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Astronomy beyond the optical

❖ Astronomy is the oldest 
science, but for >95% of history 
has been entirely optical

❖ Modern astronomy is multi-
wavelength

❖ Radio astronomy was the first 
time astronomy went ‘beyond 
optical’. 







❖ 1861 — James Clerk Maxwell, Scottish physicist

❖ Formulated Maxwell’s Equations, describing electricity 
and magnetism

Electricity + Magnetism = ?
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Electricity + Magnetism = ?
Electric field leaving volume
proportional to charge inside

No magnetic
monopoles

Electromotive force in a 
circuit

depends on magnetic flux 
enclosed

Changes in electric current
depend on magnetic field
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Electricity + Magnetism = Waves?

Physicists already knew the ‘wave equation’:

With some mathematical manipulation, 
Maxwell’s equations re-arrange to

… the wave equation!
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Electricity + Magnetism = Waves?

So, electric and magnetic fields travel in waves!

How fast?
@2u
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= 2.9979⇥ 108 m s�1



Light is an electromagnetic wave…

So, there should be other types of 
electromagnetic wave, at other wavelengths.

This discovery paved the way to the 
existence of radio astronomy



1887 — Hertz checks Maxwell’s predictions

“Hertzian Waves”

Discovered EM waves, wavelength ~60cm.

Hertz: “This has no practical purpose”



Can we see the Sun?

❖ Thomas Edison (1890) tried to 
detect the Sun (using millions 
of tonnes of magnetite ore as 
the core of an induction coil) 
and failed.
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Can we see the Sun?

❖ Thomas Edison (1890) tried to 
detect the Sun (using millions 
of tonnes of magnetite ore as 
the core of an induction coil) 
and failed.

❖ Oliver Lodge (1894) got close… 
but wasn’t sensitive enough:

❖ Charles Nordmann tried 
(1902), from Mont Blanc at 
3100m… no result.

Then… everyone gave up!



1935- Jansky detects… something

❖ Karl Jansky, “father of 
Radio Astronomy”, 
worked for Bell Labs

❖ Discovered ‘hiss-type 
static’ at 20Mhz, 
which varied — 
almost, but not quite 
— on a 24 hour 
period. 



1935- Jansky detects the Galactic centre

❖ Karl Jansky, “father of 
Radio Astronomy”, 
worked for Bell Labs

❖ Discovered ‘hiss-type 
static’ at 20Mhz, 
which varied — 
almost, but not quite 
— on a 24 hour 
period. 

“The stuff, whatever it is, comes from 
something not only extraterrestrial, but 
from outside the Solar System… there’s 
plenty to speculate about, isn’t there?”





1935- Jansky detects… the Galactic centre



Radio astronomy blossoms

❖ Grote Reber (1911 - 2002) single-handedly developed 
radio astronomy in the 30’s and 40’s

❖ Jansky worked at Bell Labs… Grote Reber built the 
largest radio dish in the world in his Chicago back yard.





History of radio astronomy, Steve Torchinsky Goutelas, 4 June 2007 9

The first radio map of the sky

• Grote Reber

Grote Reber’s map of the radio sky at 160 Mhz
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Sun finally detected… by accident

❖ During WWII, radio 
technology developed due to 
Radar (RAdio Detection And 
Ranging)

❖ In 1942, two German battle 
cruisers passed undetected 
through the Channel — British 
radar was jammed… 

❖ Investigators found excessive 
radio noise over all frequencies, 
only during daylight hours
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wCME
UV, X-ray

e-
Short-wavelength 

radio signals absorbed by
ionosphere

“Fadeout”



Post-war: Meteor-radar astronomy

❖ Idea: bounce RADAR off the ionised tails of meteorites. 
Already knew atmospheric disturbance affects radio 
propagation

❖ Daytime meteor showers!



Time
Freq.





Farther afield…

❖ Astronomers expected thermal 
radio emission from planets 
(all objects >0K emit thermal 
radiation)

❖ Jupiter found to emit radio 
bursts (similar to the Sun) at 20 
Mhz!

❖ Strong, non-thermal emission 
(70,000 K at 200 Mhz)



Radio bursts from Jupiter

❖ Jupiter found to have a 
magnetic moment 18000 times 
stronger than Earth

❖ Caused by: 

❖ (1) metallic Hydrogen in 
Jupiter’s interior

❖ (2) Plasma eruptions from Io 
(~1 tonne per second)



‘Radio stars’





‘Radio stars’

A few discrete radio sources were identified 
optically… the vast majority were, at first, totally 

mysterious

“Distance suggestions have ranged from comets (0.1pc) to 
extragalactic structures (>100,000)”

- Van de Hulst, 1951



‘Radio stars’
How to address issue? Optical followup!

