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1. The figure below shows the spectrum of the H I emission line from a 
spiral galaxy.

 
 
 
The small external tick marks on the top x axis indicate the frequency in 
MHz and the rest frequency of the 21 cm line is 1420.41 MHz.  
 
a) By measuring the central frequency of the emission line determine the 
radial velocity, v, of the galaxy in kms-1. Then, by applying Hubble’s Law 

𝑣 = 𝐻𝑑 
where H=71 kms-1Mpc-1 find the distance, d, to the galaxy. 
 
b) By considering the double-peaked profile of the line estimate the 
rotation speed of the galaxy. 
 
 
c) It can be shown that the under that assumption that the 21 cm line 
emission is optically thin then the total column density of hydrogen 



present is given proportional to the brightness temperature of the line 
emission integrated over the line such that 
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Estimate the area under the line on the TB scale on the spectrum to 
estimate the total column density of hydrogen in the spiral galaxy. 
 
 
d) Since 
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it can be further shown that the under that assumption that the 21 cm line 
emission is optically thin then the total mass of hydrogen present is given 
by 
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Estimate the area under the line on the Sv scale on the spectrum to 
estimate the total mass of hydrogen in the spiral galaxy. In a subsequent 
lecture/workshop you will be shown how to estimate the total mass of the 
galaxy (all of the gas, stars and dark matter) from spatially resolved H I 
spectra. For this galaxy that gives ~ 3x1010 M⊙. Compare your answer 
for atomic hydrogen to this value to indicate the fraction of a galaxy that 
is made up by interstellar gas. 
 
 
 
 
 
 
 

 
 

2. We are going to look at the water masers associated with a massive star 
in the process of forming. The figures below show how the locations of 
two maser spots (red and green colours) measured over six epochs change 
over just over a year. The top plot shows their relative positions on the 



sky in milli-arcseconds (mas) and the bottom plot shows the residual 
motion after the proper motion has been removed. 
 

 
 
a) What is the distance to this object? 
 
b) Estimate the velocity of the spots in kms-1 from the information in the 
top plot. 
 
The plots below show the locations, proper motions and radial velocities 
of water masers relative to the 8 GHz radio continuum emission from this 
object (black contours). The continuum is thermal free-free emission. The 
systemic velocity of the central object is -3.5 kms-1. How would you 
interpret the information below in a physical picture? 
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Fig. 1. Top. Positions of the two persistent H2O maser features in
IRAS 20126+4104 at the six epochs of our VLBI observations. Note
that the reported positions have been suitably offset from the mea-
sured positions for displaying purposes. Green and red circles in-
dicate features at –6.4 and –3.2 km s−1, respectively. Their posi-
tions at the 2nd observing epoch are α(J2000) = 20h14m26.s0165
and δ(J2000) = 41◦13′32.′′577, for the feature at –3.2 km s−1, and
α(J2000) = 20h14m26.s0167 and δ(J2000) = 41◦13′32.′′576, for the
other. The solid and dashed curves with open circles are the best fits,
consisting of the apparent motion due to the annual parallax for a com-
mon a distance of 1.64 ± 0.05 kpc for both features plus a constant ve-
locity in the plane of the sky different for each feature (see text). Bottom.
Residual motions in right ascension and declination, obtained after sub-
traction of the constant velocities. The curves are the fits consisting only
of the annual parallax. The solid and dashed curves correspond, respec-
tively, to the RA and Dec offsets.

for IRAS 20126+4104 was correct. This confirms all the esti-
mates of important physical parameters, in particular the stellar
mass (∼7 M%) and bolometric luminosity (∼104 L%). We can thus
conclude that IRAS 20126+4104 is indeed a B0.5 protostar sur-
rounded by a Keplerian accretion disk (Cesaroni et al. 2005).

5. The systemic velocity of IRAS 20126+4104
Methanol masers have been claimed by several authors to be
associated with circumstellar disks (see e.g. Norris et al. 1998;

Minier et al. 2000; Pestalozzi et al. 2009). In IRAS 20126+4104
they appear to lie in the north-eastern part of the disk (Minier
et al. 2001; Edris et al. 2005) and their velocities are blue-shifted,
consistent with the Keplerian rotation pattern observed in ther-
mal lines. Our EVN images are consistent with this finding, as
illustrated in Fig. 2, where the CH3OH maser features are over-
layed on the disk silouhette. The latter is very schematic and as-
sumes a disk radius of ∼1000 AU (Cesaroni et al. 2007) and the
same center and inclination as the H2O maser jet (see Sect. 6.1).

