A SINGLE LARGE SUNSPOT dwarfs Earth. It -
surface because magneticfields in the spot's
dark core, or umbra, suppress rising, hot gas.
Arcs of plasma trapped in the sunspot’s:
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Learning to
Live with the

Our star comprises 99 percent of the solar system’s
material and supplies energy for life on Earth — but
it can be a tempestuous neighbor. by Sten Odenwald

A single yellow star in a dense star lane of the outer
Milky Way would hardly be noticeable among the gal-
axy’s multitudes. To us, however, it’s the most important
object in our corner of the universe: the Sun. Astrono-
mers classify the Sun as a G2V “main sequence” star,
literally one among billions. It's located 26,000 light-years
from the galaxy’s center, just inside its Perseus Arm.
The Sun’s imposing volume is just over a million
times that of Earth, and it glows incandescent with a
surface temperature of 11,000° Fahrenheit (6100° Cel-
sius). Together, these properties ensure that, even 93
million miles (150 million kilometers) away, the Sun

sheds enough radiant energy to keep our world com-
fortably warm. The mass of our star, equal to 333,000
Earths, guarantees it reigns as the solar system’s gravita-
tional hub, steering the courses of all objects out to 100
billion miles (161 billion km).

Despite its day-to-day constancy throughout the mil-
lennia, the Sun has always made people a little nervous.
Will it rise tomorrow? Will it promise a bountiful har-
vest? Today, almost no one worries about such primitive
concerns, but it’s also true that the Sun is a fickle neigh-
bor. It’s a stormy little star capable of launching nasty
“weather” that can impact Earth in minutes to hours.
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Growth of an

A AS THE SUN’S ROTATION carries an active region into view, NASA’s
Transition Region and Coronal Explorer (TRACE) satellite observes its
activity. Loops of million-degree gas arc up into the solar atmosphere.

@ STATISTICS: Sun

Sun

Mass 4.384 million trillion

trillion pounds
Diameter 864,949 miles
Average density 1.41 grams/cc
Weight of 150-Ib person 4,194 pounds
Surface temperature 11,000° F
Length of day (equator) 25.4 days
Length of day (45° latitude) 27.3 days

Mass: Total mass (1 million = 10°; 1 trillion = 10'?); Diameter:
Equatorial diameter; Density: Average density in grams per cubic
centimeter (water = 1); Surface temperature: Effective tempera-
ture of photosphere; Length of day: Sidereal period.

The key to anticipating these solar tantrums is
to understand the Sun’s magnetic personality.

Solar magnetism

Magnetism is a painter’s brush that adds detail
to the Sun’s otherwise featureless canvas. With-
out it, the Sun’s face would never change, except
for a slow brightening over the passing eons.

So far as astronomers can tell, the Sun’s mag-
netism has been with it since our star was born,
4.6 billion years ago. Like other stars of its kind,
the Sun formed from an interstellar cloud. Over
the course of 10 million years, a clump of this
gas collapsed under its own weight into a flat-
tened, spinning disk. As the gases accumulated,
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active region

they dragged with them magnetic fields stolen
from the primordial cloud.

The Sun, as an infant, was far more active
than the sedate adult we've come to know.
Back then, the Sun’s surface often erupted with
violent flares and shot clouds of matter into
space. A powerful gaseous outflow called a
solar wind blew away the inner solar system’s
gas and dust. This act revealed the newly
formed rocky planets but also obliterated their
primordial atmospheres.

At first, the Sun’s interior was a bubbling
cauldron of gases throughout its depth. But
once nuclear reactions ignited in its core, this
convection zone was pushed outward to occupy
a narrow band just below the Sun’s surface. It
has remained there ever since.

At the base of the convection zone’s roiling
maelstrom, the Sun creates new magnetic fields
as it destroys older ones. The solar magnetic field
waxes and wanes over an 11-year activity cycle
first discovered in 1843 by German astronomer
Heinrich Schwabe. At its peak, sunspots dot the
surface in bewildering and ominous numbers. At
its ebb, the surface appears tranquil and unblem-
ished. It’s the constant cycling between these
extremes that stirs up so much trouble.

