
Lecture notes 13: Double stars and the detection of planets

More than half of all stars are in double star or in multiple star systems. This
fact gives important clues on how stars form, but can also has the important
consequence that it allows us to measure stellar masses.

Double star types

Double stars are conveniently subdivided into classes based on how they are
observed:

• Optical double stars are stars that coincidentally lie on the same line of
sight as seen from the Earth. There are actually quite few of these, most
stars that seem to lie close to each other are really double stars, they
orbit each other.

• Visual double stars are doubles that can be separated either visually or
with a telescope. Their orbital period can vary from some years to more
than a millennium.

• Spectroscopic double stars are stars that cannot be separated with a
telescope, but are discovered through studies of the stars’ spectral lines
which will indicate periodic radial motions through doppler shifts of the
spectral lines.

• Eclipsing binaries are double stars in which the orbital plane of obser-
vation is such that the stars periodically shadow for each other, leading to
a periodic variation in the intensity of the combined flux from the stars.
A famous naked eye example is the star Algol in Perseus.

• Astrometric double stars are stars where only one component is visible,
but that component periodically changes position on the sky due to its
orbital motion around its companion. A famous example is Sirius in Canis
Minor which has a white dwarf as companion, Sirius B, which is only
1/5000 as luminous as Sirius A.

Keplers laws derived

We already seen that the total energy of a two body system can be written as

E =
1

2
µv2 − G

Mµ

r

where µ is the reduced mass, M is the sum of the masses, and r is the distance
between the masses. Similarly the total orbital angular momentum

L = m1r1 × v1 + m2r2 × v2 = µr × v = r× p

I.e the total angular momentum equals the angular momentum of the reduced
mass only. Kepler’s second law follows by considering the effect of the central
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force of gravitation on the angular momentum. The time derivative of the
angular momentum is

dL

dt
=

dr

dt
× p + r×

dp

dt
= v × p + r × F

Both cross products are with parallel vectors and thus

dL

dt
= 0,

i.e. the angular momentum of a system is constant for a central force law.
It follows that the area swept out by the radius vector in an infinitesimal

time 1

2
r × dr

dt is constant and must be equal to

dA

dt
=

1

2

L

µ
(1)

This is simply Keplers’s second law. Note also that the direction of L is
constant; the plane of the orbit maintains the same orientation.

Kepler’s third law follows from considering the conserved energy and angular
momentum of the two bodies. At both perihelion and aphelion r and v are
perpendicular and the magnitude of L is

L = µrv

In an ellipse the distance to perihelion is rp = a(1 − e) and the distance to
aphelion is ra = a(1 + e) where e is the eccentricity of the orbit. This gives

µrpvp = µrava

which reduces to
vp

va
=

1 + e

1 − e
.

We can also equate the energies at aphelion and at perihelion

1

2
µv2

p − G
GµM

a(1 − e)
=

1

2
µv2

a − G
GµM

a(1 + e)

Combining the above gives

v2

p =
GM

a

1 + e

1 − e

and

v2

a =
GM

a

1 − e

1 + e

Which allows us to calculate the total angular momentum

L = µ
√

GMa(1 − e2)
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and energy

E = −G
µM

2a

of the orbit. Integrating equation 1 over one orbital period P gives us

A =
1

2

L

µ
P. (2)

The area of an ellipse is A = πab and squaring equation 2 gives

P 2 =
4π2a2b2µ2

L2

Finally inserting values for L, µ, and recalling that b2 = a2(1− e2) in an ellipse
we find

P 2 =
4π2

G(m1 + m2)
a3.

This is Kepler’s third law.

Stellar masses

Kepler’s third law gives us the possibility of measuring stellar masses via obser-
vations of the orbital period and the size of the semi-major axis of the orbital
ellipse. This gives a measurement of the sum of the stellar masses. Observing
the sizes of the semi-major axis of the individual orbits of the stars around their
center of mass give the individual masses

a1m1 = a2m2

since we have two equations describing the two unknown masses.
Note that one also can derive the sizes of orbits from observations of spec-

troscopic double stars which give the orbital velocity along the line of sight as
well as the period. However, unless the orientation of the orbit is know by other
means one cannot derive the individual masses to better than a factor m∗ sin i
where i is the inclination of the orbit.

