
STELLAR STR UCTURE AND EV OLUTION

1. OBSER VABLE PR OPER TIES OF STARS
Basic large-scale observable prop erties:

Luminosit y
Surface temp erature

Radius
Mass

Further observable:

Spectrum : : : yields information about surface chemical
comp osition and gravit y

Evidence from:

² Individual stars

² Binary systems

² Star clusters....these rev eal how stars evolv e with time

² Nuclear physics...energy source, synthesis of heavy el-
ements

No direct information about physical conditions in stellar
in teriors (except from helioseismology and
solar neutrinos)
No direct evidence for stellar evolution......t ypical
timescale 106 ¡ 109 years....... (except for a few very un-
usual stars and supernovae)

1.1 LUMINOSITY (ZG: 11; CO: 3.1)
(`p ower', [J/s=W])
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stellar surface, R s the stellar radius. Energy may also
be lost in the form of neutrinos or by direct mass loss
(generally unobserv able).

Astronomers measure:
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at Earth's surface

² To obtain L

�

we must know the star's distance D and
correct for:

. absorption in the Earth's atmosphere (standard
metho ds)

. absorption in in terstellar space (negligible for
nearb y stars)

² Measuremen ts from the Hipparcos satellite (1989{
1993) have yielded parallaxes accurate to 0.002 arcsec
for about 100,000 stars. The largest stellar parallax
(Pro xima Centauri) is 0.765 arcsec.



1.2 STELLAR MA GNITUDES (ZG: 11; CO: 3.2, 3.6)

² measure stellar °ux (i.e. f = L=4� D 2, L: luminosit y,
D: distance)

. for Sun: L ¯ = 3:86 £ 1026 W , f = 1:360 £ 103 W m¡ 2

(solar constan t)

. luminosit y measuremen t requires distance determi-
nation (1A :U : = 1:50 £ 1011 m)

² de¯ne apparen t magnitudes of two stars, m 1, m2, by
m1 ¡ m2 = 2:5 log f2=f1

² zero poin t: Vega (historical) ! m ¯ = ¡ 26:82

² to measure luminosit y de¯ne absolute magnitude M to
be the apparen t magnitude of the ob ject if it were at a
distance 10 pc (1 pc = 3.26 ligh t years = 3:09 £ 1016 m)

² de¯ne bolometric magnitude as the absolute magni-
tude corresp onding to the luminosit y in tegrated over
all wavebands; for the Sun M bol

¯ = 4:72

² in practice, the total luminosit y is di±cult to measure
because of atmospheric absorption and limited detec-
tor response

² de¯ne magnitudes over limited wavelength bands

THE UBV SYSTEM

² the UBV system (ultra violet, blue, visual) whic h can
be extended in to the red, infrared (RI)

appro ximate notation for magnitudes
region apparen t absolute solar value

ultra violet U or mU M U 5.61
blue B or mB M B 5.48
visual V or mV M V 4.83
(near yellow)

² colours (colour indices): relativ e magnitudes in di®er-
ent wavelength bands, most commonly used: B ¡ V ,
U ¡ B

² de¯ne bolometric correction: B :C: = M bol ¡ M V

(usually tabulated as a function of B ¡ V colour)

² visual extinction A V : absorption of visual star ligh t
due to extinction by in terstellar gas/dust (can vary
from » 0 to 30 magnitudes [Galactic centre])

² distance mo dulus: (m ¡ M )V = 5 £ log D =10pc

² summary: M V = ¡ 2:5 log L=L ¯ + 4:72
| {z }

M bol

¡ B :C: + A V



Nearb y Stars to the Sun (from Norton 2000)

Common Name Distance Magnitudes spectral
(Scien ti¯c Name) (ligh t year) apparen t absolute typ e

