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The widespread use of the internet has enabled complex instrumentation to be available remotely
and made it possible for students to use facilities to which they might otherwise not have access.
Internet access to radio astronomical observatories, including the 37 m radio telescope at the
Massachusetts Institute of Technology Haystack Observatory, has opened up new possibilities for
undergraduate laboratory activities and research. This capability allows undergraduates to acquire
and analyze radio astronomical data and investigate astrophysical systems that cannot be
investigated using optical telescopes. We describe a radio astronomical activity using the spectral
index to investigate the difference between thermal and nonthermal radiation and the sources that
emit these forms of radiation. ©2005 American Association of Physics Teachers.
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I. INTRODUCTION

In the past 50 years many discoveries have been m
with radio telescopes that have illustrated the need for mu
wavelength observations of the universe. Radio waves
are one of the most accessible parts of the electromagn
spectrum from the surface of the Earth. The radio-freque
range is arbitrarily defined to be from supersonic frequenc
beginning at about 20 kHz, up to about 600 GHz, where
far infrared begins. The Earth’s atmosphere is quite trans
ent in a radio window from 100 MHz to 100 GHz.1

Until recently, most of the laboratory activities and r
search projects at the undergraduate and pre-college le
have emphasized the optical part of the spectrum. Howe
in the last ten years this emphasis has begun to change
undergraduate education program at the MIT Haystack
servatory has focused on bringing radio astronomy into
undergraduate classroom.

The 37 m telescope that is used for the project discusse
this paper is remotely accessible to students anywhere in
world. Complex instrumentation that is available remote
introduces students to facilities that they otherwise would
be able to use.

Several recent studies have indicated the importance
research and inquiry based education at all levels.2,3 The
Boyer report2 strongly suggested that research-based le
ing is necessary to teach science, technology, enginee
and mathematics effectively. Providing teachers, espec
those at small colleges that have limited resources, with
means of incorporating research into their teaching is an
portant goal of our program. The project described in t
paper uses a research grade instrument in a hands-on,
ratory experience.

A discussion of thermal~blackbody! radiation and non-
thermal radiation is included in many physics and astrono
courses. Although distinct forms of radiation are described
courses and texts in astronomy,1,4–6 radio astronomy,7,8

astrophysics,9 modern physics,10 and electromagnetic
theory,11 there are few, if any, measurements that can
made by undergraduates to differentiate between these
forms of radiation. The availability of the 37 m Haystac
Radio Telescope to observe and study thermal and non
399 Am. J. Phys.73 ~5!, May 2005 http://aapt.org/ajp
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mal radiation makes it possible to experimentally investig
this topic in undergraduate physics and astronomy clas
This paper describes the basic theory of thermal and nont
mal radiation mechanisms in the radio range of the elec
magnetic spectrum. Activities are presented that describe
measurement of the spectral index, which is the freque
dependence of thermal and nonthermal radiation, for spe
sources. The spectral index is then used to differentiate
tween various radiation mechanisms.

II. THE 37 M HAYSTACK RADIO TELESCOPE

The radio telescope at the MIT Haystack Observatory i
parabolic antenna of 37 m diameter enclosed in a rado
which protects the antenna from the weather.12 The radome
consists of a material similar to Teflon, chosen because o
strength and transparency at radio wavelengths, stretc
over a semirandom strut structure used for support. T
struts are arranged in a semirandom configuration to av
periodic signals, such as reflections caused by the m
struts, which could mimic a real signal. The antenna confi
ration is Cassegrainian with a deformable secondary refle
at the prime focus which provides focus, tilt, and trans
tional motion under computer control for feed offsets a
focus. Two radiometers spanning the frequency ran
21–25 GHz and 36–49 GHz are available to students.
radiometer systems detect and amplify the received sign
The signals are then processed to determine the powe
ceived at various frequencies. The frequency channels ca
as small as 0.66 MHz to study spectral line sources or
large as 160 MHz to study continuum sources. The f
quency resolution is under the control of the observer. T
frequency ranges of the radiometers provide access to
emission from hydrogen recombination lines,13 several mol-
ecules in interstellar gas~for example, water, ammonia
methanol, silicon monoxide!, as well as information abou
continuum thermal and nonthermal radio emission from
variety of astronomical sources.

With relatively little effort students can access the te
scope and perform sophisticated observation projects.
sources to monitor the telescope performance and a near
time video of the actual instrument are available. All t
399© 2005 American Association of Physics Teachers
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information that is available to a user sitting at the console
the Haystack site is available to a user on a computer
remote site.

