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Astronomy 16                                Lab 2:  Galactic Rotation                          

Introduction

In this laboratory we will be using the millimeter-wave telescope at the Harvard College Observatory to observe giant molecular clouds (GMCs) spread throughout the inner regions of the Milky Way.  By measuring the Doppler shifts of a discrete spectral line emitted by the GMCs, we will be able to measure their radial velocities, and with these velocities determine how the Galaxy’s rotation speed varies with radius.  Such information can be used to infer not only the Galaxy’s total mass, but also something about how that mass is distributed.  We cannot do this experiment with the Knowles telescope, nor even with the Hubble Space Telescope, because dense clouds of gas and dust in the Galactic plane (including the GMCs) obscure our view of the inner Galaxy at visible wavelengths.  At radio and millimeter wavelengths, on the other hand, the Galaxy is essentially transparent and we will be able to detect GMCs clear across the Galaxy, some 50,000 lights years away, with just a 2 or 3 minute integration or “time exposure”. 

Equipment


• CfA Millimeter-Wave Telescope


• Paper copies of CO spectra


• Analysis software: Excel

Suggested Readings

Dame, T. M., 1988, The Molecular Milky Way, Sky & Telescope, Vol. 76, p. 22.

(copies of this article will be handed out at the orientation session)

To learn much more about Galactic molecular clouds:

Combes, F. 1991, The Distribution of CO in the Milky Way, Annual Review 

of Astronomy & Astrophysics, Vol. 29, p. 195.  Available online from ADS:

http://80-adsabs.harvard.edu.ezp1.harvard.edu/abstract_service.html )

 Logistics

You will be given an overview of how the telescope works and how to use it during the orientation session on April  1.  The Observatory is located at 60 Garden Street, a few blocks up from Cambridge Common, opposite the Radcliffe Quadrangle.  Walk straight up the driveway off Garden street to the upper parking lot (it has a small white dome at its center).  Enter the D-building door, which is next to a bright red sign reading “Phillips Auditorium”.  Go up the stairs just inside the door, four flights to the roof.  We will post “1.2 m Telescope” signs to show you the way.

The observing session the following week will start very early morning at times to be arranged and run for 2-3 hours.  Millimeter-wave observations are weather-dependent, but less so than optical observations. We can observe through haze and even uniform cloud cover if the temperature is near or below freezing, but fewer clouds can be tolerated at higher temperatures (we will discuss why this is so).  We will notify you by email if an observing session is canceled. If the forecast is sufficiently bad, we will cancel the night before; otherwise the cancellation will be emailed not later than 1 hour before the start of the observing session.  Be sure to check your email before coming to the Observatory!  Dr. Dame can drive students from Harvard Square up to the Observatory and back (details to be advised). If this proves not possible, we encourage you either to walk up to the Observatory as a group, or to organize a ride from the Harvard evening van service. The Observatory will be locked, so we will post someone at the Building D door during the arrival time. If you arrive late, use the campus phone outside Building A (next to Building D) to call the telescope at x5-7316 (or from cell phones: 617-495-7316). 
Instrument

Essentially, the telescope consists of an antenna for collecting and focusing the signal, a very sensitive, liquid-helium cooled receiver at the focus for detecting the signal, a spectrometer for measuring the signal strength as a function of wavelength, and a computer for accumulating and displaying the resulting spectrum.  The telescope will be tuned to detect radiation at wavelengths () near 2.6 mm, the wavelength of a strong emission line of carbon monoxide (CO), a trace molecule in all GMCs.  The corresponding frequency () is 115,271 MHz, as you can verify using the formula

  = c / 


The spectrometer is essentially 512 radios, each tuned to a slightly different frequency.  Since we know CO emits a precise frequency of 115,271 MHz, why do we need so many radios?  Why not just one?  The answer of course is that the observed spectral lines will be Doppler shifted to higher or lower frequencies if the clouds are moving towards or away from us.  So we can assign a velocity to each radio depending on its frequency shift with respect to the CO rest frequency of 115,271 MHz.  The telescope computer will save us some arithmetic by doing the velocity assignments using the Doppler formula 

v = c *  / 


where c is the speed of light,  the rest frequency, and   =  - the frequency shift of the particular radio.

Observations and Theory

A schematic of the entire experiment is shown in the attached figure.  The telescope will be pointed using the Galactic coordinate system, which has the Galactic center as its origin.  The angle called Galactic longitude (l) is measured along the Galactic plane from the Galactic center.  In the figure, a dotted line marks a line of sight at l ~35°.  Galactic latitude (b) is the angle of the line of sight above or below the Galactic plane.  Since we will be observing distant molecular clouds in the plane, all of our observations will be at b = 0°.  We will point at Galactic longitudes ranging from ~10° to ~70°.  Typically we will detect a number of molecular clouds at different positions along the line of sight, such as clouds A-D in the figure.  Because all of these clouds are rotating around the Galactic center, their radial velocities inferred from their Doppler shifts tell us something about where they are along the line of sight. 

