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This book is dedicated to everyone who is
curious, imaginative, and intelligent, thereby
strengthening the human spirit.






Preface to the Second Edition

The First Edition of The Sun from Space, completed in 1999, focused on the early
accomplishments of three solar spacecraft, SOHO, Ulysses, and Yohkoh, primarily
during a minimum in the Sun’s 11-year cycle of magnetic activity. The compre-
hensive Second Edition includes the main findings of these three spacecraft over
an entire activity cycle, including two minima and a maximum, and discusses the
significant results of six more solar missions. Four of these, the Hinode, RHESSI,
STEREO, and TRACE missions were launched after the First Edition was either
finished or nearly so, and the other two, the ACE and Wind spacecraft, extend our
investigations from the Sun to its varying input to the Earth.

The Second Edition does not contain simple updates or cosmetic patch ups to the
material in the First Edition. It instead contains the relevant discoveries of the past
decade, integrated into chapters completely rewritten for the purpose. This provides
a fresh perspective to the major topics of solar enquiry, written in an enjoyable,
easily understood text accessible to all readers, from the interested layperson to the
student or professional.

The main scientific accomplishments of the ACE, RHESSI, SOHO, TRACE,
Ulysses, and Wind missions, which are included in their 2005 Senior Review Pro-
posals, have been described in Chapter 1 and included in greater detail in the rele-
vant chapters. (Yohkoh completed its decade-long scrutiny of the X-ray Sun in 2001,
while Hinode and STEREO were not launched until late 2006.)

Members of the Solar Physics Community were consulted about key discover-
ies or important reviews during the past decade. Persons who provided important
review articles or other significant new information include Loren Acton, Markus
J. Aschwanden, Eugene H. Avrett, Sarbani Basu, Paul M. Bellan, Benjamin D. G.
Chandran, James Chen, Steven R. Cranmer, George A. Doschek, Murray Dryer,
Peter Foukal, Joseph V. Hollweg, Gordon D. Holman, Stephen W. Kahler, James
A. Klimchuk, Jun Lin, Donald Liebenberg, Noé Lugaz, Ward Manchester, Scott
W. Mclntosh, Mark Miesch, Ronald L. Moore, Judit Pap, Eugene Parker, Alexei A.
Pevtsov, Arthur 1. Poland, Arik Posner, Ilia Roussev, Wilfred Schroder, Leonard
Strachan, Yi-Ming Wang, David F. Webb, Thomas N. Woods, Jie Zhang, and
Thomas H. Zurbuchen.

Draft chapters were then sent to experts in the field, who have provided important
suggestions for changes, deletions, and omissions. They are: Loren Acton, Markus
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viii Preface to the Second Edition

Aschwanden, George Doschek, Leon Golub, Bernhard Fleck, Arik Posner, Takashi
Sakurai, Carolus Schrijver, and Saku Tsuneta for the introductory Chapter 1; each
commenting on the spacecraft they are most familiar with; Steven Cranmer for
Chapter 2; Thomas Duval, Bernhard Fleck, John Harvey, Rachel Howe, Mark
Miesch, and Junwei Zhao for Chapter 3; Loren Acton, Markus Aschwanden, and
Steven Cranmer for Chapter 4; Steven Cranmer, John Kohl, Edward Stone, Yi-Ming
Wang, and Thomas Zurbuchen for Chapter 5; Markus Aschwanden, Arnold Benz,
Richard Canfield, Terry Forbes, Stephen Kahler, Ronald Moore, Alexei Pevtsov, and
Jie Zhang for parts of Chapter 6, and Peter Foukal, Stephen Kahler, Alexei Pevtsov,
David Webb, and Thomas Woods for Chapter 7.

The combination of Senior Reviews, advice from the Solar Physics Community,
and careful reading of individual chapters by experts in the field have assured that
the text is fully up to date and complete.

