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Star
Contributed by: James B. Kaler
Publication year: 2014

A self-luminous body that during its life generates (or will generate) energy and support by
thermonuclear fusion.

Sun as reference
The fundamental reference for properties of stars is the Sun. The Sun’s distance of 1.496 × 10,8 km (9.30 × 10,7
mi) from the Earth defines the astronomical unit (AU) and gives a solar radius (R) of 6.96 × 10,5 km (4.32 × 10,5
mi). From the energy received on Earth (1367 W m,−2 ), the solar luminosity (L) is 3.85 × 10,26 W. Now, L = 4π R,2
(surface area) × σ T,4 (luminosity per unit area according to the Stefan-Boltzmann law, where σ is the
Stefan-Boltzmann constant); therefore, the effective blackbody “surface” temperature (T) is 5777 K (9939◦ F).
(The “surface” is where the solar gases become opaque thanks to absorption by the negative hydrogen ion.) The
Earth’s orbital parameters and Kepler’s third law give a solar mass of 1.99 × 10,30 kg, the solar volume leading to
an average density of 1.4 g cm,−3 (1.4 times that of water). See See also: ASTRONOMICAL UNIT See; HEAT RADIATION See;
SUN.

The Sun’s temperature and density rise inwardly as a result of gravitational compression, and at the still-gaseous
solar center reach values of 15.7 × 10,6 K (28.3 × 10,6 ◦ F) and 151 g cm,−3 . Application of atomic theory to the
solar spectrum and analysis of the solar wind and oscillations show the Sun to be 91.5% hydrogen (by number of
atoms), 8.5% helium, and about 0.015% everything else (oxygen dominating, then carbon, neon, and nitrogen).
The solar chemical composition provides a standard for other stars as well as an observational benchmark against
which to compare theories of the chemical evolution of the Milky Way Galaxy.
Above about 8 × 10,6 K (14 × 10,6 ◦ F), within the inner quarter of the radius and about half the mass, hydrogen
(the proton,,1 H) fuses to helium primarily via the proton-proton chain:

Unlabelled Ima

Unlabelled Image
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The resulting release of energy supports the Sun against gravitational contraction. The radiation works its way
out, degrading in energy with decreasing temperature, until it is released largely at optical wavelengths. The
neutrinos, nearly massless particles, exit the Sun at close to the speed of light. Though nearly everything is
transparent to them, enough are captured by terrestrial neutrino telescopes to confirm the theory of the Sun’s
energy production. There was initially enough hydrogen to run the chain for 10 billion years. With the Sun 4.6
billion years old (from radioactive dating of meteorites), it has over 5 billion years of core hydrogen fusion left.
See See also: NEUTRINO See; POSITRON See; PROTON-PROTON CHAIN See; SOLAR NEUTRINOS.

Names
Over 6000 stars can be seen with the unaided eye. The brightest carry proper names from ancient times, most of
Arabic origin that reflect the position of the star within its classical or Arabic constellation. A more general system
(from Johannes Bayer in the early seventeenth century) names stars within constellations by Greek letters
roughly in accord with apparent brightness, followed by the Latin genitive of the constellation name (for
example, Vega, in Lyra, is also Alpha Lyrae). More generally yet, brighter stars carry numbers, derived from the
work of the astronomer John Flamsteed (1646–1719), in easterly order within a constellation (Vega also 3 Lyrae).
All naked-eye stars also have HR (Harvard Revised) numbers assigned in order east of the vernal equinox. A
variety of catalogs list millions of telescopic stars. See See also: ASTRONOMICAL CATALOGS See; CONSTELLATION.

Magnitudes and colors
About 130 BC, Hipparchus assigned naked-eye stars to six brightness groups or “apparent magnitudes” (m), with
first magnitude the brightest (Table 1). This scheme is now quantified as a logarithmic system such that five
magnitudes correspond to a factor of 100 in brightness, rendering first magnitude 2.512. . . times brighter than
second, and so on; calibration extends the brightest stars into negative numbers. The faintest stars now observed
are around magnitude 30, 10,12 times fainter than magnitude zero.
Stars assume subtle colors from red to blue-white, reflecting different spectral energy distributions that result
from temperatures ranging from under 2000 K (3100◦ F) to over 100,000 K (180,000◦ F). The magnitude of a star
therefore depends on the detector’s color sensitivity. A blue-sensitive detector “sees” blue stars brighter than
does the eye, which is most sensitive to yellow light, and will assign them lower magnitudes. Numerous
magnitude systems range from the ultraviolet into the infrared, though the apparent visual magnitude (m,v = V) is
still standard. The differences among the systems allow measures of stellar color and temperature. The total
brightness at the Earth across the spectrum is given by the apparent bolometric magnitude (m,bol ), which is
dependent on the visual magnitude and temperature. See See also: COLOR INDEX See; MAGNITUDE (ASTRONOMY).
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TABLE 1. First-magnitude stars,∗
Proper name ,

