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SUMMARY

Between 408, 610 and 1407 MHz the mean differential temperature spectral
index of the galactic non-thermal radiation is found to be close to 2-8o,
although the exact value varies with direction. Several regions with anomalous
spectra are associated with previously-known features of the continuum
background.

I. INTRODUCTION

Paper I (Sironi 1974) described measurements of the differential temperature
spectrum of the galactic background radiation by means of scaled arrays at 1515
and 408 MHz. This paper describes related observations using pyramidal horn
antennas at 408, 610 and 1407 MHz. The particular objectives were twofold:
first to investigate how closely the differential spectral index at these frequencies
has approached its high-frequency asymptotic value of B x 2:8-2-9 (Penzias &
Wilson 1966; Altenhoff 1968; Conklin 1970), and second to search for possible
variations of spectrum with direction, on all angular scales greater than the
beamwidth of 15°x 15°.

The measurements were difficult for several reasons. One is that 408 and
610 MHz are frequencies so close together that extreme care is necessary if meaning-
ful spectral data are to be determined. For example, an error of only 4 per cent in
the scale of the antenna temperatures of either system would result in an error of
o1 in the value of the spectral index. Another is that by 1407 MHz the brightness
temperature of the galactic non-thermal radiation at high latitudes has dropped to
values of 1 K and less, so very small changes of antenna temperature have to be
measured in the face of such diurnal effects as the variation of ambient temperature
and mains voltage. Special methods of overcoming these problems were devised.

Section 2 describes the receiving systems, Section 3 the results and Section 4
the derivation of spectral indices. The conclusions are summarized in Section ;5.

2. THE RECEIVING SYSTEMS
2.1 The antennas

For a background survey at high frequency a horn antenna has a substantial
advantage over an array of dipoles in that (i) the side lobes are considerably lower
than those of a comparable array, thereby reducing the contribution from extraneous
sources, (ii) the beam pattern is better defined, and (iii) the antenna loss is much
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smaller and more readily calculated. Scaled horns as described by Howell (1970)
were therefore used. These were of copper sheet at 408 and 610 MHz and of
aluminium sheet at 1407 MHz. The 15° beamwidths were sufficiently small that
spectral variations over the sky could be investigated but sufficiently large that,
first, the background radiation swamped the contributions of all but the most
powerful discrete sources and, second, the net polarization in most directions is
low enough that little error is introduced by using antennas which respond only to
one linearly polarized component of the total flux.

The horns were mounted with their E-planes coincident with the local meri-
dional plane and could be tipped to different declinations. The input probes were
matched to 50 Ohm impedance with VSWRs of 1-05 or less across the bandwidths
of 4 MHz.

2.2 The receivers

The receivers were basically Dicke switching radiometers. Because of the
variation of input temperature with frequency, the designs of the front ends
differed from system to system and are described separately, but beyond the Dicke
switches the receivers were essentially identical. Transistor amplifiers provided the
first stages of gain and gave system noise temperatures of about 500 K. The final
outputs were smoothed with RC time constants of 8s and recorded on paper
charts.

2.2.1 The 408 and 610 MHz systems. These (Fig. 1) compared the antenna
temperature with the 77 K noise temperature of a resistor immersed in liquid
nitrogen (the cold load CLz2). The liquid nitrogen loads were designed (Webster
1972) to provide a steady reference temperature despite variations of liquid nitrogen
level in the Dewars. The main cause of changes in the reference temperature was
then the dependence of boiling temperature on atmospheric pressure; 0-086 K
for the typical daily range of 100 millibars.

Ideally the reference temperatures would have been nearer the expected antenna
temperatures of about 25 K and 10 K, respectively, but the convenience of liquid
nitrogen was an important consideration and approximate balance was achieved
by injecting noise from a noise diode via a directional coupler. This noise diode
also functioned as the transfer standard for calibrating the scale of antenna
temperature. At regular intervals when observing, the current through the noise
diode was increased by a known amount with a consequent change of receiver
output. This change of output was calibrated against the thermodynamic scale of
temperature in a separate experiment.

At first, trouble was experienced from a small diurnal variation of the zero-level
of the system. This problem was overcome by including the switch S1 and the
cold load CL1 in order to be able to measure the zero level from time to time whilst
observing. S1 was a well-matched electromechanical switch with very low loss.
It was connected directly onto the antenna termination and by only 200 mm of
cable to the cold load CL1. By minimizing the lengths of cable before the switch,
with their unavoidable loss, the changes in output zero-level due to differential
changes in the temperature of the cables were reduced to an acceptable amount.

