
DANM 250C-01 Winter Quarter 2014

Class 1: The Astronomical Distance Scale and the Distribution of Matter in the Universe

This class focuses on the question of the distances to astronomical objects, and the overall
distribution of luminous mass in the Universe. The goal is to understand a bit of how we
measure astronomical distances, and to get a feel for the basic results of these measurements
– distances to the planets, to other stars, to the center of our Galaxy, and to external galaxies.

I. Distance scales in the Solar System

A. Kepler’s / Newton’s Laws and relative distances

One can obtain the relative distances of objects in the Solar System by
observing their orbital periods. Kepler’s first law is that planets move in elliptical
orbits with the Sun at one focus. (Why this should be is a topic for next week.)
An ellipse has a long axis, called the major axis, and a short axis, called the
minor axis. Half the length of the long axis is called the semi-major axis, usually
represented by the letter a. Kepler’s third law is that the square of the period of
the orbit is proportional to the cube of the semi-major axis:

P 2 ∝ a3.

This makes it possible to determine relative distances from the Sun for
the various planets just by measuring the periods of their orbits in comparison
to the period of Earth’s orbit. For convenience we define 1 Astronomical Unit
(AU) as the Earth’s semi-major axis. Then, for example, Jupiter’s orbital period
is observed to be 11.86 yr. We therefore know that its semi-major axis is given
by (
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Newton’s Laws improve on this slightly by letting us calculate the constant
of proportionality from first principles. The Newtonian formula for the orbital
period of something orbiting a much more massive body is

P 2 =
4π2

GM
a3,

where M is the mass of the massive body. This gives the size of the AU, and of
all planet distances, in terms of the mass of the Sun. However, that only helps if
one can measure the mass of the Sun.
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B. Measuring the Astronomical Unit

i. Transits of Venus

Actually measuring the AU (say in meters) requires data beyond or-
bital periods. Until the 20th century, the most accurate method of measuring
the AU was to observe a transit of Venus, defined as when the planet Venus
moves in between the Earth and the Sun. This is the same phenomenon as
a lunar eclipse, except that Venus is distant from Earth that it only blocks a
tiny portion of the Sun’s face. The first recorded observation of a Venus tran-
sit was by Jeremiah Horrocks in 1639, and for the next two transits in 1761
and 1769, astronomers from Europe travelled all over the world in to measure
the transit. Further expeditions were mounted for the next two transits, in
1874 and 1882, and these were observed from all over the world. The most
recent transits, in 2004 and 2012, were no longer of interested for measuring
distances (having been superseded by time of fight methods), but were still
observed by many professional and amateur astronomers worldwide.

Transits of Venus allow a measurement of the absolute distance to
Venus via parallax. The idea of parallax is that, depending on one’s position
on the surface of the Earth, the transit of Venus across the face of the Sun
will be on slightly different chords (defined as a path across a circle that is
not necessarily through the center), and will take slightly different amounts
of time. If one knows the positions from which the observations on Earth
are made, and the differences in timing between the transits, one can then
measure the absolute distance from the Earth to Venus and the Sun. Once
these distances are known, the distances to all other planets can be calculated
from Kepler’s Laws.

ii. Modern time-of-flight determinations

The method that superseded the transit method is the one we continue
to use today: light time-of-flight measurements. This is also the most con-
ceptually straightforward method. We know the speed of light very precisely
from laboratory measurement, so if one can bounce a beam of light off Venus
and back to Earth, the travel time of the light beam provides an unambiguous
measurement of the distance to Venus. The World War II-era development
of radar led to the growth of increasingly-powerful radar emitters and re-
ceivers, and by the 1960s the technology had improved to the point where it
was possible to bounce radar beams of Venus and get a signal back. The first
convincing measurement of this was by the Jet Propulsion Laboratory in 1961,
and this produced a value that was highly accurate. Since then even more
accurate determinations have become possible using telemetry from satellites
orbiting distant planets. Using these measurements together with dynamical
models of the Solar system allows a measurement of the Astronomical Unit
to ±3 m (Pitjeva & Standish, Celest. Mech. Dyn. Astr., 2009, 103, 365-372).
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C. Size scale of the Solar System demonstration

II. Distance scales in the Milky Way

A. Parallax Distances

While we can bound radar beams off other objects in the Solar System, or
send spacecraft there, we have no comparable ability to make direct measurements
of distances outside the Solar System. Our knowledge of distances beyond that
rely on a series of steps on what is known as the cosmic distance ladder. The first
rung of the ladder is parallax.