Cyg A



Cygnus A



‘Radio stars’

Velocity of radio stars showed that many were 
extragalactic (Cyg A has cz~15,000 km/s)

This implied a radio power over a million times that 
of the Milky Way

People found this hard to believe, because we 
didn’t have a mechanism that could produce such 

radio power)



‘Radio stars’
Answer: Synchrotron Radiation



‘Radio stars’
Answer: Synchrotron Radiation

“Radio stars” turned out to be a mix of radio galaxies 
and pulsars, powered by synchrotron radiation

(More about these later)



Further afield still… mapping the Galaxy
200 Englmaier, Pohl, and Bissantz: The Milky Way spiral arm pattern

Fig. 1. Map of neutral atomic hydrogen (21-cm
line) published by Oort (1959); figure taken from
the text book Scheffler & Elsässer (1992). The Sun
is in the upper part of the plot at 8 kpc.

cular rotation law for distance estimation, or
more direct methods for nearby objects.

More recently, Nakanishi & Sofue (2006)
used the 12CO (J = 1 − 0) survey data of
Dame et al. (2001) to recover the 3D distribu-
tion of the molecular gas in the Milky Way.
Again, a circular rotation law was assumed,
and the area beyond the Galactic centre was ex-
cluded. The face-on view is compatible with a
4-armed spiral pattern.

In the outer disk, spiral arms have been
traced by analyzing the HI layer thickness
(Levine et al. 2006), again finding at least four
spiral arms.

2. Method
Pohl et al. (2008) used the velocity field from
the standard model of Bissantz et al. (2003) to
recover the gas distribution in the Milky Way
using a probabilistic method to match the ob-
served CO gas distribution from Dame et al.
(2001) to the model prediction along the line-
of-sight. The underlying kinematic model is
not a simple circular rotation law, but has
been calculated from a realistic mass model
including a triaxial model of the bulge/bar
which has been determined using the ob-

served COBE/DIRBE near-IR light distribu-
tion (Bissantz & Gerhard 2002). At radii larger
than 7 kpc we use a circular rotation law (after
a smooth transition).

When multiple distances are permitted by
the model for a given measured signal, the
signal is distributed over the allowed dis-
tance bins according to certain weights. These
weights have been chosen to avoid placing gas
at unrealistic large distances or above or be-
low the warping and flaring plane. Our ap-
proach is based on the ideas of regulariza-
tion methods which are used commonly e.g.,
for non-parametric reconstruction problems.
Comparison with a mock density model al-
lows us to identify artifacts caused by the in-
version. The resulting map for the gas distribu-
tion is shown in Fig. 2 (blue-green inner part)
together with the HI layer thickness (red-gray
outer part) from Levine et al. (2006). Major in-
version artifacts in this map are: the circle be-
tween Sun and galactic centre, the linear struc-
ture behind the galactic centre along the line-
of-sight, and the structure seen beyond the so-
lar radius in the far side of the disk.

For further details of the method we refer
the reader to Pohl et al. (2008).

3. Interpretation

3.1. Two or four spiral arms?
When we trace by eye the spiral arms in Fig. 2
starting at the bar ends, the situation becomes
complicated when we reach ∼ 7 kpc in radius.
Spiral arms seem to end or branch and any pic-
ture drawn is highly subjective. However, we
can trace the arms with confidence at small
and large radii. On the other hand, we can
make a sensible connection between the spi-
ral arms, since arms cannot cross, only branch.
When we interpret the spiral pattern this way,
we can draw the pattern shown in Fig. 3, a 2-
armed spiral pattern in the inner Galaxy, which
branches in two more arms at about the solar
radius. Similarly, there seems to be some in-
dication of short branches starting off the mi-
nor axis of the bar when the spiral arms pass
near the Lagrangian points of the bar. Those
short branches might be due to the assumed

1950s, early 1960s

Jan Oort maps 
atomic hydrogen

Discovers Milky Way 
spiral structure
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Radio telescope design

❖ The optical ‘band’ is roughly 400nm - 700nm

❖ By comparison, the ‘radio band’ spans >7 decades — 
from ~1cm (‘ultra high frequency’, 10s of GHz) -> 
10,000m (’low frequency’ 30 KHz)

❖ No single radio telescope design can be efficient for all 
of radio astronomy!



Why ‘antennas’?

❖ Radio photons are pretty wimpy

❖ Photon energy, E=hv

❖ E.g., optical photon, 600nm wavelength…

❖ Energy = 2 eV (1 eV = 1.6 x 10-19 J)

❖ Radio photon, 1m wavelength…

❖ Energy = 0.000001 eV!



Why ‘antennas’?

❖ Radio photons are pretty wimpy

❖ Photon energy, E=hv

❖ E.g., optical photon, 600nm wavelength…

❖ Energy = 2 eV (1 eV = 1.6 x 10-19 V)

❖ Radio photon, 1m wavelength…

❖ Energy = 0.000001 eV!

