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40 6 Composition and Ionization from Stellar Spectra
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Figure 6.5 Left: Schematic Hertzsprung–Russell (H–R) diagram relating stellar absolute
magnitude (or log luminosity) versus surface temperature, as characterized by the spectral type
or color, with hotter bluer stars on the left, and cooler redder stars on the right. The main
sequence (MS) represents stars fusing hydrogen into helium in their core, whereas the giants or
supergiants are stars that have evolved away from the MS after exhausting hydrogen in their
cores. The white-dwarf stars are dying remnants of solar-type stars. Image credit: CSIRO
Radio Astronomy Image Archive. Right: More than 4 million stars within 5000 light years
from the Sun plotted as an H–R diagram using information about their brightness, color, and
distance from ESA’s Gaia satellite. Credit: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO.

and luminosities. The right panel of Figure 6.5 shows the H–R diagram for these stars,
plotting their known luminosities versus their colors or spectral types.

The extended band of stars running from the upper left to lower right is known as
the main sequence, representing “dwarf” stars of luminosity class V. The reason there
are so many stars in this main-sequence band is that it represents the long-lived phase
when stars are stably burning hydrogen into helium in their cores (Chapter 18).

The medium horizontal band above the main sequence represents “giant stars” of
luminosity class III. They are typically stars that have exhausted hydrogen in their
core, and are now getting energy from a combination of hydrogen burning in a shell
around the core, and burning helium into carbon in the cores themselves (Chapter 19).

The relative lack here of still more luminous supergiant stars of luminosity class I
stems from both the relative rarity of stars with sufficiently high mass to become this
luminous, coupled with the fact that such luminous stars live for only a very short time
(Section 8.4). As such, there are only a few such massive, luminous stars in the solar
neighborhood. Studying them requires broader surveys extending to larger distances
that encompass a greater fraction of our Galaxy.

The stars in the band below the main sequence are called white dwarfs; they
represent the slowly cooling remnant cores of low-mass stars such as the Sun
(Section 19.4).

9.5 The Hertzsprung–Russell Diagram 235

Fig. 9.8 The Hertzsprung–Russell diagram. The horizon-
tal coordinate can be either the colour index B − V , ob-
tained directly from observations, or the spectral class. In
theoretical studies the effective temperature Te is com-
monly used. These correspond to each other but the depen-
dence varies somewhat with luminosity. The vertical axis
gives the absolute magnitude. In a (lg(L/L⊙), lgTe) plot
the curves of constant radius are straight lines. The dens-

est areas are the main sequence and the horizontal, red gi-
ant and asymptotic branches consisting of giant stars. The
supergiants are scattered above the giants. To the lower
left are some white dwarfs about 10 magnitudes below the
main sequence. The apparently brightest stars (m < 4) are
marked with crosses and the nearest stars (r < 50 ly) with
dots. The data are from the Hipparcos catalogue

elements, zirconium, yttrium and barium. A large
fraction of the S stars are irregular variables. The
name of the C stars refers to carbon. The metal
oxide lines are almost completely absent in their
spectra; instead, various carbon compounds (CN,
C2, CH) are strong. The abundance of carbon rel-
ative to oxygen is 4–5 times greater in the C stars
than in normal stars. The C stars are divided into
two groups, hotter R stars and cooler N stars.

Another type of giant stars with abundance
anomalies are the barium stars. The lines of bar-
ium, strontium, rare earths and some carbon com-
pounds are strong in their spectra. Apparently nu-
clear reaction products have been mixed up to the
surface in these stars.

9.5 The Hertzsprung–Russell
Diagram

Around 1910, Ejnar Hertzsprung and Henry Nor-
ris Russell studied the relation between the abso-
lute magnitudes and the spectral types of stars.
The diagram showing these two variables is now
known as the Hertzsprung–Russell diagram or
simply the HR diagram (Fig. 9.8). It has turned
out to be an important aid in studies of stellar evo-
lution.