Greek-letter
name ,

Apparent
visual
magnitude (V) ,

Distance,
light-years ,

Absolute
visual
magnitude
(M,v ) ,

Sirius ,

Spectral class
,

α Canis
Majoris ,

−1.46 ,

8.6 ,

1.43 ,

A1 V ,

Canopus ,

α Carinae ,

−0.72 ,

309 ,

−5.60 ,

F0 II ,

Rigil Kentaurus
,

α Centauri ,

−0.29 ,

4.32 ,

4.10 ,

Arcturus ,

α Boötis ,

−0.04 ,

37 ,

−0.30 ,

Vega ,

α Lyrae ,

0.03 ,

25 ,

0.60 ,

Capella ,

α Aurigae ,

0.08 ,

43 ,

−0.51 ,

G8 III + G0 III ,

Rigel ,

β Orionis ,

0.12 ,

860 ,

−7.0 ,

B8 Iab ,

Procyon ,

α Canis
Minoris ,

0.34 ,

11.5 ,

2.61 ,

F5 IV-V ,

Achernar ,

α Eridani ,

0.46 ,

140 ,

−2.70 ,

B3 V ,

Hadar ,

β Centauri ,

0.61 ,

335 ,

−4.44 ,

B1 III ,

Betelgeuse ,

α Orionis ,

0.70 ,

570 ,

−5.5 ,

M2 Iab ,

Acrux ,

α Crucis ,

0.76 ,

325 ,

−4.2 ,

B0.5 IV + B1 V ,

Altair ,

α Aquilae ,

0.77 ,

16.7 ,

2.22 ,

A7 V ,

Aldebaran ,

α Tauri ,

0.85 ,

67 ,

−0.70 ,

K5 III ,

Antares ,

α Scorpii ,

0.96 ,

550 ,

−5.7 ,

M1.5 Ib ,

Spica ,

α Virginis ,

1.04 ,

255 ,

−3.38 ,

B1 V+B4 V ,

Pollux ,

β Geminorum ,

1.14 ,

34 ,

1.06 ,

K0 III ,

Fomalhaut ,

α Piscis
Austrini ,

1.16 ,

25 ,

1.73 ,

A3 V ,

Deneb ,

α Cygni ,

1.25 ,

1425 ,

−7.1 ,

A2 Ia ,

Mimosa ,

β Crucis ,

1.25 ,

280 ,

−3.41 ,

B0.5 III ,

Regulus ,

α Leonis ,

1.35 ,

79 ,

−0.58 ,

B7 V ,

Adhara ,

ε Canis Majoris

1.50 ,

405 ,

−4.0 ,

B2 II ,

G2 V + K1 V ,
K1.5 III ,
A0 V ,

,
*As seen by eye, doubles combined into one. Doubles are indicated by two entries in the spectral class. Low-luminosity companions are not
included.

Distances
The fundamental means of finding stellar distances is parallax. As the Earth moves in orbit around the Sun, a
nearby star will appear to shift its location against the background. The parallax (p in arcseconds) is defined as
one half the total shift, and is the angle subtended by the Earth’s orbital radius as seen from the star. Distance in
parsecs (pc) is 1∕p, where 1 pc = 206,265 AU = 3.26 light-years. (A light-year is the distance that a ray of light
will travel in a year.) The nearest star, a telescopic companion to Alpha Centauri, is 1.30 pc = 4.23 light-years
away (Table 2). Parallaxes of hundreds of thousands of stars found with the Hipparcos satellite allow fair
accuracy to distances of over 1000 light-years. Parallax measures then allow the calibration of other distance
methods (such as spectroscopic distance, main-sequence cluster fitting, and use of Cepheid variables) that extend
much farther. See See also: LIGHT-YEAR See; PARALLAX (ASTRONOMY); PARSEC.
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TABLE 2. Stars within 10 light-years
Star ,

Distance,
light-years ,

Spectral class ,

Apparent visual
magnitude (V) ,

Absolute visual
magnitude (M,v ) ,

Proxima Centauri ,

4.23 ,

M5.0 V ,

11.05 ,

15.49 ,

Alpha Centauri A ,

4.32 ,

G2 V ,

−0.01 ,

4.38 ,

Alpha Centauri B ,

4.32 ,

K1 V ,

1.34 ,

5.72 ,

Barnard’s Star ,

5.95 ,

M3.5 V ,

9.57 ,

13.26 ,

WISE 1049-5319A*
,

6.6 ,

L8 ,

–,

–,

WISE 1049-5319B*
,

6.6 ,

L∕T ,

–,

–,

Wolf 359 ,

7.80 ,

M5.5 V ,

13.53 ,

16.64 ,

BD+36◦ 2147 ,

8.31 ,

M2 V ,

7.47 ,

10.44 ,

Sirius A ,

8.60 ,

A1 V ,

−1.46 ,

1.43 ,

Sirius B ,

8.60 ,

DA,† ,

8.44 ,

11.33 ,

L726-8A ,

8.73 ,

M5.5 V ,

12.61 ,

15.47 ,

L726-8B ,

8.73 ,

M6.0V ,

13.06 ,

15.93 ,

Ross 154 ,

9.69 ,

M3.5 V ,

10.44 ,

13.08 ,

*Brown dwarfs too cool and faint to be seen in the visual spectrum.
,† Hydrogen-rich white dwarf.

