
Chapter 4

Radio astronomy fundamentals
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4.1 Radio telescopes

Tuorla 2-meter solar radio telescope

Figure 4.1: HPBW ’half power beam width’, FWHM ’full width half maximum’, true (efficient)
antenna area = aperture efficiency η× geometric area. η varies ≈ 0.3 – 0.7. Surface accuracy
of the dish has to be better than the wavelength used.
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Figure 4.2: HPBW ∼ BWFN/2 (beam width between first nulls). dB = 10 × log P1/P0; if P1 =

P0→ 0 dB, if P1/P0 = 0.5→ 3 dB (Fig. from Kraus: Radio Astronomy)
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Figure 4.3: Antenna beam: The angle in radians (rad) is related to the arc length it cuts out:
θ = s

r , where s is arc length, and r is the radius of the circle. A squared radian is also called a
steradian (sr), which is defined as the solid angle subtended at the center of a sphere of radius r
by a portion of the surface of the sphere having an area r2. (Fig. from Kraus: Radio Astronomy)

Figure 4.4: Spatial resolution: Antenna beamwidth – which basically means the spatial resolu-
tion – can be approximated with θ = 1.2 λ

D . (Fig. from Räisänen - Lehto: Radiotekniikka)
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(Fig. from Kraus: Radio Astronomy)

Figure 4.5: The basics of radio receivers
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4.2 Interferometers

The benefit of interferometers in solar observations: better spatial resolution and removal of
atmospheric disturbancies (can observe in cloudy weather). Baseline = distance between the
farthermost antennas ∼ D.

Figure 4.6: The Nobeyama radioheliograph is a traditional T-shape array of telescopes, in the
future Frequency Agile Solar Radiotelescope (FASR) will consist of telescopes in no particular
array form.
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Figure 4.7: Solar observations are almost always done in the snapshot mode (no Earth rotation
is used for the aperture synthesis).

77



4.3 Brightness temperature and flux density

An ideal (blackbody) radiator at temperature T radiates with intensity

Bν(T ) =
2hν3

c2

1
ehν/kT − 1

(W m−2 Hz−1 sr−1) (4.1)

At radio frequencies we can use the Rayleigh-Jeans approximation (ehν/kT ∼ 1 + hν/kT+...)

Bν =
2kTν2

c2 (W m−2 Hz−1 sr−1) (4.2)

for the brightness (regardless of the emission mechanism).
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Flux density S of a source is determined from the source brightness and the source solid angle

S =

∫ ∫

ΩS

BS (θ, φ) dΩ (4.3)

If the source brightness is constant over the telescope beam area, the received power is

Pr = 1/2 Ae f S 0 ∆ f (4.4)

where ∆ f is the frequency bandwidth, Ae f is the effective aperture of the antenna, and S 0 is the
observed flux density within the antenna beam (S 0 = BS ΩA).

Antenna temperature can be solved from

Pr = k TA ∆ f (4.5)

The antenna temperature TA due to the source can be expressed as

TA =
1

ΩA

∫ ∫
T (θ, φ) Pn(θ, φ) dΩ (4.6)

T (θ, φ) is the source temperature
Pn(θ, φ) is the normalized antenna power pattern (dimensionless)
ΩA is the antenna beam area (rad2)

Flux density S of a source (for the two polarizations) is related to the source brightness temper-
ature

S =
2kν2

c2

∫
Tb dΩ (W m−2 Hz−1) (4.7)

where dΩ is a differential solid angle and the integral is over the projected area of the source.

The observed flux density can then be written as

S 0 =
2kTA

Ae f
(W m−2 Hz−1) (4.8)

Simplified Example

D= 14 m
A= πr2 = 154 m2

Ae f = 0.5 × 154 = 77 m2

TA ≈ Tb ≈ 7200 K at 37 GHz (source > beam, no absorbing atmosphere)

S 0 =
2kTA

Ae f
= 2 × 1.3805 × 10−23 × 7200/77 (4.9)

= 2.58 × 10−21 W m−2 Hz−1 = 26 sfu

For a 2-m antenna with similar efficiency S 0 = 1266 sfu

79



(from Kraus: Radio Astronomy)

If the source size (Ωs) is smaller than the antenna beam size (ΩA), the observed antenna tem-
perature reduces to:

TA =
Ωs

ΩA
Tb (4.10)

Relative radio flare brightness:

Tb,ν = X Kelvin (quiet Sun brightness temperature at frequency ν from literature or absolute
calibrations)
On-Sun − Off-Sun = Y mV

⇒ Y mV ≡ X Kelvin
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Calibration
- Absolute calibration using radio sources and hot+cold loads
- No calibration, using units relative to ’quiet Sun’ level

The method of using relative solar flux units provides the advantage of removing atmospheric
and radome effects (variable attenuation) and instrumental effects, but it is more sensitive to
errors in quiet Sun level determination.

