
Sterrenstelsels en Kosmos
Assignment 1

Due: 19 November 2009

1. To give you an idea of the conditions in the center of the Sun, use

(a) the equation of hydrostatic equilibrium to estimate the pressure at the center of the
Sun, Pc, and

(b) the equation of state for an ideal gas to estimate the temperature at the center of the
Sun, Tc.

The average density of the Sun is ρ̄ = 1.4 g/cm3 and the typical mass of a particle in the
Sun is 0.62mH , where mH is the mass of a hydrogen atom. You can find other constants,
like the Boltzmann constant, the mass of the hydrogen atom, and the mass and radius of
the Sun on page 553 of Kutner.

Compare the numbers you estimated above with the values inferred from accurate models:
Pc = 2.3 × 1017 dyne/cm2 and Tc = 1.6 × 107 K. Do your estimates agree with these
numbers? Examine your assumptions and try to figure out why they agree or disagree.

2. Derive the relation between stellar mass and luminosity for stars on the main sequence.
Below you will use this relation to estimate how long stars live at a given mass.

First, write down the “order of magnitude equivalent” equations for mass conservation,
hydrostatic equilibrium, and radiative transfer equations of stellar structure, as well as the
equation of state for an ideal gas. Make sure you keep terms in the opacity κ̄ as you write
down these equations!

To get you started, the equation of mass conservation,

dM

dr
= 4πr2ρ(r), (1)

can be rewritten as
M

R
∝ R2ρ, (2)

where M and R are the radius of the star and ρ is some measure of its density. We then
have

ρ ∝MR−3. (3)

Use this relation to eliminate ρ from the other equations.

Next, use the approximation
dT

dr
≈ T

R
(4)

at L(r) = L(R) and your previous equations to write the radiative transfer equation in
terms of luminosity L as a function of mass M and opacity κ̄.

(a) For hot—that is, high-mass—stars, the opacity is a constant. What is the relation
between luminosity and mass for these stars?

(b) For cooler stars (like the Sun), the opacity goes as κ̄ ∝ ρT−3.5. What is the relation
between luminosity, mass, and radius for these stars? For solar mass stars, R ∝ M
(roughly). What is the relation between luminosity and mass in this case?
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218 F. van Leeuwen: Parallaxes and proper motions for 20 open clusters

Fig. 7. Comparison between the formal errors on the distance moduli
for the Hyades stars as measured directly through parallaxes (dots) and
as derived from the space velocity and the observed proper motions
(crosses).

proper motions are insu!cient for representing their actual noise
level. The formal errors on the input data to the solution do in-
clude the errors on the measured parallaxes.

The space velocity, together with the observed proper mo-
tions and their covariances can be used to derive, by means of
Eq. (6), the kinematic (relative) parallaxes for the cluster mem-
bers. The advantage of this for the Hyades cluster stems from the
relatively large proper motion, combined with small formal er-
rors, and can clearly be seen when comparing the error estimates
on distance moduli derived from the measured and kinematic
parallaxes (Fig. 7). The mean parallax of the selected stars was
calculated from the kinematic parallax estimates, and after pro-
jecting their distances onto the line-of-sight for the cluster cen-
tre, to avoid any (though quite small) projection-induced bias.
The value thus obtained is

!Hyad = 21.53 ± 2.76 (±0.23) mas, (35)

where the first error shows the standard deviation, representing
the spread of stars in the cluster. The formal errors on the mea-
surements hardly contribute to this value, being overall much
smaller. The second error in Eq. (35) gives the error on the
mean. Thus, based on the error on the mean, the weighted mean
distance of the 150 plausible Hyades members selected here is
46.45 ± 0.50 pc, which is equivalent to a distance modulus of
3.334±0.024. The determination by Perryman et al. (1998) gave
a distance of 46.34 ± 0.27 pc, based on a somewhat di"erent
selection of stars and reduction methods.

For the current study, the most important result is the posi-
tion and shape of the Hyades HR diagram, representing an ob-
served isochrone for stars of a specific age and chemical compo-
sition. The comparison between the diagrams as derived using
the observed or the kinematic parallaxes has been shown on var-
ious previous occasions (Madsen 1999; Madsen et al. 2000; de
Bruijne et al. 2001) and VL7B, so here is shown only the dia-
gram using the distance moduli for individual stars as based on
their kinematic parallaxes (Fig. 8). Clear from this figure is the
narrow and well-defined main sequence, as well as the scattering
of double stars up to 0.75 mag above it.

Fig. 8. The Hyades HR diagram for 150 probable members, using dis-
tance moduli for individual stars as based on kinematically derived
parallaxes.

6.2. Coma Ber and UMa

Coma Ber is a sparse cluster at high galactic latitude, consid-
ered older than the Pleiades and younger than the Hyades and
Praesepe. Crawford & Barnes (1969b) derived a distance mod-
ulus of 4.5 for this cluster, and showed in the same paper the
results for a small number of members of the core of the UMa
moving group, which have characteristics very similar to the
Coma Ber cluster. For this group a distance modulus of 1.8 is
stated. Both distance determinations used the calibrations of the
parameters c1 and " as presented by Strömgren (1966). That cal-
ibration is in fact based on the one presented by Fernie (1965),
who used open cluster data for which distances had been derived
from on UBV photometry by Johnson et al. (1961). Among those
clusters was Coma Ber, for which a distance modulus of 4.5 was
given. All distances given in that paper were tied-in to a dis-
tance of 40 pc for the Hyades, which we now know should be
16 per cent larger, at 46.45 pc. It is therefore reasonable to as-
sume that the distance and distance-moduli estimates based on
this material may have been underestimated. It would in fact be
more surprising if they were correct.

There are few independent distance determinations for
Coma Ber. Based on the so-called photometric boxes in the
Geneva photometric system, and thereby e"ectively calibrating
the cluster distance on ground-based parallaxes of nearby stars,
Nicolet (1981) derived a distance modulus of 4.76 ± 0.15. A
di"erential parallax determination by Gatewood (1995) gave a
value of 4.34 ± 0.09 for the distance modulus. This is an inter-
nal error, and considering the discussion in Sect. 5.3, an error of
the order of 0.3 to 0.4 mag for the absolute value may be more
realistic. Based on UBV photometry, Cameron (1985) derived a
distance modulus of 4.65, while a more recent photometric dis-
tance determination by Pinsonneault et al. (1998) gave a value of
4.54 ± 0.04. The parallax determinations using the first release

Figure 1: The colour–absolute magnitude diagram of the Hyades cluster, from van Leeuwen
(2009)

Observationally, L ∝M3.8, so L ∝M4 is a reasonable approximation for the main sequence
(except for the highest- and lowest-mass stars).

Now, the higher the luminosity, the more nuclear burning is required. The amount of fuel
available is ∼M , and the timescale for nuclear burning is

τ ∝ M

L
. (5)

Then how does the timescale for nuclear burning vary with mass on the main sequence? If
the Sun will live 1010 years on the main sequence, how long will a star with M = 10 M�
live on the main sequence?

3. The Hyades open cluster has a radial velocity of vr = 35 km/s, a proper motion of µ =
0.078 arcsec/yr, and its convergent point is located at an angle of A = 26◦ from the line-
of-sight to the Sun.

(a) How far away is the cluster from the Sun in parsecs (pc)? What is its distance modulus
m−M?

(b) The cluster’s colour–absolute magnitude diagram (sometimes known as the “Hertzsprung-
Russell diagram”) is shown in Figure 1. Use the distance modulus you found above
to write down the apparent magnitude scale on the right-hand side of the diagram.

(c) What is the cluster’s space motion (velocity)?
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