Distribution and motions
All the unaided-eye stars and 200 billion more are collected into the Milky Way Galaxy (or simply, the Galaxy),
98% concentrated into a thin disk over 100,000 light-years across. From the Sun, inside the disk and 27,000
light-years from the Galaxy’s center in Sagittarius, the disk appears as the Milky Way. The appearance of the Milky
Way varies considerably. It is brightest and widest toward the galactic center, and faintest in the opposite
direction toward the anticenter in Taurus and Auriga (Fig. 1). Surrounding the disk is a vast but sparsely
populated halo.
Since stars orbit the Galaxy’s center, they are seen to move relative to the Sun. Angular proper motions across the
line of sight range from 10 arcseconds per year to below a thousandth of an arcsecond. Proper motions (μ, in
arcseconds per year) depend on velocities across the line of sight (v,t , in kilometers per second) and distances (D,
in parsecs) according to Eq. (1),

(1)
Image of Equation 1
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WIDTH:C
Fig. 1 The Milky Way in Sagittarius, composed of millions of stars in the disk of the Galaxy. (Copyright ©
Anglo-Australian Observatory; photograph by David Malin)

which allows v,t > to be found. Velocities along the line of sight (v,r ) are measured from Doppler shifts of stellar
spectrum lines. The combination yields space velocities (v,s ) relative to the Sun according to Eq. (2).

Image of Equation 2

(2)

Statistical analysis of these motions shows the Sun to be moving through the local stars at a speed of 15–20 km∕s
(9–12 mi∕s), roughly toward Vega. From radial velocities of sources outside the Galaxy, it is found that the Sun
moves in a roughly circular orbit at 220 km∕s (137 mi∕s), which when combined with the space motions of other
stars allows their galactic orbits to be determined. Stars in the disk have closely circular orbits; those in the halo
have elliptical ones. See See also: DOPPLER EFFECT See; MILKY WAY GALAXY.

Absolute magnitudes
The apparent visual magnitude of a star depends on its intrinsic visual luminosity and on the inverse square of the
distance. Knowledge of the distance allows the determination of the true visual luminosity, expressed as the
absolute visual magnitude, M,v . This quantity is defined as the apparent visual magnitude that the star would have
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at a distance of 10 pc, and is found from the magnitude equation (3).
Image of Equation 3

(3)

Absolute visual magnitudes from class O to mid L range from M,v = − 10 to +23 (a factor of 10,13 ). The Sun’s
absolute visual magnitude is in the middle of this range, +4.82. When the invisible infrared radiation from faint
cool stars and the equally invisible ultraviolet from the ultraluminous hot stars are taken into account, the range
in absolute bolometric luminosities (expressed in magnitudes as M,bol ) is 30 times lower. The quantity M,bol can be
calibrated in watts; for the Sun, M,bol = +4.74.

Spectral classes
Stars exhibit a variety of absorption-line spectra. The absorptions, narrow cuts in the spectra, are produced by
atoms, ions, and molecules in the stars’ thin, semitransparent outer layers, or atmospheres. Some stars show
powerful hydrogen absorptions, others weak hydrogen and metals, yet others molecules but no hydrogen. Over a
century ago, Edward C. Pickering lettered them according to the strengths of their hydrogen lines. After he and
his assistants dropped some letters and rearranged others for greater continuity, they arrived at the standard
spectral sequence, OBAFGKM, which was later decimalized (the Sun is in class G2). Classes L and T were added
in 1999 (Fig. 2; Table 3). Since the sequence correlates with color, it must also correlate with temperature,
which ranges from near 50,000 K (90,000◦ F) for hot class O, through about 6000 K (10,000◦ F) for solar-type class
G, to under 2400 K (3860◦ F) for class L, and below 1400 K (2060◦ F) for class T (all of which are brown dwarf
substars).
The majority of stars in the galactic disk have chemical compositions like that of the Sun. Differences in spectra
result primarily from changes in molecular and ionic composition and in the efficiencies of absorption, all of
which correlate with temperature. Molecules exist only at low temperatures. At higher temperatures they break
up, and neutral atoms become ionized, so the absorptions of the neutral state eventually weaken with increasing
temperature. When the temperature becomes high enough, single ionization is replaced by double, and so on.
Hydrogen reaches maximum strength in class A. Hotter than class A, hydrogen becomes ionized and the neutral
hydrogen lines weaken in classes B and O. Even the absorptions of individual ions are affected, as absorbing
electrons are pumped toward higher-energy states at higher temperatures.
Most stars have more oxygen than carbon. In some cool stars, however, the ratio is reversed, carbon molecules
replacing those of metallic oxides. Stars whose temperatures track class M are assigned class N, warmer ones
class R; both are now called carbon stars and lumped into class C. In between, where oxygen and carbon are in
equal abundance, leftover oxygen attaches preferentially to zirconium (whose abundance is also raised above
normal); the zirconium oxide stars are called class S. See See also: ASTRONOMICAL SPECTROSCOPY See; CARBON STAR
See; SPECTRAL TYPE.
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WIDTH:C
Fig. 2 Spectral sequence ranging from hot class O to cool class M. The hydrogen lines increase in strength from
O to A and then weaken, disappearing in class M, where molecules take over. (From N. Ginestet et al., Atlas de
Spectres Stellaires, Observatoire Midi-Pyrénées and Observatoire de Strasbourg, 1992; Y. Yamashita et al., An
Atlas of Representative Stellar Spectra, University of Tokyo Press, 1978; J. B. Kaler, Extreme Stars, Cambridge
University, Press, 2001)

