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Introduction
Ejnar Hertzsprung: A Systematic Visionary of Stellar Classification

Ejnar Hertzsprung (1873-1967) began his professional life as a
chemist, but his scientific instincts soon pulled him toward the
stars. In the early 20th century, working from photographic
data, he made a pivotal observation: stars with the same
spectral type could exhibit vastly different luminosities. To
make sense of this, Hertzsprung introduced the terms "giant"
and "dwarf", creating a fundamental classification that would
shape stellar astrophysics.

Between 1905 and 1911, he began plotting stellar magnitudes
against spectral types, revealing systematic trends that
prefigured what would become the Hertzsprung—Russell
diagram. While he never formally published these diagrams in
a journal at the time, they represented the first structured
attempt to sort stars by their intrinsic properties rather than
appearance.

Figure 1 Ejnar Hertzsprung

Hertzsprung’s most enduring contribution may be his 1913 calibration of the Cepheid variable luminosity
scale, using parallax measurements for a few well-observed stars. This gave astronomers the first usable
rung on the cosmic distance ladder, transforming Henrietta Leavitt’s elegant period—luminosity relation
into a tool for measuring the size of the universe. Without this step, Edwin Hubble’s determination of the
distances to the Magellanic Clouds and Andromeda would have lacked a reliable baseline.

In his decades at Leiden Observatory, Hertzsprung spearheaded precise photographic photometry of
open clusters such as the Hyades and Pleiades. By plotting color-magnitude diagrams (CMDs) for these
groups, he enabled a method for estimating stellar ages through main-sequence turnoff analysis—
decades before the theoretical models would catch up.

Though known primarily as a stellar astronomer, Hertzsprung also discovered two asteroids: 1702
Kalahari and 1627 lvar, the latter a near-Earth Amor object still studied today. He served as director of
Leiden Observatory and mentored several rising European astronomers, including Gerard Kuiper.

Recognized by the Royal Astronomical Society and recipient of the Bruce Medal, Hertzsprung's name
now adorns a lunar basin, an asteroid, and a canonical diagram that every astronomy student learns by
heart. Reserved and methodical, he left a legacy rooted in measurement, clarity, and quiet revolution.



Henry Norris Russell: The Architect of Stellar Theory

Henry Norris Russell (1877-1957) was a towering figure
in American astronomy whose influence spanned
empirical research, theoretical synthesis, and
institutional leadership. Working at Princeton University,
his intellectual home for most of his life—Russell
independently developed a stellar classification plot
around 1913 that displayed the relationship between a
star’s absolute magnitude and its spectral type. Though
Ejnar Hertzsprung had constructed similar diagrams
earlier, it was Russell’s clear presentation and wider
academic reach that popularized what became known as
the Hertzsprung—Russell diagram.

But Russell’s contributions went far beyond the diagram
itself. By analyzing eclipsing binary stars, he and his
students—among them Harlow Shapley—were able to
calculate stellar masses and identify a tight mass—
luminosity relation for main-sequence stars. This
empirical law hinted at a powerful dependence of stellar
brightness on internal physics, laying the groundwork for

Figure 2 Henry Norris Russell

understanding nuclear fusion in stellar cores.

Russell was also a critical figure in the early understanding of stellar composition. When Cecilia Payne
proposed in 1925 that stars were composed primarily of hydrogen, Russell initially advised caution. Yet
within a few years, drawing on Meghnad Saha’s ionization theory and high-quality spectra from Mount
Wilson, Russell publicly affirmed her conclusion, overturning the long-standing assumption that stars
shared Earth-like composition. It was a turning point in astrophysics.

His work with physicist Frederick Saunders led to the Russell-Saunders coupling scheme (or LS coupling),
an atomic model describing the behavior of electrons in multi-electron atoms. This framework remains
central to interpreting stellar spectra, linking quantum mechanics to the fingerprints of distant suns.

In the late 1920s, Russell articulated what is now called the Vogt—Russell theorem: the idea that a star's
structure and evolution are uniquely determined by its mass and composition. Though not formally
proven, this insight became a guiding principle in the development of stellar structure theory throughout
the 20th century.

Beyond his research, Russell shaped American astronomy through his textbook Astronomy: A Revision of
Young’s Manual, through his long leadership of the Princeton Observatory, and through his mentorship
of a generation of astronomers. He helped transition astronomy from a largely descriptive science into a
discipline grounded in physics and mathematics.

Russell received nearly every major award available to an astronomer, including the Bruce Medal, the
Gold Medal of the Royal Astronomical Society, and multiple honorary degrees. Craters on both the Moon
and Mars bear his name, along with asteroid 1762 Russell and the Russell Lectureship awarded by the
American Astronomical Society.