An automatic programming device controlled the times of observation, calibra-
tion and zero-level determination as shown in Table I, where I; is the current
through the noise diode which approximately equalized the noise powers at the
terminals of the Dicke switch and I is a greater current which increased the noise
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Fi1c. 1. A block diagram of the 408 and 610 MHz receiving systems. S, switch; C, cable;
CL, cold load.

contribution through the directional coupler by about 30 K at 408 MHz and 10 K
at 610 MHz. The 32-min cycle was divided into four phases of equal length. In
phases 1 and 3 observations were made, in phase 2 the gain was calibrated and in
phase 4 the zero-level was determined.

TaBLE 1

The automatic sequence of operations employed when observing with the 408 and 610 MHz

systems
Phase 1 2 3 4
Noise diode current (mA) Io I Io o
Position of switch S1 1 I 1 2

2.2.2 The 1407 MHz system. At 1407 MHz the antenna temperature is about
5 K, indicating the need for a reference load in liquid helium. None was available
with sufficient long-term stability and it was decided to use instead a second
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antenna directed at the celestial north pole as the reference. Even with this arrange-
ment it was plain from the outset that special precautions would be necessary
against the effects of changes in temperature of the receiver and cables, and varia-
tions of match of the horns which would alter the amount of noise from the receiver
reflected back into the system. The method adopted was to make the second
antenna identical with the first and to mount them both on a turntable so that the
directions in which they pointed could be interchanged. Each antenna was thus
alternately the observing antenna and the reference, and any instrumental error
signal due to differential losses and mismatches could be made to cancel out. The

Temperature stabilized
box on turntable

Dicke switch
__Coupler 1 :
Antenna A é—%D B
To To
power switch
supply \ filter oscillator

F1c. 2. A block diagram of the radio frequency head of the 1407 MHz system.

front end of this receiver was also mounted on the turntable and is outlined in
Fig. 2. Since the antenna temperatures were approximately equal, the noise diode
was used only for calibration and not for offsetting. The turntable stood inside
an enclosure of aluminium sheet, open only to the sky, to eliminate the possible
effects of ground radiation. The automatic programming device also controlled
this experiment, interchanging the directions of the horns every 10min and
operating the noise diode for 5 min in every hour to provide a calibration signal
of about 5 K.

2.3 Calibration

2.3.1 The 408 and 610 MHz systems. Because of the comparatively small frac-
tional change of frequency between 408 and 610 MHz, it was necessary to calibrate
the scales of antenna temperature very accurately if the spectral index derived was
to be meaningful. Advantage was taken of the fact that the gradient of a 7-T plot
is a dimensionless quantity so the scales along the two axes need only be known
relatively and not absolutely. The 408 and 610 MHz systems were calibrated against
the same noise temperature difference, which eliminated the need to measure any
temperatures at all and thus eliminated possible errors from thermometry. The
standards of noise temperature were two matched loads, one immersed in melting
ice and the other in water maintained to within o-1 K of a temperature near 40°C
by a thermistor, electrical heater and feedback amplifier.

The procedure employed when calibrating the 408 MHz system was as follows.
The antenna was disconnected and the 40°C load connected directly to port 1
of switch St (Fig. 1). CL1 was disconnected and the load in melting ice connected
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to port 2 by a very short cable. CL2 was also disconnected and replaced by a load
in a vacuum flask of water at about 80°C; the purpose of this was to calibrate the
system at balance with the necessary offset from the noise diode and coupler
approximately equal to the offset chosen when observing (i.e. with the noise diode
current roughly equal to Ip).

First the switch S1 was set to port 2 and the noise diode current adjusted until
the Dicke system was balanced. Then port 1 was selected and the system balanced
again. Finally the system was rebalanced with the switch at port 2, to compensate
for the slow cooling of the load in water at 80°C which was not stabilized.

The same procedure was followed for the 610 MHz system, using the same
calibrating apparatus. For each system the difference in the average noise diode
currents when the switches S1 were at ports 1 and 2 corresponded to the difference
in thermodynamic temperature between the baths at 0°C and 40°C, less a very
small amount caused by attenuation in the coaxial cables connecting the resistors
in the loads to the switch. This attenuation was measured to be 0-06 dB at 408 MHz
and, because the attenuation scales as the square root of the frequency, the change
of the calibrating signal was only about o-1 per cent between 408 and 610 MHz
which was negligible.