TABLE 3. Spectral classes
Characteristic absorption lines ,

Color,a ,

O,

H, He,+ , He ,

Blue ,

31,500–49,000 ,

B,

H, He ,

Blue-white ,

10,100–31,000 ,

A,

H,

White ,

Class ,

Temperature, K,b ,

7500–10,000 ,

F,

Metals, H ,

Yellow-white ,

6100–7400 ,

G,

Ca,+ , metals ,

Yellow ,

5400–6000 ,

K,

Ca,+ , Ca ,

Orange ,

3800–5300 ,

M,

TiO, other molecules, Ca ,

Orange-red ,

2500–3700 ,

L,c ,

Metal hydrides, alkali metals ,

Red ,

1400–2400 ,

T,d ,

Methane, water, ammonia bands ,

Infrared ,

600–1400 ,

R,e ,

Carbon ,

Orange ,

4000–5800 ,

N,e ,

Carbon molecules ,

Red ,

2000–4000 ,

S,e ,

ZrO and other molecules ,

Orange-red ,

2000–4000 ,

,a The color refers to energy distribution; visual colors are subtle.
,b Main sequence.
,c A mixture of red dwarf stars and brown dwarfs.
,d Brown dwarfs.
,e R and N are combined into carbon stars, class C. Classes R, N, and S all consist of giants.
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WIDTH:B
Fig. 3 Hertzsprung-Russell (HR) diagram, showing the positions of the major kinds of stars.

Hertzsprung-Russell diagram
Shortly after the invention of the spectral sequence, H. N. Russell and E. Hertzsprung showed that luminosity
correlates with spectral class. A graph of absolute visual (or bolometric) magnitude (luminosity increasing
upward) plotted against spectral class (or temperature, decreasing toward the right) is called the
Hertzsprung-Russell (HR) diagram (Fig. 3). The majority of stars lie in a band in which luminosity climbs up and to
the left with temperature (with the Sun in the middle). But another band begins near the location of the Sun and
proceeds up and to the right (to lower temperature), luminosities increasing to thousands solar as temperature
drops to class M. To be bright and cool, such stars must have large radiating areas and radii. To distinguish
between the bands, the larger stars are called giants, while those of the main band are termed dwarfs (or
main-sequence stars). Most carbon stars are giants, and stars of classes R, N, and S are mixed in with those of class
M. Yet brighter stars to the cool side of the main sequence, with luminosities approaching 10,6 solar, are called
supergiants. In between the giants and the dwarfs lie a few subgiants. At the top, superior to the supergiants, are
the very rare hypergiants. See See also: DWARF STAR See; GIANT STAR See; SUBGIANT STAR See; SUPERGIANT STAR.
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White dwarf stars. In the lower left corner of the diagram, beneath the main sequence, are stars so dim that they
must be very small. Since the first ones found were hot and white, they became known as white dwarfs in spite
of their actual temperatures or colors. White dwarfs cannot be classified on the standard system. Most have
almost pure hydrogen atmospheres caused by the downward settling of heavier helium atoms. Others have no
hydrogen at all and display only helium lines. White dwarfs must therefore be positioned on the HR diagram
according to their temperatures (rather than their spectral classes). See See also: WHITE DWARF STAR.

Subdwarfs. Stars in the galactic halo are deficient in heavy elements. Typical iron contents are a hundredth that of
the Sun, and in the extreme a hundred-thousandth. Low metal content makes halo dwarfs bluer than those of the
standard main sequence, shifting them to the left and seemingly downward on the HR diagram, where they are
known as subdwarfs. See See also: STELLAR POPULATION.

Stellar sizes. Since, for any spherical star, luminosity L = 4π R, σ T, , the luminosity in solar units is given by Eq.
(4).