Known as the “Dean of American Astronomers,” Russell combined vision, rigor, and an encyclopedic
grasp of physical theory. His work defined much of 20th-century stellar astrophysics.

The Hertzsprung-Russell diagram

Independently developed by Ejnar Hertzsprung and Henry Norris Russell in the early 20th century, the
Hertzsprung-Russell (H-R) diagram categorizes stars according to their luminosity, temperature, and
occasionally their spectral types.

This diagram serves as a crucial tool in astrophysics, offering essential insights into the properties and
evolutionary stages of stars. By organizing stars in this format, the H-R diagram uncovers complex
patterns that illuminate their structure, classification, and developmental processes.

Spectral Classification and Temperature

Spectral Class Temperature (K) Color Example Star
0] > 30,000 Blue Zeta Puppis
B 10,000-30,000 Blue-white Rigel
A 7,500-10,000 White Sirius A
F 6,000-7,500 Yellow-white Procyon A
G 5,200-6,000 Yellow Sun (G2V)
K 3,700-5,200 Orange Arcturus
M < 3,700 Red Betelgeuse, Proxima

Luminosity Classes

Luminosity Class Description Example
I Supergiants Betelgeuse
Il Bright Giants Canopus
" Giants Arcturus
v Subgiants n Bootis
\Y Main Sequence Sun (G2V)
VI/VII Subdwarfs/Dwarfs = White dwarfs

At its essence, the diagram categorizes stars based on their absolute magnitude plotted against their
stellar classification, effectively bridging the gap between observational astronomy and theoretical
astrophysics.

Exploring the intricacies of the H-R diagram reveals how it outlines the different stages of a star's
lifecycle, from its formation to its eventual demise. This process starts in nebulae, which are dense
clouds of gas and dust. As gravity pulls these materials together, they collapse to form protostars.



Although this early stage is not represented on the diagram, since it mainly highlights stars in the main
sequence and their later stages, the conditions that lead to star formation are crucial to understanding
the larger story that the H-R diagram illustrates.

As stars evolve, they typically
enter the main sequence, the
longest phase of their life
cycle. Here, they achieve a
delicate balance between
gravitational forces and the
outward pressure created by
nuclear fusion occurring
within their cores. The
characteristics of these stars,
including their surface
temperatures and
luminosities, correspond
directly to their positions on
the H-R diagram, inviting
astronomers to draw
meaningful correlations and
hypotheses about stellar
populations.

Upon exhausting the
hydrogen fuel in their cores,
on stars transition through a
——— series of transformations. For
low to medium-mass stars,

the next phases involve swelling into red giants and ultimately shedding their outer layers, often creating
stunning planetary nebulae. At the same time, the core collapses into a white dwarf. In contrast, high-
mass stars face a more cataclysmic fate, leading to supernova explosions that disseminate heavy
elements into space. These events are critical for cosmic evolution, as they seed the interstellar medium
with materials necessary for the formation of new stars and planetary systems.

Figure 3 The Hertzsprung-Russell Diagram — Approximately 2500 real stars plotted

The H-R diagram also facilitates the study of specific stellar populations, such as globular clusters, which
contain some of the oldest stars in the universe. Analyzing the distribution of stars within these clusters
on the diagram offers insights into the age of these celestial objects and the conditions that prevailed in
the early universe. Such studies underscore the importance of stellar evolution in contextualizing the life
cycle of galaxies themselves.

In addition, the H-R diagram facilitates the exploration of the broader implications of stellar formation
and evolution throughout the universe. Understanding the lifetimes and ultimate fates of stars
significantly contributes to theories about galaxy formation, chemical enrichment of the universe, and
the lifecycle of stellar biomass. Astronomers often use the H-R diagram as a reference point for
calculating stellar populations and synthesizing models of galactic evolution over cosmic timescales.



The Axes of the H-R Diagram
X-Axis (Horizontal)

e Parameter: Stellar surface temperature (in Kelvin), or spectral class
e Orientation: Temperature decreases from left to right (counterintuitive but traditional)
e Alternative: Spectral types (O, B, A, F, G, K, M) from left (hot) to right (cool)

Y-Axis (Vertical)

e Parameter: Luminosity (L), usually relative to the Sun (L®), or Absolute Magnitude (Mv)
e Orientation: Luminosity increases upward (bright stars at the top, dim ones below)
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Figure 4 The Hertzsprung-Russell Diagram

Key Regions on the Diagram

The H-R (Hertzsprung-Russell) diagram reveals distinct groupings of stars that illuminate their various
evolutionary stages and characteristics. These groupings can be observed as well-defined regions within
the diagram, each corresponding to specific types of stars, such as main-sequence stars, giants, and
white dwarfs.

