
25.3 THE MASS OF THE GALAXY

Learning Objectives

By the end of this section, you will be able to:

Describe historical attempts to determine the mass of the Galaxy
Interpret the observed rotation curve of our Galaxy to suggest the presence of dark matter whose
distribution extends well beyond the Sun’s orbit

When we described the sections of the Milky Way, we said that the stars are now known to be surrounded by a
much larger halo of invisible matter. Let’s see how this surprising discovery was made.

Kepler Helps Weigh the Galaxy
The Sun, like all the other stars in the Galaxy, orbits the center of the Milky Way. Our star’s orbit is nearly circular
and lies in the Galaxy’s disk. The speed of the Sun in its orbit is about 200 kilometers per second, which means
it takes us approximately 225 million years to go once around the center of the Galaxy. We call the period of the
Sun’s revolution the galactic year. It is a long time compared to human time scales; during the entire lifetime of
Earth, only about 20 galactic years have passed. This means that we have gone only a tiny fraction of the way
around the Galaxy in all the time that humans have gazed into the sky.

We can use the information about the Sun’s orbit to estimate the mass of the Galaxy (just as we could “weigh”
the Sun by monitoring the orbit of a planet around it—see Orbits and Gravity). Let’s assume that the Sun’s
orbit is circular and that the Galaxy is roughly spherical, (we know the Galaxy is shaped more like a disk, but to
simplify the calculation we will make this assumption, which illustrates the basic approach). Long ago, Newton
showed that if you have matter distributed in the shape of a sphere, then it is simple to calculate the pull of
gravity on some object just outside that sphere: you can assume that gravity acts as if all the matter were
concentrated at a point in the center of the sphere. For our calculation, then, we can assume that all the mass
that lies inward of the Sun’s position is concentrated at the center of the Galaxy, and that the Sun orbits that
point from a distance of about 26,000 light-years.

This is the sort of situation to which Kepler’s third law (as modified by Newton) can be directly applied. Plugging
numbers into Kepler’s formula, we can calculate the sum of the masses of the Galaxy and the Sun. However, the
mass of the Sun is completely trivial compared to the mass of the Galaxy. Thus, for all practical purposes, the
result (about 100 billion times the mass of the Sun) is the mass of the Milky Way. More sophisticated calculations
based on more sophisticated models give a similar result.

Our estimate tells us how much mass is contained in the volume inside the Sun’s orbit. This is a good estimate
for the total mass of the Galaxy only if hardly any mass lies outside the Sun’s orbit. For many years astronomers
thought this assumption was reasonable. The number of bright stars and the amount of luminous matter
(meaning any material from which we can detect electromagnetic radiation) both drop off dramatically at
distances of more than about 30,000 light-years from the galactic center. Little did we suspect how wrong our
assumption was.

A Galaxy of Mostly Invisible Matter
In science, what seems to be a reasonable assumption can later turn out to be wrong (which is why we continue
to do observations and experiments every chance we get). There is a lot more to the Milky Way than meets the
eye (or our instruments). While there is relatively little luminous matter beyond 30,000 light-years, we now know
that a lot of invisible matter exists at great distances from the galactic center.
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We can understand how astronomers detected this invisible matter by remembering that according to Kepler’s
third law, objects orbiting at large distances from a massive object will move more slowly than objects that are
closer to that central mass. In the case of the solar system, for example, the outer planets move more slowly in
their orbits than the planets close to the Sun.

There are a few objects, including globular clusters and some nearby small satellite galaxies, that lie well outside
the luminous boundary of the Milky Way. If most of the mass of our Galaxy were concentrated within the
luminous region, then these very distant objects should travel around their galactic orbits at lower speeds than,
for example, the Sun does.

It turns out, however, that the few objects seen at large distances from the luminous boundary of the Milky Way
Galaxy are not moving more slowly than the Sun. There are some globular clusters and RR Lyrae stars between
30,000 and 150,000 light-years from the center of the Galaxy, and their orbital velocities are even greater than
the Sun’s (Figure 25.13).

Figure 25.13 Rotation Curve of the Galaxy. The orbital speed of carbon monoxide (CO) and hydrogen (H) gas at different distances from the
center of the Milky Way Galaxy is shown in red. The blue curve shows what the rotation curve would look like if all the matter in the Galaxy were
located inside a radius of 50,000 light-years. Instead of going down, the speed of gas clouds farther out remains high, indicating a great deal of
mass beyond the Sun’s orbit. The horizontal axis shows the distance from the galactic center in kiloparsecs (where a kiloparsec equals 3,260
light-years).