Why cycles?

Scientists think the Sun’s activity cycle goes
something like this. Heated gases in the convec-
tion zone rotate around the Sun faster near the

A SIX DAYS LATER, the region presents itself nearly face-on to TRACE. Thin,
well-defined loops show up in perspective to the left and right of the strong
central region. sorH IMAGES: NASA/TRACE

equator (once in 25 days) and slower near the
poles (once in 36 days). At a depth of about
124,000 miles (200,000km), near the base of the
convection zone, things work quite differently.
There, the Sun rotates at the same pace from
pole to equator, much as our solid Earth spins
on its axis. As a result, large speed changes
occur in a zone called the tachocline. This is
where solar scientists believe the Sun generates
its magnetic field.

Within the tachocline, magnetic fields are
generated, amplified, and stretched into vast
million-mile tubes of energy. Initially, these
magnetic tubes extend north and south along
lines of solar longitude. But as the Sun spins, the
tubes stretch east to west. With each solar rota-
tion, the tubes wrap more tightly.

This concentrated magnetic energy makes the
tubes buoyant, so they rise to the solar surface.
When a tube breaches the surface as a horseshoe-
shaped loop, each end of the loop becomes one
of a pair of sunspots with its own polarity: north
or south. The magnetic tube fans out into a beau-
tiful arcade like a clam opening its shell. These
arching magnetic loops appear prominently in
views from solar-monitoring satellites such as
NASAs decommissioned Transition Region and
Coronal Explorer (TRACE) and current Solar
Dynamics Observatory (SDO).

Sten Odenwald is an astrophysicist at the National
Institute of Aeronautics in Virginia.



Inside the Sun

THE SUN’S BASIC FEATURES, both inside and out, are illustrated here. Energy produced in the Sun’s core through

the fusion of hydrogen into helium ultimately powers these phenomena. astronomy: Roen KeLLY

Coronal mass ejection (CME)

These billion-ton clouds of charged
particles erupt frequently from the
Sun. They move at millions of miles
per hour. (not shown)

Core

Radiative zone
Energy moves by
radiation.

Convection zone

Energy moves here
through rising and
falling cells of gas.

Photosphere
This is the Sun’s
visible surface.

Corona
This is the Sun’s outer
atmosphere, the source
of the solar wind.

Solar wind

This thin, ionized gas
speeds away from
the Sun.

Flare

Flares are a sudden
release of energy stored
in sunspot magnetic
fields. They’re often
associated with CMEs.

Over time, sunspot fields break apart and
diffuse across the surface. They flow poleward at
about a mile an hour and then gather into larger
magnetic collections. From start to finish, it
takes about 11 years for all of the sunspot
energy to be released. The Sun flips from its
original magnetic polarity to the opposite one,
and then the whole process begins anew.

This general explanation for the Sun’s
behavior now forms the backbone of modern
solar physics. The Sun won't shift to its opposite
polarity for another eight years, around 2020.
Solar physicists refer to the period from one

This is the Sun’s energy
source, where hydrogen
fuses into heli

Magnetic field

The Sun’s global magnetic field is 10
times stronger than Earth’s. Field lines

gative pole.

Sunspot leftovers =

Fading sunspots leave behind weak magnetic
fields opposite the Sun’s global polarity. They
accumulate at both poles and help reverse the
global field. This starts a new solar activity cycle.

magnetic orientation to another and back as
the 22-year Hale cycle.

With the help of hundreds of solar physicists
and decades of analysis and model-building,
supercomputer calculations have become so
good that they now can simulate solar activity in
great detail. However, we are still along way
from predicting exactly when the next solar
storm will be launched from the Sun’s surface.

The solar menagerie
Magnetism creates various phenomena for
astronomers to study, including:

exit the Sun at the positive pole and

Twisted field lines

The Sun’s rotation twists
magnetic field lines deep
inside it.