‘Photon counting’ doesn’t work!
Need to think about measuring the 

electric field instead



Two main classes of radio telescope

Dipoles Dishes

Dipoles are (relatively) simple
Dipoles operate at low frequency (= long wavelength, > 1m)



Dipole antennas

❖ E-field of incoming radiation 
sets up current in antenna

❖ Voltage measured across 
resistor

❖ Current induced by field 
parallel to antenna





Waveguide horns

❖ Towards higher frequencies, getting good sensitivity requires 
‘directive aperture antennas’

❖ One example: waveguide horn





Waveguide horns

❖ Towards higher frequencies, getting good sensitivity requires 
‘directive aperture antennas’

❖ One example: waveguide horn

❖ Advantages: lack of structure means that there is little blocking the 
aperture. Can calculate absolute flux densities easily! Large dishes 
typically only measure relative flux densities, and require 
calibration sources



Two main classes of radio telescope

Dipoles Dishes

Dishes (AKA parabolic telescopes)
Used at high frequencies 

Boundary between dish and dipole is ~300 MHz
This will shift to higher frequencies as technology improves



Cambridge 
1 Mile Telescope

Manchester 
Lovell Telescope



Alt-Az mount

❖ Most modern radio telescopes 
use an “Alt-Az mount” (rotate 
around 2 axes)



Other weird telescope designs…







Angular resolution of radio telescope

How to think about the sensitivity of a radio telescope?

Reciprocity theorem: any radio receiver 
can, equally, be thought of as a radio 

transmitter

(This is technically because Maxwell’s equations are time-
reversible)



Angular resolution of radio telescope

How to think about the sensitivity of a radio telescope?

Reciprocity theorem: any radio receiver 
can, equally, be thought of as a radio 

transmitter

So, if we imagine what the properties of the telescope are as a 
transmitter, that tells us its properties as a receiver



Angular resolution of radio telescope



Angular resolution of radio telescope

Very sensitive!



Angular resolution of radio telescope

Less sensitive…



Angular resolution of radio telescope

a
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b



Angular resolution of radio telescope

Polar diagram 
for most basic

dipole



Angular resolution of radio telescope



Angular resolution of radio telescope



Angular resolution of radio telescope

  

• Sensitivity of telescope to a source at angle θ is given 
by length of OP

• Central lobe corresponds to the Airy disk

• First minimum at usual angle α (=1.22λ/D)

• Side lobes correspond to first maxima outside Airy 
disk



The response of a uniformly illuminated circular parabolic antenna of 25-metre diameter, at a 
frequency of 1 GHz (or imagine the telescope response if transmitting...)

15

“Sidelobe”

The “beam” or
“main beam or 

main lobe” 



The Heterodyne receiver

❖ Sensitive to incoming electric field

❖ Frequency of incoming signal is down-converted by a 
reference signal (mixer), which is generated locally

❖ The resulting lower frequency signal is easier to sample 
and study

❖ (Hetro = different, dyne = frequency)



Local 
oscillator

Mixer





Local 
oscillator

Mixer Amplifier Detector

Output
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Introduction to Interferometry

❖ Rather than using single telescopes, it’s possible to link 
up networks of telescopes, and use them as a single large 
instrument

❖ The angular resolution of the interferometer depends on 
the dish separation, not the diameter

❖ Critical thing: what is measured is not the signal, but the 
phase difference between each pair of receivers  



Background: adding waves
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We can describe Young’s experiment quantitatively with the help of Figure 37.5. The
viewing screen is located a perpendicular distance L from the barrier containing two slits,
S1 and S2. These slits are separated by a distance d, and the source is monochromatic. To
reach any arbitrary point P in the upper half of the screen, a wave from the lower slit must
travel farther than a wave from the upper slit by a distance d sin !. This distance is called
the path difference " (lowercase Greek delta). If we assume that r1 and r2 are parallel,
which is approximately true if L is much greater than d, then " is given by

" # r 2 $ r1 # d sin! (37.1)

The value of " determines whether the two waves are in phase when they arrive at
point P. If " is either zero or some integer multiple of the wavelength, then the two
waves are in phase at point P and constructive interference results. Therefore, the
condition for bright fringes, or constructive interference, at point P is

(37.2)

The number m is called the order number. For constructive interference, the order
number is the same as the number of wavelengths that represents the path difference
between the waves from the two slits. The central bright fringe at ! # 0 is called the
zeroth-order maximum. The first maximum on either side, where m # %1, is called the
first-order maximum, and so forth.