Observational stellar masses

From the observations of many double star stellar masses and their associated
luminosities (which also require the distance to the stars being known) one
can build up an observational mass-luminosity relation. For stars on the main
sequence (luminosity class v) one finds

L ∝ m3.5
∗

which is acceptably close to the theoretical mass-luminosity relation we found
earlier.
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Exoplanets

Carl Sagan has noted that there at least 109 galaxies in the observable universe
and roughly 1011 stars in each galaxy. On the other hand the universe is of order
1010 yr old. These numbers imply that should stars be formed evenly over time
(which they are not!) there should be 106 stars formed per hour. It would
therefore be very surprising should the solar system be unique in the universe.
However, actually finding evidence of planets around other stars, exoplanets,
is a quite difficult proposition.

Direct observation? The spatial resolution of a telescope of diameter D goes
as

θ = 1.22λ/D

where λ is the wavelength one observes at. In practice from the earth this
is limited to a resolution θ ≈ 1” due atmospheric “seeing” and to θ ≈ 0.06”
from Hubble due limitations of spacecraft pointing. The latter should be good
enough to separate Jupiter from the Sun from a distance 250 ly and the Earth
from the Sun from a distance 50 ly. However any hopes of doing this in prac-
tice are in the first instance dashed by the fact that LS/LJ = 6 × 108 and
LS/LE = 2.5× 1010; the light from a star will completely drown the light from
any planet (though one should google Darwin Interferometry ESA to see what
destructive interferometry can do).

One is then left with indirect methods of measurement; the same as used in
observations of double stars: astrometry, spectroscopic, and occultation.

Doppler measurements of the radial velocity of the star harboring an unseen
planet vr scales as

vr ∝
mp sin i

P 1/3m
2/3

∗

For reference, Jupiter produces a wobble of roughly 13 m/s in the Sun.

θ ∝
mpP

2/3

m
2/3

∗

where r is the distance to the star. A Jupiter analog at 5 AU located 10 pc away
would produce an astrometric amplitude of 0.0005”. Occultations, or transits,
will cause a fall in the light of the observed star if the geometry of the orbit is
aligned properly with respect to the Earth. A Jupiter with radius 1RJ will dim
a solar type star by 1% over a period of some hours depending on the geometry
and the size of the orbit. A transit requires that

tan i >
a

R∗

where i is the orbital inclination, a is the planets semi-major axis and R∗ is the
stars radius. A transit, followed by a Doppler measurement, will give the planet
mass directly since sin i ≈ 1.0. Transits should also give the radius of the planet
and hence its density, allowing one to distinguish between solid planets and gas
giants.
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Some history

Barnards Star was discovered by E.E. Barnard in 1916. This red dwarf,
5.95 ly distant, is remarkable in that it has an unusually high proper motion
of 10.3” /year. (The motion has a component toward us and Barnards Star
will be at its closest in 11, /800 at 3.8 ly.) Peter van der Kamp spent his
entire professional career (1960’s, -70’s and -80’s) trying to show that this star
was accompanied by two planets using the astrometric method based on 2000
photographic plates taken in the period 1938–1962. He had not succeeded in
convincing anyone before his death in 1995 — the year that the first accepted
planet, orbiting 51 Pegasi, was announced.

Another early contender for evidence of exoplanet related phenomena was
the disk discovered around β Pictoris, an A5 v star 58 ly distant. The disk is a
large ring of gas and dust with a diameter of some 500 AU. Hubble found “holes”
in the disk at distances of 10 and 30 AU from the star, perhaps indicating that
two planets were forming in this region in the mid nineties. β Pictoris is still
considered a very interesting system, but the evidence for planets does not seem
to have been strengthened in the last decade.

The first definitive planet around another star was found by measuring the
velocity semi-amplitude, K, given by

K = v∗ sin i = (
2πG

P
)1/3

mp sin i

(m∗ + mp)2/3

1
√

1 − ε2

and the period of the orbit. The mass of the star, m∗, can be derived from the
mass-luminosity relationship once the distance and hence luminosity of the star
is observed, either by measuring the stars parallax or by spectroscopic parallax.
The eccentricity of the orbit, e, is deduced from the shape of the stellar radial
velocity v∗,r as a function of time.

Early exoplanets are 51 Pegasi (P = 4.23 days, a = 0.05 AU) discovered by
Mayor & Queloz in 1995, 70 Virginis (P = 116.6 days, a = 0.43 AU) discovered
by Butler & Marcy, and HD 209498 discovered also to be transiting on Nov 7
1999 (P = 3.52 days, a = 0.045 AU, Rp = 1.43RJ) as its star reduced its flux by
1.7%. Oxygen, Carbon, and Na have been detected in this planets atmosphere.

There are at the time of writing 133 known exoplanets around main sequence
stars, new discoveries are made continuously and interested parties may follow
developments on (http://exoplanet.eu).

