 16 25 L0 63 100 160 250 40O 630 1000 farc

| e | 1 1.6 25 . L 6.3 10 16 larc

» : | i : : : —
3C survey measured ' h{ 7 6 R
e owpper limits ) ) 1 111< 130< | 8< | 1]

: M KN synthe51s <! 4| 1| 22 WA 6| b2 1 3

hkere 1nterferometer 73<| 12 7 |10 |11 |1 1 (Sémgf 123)
Hogg partwal oyntpeclu
| 10< T I T R R (32 Q30s)
Miley  33<| b | 7, 5 b ls i b s | o1 21  ](78 qsos)

" The QSO and galaxy identifications overlap in size and it is becoming harder to
distinguish these as classes on either radio or optical data. WNesrly all the
big radio sources contain small unresolved cores, often at the centre of the
optlcal galaxy, . Three types, N, seyfert galaxies, and QS5 seem to merge in
optical characteristics. At large distances, only the cores of galaxies can be
seen, These may occur in clusters, linked optically, and giving a radio halo

(Arp 1970) 4
tical mitude <13 1 15 16 17 18 19 20 unidentified obscured
I‘IQKQNQ list 8 6 8 6 6 9' . 12 5 20 ‘ h
[ I P
mean fluk at LOSHhz Sy~ > ‘

'(all'sources lO.éiQ.h) ‘ 9ol #1l 8.8 1.5 7.6 0,9



_ There seems to be no si gnlf:.cant correlat:uon between Radio flux and

optical magnitude.
angular size and the red shift.

The best correlation seems to exist between the maximum
This is shown for radio galaxies;

it continues

for QSOS m.’oh the most recent data from mterferometers and synthes:.s arrays.

| - ANGULAR DIMENSION ‘A corollary is that the luminosity
- 100 OF GALAXY of radlo sources varles great];,r.
' {minutes of arc) ' o : :
From MKN. the distances vary from
o e -3 to 2300 lMpe
the luminosity at 1407 MHz varies 5
ol B from 0,01 to 4600 w Ha-lster=l x10 3
.- o
® o o‘e‘ _ the minimum energy in the source varies
o 6 @ 6o from 0,003 to 1900 x1057 ergs
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Fic. 2. Anrvuhr diameter-redshift diagram for the radio
galaxies: llllcd circles give the separ: ation between components of
double sources where the brightness distribution is hnown in detail.
Resolution of some major aerials.(operating 1966)
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He M—Molonglo—the Mills Cross.
F—Fleurs, Sydney—includes the first Mills
Cross.
1} 4 H-—Hobart.
. P-—Parkes.
RESOLUTION A—Arecibo——Puerto Rico.
0k i B-—Bologna—Italy.
ongulor W, ¢—Combridge—England.
b s idth J—Jodrell Bank—England.
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W-—Washington—USA.
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. . Structure of Three major Sources - FOmﬁx, Virgo, Centaurus.
) ’ - . M.J. Cameron (1969) . . o -

N sls
L iy 21
. ll 38 3% .
- -ars.
S : ' =374
| - 1

Figure 1. NGC 1316 (Fornax A). Contours of NGC 1316 at contour unit 100°K from 100°K.

10™ So galaxy, diam 4'.0; at 408 lliz 40' between ridges with central
source 0.5 fu. wnresolved. Spiral arms seem to link with arcs.
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Figure 2. NGC 4486 (Virgo A) MS87.  Contour unit ; - ‘
r 16( g0 A)_ - L 4 Figure 3. Central component of C A(N 2
4 4 i b omponent of Centaurus A (NGC 5128).
}zégogK.froxxl 1000 K to ")100 K and 6900°K from Contour unit 1650°K from 8§00 K. ( )

ter double source 5°.5 x 10°
Central double is 7'.1 sepn. at 46°.5
with bridge.