For interpreting the cloud velocities, it is important to keep in mind that the Doppler shift measures only the radial velocity with respect to us; in other words, only the rate of change of our distance to the emitting source.  Note, for example, that since all clouds on our orbit (i.e., on the Sun’s orbit, show as a solid circle in the figure) are moving at the same speed (V = 220 km/s), our distance from them will remain constant and their radial velocities will be zero. It should be obvious from the figure that the radial velocity of a cloud depends on two factors: (1) the difference between the cloud’s orbital velocity and the Sun’s orbital velocity, and (2) the angle between the cloud’s orbital velocity and our line of sight.  By both these factors, cloud D lies at a special place along this line of sight:  it is on the inner Galaxy orbit (dotted circle) that is the most different from the Sun’s orbit, and its velocity is directed precisely away from us and not at an angle, as is the case for the other clouds.  It can be shown that for a physically realistic spiral galaxy with all material moving on circular orbits, objects at the point along the line of sight closest to the Galactic center (such as cloud D) will have the highest observed radial velocity, what we will call Vr(max).  We call the special location of cloud D the “tangent point”.

Provided there are an adequate number of GMCs in the inner Galaxy, we can assume that the spectral line with the highest radial velocity in any inner-Galaxy spectrum arises from a GMC at, or at least quite near, the tangent point. (As an aside, note that on the other side of the Galactic center, l = 270–360°, a cloud at the tangent point will have the most negative radial velocity, rather than the most positive, because on that side material is rotating toward the Sun). 

Fortunately, the Galactic radius of the tangent point Rtan can be determined from simple trigonometry, provided we know the distance of the Sun from the Galactic center (R = 8.5 kpc) and the Galactic longitude of the observation (l):

Rtan = R sin l                                                      (3)

Likewise a cloud’s circular velocity Vcir is particularly easy to measure at the tangent point, because the cloud’s velocity is aimed direct away from us. Vcir is simply the cloud’s radial velocity, Vr(max), measured right off the CO spectrum, corrected for the component of the Sun’s orbital motion directed toward the tangent point:

Vcir = Vr(max) + V sin l

                               (4)

The measured radial velocity of the cloud is less than its circular velocity because we are moving toward the tangent point with a velocity of V sin l, and this reduces the Doppler shift.

So by observing different Galactic longitudes, we can determine the circular velocity (Vcir) at different values of Galactic radius (Rtan). A plot of Vcir vs. R is called the Galactic rotation curve, and it is a key objective of this experiment.  Knowing the circular velocity and the radius, it is a simple matter to compute the orbital period P at any radius R:

P = 2  R / Vcir

                               (5)

The main reason that knowledge of the rotation curve is so important for understand spiral galaxies is that the circular velocity at any radius is a measure of the total mass enclosed within that radius. Assuming that the Galactic mass is symmetrically distributed about the Galactic center, you only need elementary calculus to show that the gravitational force acting on an object at a given radius is the same as it would be if all the mass within that radius were concentrated at the Galactic center.  The symmetry assumption is likely to be a fairly good one, since the Galaxy has been “stirring” itself for 10 billion years! 

For an object of mass m in a stable circular orbit, we must have the centripetal force balanced by the gravitational force:

  m Vcir 2/ R = G m M(<R)/R2                                      (6)

where M(<R) is the total mass inside radius R.  It follows that:

M(<R) = R Vcir 2 / G                                                (7)

With this equation we can calculate the total Galactic mass inside of any radius from our measurement of the circular velocity there. 

Analysis

Hardcopies of the spectra we obtain during the observing session will be provided for analysis.  Each spectrum is labeled at the top by the Galactic coordinates LII and BII in degrees. (The Roman numeral II is simply a convention to distinguish the more accurate Galactic coordinate system in use today from an earlier one that did not pinpoint the center and orientation of the disk of our Galaxy as accurately). As discussed, the horizontal axis has already been converted from frequency to radial velocity, in units of km/s. The vertical axis is in units of “antenna temperature”, which is a measure of the signal strength, or more specifically the amount of energy received per second at each frequency. 

(a) Measure maximum redshift at each longitude

The only measurement you will need to make for each spectrum is the maximum redshift of any molecular cloud along the line of sight, Vr(max).  This is the peak in the graph that is furthest to the right (highest velocity).  The height of the intensity peak there depends on the properties of the molecular cloud that happens to lie near the tangent point, and in some cases the peak may be rather small.  Find the right-most peak that is significantly above the noise level and read off the corresponding velocity. Also estimate an uncertainty for each measurement.

Questions for discussion during the analysis sessions: Should we measure the center of the last peak, or the right-most “shoulder” of the peak that is still above the noise?  Why do the emission peaks from individual GMCs have a significant width in velocity?  What can we learn from the width?  How high does a peak have to be above the noise to be “significant”?