By plotting stars based on their luminosity and temperature, the H-R diagram serves as a powerful tool
that provides critical insights into stellar behavior, life cycles, and the underlying processes that govern
stellar evolution. It allows astronomers to understand the relationships between different types of stars,
their age, composition, and the physical processes driving their changes over time, ultimately enhancing
our comprehension of the lifecycle of stars in the universe.



Main Sequence (Diagonal Band)

o Definition: The continuous and distinctive band stretching from top-left (hot and bright) to
bottom-right (cool and dim).
e Physics: Stars here are in hydrostatic equilibrium, fusing hydrogen into helium in their cores.
e Examples:
o Top-left (hot, luminous): O and B stars (e.g., { Puppis)
o Middle: G-type stars like the Sun (G2V)
o Bottom-right: M-type red dwarfs (e.g., Proxima Centauri)

The main sequence is the
dominant and most
recognizable feature of the
Hertzsprung-Russell (H-R)
diagram, representing a
continuous band where stars
spend the majority of their
lifetimes. It stretches
diagonally from the top-left
(hot, luminous, massive stars)
to the bottom-right (cool, dim,
low-mass stars). A star enters
the main sequence once it
initiates hydrogen fusion in its
core, converting hydrogen into
helium via the proton-proton
chain or the CNO cycle,
depending on its mass.
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CNO Cycle:

Dominant in: Stars with masses greater than
about 1.3 times the mass of the Sun.
Temperature Requirement: Requires
significantly higher temperatures, typically
above 15 million Kelvin.

Mechanism: A catalytic cycle that utilizes
carbon, nitrogen, and oxygen isotopes as
intermediaries, which are regenerated
throughout the process.

Process: Four protons fuse, using CNO isotopes
as catalysts, and the end product is a helium
nucleus, two positrons, and two electron
neutrinos.

Energy Output: Releases energy more
efficiently than the p-p chain at higher
temperatures

Key Differences Summarized:

Feature Proton-Proton Chain
Dominant in Lower-mass stars (like the Sun)
Temperature Lower temperatures (2 4 MK)
Mechanism Direct proton fusion

Temperature Sensitivity

v

H

O Proton Y Gamma Ray
O Neutron V  Neutrino
Q

Positron

Less sensitive to temperature changes

Figure 7 The CNO Cycle

CNO Cycle
Higher-mass stars
Higher temperatures (> 15 MK)
Catalytic cycle involving CNO isotopes

More sensitive to temperature changes

This fusion provides the outward radiation pressure necessary to balance the inward gravitational pull,
establishing hydrostatic equilibrium. The location of a star on the main sequence is primarily determined
by its mass, which dictates its luminosity, surface temperature, and lifespan.

The importance of the main sequence in astrophysics is multifaceted. First, it serves as a cornerstone for
stellar classification and evolution, providing a framework to compare stars of different masses and
compositions. Second, since most stars—including the Sun—reside on the main sequence for billions of
years, it is critical for understanding stellar populations in galaxies and the structure of the Milky Way.
Additionally, the main sequence allows astronomers to estimate distances to star clusters (via main
sequence fitting), assess stellar ages, and infer the presence of exoplanets by examining stellar
characteristics. Ultimately, it is a fundamental tool for interpreting the lifecycle of stars and the evolution
of galaxies.



Giants and Supergiants (Upper Right)

o Definition: The H-R diagram is the region occupied by evolved, luminous stars that have expanded
and cooled after exhausting hydrogen in their cores.

o Red Giants: Evolved stars with expanded outer layers and inert helium cores (e.g., Aldebaran).

e Supergiants: Extremely luminous, high-mass stars in late evolutionary stages (e.g., Betelgeuse,

e Rigel).

e Lifetimes: Shorter due to rapid fuel consumption.

The giants and supergiants
branch of the Hertzsprung-
Russell diagram occupies the
upper-right region and
represents a late stage in stellar
evolution. These stars are
luminous but relatively cool,
placing them above and to the
right of the main sequence.
They form when a star exhausts
the hydrogen in its core, ending
its main sequence phase. As
hydrogen fusion shifts to a
surrounding shell and the core
contracts, the outer envelope
expands and cools, causing the
star to become a red giant or,
for more massive stars, a red
supergiant. Giants typically
have masses comparable to or
slightly greater than the Sun
but with greatly expanded

radii. Supergiants, in contrast,
originate from stars with initial masses more than about 10 times that of the Sun and can be thousands
of times more luminous.

