Measurement of the radiation from thermal and nonthermal radio sources
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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. @005 American Association of Physics Teachers.
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[. INTRODUCTION mal radiation makes it possible to experimentally investigate
this topic in undergraduate physics and astronomy classes.
In the past 50 years many discoveries have been madhis paper describes the basic theory of thermal and nonther-
with radio telescopes that have illustrated the need for multimal radiation mechanisms in the radio range of the electro-
wavelength observations of the universe. Radio waves als@agnetic spectrum. Activities are presented that describe the
are one of the most accessible parts of the electromagnetie€asurement of the spectral index, which is the frequency
spectrum from the surface of the Earth. The radio-frequencylependence of thermal and nonthermal radiation, for specific
range is arbitrarily defined to be from supersonic frequencie§ources. The spectral index is then used to differentiate be-
beginning at about 20 kHz, up to about 600 GHz, where thdween various radiation mechanisms.
far infrared begins. The Earth’s atmosphere is quite transpar-
ent in a radio window from 100 MHz to 100 GHz. II. THE 37 M HAYSTACK RADIO TELESCOPE
Until recently, most of the laboratory activities and re-
search projects at the undergraduate and pre-college levelsThe radio telescope at the MIT Haystack Observatory is a
have emphasized the optical part of the spectrum. Howeveparabolic antenna of 37 m diameter enclosed in a radome,
in the last ten years this emphasis has begun to change. Thhich protects the antenna from the weatlféFhe radome
undergraduate education program at the MIT Haystack Obeonsists of a material similar to Teflon, chosen because of its
servatory has focused on bringing radio astronomy into th&trength and transparency at radio wavelengths, stretched
undergraduate classroom. over a semirandom strut structure used for support. The
The 37 m telescope that is used for the project discussed istruts are arranged in a semirandom configuration to avoid
this paper is remotely accessible to students anywhere in thgeriodic signals, such as reflections caused by the metal
world. Complex instrumentation that is available remotelystruts, which could mimic a real signal. The antenna configu-
introduces students to facilities that they otherwise would notation is Cassegrainian with a deformable secondary reflector
be able to use. at the prime focus which provides focus, tilt, and transla-
Several recent studies have indicated the importance dfonal motion under computer control for feed offsets and
research and inquiry based education at all le#8l§he focus. Two radiometers spanning the frequency ranges
Boyer report strongly suggested that research-based learr21-25 GHz and 36—49 GHz are available to students. The
ing is necessary to teach science, technology, engineeringagdiometer systems detect and amplify the received signals.
and mathematics effectively. Providing teachers, especialliffhe signals are then processed to determine the power re-
those at small colleges that have limited resources, with theeived at various frequencies. The frequency channels can be
means of incorporating research into their teaching is an imas small as 0.66 MHz to study spectral line sources or as
portant goal of our program. The project described in thidarge as 160 MHz to study continuum sources. The fre-
paper uses a research grade instrument in a hands-on, lalmpiency resolution is under the control of the observer. The
ratory experience. frequency ranges of the radiometers provide access to the
A discussion of thermalblackbody radiation and non- emission from hydrogen recombination linésseveral mol-
thermal radiation is included in many physics and astronomyecules in interstellar gasfor example, water, ammonia,
courses. Although distinct forms of radiation are described irmethanol, silicon monoxide as well as information about
courses and texts in astronofi;® radio astronomy?  continuum thermal and nonthermal radio emission from a
astrophysicS, modern physicd® and electromagnetic variety of astronomical sources.
theory!! there are few, if any, measurements that can be With relatively little effort students can access the tele-
made by undergraduates to differentiate between these twstope and perform sophisticated observation projects. Re-
forms of radiation. The availability of the 37 m Haystack sources to monitor the telescope performance and a near-real
Radio Telescope to observe and study thermal and nonthetime video of the actual instrument are available. All the
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information that is available to a user sitting at the console at
the Haystack site is available to a user on a computer at a

remote site. 107 b
[ll. EMISSION FROM RADIO SOURCES 108 -
The measurement technique for each of the windows in 3 .
the electromagnetic spectrum is different and leads to the & =
categorization of the different branches of astronomy such as § ,
radio, infrared, optical, x-ray, and gamma ray. In additionto x 0"~
the different technologies that drive the different branches of
astronomy, the emissions from different astronomical 103
sources in the various windows are different. For example,
diffuse, cool gas can be detected because it emits or absorbs  102|—
the hyperfine structure line of the hydrogen atom Aat
=21 cm; this gas cannot be detected by any other means. {0 ps 100 300 1000 3000 10000
Intense and extended jets of emission from the black holes at Frequency (MHz)