(b) Plot circular velocity, orbital period, and enclosed mass vs. Galactic Radius

With Vr(max) measured at each longitude and the equations above, you should be able to calculate and plot three fundamental properties of the Milky Way vs. Galactic radius: 

• circular velocity, Vcir (the “rotation curve”) 

• orbital period, P

• the total mass enclosed within each radius, M(<R)

These plots are most interesting with Vcir  plotted in km/s, P in years, M in solar masses (M), and R in kpc.  M =1.99 x 1030 kg, and 1 kpc = 1000 parsec = 3.086 x 1019 m.  All your plotted points should have error bars that derive from your estimated uncertainties on measuring Vr(max).

Since you will be doing the same calculations and unit conversions at each of the Galactic longitudes observed, an Excel spreadsheet is a handy way to do the analysis and plotting.  Your spreadsheet should have columns such as LII(deg), Rtan(kpc), Rtan(m), Vr(max) (km/s), Vcir (km/s), Vcir (m/s), P(s), P(yrs), M(<R)(kg), M(<R) (M).

(c) Estimate the number of stars in the Galaxy interior to the sun

From your M(<R) graph, estimate the total number of stars in the Galaxy interior to the radius of the sun. Assume that stars contain all of the Galactic mass and that the average stellar mass is that of the sun, 1.99 x 1030 kg.

 (d) Calculate the “Galactic age” of the sun

From your P(R) graph, calculate how many times the sun has orbited the Galaxy in its 4.5 billion-year lifetime (i.e., how many “Galactic years” old is the sun?).

(e)  Interpret the rotation curve by modeling 

Very nearly all of the solar system’s mass is concentrated at its center, in the sun, so for any solar system radius that is larger than the radius of the sun, equation (7) above can be rewritten as:

Vcir  =  ( G M  / R )1/2                                                    (8)

The planets in the solar system follow this type of so-called “Keplerian” rotation curve, with circular velocity falling off as the inverse square root of the radius.  Is the Galactic rotation curve Keplerian?  Is it “solid body”, like a phonograph record (Vcir R)? Is it something else? How can we interpret the shape of the rotation curve?  A common procedure in science is to concoct simple models and then compare the predictions of the models with observations.  Here are three simple models of the Galactic mass distribution for which you can calculate model rotation curves:

(1) All the mass concentrated at the center (Keplerian case)

(2) A uniform density thin disk
(3) A uniform density sphere

For each of these cases, the mass within any fixed radius M(<R) depends on only one number or “free parameter”:  

 model (1): M(<R) = MT
 Free parameter is MT, the central mass in kg or M 

 model (2):  M(<R) =  R2 S

       Free parameter is S, the surface density in kg/m2  or M/ pc2 

 model (3):  M(<R) = 4/3  R3 
  Free parameter is the volume density in kg/m3 or M/ pc3 )

Once M(<R) is known, the circular velocity can be calculated by solving eq. (7) for Vcir:

Vcir (R)  =  ( G M(<R)/ R )1/2                                                    (9)

Use a spreadsheet to calculate and plot Vcir (R) for each of the models.  If possible, plot the model rotation curve on the same graph as the observed rotation curve. The free parameter should be put in one spreadsheet cell and given a name, and this name should be used in the Excel equations that calculate M(<R) and Vcir (R).  For each of the 3 models, vary the free parameter until the model curve best matches the observed curve. 

Finally, stop and consider how remarkable it is that in just a couple of hours you made measurements of radiation that left gas clouds half way round our Galaxy some 50,000 years ago, and used the measurements to determine such an extraordinary thing as how many stars are contained in our Milky Way Galaxy!

Discussion Questions

1. Would it have been useful for this experiment to observe toward the Galactic center (l = 0°)?  Why or why not? 

2. Do any of the 3 models match well the observed shape of the rotation curve? If not, does the observed shape lie between cases (1) and (2), or perhaps between cases (2) and (3)?  

3. For any of the models, how might you determine the best-fit value of the free parameter without relying on your eyes and your judgment? 

4.  Can you suggest a more complicated model, perhaps with 2 free parameters, that might match the observed rotation curve better? 

5. What are your conclusions regarding the total mass and mass distribution of the Milky Way? 

6.  Discuss how your results bear on the “missing mass problem” in spiral galaxies.

Submission Checklist

You lab report should be a self-contained document, in the style of a proper scientific article (see http://cfa-www.harvard.edu/astro16/labs/lab_reports.html for guidelines).  Your report should contain a description of the telescope, observing procedures, analysis, and interpretation, as well as enough context for your report to be understood by any scientifically literate reader.  Ensure that all items below are included:


• Observed CO spectra, with Vr(max) marked on each


• Excel spreadsheets showing all calculations


• All plots and numbers requested in Analysis section


• estimated errors on all values


• Answers to discussion questions above
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