
Figure 21.11 Disks around Protostars. These Hubble Space Telescope infrared images show disks around young stars in the constellation of
Taurus, in a region about 450 light-years away. In some cases, we can see the central star (or stars—some are binaries). In other cases, the dark,
horizontal bands indicate regions where the dust disk is so thick that even infrared radiation from the star embedded within it cannot make its
way through. The brightly glowing regions are starlight reflected from the upper and lower surfaces of the disk, which are less dense than the
central, dark regions. (Credit: modification of work by D. Padgett (IPAC/Caltech), W. Brandner (IPAC), K. Stapelfeldt (JPL) and NASA)

This description of a protostar surrounded by a rotating disk of gas and dust sounds very much like what
happened in our solar system when the Sun and planets formed. Indeed, one of the most important discoveries
from the study of star formation in the last decade of the twentieth century was that disks are an inevitable
byproduct of the process of creating stars. The next questions that astronomers set out to answer was: will the
disks around protostars also form planets? And if so, how often? We will return to these questions later in this
chapter.

To keep things simple, we have described the formation of single stars. Many stars, however, are members of
binary or triple systems, where several stars are born together. In this case, the stars form in nearly the same
way. Widely separated binaries may each have their own disk; close binaries may share a single disk.

21.2 THE H–R DIAGRAM AND THE STUDY OF STELLAR EVOLUTION

Learning Objectives

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

Determine the age of a protostar using an H–R diagram and the protostar’s luminosity and temperature
Explain the interplay between gravity and pressure, and how the contracting protostar changes its
position in the H–R diagram as a result

One of the best ways to summarize all of these details about how a star or protostar changes with time is to
use a Hertzsprung-Russell (H–R) diagram. Recall from The Stars: A Celestial Census that, when looking at an
H–R diagram, the temperature (the horizontal axis) is plotted increasing toward the left. As a star goes through
the stages of its life, its luminosity and temperature change. Thus, its position on the H–R diagram, in which
luminosity is plotted against temperature, also changes. As a star ages, we must replot it in different places
on the diagram. Therefore, astronomers often speak of a star moving on the H–R diagram, or of its evolution
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tracing out a path on the diagram. In this context, “tracing out a path” has nothing to do with the star’s motion
through space; this is just a shorthand way of saying that its temperature and luminosity change as it evolves.

To estimate just how much the luminosity and temperature of a star change as it ages, we must resort to
calculations. Theorists compute a series of models for a star, with each successive model representing a later
point in time. Stars may change for a variety of reasons. Protostars, for example, change in size because they
are contracting, and their temperature and luminosity change as they do so. After nuclear fusion begins in the
star’s core (see Stars from Adolescence to Old Age), main-sequence stars change because they are using up
their nuclear fuel.

Given a model that represents a star at one stage of its evolution, we can calculate what it will be like at a slightly
later time. At each step, the model predicts the luminosity and size of the star, and from these values, we can
figure out its surface temperature. A series of points on an H–R diagram, calculated in this way, allows us to
follow the life changes of a star and hence is called its evolutionary track.

Evolutionary Tracks
Let’s now use these ideas to follow the evolution of protostars that are on their way to becoming main-
sequence stars. The evolutionary tracks of newly forming stars with a range of stellar masses are shown in
Figure 21.12. These young stellar objects are not yet producing energy by nuclear reactions, but they derive
energy from gravitational contraction—through the sort of process proposed for the Sun by Helmhotz and
Kelvin in this last century (see the chapter on The Sun: A Nuclear Powerhouse).

L I N K  T O  L E A R N I N G

Watch an animation (https://openstaxcollege.org/l/30aniomelen) of the stars in the Omega Centauri
cluster as they rearrange according to luminosity and temperature, forming a Hertzsprung-Russell (H–R)
diagram.
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Figure 21.12 Evolutionary Tracks for Contracting Protostars. Tracks are plotted on the H–R diagram to show how stars of different masses
change during the early parts of their lives. The number next to each dark point on a track is the rough number of years it takes an embryo star
to reach that stage (the numbers are the result of computer models and are therefore not well known). Note that the surface temperature (K)
on the horizontal axis increases toward the left. You can see that the more mass a star has, the shorter time it takes to go through each stage.
Stars above the dashed line are typically still surrounded by infalling material and are hidden by it.