When " is an odd multiple of &/2, the two waves arriving at point P are 180° out of
phase and give rise to destructive interference. Therefore, the condition for dark
fringes, or destructive interference, at point P is

(37.3)

It is useful to obtain expressions for the positions along the screen of the bright
and dark fringes measured vertically from O to P. In addition to our assumption that
L '' d , we assume d '' &. These can be valid assumptions because in practice L is
often on the order of 1 m, d a fraction of a millimeter, and & a fraction of a
micrometer for visible light. Under these conditions, ! is small; thus, we can use the
small angle approximation sin! ! tan!. Then, from triangle OPQ in Figure 37.5a,

d sin!dark # (m ( 1
2)&  (m # 0, %1, %2,  ) ) ))

" # d sin! bright # m &  (m # 0, %1, %2,  ) ) ))

1180 C H A P T E R  37 •  Interference of Light Waves

(b)

r2 – r1 = d sin
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θ
d
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(a)

d
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L
Viewing screen

θ

θ

P

O

δ

y

r1
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θ

Figure 37.5 (a) Geometric construction for describing Young’s double-slit experiment
(not to scale). (b) When we assume that r1 is parallel to r2, the path difference between
the two rays is r2 $ r1 # d sin !. For this approximation to be valid, it is essential that
L '' d.

Path difference

Conditions for constructive
interference

Conditions for destructive
interference
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d sin ✓ = m�

d sin ✓ = (m+ 1/2)�

= constructive interference.
Bright patch

= destructive interference.
Dark patch





This is how interferometry works

❖ Combine signal from 2 (or more!) telescopes

❖ These produce an interference pattern caused by the 
phase differences

❖ Use interference pattern to reconstruct information 
about source

❖ Can obtain far higher resolutions than single dish 
instruments (can be >0.05 arcseconds)



Two-element interferometer
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Two-element interferometer

Geometric delay

⌧

L

✓

= L sin ✓

Constructive interference:
= m�



Two-element interferometer
As Earth rotates, angle varies. Produces constructive 
(m=1,2,3…) and destructive (m = 1/2, 3/2, 5/2…) 
interference fringes
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sin ✓ ⇠ ✓ (Small angle approx.)



Two-element interferometer
As Earth rotates, angle varies. Produces constructive 
(m=1,2,3…) and destructive (m = 1/2, 3/2, 5/2…) 
interference fringes

Maxima at L sin ✓1 = m� L sin ✓2 = (m+ 1)�

sin ✓2 � sin ✓1 =
�

L

sin ✓ ⇠ ✓ (Small angle approx.)

So, fringe separation ✓f = ✓2 � ✓1 ' �

L



Two-element interferometer

So, fringe separation ✓f = ✓2 � ✓1 ' �

L

Resolution of interferometer!

Our simple, two-element interferometer 
acts like a single dish with diameter L



Two-element interferometer

  

• Sensitivity of telescope to a source at angle θ is given 
by length of OP

• Central lobe corresponds to the Airy disk

• First minimum at usual angle α (=1.22λ/D)

• Side lobes correspond to first maxima outside Airy 
disk



Two-element interferometer

  

• Resulting polar diagram is superposition of the 
narrow lobes from the interferometer on the single 
dish diagram

– Only a few narrow lobes shown for clarity
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• Resulting polar diagram is superposition of the 
narrow lobes from the interferometer on the single 
dish diagram

– Only a few narrow lobes shown for clarity

✓f = ✓2 � ✓1 ' �
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Two-element interferometer

  

• Resulting polar diagram is superposition of the 
narrow lobes from the interferometer on the single 
dish diagram

– Only a few narrow lobes shown for clarity

❖ Small source: at fringe 
peak, all signal interferes 
constructively

❖ Full power of object 
measured

❖ Object unresolved by 
interferometer



Two-element interferometer

  

• Resulting polar diagram is superposition of the 
narrow lobes from the interferometer on the single 
dish diagram

– Only a few narrow lobes shown for clarity

❖ Large source: some of 
source will always 
interfere destructively

❖ Full power of object not 
measured

❖ Object resolved by 
interferometer



Two-element interferometer

❖ Resolution depends on baseline — separation between 
antennas

❖ Interferometer is sensitive to particular angular scales — 
you adjust the baseline depending on your desired 
resolution

❖ If source is too large for the interferometer 
configuration, it begins to be ‘resolved out’, and you 
lose flux



Two-element interferometer
Geometric delay ⌧

L

✓

= L sin ✓

We measure phase
using interference:

unmatched positional 
accuracy!

� =
2⇡

�
L sin ✓



Interferometer arrays

❖ Real interferometers use more than two telescopes at a 
time

❖ Number of baselines increases with number of 
telescopes…

N =
n2 � n

2



Very Large Array (VLA) 27 dishes

351 baselines







ALMA image of antenna galaxies



Radio astronomy techniques: take home points

❖ Dipoles vs dishes

❖ Polar diagrams for dipoles, dipole arrays, dishes

❖ Angular resolution of radio telescope

❖ Interferometry!