For comparison with surveys calibrated by a different method, such as the
present 1407 MHz survey, the difference in temperature between the baths,
corrected for cable losses, had to be known absolutely. The water temperatures
were measured by a mercury-in-glass thermometer good to o-1 K and the differ-
ence in temperatures multiplied by 0-995 to allow for the attenuation.

Both systems were calibrated six times during the observing period. The
temperature scale appropriate to any day’s drift scan was taken as the mean of the
two calibrations closest in time to that day.

2.3.2 The 1407 MHz system. The gain of this system was set so high that the
40 K difference between the loads used to calibrate the 408 and 610 MHz systems
drove it well off scale. The system had therefore to be calibrated independently, by
replacing the antennas by loads in water baths, changing the temperature of one of
the baths by about 10 K and noting the change in noise diode current necessary to
keep the system in balance.

3. RESULTS

At 408 and 610 MHz the antenna and atmospheric losses were so small that the
antenna temperatures needed no correction to convert them into mean sky bright-
ness temperatures. The sky brightness temperatures measured at these frequencies
over a range of right ascension (RA) at declinations § = 0°, +16°, +40°, +350°,
and +65° are listed in Table I1. At 408 MHz an average of 10 days’ observations
was combined at each declination, and never fewer than 7. At 610 MHz these
numbers were g and 5 respectively, owing to the greater susceptibility of the
antenna impedance to wet weather. The scatter of the measurements from day to
day gave the following rms values for the errors in the average brightness tempera-
tures listed in Table II at 408 and 610 MHz: 0-06 and o0-04 K at all declinations
except 8 = 0°, where the errors were 0-09 and 0-06 K respectively.