Image of Equation 4

(4)

Temperature (T) from spectral class or spectral analysis plus the luminosity from absolute bolometric magnitude
M,bol gives the stellar radius. Dwarf radii increase from about 10% that of the Sun in class M to nearly 15 solar in
class O. Giant radii range past 10 times solar to well over 1 AU, supergiants to 8 AU. White dwarfs are about the
size of Earth. The radii of stars are confirmed by direct measurement of angular size through interferometry and
analysis of eclipsing double (binary) stars. See See also: ECLIPSING VARIABLE STARS.
Spectral lines are sensitive to stellar density, so stars can be classified by size and luminosity on the basis of their
spectra alone. In the standard Morgan-Keenan-Kellman (MKK) system, roman numerals I through V stand for
supergiant, bright giant, giant, subgiant, and dwarf (VI is sometimes used for subdwarf). Once luminosity and
absolute visual magnitude are known from a star’s spectrum, its spectroscopic distance can be calculated from
the magnitude equation (which must contain a correction for dimming by interstellar dust).

Stellar frequency distribution. The unaided-eye sky is filled with class A and B dwarfs, and with giants and supergiants
that range from class O to M. Per unit volume of space, however, dim M and L dwarfs (none visible to the
unaided eye and not counting dimmer brown dwarfs) dominate, constituting over 80% of all stars (Table 2). Of
the standard sequence (discounting L and T), some 10% of stars are G dwarfs like the Sun and only 1% are class A
stars. Rarest, making up only 0.0001%, are the O stars, which are so bright they can be seen for great distances.
There are about as many giants as A dwarfs, and supergiants are as rare as O stars. See See also:
HERTZSPRUNG-RUSSELL DIAGRAM.

AccessScience from McGraw-Hill Education
www.accessscience.com

Page 10 of 21

Double and multiple stars
Most stars are members of some sort of community, from doubles through multiples (double-doubles, and so
forth) to clusters, which themselves contain doubles. Separations between components of double stars range
from thousands of astronomical units (with orbital periods of a million years) to stars that touch each other (and
orbit in hours). Orbits of the more widely spaced binaries (periods of months to centuries) can be determined
directly (or through interferometry). Limited orbital parameters of the more closely spaced ones are found by
means of Doppler shifts caused by high orbital velocities. Some of the latter eclipse each other, the eclipses
establishing orbital tilts, true orbital speeds, and stellar radii. The sum of the masses of a binary is found from the
period and orbital dimension through Kepler’s third law; the ratio of the masses is found by locating the center of
mass of the system; and the combination of these two leads to determination of the individual masses. See See
also: BINARY STAR See; KEPLER’S LAWS; ORBITAL MOTION.

Masses and main-sequence properties
Observations of hundreds of binary stars show that mass (M) increases upward along the main sequence from
about 7.5% solar at cool class M to over 20 solar in the cooler end of class O. Extrapolation by theory, as well as
through observations of clusters, suggests masses of 200 or more solar at the extreme hot end (class O2–O3) of
the main sequence. Fainter than the Sun, luminosity is proportional to M,3 ; from the Sun and brighter, luminosity
goes as M,4 and then back to M,3 . This mass-luminosity relation is the result of higher internal temperatures and
pressures in more massive stars caused by gravitational compression. Given the Sun’s energy source and that
luminosity varies smoothly with mass, the main sequence must be a hydrogen-fusing mass sequence. Giants,
supergiants, and white dwarfs must therefore have some other energy source. See See also: MASS-LUMINOSITY
RELATION.

Carbon cycle. As internal temperature climbs above the 8 × 10,6 K limit, hydrogen fuses to helium via the
proton-proton cycle at an ever-increasing rate. Above about 15 × 10,6 K (27 × 10,6 ◦ F), fusion via the carbon cycle,
in which carbon acts as a nuclear catalyst, also occurs:
Unlabelled Image

But, N is radioactive and decays, so the cycle proceeds:

Unlabelled Image
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Again,, >O is unstable, so the cycle concludes:

Unlabelled Image

Four protons are therefore converted to an atom of helium. Together with side chains that create heavier oxygen
and fluorine, the carbon cycle overtakes the proton-proton chain around class F5 (close to 1.3 solar masses),
greatly shortening the star’s life. See See also: CARBON-NITROGEN-OXYGEN CYCLES.

Stellar convection. The onset of carbon-cycle dominance coincides with a change in stellar structure. The Sun has a
radiatively stable core surrounded by an envelope whose outer parts are in a state of convection that helps
produce a magnetic field and magnetic sunspots. Hotter dwarfs have shallower convection layers, and, above
class F, envelope convection disappears, the cores becoming convective. The convective layers of cooler dwarfs
deepen, until below about 0.3 solar mass (class M3), convection takes over completely and the stars are
thoroughly mixed. See See also: CONVECTION (HEAT).