the centers of galaxies are most apparent in radio continuum

observations. Observations from each of the spectral winFig. 1. The frequency spectra of several astronomical sources. The quiet

dows gives valuable information about the nature of the asSun(see Ref. and the Moon are examples of thermal sources, while Cas

tronomical source. A, Cygnus A and 3C273 are examples of nonthermal sources.
Astrophysical radio sources can be classified into those

that radiate by thermal mechanisms and those that radiate by

nonthermal mechanisms. These sources of radiation can _ . .
e emission from a perfect blackbody is solely determined

Y its temperature and is a function of frequency. Although
o0 astronomical objects are perfect blackbodies, this assump-
ion adequately describes thermal emission from many radio

sources.

The frequency distribution of blackbody radiation is de-

ribed by the Planck function

further subdivided into sources that produce a continuou
spectrum and those that produce spectral lines. In radio a
tronomy, thermal spectral lines are those arising from

population distribution of energy levels that is in local ther-
modynamic equilibrium with the gas in the cloud. Nonther-
mal emission from molecules comes from population inver-

sion, which results in maser emission. Because the activitie<¢

described in this paper deal with continuum sources, we refer ohy? 1
interested readers to Ref. 6 and references therein for further p(;)= T 2)
discussion on molecular emission physics. c® eMi-1

A radio telescope measures the power from an astronomi- ) o )
cal source. Because this power varies over a solid angle iWhereB(v), known as the brightness, is in units of watts
the sky, radio astronomers use a quantity called the flux der” 2Hz *rad 2, h is Planck’s constant; is the velocity of
sity to denote the emission from a source in the sky. The fludight, k is Boltzmann’s constant, andis the thermodynamic
density is defined as the power received from a radio astraemperature. For radio astronomical purposes the Rayleigh—
nomical source per unit frequency per unit area; it has unitdeans approximation of low photon energy compared to the
of Janskys(Jy), and is indicated by the symb@&@,. One thermal energyhv<<kT, can be used. This approximation is
Jansky is 102 Wm~2Hz 1. The subscript indicates that ~presented in various texts as background in the development
Sis a function of frequency. of the Planck fl_Jnctioﬁ:14 (A calculation of the accuracy of
The variation of the flux density with frequency is charac- this approximation could be included in an observing activity
terized by the spectral index The relation between the flux based on this papgThe Rayleigh—Jeans approximation ac-

density and the frequency is given by curately describes thermal radio emission and is used
. throughout this region of the electromagnetic spectrum. In
SHI (1) this approximation the Planck function can be written as

The spectral index of radio sources is different for thermal 212kT
and nonthermal sources. For thermal sources, the flux den- B(v)= v
sity of the source increases or stays relatively congtanén c?
the source is ionizedwith increasing frequency. Nonthermal

sources are more intense at lower frequencies. In Fig. 1, Equation(3) can be used to define the brightness tempera-
3C273(a quasar, Cas A(a supernova remnaptand Cygnus ture, Ty, which is defined as the Rayleigh—Jeans tempera-
A (aradio galaxyare examples of nonthermal sources, whileture of an equivalent blackbody that has the same power per
the quiet Suh and the Moon are examples of thermal unit area per unit frequency per unit solid angle as the astro-

: ©)

sources. nomical source
c? B(v)
IV. THERMAL EMISSION FROM RADIO SOURCES Ti=— — =~ (4)
b7 2k 12

All objects that are at nonzero temperatures emit energy in
the form of electromagnetic radiation. Not only do these ob+or a solid body such as a planet, E4) describes the ob-
jects radiate electromagnetic energy, they also absorb the eserved brightness temperature, and the thermodynamic tem-
ergy. A perfect absorbdjor radiatoy is called a blackbody. perature and the brightness temperature are equal.
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V. DETECTION OF RADIO EMISSION VI. NONTHERMAL EMISSION FROM RADIO

