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The 21 cm Radiation of Hydrogen

In neutral hydrogen atoms, both the proton and the electron have spins.   There are two states of this atom:  with the spins of the proton and the electron in the same direction and with the spins in the opposite directions.  The state where the spins of the electron and the proton are in opposite directions has a slightly lower energy than the state where the spins are in the same direction.  The energy difference between the state with aligned spins and the state with anti-aligned spins is very small compared to the binding energy of the hydrogen atom, and the atom can be knocked into the higher energy state in collisions.  If the atom is undisturbed, the excited state with oppositely aligned spins has a half-life of 11 million years before it spontaneously decays by emitting a 21 cm photon (a particle of light).  
At normal densities or even in a good vacuum on earth, atoms collide with one another every millionth of a second or so.  Thus they knock the hydrogen atom’s spins into and out of alignment, and the hydrogen atoms never get a chance to decay with the emission of the 21 cm radiation.  However, even dense galactic clouds have so few atoms that neutral hydrogen atoms rarely collide with one another.  The atoms whose spins are parallel get a chance to decay and emit their characteristic radiation.  Thus neutral hydrogen atoms through out the universe can be tracked by looking at the 21 centimeter radiation they emit.  Fortunately, this radiation penetrates the earth’s atmosphere and can be detected by radio telescopes.  (Seeds, 224-225)
Density of gases in different places (data from “Ask an Astronomer”)

	Location
	Atomic or molecular density

	Air at sea level on Earth
	 1019 particles/cm3

	A good vacuum on Earth
	 1012 particles/cm3

	Dense cloud in star-forming region
	 106   particles/cm3

	Average Density of interstellar medium
	    1    particle/cm3 


When a source of radiation is moving towards you, the radiation it emits seems to have a shorter wavelength than it would if it were standing still.  When the source is moving away, the radiation seems to have a longer wavelength.  The change in the wavelength increases as the speed of the moving source changes.  The 21 cm radiation is no exception, and its wavelength shifts as clouds of hydrogen move towards and away from us.  By measuring this shift, called the Doppler shift, astronomers can tell how hydrogen gas is moving.  The intensity of the 21 centimeter radiation tells observers how much gas is located at the place from which the emission comes
Hydrogen is the most abundant element in the universe, and it is found through out the sky.  By studying the intensity and Doppler shift of the 21 cm radiation, radio astronomers can tell where hydrogen is located in distant galaxies, how much gas is present, and how it is moving inside the galaxy.  Because hydrogen is the primary material from which stars are formed, these studies are key to understanding how galaxies form from huge clouds of gas, and how they change as they grow older.
Eric Wilcots 

Eric Wilcots chairs the Astronomy Department at the University of Wisconsin, Madison.  He studies the evolution of galaxies using radio astronomy.   Growing up in Philadelphia, he became interested in astronomy when he was small and recalls having a telescope at 8 or 9 and being glued to the television set during the Voyager Fly-By of Jupiter.  He enrolled at Swarthmore College, a strong liberal arts institution with a good reputation in science and mathematics.  He recalls asking his freshman advisor how much an astronomer earns.  The advisor thought a moment and replied, “enough to go to the opera.”  He majored in astronomy.
For graduate school, Wilcots wanted to move off the east coast so he searched for graduate schools on the Pacific Coast and selected the University of Washington.  He completed a dissertation on 21 cm observations of the constellation Cassiopeia.  His radio images use false colors to represent different intensities of radio radiation.  He describes the pictures as “looking at the sky with radio eyes.”
Following the completion of his Ph.D., he moved to the National Radio Astronomy Observatory in Socorro, New Mexico as a Jansky Postdoctoral Fellow.  Three years later, he decided to take a position in the astronomy department at the University of Wisconsin-Madison.  During the last decade, he has taught at both the graduate and undergraduate levels, led public outreach efforts and directed the research efforts of a number of graduate and undergraduate astronomy students while building an active research program in radio astronomies.  He is married to a pediatrician and has two daughters aged 10 and 12 years.  He is proud that he serves as their soccer coach. (Interview)
The Puzzle of Hydrogen Gas in Galaxies

Most astronomers believe that galaxies form from gigantic clouds of gas that is primarily hydrogen although it contains a bit of deuterium and helium.  It has also become very clear that most galaxies are members of groups of galaxies.  Some of these groups contain thousands of individual galaxies.  The Hubble deep field exposures in which the HST was focused on an apparently empty area of the sky demonstrated that there are hundreds of galaxies stretching back into times close to the origin of the universe.  Just how exactly these great clusters of galaxies formed in the first place, how they formed in the groups and patterns that we see, and the way in which they evolved over time are questions that puzzle modern astronomers.   