The 1407 MHz system was even more susceptible to the weather and many
other factors besides, so useful results were only obtained at declinations + 16°
and +40°. At 6 = +16° 8 days’ observations were averaged, and at +40°,
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TaBLE II
The measured mean sky brightness temperatures, in units of degrees K
8 = oo° 8= +16° 8 = +40° 8= +50° &= +65°
RA r A A} s A Y r A Rl r A A} I A hY
h m Tsos Tero Taos Teio Tiaor Taos Tero Trs07 Taos Tero Taos Tero
00 00 — -— — — 17°5 %7-51 101 22°8 11°89 134°6 11-83
00 12
00 24 —_ - — —  ~— 17'4 693 105 218 —  33'4 1I'53
oo 36
00 48 —_ - — -~  — 175 6-64 104 212 — —_—
o1 00
o1 12 —_ — ~— =  — 17'9 6'99 106 21'0 — —_ -
o1 24
o1 36 —_ - —_ -  — 183 — 1*11 21'1 — —_ —
or 48
02 00 —_ - —_ — — 189 — 112 21°8 — —_ -
etc.
—_ - - —  — 19"7 — 1'1§5 22°'Q — - —
—_  — - — — 206 — — 240 — - —
03 00
—_ — — — 213 — — 248 — —_
—_ - - —  — 222 871 — 254 — _ -
04 00 —_ - -~ — — 230 906 — 254 — -_ —
—_ _— — —  — 24'3 0'18 — 244 — — —
—_ - — —  — 248 918 — 233 10'79 — —
o5 0o 96 4-o1
108 425 — — — 249 882 — 2201006 — @—
12°5 4°56
136 5730 — — — 234 835 — 204 926 — 497
149 5°55
06 oo 16'0 586 — — — 21'5 9763 — 175 8:49 — 4°50
16:8 604
172 5'98 19'5 — o0°69 19°1 691 — 158 775  — 4-02
173 5-86
16°8 5:67 184 6-45 0-62 166 565 — 13°8 709 —  3°55
o7 oo 15°7 5°05
142 4°38 143 525 052 14'5 536 — 11°9 6:48 — 3-08
11°9 3°70
10°5 3°14 10°8 4°12 0°30 12'0 4-65 — 9'9 58 6°5 2°-54
88 2-53
o8 oo 7'3 2'22 7'4 2°980'24 95 3'99 — 81 539 56 2°25
56 1:66
4'4 1°42 47 2727016 72 338 —  6°2 491 48 1°95
3°2 105
2°7 o8 26 1'55 013 §5°3 304 — 47 4°'42 4°1 1-60
09 oo 1'9 0°49
1'6 043 14 119 0°16 4°2 2'71 — 3°'4 4°12 3°'5 I°'42
14 0°55
I'‘4 o0°37 13 1'020°12 37 236 — 2°4 382 31 1-°30
16 0°-°49
10 00 1'4 0°55 16 1°130°'1I1 37 224 — 20 358 26 1°12
1'8 0-62
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TABLE Il—continued
8 = o00° 8= +16° 8 = +40° 8 = +350° = +65°
RA r A N\ r A hY 4 A N\ r N\ r TN
h m Taos Teio Taos Teio Trs07 Taos Tero T1a07 Taos Tero Taos Tlero
22 0'%74 2'0 1°250°'17 38 2'12 — 2'0 346 22 1-°06
25 080
2'7 092 2°'5 1°43 0°22 4'1 2°'21 — 2'0 339 1-8 1-01
11 00 3'1 1°05
3'5 123 30 1°67 020 47 238 — 24 3°52 1'83 1°0I
40 1-36
45 1'48 4'1 1°910'25 54 265 — 30 352 1'8 0'95
52 1°79
12 00 61 216 50 2°27 025 5§5°'9 265 — 3'1 352 18 o-95
7°1 2-28
8:3 265 6°2 281038 62 277 — 32 352 1°8 1°01
9:4 2°-96
10°1 296 76 3°34 0°40 65 277 — 3'4 3°52 1°8 1°06
13 00 10°5 3°14
106 339 9'3 3°82 044 6-5 288 o0'55 35 352 18 1-06
10°4 333
1006 346 11°0 4°30 055 68 3:07 060 36 352 18 1:12
10:8 3-58
14 00 1009 376 12°9 478 0°'57 %7'5 3'24 0'57 40 364 21 1-18
I1'7 4°13
12'5 4°37 15'0 5°37 0-62 8:3 3:32 0°58 4°4 376 24 1°24
13°6 4-81
14°8 4°93 17°6 5797067 92 3'57 059 5°0 400 30 1°30
15 00 15'9 5°43
16:8 5:80 20°2 6:69 075 10°0 3:69 0°58 56 4-18 37 1°-54
177 605
18:6 6:-60 22'8 7-40 0°74 10°Q9 3°92 0°63 6°2 4:36 44 177
19'9 6-90
16 oo 21°0 %-52 25'2 812 0°8 11-8 4°25 0'60 71 4°66 5-2 2-01
23'0 8-02
25'4 8:81 281 8:96 088 12°9 4°57 063 %79 496 6°0 2-19
279 9°93
324 1121 308 973 101 13'8 493063 89 534 6°9 243
17 00 37°4 12°76
41°8 14°30 33°6 10°62 114 15'0 5°39 066 106 5:70 79 2'72
49°9 16-58
582 19°36 37-3 1194 1°29 16°6 6-10 0°70 11'9g 6°30 Q'O 3-I9
675 2170
18 oo — —  42'5 14°33 1'52 19*0 6:93 0-81 14°'5 709 10°2 3-67
— — 526 1683 198 22'9 8-49 0'95 17°3 8'12 115 4°32
— —  64'1 19°60 2°24 28-0 10°14 1'2I 21°'Q 9°34 12'8 4°8j
19 00
— — 68-9 21702 242 357 12°88 163 27°4 10°Q0 14°4 5°45
— —  63°1 20°55 2°13 48-0 16°22 2:08 35°2 12°60 16°2 6-10
59°5 1891
20 00 46°5 15°41 50°0 16°71I 1°77 59'0 19°80 2°52 43°'5 14°72 18-3 6°75
377 12793
30°4 10°85 35°5 12°54 1°20 604°3 20°72 2°83 48:6 16:0c0 20°4 7°40
254 9°19
213 7-65 256 9-91 1°0r 60-0 19'28 2:70 49°3 16-37 22°0 7-93
21 00 187 6-59

~
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TaABLE Il—continued
6 = o0° 8= +16° 86 = +40° 8 = +50° &= +65°
RA r A A r A- T r A A r A hY 4 A Y
h m Tas Teio Taos Teio Tra07 Taos Tero Tra0r Taos Terwo Taos Teio
16°9 5:92 20'0 8:00 0°83 49'0 16:10 2°26 45°4 1619 23°8 8-58
14°8 5°42
13°6 4+81 16°8 6°:57 067 37°2 13°32 1°84 40°3 15°52 264 9-II
12°2 4°50
22 oo 11°4 3:88 143 5°:61 0'57 28:6 10°07 1°53 33°4 14'30 29°2 ¢-64
- - 12'5 4°90 — 23'7 9°48 135 29'4 13°59 31-8 10°45
—_ - 11°0 4'48 — 210 8-26 124 27'6 13°15 33°9 10-89
23 oo
—_ - 97 — — 19°0 7+92 1'10 25°Q 12°84 35°3 11°48
- —  — — — 17'9 762 109 24°'3 12°42 35°'3 I1°93
24 00 _ — — —  — 175 “%:51 101 22°8 11'89 346 11-83