Furthermore, the true source size of the radio emitting region in solar flares is not always known
and it can vary from a few arc seconds to several arc minutes.

Figure 4.8: (Vernazza, Avrett & Loeser, 1981)

Sensitivity

The sensitivity of radio observations depends on the receiver noise temperature, i.e. the receiver
must be able to detect small differences in the total noise. The sensitivity of the system is
calculated from the total or system noise temperature Tsys

Tsys = TA + TR (4.11)

where TR is the receiver noise temperature (K). The smaller the antenna (source) temperature,
the smaller should the receiver noise temperature be.

In some cases the sensitivity limitation can be overcome by longer integration time or larger
bandwidth.

The minimum detectable temperature ∆T of a radio telescope is

∆T =
Ks Tsys√

∆ f t
(4.12)

where Ks is a sensitivity constant that depends on the receiver type, ∆ f is the receiver bandwidth
(Hz) and t is the post-detection integration time (s).
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4.4 Radiative transfer equations

Geometry of a source with effective temperature Te f f and optical depth τ, located in front of a
background with brightness temperature Tbo.

Tb =

∫ τν

0
Te f f e−tνdtν + Tboe−τν = Te f f (1 − e−tν) + Tboe−τν (4.13)
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Just the source, with no background:

Tb =

∫ τν

0
Te f f e−tνdtν (4.14)

Tb = Te f f (1 − e−tν) (4.15)

if τν � 1, e−tν → 0: Tb = Te f f (optically thick)

if τν � 1, (1 − e−tν)→ τν: Tb= Te f f τν (optically thin).

Example:

An emission source, with brightness temperature of 200 K and source solid angle of 1 deg2 is
observed through a cloud. The brightness temperature of the cloud is 100 K and its solid angle
is 5 deg2. The effective area of the radio telescope is 50 m2. Observations are done at 600 MHz
and the optical depth of the cloud is 1. Calculate the antenna temperature when the telescope is
pointing to the source (you can ignore the 3 K cosmic background radiation).
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4.5 Radio observations

• Large single dish antennas (Metsähovi and Itapetinga 14 m, Nobeyama 45 m)

• Small dish complexes (Bern/Tuorla, Nobeyama polarimeters NoRP)

• Non-traditional antennas (RATAN-600)

• Multi-beam receivers in single dish (Brazil, Argentina)

• Interferometers (Nancay radioheliograph NRH, Nobeyama radioheliograph NoRH, Owens
Valley Solar Array OVSA, future FASR)

• Radio spectrografs (Zurich ETHZ, Tremsdorf OSRA, Artemis-IV in Greece, HiRAS in
Japan, Culgoora in Australia, etc.)

• Radio spectrometers in space (Wind WAVES and STEREO WAVES)

• Solar eclipse observations

Figure 4.9: Radio facilities at cm- and mm-wavelengths (note the time difference, limited com-
mon observing time).

86



Figure 4.10: Fixed frequency coverage in the 1980s..

4.5.1 Single dish antennas

Figure 4.11: Single dish antennas - Metsähovi Radio Observatory, a 14-m antenna in Kirkkon-
ummi, operated by Helsinki University of Technology
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Figure 4.12: Imaging with scanning technique, the scans are made along right ascension, chang-
ing declination between scans.

Figure 4.13: Nobeyama 45-m scanning observations of a prominence (full disk needs 240 scans,
which is done in 2 hours time!) From Irimajiri et al. 1995
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Figure 4.14: Artificial limb darkening (Lindsey and Roellig)
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Figure 4.15: Artificial limb darkening observed in a Metsähovi solar map.

Figure 4.16: Small dish complexes: Tuorla-Bern polarimeters (TUBE)
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Figure 4.17: Nobeyama polarimeters: Fixed frequencies at 1, 2, 3.75, 9.4, 17, 35, 80 GHz, full
disk observations, automatic recording

4.5.2 Non-traditional antennas

RATAN 600 (Russia)
RATAN 600 consists of 895 antenna elements (2×11.5 m each), constructed in the shape of a
ring with a diameter of 576 m. One-dimensional scans of the Sun are observed near 09 UT, at
30-40 wavelengths ranging from 1.67 cm up to 32 cm with left (LCP) and right (RCP) circular
polarization.