If the masers lie in the disk and co-rotate with it, the cor-
responding velocity vectors should also lie in the plane of the
disk. Since the latter is basically edge-on and the masers clus-
ter is at a (projected) distance of ∼0.′′2 or 340 AU from the
star, one would expect the proper motions to be relatively small
(<∼4 km s−1, assuming Keplerian rotation about a 7 M% star) and
directed parallel to the disk, i.e. NE–SW. In contrast, the abso-
lute proper motions measured by us have speeds of ∼18 km s−1

and are all roughly perpendicular to the disk, as shown in Fig. 2.
It is also worth noting that the dispersions of the CH3OH veloc-
ities both along the line of sight and in the plane of the sky are
small compared to the mean speed of the features, unlike H2O
masers whose velocities span an order of magnitude. Thus, we
note that the CH3OH masers are moving much slower than the
H2O masers.

Our explanation of all these facts is that the absolute proper
motions of the CH3OH masers are dominated by a peculiar mo-
tion of about 10 km s−1 with respect to a circular Galactic orbit.
Whether such a peculiar motion is due to a wrong estimate of the
Solar motion with respect to the LSR, to an inadequate Galaxy
rotation curve, or to a deviation from it, is irrelevant for our pur-
poses. The important point is that the mean absolute proper mo-
tion of the CH3OH masers can be used to correct any absolute
proper motion measurement and determine the true motion with
respect to the disk+star system to within about ±4 km s−1 (the
expected rotational velocity). Incidentally, we note that devia-
tions from the standard Galaxy rotation curve are quite com-
mon, as demonstrated by Reid et al. (2009b) in their study of the
Galactic velocity field. Note also that the existence of this “spu-
rious” velocity component of ∼18 km s−1 in the plane of the sky
has less impact on H2O masers, due to the much larger velocities
of the features (up to ∼100 km s−1).

In conclusion, our CH3OH measurements can be used (com-
bined with the corresponding Doppler shifts) to determine the
3D velocity of the star+disk system. In practice, in order to
obtain the velocity in the plane of the sky with respect to the
star, any absolute proper motion must be corrected by subtract-
ing the mean absolute proper motion of the CH3OH masers,
i.e. −16 km s−1 along the right-ascension axis and +7.6 km s−1

along the declination.

6. Disk and jet structure in IRAS 20126+4104

Better knowledge of the distance and, especially, of the systemic
3D velocity of IRAS 20126+4104 allows us to improve on the
model presented by Moscadelli et al. (2005). Also, one can ac-
curately compare the distributions and velocities of the CH3OH
masers with those of the H2O masers, and thus draw a better
picture of the disk and jet structure and of their relationship.

Before proceeding to this comparison, it is worth noting
that the two types of masers have been observed at very dif-
ferent epochs, namely November 9, 2000 for the H2O masers
(Moscadelli et al. 2005) and November 6, 2004 for the CH3OH
masers (this paper). The maser spots could have moved over

A66, page 5 of 9



 
3. The curve below shows the flux of the methanol maser line in the 
source G9.62+0.20E as a function of time. Note the periodic flaring 
behaviour. 
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Fig. 2. a) Map of the H2O maser spots detected towards IRAS 20126+4104 by us (small circles), MCR (squares), and EFCE (triangles)
overlayed on a contour map of the 3.6 cm continuum emission (Hofner et al. 1999). Also shown are the OH maser emission peaks observed
by EFCE (big circles). The errors on the absolute positions of the H2O maser spots detected by us are given in Table 1, while those of MCR
and EFCE are respectively 30 mas and 15 mas; for the OH masers the error is 25 mas. The colour denotes the LSR velocity of each spot
according to the colour scale in the bottom panel. The solid lines indicate the conical jet which represents the best fit to the H2O maser spots
obtained with the model discussed in Sect. 4. b) Enlargement of the central region illustrating the locations and absolute proper motions
(corrected for parallax, solar motion with respect to the LSR, and galactic rotation) of the H2O maser spots detected in this study. Offsets
in RA and Dec are measured with respect to RA(J2000) = 20h14m26.s0253, Dec(J2000) = 41◦13′32.′′666. No proper motion measurement
is available for points without an associated arrow. The colour coding is the same as for the top panel. Note that the systemic LSR velocity
of IRAS 20126+4104 is –3.5 km s−1.



 
 
 
 
 
 
 
 
 
 
 
 
One model for these systems involves the interaction between the stellar 
winds of two massive young stars in the process of forming a close binary 
system. The only other parameter known for this system is the total 
luminosity of 3 x 105 L¤.  
 
Make some assumptions and estimate an average separation of the two 
stars in a plausible binary system consistent with these data. You should 
use the mass-luminosity relation for main sequence stars  
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And Kepler’s Third law: 

𝑀$ +𝑀# =
4𝜋#𝑎,

𝐺𝑃#
 

that relates the period P and separation, a, to the sum of the masses of the 
two stars.  



 
What would be the typical angular separation in arcseconds of the two 
binary stars if the source was 5 kpc away? 
 

 
 