Sun -26.8 4.8 G2V
Pro xima Centauri 4.2 11.05 (var) 15.5 M5.5V
(V645 Cen)
Rigel Ken taurus 4.3 -0.01 4.4 G2V
(Alpha Cen A)
(Alpha Cen B) 4.3 1.33 5.7 K1V
Barnard's Star 6.0 9.54 13.2 M3.8V
Wolf 359 7.7 13.53 (var) 16.7 M5.8V
(CN Leo)
(BD +36 2147) 8.2 7.50 10.5 M2.1V
Luyten 726-8A 8.4 12.52 (var) 15.5 M5.6V
(UV Cet A)
Luyten 726-8B 8.4 13.02 (var) 16.0 M5.6V
(UV Cet B)
Sirius A 8.6 -1.46 1.4 A1V
(Alpha CMa A)
Sirius B 8.6 8.3 11.2 DA
(Alpha CMa B)
Ross 154 9.4 10.45 13.1 M4.9V
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² Accurate information about relativ e luminosities has
been obtained from measuring relativ e apparen t
brigh tnesses of stars within clusters.

² Some wavelengths outside the visible region are com-
pletely absorb ed by the Earth's atmosphere. Hence
we must use theory to estimate contributions to L s

from obscured spectral regions until satellite measure-
ments become available.

² Observ ations of clusters show that optical luminosities
of stars cover an enormous range:

10¡ 4 L ¯ < L s < 106 L ¯

² By direct measuremen t:

L ¯ = (3:826 § 0:008) £ 1026 W :

² The luminosit y function for nearb y stars shows the
overwhelming prep onderance of in trinsically fain t
stars in the solar neigh bourho od. Highly luminous
stars are very rare: the ma jorit y of nearb y stars are
far less luminous than the Sun.

² Initial mass function (IMF): distribution of stellar
masses (in mass in terv al dM)

f (M ) dM / M ¡

� dM

�

' 2:35 [Salp eter] to 2.5

(go od for stars more massive than »> 0:5 M ¯ ).

! most of the mass in stars is locked up in low-mass
stars (bro wn dwarfs?)

. but most of the luminosit y comes from massive
stars.

Luminosity Function 
(after Kroupa)
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1.3 STELLAR SURF A CE TEMPERA TURES
(ZG: 8-6; CO: 3.4)

Various metho ds for ascribing a temp erature to the stellar
photosphere:

1. E®ectiv e temp erature, T e® (equiv alent black-b ody
temp erature):

L s = 4� R 2
s

Z
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d
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= 4� R 2
s� T 4

e®

Direct determination of T e® not generally pos-
sible because R s is not measurable except in a
few cases. T e® can be deriv ed indirectly using
mo del atmospheres.

2. Colour temp erature

. Matc h shape of observ ed contin uous spectrum to
that of a black body,

©(
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kT ) ¡ 1
:

. An empirical relationship between colour temp er-
ature and B-V has been constructed (B and V are
magnitudes at

� B and

� V respectiv ely).
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1.4 SPECTRAL CLASSIFICA TION (ZG: 13-2/3; CO:
5.1, 8.1, 8.3)

² Strengths of spectral lines are related to excitation
temp erature and ionization temp erature of photo-
sphere through Boltzmann and Saha equations.

² An empirical relation between spectral class and sur-
face temp erature has been constructed (e.g. Sun: G2
! 5,800 K).

² Di®eren t prop erties yield di®eren t temp eratures.
Only a full mo del atmosphere calculation can describ e
all spectral features with a unique T e®: not available
for most stars. Normally astronomers measure V and
B ¡ V and use an empirical relation based on mo del
atmosphere analysis of a limited num ber of stars to
convert V to L s and B ¡ V to T e®.

² L s and T e® are the key quan tities output by stellar
structure mo del calculations.