Parallax, which we already encountered in the context of transits of Venus,
is the effect that a foreground object appears at slightly different positions relative
to a more distant background object depending on where the viewer is placed.
This difference can be expressed in terms of an angle, called the parallax shift
or the parallax angle. This angle is determined by the distance between the
two observation points and the distance to the foreground object. Thus if one
measures the angle, and knows the distance between the two observation points,
then one can determine the distance to the object being observed.

While one can measure parallaxes from two different vantage points on
Earth, it is far more powerful to use the orbit of the Earth itself as a baseline.
One measures the position of a target object relative to a distant background
once, and then measures again in 6 months when the Earth has completed half
its orbit. This provides a distance baseline of 2 AU. A large baseline is desirable
because it increases the parallax angle, which turns out to be very small and hard
to measure for stars. The unit parsec (pc) is defined as the distance that an object
would have to have such that it would produce a parallax angle of 1 second of arc
over a baseline of 1 AU.

The effect of parallax shift has been understood since ancient Greece –
indeed, they tried to observe it, and, failing, correctly concluded that either the
Earth didn’t move or that the stars must be very far away. There were various
arguments involving parallax in the middle ages, but the first recorded attempt
to measure parallax in the post-Greek world was in 1729, but James Bradley.
He too failed, because it turns out that the stars are so far away that measuring
the parallax shift of even the nearest stars was impossible with pre-19th century
technology. The first successful attempt was in 1838 by Friedrich Bessel, who
measured a parallax distance of 3.2 pc for the star 61 Cygni1. (The modern value
is 3.5 pc.)

1Side note on astronomical naming: names for astronomical objects are something of a mess. The
brightest visible stars usually have historical names; these mostly come from Arabic, since the first surviving
star catalogs were produced by Arab astronomers. Examples include Aldebaran (“the follower”), Algol
(“head of the ogre”), and Altair (“the eagle”). However, only a tiny fraction of stars have names of like
this. For the rest, including 61 Cygni, names can be of many forms. This is because as telescope power has
increased more stars and other objects keep getting discovered, and compiled into catalogs with different
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Since then observations have improved, first using ground-based and then
space-based instruments. Instruments in space are highly desirable for this pur-
pose because of their stability and angular accuracy – they do not suffer from
problems caused by the Earth’s atmosphere distorting images in ways that vary
with time. The Hipparcos satellite, launched by the European Space Agency in
1989, measured parallax distances to 120, 000 stars, out to distances of a few hun-
dred pc (depending on the brightness of the star). A successor ESA mission called
Gaia was launched on December 19, 2013. It should be able to provide distances
accurate to 10% as far away as the center of the galaxy, roughly 8 kpc away.

It is also possible to measure parallax distances to radio emitting objects
with radio telescopes. This limits the objects that can be studied, but for vari-
ous technical reasons it is possible to measure angles far more accurately in the
radio than in visible light. This makes it possible to measure significantly larger
distances to objects that are radio-bright.

The main result of the parallax measurements is that stars are really, really
far away. The closest star to the Sun, Proxima Centauri, is 1.3 pc away, which
is just under 100,000 times the Earth-Sun distance. It turns out that most of
the stars that are visible with the naked eye are within 500 pc of the Sun, so
the typical star we see in the sky is even a factor of ∼ 100 further than that, or
roughly 10 million times the Earth-Sun distance.

Even with Hipparcos, the stars to which we can measure distances by par-
allax are distributed fairly uniformly. Thus the few hundred pc that Hipparcos
reaches is not enough to reveal any larger-scale structure in the distribution of
stars. However, we can clearly see such structure, because the Milky Way is clearly
visible as a diffuse band of stars and dust stretching across the Southern sky. To
measure the size of this structure requires techniques for determining distances
for which the parallax angles are too small to be measured (though Gaia will start
to change this).