Initially, a protostar remains fairly cool with a very large radius and a very low density. It is transparent
to infrared radiation, and the heat generated by gravitational contraction can be radiated away freely into
space. Because heat builds up slowly inside the protostar, the gas pressure remains low, and the outer layers
fall almost unhindered toward the center. Thus, the protostar undergoes very rapid collapse, a stage that
corresponds to the roughly vertical lines at the right of Figure 21.12. As the star shrinks, its surface area gets
smaller, and so its total luminosity decreases. The rapid contraction stops only when the protostar becomes
dense and opaque enough to trap the heat released by gravitational contraction.

When the star begins to retain its heat, the contraction becomes much slower, and changes inside the
contracting star keep the luminosity of stars like our Sun roughly constant. The surface temperatures start to
build up, and the star “moves” to the left in the H–R diagram. Stars first become visible only after the stellar
wind described earlier clears away the surrounding dust and gas. This can happen during the rapid-contraction
phase for low-mass stars, but high-mass stars remain shrouded in dust until they end their early phase of
gravitational contraction (see the dashed line in Figure 21.12).

To help you keep track of the various stages that stars go through in their lives, it can be useful to compare the
development of a star to that of a human being. (Clearly, you will not find an exact correspondence, but thinking
through the stages in human terms may help you remember some of the ideas we are trying to emphasize.)
Protostars might be compared to human embryos—as yet unable to sustain themselves but drawing resources
from their environment as they grow. Just as the birth of a child is the moment it is called upon to produce its
own energy (through eating and breathing), so astronomers say that a star is born when it is able to sustain
itself through nuclear reactions (by making its own energy.)

When the star’s central temperature becomes high enough (about 10 million K) to fuse hydrogen into helium,
we say that the star has reached the main sequence (a concept introduced in The Stars: A Celestial Census). It
is now a full-fledged star, more or less in equilibrium, and its rate of change slows dramatically. Only the gradual
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depletion of hydrogen as it is transformed into helium in the core slowly changes the star’s properties.

The mass of a star determines exactly where it falls on the main sequence. As Figure 21.12 shows, massive stars
on the main sequence have high temperatures and high luminosities. Low-mass stars have low temperatures
and low luminosities.

Objects of extremely low mass never achieve high-enough central temperatures to ignite nuclear reactions. The
lower end of the main sequence stops where stars have a mass just barely great enough to sustain nuclear
reactions at a sufficient rate to stop gravitational contraction. This critical mass is calculated to be about 0.075
times the mass of the Sun. As we discussed in the chapter on Analyzing Starlight, objects below this critical
mass are called either brown dwarfs or planets. At the other extreme, the upper end of the main sequence
terminates at the point where the energy radiated by the newly forming massive star becomes so great that it
halts the accretion of additional matter. The upper limit of stellar mass is between 100 and 200 solar masses.

Evolutionary Timescales
How long it takes a star to form depends on its mass. The numbers that label the points on each track in Figure
21.12 are the times, in years, required for the embryo stars to reach the stages we have been discussing. Stars
of masses much higher than the Sun’s reach the main sequence in a few thousand to a million years. The Sun
required millions of years before it was born. Tens of millions of years are required for stars of lower mass to
evolve to the lower main sequence. (We will see that this turns out to be a general principle: massive stars go
through all stages of evolution faster than low-mass stars do.)

We will take up the subsequent stages in the life of a star in Stars from Adolescence to Old Age, examining
what happens after stars arrive in the main sequence and begin a “prolonged adolescence” and “adulthood” of
fusing hydrogen to form helium. But now we want to examine the connection between the formation of stars
and planets.

21.3 EVIDENCE THAT PLANETS FORM AROUND OTHER STARS

Learning Objectives

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

Trace the evolution of dust surrounding a protostar, leading to the development of rocky planets and gas
giants
Estimate the timescale for growth of planets using observations of the disks surrounding young stars
Evaluate evidence for planets around forming stars based on the structures seen in images of the
circumstellar dust disks

Having developed on a planet and finding it essential to our existence, we have a special interest in how planets
fit into the story of star formation. Yet planets outside the solar system are extremely difficult to detect. Recall
that we see planets in our own system only because they reflect sunlight and are close by. When we look to the
other stars, we find that the amount of light a planet reflects is a depressingly tiny fraction of the light its star
gives off. Furthermore, from a distance, planets are lost in the glare of their much-brighter parent stars.

Disks around Protostars: Planetary Systems in Formation
It is a lot easier to detect the spread-out raw material from which planets might be assembled than to detect
planets after they are fully formed. From our study of the solar system, we understand that planets form by the
gathering together of gas and dust particles in orbit around a newly created star. Each dust particle is heated
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