Brown dwarfs. Below a lower mass limit of 7.5% solar, internal temperatures and densities are not great enough to
allow the proton-proton chain to operate. Such stars, called brown dwarfs, glow dimly and redly from
gravitational contraction and from the fusion of natural deuterium (,2 H) into helium (Fig. 4). Long sought, brown
dwarfs are now being found in abundance with infrared technologies. These and the stars at the bottom of the
main sequence together inhabit class L. All class T stars are brown dwarfs. The lower mass limit to brown dwarfs
is unknown; they may even overlap the masses of planets. See See also: BROWN DWARF See; EXTRASOLAR PLANETS See;
INFRARED ASTRONOMY.

Stellar rotation. The Sun rotates with an equatorial velocity of 2.0 km∕s (1.25 mi∕s) and a period of 25 days.
Rotation broadens stellar spectrum lines, allowing the observation of projected velocities which, since axial
inclinations are not generally known, are lower limits to the true velocities. The assumption of random
inclinations allows rotation speeds of stars in different spectral classes to be found. Main-sequence stars also
exhibit magnetically induced sunspots, whose rotation in and out of sight allows accurate knowledge of rotation
periods. Cooler dwarfs rotate slowly because the magnetic fields they generate couple with stellar winds and
slow them down. Above the “rotation break” in class F, rotation speeds increase, reaching maximum values of
300 km∕s (190 mi∕s) or more in class B. Class B stars are commonly surrounded by rotation-related disks, the
“Be” stars exhibiting emission lines in their spectra. Because of their large sizes, giants and supergiants rotate
slowly. See See also: STELLAR ROTATION.
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WIDTH:D
Fig. 4 Images of the brown dwarf Gliese 229B, a companion to a much brighter M dwarf. (a) Discovery image,
taken at Palomar Observatory in California. (Courtesy of T. Nakajima and S. Kulkarni) (b) Hubble Space
Telescope image. (Courtesy of S. Durrance and T. Golimowski; NASA)

Clusters
Doubles and multiples are highly structured. Clusters are not, the member stars orbiting a common center of
mass. Open clusters are fairly small collections in which a few hundred or a thousand stars are scattered across a
few tens of light-years. Examples are the Pleiades and Hyades in Taurus, which are among thousands of such
clusters occupying the Galaxy’s disk (and thus the Milky Way) [Fig. 5]. About 150 globular clusters occupy the
Galaxy’s halo, the poorest about as good as a rich open cluster, the best containing over a million stars within a
volume 100 light-years across (Fig. 6). The main-sequence stars of globular clusters are subdwarfs, and like other
halo stars are deficient in metals.
The HR diagrams of clusters are radically different from the HR diagrams of the general stellar field. Those of
open clusters differ among themselves in having various portions of the upper main sequence removed. Some
main sequences go all the way from class M to O, while others extend only from M through G. The effect is
related to the cluster’s age, since high-mass stars die first. Globular clusters, which lack an upper main sequence
and are therefore all old (up to about 12.5 × 10,9 or so years), contain a distinctive “horizontal branch” composed
of modest giants.
All clusters disintegrate with time as their stars escape through a form of evaporation aided by tides raised by the
Galaxy. Old open clusters (more than 10,9 years old) are rare, while the compact globulars can survive for the age
of the Galaxy.
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WIDTH:B
Fig. 5 The Jewel Box open cluster (Kappa Crucis), which lies next to the Southern Cross. (Copyright ©
Anglo-Australian Observatory; photograph by David Malin)

WIDTH:B
Fig. 6 Globular cluster 47 Tucanae, one of the grandest in the Milky Way Galaxy, containing over 1 million stars.
(Copyright © Anglo-Australian Observatory; photograph by David Malin)
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If the HR diagram of a distant cluster is constructed using apparent magnitude rather than absolute, then
comparison of the cluster’s main sequence with that found from local stars using parallax allows the
determination of the difference between absolute and apparent magnitude for the cluster, and therefore of the
cluster’s distance (after correction for interstellar absorption). Knowing the cluster’s distance, in turn, makes it
possible to learn the absolute magnitudes of the kinds of stars that are not within parallax distance. By locating
the center of the distribution of globular clusters, most of which lie outside the obscuring dust of the galactic
disk, it is possible to determine the distance to the center of the Milky Way Galaxy. See See also: STAR CLUSTERS.