What do these higher speeds mean? Kepler’s third law tells us how fast objects must orbit a source of gravity
if they are neither to fall in (because they move too slowly) nor to escape (because they move too fast). If the
Galaxy had only the mass calculated by Kepler, then the high-speed outer objects should long ago have escaped
the grip of the Milky Way. The fact that they have not done so means that our Galaxy must have more gravity
than can be supplied by the luminous matter—in fact, a lot more gravity. The high speed of these outer objects
tells us that the source of this extra gravity must extend outward from the center far beyond the Sun’s orbit.

If the gravity were supplied by stars or by something else that gives off radiation, we should have spotted
this additional outer material long ago. We are therefore forced to the reluctant conclusion that this matter is
invisible and has, except for its gravitational pull, gone entirely undetected.

Studies of the motions of the most remote globular clusters and the small galaxies that orbit our own show that
the total mass of the Galaxy is at least 2 × 1012 MSun, which is about twenty times greater than the amount of
luminous matter. Moreover, the dark matter (as astronomers have come to call the invisible material) extends
to a distance of at least 200,000 light-years from the center of the Galaxy. Observations indicate that this dark
matter halo is almost but not quite spherical.

The obvious question is: what is the dark matter made of? Let’s look at a list of “suspects” taken from our
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study of astronomy so far. Since this matter is invisible, it clearly cannot be in the form of ordinary stars. And
it cannot be gas in any form (remember that there has to be a lot of it). If it were neutral hydrogen gas, its
21-cm wavelength spectral-line emission would have been detected as radio waves. If it were ionized hydrogen,
it should be hot enough to emit visible radiation. If a lot of hydrogen atoms out there had combined into
hydrogen molecules, these should produce dark features in the ultraviolet spectra of objects lying beyond the
Galaxy, but such features have not been seen. Nor can the dark matter consist of interstellar dust, since in the
required quantities, the dust would significantly obscure the light from distant galaxies.

What are our other possibilities? The dark matter cannot be a huge number of black holes (of stellar mass)
or old neutron stars, since interstellar matter falling onto such objects would produce more X-rays than are
observed. Also, recall that the formation of black holes and neutron stars is preceded by a substantial amount
of mass loss, which scatters heavy elements into space to be incorporated into subsequent generations of stars.
If the dark matter consisted of an enormous number of any of those objects, they would have blown off and
recycled a lot of heavier elements over the history of the Galaxy. In that case, the young stars we observe in our
Galaxy today would contain much greater abundances of heavy elements than they actually do.

Brown dwarfs and lone Jupiter-like planets have also been ruled out. First of all, there would have to be an awful
lot of them to make up so much dark matter. But we have a more direct test of whether so many low-mass
objects could actually be lurking out there. As we learned in Black Holes and Curved Spacetime, the general
theory of relativity predicts that the path traveled by light is changed when it passes near a concentration of
mass. It turns out that when the two objects appear close enough together in the sky, the mass closer to us
can bend the light from farther away. With just the right alignment, the image of the more distant object also
becomes significantly brighter. By looking for the temporary brightening that occurs when a dark matter object
in our own Galaxy moves across the path traveled by light from stars in the Magellanic Clouds, astronomers
have now shown that the dark matter cannot be made up of a lot of small objects with masses between one-
millionth and one-tenth the mass of the Sun.

What’s left? One possibility is that the dark matter is composed of exotic subatomic particles of a type not yet
detected on Earth. Very sophisticated (and difficult) experiments are now under way to look for such particles.
Stay tuned to see whether anything like that turns up.

We should add that the problem of dark matter is by no means confined to the Milky Way. Observations show
that dark matter must also be present in other galaxies (whose outer regions also orbit too fast “for their own
good”—they also have flat rotation curves). As we will see, dark matter even exists in great clusters of galaxies
whose members are now known to move around under the influence of far more gravity than can be accounted
for by luminous matter alone.

Stop a moment and consider how astounding the conclusion we have reached really is. Perhaps as much as
95% of the mass in our Galaxy (and many other galaxies) is not only invisible, but we do not even know what it is
made of. The stars and raw material we can observe may be merely the tip of the cosmic iceberg; underlying it
all may be other matter, perhaps familiar, perhaps startlingly new. Understanding the nature of this dark matter
is one of the great challenges of astronomy today; you will learn more about this in A Universe of (Mostly)
Dark Matter and Dark Energy.

25.4 THE CENTER OF THE GALAXY

Learning Objectives

By the end of this section, you will be able to:

Describe the radio and X-ray observations that indicate energetic phenomena are occurring at the galactic
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