Exoplanet properties

The most unexpected properties of the discovered exoplanets are that it
seems that exoplanet orbits are much more eccentric than previously supposed
and that there is ample evidence that planetary migration occurs (many Jupiter
sized planets are found to orbit very close to their star, much closer than for-
mation theories allow). This has led to considerable upheaval in the “planetary
system formation” community in the last decade.
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Formation of the Solar System

The fossil record as known towards the end of the 19th century gave a good
relative time-scale for the age of the Earth and various geological epochs, but
the absolute scale was not known. The archbishop of Usher calculated that the
Earth was 6000 years old in 1664. Kelvin and Helmholz estimated 20− 30 Myr
based on their theory of gravitational contraction as the energy source of the
Sun. It was first with the radioactive dating introduced by Rutherford at the
beginning of the 20th century that the age of the Earth become known with any
certainty.

Radioactive dating takes advantage of the radioactive decay of certain ele-
ments with known half lives:

n(t) = n(t = t0) exp [−t/te] = n(t = t0)(1/2)t/τ

where τ = te/ ln 2 is defined as the half life. The isotope 238

92
U decays by α

and β decay to the stable 206
82 Pb with a half life of 4.47 Gyr. The principle of

dating is based on identifying the total number, in this case of uranium and
lead isotopes and noting that

n(238U) + n(206Pb) = constant.

It is then clear that the ratio of these isotopes gives the date of the material they
were found in. There are many complications in this procedure: i.e. how many
206Pb where there originally, so the procedure is far from as straightforward as
it seems here. Another isotope pair often used in dating is 40K → 40Ar which
has a half life of 1.3 Gyr.

Another thing that may be done with this sort of procedure is to date the
elements themselves. It is found that heavy elements are of order 7− 15 Gyr as
compared to the Earth’s 4.4 Gyr.

Kants hypothesis

A theory of the formation of the solar system should explain the following:

• Planetary orbits lie in the same plane and resolve in the same direction.

• The Sun’s rotation (spin) is in the same direction.

• The planets’ spin are also in the same direction (except Uranus)

• The eccentricity of planetary orbits is e << 1 for all planets except Mer-
cury and Pluto.

• The satellite systems of the major planets mimic the solar system.

• The chemical differentiation and physical properties of the planets.

Serious scientific work on this problem was first done by Descartes, Kant and
Laplace. The latter two’s nebular hypothesis is a direct ancestor of today’s
formation theory.

6



1. A rotating nebula forms from a contracting/collapsing cloud. Conserva-
tion of angular momentum L leads to flattening. There is a high proba-
bility two lumps develop, eventually forming a double star system.

2. The rotating disk condenses into small pieces which grow into planets by
collisions. Planets have 99% of the solar systems angular momentum while
the Sun has 99.9% of the total mass. The magnetic field may have been
important in transporting angular momentum outward in the protoplan-
etary disk.

3. Insofar as planets grow by accretion, Jovian planets have a head start
since they form in cooler regions. Jovian masses are large enough to gather
gases. Terrestrial planets have a later start, never gather large mass before
the solar wind (during the Sun’s T-Tauri phase) sweeps the solar system
clean of material. The asteroid belt is all that remains of the debris from
planetary formation in the inner solar system, in the outer solar system
the Kuiper belt still remains and carries important information on the
early solar system and its later evolution.

Figure 1: A schematic illustration of the outer solar system and the processes
that occur there that drive its evolution.

4. A scaled down version of this formation scenario could be responsible for
the formation of the satellite systems of the gas giant planets.

Among the most difficult properties to explain lies in the difference between
the inner and outer solar system. The terrestrial planets have densities on
the order of 4 − 5 × 103 kg/m3, while the Jovian are 1 − 2 × 103 kg/m3. The
differences mean that gravity is not the only active agent in planetary formation.
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The temperature in the disk was higher towards the center. At low enough
temperatures solids can condense via molecular forces. It was probably never
cool enough — less than 200 K — in the inner solar system to allow ices of
water, methane, and ammonia to form. (Where did the Earth’s water come
from? Perturbed bodies from the outer solar system?) While on the other hand,
silicates, magnesium silicates and iron-nickel alloys can form at temperatures
below 1800 K.

The outer planets thus presumably become large enough to to gather gas by
gravity while the inner planets did not before the solar wind turns on at some
106 yr.

One must also consider the role of pre-solar grains. At low enough disk tem-
peratures it has been shown that a gravitational instability in the disk rapidly
can form asteroid sized objects from preexisting grains sized from mm to cm (like
those found in the rings of Saturn). The question is whether the temperature
ever was low enough for this instability to develop.

Asteroid sized objects collide to form planetisimals and later planets.
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