91,7 E galaxy with jet in core, 13"arc.
' Halo 16' x 12' at 34° PA. Core has fine
structure to <0".002



- Hofghologxz‘ elther mapped (pen01lbeam or synthe51s) or model (1nterferometer)

, "i}Partlally Single Halo Double Brldﬂe Mnltlple or
S "~ . resolved = peak ' ‘ double o Complex
82 sources .12 s 19 complex comp. 6
L | A 20 |
Ekers (I) . . | L o
56 sources . 11 3. 6 22 = 6 8
Fomalont (I+S) " unequalD
80 Qources - . -5 ¥ 27 - 10 22
.  ;Holonglo (P)  point or  "1 R complex' D o
~ . 128 sources confused 0300 i o 19 10 6
Hogg . all those resolved were double : 19: C ;
(s)" | | 6 2t 1

Miley -

Random Doubles. The prevalence of doubles and the difficulty of identifying

. many of these suggestes that some may not be physically related. We take the
~distribution of sources (logli/logS) and calculate the random chance of having

- a pair with flux > S when the components have Sl + Sz S and ratio S1/sp < lO.

j}At EOS Fﬂz, tor S-"“Sfu “there. wovld ‘be random pairs. within 10'arc of 36-in each
‘hemisphere, We éan ‘limit the random number’ conolaerably if we demand that the
individual components also be extended or resolved. -
In Parkes catalogue, out of 1736 sources, 157 were listed as Ext. or Poss.Ext.
M.K.N. resolved 82 out of the L70 in 3C catalogue
Wall eb al found 98 resolved out of 275 with S > 1fu.at 11 cm.
McAdam finds about 35% sources exiended anid 9% resolved on both axes at- 1,08,

" The combinations of Resolved, Exxended and Point components will occur by random “
(in one hemisphere,

Sho8 > 5t | RR RE EE: RP EP PP
spacing < 10') . ' 0.3 1.7 2,5 Lh.2 12,2 15,1
L5 - 31,5

Chance Tdentifications. ' B .
viyndham gives the chance of galaxies <20™ lying within a square of 0.4!

as 5%. We see later that the search square is not determined by the accuracy
of the radio position, but by the possible separation between radio centroid and
the optical object. .This may reach 1 to 2'arc,
: The mean spacing of 18Mm galaxies is 8/ so that the chance of being

within 2! of a radio centroid is 25%; of being within 1! is 6%.

The most likely types are E,N,galaxies and these make up only 18% of all types.
' The mean density of stars <18M is about 12000/°sq but only 10% of these
are 0,B types likely to be mistaken for QSOs. However this means that on survey
plates there will be about 1 O or B stan within 1! of any position <18M,

The problem is easier at hlgh galactic latltudes, since the density of stars is
lower by 20 times at b = 90 ' :

.
4



'Source’Mechanism.: _ B ‘ ' ’
Gl o Ryle and Lonaalr (1907) have sugoested a model for
a double QOurces in which two clouds of plasma are ejected in opposite directions

- from the galaxy. . Since the speeds approach that of light, the two components
will, in general, be observed at different ages and different angular separations
- from the galaxy. It is then pos51b1e tc derive the luminosity and age for -
~ each component. . -
: . Mills and Sturrock (1970) have another model in which
‘the galaxy forns from mtter gathered at a reversal sheet in the 1ntergalactlc
~magnetic field. Gravitational energy
is stored in the distorted field as the
galaxy contracts ( S to B type) until
~a flare ejects plasma at speeds < 0.3 c.

SHOCK WAVE
_ For both models, the most - THERMAL GAS
. reasonable method of conflnlng the ' 1
plasma is by ram pressure of the _ DIRECTION
intergalactic medium. Calculations  ormoTion

give a profile to the component

similar to the magnetosphere of the
earth, and when observed with a

finite beam-width, the peak is displaced
from the centroid in the direction of .
‘motion away from the galaxy. : o

EXTRAGALACTIC
MEDIUM . -

g

Alternate calculations by
De Young and Axford (1967) give radio
contours extended perpendicular to
the motion.

. Both types have been seen ' :
(Cygnus A; Fornax 4) but the Sturrock. S —
elongation is more common, o

Rirther ejections may occur
on the opposite side or along an
earlier path, giving rise to the . R '
multiple sources found. However, the : ! ﬂ;:éi\