In view of the fact that stellar radii, luminosi-
ties and surface temperatures vary widely, one
might have expected the stars to be uniformly dis-
tributed in the HR diagram. However, it is found

(Karttunen et al., 2017)(CSIRO Radio Astronomy Image Archive)
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A star composed of ideal gas at constant temperature corresponds to a polytrope with γ = 1, i.e.
with n→ ∞. Such a polytrope would have infinite radius (Chapter 4) or, if its radius were finite, would
have infinitely high central density, both of which are unphysical. In other words, completely isother-
mal stars made of ideal gas cannot exist. The reason is that the pressure gradient needed to support
such a star against its own gravity is produced only by the density gradient, dP/dr = (RT/µ) dρ/dr,
with no help from a temperature gradient. Thus hydrostatic equilibrium in an isothermal star would
require a very large density gradient.

It turns out, however, that if only the core of the star is isothermal, and the mass Mc of this isother-
mal core is only a small fraction of the total mass of the star, then a stable configuration is possible. If
the core mass exceeds this limit, then the pressure within the isothermal core cannot sustain the weight
of the overlying envelope. This was first discovered by Schönberg and Chandrasekhar in 1942, who
computed the maximum core mass fraction qc = Mc/M to be

Mc

M
< qSC = 0.37

(

µenv

µc

)2

≈ 0.10 (10.1)

where µc and µenv are the mean molecular weight in the core and in the envelope respectively. This
limit is known as the Schönberg-Chandrasekhar limit. The typical value qSC ≈ 0.10 is appropriate
for a helium core with µc = 1.3 and a H-rich envelope. (A simple, qualitative derivation of eq. 10.1
can be found in Maeder Section 25.5.1.)
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Figure 10.1. Evolution tracks for stars of quasi-solar composition (X = 0.7, Z = 0.02) and masses of 1, 2,
3, 5, 7 and 10 M⊙ in the H-R diagram (left panel) and in the central temperature versus density plane (right
panel). Dotted lines in both diagrams show the ZAMS, while the dashed lines in the right-hand diagram show
the borderlines between equation-of-state regions (as in Fig. 3.4). The 1 M⊙ model is characteristic of low-mass
stars: the central core becomes degenerate soon after leaving the main sequence and helium is ignited in an
unstable flash at the top of the red giant branch. When the degeneracy is eventually lifted, He burning becomes
stable and the star moves to the zero-age horizontal branch in the HRD, at log L ≈ 1.8. The 2 M⊙ model is
a borderline case that just undergoes a He flash. The He flash itself is not computed in these models, hence
a gap appears in the tracks. The 5 M⊙ model is representative of intermediate-mass stars, undergoing quiet
He ignition and He burning in a loop in the HRD. The appearance of the 7 and 10 M⊙ models in the HRD
is qualitatively similar. However, at the end of its evolution the 10 M⊙ star undergoes carbon burning in the
centre, while the cores of lower-mass stars become strongly degenerate. (Compare to Fig. 8.4.)

142

(Pols, 2011)
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(CSIRO Radio Astronomy Image Archive)
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Figure 19.2 Schematic H–R diagrams to show the post-main-sequence evolution for a
solar-mass star (top), and for stars with M = 1, 5, and 10M⊙ (bottom). Credit: CSIRO Radio
Astronomy Image Archive.
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Figure 19.2 Schematic H–R diagrams to show the post-main-sequence evolution for a
solar-mass star (top), and for stars with M = 1, 5, and 10M⊙ (bottom). Credit: CSIRO Radio
Astronomy Image Archive.
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Una versión simplificada de la evolución….

19.1 Hydrogen-Shell Burning and Evolution to the Red-Giant Branch 127
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Figure 19.1 Distinct evolution and final states for stars with initial masses above and
below 8M⊙.

relative to the envelope luminosity that is set by the L ∼ M3 scaling law. As such,
instead of emitting this core luminosity as surface radiation, the excess energy acts to
expand the star, in effect doing work against gravity to reverse the Kelvin–Helmholtz
contraction that occurred during the star’s pre-main-sequence evolution. Initially, the
radiative envelope keeps the luminosity fixed so that, as the star expands, the surface
temperature again declines, with the star thus again evolving horizontally on the H–R
diagram, this time from left to right.