Figure 4.18: RATAN-600 in Zelenchukskaya, North Caucasus, Russia
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Figure 4.19: The RATAN-600 is a reflector-type radio telescope, advantages being a broad
wavelength range, ability to use wide bandwidths, etc., but it is non-traditional in design. In
order to obtain high resolution at rather short wavelengths, the mirror of a radio telescope must
have rather large linear dimensions and the reflecting surface must be extremely accurate. These
requirements are clearly contradictory; in order to resolve this contradiction, the main mirror
of the telescope was built in the shape of a ring. Left: the southern sector can operate in
combination with the flat periscope reflector. It is possible to track a source by moving the
secondary mirror along the arc-shaped railway tracks or to perform azimuthal 2D map synthesis.
Right: the secondary mirror and receiver cabins.

4.5.3 Observed polarization

Stokes parameters
Stokes parameters (I,Q,U,V) describe the degree of polarization. In solar radiation only circular
polarization is observed (linear polarization disappears because of Faraday rotation).

For a completely polarized wave:
Left-hand circular (’L’): I=S, Q=0, U=0, V=S
Right-hand circular (’R’): I=S, Q=0, U=0, V= –S
Note: for engineers and physicists the directions are different!

Flux density S is often described with intensity I = R+L and polarization with R-L.

Degree of polarization = polarized power/total power =

√
Q2+U2+V2

I ; (0...1)

Measurement of magnetic fields
In the presence of a temperature gradient, free-free radiation becomes circularly polarized:

P = (n νB cosα)/ f ,

n = −(∂TB/∂ f ) f T−1
B =

∂lgTB
∂lg f ,

where
P is the observed circular polarization degree (per cent, %),
n is the logarithmic spectral index,
νB is the gyrofrequency and f is the observing frequency,
TB is the brightness temperature.

The intensity of polarized emission is proportional to the longitudinal (line-of-sight) component
of the magnetic field B (cosα = 1).

A practical estimate is: B = 107 P (nλ)−1, B in Gauss and λ in cm.
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For optically thin plasma, n = 2, and B = 54 P / λ.

See details in e.g., Grebinskij et al., Astronomy and Astrophysics Supplement Series Vol. 144,
pp. 169-180, 2000, and/or
Bogod and Gelfreikh, Solar Physics Vol. 67, pp. 29-46, 1980.

Figure 4.20: RATAN intensity profiles over the solar disk; Calculated magnetic field strength
from observed polarization.

Faraday rotation
Faraday rotation observations are unique among remote diagnostics of the solar corona in that
they provide information on the coronal magnetic field. The polarized radiation from natural ra-
dio sources (i.e., linear polarization of sources like quasars that get occulted by the solar corona)
are observed and the magnitudes of the rotation measures together with the estimated electron
number densities are used for determining the magnetic field strengths (β = C × N Bλ2 ∆d).
See more details in Mancuso and Spangler, Astrophysical Journal, Vol 539, pp. 480-491.

Figure 4.21: Faraday effect (image: Wikimedia Commons)
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4.5.4 Multi-beam receivers in single dishes

Figure 4.22: El Leoncito, Argentina (at height 2550 m)

Figure 4.23: A cluster of six beams, shown in the diagram, is directed to the active region
selected for tracking. Observing frequencies are 212 and 405 GHz.
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4.5.5 Interferometers

Nobeyama Radioheliograph (NoRH) in Japan is a radio telescope dedicated to observe the
Sun. "Helio" means the Sun, "graph" means an imaging telescope. It consists of 84 parabolic
antennas with 80 cm diameter, sitting on lines of 490 m long in the east/west and of 220 m
long in the north/south. Its construction took 2 years and cost 1.8 billion yen. The first obser-
vation was in April, 1992 and the daily 8-hours observation has been done since June, 1992.
The observiong frequencies are 17GHz (right and left circular polarization) and 34GHz (only
intensity). Field of view is full solar disk, with spatial resolution of 10 arcsec (17GHz) and 5
arcsec (34GHz). Temporal resolution is 0.1 sec (event mode) or 1 sec (regular mode).

As the NoRH is a radio interferometer, original data are sets of correlation values of all the
combination of antennas. They correspond to the spatial Fourier components of the brightness
distribution of the solar disk. In most cases, it is necessary to synthesize images from the
original raw data.
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NoRH image synthesis is done with IDL software. All computers use Linux as the operating
system. The synthesis programs available are:

• Hanaoka (standard CLEAN algorithm, support 17 and 34 GHz, full/partial Sun images)

• Koshix (CLEAN + Steer algorithm, support 17 GHz, better for diffuse radio sources,
full/partial Sun)

• Fujiki (high spatial resolution, support 17 GHz, only partial Sun images)

• C2FITS (for reconstructing the NoRH raw data to visibility data that can be utilized for
AIPS synthesizing software)

Nancay radioheliograph (NRH) in France consists of a cross-shaped multi-antenna array,
comprising an East-West branch with 19 antennas along a 3200 meter long baseline and a
North-South branch of 24 antennas over a total length of 1250 meters. It can image the Sun at
wavelengths between 60 cm and 2 meters. It has been equiped with a digital correlator, which
permits the true two-dimensional imaging of the solar corona, using all possible baselines of the
cross-shaped array, at a rate of 5 images per second in each of 5 fixed wavelengths between 60
cm and 2 meters. Observations at different wavelengths probe different heights in the corona,
in the case of the Nancay radioheliograph regions between 0.1 and 0.5 solar radius above the
visible surface.