models do not describe diffuse or S~
halo sources. . : \\\*//




Some Sou.rces mth Extended Stmcture

R.T. Schilizzi, W.B ;‘;‘cAdam (1970)
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These brlef ullde“conleg é,re for a remmder only. e
- 0356-85 NGC 15 99  10™.9 Eo ; double 5'.6 sep. at 36°. The minor peak
s 45" from galaxy; centroid is-4%".6 at 5% from galaxy.
0511&50* ~dowble with strong bridge 7'.7 sep, at 26°, polarized.
17'n galaxy near bridge is a I‘ObSlble identification.
0634-20 elongated with 11'.5 between peaks at 179°. A 16M.8 E galaxy 1.Les
4% south of the N. peak,
0800~09 6'.8 sep., at 91° with components not aligned along axis. liany
interesting optical objects; rnone confirmed. : :
1333-33  IC 4296 11,9 E ;  triple spaced 12'.7 and 17'.7 with strong
bridge between north pa:.r For distance ~ 24 lLipc size is ~ 240 kpc.
Thought to be similar to Centaurus A, Strong polarization along the
axis as shown below ( 11 cm Farkes: Gardner et al)
1400-35 GG 5419 19M.4 E; .
. 9'.7 sep. at 99°; major comp. is S
5t x 6'; centroid is 5',0 frum s - ‘ Was
- optical, which is ~40" from the % l © O IC429%_ b Pz 1
raller radio component. 3 >®n‘%'
| :
Pl - .
\
XY 24
~ A\
-34° 00" ! . S
13h 35m 00s 13h-34m C0s 13h 33m G0s

Right ascension (1950)

.~ Fle. 1. The structure of 13-32 derived from 11 em observations : the

wntours are the haitintensity levels of o paussian distid yticn ntued to
the ebservations. The poziticn ¢f 10 4206 which is identi cd with the
tadio aouree i3 also shown, The position angie of the cicetrie veetor of
the intrinsie polarization (that is, coiteetad for Taradny petaticn) ond
the 11-3 cm percentage polarizaticn is indicaicd for ¢ich ecty enent




f‘, Frequency Effects.i’ 'f"

A Spectral Indlces of 1ntegrated flux vary over approxX.’ ra_nge

. A-O 5 to ~1,2 * depending on the type of source and the frequency range.
’ ' Between 38 and. 750 MHz, the unidentified sources and galaxies

 have steeper spvectra than Q30s ( =0.79; =0.75 and'-0.70 respectively).

. The non-sc:mtlllatlng sourcesin 3C l:.st have steeper spectra :than the ,

- -scintillators. = There is a high correlation between convex spectra and .
small scale structure. (Fellera.mn,”aulmy-xoth Williams 1969). '
. Bridle and Costain (1970) observed 90 clusters; found spectra. for

" rich clusters -O. 926 steeper than for ga.laxn.es -0.753. .

‘Thus the larger the source, the steeper is its spectrum in the
1ow freq_uency range. I‘t is likely uhat this also holds for the extended-.
components in a single source. Quotinz van der Laan. \1969) "There is t‘ms
no need to assure that the typlcal difference in spectral index from one
corponent to another in the same source, is less than the dlfference from
one source to another." See also Brldg,e (1969).

The Coma cluster (Abell 1656) has a core with index =0.8; the
halo has :mde*{ steeper than -1.8 and poss::.bly ~-2 5 so that it o.omln&tes
below 38 Lliz.” -
V:Lrgo A has a steep index for its nalo.. vet Virgo, with Hydra
Hercules and 3CZ53 are reccrmeénded as secondary sta_ndards (Cass 4 is primary)
for flux measurements because of their simple power law spectra between
58 and €000 liiz, 411 these show structure. Zven if the integrated flux

-,ma:m’calns constant spectral index (no curvature) observations with different -

Vor ak dsze%” freguencies could. gv.re f‘h.x,-em‘ors as the

--ex’cended o’cmxcturc becores .Yartially -s~ivesolVed
, Because of undetected halos, many low frequency fluxes ray

be underestimated. The seyfert galaxy NGO 1275 has a concave spectrum

with excess flux below 100 Iz (Roger, Costain, Furton 1965)

Except for halo sources {(components with common centro:.a) the

structure would change when there are spectral differences between co"monents.‘ :

Thus centroids and peak positions need not coincide at different frequencies.
The problems in searching for optical identifications are obvious.

Identifications, ‘ : _ ,
'S¢ So Ellip D DB N Sey Gal  QSS BSO uniden.

Molonglo 92 >3t 5 32 6 2 4 - - 33

NRAO 1083 - o 7% 50 30 88 184 21 628

These pprox:mate distributions show that even among the extended sources,
35% remain unidentified. 0f the QS0s that have had their structure .

- measured, most arc double (or fit a double model) and Hogg (1969) found

6 out of 18 had one component nezr the optical position (rather than the
centroid). These comgonents are usually swall dicureter and time varying. .
The distribution in size is shown in the earlier table. :

Present searches for optical .objects are using positions accurate
to 1 or 2"arc but need to dllO\:’ 101' .,hlfts fron the centroid of up to 1 or 2'
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