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Abstract. Some properties of solar active regions at 9, 3.5 and 1.2 mm wavelengths are discussed. 
The regions have excess brightness temperatures of up to 1000, 700 and 150 K at 9, 3.5 and 1.2 mm 
wavelengths. The background radiation at 3.5 mm is often seen to be 'absorbed' in regions closely 
coincident with Ha dark filaments on the disk. Interpretation of this 'absorption' as due to the large 
optical thickness of the overlying filamentary material leads to an estimate of electron density in the 
filaments. The 9 and 3.5 mm-~. regions show almost one-to-one correspondence with the Ca-plage 
regions as well as with the regions on magnetograms. The latter relationship suggests the possibility 
of measuring chromospheric magnetic fields from the measurement of polarization at millimeter 
wavelengths. 

1. Introduction 

High  resolut ion  observat ions  o f  the Sun have been made  at  9, 3.5 and  1.2 m m  wave- 

lengths dur ing  the pe r iod  15-30 Sep tember  1969, using the 36-foot  rad io  telescope o f  

the  N a t i o n a l  R a d i o  A s t r o n o m y  Obse rva to ry* ,  s i tuated at  K i t t  Peak  in Tucson,  Ar i -  

zona.  The  ha l f -power  beamwid ths  o f  the te lescope are 3'.5, 1'.2 and  1'.2 arc  respectively 

at  9, 3.5 and  1.2 m m  wavelengths.  The  telescope has an az imuth-e leva t ion  m o u n t  and  

has  comple te  compute r  con t ro l  o f  poin t ing ,  coord ina te  convers ion and  da ta  acquisi-  

t ion.  The  telescope and  the rad iomete rs  have been descr ibed previously  (Buhl and  

Tlamicha ,  1970). G o o d  weather  condi t ions  and  very l i t t le  o f  equ ipment  fai lure 

pe rmi t t ed  us to make  a to ta l  o f  a b o u t  40 solar  maps  at  the  three wavelengths.  In  this 

paper ,  we shall  discuss some character is t ic  features  o f  the active regions,  and  their  

re la t ionships  wi th  the  features  observed  at  opt ica l  wavelengths.  

2. Observations 

The  observat ions  were taken  by  scanning the Sun in r ight  ascension at  the rate  o f  1 ~ 

pe r  minute ,  the successive scans being separa ted  by  1' of  arc  in decl inat ion.  In  o rde r  

to p rov ide  sufficient baselines,  the scans were chosen to be 45' long and  a to ta l  o f  

37 scans were taken  with  1' arc  intervals.  A t  3.5 m m  wavelength,  for  some maps  a 

to ta l  o f  76 scans with 0~5 o f  arc  intervals  in dec l ina t ion  between scans were also taken.  

This  p rocedure  was adop t ed  in o rde r  to take  full  advan tage  o f  the angular  resolu t ion  

(1'.2 arc) avai lable .  The  scan p r o g r a m  for  the  te lescope was set up  to first scan east  

for  45'  a rc  and  then reverse and  scan west  at  the same decl inat ion,  the da t a  being 

recorded  digi ta l ly  in bo th  di rect ions;  the da t a  were also recorded  on ana log  char ts  

usual ly  for  the east  scan only,  and  somet imes also for  the west  scan. The compute r  

* Operated by Associated Universities, Inc. under contract with the National Science Foundation. 
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continuously calculates the interpolated position for the Sun and corrects for horizon- 
tal parallax and pointing errors. Consequently, a complete solar map consists of  a 45' 
by 37' arc grid of data points, centered on the Sun, or in the case of  some 3.5 mm maps 
a grid of  45' by 38' arc in R.A. and 6. The active regions were scanned repeatedly 
over a R.A. range of 30' or 35' arc and at declination intervals of  1' arc over a suitable 
declination range in which one or more dominant active regions were located. These 
scans were repeated at time intervals of  approximately d min, where d is the declina- 
tion range in arc minutes. 

Because of the difficulty of  obtaining an absolute temperature calibration, or of  
determining accurately the beam efficiency (approximately 75% as measured on the 
moon at 3.5 ram-2) of the antenna we have assumed mean temperatures of 6000 K, 
6400 K an 7000 K respectively at 1.2, 3.5 and 9 mm wavelengths respectively. Since 
the efficiency is lower for sources smaller than the Sun, the temperature differences 
between hot and cold regions may be underestimated. After scaling the data to the 
appropriate mean quiet Sun temperatures at different wavelengths, the data points 
were plotted on a Calcomp plotter using the available contour mapping program of 
NRAO.  On the solar disk, 50 K contour intervals were chosen to display the solar 
activity. Contour intervals of  500 K were used near the limbs of the Sun where the 
temperature changes very rapidly. Contour temperatures are printed out automatically 
and temperature depressions are indicated by small dashes in the direction of tem- 
perature decrease. Baseline contours set at 100 K are useful in displaying the behavior 
of  the antenna off the sun. As has been pointed out by Buhl and Tlamicha (1970), the 
antenna beam seems to have no large discrete sidelobes at 3.5 mm-2, and that the 
beam appears to be symmetrical in the azimuth and elevation planes to about 10%. 
The antenna performance seems to be better at 9 mm-2, as can be judged from the 
much neater maps at 9 mm-2 as compared to those at 3.5 mm-2. The limited number 
of  solar maps indicate that the antenna side lobe structure is not much worse at 1.2 
ram-2. 