) ) o ) SOURCES
The radio telescope receives radiation in a solid angle that

is called the beam of the antenna. The resolution or beam- Theoretically many different radiation mechanisms can be
width (6) of a telescope is determined by diffraction theory responsible for nonthermal emission from radio sources. In
to be practice, nonthermal radio sources are dominated by syn-
chrotron emission. Examples of such sources are supernova
1.2 remnants and active galactic nuclei. Radio emission occurs
~ D (5 when relativistic electrons spiral around a weak magnetic
field® A synchrotron spectrum is usually approximated by a
where\ is the observed wavelength abdis the diameter of power law over a limited range of frequencies. The spectral
the telescope(A calculation of the resolution of the tele- index for this radiation can be definedsss (1—p)/2, where
scope at the appropriate frequencies could be included gscharacterizes the power law distribution of the relativistic
another activity. The radiation detected by the radio tele- electrons or, explicitly, the distribution of relativistic elec-
scope is generally given in terms of the antenna temperaturgonsN(E) «E ~P. Most nonthermal radio sources have spec-
Ta, which is the temperature of a resistor that would generra| indices betweer-0.5 and— 1.5, corresponding to val-
ate the same power per frequency interval at its terminals ages ofp between 2 and 4. Again the spectral index can be

the observed source in a specified frequency range. If Wgetermined by taking the ratio of the flux density at two
assume a constant source brightness and an accuratgpsquencies.

pointed antenna, we have for a discrete sousreall com-

pared to the antenna beam VIl. MEASURING THE SPECTRAL INDEX OF A

S THERMAL SOURCE WITH THE HAYSTACK
A=Tog TELESCOPE
Ta=Tog (6) Sco

. . In an experiment performed with the 37 m telescope, stu-
wheref)s is the solid angle subtended by the source find dents calculate the fluxes of two planets at two different fre-

is the size of the solid angle of the bea(Rlanets are dis- . .

crete sources for the Haystack telescope. A comparison of th%ugzgl[?:s bgrg]ﬁgl:g“vr\}?[hthaen a:;iﬂrniéegﬁei;ﬁg%:ﬁ?esﬁcy in

angular size of the telescope beam and the observed pla Y (7). The 37 m telescope has receivers at the 21-25 GHz

should be included as a related activitfhe flux density is 9. (7). P

calculated using the measured antenna temperalyreac- frequency range and at the 36-49 GHz frequency range.
’ Students calculate the fluxes of the planets at the frequencies

cording to in the two bands to obtain the spectral index of the planet,

2k T, which can then be related to the blackbody nature of the
=, (7)  spectrum.

7eitA The telescope is pointed at a planet and the receiver is

tuned to an appropriate setting in the 21—-25 GHz band. After
ensuring that the telescope pointing is accurate, the telescope
is set to scan across the planet in azimuth and elevation, a
discrete source scan. The telescope moves off the source and
takes 1 s integrations across the planet. The software then fits

where 7o, the aperture efficiency, is the ratio of the effec-
tive aperture to the physical apertufe, From Eqgs.(3), (5),
(7), and 5.sA=c%(1”Q,) (Ref. 5, Chap. § we have for a
discrete source

KT 120 Gaussians to the scans and the result is a peak temperature
F#, (8)  Wwith an error related to the fit. This peak temperature is the
c raw antenna temperature of the planet as measured by the 37

m telescope. The procedure is repeated for a frequency in the

36—49 GHz band. Figured@ and Zb) show the data plots

Th  Tyr?Qs from azimuth scans at 22 and 44 GHz. The spectral index
= —. (9)  calculated from the measurements shown in Fig. 2 is 1.8,

which is comparable to the thermal value of 2 expected from

Because for the same blackbody source the temperature aﬁ‘o*_)l_lﬁCkbOdy spec:ﬁ[_ur_n. i Ed. (7). is ~40% 29
size are constant and the antenna aperture is constant, we' € aperture efficiencypeq in Eq. (7), is ~40% at

which implies from Eq(7) that

NeriA - c

have GHz and~25% at 44 GHz. The caveat in using these as-
sumed values is that the efficiency can vary by a few percent

Ta depending on the focus of the instrument, the thermal condi-

S, n—eﬁ“ v (10 tions within the radome, and the elevation of the source. The

assumed value of the aperture efficiency is the largest con-
Thus, the spectral index for a blackbody, as defined in Eqtribution to the measurement error, although systematic er-
(1), is two® From Eq.(10) the spectral index can be deter- rors from the receiver electronics could contribute as well.
mined from the flux density of the source at two frequencies

s VIll. MEASURING THE SPECTRAL INDEX OF A
Su1 oc( TAyl) ( 776“’2) oc(ﬂ (11 NONTHERMAL SOURCE
Sz \ 7err1/\ Taz (4] . L
Nonthermal radio emission usually comes from extraga-
The subscripts 1 and 2 indicate measurements at frequenciksctic radio jets or supernova remnants. Sources observed
1 and 2, respectively. with the 37 m telescope include the supernova remnants,
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Fig. 2. (a) Plot of an azimuth scan across Venus at 22 GHz (@nglot of an azimuth scan across Venus at 44 GHz. These plots are the results of a discrete
source scan for the 37 m telescope.