14 days’. The antenna temperature difference (71 — 7T2) measured when the axis
of the observing antenna was directed at the celestial coordinates («, §) was con-
verted to the mean sky brightness temperature 7'(«, 8) by means of the formula

T(a, 8) = 0°5[1 40008 sec (6 — o)+ 0-005](7'1 — T2) + 0-05 cos 2«

where 89 = + 52° is the latitude of the observatory. The secant term is the correc-
tion for atmospheric attenuation (Howell 1968), the next term is the correction
for antenna loss (Howell 1968), and the cosine term is the correction to the polar
reference temperature for the fact that neither the antenna response pattern nor
the brightness temperature distribution at the pole was circularly symmetrical.
The correction was scaled from measurements of the semi-diurnal polar variation
made by Howell (1968) with the 408 and 610 MHz antennas, using an assumed
index B = 2-8. The linear polarization temperatures at 1407 MHz measured by
Bingham (1966) north of 8 = +80° and averaged over the present beam size were
too small to need inclusion in this term. The mean sky brightness temperatures
at 1407 MHz are listed in Table II.

The daily records combined into the 1407 MHz drift scans were not all of the
same length, so the signal-to-noise ratio near the beginning and end of each
observed strip is not as good as that near the middle. The rms scatter on the
average temperatures near the middle of the scans, as judged from the daily
repeatability of the measurements, was o-o4 K at § = +16° and 0-02 K at +40°.

Although all three experiments were designed to keep the zero levels of measure-
ment constant, no attempt was made to determine the levels absolutely because the
differential spectral index was deduced from the slopes of the 7-T plots, which
are independent of the positions of the origins of the plots. Thus the temperatures
listed in Table IT were measured with respect to undetermined zero levels. At all
three frequencies, data obtained near midday were discarded in order to exclude
the possibility of contamination by solar radiation.
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Fi1G. 3. T-T plots between the 408 and 610 MHz mean sky brightness temperatures. The
five individual plots are to the same scale, but their origins are unrelated.

4. DERIVATION OF SPECTRAL INDICES
4.1 B between 408 and 610 MHz

Fig. 3 shows the 7-T plots of the sky brightness temperatures for the five
declination strips observed. The high-temperature parts of these plots, corre-

sponding to the unresolved galactic plane, are unreliable because the strong
gradients of sky brightness, coupled with the likely antenna pointing errors of about
1°, cause false spectral index variations. The index deduced for regions away from
the plane is unaffected by this source of error on account of the smaller brightness
gradients.

It is apparent that all five plots have similar mean slopes but that there are
indications of systematic variations of slope for particular areas. In order to demon-
strate this, Fig. 4 shows 7-T plots between temperatures measured at positive
galactic latitudes only. Separate plots are drawn at each declination for the zones
preceding (A) and following (B) the points at each declination with the minimum
measured temperatures. These zones correspond closely with Regions I and II
of Bridle (1967), relating to ‘ spiral arm’ and ‘interarm’ emission respectively.
Data to which the unresolved galactic plane, the North Galactic Spuraté = +16°
and Loop IV near a« = 138, 6 = 0° contributed appreciably have been excluded.
The lines drawn on the plots were fitted by means of a least-squares programme.
The values of n = (dT408/dT610) and its formal standard deviation o(#) calculated
by the programme are listed in columns 5 and 6 of Table III. Column 7 contains
the temperature differential indices B calculated from the relationship

- (&)
610
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+
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errors

F1c. 4. T-T plots between the 408 and 610 MHz mean sky brightness temperatures at
positive galactic latitudes only. Each straight line is the least-squares fit to the data points
in each plot.

At each declination, 7-T plots were also drawn containing the points from zones
A and B taken together; corresponding values of 7, o(n) and B are listed in the last
three columns of Table III.