In order to minimize atmospheric attenuation, measurements were made close to 
transit whenever possible. For off-transit observations, the individual scans were 
normalized with respect to a particular scan, namely the scan through the center of  
the Sun, by observing the latter at regular intervals of  elevation angles. From meas- 
urements of  this central scan at different elevation angles, an extinction curve was 
plotted for each day and all the scans were corrected by means of this extinction curve. 
The correction for atmospheric effect is particularly important for 1.2 mm observa- 
tions; it is only slightly important at 3.5 ram, and is relatively unimportant  at 9 mm 
wavelengths. 

3. Results and Discussion 

Figure 1 shows typical examples of  solar maps at 9, 3.5 and 1.2 mm wavelengths. The 
maps at 9 and 3.5 mm shown in Figure 1 were taken on the same day. A comparison 
of these maps together with the corresponding maps in He  and Can,  as well as the 
Mt. Wilson magnetograms leads us to make the following conclusions: 
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Solar map at 9 mm-2 for 17 September, 1969. The grid used was 45' by 37' in R.A. and c~ 
at intervals of 1' arc in ~. 
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Solar map at 3.5 mm-2 for 17 September, 1969. The grid used was 45' by 37' in R.A. 
and ~ at intervals of 1' are in 3. 
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Solar m a p  at  1.2 m m - 2  for 25 September,  1969. The  grid used  was 45'  by 37' in R .A.  and  6 
at intervals  o f  1' arc in 3. 

(1) The maps at 3.5 and 9 mm are quite similar, although the maps at 3.5 mm show 
considerably more structure than the 9 mm maps, obviously due to higher angular 
resolution. The maps at 9 and 3.5 mm both show sources whose peak excess bright- 
ness temperatures can reach up to 1000 K and 700 K respectively, representing about 
10-15~ of the quiet Sun radiation at these wavelengths. The discrete sources at 9 
and 3.5 mm are distributed practically all over the disk. Such a distribution is typical 
of Calcium plage regions. Indeed the 9 and 3.5 mm regions have very close corres- 
pondence in size and intensity with the plage regions. The intense sources at both 
9 and 3.5 mm usually appear in pairs; these correspond to bipolar regions on magneto- 
grams. A complex region at 3.5 mm consisting of three or more components usually 
corresponds to an equally complex region on magnetograms. Such complex structure 
is greatly smoothed out on the 9 mm maps because of lower resolution, although the 
existence of several components can often be discerned. Figure 2 shows the magneto- 
gram which should be compared with the 3.5 and 9 mm maps of Figures la and lb. 
The very close correspondence (almost 100~) between the mm regions and the mag- 
netic regions is quite clear. The relationships between the millimeter wave regions, 
and the Ca-plage regions as well as the magnetic regions are shown in Figure 3. It is 
clear that the size of the mm regions is very closely related to the Ca-plage regions as 
well as the magnetic regions. It should be noted that for the radio regions we have 
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Fig. 2. Mount Wilson magnetogram for 17 September, 1969. 

taken only the half-power width of the regions, whereas for magnetic and plage 
regions we have taken their full angular extent. Further, the excess brightness tem- 
peratures of  the 3.5 and 9 mm regions is also proportional to the magnetic field 
strength of the plage regions; however, the fact that the mean line of Figure 3c for 
3.5 mm-2 does not pass through the zero implies that a minimum magnetic field 
strength is required for the regions to be observable at 3.5 mm wavelength. Figures 
3d and 3e show that the excess brightness temperatures at 3.5 and 9 mm are very 
poorly correlated with magnetic fields and areas of  associated sunspots. 

Only three solar maps were obtained at 1.2 mm wavelength, one on 24 September 
and two on 25 September, 1969. Figure lc shows one of  these maps. It  is clear from 
this map as well as from the map of 24 September, 1969, when a 3.5 mm map was 
also obtained, that solar activity is much less pronounced at 1.2 mm than at longer 
wavelengths of  3.5 and 9 mm. Indeed the excess brightness temperatures of the regions 
rarely exceeds by more than 150 K the background temperature. The peaks then 
correspond to the stronger peaks of Ca-plage regions and the strong magnetic regions. 