But as the surface temperature approaches the limiting value T ≈ 3500–4000 K,
the envelope again becomes more and more convective, which thus now allows this
full high luminosity of the hydrogen-shell-burning core to be transported to the sur-
face. The star’s luminosity thus increases, now with the temperature staying nearly
constant at the cool value for the Hayashi limit. In the H–R diagram, the star essen-
tially climbs back up the Hayashi track, eventually reaching the region of the cool, red
giants in the upper right of the H–R diagram.

The above describes a general process for all stars, but the specifics depend on the
stellar mass. For masses less than the Sun, the main-sequence temperature is already
quite close to the cool limit, so evolution can proceed almost directly vertically up the
Hayashi track. For masses much greater than the Sun, the luminosity and temperature
on the main sequence are both much higher, and so the horizontal evolutionary phase
is more sustained. And since the luminosity is already very high, these stars become
red supergiants without ever having to reach or climb the Hayashi track.

(Owocki, 2021)
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• Las estrellas con 
masas  
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Enanas Blancas (WD)
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• Además de la masa, 
¿qué creen que 
afecte la evolución de 
una estrella?
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¿De qué dependen las etapas finales de las estrellas?

• Masa inicial

• Transferencia/pérdida de masa durante la fase AGB

• Metalicidad

• Es o no un sistema binario
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Estrellas de masas bajas e intermedias

• Más comunes en el universo 

• Tiempo de vida  años 

• Pérdida de masa durante la fase AGB revela el 
núcleo degenerado de C-O 

• Etapa transitoria como estrella central en 
nebulosas planetarias 

• Cascarón de quema de H se apaga —> Enana 
blanca 

• SN Ia y novas

109

0.5 − 8 M⊙

NGC 6302. 
 (NASA, ESA and the Hubble SM4 ERO Team)
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Estrellas masivas
> 8 M⊙

Al final de la vida de la estrella: núcleo de hierro degenerado 

Cuando el núcleo supera la masa de Chandrasehkar ( ), colapsa 

Se forma una proto-estrella de neutrones (46% protones, 54% neutrones) 

Los protones se convierten en neutrones por captura electrónica 

 

Después de 30 segundos, se obtiene una estrella de neutrones constituida 

10-20% protones + 90-80% neutrones

1.46 M⊙

p + e− → n + νe
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Estrellas masivas
> 8 M⊙

Al final de la vida de la estrella: núcleo de hierro degenerado 

¿Qué pasa si la masa del núcleo supera la masa de TOF (  )? 

Nada detiene el colapso…. 

El campo gravitacional se va volviendo más fuerte 

Eventualmente ni la luz escapa 

Se forma un agujero negro 

Una región en el espacio-tiempo que no se puede comunicar con el universo 
externo

∼ 2.1 M⊙
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Estrellas masivas
> 8 M⊙

(Alsabti & Murdin, 2017)

1 Supernovae and Supernova Remnants: The Big Picture in Low Resolution 19

Fig. 5 Remnants of massive single stars as a function of initial metallicity (y-axis) and initial
mass (x-axis). At low masses, the cores do not collapse, white dwarfs are made and supernovae do
not occur (white strip at the very left). The thick green line separates the regimes where the stars
keep their hydrogen envelope (left and lower right) from those where the hydrogen envelope is
lost. The dashed blue line indicates the border of the regime of direct black hole formation (black).
This domain is interrupted by a strip of pair-instability supernovae that leave no remnant (white).
Outside the direct black hole regime, at lower mass and higher metallicity, follows the regime of
BH formation by fallback (red cross-hatching and bordered by a black dot-dashed line). Outside of
this, green cross-hatching indicates the formation of neutron stars. The lowest mass neutron stars
may be made by O/Ne/Mg core collapse instead of iron core collapse (vertical dot-dashed lines at
the left) (Figure from Fig. 1 of Heger et al. (2003), © American Astronomical Society, reproduced
by permission)

Neutron stars with much higher than usual magnetic fields (giga-tesla) are called
magnetars. A magnetar embedded within a supernova may generate sufficient power
that the supernova is super-luminous.