The First Chapter of the Second Edition describes the scientific objectives of
each of the nine solar missions, together with the instruments that are being used to
accomplish these objectives. The Second Chapter retains the historical perspective
to studies of the Sun and heliosphere found in the First Edition, including semi-
nal contributions to our understanding of the Sun during the past century. The next
five chapters present key improvements in our understanding of the solar interior;
the heating of the million-degree outer atmosphere of the Sun, known as the solar
corona; the origin and nature of the Sun’s winds; the cause, prediction, and propa-
gation of explosive solar flares and coronal mass ejections; and all aspects of space-
weather interactions of the Sun with either the Earth or with unprotected astronauts
and spacecraft in outer space or on the Moon or Mars.

Each of these five chapters ends with Summary Highlights of key ideas and fun-
damental discoveries in capsule form, followed by a time line of significant events
in our understanding of the Sun, updated to include recent results. An Appendix
provides Internet Addresses for the spacecraft and the topics of each book chapter.
The Second Edition of The Sun from Space ends with comprehensive references to
more than 2,500 fundamental research papers and review articles.

Since the publication of the First Edition, the Ulysses spacecraft has completed
a second orbit over the solar poles, during a maximum in the solar activity cycle.
After more than 17 years of pioneering solar science, the Ulysses mission ended on
1 July 2008. As shown in this Second Edition, Ulysses has therefore determined the
distribution of solar wind velocities and, together with other solar spacecraft, helped
identify the wind sources at both activity maximum and minimum. The Second Edi-
tion also presents the results of years of observations of solar oscillations acquired
by SOHO, which probe the rotation and motions of the solar interior, as well as ex-
tensive new SOHO data on the magnetic structure of the solar wind sources, and the
powerful, explosive solar flares that are triggered and powered by magnetic recon-
nection in the low solar corona.

The main results of the Transition Region And Coronal Explorer, abbreviated
TRACE and launched on 1 April 1998, are also included in this Second Edition of
The Sun from Space. It has obtained significant new information about the nature
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of the magnetic loops that thread the solar corona and the sources of heating the
million-degree solar corona.

The new edition additionally includes the seminal findings of the Ramaty High
Energy Solar Spectroscopic Imager, or RHESSI for short, launched on 5
February 2002. It has used images and spectroscopy of the high-energy radiation
from solar flares to explore the basic physics of particle acceleration and explo-
sive energy release, including new information about magnetic reconnection and
the emission of the neutron capture and pair-annihilation lines during solar flares.

The Second Edition of The Sun from Space provides an account of the initial dis-
coveries of the Japanese Hinode (formerly known as Solar-B) spacecraft launched
on 23 September 2006. It consists of a coordinated set of optical, EUV, and X-ray
instruments that study the interaction between the Sun’s magnetic field and its high-
temperature, ionized atmosphere. They measure the detailed density, temperature,
and velocity structures in the visible solar disk, the photosphere, the low corona, and
the transition region between them with high spatial, spectral, and temporal resolu-
tion, resulting in new information about the Sun’s varying magnetism and its rela-
tionship to solar flares and the expansion of the solar corona into the Sun’s winds.

Also included are significant new findings of NASA’s Solar TErrestrial REla-
tions Observatory, or STEREQO for short, launched on 25 October 2006. It is a pair
of spacecraft, leading and lagging the Earth in its orbit, which investigates the origin,
evolution, and interplanetary consequences of the billion-ton solar eruptions known
as coronal mass ejections. The combined observations from the two STEREO space-
craft provide a three-dimensional view of these outbursts, from their onset at the Sun
to the orbit of the Earth, improving our understanding of these solar explosions and
our ability to predict their trajectories and consequences.

This Second Edition of The Sun from Space emphasizes the human impact of
NASA solar missions, with a full discussion of their implications for Sun-driven
space weather. Our technological society has become increasingly vulnerable to
these storms from the Sun, both on Earth and in the human and robotic exploration
of the heliosphere. Solar flares or coronal mass ejections may affect the health and
safety of travelers in space, influence the habitability of the Moon or Mars, and
damage or disable spacecraft both near the Earth and in outer space.