(2) One of  the most important characteristics of most 3.5 mm and some 9 mm maps 
is the existence of  ' temperature depressions' or 'absorption features'. These features 
usually correspond to dark disk filaments observed in Ha. In analogy with 'radio 
spots' and 'radio plages', we shall call them 'radio filaments'. As we know, the dark 
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filaments form in regions of zero longitudinal magnetic field; the filamentary material 
is supported by a magnetic field parallel to the surface of the Sun. It is relevant to 
note that the temperature contours between the two components of a ram-2 double 
source very often delineates the boundary of the neutral region of the magnetic 
bipolar region even when the 'radio filament' is not so obvious. Sometimes one 
observes radio filament without the corresponding Ha filament. This is understandable 
if one interprets the absorption as being caused by free-free absorption of the radio 
radiation by the filamentary material having high electron density and lower tem- 
perature; the optical depth is higher at radio wavelengths than in Ha, consequently 
one can observe radio filament even when the optical filament is absent or too old 
to be observable. This also explains why the absorption is found to be stronger and is 
observed more often at 3.5 mm than at 9 mm, since the latter radiation originates at 
a higher level. This interpretation leads naturally to a method of estimating the 
electron density in the filament from the observed amount of absorption at 3.5 mm 
wavelength. The mean optical depth �9 is given by �9 = K  l, K being the absorption 
coefficient and l the dimension of the filamentary material through which the radio 
radiation passes. Since K depends upon the wavelength 2, electron density Ne and 
electron temperature Te, therefore assuming an appropriate value of T~, one can deter- 
mine N~. If one can measure the absorption at a second wavelength with comparable 
angular resolution, one can estimate both Ne and T~. The measurement of absorption 
at a number of millimeter wavelengths should lead to a fairly good estimate of the 
height of the disk filaments, since at a certain wavelength the absorption will cease to 
be observable. Assuming Te=5000 K, l---2000 km (since only the linear thickness 
of the filamentary material is relevant for absorption of radio waves), an observed 
absorption of about 200 K will lead to an electron density of 5 • 101~ per cm 3. Since 
the 2000 km thickness of the filament may consist of a number of 'strands' of higher 
electron density, the mean electron density of 5 • 10 l~ per cm 3 estimated from absorp- 
tion of millimeter waves seems quite reasonable. 

(3) The properties of the slowly varying radiation at millimeter wavelengths seem 
to be consistent with the thermal origin of this radiation in the higher than normal 
density regions at chromospheric temperatures. Indeed, the spectrum of brightness 
temperature which decreases with decreasing wavelength is compatible with this ex- 
planation. It is quite obvious that the gyro-resonance absorption which is invoked 
to explain the slowly varying component at centimeter wavelengths cannot play any 
role at millimeter wavelengths, since the required magnetic field is at least an order 
of magnitude stronger than observed. This interpretation is strengthened by the fact 
that there is poor correlation between brightness temperature and sunspot magnetic 
field. The thermal radiation at millimeter wavelengths in the presence of a magnetic 
field should be circularly polarized; the degree of circular polarization can be used 
to measure the longitudinal magnetic fields in the chromosphere. Indeed for quasi- 
longitudinal propagation of radio waves in the magneto-ionic medium of the chromo- 
sphere, the degree of polarization is simply related to the magnetic field (see e.g. 
Kundu, 1965). Since the millimeter wavelength regions show one-to-one correspon- 
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dence with the regions of  longitudinal magnetic fields on magnetograms, the assump- 
tion of quasi-longitudinal propagation seems to be justified. Thus if one can measure 
the degree of  circular polarization at 3.5 and 9 mm-2, one should be able to get 
fairly good estimates of magnetic fields at different heights in the chromosphere. 

As mentioned earlier, the Sun's activity at 1.2 mm-2 is much less pronounced 
than at 3.5 and 9 mm-2. This may be due to the fact that the Sun's activity at short 
radio wavelengths is caused by some particular magnetic field structure which is such 
that the main zone of  activity occurs above a certain altitude, namely, above the level 
where the 1.2 ram-2 radiation occurs. Alternatively, one can imagine that in the region 
of  origin of 3.5 mm wavelengths the electron temperature and density are such that 
the optical depth at 3.5 mm is only of the order of unity. If  the T e and Ne in the region 
of origin of  1.2 mm-2 do not change much, one should have lower optical depth at 
1.2 mm because of  shorter wavelength, and consequently the excess brightness 
temperature of an active region will decrease considerably. I f  this interpretation is 
correct, then at times of  high activity, one might expect to see higher brightness 
temperatures at 1.2 mm wavelength. 
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