Crab Nebula and Cassiopeia A, and the double lobed radieGPLOTprogram. This program includes identification of the

galaxy, Cygnus A. The Crab Nebula and Cygnus A are botlpeak temperature in the map, which is used in the spectral

strong sources of nonthermal radiation which can be mappegdex calculations. Sample images at 21 and 41 GHz of Cyg-

with the telescope in a short time. nus A are shown in Fig. 3. The raw antenna temperature
The mapping technique uses a method called drift scagptained from the measurements is converted to a brightness

mapping. This technique was developed at Haystack Obsefamperature using the aperture efficiency.

vatory to take into account the variations introduced by the  rigre 3 also indicates the difference in the resolution at

radome enclosing the antenna. The metal struts of the rgpe o frequenciesee Eq.(5)]. The resolution of the ob-
dome introduce variations in the measured power, and it i ervations at 44 GHz is twice the resolution of those at 22

impossible to determine whether these variations are a res : .
o . . o Hz. For more accurate comparison the 44 GHz image can
of actual variations in the continuum emission from the P 9

source or whether they are a result of the radome structurg.e. convolved to the same resolution as the 22 GHz image
In the drift technique the telescope is moved ahead of th&SIng the plotting software. Again, the spectral index can be

source at a given declination and made to wait while thef@lculated from Figs. @) and 3b), using the values in the
source drifts through the beam. A map is constructed by rel€ader. As an example, from the measurements shown in

peating this procedure over a range of declinations that covdrig. 3 the resulting spectral index is1.2, which is consis-
the source. tent with the spectral index of 1.27 for Cygnus A at fre-

The drift map output is a text file which is plotted with a quencies above 1 GHz obtained by Mitton and Rfl@he
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Fig. 3. Images of Cygnus A, a double lobe radio galaxy made with the 37 m telesappke result of a drift scan map at a frequency of 21 GHz. The header
information is mostly irrelevant for this experiment except for the continuum peak tempefatah®wn at the bottom right and the frequency shown at the
top right. (b) Same aga) but at a frequency of 41 GHz.

spectral index of the two lobes of Cygnus A also can be As mentioned in Sec. VII, a major contributor to the
determined using this technique, although additional dat@&rror is the assumed value of the aperture efficiency.
processing will need to be done. Variations in the sky conditions during the data taking pro-

403 Am. J. Phys., Vol. 73, No. 5, May 2005 Preethi Pratap and Gordon Mcintosh 403
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ing, Menlo Park, CA, 1998

3National Science Foundation, “Shaping the future: New expectations for
IX. CONCLUSION undergraduate education in science, mathematics, engineering, and tech-

. . . . nology” (NSF 96-139 Arlington, 19
We hav_e discussed basic physics prOJeth that can be peky, T.g}B/\rrEy, Explorations: Agn Introdsl?gtion to AstronomcGraw—Hill,
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projects introduce students to radio astronomical measurese. Chaisson and S. McMillarAstronomy TodayPearson Education, Up-
ments and to the physics of thermal and synchrotron radia-per Saddle River, NJ, 20024th ed.
tion. The measurement of the spectral index provides a tech2. L. Kutner, A Physical PerspectivéCambridge U. P., Cambridge,

nique for determination of the difference between thermal,2003. 12th ed.
ar?d nonthermal sources of radiation 7J. D. Kraus,Radio AstronomyCygnus-Quasar, Powell, OH, 1936

. u . : . I : . . 8K. Rohlfs and T. L. Wilson,Tools of Radio AstronomgSpringer, New
Instructors interested in acquiring observing time on the vorc 2004, 4th ed.

telescope are directed to contact Dr. Preethi Pratap at MITD. A. Ostlie and B. W. CarrollAn Introduction to Modern Stellar Astro-
Haystack Observatory. Details about the telescope capabili-physics(Addison—Wesley, Reading, MA, 1996
ties and information on obtaining time and on observationiOJ- W. Rohlf, Modern Physics from A to BWiley, New York, 1994.

° 1 o ; ' -
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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 xylophone,
these all have the same length, but have different thicknesses, with the thinner bars having the higher frequencies. When they are dropped, they flex
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 Collection.
(Photograph and Notes by Thomas B. Greenslade, Jr., Kenyon Qollege
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