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16.4: The Solar Interior - Observations

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

Explain how the Sun pulsates
Explain what helioseismology is and what it can tell us about the solar interior
Discuss how studying neutrinos from the Sun has helped understand neutrinos

Recall that when we observe the Sun’s photosphere (the surface layer we see from the outside), we are not seeing very deeply into
our star, certainly not into the regions where energy is generated. That’s why the title of this section—observations of the solar
interior—should seem very surprising. However, astronomers have indeed devised two types of measurements that can be used to
obtain information about the inner parts of the Sun. One technique involves the analysis of tiny changes in the motion of small
regions at the Sun’s surface. The other relies on the measurement of the neutrinos emitted by the Sun.

Solar Pulsations
Astronomers discovered that the Sun pulsates—that is, it alternately expands and contracts—just as your chest expands and
contracts as you breathe. This pulsation is very slight, but it can be detected by measuring the radial velocity of the solar surface—
the speed with which it moves toward or away from us. The velocities of small regions on the Sun are observed to change in a
regular way, first toward Earth, then away, then toward, and so on. It is as if the Sun were “breathing” through thousands of
individual lungs, each having a size in the range of 4000 to 15,000 kilometers, each fluctuating back and forth (Figure ).

Figure : Oscillations in the Sun. New observational techniques permit astronomers to measure small differences in velocity
at the Sun’s surface to infer what the deep solar interior is like. In this computer simulation, red shows surface regions that are
moving away from the observer (inward motion); blue marks regions moving toward the observer (outward motion). Note that the
velocity changes penetrate deep into the Sun’s interior.

The typical velocity of one of the oscillating regions on the Sun is only a few hundred meters per second, and it takes about 5
minutes to complete a full cycle from maximum to minimum velocity and back again. The change in the size of the Sun measured
at any given point is no more than a few kilometers.

The remarkable thing is that these small velocity variations can be used to determine what the interior of the Sun is like. The
motion of the Sun’s surface is caused by waves that reach it from deep in the interior. Study of the amplitude and cycle length of
velocity changes provides information about the temperature, density, and composition of the layers through which the waves
passed before they reached the surface. The situation is somewhat analogous to the use of seismic waves generated by earthquakes
to infer the properties of Earth’s interior. For this reason, studies of solar oscillations (back-and-forth motions) are referred to as
helioseismology.

It takes a little over an hour for waves to traverse the Sun from center to surface, so the waves, like neutrinos, provide information
about what the solar interior is like at the present time. In contrast, remember that the sunlight we see today emerging from the Sun
was actually generated in the core several hundred thousand years ago.
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Helioseismology has shown that convection extends inward from the surface 30% of the way toward the center; we have used this
information in drawing  in Section 16.3. Pulsation measurements also show that the differential rotation that we see at the
Sun’s surface, with the fastest rotation occurring at the equator, persists down through the convection zone. Below the convection
zone, however, the Sun, even though it is gaseous throughout, rotates as if it were a solid body like a bowling ball. Another finding
from helioseismology is that the abundance of helium inside the Sun, except in the center where nuclear reactions have converted
hydrogen into helium, is about the same as at its surface. That result is important to astronomers because it means we are correct
when we use the abundance of the elements measured in the solar atmosphere to construct models of the solar interior.

Helioseismology also allows scientists to look beneath a sunspot and see how it works. In The Sun: A Garden-Variety Star, we said
that sunspots are cool because strong magnetic fields block the outward flow of energy. Figure  shows how gas moves
around underneath a sunspot. Cool material from the sunspot flows downward, and material surrounding the sunspot is pulled
inward, carrying magnetic field with it and thus maintaining the strong field that is necessary to form a sunspot. As the new
material enters the sunspot region, it too cools, becomes denser, and sinks, thus setting up a self-perpetuating cycle that can last for
weeks.

Figure : Sunspot Structure. This drawing shows our new understanding, from helioseismology, of what lies beneath a
sunspot. The black arrows show the direction of the flow of material. The intense magnetic field associated with the sunspot stops
the upward flow of hot material and creates a kind of plug that blocks the hot gas. As the material above the plug cools (shown in
blue), it becomes denser and plunges inward, drawing more gas and more magnetic field behind it into the spot. The concentrated
magnetic field causes more cooling, thereby setting up a self-perpetuating cycle that allows a spot to survive for several weeks.
Since the plug keeps hot material from flowing up into the sunspot, the region below the plug, represented by red in this picture,
becomes hotter. This material flows sideways and then upward, eventually reaching the solar surface in the area surrounding the
sunspot.