III. EMISSION FROM RADIO SOURCES

The measurement technique for each of the windows
the electromagnetic spectrum is different and leads to
categorization of the different branches of astronomy suc
radio, infrared, optical, x-ray, and gamma ray. In addition
the different technologies that drive the different branches
astronomy, the emissions from different astronomi
sources in the various windows are different. For exam
diffuse, cool gas can be detected because it emits or abs
the hyperfine structure line of the hydrogen atom atl
521 cm; this gas cannot be detected by any other me
Intense and extended jets of emission from the black hole
the centers of galaxies are most apparent in radio contin
observations. Observations from each of the spectral w
dows gives valuable information about the nature of the
tronomical source.

Astrophysical radio sources can be classified into th
that radiate by thermal mechanisms and those that radiat
nonthermal mechanisms. These sources of radiation ca
further subdivided into sources that produce a continu
spectrum and those that produce spectral lines. In radio
tronomy, thermal spectral lines are those arising from
population distribution of energy levels that is in local the
modynamic equilibrium with the gas in the cloud. Nonthe
mal emission from molecules comes from population inv
sion, which results in maser emission. Because the activ
described in this paper deal with continuum sources, we r
interested readers to Ref. 6 and references therein for fur
discussion on molecular emission physics.

A radio telescope measures the power from an astrono
cal source. Because this power varies over a solid angl
the sky, radio astronomers use a quantity called the flux d
sity to denote the emission from a source in the sky. The
density is defined as the power received from a radio as
nomical source per unit frequency per unit area; it has u
of Janskys~Jy!, and is indicated by the symbolSn . One
Jansky is 10226 Wm22 Hz21. The subscriptn indicates that
S is a function of frequency.

The variation of the flux density with frequency is chara
terized by the spectral indexs. The relation between the flu
density and the frequency is given by

Sn}ns. ~1!

The spectral index of radio sources is different for therm
and nonthermal sources. For thermal sources, the flux
sity of the source increases or stays relatively constant~when
the source is ionized! with increasing frequency. Nontherma
sources are more intense at lower frequencies. In Fig
3C273~a quasar!, Cas A~a supernova remnant!, and Cygnus
A ~a radio galaxy! are examples of nonthermal sources, wh
the quiet Sun6 and the Moon are examples of therm
sources.

IV. THERMAL EMISSION FROM RADIO SOURCES

All objects that are at nonzero temperatures emit energ
the form of electromagnetic radiation. Not only do these o
jects radiate electromagnetic energy, they also absorb the
ergy. A perfect absorber~or radiator! is called a blackbody.
400 Am. J. Phys., Vol. 73, No. 5, May 2005
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The emission from a perfect blackbody is solely determin
by its temperature and is a function of frequency. Althou
no astronomical objects are perfect blackbodies, this assu
tion adequately describes thermal emission from many ra
sources.

The frequency distribution of blackbody radiation is d
scribed by the Planck function

B~n!5
2hn3

c2

1

ehn/kT21
, ~2!

where B(n), known as the brightness, is in units of wat
m22 Hz21 rad22, h is Planck’s constant,c is the velocity of
light, k is Boltzmann’s constant, andT is the thermodynamic
temperature. For radio astronomical purposes the Raylei
Jeans approximation of low photon energy compared to
thermal energy,hn!kT, can be used. This approximation
presented in various texts as background in the developm
of the Planck function.7,14 ~A calculation of the accuracy o
this approximation could be included in an observing activ
based on this paper.! The Rayleigh–Jeans approximation a
curately describes thermal radio emission and is u
throughout this region of the electromagnetic spectrum.
this approximation the Planck function can be written as

B~n!5
2n2kT

c2 . ~3!

Equation~3! can be used to define the brightness tempe
ture, Tb , which is defined as the Rayleigh–Jeans tempe
ture of an equivalent blackbody that has the same power
unit area per unit frequency per unit solid angle as the as
nomical source

Tb5
c2

2k

B~n!

n2 . ~4!

For a solid body such as a planet, Eq.~4! describes the ob-
served brightness temperature, and the thermodynamic
perature and the brightness temperature are equal.

