Astronomical Observations and Instrumentation II: Spectroscopy

ASTR 3520 – Lab Write Up
December 5, 2002

Student: CHRIS GILMER (gilmerc@colorado.edu)

Semester Project:
Measuring the Galactic Rotation Curve using the CO Transition Line

Abstract
A powerful tool for exploring the galaxy is observing the 2.6mm line produced by CO in interstellar space.  Whereas optical light is limited by the interstellar medium, the ISM is for the most part transparent to radio wavelengths.  The undaunted CO transition lines, at 115.27 GHz, are perfect for accurate measurement of the galactic rotation curve.   Observations of the galaxy can be made using a small radio telescope along its longitudinal axis.  Doppler shifts of the galactic medium can be determined and a picture of the galactic rotation curve can be built.  A systematic survey of the sky at this frequency can create a map of the galaxy in CO that can describe not only the galactic rotation curve, but also the longitudinal velocities of the ISM in these locations. This report will discuss the operation of a 2.6mm line radio telescope and the method by which the galactic rotation curve may be measured.

Background:
The 2.6mm CO Transition Line
	The four most abundant elements in the ISM are hydrogen, nitrogen, carbon, and oxygen.  Hydrogen, which produced the famous 21-cm line, is the most abundant element in the universe but does not lend itself to accurate mapping of the ISM and the galactic rotation curve when the observer is limited by aperture.  The ISM also seems to favor the creation of organic molecules as opposed to inorganic molecules.  CO is the second most abundant molecule in the ISM with the exceptions of HC3N, NH2CHO, and OCS.  The other interesting fact is that oxygen containing molecules are more abundant than thio- (sulfur containing) analogues.  The conclusion through studies over the past decades is that CO is one of the most abundant molecules in the ISM.  
The interstellar medium is found to have temperature variations from 3K ~ 200K caused by varying levels of ionization.  Interstellar clouds containing molecules, such as CO, are usually shielded away from intense UV radiation, which can destroy the molecular bonds.  For the majority of the galaxy the ISM exists in cold, perhaps ionized, regions.  The low temperature of the medium determines that most CO will be in its ground state, the lowest allowed level of energy.  When changes in the energy levels occur the atoms send out electromagnetic radiation in the form of photons in radio wavelengths.
	The fundamental transition of CO is due to the rotational energy level of the molecule.  The anatomy of the molecule as corresponds to that of a rotating “barbell”.  The rotational energy for a linear molecule is given by:




where h is Planck’s constant, W is the rotational energy, and J is the angular momentum quantum number..  The moment of inertia, I, about the rotational axis is defined as:



	

where μ is the reduced mass and R is the inter-nuclear distance.  The frequency observed when molecule makes a transition between 2 rotational states:







where B=h/8π2I is known as rotational constant.  For Carbon Monoxide (CO), B has a value of 57636.0MHz, so the lowest rotational transition (J=1-0) has a frequency of roughly 115.27 GHz or a wavelength of 2.6mm, which puts it in the radio part of the electromagnetic spectrum.  To be accurate the fundamental transition line of CO (J=1-0) is 2.60255805084 mm and is found at a frequency of 115.271204 GHz.  Two molecules of CO are found, both 12CO(J=1-0) and 13CO(J=1-0).  CO is also a quite stable molecule in the ISM with a dissociation energy of 9.6eV.

The Radio Telescope
	In principle the radio telescope is not much different than that of an optical telescope.  The telescope has a dish, or in some cases simply a feed horn, which receives the electromagnetic radiation.  The spectral resolution follows the same rules as optical telescopes and many of the same principles such as pointing have not changed.  The collected radiation is read through a number of filters and mixers into a computer where the data can be analyzed.  To measure CO a 1m diameter EHF (Extremely High Frequency) or F-band receiver must be built.  The disadvantage to observing in this frequency is simply the cost of components; however, the scientific data obtained far outweighs the disadvantage in this case.
	The principle parts of the radio telescope are the feed horn, amplifiers, filters, local oscillators, analog-to-digital converter, and computers.  A simple setup of this equipment is shown in a block diagram below:
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The signal is received via the horn and amplified to a filter, which removes noise and other unwanted frequencies.  The cleaned signal is then amplified and mixed with a local oscillator, bringing the frequency down to a more manageable frequency.  This new frequency is pushed through a tunable filter to remove noise and mixed with a similar frequency to normalize it towards zero.  This signal is now sent through an analog-to-digital converter and to a computer where a power spectrum is the output.  
The power can be converted to a line in the radio spectrum and based upon its position the Doppler shift can be measured, giving its velocity.  This velocity is subsequently corrected for the earth’s movement around the sun and the motion of the sun, and the measurement of galactic rotation for that longitude can be recorded.  For each section of the sky that is viewed a spectrum is obtained.  The spectrum may be converted to a velocity and applied to that position in the sky.  By collecting a sufficient number of samples a map may be constructed of the longitudinal velocities across the galaxy.  