Figure 8 Giant and Supergiant Branch on the H-R Diagram

The importance of the giants and supergiants branch lies in its role as a transitional phase in stellar
evolution and as a diagnostic for stellar aging and galactic history. Red giants are key indicators of
intermediate-age stellar populations and are often used to trace the evolutionary state of star clusters.
Supergiants, due to their extreme luminosities, serve as valuable distance indicators in extragalactic
astronomy (e.g., through spectral classification and variable star types such as Cepheids). Moreover,
massive supergiants are progenitors of core-collapse supernovae, which seed the interstellar medium
with heavy elements and influence star formation. Thus, understanding the giant and supergiant
populations provides critical insight into both individual stellar lifecycles and the chemical and dynamical
evolution of galaxies.



White Dwarfs (Lower Left)

e Definition: Hot but dim remnants of low-mass stars that have exhausted nuclear fuel.
e Properties: Small, dense, cooling objects (e.g., Sirius B).
e No fusion: Luminosity from residual thermal energy.

The white dwarf branch of the
Hertzsprung-Russell diagram
lies in the lower-left corner,
where stars are both faint and
hot. White dwarfs are the
compact remnants of low- to
intermediate-mass stars
(initially less than about 8 solar
masses) that have exhausted
their nuclear fuel and shed
their outer layers. What
remains is a dense, Earth-sized
core composed primarily of
carbon and oxygen (or
sometimes helium or neon-
oxygen, depending on
progenitor mass), supported
against further collapse by
electron degeneracy pressure.
Despite their high surface
temperatures—often exceeding

100,000 K—they are
intrinsically dim due to their Figure 9 White Dwarf Branch on the H-R Diagram

small radii.

The white dwarf branch plays a pivotal role in comprehending the final chapters of stellar evolution for a
significant portion of stars in the universe, including our Sun. These stellar remnants are invaluable for
unraveling the history of star formation processes and the chemical enrichment that occurs within
galaxies over time.

As white dwarfs undergo a predictable cooling process, their temperature distribution serves as a
reliable “cosmic clock,” enabling astronomers to estimate the ages of various stellar populations with
precision. This method is particularly effective when applied to globular clusters—dense groups of stars
that are among the oldest objects in the universe, as well as within the broad structure of the Galactic
disk.



Subgiants, Horizontal Branch, and Asymptotic Giant Branch

e Definition: These branches are distinct evolutionary stages represented by specific regions
on the Hertzsprung—Russell (H-R) diagram.

e Subgiants: Transitioning off the main sequence (e.g., slightly more luminous than main
sequence stars of the same temperature).

e Horizontal Branch (HB): Helium-core-burning phase for low/intermediate-mass stars.

e Asymptotic Giant Branch (AGB): A later stage characterized by shell helium and hydrogen
burning.

The subgiant and horizontal
branches of the Hertzsprung-
Russell (H-R) diagram represent
intermediate stages in the
evolution of low- to
intermediate-mass stars,
situated between the main
sequence and giant phases. The
subgiant branch, located just
above the main sequence,
signifies the stage after a star has
exhausted hydrogen in its core
but before it begins shell
hydrogen burning, which leads X
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Figure 10 The subgiant and giant branches.

After the main sequence, stars evolve into red giants, featuring a contracting helium core surrounded by
a hydrogen-burning shell and an extended, cooler atmosphere. When the core reaches a sufficient
temperature to fuse helium, the outer layers readjust. As a red giant, the star ascends the red giant
branch on the H-R diagram, moving to the right (cooler, redder) and upward (larger). Once a star starts
converting helium-4 nuclei into carbon-12, after its core has been depleted of hydrogen, the core
stabilizes, and the outer layers “deflate.” The core now fuses helium while a surrounding shell continues
hydrogen fusion, causing the star to shift left (hotter) and down (smaller) on the H-R diagram. The loss of
mass during the red giant phase influences the star's final position along the horizontal branch, which
represents stars of constant luminosity.



The horizontal branch, primarily
found in older, low-metallicity stellar
populations like globular clusters,
indicates stars that have undergone
helium flash and are now stably
burning helium in their cores. These
stars occupy a horizontal sequence in
the H-R diagram, extending from red
to blue based on their mass and
composition. The horizontal branch is
crucial for understanding stellar
evolution beyond the red giant phase
and serves as a key diagnostic for the
age and metallicity of ancient stellar
populations. Notably, certain variable
stars on this branch, such as RR Lyrae
stars, serve as standard candles for
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Figure 11 The Horizontal Branch

measuring distances within the Milky Way and to nearby galaxies.

