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Introduction

• HI line detection, 1951
– Würzburg Riese at Radio Kootwijk
– First hints of spiral arms

• Dwingeloo telescope, 1958
– Mapping galactic structure

Redo Historical Observations
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The Challenge

• Inspiring Young People
– Differences in education

• Just a few hours of observing time

• Opportunity
– “JWG” (working group “KNVWS”)
– One weekend, Early May 2015
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Physics

• HI-line
– Spin flip:

• 𝑓# = 1420.405751786 MHz

• Doppler effect
– Frequency shift = line of sight velocity

Δ𝑣 =
∆𝑓
𝑓#
𝑐
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Physics
Galactic Quadrants
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Figure 1.2: Sketch of the spiral structure of the Galaxy. C indicates the location of the Galactic
center. The approximate locations of the main spiral arms are shown. The locations of
the four quadrants are indicated.

1.3 Radio emission from atomic hydrogen

Most of the gas in the Galaxy is atomic hydrogen (H). H is the simplest atom: it has only one
proton and one electron. Atomic hydrogen emits a radio line at a wavelength � = 21 cm (or
a frequency f = c/� = 1420 MHz, where c ' 300000 km/s is the speed of light). This is the
signal we want to detect.

� = 21 cm ) f = c/� = 1420MHz (1.1)

The 21 cm hydrogen signal is emitted when the electron’s spin flips from being parallel
to being antiparallel with the proton’s spin, bringing the atom to a lower energy state (see
Fig. 1.3). Although this happens spontaneously only about once every ten million years for a
given hydrogen atom, the enormous quantity of hydrogen in the Milky Way makes the 21 cm
line detectable. The line was predicted by the Dutch astronomer H.C. van de Hulst in 1945,
who determined its frequency theoretically. The line was observed for the first time in 1951 by
three groups, in the U.S.A., in the Netherlands and in Australia (see Appendix B).
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Figure 2.1: Geometry of the Galaxy. C is the location of the Galactic center, S that of the Sun, M
that of a gas cloud that we want to observe. The SM line is the line-of-sight. The arrow
on an arc indicates the direction of rotation of the Galaxy. The arrows on line segments
indicate the velocity of the Sun (V

0

) and the gas cloud (V ).

180�, which means that we can relate the angle c to galactic longitude l as

(90� l) + 90 + c = 180 ) c = l. (2.2)

We now want to relate also the angle ↵ to the longitude l. We note that the angle between V

and R is 90� and can be written as the sum of a och ↵, i.e. 90� = b + ↵. From the triangle
CMT we also note that b = 90� � a. Put together we get

90 = 90� a+ ↵ ) a = ↵ (2.3)

Looking at the triangles CST and CMT we find that the distance between the Galactic Center
(C) and the tangential point (T) can be expressed in two di↵erent ways:

CT = R

0

sin l = R cos a ) cos a =
R

0

sin l

R

(2.4)

Using eqns. 2.2, 2.3, and 2.4 we can now re-write eqn. 2.1 as

V

r

= V

R

0

R

sin l � V

0

sin l. (2.5)

This equation is valid for all longitudes l. However, measuring V

r

alone for any given l is not
enough to solve this equation to derive both V and R. A solution is to restrict the range of pos-
sible l to the first quadrant, and using only the maximum velocity detected in our calculations.
We now explain how this simplifies the problem.
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Figure 2.2: There can be multiple velocity components in the observed spectrum, each peak corre-
sponds to a cloud with some relative velocity.

In any given direction we may observe emission from multiple clouds at once. Since the
clouds move with di↵erent relative velocities, we measure multiple components in the spectrum,
as illustrated in Fig. 2.2. We now assume that clouds at larger distances from the center move
with equal or lower speed than clouds closer to the center, as expected from standard Keplarian
motion (see Appendix. A.2). In this case, the largest velocity component, V

r,max

, comes
from the cloud at the tangential point (T), since the maximum possible projected velocity
happens when the projection angle is 0. For a cloud at the tangent point we see from Fig. 2.1
that the cloud location is given by

R = R

0

sin l. (2.6)

This simplifies equation 2.5 so that, at the tangential point, we have:

V = V

r,max

+ V

0

sin l. (2.7)

We may now use SALSA to measure V

r,max

at di↵erent l in the first quadrant. Using
equations 2.6 and 2.7 we may then calculate the rotation curve V (R). It is reasonable to
assume the measured rotation curve to be valid also in the other three quadrants.