Tachocline

The Sun spins like a fluid
above this layer and like
a solid body below it. The
intense shear here helps
create the global field.

Meridional flow

This “conveyor belt”
moves leftover fields
poleward and deep into
the Sun.

Sunspots

Dark spots mark

where magnetic fields,
amplified inside the Sun,
break through the surface.

Prominence
Magnetic fields suspend gas far above the
Sun’s surface. Prominences sometimes erupt.

A THE PEARLY CORONA, the Sun’s outermost
atmosphere, appears clearly during a total solar
eclipse. Portions of the corona stream away from the
Sun to form the solar wind, an outflow that spans
the entire solar system. rrancis reboy
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A THE SUN EMITTED A HUGE SOLAR FLARE August 9, 2011, the largest in nearly five years. The X6.9-class
outburst appears overexposed in this Solar Dynamics Observatory image. nasa/soo/aia

The solar cycle
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A THE PAST 35 YEARS have seen three and a half sunspot cycles. As sunspot counts increase, so do the
number of flares. But the Sun’s most intense explosive events tend to occur on the cycle’s down side.

ASTRONOMY: ROEN KELLY, AFTER FRANCIS REDDY/NOAA

Sunspots. In a sunspot’s dark center, or
umbra, magnetic fields are concentrated 1,000
times. Electrically charged particles act like
beads on a string — they can’t easily cross mag-
netic field lines. The convection of hot, churn-
ing gases directly below the spot all but ceases.
The magnetically trapped gases cool nearly
3600° F (2000° C) below the Sun’s surface
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temperature and produce little light, thereby
making the spot appear dark.

A brighter zone called the penumbra sur-
rounds a sunspot’s dark center. Up close, the
penumbra resolves itself into innumerable
plasma filaments. They show where hot gas
flows along the magnetic lines at thousands of
miles per hour.

A SOLAR PROMINENCES twist and stretch above the
Sun’s limb in this extreme ultraviolet image.
Prominences are clouds of cooler gases controlled
by powerful magnetic forces that extend into the
Sun’s corona. nasa/stereo

Prominences. Graceful, complex magnetic
loops arch above sunspots and reach well into the
Sun’s corona. Occasionally, trapped plasma fills a
few of these otherwise invisible loops. The gases
emit their own light, revealing detailed magnetic
patterns. Some prominences remain stable for
many days or weeks, but nothing lasts forever. As
sunspots move and merge, the delicately bal-
anced magnetic arcades become unstable. Within
a few hours, the trapped plasma either launches
into space as an eruptive prominence or rains
down onto the solar surface as coronal rain.

Flares. When sunspot magnetic fields
become badly twisted or tangled, invisible
magnetic stresses build up. Sometimes, sudden
rearrangements called reconnections relieve
these stresses. In a reconnection, a complex
magnetic field relaxes into a simpler shape, like
a rubber band pulled to the breaking point.
This change releases a vast amount of energy,
equivalent to thousands of hydrogen bombs
detonating at once, and results in X-ray emis-
sion from million-degree heated gases. During
cycle 23, satellites detected more than 20,000
X-ray flares. The 100 most powerful of these,
dubbed “X-class,” can cause hourlong short-
wave radio blackouts or Global Positioning
System (GPS) errors across Earth’s entire
sunlit hemisphere.

Coronal mass ejections (CMEs). A more
gradual phenomenon also involves changing
magnetic fields. But instead of intense bursts of
electromagnetic energy, these explosions launch
billions of tons of plasma (hot ionized gas) into
space at up to 4 million mph (7 million km/h).



Spacecraft can track these CMEs throughout the
inner solar system. When CMEs reach Earth,
trapped particles within our planet’s magnetic
field gain energy and flow into the polar regions,
where they cause spectacular aurorae.