The mean values of the indices listed in columns % and 10 were calculated in two
ways: first, weighted by the number of points in the 7-T plot from which each
index was derived and, secondly, unweighted. The weighted and unweighted
mean indices in column 7 are 2-81 and 285, and in column 10, 2-77 and 277 respec-
tively. The standard deviation of the ten indices in column 7 about the mean value
2-80 is 0°15, so the standard deviation of the mean may be inferred to be o-05. This
value is comparable with the scatter in the various weighted and unweighted means
from columns 7 and 10 so it appears to be a good estimate of the error in the
determination. It is concluded that the mean value of the differential index at high

Tasre III

The zones and the measured differential indices

Range
of RA No.
Dec. Zone h m h m of pts n a(n) B n a(n) B
o° A o7 18-09 42 12 3°30+0-00 2497 2-85t0°04 2-6o
B 09 42—1I 54 22 2:86+0°03 261
and
14 06-16 18
+16° A 07 24-09 48 i 3:16+0-05 286 306+ o005 2°79
B 09 48-14 12 11 2°99+008 273
+40° A 05 48-10 12 11 3°54+0°09 3°14 3°2910-08 2:96
B 10 12-18 36 21 3'15+0°08 2-83
+350° A 05 00—-II 0O 15 3:18+o0-03 287 3:16+0°06 2-86
B I1I 00-19 24 21 3°21+0°04 2'90
+65° A 07 00—-I1 48 11 300t o0-01 273 2:91+0°03 2°65
B 11 48-21 48 25 2:'92t+o0°04 266
1 2 3 4 5 6 i 8 9 10
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northern latitudes is B = 2:80+ 0-05 between 408 and 610 MHz. No increase is
necessary in the error estimate to account for the calibration error because the six
calibrations at each frequency were separately included in different sections of the
data, and therefore the scatter in the calibrations is implicitly included in the
scatter in the calculated indices.

The value of o-15 for the standard deviation of an index in column 7 is much
greater than the value 0-02 or so which would be expected if the experimental
spread of the temperature values in Table IT were the only source of scatter in the
values of the indices. This effect is almost certainly due to variations of the spectrum
of the background radiation across the sky; it is too large to be the result either
of drift in the receivers or of errors in pointing the antennas, and the systematic
trends of the points about the lines have angular scales greater than a beamwidth.
Landecker & Wielebinski (1969) found a similar systematic trend, with an angular
scale of about 8°, on a T-T plot between temperatures from scaled antennas
at 85 and 397 MHz; it was at a declination unobservable from Cambridge so it is
not possible to say whether there is a corresponding feature between 408 and
610 MHz.

The unweighted mean of the five indices in column 7 of Table III from the
zones labelled A is 2-92 + 0-07, and from those labelled B is 2-75 + 0-06; the weighted
means agree with the unweighted to within o-o1. Therefore the mean index from
the zones A is about two standard deviations greater than the grand average value
of 2-80, and the mean from zones B is about one standard deviation smaller. The
mean indices deduced by Bridle for Areas I and II differed in the opposite sense.
However, the difference found in the present experiments is barely significant, and
it is concluded that the differential indices between 408 and 610 MHz in the two
regions are identical within the errors of measurement.

4.2 Bto 1407 MHz

The 408/1407 and 610/1407 MHz T-T plots at § = +16° are shown in
Fig. 5. Division of the plot into two zones A and B defined as before gave the
following indices and deviations:

Zone A Zone B
4081407 MHz B = 2-91to12 2:61 + 005
610/1407 MHz 2:97 + 0°20 2:56 + 0°06.

These values are poor estimates of the differential indices because the range of
brightness temperatures is small at 1407 MHz and because the 1407 MHz tempera-
tures come from one end of the RA coverage, where few days’ data were combined
into each average temperature.

To gain accuracy all the data points collected away from the unresolved plane
were used. The lines fitted to these 7-T plots gave the following values:

408/1407 MHz B = 2-82+ 003
610/1407 MHz 277 + 0°04.
The errors in the line-fitting, the calibrations and the semi-diurnal polar correction

may be combined to give about 0-05 for the rms error in these indices. It is probable,
however, that this value is over-optimistic because the principal contribution is
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from the formal error in the line-fitting; it is plain from the various estimates of
index in column 7 of Table III that the small-scale variations in the index contri-
bute a greater uncertainty, at least between 408 and 610 MHz, and it is likely
that this effect is also present at higher frequencies. In consequence of this it is
thought prudent to double the estimated error. Although the region of the North
Galactic Spur was included with the general background for this analysis, the
points affected by the radiation from this feature lay near the middle of the 7-T
plot and so the slope of the fitted line was unaffected by its steep spectrum (see
Section 4.3). As will be shown below, the § = +40° data at 1407 MHz were
strongly influenced by an anomalous region of emission and could not be used to
provide a measure of the general background index.
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F16. 5. 408/1407 and 610/1407 MHz T-T plots on § = +16°.