² Range of T e®: 2000 K < T e® < 100; 000 K
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Spectral Type

50,000 25,000 10,000 8,000 6,000 5,000 4,000 3,000

Luminosit y Classes

Class T yp e of Star

Ia Luminous supergian ts
Ib Less Luminous supergian ts
I I Brigh t gian ts
I I I Normal gian ts
IV Subgian ts
V Main-sequence stars

(Dw arfs)
VI, sd Subdwarfs

D White Dw arfs

² The luminosit y class is essentially based on the width
of spectral lines

² narro w lines ! low surface pressure ! low surface
gravit y ! big star

² supergian ts have narro w lines, white dwarfs (the com-
pact remnan ts of low-/in termediate-mass stars) very
broad lines

L Stars/T Dw arfs

² recent extension of the spectral classi¯cation for very
cool (T e® < 2500 K) ob jects, mainly bro wn dwarfs (?)
(lo w-mass ob jects many with M < 0:08 M ¯ whic h are
not massive enough for nuclear reactions in the core)
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O5 1.5 STELLAR ATMOSPHERES (ZG: 13-1; CO: 9.1, 9.4)

² Con tin uum spectrum: de¯nes e®ectiv e temp erature
(T e®) and photospheric radius (R ph ) through

L bol = 4� R 2
ph� T 4

e®

² absorption lines in the spectrum are caused by cooler
material above the photosphere

² emission lines are caused by hotter material above the
photosphere

² spectral lines arise from transitions between the bound
states of atoms/ions/molecules in the star's atmo-
sphere

² spectral lines contain a wealth of information about

. the temp erature in regions where the lines are pro-
duced ! spectral t yp e

. the chemical comp osition ! nucleosyn thesis in
stars

. pressure ! surface gravit y ! luminosit y class

. stellar rotation: in rapidly rotating stars, spectral
lines are Doppler broadened by rotation

. orbital velocities (due to perio dic Doppler shifts)
in binaries



1.6 STELLAR MASSES (ZG: 12-2/3; CO: 7.2, 7.3)

Only one direct metho d of mass determination: study
dynamics of binary systems. By Kepler's third law:

(M 1 + M 2)=M ¯ = a3=P2

a = semi-ma jor axis of apparen t orbit in astronomical
units; P = perio d in years.

a) Visual binary stars:

. Sum of masses from above

. Ratio of masses if absolute orbits are known

M 1=M 2 = a2=a1 a = a1 + a2

. Hence M 1 and M 2 but only a few reliable results.

b) Spectroscopic binary stars:

. Observ ed radial velocit y yields v sin i (inclination
i of orbit in general unkno wn). From both veloc-
it y curv es, we can obtain M 1=M 2 and M 1 sin3i and
M 2 sin3i i.e. lower limits to mass (since sin i < 1).

. For spectroscopic eclipsing binaries i » 90o; hence
determination of M 1 and M 2 possible. Ab out 100
good mass determinations; all main-sequence stars.

² Summary of mass determinations:

. Apart from main-sequence stars, reliable masses
are known for 3 white dwarfs
a few gian ts

. Range of masses: 0:1M ¯ < M s < 200M ¯ .

1.7 STELLAR RADI I (ZG: 12-4/5; 7.3)

In general, stellar angular diameters are to o small to be
accurately measurable, even for nearb y stars of known
distance.

R¯ = 6:96 £ 105 km

² In terferometric measuremen ts:

a) Mic helson stellar in terferometer results for 6 stars
(Rs >> R ¯ )

b) In tensit y in terferometer results for 32 stars (all hot,
brigh t main-sequence stars with R s » R ¯ )

² Eclipsing binaries:

. Measure perio dic brigh tness variations

. reliable radii for a few hundred stars.

² Lunar occultations:

. Measure di®raction pattern as lunar lim b occults
star

. results for about 120 stars.



700 nm

Optical Interferometry (WHT, COAST): Betelgeuse

905 nm

1290 nm

² Indirect metho ds:

. e.g. use of L s = 4� R 2
s� T 4

e® with estimates of L s and
T e®.

² Summary of measuremen ts of radii:

. Main-sequence stars have similar radii to the Sun;
Rs increases slowly with surface temp erature.