Eric Wilcots and his colleagues have used radio astronomy to map the patterns hydrogen gas forms in galaxies by studying the absorption and emission of the 21 cm line of neutral hydrogen.  First, they measure the amount of hydrogen gas in the galaxy.   Cold gas absorbs radiation from bright sources behind it so it can be detected by the absence of 21 cm radiation from a continuous spectrum of radio radiation.  Hot gas emits the 21 cm radiation.  The extent of gas in and around the galaxy is shown by the location of the emission.

Once radio astronomers have located the 21 cm radiation, they then use the Doppler shift to measure two properties of the gas.  First, gas clouds move towards and away from the Earth.  As they move, astronomers can measure this velocity.  Of course, if the gas is moving perpendicular to the line joining it to the telescope, there is no Doppler shift so astronomers must carefully analyze data to figure out the patterns of the gas’s motion including its motion perpendicular to the line to the telescope.    

Not only does the Doppler shift let astronomers measure the motion of clouds of hydrogen relative to the earth, it also allows them to determine the temperature of the cloud.  The Kelvin temperature of a gas is directly proportional to the square of the average speed of a molecule in the gas.  When gas atoms are at high temperature, they move faster in all directions than they do at low temperatures.  In a hot gas, hydrogen atoms emit 21 cm radiation that is Doppler shifted both towards longer wavelengths and shorter wavelengths.  That means that the 21 cm line is broadened, that is it spreads out over a larger span of wavelengths in a hot gas than it does in a cooler gas.  So by carefully measuring the width of the 21 cm line of hydrogen, radio astronomers can measure the temperature of the gas of hydrogen atoms that emitted it.  They can map the temperature of the gas within galaxies and between galaxies in a cluster.
The first real surprise from the hydrogen radio measurements and from corresponding measurements of the velocities of stars within galaxies was that the rotation of galaxies did not match the predictions of Newton’s Law of Universal Gravitation for the mass of the stars and gas which they could see in them.  In other words, Kepler’s Laws did not apply to the rotation of galaxies.  In fact, the galaxies behaved as if there were much more mass within them than could be accounted for by light emitting matter.  Astronomers refer to this extra mass as dark matter.  They are fairly sure that whatever it may be, it is not the common type of matter that makes up everyday matter.  There seems to be about 5 times as much dark matter in galaxies as the ordinary “baryonic” matter that makes up normal atoms.
Wilcots and his collaborators have shown that there is more hydrogen gas in galaxies than conventional theories would predict, and that the gas is hotter than it is predicted to be.  He asks whether the gas lies between galaxies and makes its way into the attractive potential of the dark matter associated with the galaxy.  Or is the gas already within the galaxy?  Detailed studies of the gas within a variety of galaxies should help to clarify this.  A second question is how does the gas get heated?  There must be some mechanism or it would be cooler.  Finally, he would like to understand the distribution of hydrogen between the galaxies in clusters.  (Interview)
The Very Large Array (VLA)

Radio waves penetrate the earth’s atmosphere so receivers can be mounted on the surface of the earth.  Like light, radio waves are collected by mirrors designed to work in the radio region.  The mirror focuses the radiation on a receiver.  In the case of optical telescopes, the receiver is a camera.  For radio astronomy, the receiver is a radio receiver.  