Instruments aboard RHESSI, SOHO, and Hinode are, for example, helping us un-
derstand and forecast solar flares. These catastrophic outbursts can suddenly flood
the solar system with intense radiation and energetic particles, releasing energy
equivalent to millions of 100-megaton hydrogen bombs exploding at the same time.
The X-rays from a solar flare modify our atmosphere, disrupt radio communica-
tions, and alter satellite orbits. The energetic particles that are hurled out into inter-
planetary space during solar flares can threaten the safety of unprotected astronauts
traveling beyond the safety of the Earth’s magnetic field to the Moon or Mars. These
flare particles can also damage or destroy satellites used for communication, navi-
gation, and military reconnaissance and surveillance.

The instruments aboard SOHO and STEREQ are additionally providing new in-
sights to the mechanisms and prediction of coronal mass ejections; giant magnetic
bubbles that expand as they propagate outward from the Sun to rapidly rival it
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in size. These violent eruptions throw billions of tons of material into interplan-
etary space, and their associated shocks accelerate and propel vast quantities of
high-speed particles ahead of them. They can produce spectacular auroras, create in-
tense geomagnetic storms, and disrupt satellites, radio communications, and Earth’s
power systems. Energetic particles associated with coronal mass ejections can also
be hazardous to spacecraft and astronauts traveling to the Moon or exploring its
surface.

Special thanks are extended to Joe Bredekamp and Bill Wagner at NASA Head-
quarters. They have actively encouraged the writing of this book and helped fund
it through NASA Grant NNX07AU93G entitled NASA’S COSMOS, with funding
evenly split between NASA’s Solar and Heliospheric Physics SR&T Program and
NASA’s Applied Information Systems Research Program.

Tufts University and Anguilla, Kenneth R. Lang
British West Indies
New Year’s Eve, 2008
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Our familiar, but often inscrutable, star exhibits a variety of enigmatic phenomena
that have continued to defy explanations. Our book begins with a brief account
of these unsolved mysteries. Scientists could not, for example, understand how
the Sun’s intense magnetism is concentrated into dark sunspots that are as large
as the Earth and thousands of times more magnetic. Nor did they know exactly how
the magnetic fields are generated within the Sun, for no one could look inside it.

Another long-standing mystery is the million-degree solar atmosphere, or corona,
that lies just above the cooler, visible solar disk, or photosphere. Heat should not
emanate from a cold object to a hotter one anymore than water should flow up hill.
Researchers have hunted for the elusive coronal heating mechanism for more than
half a century.

The Sun’s hot and stormy atmosphere is continuously expanding in all directions,
creating a relentless solar wind that seems to blow forever. The exact sources for
all the wind’s components, and the mechanisms for accelerating it to supersonic
velocities, remained perplexing problems as well.

The relatively calm solar atmosphere can be violently disrupted by powerful ex-
plosions, filling the solar system with radio waves, X-rays, and gamma rays, and
hurling charged particles out into space at nearly the speed of light. Other solar ex-
plosions, called Coronal Mass Ejections, throw billions of tons of coronal gases into
interplanetary space, creating powerful gusts in the solar wind. Yet, we have only
just begun to understand the detailed causes of the Sun’s explosive outbursts, and
no one has been able to predict exactly when they will occur.

In less than a decade, three pioneering spacecraft, named the SOlar and Helio-
spheric Observatory, or SOHO for short, Ulysses, and Yohkoh, have transformed our
perception of the Sun. They are also described in the introductory chapter, together
with their principal scientific goals. This scientific troika has examined the Sun with
exquisitely sensitive and precise instruments that have widened our range of percep-
tion, giving us the eyes to see the invisible and the hands to touch what cannot be
felt. They have extended our gaze from the visible solar disk, down to the hidden
core of the Sun and out in all directions through the Sun’s tenuous, expanding atmo-
sphere. SOHO, Ulysses, and Yohkoh have together provided insights that are vastly
more focused and detailed than those of previous solar missions, providing clues to
many of the crucial, unsolved problems in our understanding of the Sun.

xi
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Scientific discoveries are usually not isolated “eureka” moments, occurring in
a mental or experiential vacuum. They are built upon a foundation of previous in-
vestigations and extrapolated into the future. Our recent accomplishments in solar
physics are the culmination of a long history of prior research, from the earliest op-
tical and radio telescopes to rockets and then full-fledged spacecraft such as Skylab,
Helios 1 and 2, and the Solar Maximum Mission.