2.1.1 Measure the rotation curve with SALSA

After reading the previous section you should have an idea about how to measure the rotation
curve of the Milky Way using SALSA. Instructions for how to operate the telescope are given
in another document called the SALSA users manual, available at the SALSA website. Once
you have obtained spectra at a few selected longitudes, extract the maximum velocity of each
spectrum and plot the rotation curve. The simplest way is to use the cursor to inspect the
spectrum directly in the control program, but you can also use more advanced tools such as
Matlab. Instructions for how to extract velocity information from the spectra can also be found

10

V= 𝑉+,-./ + 𝑉# sin 𝑙



Physics

a

b

c
V0

V

R0

R

l

α

Figure 2.1: Geometry of the Galaxy. C is the location of the Galactic center, S that of the Sun, M
that of a gas cloud that we want to observe. The SM line is the line-of-sight. The arrow
on an arc indicates the direction of rotation of the Galaxy. The arrows on line segments
indicate the velocity of the Sun (V

0

) and the gas cloud (V ).

180�, which means that we can relate the angle c to galactic longitude l as

(90� l) + 90 + c = 180 ) c = l. (2.2)

We now want to relate also the angle ↵ to the longitude l. We note that the angle between V

and R is 90� and can be written as the sum of a och ↵, i.e. 90� = b + ↵. From the triangle
CMT we also note that b = 90� � a. Put together we get

90 = 90� a+ ↵ ) a = ↵ (2.3)

Looking at the triangles CST and CMT we find that the distance between the Galactic Center
(C) and the tangential point (T) can be expressed in two di↵erent ways:

CT = R

0

sin l = R cos a ) cos a =
R

0

sin l

R

(2.4)

Using eqns. 2.2, 2.3, and 2.4 we can now re-write eqn. 2.1 as

V

r

= V

R

0

R

sin l � V

0

sin l. (2.5)

This equation is valid for all longitudes l. However, measuring V

r

alone for any given l is not
enough to solve this equation to derive both V and R. A solution is to restrict the range of pos-
sible l to the first quadrant, and using only the maximum velocity detected in our calculations.
We now explain how this simplifies the problem.

9

April 16, 2016 8

I

Vr

Vr max

Figure 2.2: There can be multiple velocity components in the observed spectrum, each peak corre-
sponds to a cloud with some relative velocity.

In any given direction we may observe emission from multiple clouds at once. Since the
clouds move with di↵erent relative velocities, we measure multiple components in the spectrum,
as illustrated in Fig. 2.2. We now assume that clouds at larger distances from the center move
with equal or lower speed than clouds closer to the center, as expected from standard Keplarian
motion (see Appendix. A.2). In this case, the largest velocity component, V
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, comes
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This simplifies equation 2.5 so that, at the tangential point, we have:

V = V

r,max

+ V

0
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We may now use SALSA to measure V

r,max

at di↵erent l in the first quadrant. Using
equations 2.6 and 2.7 we may then calculate the rotation curve V (R). It is reasonable to
assume the measured rotation curve to be valid also in the other three quadrants.

2.1.1 Measure the rotation curve with SALSA

After reading the previous section you should have an idea about how to measure the rotation
curve of the Milky Way using SALSA. Instructions for how to operate the telescope are given
in another document called the SALSA users manual, available at the SALSA website. Once
you have obtained spectra at a few selected longitudes, extract the maximum velocity of each
spectrum and plot the rotation curve. The simplest way is to use the cursor to inspect the
spectrum directly in the control program, but you can also use more advanced tools such as
Matlab. Instructions for how to extract velocity information from the spectra can also be found
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Tools

• SALSA Manual
– Onsala Observatory educational program

• Excel Spreadsheet
– Developed by Ard Hartsuijker
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Equipment
Shopping List

• Spreadsheet for the Math
• Computers for Datalogging
• Radioreceivers
• …A fairly large radio telescope

– with more computers for telescope control 
and observation management
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Observing

• Preparation
– Read the SALSA manual (the day before!)
– Plan the observation

• Based on circumstances of the day
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Mapping
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Mapping
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Conclusions

• A meaningful observation program to map 
part of the Milky Way galaxy can be done 
in a day, including data reduction

• Other historical observations are 
candidates as well, e.g. Smith cloud
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Conclusions

• Having tools prepared is essential
– Excel spreadsheet played pivotal role

• Have the students concentrate on the 
essentials
– don’t bother with all the technical details 

(they’ll ask if they want to know)
• Have technical crew on stand by!
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