The downward-flowing cool material acts as a kind of plug that block the upward flow of hot material, which is then diverted
sideways and eventually reaches the solar surface in the region around the sunspot. This outward flow of hot material accounts for
the paradox that we described in The Sun: A Garden-Variety Star—namely, that the Sun emits slightly more energy when more of
its surface is covered by cool sunspots.

Helioseismology has become an important tool for predicting solar storms that might impact Earth. Active regions can appear and
grow large in only a few days. The solar rotation period is about 28 days. Therefore, regions capable of producing solar flares and
coronal mass ejections can develop on the far side of the Sun, where, for a long time, we couldn’t see them directly.

Fortunately, we now have space telescopes monitoring the Sun from all angles, so we know if there are sunspots forming on the
opposite side of the Sun. Moreover, sound waves travel slightly faster in regions of high magnetic field, and waves generated in
active regions traverse the Sun about 6 seconds faster than waves generated in quiet regions. By detecting this subtle difference,
scientists can provide warnings of a week or more to operators of electric utilities and satellites about when a potentially dangerous
active region might rotate into view. With this warning, it is possible to plan for disruptions, put key instruments into safe mode, or
reschedule spacewalks in order to protect astronauts.
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Solar Neutrinos
The second technique for obtaining information about the Sun’s interior involves the detection of a few of those elusive neutrinos
created during nuclear fusion. Recall from our earlier discussion that neutrinos created in the center of the Sun make their way
directly out of the Sun and travel to Earth at nearly the speed of light. As far as neutrinos are concerned, the Sun is transparent.

About 3% of the total energy generated by nuclear fusion in the Sun is carried away by neutrinos. So many protons react and form
neutrinos inside the Sun’s core that, scientists calculate, 35 million billion ( ) solar neutrinos pass through each square
meter of Earth’s surface every second. If we can devise a way to detect even a few of these solar neutrinos, then we can obtain
information directly about what is going on in the center of the Sun. Unfortunately for those trying to “catch” some neutrinos, Earth
and everything on it are also nearly transparent to passing neutrinos, just like the Sun.

On very, very rare occasions, however, one of the billions and billions of solar neutrinos will interact with another atom. The first
successful detection of solar neutrinos made use of cleaning fluid ( ), which is the least expensive way to get a lot of chlorine
atoms together. The nucleus of a chlorine (Cl) atom in the cleaning fluid can be turned into a radioactive argon nucleus by an
interaction with a neutrino. Because the argon is radioactive, its presence can be detected. However, since the interaction of a
neutrino with chlorine happens so rarely, a huge amount of chlorine is needed.

Raymond Davis, Jr. (Figure ) and his colleagues at Brookhaven National Laboratory, placed a tank containing nearly
400,000 liters of cleaning fluid 1.5 kilometers beneath Earth’s surface in a gold mine at Lead, South Dakota. A mine was chosen so
that the surrounding material of Earth would keep cosmic rays (high-energy particles from space) from reaching the cleaning fluid
and creating false signals. (Cosmic-ray particles are stopped by thick layers of Earth, but neutrinos find them of no significance.)
Calculations show that solar neutrinos should produce about one atom of radioactive argon in the tank each day.

Figure : Davis Experiment. (a) Raymond Davis received the Nobel Prize in physics in 2002. (b) Davis’ experiment at the
bottom of an abandoned gold mine first revealed problems with our understanding of neutrinos.

This was an amazing project: they counted argon atoms about once per month—and remember, they were looking for a tiny
handful of argon atoms in a massive tank of chlorine atoms. When all was said and done, Davis’ experiment, begun in 1970,
detected only about one-third as many neutrinos as predicted by solar models! This was a shocking result because astronomers
thought they had a pretty good understanding of both neutrinos and the Sun’s interior. For many years, astronomers and physicists
wrestled with Davis’ results, trying to find a way out of the dilemma of the “missing” neutrinos.