Fig. 1. The frequency spectra of several astronomical sources. The
Sun~see Ref. 6! and the Moon are examples of thermal sources, while C
A, Cygnus A and 3C273 are examples of nonthermal sources.
400Preethi Pratap and Gordon McIntosh
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V. DETECTION OF RADIO EMISSION

The radio telescope receives radiation in a solid angle
is called the beam of the antenna. The resolution or be
width ~u! of a telescope is determined by diffraction theo
to be

u5
1.22l

D
, ~5!

wherel is the observed wavelength andD is the diameter of
the telescope.~A calculation of the resolution of the tele
scope at the appropriate frequencies could be included
another activity.! The radiation detected by the radio tel
scope is generally given in terms of the antenna tempera
TA , which is the temperature of a resistor that would gen
ate the same power per frequency interval at its terminal
the observed source in a specified frequency range. If
assume a constant source brightness and an accur
pointed antenna, we have for a discrete source~small com-
pared to the antenna beam!

TA5Tb

VS

VA
, ~6!

whereVS is the solid angle subtended by the source andVA
is the size of the solid angle of the beam.~Planets are dis-
crete sources for the Haystack telescope. A comparison o
angular size of the telescope beam and the observed p
should be included as a related activity.! The flux density is
calculated using the measured antenna temperature,TA , ac-
cording to

Sn5
2kTA

heffA
, ~7!

whereheff , the aperture efficiency, is the ratio of the effe
tive aperture to the physical aperture,A. From Eqs.~3!, ~5!,
~7!, and heffA5c2/(n2VA) ~Ref. 5, Chap. 6!, we have for a
discrete source

Sn5
2kTbn2VS

c2 , ~8!

which implies from Eq.~7! that

TA

heffA
5

Tbn2VS

c2 . ~9!

Because for the same blackbody source the temperature
size are constant and the antenna aperture is constan
have

Sn}
TA

heff
}n2. ~10!

Thus, the spectral index for a blackbody, as defined in
~1!, is two.15 From Eq.~10! the spectral index can be dete
mined from the flux density of the source at two frequenc

Sn1

Sn2
}S TA,1

heff,1
D S heff,2

TA,2
D}S n1

n2
D 22

. ~11!

The subscripts 1 and 2 indicate measurements at freque
1 and 2, respectively.
401 Am. J. Phys., Vol. 73, No. 5, May 2005
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VI. NONTHERMAL EMISSION FROM RADIO
SOURCES

Theoretically many different radiation mechanisms can
responsible for nonthermal emission from radio sources
practice, nonthermal radio sources are dominated by s
chrotron emission. Examples of such sources are supern
remnants and active galactic nuclei. Radio emission occ
when relativistic electrons spiral around a weak magne
field.8 A synchrotron spectrum is usually approximated by
power law over a limited range of frequencies. The spec
index for this radiation can be defined ass5(12p)/2, where
p characterizes the power law distribution of the relativis
electrons or, explicitly, the distribution of relativistic elec
tronsN(E)}E2p. Most nonthermal radio sources have spe
tral indices between20.5 and21.5, corresponding to val
ues ofp between 2 and 4. Again the spectral index can
determined by taking the ratio of the flux density at tw
frequencies.

VII. MEASURING THE SPECTRAL INDEX OF A
THERMAL SOURCE WITH THE HAYSTACK
TELESCOPE

In an experiment performed with the 37 m telescope, s
dents calculate the fluxes of two planets at two different f
quencies by measuring the antenna temperature,TA . These
quantities are used with an assumed aperture efficienc
Eq. ~7!. The 37 m telescope has receivers at the 21–25 G
frequency range and at the 36–49 GHz frequency ran
Students calculate the fluxes of the planets at the frequen
in the two bands to obtain the spectral index of the plan
which can then be related to the blackbody nature of
spectrum.

The telescope is pointed at a planet and the receive
tuned to an appropriate setting in the 21–25 GHz band. A
ensuring that the telescope pointing is accurate, the teles
is set to scan across the planet in azimuth and elevatio
discrete source scan. The telescope moves off the source
takes 1 s integrations across the planet. The software then
Gaussians to the scans and the result is a peak temper
with an error related to the fit. This peak temperature is
raw antenna temperature of the planet as measured by th
m telescope. The procedure is repeated for a frequency in
36–49 GHz band. Figures 2~a! and 2~b! show the data plots
from azimuth scans at 22 and 44 GHz. The spectral in
calculated from the measurements shown in Fig. 2 is 1
which is comparable to the thermal value of 2 expected fr
a blackbody spectrum.