Solar wind. A dilute expanding gas flows
out from the solar corona into interplanetary
space. Its density is so low, only a few particles
exist in a sugar-cube-sized volume. The solar
wind travels at 895,000 mph (1.4 million km/h)
and flows throughout the planetary system. The
solar wind sprays from the Sun in arcs, like
water from a garden sprinkler. This pinwheel of
plasma contains sectors with magnetic fields of
opposite orientation. High-speed gas streams
plow through the solar wind, too.

What'’s next?
In mid-2008, the Sun reached sunspot mini-
mum and the next sunspot cycle began. Dur-
ing this new cycle, the 24th since official
counting began in 1760, sunspots have steadily
grown in number and will peak at sunspot
maximum around 2013. Some models forecast
that cycle 24 will resemble the two more active
cycles that preceded cycle 23 while others pre-
dict a much weaker maximum with only half
the number of sunspots of the previous cycles.
The current disagreement regarding model
forecasts for cycle 24 is more than just an aca-
demic problem. If the cycle achieves the low
peak performance many researchers now
expect, it’s mostly good news for satellite own-
ers, the electrical power grid, and even civilian
aviation. It means a lower threat of disruption
for many key services we rely on, as well as a
significantly smaller likelihood of blackouts
and satellite malfunctions than we experienced
during the previous sunspot cycles.

A THIS ARCADE OF MAGNETIC LOOPS shone for the Solar Dynamics Observatory in mid-January 2012, The
loops, which fan out above a sunspot, form as ionized gas responds to local magnetic conditions. nasa/src/spo

Curtain call

Even if we could outlive the Sun’s temper tan-
trums, the story would only get worse. After a
long adulthood, the relentless pace of stellar
evolution will continue to drive the Sun’s bril-
liance steadily higher and place the entire ter-
restrial biosphere under increasing stress.

The Sun’s luminosity has grown by 1 percent
every 100 million years. Since its birth, our star
has brightened more than 30 percent. This
increasing warmth helped make early Earth an
abode for life. But the Sun’s continued brighten-
ing will eventually extinguish life on this planet.

Some models predict Earth will continue to
warm in synchrony with the Sun. Half a billion
years from now, with a Sun only 5 percent

@ SEVEN LITTLE-KNOWN SUN FACTS

brighter than it is today, we will reach a tipping

The first definite report

of solar prominences
appeared in the Russian
Chronicle of Novgorod.
Observers reported “live
embers” extending from the
Sun during the May 1,
11885, total solar eclipse.

Sunspots can be so

cold that water vapor
— steam — forms within
them. In 1895, astrono-
mers detected steam in
the cool umbral regions of
some sunspots.

The spectacular solar
flare of November 4,

2003, was so powerful
that the total energy reach-
ing Earth could have met
global needs for more than
1,000 years.

A coronal mass ejec-

tion that arrived March
13, 1989, caused a mas-
sive electrical blackout in
Quebec that affected more
than 5 million people.
NASA spacecraft now give
up to three days’ warning
by detecting CMEs as they
approach Earth.

At its core, the Sun’s
25-million-degree-

Fahrenheit (13.6 million
degrees Celsius) plasma
has a density about 10
times greater than lead.
At the railing solar surface,
the density falls to that of
our atmosphere at the top
of Mount Everest.

Light takes up to

20,000 years to work
its way from the Sun’s core
to the surface. Once there,
light takes about eight min-
utes to reach Earth.

Each second, the Sun’s
core converts 4 million
tons of matter into light.

point. Greenhouse gases, such as water vapor
evaporating from the surfaces of heated oceans,
will magnify solar heating and drive year-round
terrestrial temperatures above 110° F (43° C)
from pole to pole.

Multicellular life began on Earth 600 million
years ago. Inevitably, 600 million years from
now, only bacteria will survive the relentless
heating of Earth and the boiling of our oceans.

The exact details of the far future may be
murky, but perhaps the ancients had it right all
along. Our Sun is, at its core, an unreliable
neighbor. Monitoring its changes and knowing
its temperament allow us to exist in a semblance
of safety and comfort. Ignoring its penchant for
occasional violence fills us with a false sense of
safety and sets us up for unpleasant surprises. 0
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