Variable stars
Dwarfs are generally stable. Giants and supergiants, however, can have structures that allow them to pulsate.
Cepheids (named after the star Delta Cephei) are F and G supergiants and bright giants that occupy a somewhat
vertical instability strip in the middle of the HR diagram. They vary regularly by about a magnitude over periods
ranging from 1 to 50 days. The pulsation is driven by a deep layer of gas in which helium is becoming ionized.
This layer alternately traps and releases heat from the outgoing radiation. Larger and more luminous Cepheids
take longer to pulsate. Once this period-luminosity relationship is calibrated through parallax and main-sequence
cluster fitting, the period of a Cepheid gives its absolute magnitude, which in turn gives its distance. Cepheids are
vital in finding distances to other galaxies (Fig. 7). See See also: CEPHEID VARIABLES See; HUBBLE CONSTANT.
As the instability strip crosses the class F and A giants found in globular clusters, it produces the low-metal RR
Lyrae stars, which have periods of a day or less. Since they all have absolute magnitudes around 0.7, they too are
valuable distance indicators. Farther down the HR diagram, the instability strip crosses the class A and F main
sequence. Here and in the giants just above it are the subtly varying Delta Scuti stars. Where the instability strip
hits the hydrogen-rich white dwarfs, at temperatures between 10,500 and 13,000 K (18,400 and 22,900◦ F), it
produces the ZZ Ceti stars, which pulsate nonradially with periods of minutes. (Hydrogen-poor white dwarfs
have their own instability zone around 20,000 K or 35,540◦ F.)
Miras (after the star Mira, Omicron Ceti), or long-period variables, are luminous M, C, or S giants that can vary
visually by more than 10 magnitudes over periods that range from 50 to 1000 days, the pulsations again driven by
deep ionization layers. Much of the visual variation is caused by small changes in temperature that shift the
starlight from the visual to the infrared and that also alter the formation of obscuring titanium oxide molecules.
The infrared (and bolometric) variation amounts to only two magnitudes or so. Other giants, and especially
supergiants, are semiregular or even irregular variables with no periodicities at all. Still other stars, such as the
class B subgiant Beta Cephei stars, are multi-periodic. See See also: MIRA.
Duplicity produces its own set of intrinsic variations. If the members of a binary system are close enough
together, one of them can transfer mass to the other, and instabilities in the transfer process cause the binary to
flicker. If one companion is a white dwarf, infalling compressed hydrogen can erupt in a thermonuclear runaway,
producing a sudden nova that can reach absolute magnitude −10. If the white dwarf gains enough matter such
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WIDTH:D
Fig. 7 A Cepheid, 51 million light-years away in the spiral galaxy M100. (a–c) Hubble Space Telescope images of
the star (in center of each image) on three different nights, showing changes in brightness. (d) Location of the
star in one of the galaxy’s spiral arms. (Courtesy of Wendy L. Freedman, Observatories of the Carnegie
Institution of Washington; NASA)

that it exceeds its allowed limit (the Chandrasekhar limit) of 1.4 solar masses, it can even explode as a supernova
(discussed below). See See also: CATACLYSMIC VARIABLE See; NOVA See; VARIABLE STAR.

Off the HR diagram
Various kinds of stars are not placeable on the classical HR diagram. The most common examples are the central
stars of planetary nebulae, which are complex shells and rings of ionized gas that surround hot blue stars that
range in temperature from 25,000 to over 200,000 K (45,000 to over 360,000◦ F) [Fig. 8]. While they can have
luminosities more than 10,000 solar, these central stars appear relatively dim to the eye, as they produce most of
their radiation in the high-energy ultraviolet portion of the electromagnetic spectrum. This radiation ionizes the
surrounding nebulae and causes them to glow. On the theoretician’s extended HR diagram, in which luminosity
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WIDTH:B
Fig. 8 Hubble Space Telescope image of the Ring Nebula in Lyra, a planetary nebula made of glowing ionized
gas that surrounds a hot blue star. (Courtesy of Hubble Heritage Team; Associated Universities for Research in
Astronomy; Space Telescope Science Institute; NASA)

is plotted directly against temperature, the planetary nebula central stars clearly connect the red giants with the
white dwarfs. See See also: PLANETARY NEBULA.
Even hotter neutron stars are found associated with the exploded remains of supernovae (supernova remnants).
Only 25 or so kilometers (15 mi) across, the visible ones spin rapidly, and are highly magnetic, with fields 10,12
times the strength of Earth’s field. Radiation beamed from tilted, wobbling magnetic axes can strike the Earth to
produce seeming pulses of radiation (Fig. 9). Over time, the spin rates slow and these pulsars disappear. The
remains of exploded stars, quiet pulsars (and active ones whose radiation does not hit Earth) litter the Galaxy.
Rare magnetars can have fields 100 times those of normal neutron stars. See See also: NEUTRON STAR See; PULSAR.