The aperture efficiency,heff in Eq. ~7!, is ;40% at 22
GHz and;25% at 44 GHz. The caveat in using these a
sumed values is that the efficiency can vary by a few perc
depending on the focus of the instrument, the thermal con
tions within the radome, and the elevation of the source. T
assumed value of the aperture efficiency is the largest c
tribution to the measurement error, although systematic
rors from the receiver electronics could contribute as we

VIII. MEASURING THE SPECTRAL INDEX OF A
NONTHERMAL SOURCE

Nonthermal radio emission usually comes from extra
lactic radio jets or supernova remnants. Sources obse
with the 37 m telescope include the supernova remna
401Preethi Pratap and Gordon McIntosh



iscrete
Fig. 2. ~a! Plot of an azimuth scan across Venus at 22 GHz and~b! plot of an azimuth scan across Venus at 44 GHz. These plots are the results of a d
source scan for the 37 m telescope.
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Crab Nebula and Cassiopeia A, and the double lobed ra
galaxy, Cygnus A. The Crab Nebula and Cygnus A are b
strong sources of nonthermal radiation which can be map
with the telescope in a short time.

The mapping technique uses a method called drift s
mapping. This technique was developed at Haystack Ob
vatory to take into account the variations introduced by
radome enclosing the antenna. The metal struts of the
dome introduce variations in the measured power, and
impossible to determine whether these variations are a re
of actual variations in the continuum emission from t
source or whether they are a result of the radome struct
In the drift technique the telescope is moved ahead of
source at a given declination and made to wait while
source drifts through the beam. A map is constructed by
peating this procedure over a range of declinations that co
the source.

The drift map output is a text file which is plotted with
402 Am. J. Phys., Vol. 73, No. 5, May 2005
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PGPLOTprogram. This program includes identification of th
peak temperature in the map, which is used in the spec
index calculations. Sample images at 21 and 41 GHz of C
nus A are shown in Fig. 3. The raw antenna temperat
obtained from the measurements is converted to a bright
temperature using the aperture efficiency.

Figure 3 also indicates the difference in the resolution
the two frequencies@see Eq.~5!#. The resolution of the ob-
servations at 44 GHz is twice the resolution of those at
GHz. For more accurate comparison the 44 GHz image
be convolved to the same resolution as the 22 GHz im
using the plotting software. Again, the spectral index can
calculated from Figs. 3~a! and 3~b!, using the values in the
header. As an example, from the measurements show
Fig. 3 the resulting spectral index is21.2, which is consis-
tent with the spectral index of21.27 for Cygnus A at fre-
quencies above 1 GHz obtained by Mitton and Ryle.16 The
402Preethi Pratap and Gordon McIntosh
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Fig. 3. Images of Cygnus A, a double lobe radio galaxy made with the 37 m telescope.~a! The result of a drift scan map at a frequency of 21 GHz. The hea
information is mostly irrelevant for this experiment except for the continuum peak temperatureTc shown at the bottom right and the frequency shown at
top right. ~b! Same as~a! but at a frequency of 41 GHz.
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spectral index of the two lobes of Cygnus A also can
determined using this technique, although additional d
processing will need to be done.
403 Am. J. Phys., Vol. 73, No. 5, May 2005
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As mentioned in Sec. VII, a major contributor to th
error is the assumed value of the aperture efficien
Variations in the sky conditions during the data taking p
403Preethi Pratap and Gordon McIntosh



s
co
e

p
Th
ur
di
c
a

th
M
b
io

y
du
tio
-

iver-
re-
h-

for
tech-

-

,

al

d

7
ty
cess also can cause errors. Finally, the electronics in the
tem contributes to systematic errors. These factors can
tribute to errors of 10%–20% in the final value of th
spectral index.

IX. CONCLUSION

We have discussed basic physics projects that can be
formed with a 37 m research grade radio telescope.
projects introduce students to radio astronomical meas
ments and to the physics of thermal and synchrotron ra
tion. The measurement of the spectral index provides a te
nique for determination of the difference between therm
and nonthermal sources of radiation.

Instructors interested in acquiring observing time on
telescope are directed to contact Dr. Preethi Pratap at
Haystack Observatory. Details about the telescope capa
ties and information on obtaining time and on observat
methods and telescope control software are available.12
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Tone Bars. These wooden tone bars give the whole notes in an octave when they are dropped, one by one, onto a hard floor. Unlike the bars of a
these all have the same length, but have different thicknesses, with the thinner bars having the higher frequencies. When they are dropped
transversely, with the nodes 22.4% of the way in from the ends. This set was made by Max Kohl of Chemnitz, Germany, and is in the Greenslade
~Photograph and Notes by Thomas B. Greenslade, Jr., Kenyon College!
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