The second chapter of our book describes the discovery of space, providing the
historical framework needed to understand subsequent results. Here we also intro-
duce ideas and terms that have become so common to our space-age vocabulary that
even many practicing scientists have forgotten their origin and meaning.

As mentioned in Chapter 2, just half a century ago most people visualized our
planet as a solitary sphere traveling in a cold, dark vacuum around the Sun. Inquisi-
tive spacecraft have now shown that the space outside the Earth’s atmosphere is not
empty, and demonstrated that the Earth and other planets are immersed within an
eternal, stormy wind. The solar wind is mainly composed of electrons and protons,
set free from hydrogen atoms, the most abundant element in the Sun, but it also
contains heavier ions and a magnetic field.

The second chapter also describes the discovery that intense magnetism pervades
the Sun’s atmosphere, creating an 11-year variation in the level of explosive solar
activity, as well as the amount of cosmic rays reaching the Earth from the space out-
side our solar system. X-ray photographs from rockets and the Skylab Space Station
demonstrated that the Sun’s magnetic fields mold and constrain the million-degree
gases found in the low solar atmosphere. Long-lasting coronal holes, without any
detectable X-ray radiation in Skylab’s photographs, were also compared with other
spacecraft measurements to show that these places expel a high-speed solar wind.

Contextual and historical preludes are also woven into the texture of subsequent
chapters, and usually presented in chronological order. Every chapter, except the
first, contains a concluding time-line table that highlights key events and discoveries
in the area under consideration. Complete references to seminal articles are given at
the end of this book. The reader can consult these fundamental research papers for
further details on important scientific results, from centuries ago to the present day.

Set-aside focus elements are also inserted throughout the text, which enhance and
amplify the discussion with interesting details or fundamental physics. They will be
read by the curious person or serious student, but do not interfere with the general
flow of the text and can be bypassed by the educated reader who wants to follow the
main ideas.

The discovery of how the Sun shines by thermonuclear reactions within its hot,
dense core is spelled out in the beginning of the third chapter of our book. It then de-
scribes how the unseen depths of the Sun are being probed using the new science of
helioseismology. Today, we can peel back the outer layers of the Sun, and glimpse
inside it by observing widespread throbbing motions in the Sun’s visible material.
Helioseismologists decipher these oscillations, caused by sounds trapped within the
Sun, to reveal its internal constitution. This procedure resembles Computed Axial
Tomography (CAT) scans that derive views inside our bodies from numerous read-
ings of X-rays that cross them from different directions.
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The Sun’s internal sound waves have been used as a thermometer, taking the
temperature of the Sun’s energy-generating core and showing that it agrees with
model predictions. This strongly disfavors any astrophysical solution for the solar
neutrino problem in which massive subterranean instruments always come up short,
detecting only one-third to one-half the number of neutrinos that theory says they
should detect. The ghostly neutrinos seem to have an identity crisis, transforming
themselves on the way out of the Sun into a form that we cannot detect and a flavor
that we cannot taste.

SOHO'’s helioseismology instruments have shown how the Sun rotates inside,
using the Doppler effect in which motion changes the pitch of sound waves. Regions
near the Sun’s poles rotate with exceptionally slow speeds, while the equatorial
regions spin rapidly. This differential rotation persists to about a third of the way
inside the Sun, where the rotation becomes uniform from pole to pole. The Sun’s
magnetism is probably generated at the interface between the deep interior, which
rotates at one speed, and the overlying gas that spins faster in the equatorial middle.

Internal flows have also been discovered by the SOHO helioseismologists. White-
hot currents of gas move beneath the Sun we see with our eyes, streaming at a
leisurely pace when compared to the rotation. They circulate near the equator, and
between the equator and poles.

In the fourth chapter, we describe the tenuous, million-degree gas called the
corona that lies outside the sharp apparent edge of the Sun. The visible solar disk is
closer to the Sun’s core than the million-degree corona, but is several hundred times
cooler. This violates common sense, as well as the second law of thermodynamics,
which holds that heat cannot be continuously transferred from a cooler body to a
warmer one without doing work.