Evolution
The different kinds of stars can be linked through theories of stellar evolution. Stars are born by the gravitational
collapse of dense knots within cold dusty molecular clouds found only in the Galaxy’s disk. When the new stars
are hot enough inside to initiate fusion, their contraction halts and they settle onto the main sequence. The
higher the stellar mass, the greater the internal compression and temperature, and the more luminous the star.
But the higher the internal temperature, the greater the rate at which hydrogen is fused, and the shorter the star’s
life. The fuel supply is proportional to mass, M, and the rate of fusion is proportional to the luminosity, L. Lifetime
t is proportional to (fuel supply)∕(rate of use) and thus to M∕L. But L is on average proportional to M,3.5 , so t is
proportional to 1∕M,2.5 . For example, a 100-solar-mass star will exhaust its core hydrogen in only 2.5 million
years. See See also: MOLECULAR CLOUD See; PROTOSTAR.
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WIDTH:D
Fig. 9 Hubble Space Telescope image of the inner parts of the Crab Nebula supernova remnant. Part b is
blowup of boxed area in a. A spinning neutron star (pulsar) is to the left of the two stars near the center of the
image. (Courtesy of J. Hester and P. Scowen; NASA)

Main-sequence lifetime is so long for stars under 0.8 to 0.9 solar mass that none has ever evolved in the history of
the Galaxy. When a star between 0.8 and about 9 solar masses uses all its core hydrogen, its outer layers expand
and cool to class K (Fig. 10). The star then brightens as it becomes a giant, lower masses brightening by larger
factors after first becoming subgiants. The ascent to gianthood is terminated when the central temperature is
high enough (10,8 K or 1.8 × 10,8 ◦ F) to initiate the fusion of core helium via the triple-alpha process, wherein
three helium nuclei (alpha particles) combine to make one carbon atom. This process temporarily stabilizes the
star with a helium-burning core and a hydrogen-burning shell. Fusion with another,4 He nucleus makes oxygen.
When the helium is fused to carbon and oxygen, the core contracts, helium fusion spreads outward into a shell,
and the star again climbs the giant branch, the hydrogen- and helium-fusing shells sequentially turning on and off.
Such asymptotic giant branch (AGB) stars become larger and brighter than before, passing into class M where
they eventually become unstable enough to pulsate as Miras. Within a certain mass range, convection in giants
can bring carbon from helium fusion (as well as other new elements) to the surface, and the star can become a
class S and then a carbon star. Powerful winds strip the star nearly to its fusion zone, which is protected from the
outside by a low-mass hydrogen envelope. As the inner region becomes exposed, the star heats and eventually
illuminates the surrounding outflowing matter to produce a planetary nebula, which dissipates into the
interstellar medium, leaving a carbon-oxygen white dwarf behind.
When high-mass stars, those above about 8 to 10 solar masses, use up their core hydrogen, they too migrate to
the right on the HR diagram, becoming not so much brighter but larger, cooling at their surfaces and turning into
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WIDTH:C
Fig. 10 Evolution of stars on the HR diagram. Solar masses of stars are the indicated numbers along the main
sequence. Lower main-sequence stars have never had time to evolve. Intermediate-mass stars evolve from the
main sequence to become giants that stabilize during helium fusion in a “clump.” (Subsequent evolution, when
helium fusion is done, is not shown here.) High-mass stars evolve to the right as supergiants and then explode.
(After J. B. Kaler, Astronomy!, Addison-Wesley-Longman, 1994, from work of I. Iben, Jr.)

supergiants. Below about 40 solar masses they become class M red supergiants, losing huge amounts of matter
through immense winds. Some stabilize there under the action of helium fusion; others loop back to become
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blue supergiants. Above 60 solar masses, so much mass is lost that the supergiants do not make it much past class
B, stalling there as helium fusion begins. Supergiants are so massive that, whatever their outward disposition,
when the internal helium is fused to carbon and oxygen, the core shrinks and heats to the point that carbon
fusion can begin. The mixture converts to oxygen, neon, and magnesium, which then burns to a mixture of
silicon and sulfur, and finally to iron, each fusion stage moving outward to surround the core in successive shells.
Since iron cannot fuse and produce energy, the core suddenly collapses and somehow “bounces” to explode
away all the outer layers. From the outside, the observer sees the explosion as a type II supernova that can reach
absolute magnitude −18. Temperatures within the exploding layers are high enough to create all the chemical
elements, including iron, nickel, and uranium. The debris—the supernova remnant—expands for centuries into
space (Fig. 9), its shock wave helping to compress the interstellar matter and create new stars. The remaining
core is so dense that it converts to a neutron star or, if the mass is great enough, even to a black hole. See See
also: BLACK HOLE See; CRAB NEBULA See; NEBULA.
Other routes to stellar explosion derive from double stars. Mass transfer from a low-mass main-sequence star to a
white dwarf companion can cause the white dwarf to exceed the Chandrasekhar limit of 1.4 solar masses (beyond
which it cannot support itself by way of electron degeneracy). The resultant collapse of the white dwarf produces
a hydrogenless type Ia supernova that can reach M,v = - 19 with such reliability that such supernovae are used to
measure distances to distant galaxies. Stellar evolution feeds huge quantities of enriched matter back into the
star-generating clouds of interstellar space, causing the metal content of the Galaxy to increase and providing the
raw materials from which the Earth is made. See See also: NUCLEOSYNTHESIS See; STELLAR EVOLUTION See; SUPERNOVA.
James B. Kaler
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