B. Parallax demonstration

C. Dynamical distances

In a few cases it is possible to determine distances with a method that is
almost as good as parallax: dynamical distances. The key to this technique is to
find objects that are orbiting one another – usually two stars in a binary system,
but it also works for gas or stars orbiting a black hole. Newton’s Laws allow us

naming conventions. Thus many stars have multiple names, corresponding to the multiple catalogs in which
they are found. For example, the SIMBAD database (Set of Identifications, Measurements, and Bibliography
for Astronomical Data) lists 14 different names for this star, ranging from the fairly poetic (61 Cygni) to the
much less so (IRAS S21048+3831). One common convention, mostly applied to fairly bright nearby stars
that were catalogued in the 18th and 19th centuries, is a Latinate name for the constellation closest to the
star, plus a number or Greek letter that was applied sequentially to the stars from the constellation included
in a given catalog. The name 61 Cygni is of this form – Cygnus is Latin for swan, and is a constellation in
the European constellation system.
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to calculate the period of the orbit and the velocities of the stars in terms of their
masses and the semi-major axis of their orbits, exactly as for planets orbiting the
Sun. If two stars are orbiting one another, we can often measure the orbital period
– either because we see the stars move, or, because they eclipse one another.

By itself this is not enough information to determine the distance, because
there is a mass-distance degeneracy – we could be looking at two stars of low
mass in a relatively small orbit nearby, or two stars of high mass in a large orbit
further away. To break the degeneracy, we need more information. Fortunately,
if we are able to measure either the velocities of the stars (using the Doppler shift
– in a few weeks) or the masses of the stars based on their luminosities, we can
use this information to break the degeneracy and measure the true size, and also
the masses of the stars.

This has been done most famously with the black hole at the center of
the Milky Way, which we now know to be about 8 kpc way, with still-significant
uncertainty. However, while binary stars are common, binaries where we can mea-
sure both the angular separation and the velocity are unfortunately quite rare,
and so this is not a technique that can be used in that many places.

D. Standard candles

A third technique we can use in the Milky Way, and also beyond, is stan-
dard candles. The idea of standard candles is to find a type of object whose true
luminosity we know from theory, and can calibrate using observations of objects
at known distances (usually known from parallax or similar techniques). We then
find more distant examples of that same type of object, and by measuring their
apparent brightness and knowing their absolute luminosity, we can compute the
distance. This is because we know that the flux of light we receive from an object
is determined by its luminosity L and distance R by

F =
L

4πR2

If we know L, we can measure F and thus determine R.

There are many types of standard candles in use, with a variety of trade-
offs between how bright they are (and thus how far away they can be used),
how standard they really are (and thus how accurate the distances are), and how
common they are (and thus how likely it is that one will be found in or near an
object whose distance we want to measure). The most famous standard candle is
probably Cepheid variable stars. Cepheids are a type of star that brightens and
dims periodically. They are useful as standard candles because, although not all
Cepheids have the same brightness, their brightness is related to the period of
their brightening and dimming. Thus one can measure the period of a Cepheid
in order to determine its luminosity, and then this can serve as a measure of its
distance.2

2Historical note: the Cepheid period-luminosity relation was discovered by Henrietta Swan Leavitt in the
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E. The shape of the Milky Way

So what do these distance indicators tell us about the distribution of mass
beyond the nearest stars? From pieces together a large number of distance mea-
surements, plus ancillary data, we have figured out that the Sun is located in an
arrangement of stars and gas called the Milky Way Galaxy, or just “the Galaxy”
for short. The Galaxy contains of order 1011 stars, and a large amount of inter-
stellar gas that will be important for the story of star formation later on. The
stars are mostly arranged into a fairly thin disk. The disk doesn’t have a really
sharp edge, but just trails off, with stars getting fewer and fewer as one goes out,
but convention is that the disk is of order 30 kpc in radius. The same is true in
the vertical direction – there’s no sharp edge, just a trailing off of the density of
stars, but the typical star is located within a few hundred pc of the disk plane.
The Sun is located about 8 kpc from the Milky Way center, and is of order 10-20
pc off the Galactic plane.

The stars and gas in the disk are organized into a series of spiral arms.
The exact shape and location of the arms is not entirely certain, as distance
measurements are not all that accurate. (This is a case where it’s much easier
to figure out what is going on for external galaxies, which we can see from above
rather than being stuck in the middle.) The arms appear to be where much of
the star formation in the Galaxy takes place.

In addition to the disk of stars, there is also a roughly spherical structure
of stars around the Galactic center, called the bulge, and a much larger and more
diffuse structure of stars, approximately spherical, called the halo. The halo ex-
tends out to hundreds of kpc, but contains very few stars in comparison to the disk.