Attempts to solve the Sun’s heating crisis are also discussed in the fourth chapter.
The paradox cannot be solved by sunlight, which passes right through the transpar-
ent corona, and spacecraft have shown that sound waves cannot get out of the Sun
to provide the corona’s heat. Moreover, when SOHO focuses in on the material just
above the photosphere, it all seems to be falling down into the Sun, so nothing seems
to be carrying the heat out into the overlying corona.

Yohkoh and SOHO images at X-ray and extreme-ultraviolet wavelengths have
provided some solutions to the coronal heating problem, in which the million-degree
outer solar atmosphere overlies the Sun’s cooler visible disk. They have shown that
the hottest, densest material in the low corona is concentrated within thin, long mag-
netized loops that are in a state of continual agitation. Wherever the magnetism is
strongest, the coronal gas is hottest. These magnetic loops are often coming together,
releasing magnetic energy when they make contact. This provides a plausible expla-
nation for heating the low corona.

The hot coronal gases are expanding out in all directions, filling the solar
system with a ceaseless flow — called the solar wind — that contains electrons,
protons, and other ions, and magnetic fields. The fifth chapter provides a de-
tailed discussion of this solar wind, together with recent investigations into its ori-
gin and acceleration. Early spacecraft measurements showed that the Sun’s wind
blows hard and soft. That is, there are two kinds of wind, a fast one moving at
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about 750 km s~ ! and a slow one with about half that speed. Ulysses provided
the first measurements of the solar wind all around the Sun, conclusively show-
ing that much of the steady, high-speed wind squirts out of polar coronal holes.
A capricious, gusty, slow wind emanates from the Sun’s equatorial regions near
the minimum in the 11-year solar activity cycle when the SOHO and Ulysses
measurements were made. The high-speed wind is accelerated very close to the
Sun, within just a few solar radii, and the slow component obtains full speed fur-
ther out.

SOHO instruments have unexpectedly demonstrated that oxygen ions move
faster than protons in coronal holes. Absorbing more power from magnetic waves
might preferentially accelerate the heavier ions, as they gyrate about open mag-
netic fields. Ulysses has detected magnetic waves further out above the Sun’s poles,
where the waves apparently block the incoming cosmic rays. Instruments aboard
SOHO have also pinpointed the source of the high-speed wind; it is coming out of
honeycomb-shaped magnetic fields at the base of coronal holes.

Our sixth chapter describes sudden, brief, and intense outbursts, called solar
flares, which release magnetic energy equivalent to billions of nuclear bombs on
Earth. The Sun’s flares flood the solar system with intense radiation across the full
electromagnetic spectrum from the longest radio wavelengths to the shortest X-rays
and gamma rays. The radio bursts provide evidence for the ejection of very energetic
particles into space, either as electron beams moving at nearly the speed of light or
as the result of shock waves moving out at a more leisurely pace.

The Solar Maximum Mission, abbreviated SMM, and Yohkoh spacecraft have
shown that solar flares also hurl high-speed electrons and protons down into the
Sun, colliding with the denser gas and emitting hard X-rays and gamma rays. Soft
X-ray observations indicate that Earth-sized regions can be heated to about ten mil-
lion degrees during the later stages of a solar flare, becoming about as hot as the
center of the Sun.

Magnetic bubbles of surprising proportion, called Coronal Mass Ejections, or
CME:s for short, are also discussed in the sixth chapter. They have been routinely de-
tected with instruments on board several solar satellites, most recently from SOHO.
The CMEs expand as they propagate outward from the Sun to rapidly rival it in size,
and carry up to ten billion tons of coronal material away from the Sun. Their as-
sociated shocks accelerate and propel vast quantities of high-speed particles ahead
of them.

The sixth chapter additionally describes how explosive solar activity can occur
when magnetic fields come together and reconnect in the corona. Stored magnetic
energy is released rapidly at the place where the magnetic fields touch. Here we also
discuss how high-speed particles, released from solar flares or accelerated by CME
shock waves, have been directly measured in situ by spacecraft in interplanetary
space. These spacecraft also detect intense radiation, shock waves and magnetic
fields.

