The Temperature of the Sun and Galactic Curve from the Observation of the 21-cm
Line of Hydrogen

Javier M. (L.

Duarte and Sara L. Camplwell

Muassachusetts Institute of Technology, MA 02142
{Dated: October 18, 2008)

We olberve the 21-cm nvperfine line of hydrogen using a amall radio telescope. From our data, we
derive the brightness temperature (or effective temperature) of the sun, T = (1814H0.19) =< 104 K.
We also independently verify the half-power beam width (Hrpw) of the dish, nPew = (T294+0.16) =.
Further, using the varyving Doppler shift of the 21-cm radiation, we caleulate the galactic rotation
curve of the Milky Way and qgualitatively describe the general structure of oar galasoy.

INTRODUCTION

The task of radio astronomy 15 to study extraterrestral
objects, such as the soan, utileang thoeir radio emission.
Solar radio astromomy had & vory surprising beginning.
What st appeansd to be a new anti-radar jamoming doe-
vice: to the Brtish A Defense dunng World War 11,
wis later found to be interference cansed by the direct
propagation of radiation from the sun. As radio waves
from the sun were studied further, astronomers obeserved
a greater Hux density near 21-cm wavelengths, which, if
canscd by blackbaody radiation alone, would reqguire the
surface temperature of the sun to be 100,000 K (94,000
K greater than the temperature of the saome spectnom
measured in the visible range) [1].

The quantum mechanical deserniption of the hyper-
fine splitting of hydrogen’s grounmd state (known as spin-
spin coupling) has sinee explained this radiation.  As-
tromomers have studied the radio sun (as the sun's -
dio emissions are called) extensively and derived from it
many features of the sun, such as its temperature. The
abundance of hydrogen in the aniverse and the abigui-
tousness of this 2 1-cm radistion hees also led rescarchens
to wse this ine as 8 means of studying the dynamies of
objects in the galaxy.

In this experniment, a small radio telescope 15 used to
ohbserve this line and dedoce the temperature of the sun
a5 weell as the dynamics of galactic rotation.

THEORY

The 21-cm Line

The following dscwssion about the theory of the hy-
perfine splitting of hydrogen’™s pround state follows 1.
J. Griffiths [2]. The proton amnd the clectron in the hy-
dropeen atom hawve magnue LL{ dipole moments given by

fip -ﬂi 5, and Jhe m—ﬂ'ﬁﬂ, where gy s the gyromag-
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netic ratio of the proton, ".-,. = the spin of the electron,
anid .".-:p 15 the spin of the proton. These dipoles create
magnoctic hclds according to classical clectrodymaamices.
Wo may 1molate the contribution to the hydrogen Hamil-
tontan as coming solely from the clectron’s Hamaltonian
in the magnetic beld created by the dipole moment of the
proton. Thercfore, we may treat the resultant correction
to the hydrosen Hamiltonian as a perturbation. The first
order correction to the encrpy 5 the cxpectation value of
the perturbation in the unperturboed state,
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whore pg s the permeability of froe HMCL, i) i the Bohr
radius of hydrogen., We note that of 5 ‘:n,. I :”:F" wi ek

.".-'F 5. = (8% 52 §%)/2. Since both the clectron and
proton have spin 1/2, 52 .‘:-';f (3/4)F*. Then, becanse
the clectron and proton spins can be cther parallel or
antiparallel, we have two cases, the former with 59 = B4,
and the latter with 8% = 0.
coupling splits the ground state into two levels, a triplet
state, with spins parallel, and a singlet state, with spins
antiparallel. Then, we may calculate the difference in
cneregy acconding to equation 1, so that the freguency of
a photon emitted in a transition from the triplet to the

singlet state 15

It fillows that this spin-span
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1420MHz, (2)

amd the corresponding wavelengeth 15 A = 21 cm.

The Brightness Temperature of the Sun

The sun s compased of multiple layvers, meloding
the photosphere, the chromosphere, and the corona, as
shown in figure 1. The photosphere emits like a black-
body cormesponding to a temperature on the order of G000
K. Over the entire extent of the chromosphere, about
200 km, the tcmporature reses from ~ 6000 K to ~
L5000 K. Incressing further i altituade,

an cxtended gascous shell around the sun with a charae-
teristic temperature of about 10% K [3]-

the corona 1=



The sun bhas teo modes of radio emission, the gquict
sun, with Lhttle or no sunspot activity and the destarbed
For this

experiment, we are studying the brightness temperature

sun, during periods of high sunspot activity.

(see below) of the quict sun.

FI(:. 1: The layers of the sun.

The intensity soale wsasd in radio astronomy s antenna
temperature, which 15 debned as the power per umit band-
width received at the antenna terminal divided by Bolts-
mann’s constant, kg [4]. Expanding the power in terms
of & donble interral over solid angle and angualar fre-
quency, we see that [3]
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where the Flw,(2) is the intensity as a function of fre-
quency woand solid angle £20 and £ s the solid angle of

B e
I, §0 ) ekeoncdf2 3

tha souree.