. Some stars have much smaller radii » 0:01R ¯

(white dwarfs)

. Some stars have much larger radii > 10R ¯ (gian ts
and supergian ts)

. Range of radii: 0:01R ¯ < R s < 1000R ¯ .
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Stellar Structure and Stellar Evolution

² physical laws that determine the equilibrium structure
of a star

² stellar birth in protostellar clouds ! planet formation
in circumstellar discs, binarit y, bro wn dwarfs

² stellar evolution driv en by successive phases of nuclear
burning, ! gian ts, supergian ts

² ¯nal stages of stars:

. white dwarfs and planetary nebula ejection
(M »< 8 M ¯ )

. supernova explosions for massive stars (M »> 8 M ¯ ) ,
leaving neutron star (pulsar), black-hole remnan ts

Stellar A tmospheres

² basic physics that determines the structure of stellar
atmospheres, line formation

² mo delling spectral lines to determine atmospheric

prop erties, chemical comp osition



Selected Prop erties of Main-Sequence Stars

Sp M V B ¡ V B.C. M bol log T e® log R log M
(K) ( R ¯ ) ( M ¯ )

O5 -5.6 -0.32 -4.15 -9.8 4.626 1.17 1.81
O7 -5.2 -0.32 -3.65 -8.8 4.568 1.08 1.59
B0 -4.0 -0.30 -2.95 -7.0 4.498 0.86 1.30
B3 -1.7 -0.20 -1.85 -3.6 4.286 0.61 0.84
B7 -0.2 -0.12 -0.80 -1.0 4.107 0.45 0.53
A0 0.8 +0.00 -0.25 0.7 3.982 0.36 0.35
A5 1.9 +0.14 0.02 1.9 3.924 0.23 0.26
F0 2.8 +0.31 0.02 2.9 3.863 0.15 0.16
F5 3.6 +0.43 -0.02 3.6 3.813 0.11 0.08
G0 4.4 +0.59 -0.05 4.4 3.774 0.03 0.02
G2 4.7 +0.63 -0.07 4.6 3.763 0.01 0.00
G8 5.6 +0.74 -0.13 5.5 3.720 -0.08 -0.04
K0 6.0 +0.82 -0.19 5.8 3.703 -0.11 -0.07
K5 7.3 +1.15 -0.62 6.7 3.643 -0.17 -0.19
M0 8.9 +1.41 -1.17 7.5 3.591 -0.22 -0.26
M5 13.5 +1.61 -2.55 11.0 3.491 -0.72 -0.82

Exer cise 1.1: The V magnitudes of two main-sequence
stars are both observ ed to be 7.5, but their blue mag-
nitudes are B 1 = 7:2 and B 2 = 8:65. (a) What are the
colour indices of the two stars. (b) Whic h star is the
bluer and by what factor is it brigh ter at blue wave-
length. (c) Making reasonable assumptions, deduce as
many of the physical prop erties of the stars as possible
e.g. temp erature, luminosit y, distance, mass, radius
[assume A V = 0].

Summary I
Concepts:

² relation between astronomical observables (°ux, spec-
trum, parallax, radial velocities) and physical prop er-
ties (luminosit y, temp erature, radius, mass, comp osi-
tion)

² the stellar magnitude system (apparen t and absolute
magnitudes, bolometric magnitude, bolometric cor-
rection, distance mo dulus) , the UBV system and stel-
lar colours

² the black-b ody spectrum, e®ectiv e temp erature

² spectral classi¯cation: spectral t yp e and luminosit y
classes and its implications

² measuring masses and radii

Imp ortan t equations:

² distanc e modulus: (m ¡ M )V = 5 log D =10pc

² absolute V magnitude:
M V = ¡ 2:5 log L=L ¯ + 4:72 + B:C: + A V

² Salpeter initial mass function (IMF):
f (M ) dM / M ¡ 2:35 dM

² black-b ody relation: L = 4� R 2
s� T 4

e®

² Kepler's law: a3
µ

2

�

P

¶ 2
= G(M 1 + M 2)