The seventh chapter describes how forceful coronal mass ejections can create in-
tense magnetic storms on Earth, trigger intense auroras in the skies, damage or de-
stroy Earth-orbiting satellites, and induce destructive power surges in long-distance
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transmission lines on Earth. These solar ejections travel to the Earth in a few days,
so there is some warning time.

Intense radiation from a solar flare reaches the Earth’s atmosphere in just 8 min,
moving at the speed of light — the fastest thing around. Flaring X-rays increase the
ionization of our air, and disrupt long-distance radio communications. A satellite’s
orbit around the Earth can be disturbed by the enhanced drag of the expanded atmo-
sphere.

The Earth’s magnetic field shields us from most of the high-speed particles
ejected by solar flares or accelerated by CME shock waves, but the energetic charged
particles can endanger astronauts in space and destroy satellite electronics. Some of
the particles move at nearly the speed of light, so there is not much time to seek pro-
tection from their effects. If we knew the solar magnetic changes preceding these
violent events, then spacecraft could provide the necessary early warning. As an ex-
ample, when the coronal magnetic fields get twisted into an S, or inverted S, shape,
they are probably getting ready to release a mass ejection.

As our civilization becomes increasingly dependent on sophisticated systems in
space, it becomes more vulnerable to this Sun-driven space weather, which is tuned
to the rhythm of the Sun’s 11-year magnetic activity cycle. It is of such vital im-
portance that national centers employ space-weather forecasters, and continuously
monitor the Sun from ground and space to warn of threatening solar events.

As also described in the seventh chapter, solar X-ray and ultraviolet radiation
are extremely variable, changing in step with the 11-year cycle of magnetic activity.
The fluctuating X-rays produce substantial alterations of the Earth’s ionosphere, and
the changing ultraviolet modulates our ozone layer. The varying magnetic activity
also changes the Sun’s total brightness, but to a lesser degree. During the past 130
years, the Earth’s surface temperature has been associated with decade-long varia-
tions in solar activity, perhaps because of changing cloud cover related to the Sun’s
modulation of the amount of cosmic rays reaching Earth. Observations of the bright-
ness variations of Sun-like stars indicate that they are capable of a wider range of
variation in total radiation than has been observed for the Sun so far.

Radioactive isotopes found in tree rings and ice cores indicate that the Sun’s ac-
tivity has fallen to unusually low levels at least three times during the past 1,000
years, each drop corresponding to a long cold spell of roughly a century in dura-
tion. Further back in time, during the past one million years, our climate has been
dominated by the recurrent ice ages, each lasting about 100,000 years. They are
explained by three overlapping astronomical cycles, which combine to alter the dis-
tribution and amount of sunlight falling on Earth.

Our book ends with a description of the Sun’s distant past and remote future. The
Sun is gradually increasing in brightness with age, by a startling 30% over the 4.5
billion years since it began to shine. This slow, inexorable brightening ought to have
important long-term terrestrial consequences, but some global thermostat has kept
the Earth’s surface temperature relatively unchanged, as the Sun grew brighter and
hotter. A powerful atmospheric greenhouse might have warmed the young Earth,
gradually weakening over time, or plants and animals might have beneficially con-
trolled their environment for the past 3 billion years. The Sun’s steady increase in
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luminous intensity is nevertheless expected to boil our oceans away in about 3 bil-
lion years; and the Sun will expand into a giant star in another 4 billion years. It will
then engulf Mercury, melt the Earth’s surface rocks, and turn the frozen moons of
the distant giant planets into globes of liquid water.

I am very grateful to my expert colleagues who have read portions of this book,
and commented on its accuracy, clarity, and completeness, substantially improving
the manuscript. They include Loren W. Acton, Markus J. Aschwanden, W. Ian Ax-
ford, Arnold O. Benz, Richard C. Canfield, Edward L. Chupp, Edward W. Cliver,
George A. Doschek, A. Gordon Emslie, Bernhard Fleck, Peter V. Foukal, Claus
Frohlich, John W. Harvey, Hugh S. Hudson, Stephen W. Kahler, Mukul R. Kundu,
John W. Leibacher, Michael E. Mann, Richard G. Marsden, Ronald L. Moore, Eu-
gene N. Parker, John C. Raymond, Andrew P. Skumanich, Charles P. Sonett, Bar-
bara Thompson, Virginia L. Trimble, Bruce T. Tsurutani, Yi-Ming Wang, and David
F. Webb.