Evolutionary Tracks on the H-R Diagram

Planetary Nebula

Stars do not remain static on
the Hertzsprung—Russell
diagram; rather, their positions
will shift over time as they

0,000 .
Ll evolve through various stages

of their life cycles. This
dynamic nature provides a rich
tapestry of information about

Red Giant
(2 billion years)

s stellar evolution, helping
Pre-Main
Sequence astronomers understand how

(10 million years)

stars change over billions of

Luminosity (Compared to the Sun’s)

White Dwarf ' years.
(many billions of years) _

Initially, when a star forms
from a cloud of gas and dust, it
may be found on the right side
of the diagram in the pre-
main-sequence phase, where
itis still contracting and
heating up. As it reaches the
main sequence, it enters a
stable phase of hydrogen
fusion, residing along the central band of the H-R diagram. This stable phase marks the longest period in
a star’s life, where it maintains a consistent temperature and luminosity.
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Figure 12 Evolutionary Track of the Sun



As a star ages and begins to exhaust its hydrogen fuel, it will undergo significant changes that cause it to
move off the main sequence. Lower-mass stars, like our Sun, will expand into red giants and eventually
shed their outer layers to form planetary nebulae, leaving behind a dense core known as a white dwarf.
This sequence shifts their position to the upper right of the diagram before transitioning to the lower left
as they cool.

The motion of stars on the H-R diagram thus symbolizes their life cycles, encapsulating the processes of
nuclear fusion, expansion, and eventual demise. By studying these movements, astronomers can not
only infer the ages and stages of stellar development but also glean insights into the chemical
enrichment of galaxies and the formation of new stars from remnants left behind. In essence, the H-R
diagram serves as a time capsule, showcasing the intricate journey of stars through time and the varying
physical processes at play during their evolutionary journey.

Low-Mass Stars (< 8 MO):

e Birth: Protostar contracts, enters main sequence when H fusion starts.
e Main Sequence: H->He fusion in the core (e.g., Sun ~10 billion years).
e Red Giant Branch (RGB): Core contracts, envelope expands.

e Helium Flash - Horizontal Branch

e AGB Phase - Planetary Nebula Ejection

e White Dwarf

Conversely, more massive stars undergo a more dramatic evolution. After exhausting hydrogen, they can
fuse heavier elements, causing them to ascend to the right and upward in the diagram, eventually
becoming red supergiants. These massive stars may end their lives in a spectacular supernova explosion,
leaving behind either a neutron star or a black hole, depending on their initial mass.

High-Mass Stars (> 8 MO):

e Main Sequence: Short-lived, bright, O/B stars.

e Supergiant Phase: Rapid burning of heavier elements (C, O, Ne, Si).
e Core Collapse - Supernova

e Remnant: Neutron star or black hole

Theoretical Importance of the H-R Diagram

Stellar Evolution

The Hertzsprung-Russell (H-R) diagram is a vital tool in astrophysics, providing a detailed framework for
understanding and predicting the life cycles of stars. It effectively illustrates the relationships between
three fundamental characteristics of stars: luminosity, temperature, and spectral classification. Within
this diagram, distinct regions correspond to various stages of stellar evolution, allowing astronomers to
categorize stars systematically and recognize developmental patterns within different types.

A critical component used in conjunction with the H-R diagram is the concept of isochrones.
Isochrones are lines plotted on the diagram that represent groups of stars that share the same age but
are of different masses.



By analyzing the positions of stars within a
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Figure 13 Theoretical isochrones for a range of ages. . .
The diverse evolutionary pathways that stars

can follow, shaped by their mass and surrounding environment, highlight the intricate nature of stellar
life cycles as depicted in this insightful graphical representation. In summary, the H-R diagram is an
indispensable resource in the field of astrophysics, significantly enriching our understanding of the
universe’s stellar population and the complex evolutionary processes that govern it.

Star clusters

Open clusters and globular clusters represent two fundamental categories in the study of star clusters,
distinguished by their formation, structure, age, and stellar content. Open clusters are collections of
relatively young stars that are loosely bound by gravitational forces. They usually contain hundreds to a
few thousand stars, and their members are formed from the same molecular cloud, sharing a common
origin and age, typically ranging from a few million to several hundred million years. On the Hertzsprung-
Russell (H-R) diagram, open clusters exhibit well-defined main sequences, primarily populated by B and
A-type stars that have not yet exhausted their hydrogen fuel. An example of an open cluster is the
Pleiades, renowned for its bright, young stars and surrounding nebulosity, which is a product of scattered
starlight reflecting off interstellar dust.