In addition, the eguivalent brightness tempoerature of
an astronomiacal object 15 dehned as the physieal tem-
perature of a perfect absorber with the same angualar
dimernsions as the object which would prodoce the ob-
servedd antenna tempoerature. It can be shown that the
brightness temperature, 17 amnd antenna temperature are
ridated by

f1,
T = Ty g

whaoere $25 15 the solid angle of the dish.
Fraunhofer Diffraction and Beam Width

The raunhofer diffraction pattern for a cirealar aper-
fure and a point source 15 given by

(5)
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where I(0) is intensity as a function of angle, J; is a
Brssarl function of the frst kind, and k= the wave nome-
ber. The theoretical frst minimum eeeurs at saand == 0

1.222/ D). This relation is known as the Rayleigh erite-
rion. We cannot model onr data vsing cquation 5 however
due to the finite anpular extent of the sun, which causes
the diffraction pattern from the source sun throngh the
small radio telescope to become more spresd out and
more CGanssian in nature. For this reason, all fits to anpo-
lar distnbutions of antenna temperature were done with
Clanssian curves.

EXPERIMENTAL S5SETUP: THE SHT

A block disagram of the cxperimental apparatus s
shown in bpure 2. The small radio telescope, or SIRT,
i A 7.0 it diameter parabolic dish and receiver designed
by Haystack Observatory. The beam width can be calen-
lated nsing the Rayleigh eriterion, sw lﬂﬂﬁ% ~
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Fit:. 2: Block diapram of the experimental apparatus, taken
from [5).

The measurcment chain prococds as  follows:  the
parabolic dish reflects ineident rudiation onto an antenna
food horm which produces the clectrncal sipnal. The signal
15 first pre-amplificd with a gain of 24 dB, then the ontpat
passas throurh a 40 MHz bandpass filter that prowents
out of band sipnals from producang intermodualation later
down the measurecment chain, This 1 then moxed with a
sipnal produoced by a loeal oscillator at a freguency close
to the conter fregquency of 142004 MHe, The mixer forms
the sum of two analop wavelforms from a product. Next,
the sum fregquency contribution s thrown away by using
another bandpass ilter o the range of 0.5 - 3 MHz. Thas
i converted into a digmtal sipnal by the analog-to-digtal
converter. The computer provides asimouothal and oleva-
tion tracking basced on local sidercal time and allows ns to
track spocibic palactic longitudes and objects of interest
in the sky [5].

Temperature calibration was done wsing an clectronie
nense dhiode, whose intensaty and spectral distoibotion ap-
priximates a 115 K blackbody. The system temperature
wis on average 37 K, however it varod by up to 3 K
day-to-day so calibration was performed in cach data ac-
CuisELOm SOE100L.

DATA AND ERROR ANALYSIS

Data reduction and analyvss was done wsing MAaTLAB
amd lncar it sernipts provided by the Junior Lab stadf,



Hali-Power Heam Width

To independently calenlate the half-power beam width,
nrEw, we took three scans of 61 angles ( 30° to 30°)
about the sun in both the asimuthal and elevation di-
mensions. The measdmum antenna temperature and cor-
responding index was found for cach set of data and then
the data was centered around 0°. We kept only the 31
mast contral data points and averaged the three scans.
Error bars for cach data point woere taken to be the stan-
dard deviation of the throe corresponding points from
cach data set. The 31 points were bt to a Gaesaan

Tem(0) = Tiys | Ty il (6]
Figure 3 shows the results of our Ganssian it to thas

curve, which resulted in a 7 — 0.37. We approximated
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Fl(:. 3 Determination of half-power beam width.

the first mimmmm of the Bessel function, s nepw =

2o = 7204 0.16°, which gives us reasonable agrocmoent
with the 77 beam width.

30 Minute Drift and n-Point 5Sun Scans

A drift scan of the sun consists of pointing the dish’s
beam at a point abead of the sun’s trajectory. The dish
takes temperature measurcments at this one point (with-
out tracking anything) as the sun passes through the
tish’s beswm. The data and the Bt from the 30 minote
drift scan are shown bpure 4. The error on cach point
was taken to be 2 % of the height of the data points.
The data from the drift scan was fit to cguation 6 with a
yr = 0.14. From the extracted parameter T, we make a
determination of the brightness temperature of the sun,
Tefey by using 1y 4 sin (HrBEwW 2) 0.051 4 0.002
sterad and (2, = (6.8 + 0.2) x 10 * sterad [1]. As our
final result, we get Toge — (481 £ 0.19) x 10* K, which
5 1n agreement with the result of Chrostiansen and War-

burton, who performed the same meassorement o 1953

amd determined I'g,c.ﬁ ATO00 K [ﬁ]
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Fl(:. 4: (;anssian ht to a 30 minnte drift scan of the som.

An n-point scan refers to a series of measurcments of
the temperature along & 5 < 5 prid of ponts within a
beamn width on either side of the apparent position of the
sun mn clevation and seimmth. From this data, we were
able to derive a contour plot of the briphtness tempera-
ture over the photosphoere of the sun, s shown in lgure
B. Apain, crror bars are taken to be 2 % of the height of
the data points.
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FIC:. H: Contour plot of the n-point scan owver a 5 = 5 grid
about the aun.
(zalactic Hotation Cuarve

Forty-hve measurcments of the freguency spectram
wore taken at a constant galactic latitude & = 0 (along