Locating quality figures is perhaps the most time-consuming and frustrating
aspect of producing a volume like this, so I am especially thankful for the sup-
port of ESA, ISAS, and NASA for providing them. Individuals that were espe-
cially helpful in locating and providing specific images include Loren W. Acton,
David Alexander, Cary Anderson, Frances Bagenel, Richard C, Canfield, Michael
Changery, David Chenette, Fred Espenak, Bernhard Fleck, Eigil Friis-Christensen,
Claus Frohlich, Bruce Goldstein, Leon Golub, Steele Hill, Gordon Holman, Beth
Jacob, Imelda Joson, Therese Kucera, Judith Lean, William C. Livingston, Michael
E. Mann, Richard Marsden, Michael J. Reiner, Thomas Rimmele, Kazunari Shibata,
Gregory Lee Slater, Barbara Thompson, Haimin Wang, and Joachim Woch.

In conclusion, this book uses the International System of Units (Systeme Interna-
tional, ST) for most quantities, but the reader should be warned that centimeter-gram-
second (c.g.s.) units are employed in the nearly all of the seminal papers referenced
in this book. Moreover, many solar astronomers still use the c.g.s. units. The fol-
lowing Table P.1 provides unit abbreviations and conversions between units. Some
other common units are the nanometer (nm) with 1 nm = 10~° meters, the Angstrom
unit of wavelength, where 1 Angstrom = 1 A = 107! meters = 10~% centimeters,

Table P.1 Principal SI units and their conversion to corresponding c.g.s. units

Quantity SI units Conversion to c.g.s. units
Length Meter (m) 100 centimeters (cm)

Nanometer (nm) = 10~ m 10~7cm = 10 Angstroms = 10A
Mass Kilogram (kg) 1,000 grams (g)
Velocity Meter per second (ms™!) 100 centimeters per second (cms™!)
Energy* Joule (J) 10,000,000 erg
Power Watt (W) = Joule per 10,000,000erg s7!

second (Js71)

Magnetic flux density Tesla (T) 10,000 Gauss (G)

*The energy of high-energy particles and X-ray radiation are often expressed in units of kilo-
electron volts, or keV, where 1keV = 1.602 x 10~'6 Joule, or MeV = 1,000keV.
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the nanoTesla (nT) unit of magnetic flux density, where 1nT = 10~° Tesla = 107>
Gauss, the electron volt (eV) unit of energy, with 1eV = 1.6 x 10719 Joule, and
the ton measurement of mass, where 1 ton = 103 kilograms. The accompanying
Table P.2 provides numerical values for solar quantities and fundamental constants.

Table P.2 Solar quantities and fundamental constants™

Symbol Name Value

Lo Luminosity of Sun 3.854 x 10% Joule s~ !

Mg, Mass of Sun 1.989 x 1030 kilograms

Ro Radius of Sun 6.955 x 10% meters

AU Mean distance of Sun 1.496 x 10'! meters

T, Effective temperature of photosphere 5780 Kelvin

c Velocity of light 2.9979 x 108 m s~!

G Gravitational constant 6.6726 x 107" N m? kg

k Boltzmann’s constant 1.38066 x 10~ J K™

h Planck’s constant 6.6261 x 107347 s

a Radiation density constant 7.5659 x 10710y m—3 K~

me Mass of electron 9.1094 x 1031 kg

e Charge of electron 1.6022 x 1071 C

my Mass of hydrogen atom 1.673534 x 10727 kg

ny Mass of proton 1.672623 x 10~ kg

£ Permittivity of free space 107°/(36m) = 8.854 x 10~ "2F m™~!
Ue Permeability of free space 4 x 1077 =12.566 x 1077 N A~2

*Adapted from Lang (1991). One Joule per second = 1J s~! is equal to one Watt = I W. The unit
symbols are J for Joule, s for second, kg for kilogram, m for meter, K for degree Kelvin, C for
Coulomb, N for Newton, and A for ampere.
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