In contrast, globular clusters are tightly packed, spherical collections of stars, with each containing tens
of thousands to millions of stars. These clusters are significantly older than their open counterparts, with
ages typically spanning from 10 to 13 billion years, placing them well into the early history of the
universe. The stars in globular clusters are predominantly Population Il stars, which are characterized by
lower metallicities due to the primordial composition of the universe at the time of their formation. This
can be observed in their positions on the H-R diagram, where globular clusters feature a more prominent
horizontal branch and a red giant branch, indicative of their advanced evolutionary stages. Globular
clusters, such as M13 in Hercules or Omega Centauri, serve as vital laboratories for studying stellar



evolution, as their high stellar densities allow for interactions and dynamical processes that are not
typically observed in open clusters.

The differences in stellar populations and the environments of these clusters also offer insights into
metal content. Open clusters tend to exhibit solar metallicity or even metal-rich compositions, as they
have formed from molecular clouds that have been enriched by previous generations of stars. On the
other hand, stars within globular clusters are generally metal-poor, reflecting their formation from
primordial gas that had not been significantly processed by supernovae and other stellar nucleosynthesis
events. This distinction not only aids in understanding star formation processes but also provides critical
data for cosmology, as these clusters contain some of the oldest stars in the universe, thereby acting as
benchmarks for the age and evolution of galactic structures. As such, the study of both open and
globular clusters remains pivotal in unraveling the complex history of star formation and the evolution of
our galaxy.

Open Clusters

Open clusters, such as the Pleiades, typically
contain around 1,000 stars, with some T
ranging from hundreds to a few thousand. 10,000 = Q‘_—

The brightest stars in the Pleiades are
primarily B and A-type main-sequence stars.
100 [~
A schematic Hertzsprung-Russell (H-R)
diagram for the Pleiades reveals a diverse
main sequence that includes stars of nearly
every spectral type, while only a handful are
in the process of evolving into red giant stars.
In certain open clusters, the least massive M-
type stars may not yet have reached the
main sequence, indicating they are still
undergoing formation.
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reflection nebulae," formed by star light

scattering off dust grains located in front of

the cluster. This dust is likely a remnant of the molecular cloud from which the Pleiades
originated. In other open clusters, stars may be enveloped by emission nebulae. Generally, open
clusters do not contain significant amounts of gas, but they are often found near gaseous
nebulae.

Spectroscopic studies of stars in various open clusters provide insights into their chemical
compositions. The absorption lines observed in their spectra typically show similarities to those
of our Sun, indicating that these stars possess chemical compositions and elemental abundances
akin to solar values. In astronomical terminology, elements heavier than helium are referred to
as "metals." Thus, we describe stars in open clusters as having "solar metallicity" or being
"metal-rich."



Globular Clusters

Globular clusters are —
enormous collections of stars, 100003 . REDGUNT 10000 8000 6000 5000
. . Vo ..“"'. v M :
often comprising hundreds of N i
thousands or even up to a 100 - ] '
million stars. When examining o

the Hertzsprung-Russell (HR)  [Nostars of these types **3

Luminosity (solar units)

diagram of a typical globular Song;g

cluster, it looks quite different i

from that of an open cluster. In

these dense stellar groups, 0001 -

main sequence stars of types e o 6000 000

Surface temperature (K)

0O, B, A, and F are notably
absent, while red giants are = o Cooter — S

abundant. The most luminous

; Figure 14 Left: Schematic HR diagram of a globular cluster. Right: Color
stars in a globular cluster are Magnitude (HR) Diagram of M55 from real data
located at the tip of the red

giant branch on the HR diagram, which accounts for the reddish hue of the brightest stars seen

in color images of clusters like the one above. Additionally, you can observe stars populating the
horizontal branch (hence its name), the asymptotic giant branch, and a smaller number of stars
with the characteristics of F stars, although there are far more G stars positioned just below and
to the right on the main sequence.

In terms of density, globular clusters are much more crowded than the region around our Sun.
For perspective, the distance to Proxima Centauri, the nearest star to the Sun, is approximately
4.2 light-years, or about 1.3 parsecs. If one were to imagine a sphere with a radius of 1.3 parsecs
centered on the Sun, it would contain just two stars: the Sun itself and Proxima Centauri.
Conversely, if a similar sphere were placed at the center of the globular cluster M13, it would
encompass roughly 10,000 stars. Unlike open clusters, globular clusters do not contain gas and
are generally not associated with reflection or emission nebulae. Furthermore, they can be
found in every direction in the sky and do not appear to be tied to the Milky Way's band of light.