Mirrors for telescopes must be polished to levels close to the wavelength of the radiation they detect.  Radio receivers can be made of wire mesh that is shaped to a tolerance of a centimeter or so.  However, the ability of a receiver to detect faint radio sources depends on the area of the collecting surfaces.  A receiver’s ability to resolve close sources depends on its diameter.  Radio telescopes are therefore built as combinations of radio receivers.  The area of the telescope is sum of the areas of individual receivers, and the diameter of the telescope is effectively the distance between the two most distant receivers.  The Very Large Array located at the National Radio Astronomy Observatory in Socorro, New Mexico where Dr. Wilcots served as a post doc is an example of such a telescope.  The 27 radio receivers are mounted on tracks so they can be reconfigured easily.  Each receiver has a diameter of 25 meters.  Together they have an effective sensitivity of a single receiver 130 meters in diameter with the resolution of a single antenna whose diameter is 22 miles. (“Welcome to The Very Large Array”)
The Very Large Baseline Array stretches more than 5000 miles and consists of 25 telescopes, each 25 meters in diameter, located throughout the U.S. from Mauna Kea on Hawaii to St. Croix.  If the angles were right, it could read a newspaper in New York from Los Angeles. (“The Very Long Baseline Array”)  Various plans for future telescopes include arrays with receivers based in space.  Dr. Wilcot’s favorite candidate for a future instrument is the Square Kilometer Array which would have a total collecting area of one square kilometer with receivers spread across the globe.  He calls it, “VLA on steroids.” (Interview)  He clearly hopes to have the opportunity to study the evolution of galaxies using this kind of future instrument.
The Southern Africa Large Telescope

The University of Wisconsin – Madison is a partner in a new optical telescope, the Southern African Large Telescope (SALT) that is sited on the Great Karoo plateau near the Kalahari Desert in South Africa.  Unlike radio telescopes, optical receivers are difficult to link together so that several mirrors operate together.  So many new optical telescopes are built as a single mirror.  SALT uses an innovative technology linking 91 identical spherical hexagonal segments that work together as a single mirror that is effectively 10 meters in diameter.  It is also at a fixed angle relative to the zenith which, along with the segmented mirrors, cut its cost to 10% of conventional designs. 
SALT is designed to record the spectra of a large number of objects at the same time.    Wilcots explains its importance as follows:   “The southern Milky Way is more spectacular and provides a richer treasure trove of objects than the northern Milky Way. We're now players in the world of large telescopes. We're in an age in which answering the big, fundamental questions requires access to large telescopes in good, dark skies. SALT is just such a telescope.” (Quotations)   Among its other tasks will be to look at the velocity dispersion of stars and galaxies and to see why distorted radio galaxies show up in all regions of the sky.
The telescope saw first light in 2005.  For Wilcots, this partnership has a special meaning.  He says, “As an astronomer, I never imagined I would go to Africa.  In fact, my first thought when I heard about this was ‘Can I go there?’ because of the country’s history of apartheid.  But it has been great, “he adds.  “it is no small thing that I get to be a role model for an under-represented majority – not a minority.” (quoted in WisBusiness)
Eric Wilcots not only cares about attracting African students to astronomy.  He directs an outreach program called “Universe in the Park” which brings telescopes to Wisconsin state parks to give children and their families a chance to become interested in astronomy by doing it just as Wilcots first became interested in astronomy when he used a small telescope as a child.  He points out that doing astronomy is no more difficult than many other professions.  You don’t have to be a genius to be an astronomer.  You just have to want to be one enough to put in the some hard work and long hours.  (Interview)
And In the Future

Eric Wilcots’ homepage currently lists five research projects on which he is actively working (not counting his teaching, outreach and administrative activities).  They include the study of hydrogen gas that extends around galaxies and of hot diffuse hydrogen within galaxies.  He is interested in groups of galaxies and barred Magellanic spiral galaxies.  Finally he is working on the way in which very massive stars change their environments within galaxies. 

Wilcots finds no shortage of challenges for modern astronomy.  Recent data from several very different experiments have shown that the rate of the expansion of the universe is actually accelerating.  Modern astronomers explain this acceleration in terms of dark energy, a pervasive energy associated with empty space that is driving the expansion.  (Seeds)  Astronomers and their colleagues in physics have no idea what its nature might be or even if it is real.  This is one of the great puzzles that challenge Wilcots and his colleagues. 
A second major challenge puzzle is how planets form around young stars.  While astronomers have a general picture of the process, they don’t understand where in the dusty disks that surround young stars planets actually get started and how they evolve into configurations like that seen in our solar system.  Of course, underlying this question is the issue of whether intelligent  life might have evolved elsewhere in the universe.
The last of the really big puzzles facing modern astronomy is the question of how the first galaxies evolved following the Big Bang and the freezing out of baryonic matter that followed it.  It is not clear what triggered this process and how it is related to the universe we see today. (Interview)

Clearly, Eric Wilcots is excited by astronomy - the questions he encounters and the new instruments available to help answer them.
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