Eventually Davis’ result was explained by the surprising discovery that there are actually three types of neutrinos. Solar fusion
produces only one type of neutrino, the so-called electron neutrino, and the initial experiments to detect solar neutrinos were
designed to detect this one type. Subsequent experiments showed that these neutrinos change to a different type during their
journey from the center of the Sun through space to Earth in a process called neutrino oscillation.

An experiment, conducted at the Sudbury Neutrino Observatory in Canada, was the first one designed to capture all three types of
neutrinos (Figure  ). The experiment was located in a mine 2 kilometers underground. The neutrino detector consisted of a
12-meter-diameter transparent acrylic plastic sphere, which contained 1000 metric tons of heavy water. Remember that an ordinary
water nucleus contains two hydrogen atoms and one oxygen atom. Heavy water instead contains two deuterium atoms and one
oxygen atom, and incoming neutrinos can occasionally break up the loosely bound proton and neutron that make up the deuterium
nucleus. The sphere of heavy water was surrounded by a shield of 1700 metric tons of very pure water, which in turn was
surrounded by 9600 photomultipliers, devices that detect flashes of light produced after neutrinos interact with the heavy water.
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Figure : Sudbury Neutrino Detector. The 12-meter sphere of the Sudbury Neutrino Detector lies more than 2 kilometers
underground and holds 1000 metric tons of heavy water.

To the enormous relief of astronomers who make models of the Sun, the Sudbury experiment detected about 1 neutrino per hour
and has shown that the total number of neutrinos reaching the heavy water is just what solar models predict. Only one-third of
these, however, are electron neutrinos. It appears that two-thirds of the electron neutrinos produced by the Sun transform
themselves into one of the other types of neutrinos as they make their way from the core of the Sun to Earth. This is why the earlier
experiments saw only one-third the number of neutrinos expected.

Although it is not intuitively obvious, such neutrino oscillations can happen only if the mass of the electron neutrino is not zero.
Other experiments indicate that its mass is tiny (even compared to the electron). The 2015 Nobel Prize in physics was awarded to
researchers Takaaki Kajita and Arthur B. McDonald for their work establishing the changeable nature of neutrinos. (Raymond
Davis shared the 2002 Nobel Prize with Japan’s Masatoshi Koshiba for the experiments that led to our understanding of the
neutrino problem in the first place.) But the fact that the neutrino has mass at all has deep implications for both physics and
astronomy. For example, we will look at the role that neutrinos play in the inventory of the mass of the universe in The Big Bang.

The Borexino experiment, an international experiment conducted in Italy, detected neutrinos coming from the Sun that were
identified as coming from different reactions. Whereas the p-p chain is the reaction producing most of the Sun’s energy, it is not the
only nuclear reaction occurring in the Sun’s core. There are side reactions involving nuclei of such elements as beryllium and
boron. By probing the number of neutrinos that come from each reaction, the Borexino experiment has helped us confirm in detail
our understanding of nuclear fusion in the Sun. In 2014, the Borexino experiment also identified neutrinos that were produced by
the first step in the p-p chain, confirming the models of solar astronomers.

It’s amazing that a series of experiments that began with enough cleaning fluid to fill a swimming pool brought down the shafts of
an old gold mine is now teaching us about the energy source of the Sun and the properties of matter! This is a good example of how
experiments in astronomy and physics, coupled with the best theoretical models we can devise, continue to lead to fundamental
changes in our understanding of nature.

Key Concepts and Summary

Studies of solar oscillations (helioseismology) and neutrinos can provide observational data about the Sun’s interior. The technique
of helioseismology has so far shown that the composition of the interior is much like that of the surface (except in the core, where
some of the original hydrogen has been converted into helium), and that the convection zone extends about 30% of the way from
the Sun’s surface to its center. Helioseismology can also detect active regions on the far side of the Sun and provide better
predictions of solar storms that may affect Earth. Neutrinos from the Sun call tell us about what is happening in the solar interior. A
recent experiment has shown that solar models do predict accurately the number of electron neutrinos produced by nuclear
reactions in the core of the Sun. However, two-thirds of these neutrinos are converted into different types of neutrinos during their
long journey from the Sun to Earth, a result that also indicates that neutrinos are not massless particles.
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Glossary

helioseismology
study of pulsations or oscillations of the Sun in order to determine the characteristics of the solar interior
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