Spectroscopic observations of stars within globular clusters also allow astronomers to assess the
abundance of chemical elements in their atmospheres. This analysis highlights another
distinction between globular and open clusters: the relative abundance of elements heavier than
helium in globular clusters is typically only 1-10% of that found in the Sun and in open cluster
stars.

By examining both open and globular clusters, astronomers can gain pivotal insights into the life
cycles of stars, their formation environments, and the overall evolution of galaxies over cosmic
time.

Distance Estimation
The H-R diagram is not only instrumental in mapping the evolutionary stages of stars but also serves a

critical role in determining their distances from Earth. For stars with known spectral types and apparent
magnitudes, the distance modulus formula can be employed to calculate the distance to those stars.



The distance modulus is defined as the difference between a star's apparent magnitude (m) and its
absolute magnitude (M), expressed mathematically as:

m—M = 5log10(d) — 5

Then solve for distance:
m—-M+5

d=10 5
Example:

e We have observed a B3 V dwarf type star at an unknown distance. We need to determine the
distance to this star.

e According to spectral classification tables, the commonly accepted Absolute Magnitude (MV)
value is -2.6.

e We choose to ignore stellar extinction, caused by gas and dust particles between us and the star,
for this example.

e Next, we used CCD Photometry to determine its Apparent Magnitude (m,) of 8.5.

To solve this, we will compute the Distance Modulus ()
u=mV-—- MV
Plugging in the values, we get
p=8.5-(-2.6)=11.1
Solve the distance-modulus equation. The standard relation (no extinction term) is:

(u+5)
p=>5Logyo(dy.)—5=d,, =10 5

Insert the distance modulus calculated above, u=11.1:

(11.1+5)

dye =10 5 =10%?2~1.66x 103pc ~ 1659.589pc ~ 1.66kpc

Where (d) is the distance to the star in parsecs. By determining the star's spectral type, astronomers can
derive its absolute magnitude—essentially its intrinsic brightness—using the H-R diagram.

Once the absolute magnitude is known, researchers can then compare it with the measured apparent
magnitude to solve for the distance. This method is particularly useful for stars in clusters and can yield
accurate distance measurements, which are essential for constructing three-dimensional models of the
Milky Way and other galaxies.



Variants of the H-R Diagram

Color-Magnitude Diagram

A Color-Magnitude Diagram (CMD) is a fundamental tool utilized in observational astronomy to analyze
the properties of stars within various astronomical contexts, including star clusters. In this diagram, the
vertical axis represents the absolute magnitude of stars, indicating their intrinsic brightness, while the
horizontal axis depicts the color index (B—V), which serves as a

proxy for a star's surface temperature.

Feature H-R Diagram Color-Magnitude
Diagram (CMD)
X-axis Temperature or spectral Color index (e.g.,
type B-VB-V)
Y-axis Luminosity or absolute Apparent or absolute
bolometric magnitude magnitude in a filter
Data Source Requires distances and Purely observational
bolometric corrections via photometry
Axes Units Physical units (K, L/ LO, Observational units
etc.) (mag, mag
difference)
Orientation Temperature decreases Color index increases
left - right left - right
Use Case Theoretical models, Star clusters,
comparison to observational
isochrones surveys
Distance Yes, for absolute No, if using relative
Required? luminosity or apparent
magnitudes

The CMD is particularly effective in star cluster studies because it allows astronomers to visualize the
distribution of stars based on their brightness and color, and thus their temperatures and evolutionary
stages. By clustering stars within a diagram, researchers can identify different groups based on their
characteristics. For example, main sequence stars appear as a diagonal band, while evolved stars, such as
red giants, occupy distinct regions higher on the diagram.

The CMD is especially valuable for distinguishing between the various phases of stellar evolution. The
arrangement of stars in the diagram reveals critical information about the age and composition of a star
cluster. Open clusters often show a well-defined main sequence, indicating a range of young stars, while
globular clusters display prominent red giants and a much-reduced main sequence, highlighting their
older stellar populations.

Ultimately, the Color-Magnitude Diagram serves as a vital analytical tool, enabling astronomers to infer
the physical properties, distances, and ages of star clusters and, by extension, understand the history and
evolution of stars and galaxies in the universe.