III. Extragalactic distance scales

A. Distance measures

Beyond the Galaxy, distance measurements rely almost exclusively on stan-
dard candles. (There are a few rare cases where dynamical measurements are
possible, but these are limited to the nearest galaxies and require that we be very
lucky about how things are arranged.) Cepheid variable stars are bright enough
to see in external galaxies, and other standard candles reach further. One of the
most powerful is type Ia supernovae. These are exploding stars, whose brightness
is very well correlated with the time over which the light brightens and then dims.
They are fairly rare (there hasn’t been one in the Milky Way in a few centuries),

early 1900’s, and published in 1908. Leavitt was employed as a “computer” at Harvard College Observatory,
one of a group of women hired by Edward Charles Pickering to do laborious calculation and measurement
work in the days before computers. He was motivated to hire them partly because he could pay them much
less than men, typically 25 − 50 cents per hour. Pickering assigned them each a task, and Leavitt’s was
to study variable stars. By carefully cataloguing all the measured Cepheid periods and comparing them to
absolute luminosities for those stars with parallax distances, she discovered the period-luminosity relation.
Leavitt was one of two of the Harvard computers who wound up making seminal contributions to astronomy.
The other was Annie Jump Cannon, who developed the basis of the scheme currently used to classify stars.
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so you can’t pick out a galaxy and measure its distance. Instead, you have to
wait for a supernova to go off and then measure the distance to it. However,
they are bright enough to be used over immense distances, so they allow distance
measurements that are otherwise impossible.

B. Distances to the nearest galaxies

Before discussing distances to external galaxies, it is important to note
that the mere existence of external is a 20th century discovery. This is not a
matter of being able to see the objects in question. One can see the nearest two
external galaxies with the naked eye. These are the Magellanic Clouds, which we
now know are two external galaxies, known as the Large and Small Magellenic
Clouds.3 With even the earliest telescopes, numerous other galaxies are visible.
However, until the 20th century it was not possible to resolve individual stars
within these galaxies, and thus there was a debate about whether they were truly
galaxies composed of many unresolved stars, or whether they were clouds of gas
or other luminous material. Edwin Hubble settled the debate in 1925. Using the
new 100 inch Hooker telescope on Mount Wilson (outside LA), he was able to
show that there were Cepheid variables in some of the disputed objects, proving
that they were composed of stars, and allowing their distances to be measured.

Hubble’s results showed that typical distances to even the nearest galaxies
are of order Mpc, placing them far beyond the stars of the Milky Way. (The Large
and Small Magellanic Clouds are somewhat closer, of order tens of kpc, and are
in fact small satellites of the Milky Way.) The Milky Way turns out to be part of
a group of galaxies spread out over a few Mpc. The two most massive members
of that group are the Milky Way and the Andromeda Galaxy, but there are also a
large number of smaller galaxies. The Local Group is itself embedded in a larger
collection of galaxies known as the Virgo Supercluster that is tens of Mpc in size.

C. Hubble’s Law and the expansion of the Universe

Hubble’s research led to one of the most important discoveries in modern
astronomy, which is that, except for the very nearest external galaxies, galaxies
outside the Milky Way are moving away from us at a speed that is proportional to
their distance. The relationship between distance and recession velocity is known
as Hubble’s Law, and was the first strong piece of evidence that the Universe as
a whole is expanding. It is the first leg on which the Big Bang Theory for the
origin of the Universe stands.

3On the names of these objects: the Magellanic Clouds have been known since antiquity to people who
lived sufficiently far South, since they are obviously visible in a dark night sky for at least some of the
year over much of the Earth. However, they are too far South to be observed from Northern Europe, so
their entrance into the mainstream of European astronomy too a while. The name comes from Ferdinand
Magellan, who took the astronomer Antonio Pigafetta with him on his circumnavigation of the world. The
route took them sufficiently far South that they were able to make good observations of the Clouds, and
Pigafetta named these objects after Magellan. The name stuck, and has become standard usage in astronomy
today, even though Pigafetta was not even the first European astronomer to observe the Clouds.
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Because of this correlation, we now routinely use recession velocity, as pa-
rameterized by the “redshift” (to be explained in a few classes) as a measure of
distance. On the largest scales, ∼ 1 Gpc or more, measurements of the redshifts
that the Universe becomes roughly homogenous, with galaxies about evenly dis-
tributed through space. However, because it takes light a finite amount of time to
travel, if one looks at even larger distances one sees objects as they were long ago.
Thus at even larger distances galaxies get smaller and dimmer, not because the
galaxies are different further away from us, but because galaxies everywhere have
grown with time, and at sufficiently large distances the galaxies we are observing
now are younger than those we can see nearby.
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