9 Supernovae and the Environment of the Solar System

The local interstellar medium is a region that surrounds the solar system out to a
few hundred parsecs. This region contains several structures. Among the largest is
Gould’s Belt, a flat, young, massive, elliptical star system about 350!250!50 pc in
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Estrellas masivas
> 8 M⊙

(Woodley et al, 2002)
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Estrellas masivas
> 8 M⊙

proto-neutron star. If accretion causes the mass to exceed the maximum possible mass of a neutron
star – which is uncertain but probably lies in the range 2–3M⊙– then the proto-neutron star will col-
lapse and form a black hole. The mass limit separating stars that form neutron stars and those that
leave black holes is probably in the range 20–25M⊙, but is sensitive to the details of the explosion
mechanism as well as to the maximum neutron-star mass. It is even possible that, due to the non-
linear behaviour of mass loss, the relation between initial mass and final remnant is non-monotonic
and that stars above a certain mass again leave neutron stars (as suggested in Fig. 13.3). On the other
hand, if mass loss is weak and a massive C-O core is left prior to core collapse, a successful supernova
shock may not develop at all and the entire star may collapse directly into a black hole.

Figure 13.3. Initial-final mass relation for stars of solar composition. The blue line shows the stellar mass after
core helium burning, reduced by mass loss during earlier phases. For M ∼> 30M⊙ the helium core is exposed as
a WR star, the dashed line gives two possibilities depending on the uncertain WR mass-loss rates. The red line
indicates the mass of the compact stellar remnant, resulting from AGB mass loss in the case of intermediate-
mass stars, and ejection of the envelope in a core-collapse supernova for massive stars. The green areas indicate
the amount of mass ejected that has been processed by helium burning and more advanced nuclear burning.
(Figure from Woosley et al. 2002).

196

(Woodley et al, 2002)
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Estrellas masivas
> 8 M⊙
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196

(Woodley et al, 2002)

NASA, ESA, CSA, STScI, 
Webb ERO Production 
Team
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10 A.W. Alsabti and P. Murdin

Fig. 1 A taxonomic map showing the classifications and interrelationships between supernova
types (Figure supplied by Cosimo Inserra (Queen’s University Belfast))

3.3 Pair-Instability Supernovae

At the present time, now that the history of the universe has progressed via
the elements generated and distributed by supernovae, and other processes, to
produce an interstellar medium of approximately solar composition, the maximum
mass of a star in hydrostatic equilibrium is about 120 solar masses. Otherwise
the star exceeds the Eddington limit of luminosity at which radiation pressure
overcomes gravitational attraction and disperses the star. The mass limit can be
pushed to 150 solar masses or more for low metallicities, because the opacity of
the stellar material is reduced. Even more massive stars may exist if they are not
in equilibrium. Very massive stars of low metallicity, above 140 solar masses at
the outset, do not get to form a stable iron core at the end of their evolution.
Their central regions enter into an electron-positron pair-instability state during the
oxygen burning stage. Collisions between nuclei and gamma rays in the core result
in pair production, which reduces the thermal pressure in the oxygen core. The
core collapses dynamically. This is a pair-instability supernova (PISN). The star is
completely disrupted, leaving no stellar remnant behind. They may be manifested
as SL SNe and/or SNe with abnormally long-duration light curves.

4 What Happens in a Typical Core-Collapse Supernova

The core of a CCSN collapses in less than 1 s to a compact stellar object, i.e.,
a neutron star if the initial mass of the progenitor is less than about 40 solar
masses (there is a metallicity dependence; see Fig. 5) or black hole if more massive.

(Alsabti & Murdin, 2017)

Supernovas
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By Cmglee - Own work, CC BY-SA 3.0, https://bitly.cx/mA7Bw

Supernovas

14



Remanentes de 
Supernova (SNR)

NASA, ESA, J. Hester and A. Loll (Arizona State University)

(X. Zhang et al, 2012)
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