It is concluded that the best estimates of the spectral index of the background
radiation are 2-80+ 0-05 between 408 and 610 MHz, 2:82 + 0'1 between 408 and
1407 MHz, and 2+77 1 o-1 between 610 and 1407 MHz. These values are consistent
with the value 2-8o between all three pairs of frequencies.

Some of the regions with anomalous spectra found on the 7-T plots could be
identified with known features of the continuum background. The very peculiar
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region at about 138 of RA on 8 = 0° (Loop IV; Berkhuijsen, Haslam & Salter
1971) requires a full discussion which will be given separately, but the spectra of
Loops I and III are dealt with here.
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Fic. 6. T-T plots between all three pairs of frequencies on 6 = +16°, between 10" and
20" of R.A., showing the effect of the Spur between 14" and 18". The unit of brightness
temperature is 1 K on both axes.

4.3 The spectrum of Loop I, the North Galactic Spur

4.3.1 Observations at 6 = +16°. Fig. 6 shows the 7-T plots between all
three pairs of frequencies between about 10" and 192 of RA. On each, the points
between 151 and 17 lie systematically above the run of the neighbouring points,
indicating that the spectrum of the Spur is steeper than that of the general back-
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ground radiation. The situation is, however, complicated by the fact that the
radiation from the Spur is strongly linearly polarized, especially at high frequencies
(Bingham 1966; Spoelstra 1971). Although there exists polarization at 408 and
610 MHz it is sufficiently weak and pootly oriented over the 15° beamwidth of the
horns that the points on the 408/610 MHz plot neced little correction. The
1407 MHz temperatures were corrected by averaging by eye over a 15° diameter
area the polarization vectors on Bingham’s 1407 MHz map, and calculating from
the averages what the temperatures measured at several right ascensions would
have been if the horn antennas had averaged the fluxes in orthogonal polarizations.
The effect of this correction on the 408/1407 and 610/1407 MHz T-T plots was
to move the points near 17" a little towards the mean line of the plot, to leave the
points near 16" where they were and, most significantly, to move the points near
151 well above the mean line. Thus the relatively steep spectrum of the Spur at
frequencies above 408 MHz is well established. Unfortunately it is difficult to say
by how much the spectrum in this region is steeper than the galactic average.

4.3.2 The observations at 8 = +40°. The T-T plots between all three pairs
of frequencies are shown in Fig. 7. Between 142 and 18" the slopes of the 408/1407
and 610/1407 MHz plots are very steep, and all three plots are strongly curved in
the same sense in this region. This curvature corresponds to one of the clearest of
the small-scale index fluctuations seen in Fig. 4. There is independent evidence of
a spectral anomaly in this region:

(i) Berkhuijsen (1971) noted on her 7-T plots of 240 and 820 MHz cuts
through the Spur at constant galactic latitude that there was a change of spectrum
across the ridge. Points on the north side had smaller 820 MHz brightness tempera-
tures than points on the south side with the same 240 MHz temperatures;

(ii) Conklin’s (1970) dual-beam 8 GHz experiment at § = +32°, performed
to detect any large-scale anisotropy of the microwave background radiation,
showed a marked effect at 16" after correction for the galactic radiation. The
residuals there swung from a large positive value to a large negative value; the
sense of the swing was that which would be expected if the galactic correction,
made by extrapolating the temperatures on a 404 MHz map (Pauliny-Toth &
Shakeshaft 1962) to 8 GHz assuming a constant spectral index of 28, was over-
estimated near 16h. This is clear evidence that the spectral index from o+4 to
8 GHz is locally greater than the average. The 408 MHz temperatures near
161171 on the 408/1407 MHz plot show an excess of about 7 K over the line of
best fit to the rest of the plot. If it is assumed that the feature has such a steep
spectrum that it contributes nothing to the brightness temperatures measured
at 1407 MHz and higher frequencies, the effect expected from the galactic correc-
tion in Conklin’s residuals is 7 x (0+4/8)2'8 K = 1-5 mK. The actual effect found
by Conklin is about twice as large as this, which, in view of the simple assumption
made here about the spectrum of the feature and the somewhat different declina-
tions of the observations, is good agreement. It is clearly dangerous to draw con-
clusions about the anisotropy without making allowance for spectral anomalies of
this sort. .