Theoretical Hertzsprung-Russell (H-R) diagrams

Theoretical Hertzsprung-Russell (H-R) diagrams utilize precise physical quantities such as luminosity (L)
and effective temperature (Teff) to depict the evolutionary stages of stars. Unlike observational
diagrams, which rely on measured data from real star populations, theoretical H-R diagrams are
constructed based on models derived from stellar evolution codes.

These codes simulate the complex processes of stellar formation, evolution, and eventual demise by
employing fundamental physics and nuclear fusion principles. From these simulations, astronomers
produce evolutionary tracks, which represent how the properties of a star change over time as it
progresses through different evolutionary phases. Isochrones are also generated from these codes,
plotting the evolution of groups of stars all formed at the same time but at different stellar masses. By
comparing these theoretical H-R diagrams with observational data, astronomers can gain insights into
the age, composition, and evolutionary history of stars and star clusters.

The theoretical H-R diagram thus serves as a crucial framework for understanding star formation and
evolution, providing a fundamental link between stellar physics and observational astronomy. This
methodology allows researchers to predict the characteristics of stars at various stages of their life
cycles, facilitating the interpretation of complex astronomical phenomena.

Limitations and Challenges

Degeneracy
Transitional Phases and Overlapping Characteristics

During their evolution, certain types of stars, such as subgiants and horizontal branch (HB) stars, may
exhibit similar luminosities and temperatures, causing them to occupy overlapping regions on the H-R
diagram.

The Challenge of Degeneracy

e The overlap in the positions of subgiants and HB stars can create confusion when trying to
determine a star's mass and its stage in evolutionary development. For example, a star that
appears to be a subgiant based on its position on the H-R diagram may be a horizontal branch
star if the overall temperature and brightness align closely with those of HB stars. This
phenomenon is known as "degeneracy" in positions on the H-R diagram.

e The Importance of Additional Parameters

e Due to this degeneracy, astronomers must incorporate additional parameters beyond just the H-
R diagram to make more accurate assessments of a star's evolutionary phase. Important factors
include:

o Age:
= The age of a star can provide context about its evolutionary stage. For instance,
knowing that a particular star has been evolving for roughly 5 billion years might
help clarify whether it's a subgiant or a horizontal branch star, as these stars
have different lifespans.

o Chemical Composition:



= The metallicity of a star—essentially the abundance of elements heavier than
hydrogen and helium—can also offer clues. Subgiants and horizontal branch
stars may display variations in chemical composition that reflect their differing
histories and environments.

Example

Consider a star that appears at a position corresponding to both subgiants and horizontal branch stars on
the H-R diagram. If this star emits approximately 100 times the luminosity of the Sun and has a surface
temperature of about 5,000 Kelvin, it could be either type.

By analyzing its spectrum, astronomers determine the star's metallicity to be significantly higher than
that of typical HB stars. Coupled with its estimated age of around 3 billion years, this information
suggests that the star is more likely to be a subgiant rather than an HB star. The application of these
additional criteria allows for clearer differentiation in stellar classifications and helps enhance our
understanding of stellar lifecycles.

Interstellar Extinction

The presence of interstellar dust can significantly affect our observations of starlight. Dust scatters and
absorbs light, leading to two key outcomes: dimming and reddening of the starlight reaching us. This
effect can distort the true luminosity and temperature of stars, causing them to appear shifted from their
actual positions on the H-R diagram. Without appropriate corrections for interstellar extinction, the
placement of stars may be skewed, leading to misleading interpretations about their properties and
behaviors. Accurate modeling of extinction is thus essential for calibrating observations and making valid
comparisons between theoretical predictions and real data.

Binary Stars

In binary star systems, two stars orbit around a common center of mass, and their light can be combined
in such a way that it may confuse our readings. When observing binary stars, the composite light can
result in misleading spectral or photometric data, making it difficult to derive individual characteristics
for each star. For example, the combined spectrum may mask the presence of unique spectral features
associated with each star, while the total brightness might not accurately reflect the luminosity of a
single component. This phenomenon hampers the identification of individual stellar properties and
complicates the determination of their masses, temperatures, and evolutionary states within the H-R
diagram. Understanding the implications of binaries is vital for accurate stellar classification and
interpretation.

Conclusion

The H-R diagram is more than a scatter plot—it's a narrative of stellar life. Each position and curve tell a
story of fusion, pressure, balance, and eventual fate. It bridges observational and theoretical
astrophysics, helping us understand how stars shine, evolve, and die.

Whether you're charting the future of our Sun or probing the origins of white dwarfs and neutron stars,
the Hertzsprung—Russell diagram remains your indispensable guide through the cosmos.