Doppler shifts in the Interstellar Medium
	Simply measuring the Doppler shift does not give the rotation of the galaxy at the specific longitude.  The velocity that is seen is the velocity of gas at the specific longitude projected along the line of sight plus the velocity of the sun projected along the same line of sight.  The equation looks like this:




The math is illustrated in the diagram below:

[image: ]

And the variables are given as:
V = measured velocity
ω = angular velocity at Distance R
ωo = angular velocity at Distance Ro
R = Distance to line of sight, perpendicular to rotational velocity
Ro = Distance to Galactic Center
γ = Galactic Longitude
δ = angle between galactic center and Sun
M = central mass
G = Gravitational Constant

Since, 




Simplifying the equation gives:




Now, the velocity, V, can be calculated using the radio telescope.  The angular velocity of the galaxy, ω, at the given galactic longitude, γ, can be determined knowing the Sun’s rotational velocity, ωoRo, and the Sun’s distance to the galactic center, Ro.  However, the actual speed that should be measured is Vmax, where the circular motion of the Galaxy is tangential to the line of sight, or where:




This changes the velocity equation to:




The known values have already been determined and are given by:

ωoRo = 2.2x107 cm/s
Ro = 8.5kpc = 2.6x1022 cm

The longitudes for analysis can be determined by knowing that the angular resolution for a 100 cm telescope is ~9 arcsec, given by the equation:




To provide an accurate map this means that a measurement of the rotational velocity should be taken at every 5 arcsec from a longitude of 0º (the galactic center) to a longitude of ±180º (the anti-center) in order to overlap and match the data.  The galaxy is not flat, however, and to provide an accurate three dimensional map of the galaxy latitude of ±40º should be surveyed along with all large local clouds at higher latitudes.  Assuming that this is a survey project on the order of 400,000 spectra need to be taken for accuracy.  Obviously this speaks to the necessity for multiple observing telescopes.

Procedure: Measuring the Galactic Rotation Curve
	To measure the galactic rotation curve is much simpler than to create a survey or map of the galactic rotation.  The observer must follow a few procedures and know how to move the telescope across the sky with some degree of accuracy.

1) Wait until the Galactic Center is above the limits of the telescope
2) Change the azimuth and elevation angles to 180º (South) and 45º (Up)
3) Calibrate the equipment
4) Move the telescope to the Galactic Center (0º)
5) Record data for 300s (5 minutes)
6) Move the telescope to the Galactic longitude of 5º
7) Record data for standard period (300s) for this and every 5º up to 360º

Data Analysis
	Once the data has been recorded the max velocity must be determined from the Doppler shift measurement after removing the other velocities due to the earth and sun.  Using the equations listed in the Theory section above, the velocity can be determined knowing the tangential distance to the galactic center, R, and the now determined angular velocity, ω.  Plots can be made of the rotational velocity (in cm/s or Hz) as a function of distance from the galactic center.  One can also make a plot of the galactic mass distribution across the galaxy.  This distribution, while crude with these measurements, may also be a way to understanding why scientists discuss the topic of missing mass in the universe.
	Assuming a complete survey is completed across the sky at 2.6 mm, a map of the galaxy would be created that would look similar to the survey done by Dame, Hartmann, and Thaddeus submitted to the Astrophysical Journal in 2002.  They also produced a map of longitudinal velocities.  Both are shown below:

[image: ]
Figure 1 - Velocity Integrated CO Map

[image: ]
Figure 2 - Longitudinal Velocity Map of CO Emissions

Understanding the movements of the ISM is important to astrophysics research; however, this type of plot does not give all the necessary data.  Most surveys of the galaxy in this fashion have assumed that the motion the ISM is always circular in nature.  This cannot be true as the mechanics of the Galaxy are not “ideal”.  As seen in the longitudinal plot above, the further away from the center of the galaxy the more circular the orbit of the ISM tends to be.  However, closer in it is noticed that the ISM actually moves in the opposite direction.

Conclusion
	Radio astronomy in the 2.6mm wavelength is a very powerful tool.  Being the second most abundant molecule in the ISM, carbon monoxide (CO) is ideal for measuring the movement of the ISM across the galaxy.  While the math of Doppler shifting is not entirely too complicated, the majority of the work in this area would be towards building and maintaining a telescope that worked and an accurate tracking system.  As a learning tool this would be invaluable and would give students the range of ability to experience radio astronomy all the way to completing real research in this field.  
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