Although 6 = +40° is well to the north of the bright ridge of the Spur, it
seems very likely that the anomalous region there is associated with the Spur.
Berkhuijsen’s result concerning the variation of spectral index across the ridge is
evidence of this and there is also evidence from radio polarization surveys. The
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F1c. 7. T-T plots between all three pairs of frequencies on 8 = +40°. The unit of brightness
temperature is 1 K on both axes.

polarization vectors at 8§ = +40° on the 1407 MHz map of Bingham (1966),
for example, are small but systematically aligned; the alignment is a smooth
continuation of the alignment of the vectors in the Spur proper. The alignment is
lost by § = + 50°, and its is significant that the present 7-T plot at this declination
shows no anomaly.

4.3.3 The observations at & = o°. The alignment of the polarization vectors on

Bingham’s map shows that some of the radiation between 14" and 16 is associated
with the Spur. However, there is no steepening discernible on the 7-T plot B at
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8 = 0°; on the contrary the differential index of this plot is 2:61 which is smaller
than the average. This is further confirmation of Berkhuijsen’s result that the spec-
trum south of the ridge of the Spur is flatter than that to the north.

4.4 The spectrum of Loop 111

At § = +65° the antenna beams crossed the ridge of the continuum feature
known as Loop III (Berkhuijsen et al. 1971) at RA = 172 o5™. The points in this
region of the 408/610 MHz T-T plot indicate the presence of a component with a
spectrum locally steeper than the average. The slope of the line fitted to 7-T
plot Bat 8 = +65° gives B = 2-66, however, smaller than the average value. This
suggests that the inside of Loop III, that is the portion later than 171, has a spectrum
flatter than the galactic spectrum.

Howell (1968) also found that the spectrum between 81'5 and 610 MHz
within this Loop was flatter than the average. Thus Loop III resembles closely
Loop I in the distribution of the spectral index.

4.5 Discussion of the spectra of Loops I and 111

Previous spectral data for the ridge of the Spur have been reviewed by Holden
(1967). Below about 30 MHz the spectrum appears to turn over to a negative value
of the index, whilst above this frequency the index increases steadily. The steep
spectrum above 408 MHz found in the present study confirms this trend.

If the emission from Loop I is synchrotron radiation, as is generally accepted,
it is now possible to conclude that the electrons radiating in the Spur cannot have
the same energy spectrum as those giving rise to the background, whatever assump-
tion is made regarding the ratio of magnetic field strengths, because the radio
spectra are so different.

It has already been proposed that Loops I and III are similar objects on
account of their shapes and the association of H 1 with both (see e.g. Berkhuijsen
et al. 1971). The similarity of the continuum spectrum variations found here gives
further support to this proposition; the ridges of both Loops have spectra steeper
than the average between 408 and 610 MHz and the regions inside the arcs of the
Loops have spectra flatter than the average.

It is not clear at present how to apply these results to the problem of the origin
of the Loops since none of the current hypotheses, e.g. the super-supernova
remnant (Bingham 1967; Berkhuijsen et al. 1971) or the fossil Stromgren sphere
(Brandt & Maran 1972), is sufficiently well developed for a reliable prediction of
the radio spectrum of any part of the features to be made.

5. CONCLUSIONS

The scaled-horn experiments at 408, 610 and 1407 MHz show that the mean
differential temperature spectral index at high northern galactic latitudes is close
to the value B = 2-80 between all three pairs of frequencies. The accuracy with
which the index could be determined was limited ultimately by small variations
of the index with direction and not by any instrumental effect. The clearest of the
variations were identified with the continuum Loops I, IIT and IV. The regions
of anomalous spectra associated with Loops I and III appear to extend some
distance from the ridges of these features. The spectrum of the inside of each
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ridge is a little flatter than the average for the Galaxy, and of the ridge itself
considerably steeper; a region outside Loop I was also found to have a steep
spectrum.

The correction for galactic emission made by Conklin to his 8 GHz measure-
ments of background anisotropy was in error because of the region with anomalous
spectrum just to the north of the Spur. It seems wisest that future anisotropy
experiments be made at frequencies of 30 GHz or higher in order to render such a
correction entirely negligible.

Mullard Radio Astronomy Observatory, Cavendish Laboratory, Cambridge
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