Figure 4.24: Nancay radioheliograph imaging at five selected frequencies

It is an instrument dedicated to solar observations, and presently it is the only instrument to
provide daily radio observations of the solar corona (the other dedicated solar radio telescope,
at Nobeyama Radio Observatory in Japan, observes at much shorter, centrimetric, wavelengths
which probe the solar atmosphere much closer to the visible surface, and other radio telescopes,
like the Very Large Array (VLA) in the U.S.A., observe the Sun only infrequently, and have not
been designed for such specialized observations of a highly variable, very intense radio source).

During 1994-1998 the system has been renovated: a new, powerful correlator allowing rapid
multifrequency two-dimensional imaging of the Sun has been installed, and a new 7.5 meter di-
ameter antenna is raised at a site 1.5 km to the South of the southernmost existing antenna, thus
allowing a twice better resolution. This renovation cost somewhat over a million US dollars,
co-financed by the French State (CNRS) and the administrative council of the Region to which
Nancay belongs.
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Figure 4.25: Nancay interferometric pattern + uncleaned source at 432 MHz

Interferometers - Owens Valley Solar Array (OVSA):
2 x 27-m + 3 x 2-m + 2 new 2-m antennas
1-18 GHz (tunable, phase lock in 20 ms)

Figure 4.26: Owens Valley Solar Array (OVSA), USA
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Figure 4.27: Owens Valley Solar Array (OVSA) flare observations, partial field-of-view

Figure 4.28: VLA, Socorro New Mexico, recently upgraded as Karl G. Jansky Very Large
Array, with state-of-art receivers and electronics, enabling dynamic imaging spectroscopic ob-
servations of the Sun.

Figure 4.29: Type IIIdm burst centroids as a function of frequency (colored from red to
blue for decreasing frequencies), showing trajectories of fast electron beams in the solar
corona. See RHESSI Science Nugget at http://sprg.ssl.berkeley.edu/∼tohban/wiki/index.php/

Passages_of_Electron_Beams
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4.5.6 Radio spectrometers

Figure 4.30: Note the missing frequencies, removed because of man-made interferences.

Figure 4.31: Examples of radio spectrometers: Tremsdorf in Germany. The systems consists
of 4 sweep spectrographs (10 sweeps per second): 40-90 Mz, 100-170 MHz, 200-400 MHz,
400-800 MHz. The antennas are a pair of crossed double-log Yagis, 1 x 10.5-m, 2 x 7.5-m
paraboloids. There is strong interference at 85-108 MHz (UHF radio), 170-200 MHz (UHF
TV), 550-700 MHz (VHF TV). Calibration between frequency ranges can also be tricky.

Figure 4.32: New cheap and smart technology: e-Callisto (operated by Christian Monstein,
ETH Zurich)
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Figure 4.33: Interferences may appear at IF, not just at observing frequencies. (Fig. from Kraus:
Radio Astronomy)

The plasma frequency of the ionosphere is ∼15 MHz on the day side of the earth near sunspot
maximum and ∼10 MHz on the night side near sunspot minimum, making the layer opaque
to all lower frequencies. Even at preferred sites near the magnetic poles, such as Canada and
Tasmania, and near sunspot minimum when ground based observations can be taken as low as
2∼ MHz, the available resolution is extremely poor (several degrees). Therefore, to study this
last unexplored window on the electromagnetic universe, one must go to space.

The Wind WAVES investigation (launched in 1994), with two swept-frequency radio receivers
RAD1 and RAD2, provides comprehensive coverage of radio and plasma wave phenomena in
the frequency range from 20 kHz up to about 14 MHz. The Thermal Noise Receiver TNR
extends the frequency range down to 4 kHz. STEREO (launched in 2006) and Solar Orbiter (to
be launched around 2015) will provide similar radio spectral data.
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Figure 4.34: Radio spectrometers in space - Wind WAVES example.

4.5.7 Solar eclipse observations using Fresnel diffraction
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4.5.8 Burst classifications

Solar burst classification using radio emission at 2.8 GHz. Many flare forecasts are done using
this wavelength
F10.7 = 2800 MHz = 10.7 cm flux
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Solar Geophysical Data classification

Hiraiso Solar Observatory classification (reversed frequency scale)
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