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 Birth, life and death of stars

* Nuclear fusion and energy generation

o Star classification (Hertzsprung-Russell Diagram)

® Aside: Introducing white dwarfs and the Chandrasekhar limit

® Supernovae and Pulsars



Why doesn’t the Sun collapse
under gravity?



Pressure
out
Gravity
N

The most basic concept:
HYDROSTATIC
EQUILIBRIUM

Pressure balances gravity!

Source: https://pages.uoregon.edu/jimbrau/BraulmNew/Chap16/FG16_06.jpg


https://pages.uoregon.edu/jimbrau/BrauImNew/Chap16/FG16_06.jpg

Some interesting questions

@ |f there were no pressure, how long would it take for the Sun to
collapse onto itself?

@ If the source of the Sun’s energy were its store of gravitational
potential energy, how long could the Sun live?

@ If the source of the Sun’s energy were nuclear reactions, how long
could the Sun live?

Credit: Anwesh Mazumdar (HBCSE-TIFR)

Let’s calculate some timescales!
The characteristic timescale of a process is

¢ L Changed quantity
@

tchar o

T Rate of change



Dynamical timescale

@ How quickly would layers in a star move if hydrostatic balance is
disturbed?

@ In this case the characteristic length (¢) iIs ~ R

@ Since the binding force is gravity, the typical velocity (¢) would be
the characteristic velocity in a gravitational field, i.e. the escape

velocity
Vesc — \/ 2GM/R

t R /R 1
dyn VeSC GM . Gp

@ Then

Credit: Anwesh Mazumdar (HBCSE-TIFR)

neglecting factors of the order of unity.

If you substitute values of R and My — 1, ~ 15 min



Thermal timescale

@ The time required to radiate away the thermal energy of a star is

called the thermal timescale. It you substitute values of

RQ, L and M,
1, ~ 30 X 1()6 years

@ Here ¢ = Uand ¢ = L. So

U
tth’\“f

@ The Virial Theorem connects the thermal energy U to the Kelvin -_HelthItZ nypothesis
QO  GM? — Sun Is supported purely by

gravitational energy (£2) of the star: U = 5 =R/ SO thermal energy of contraction

Credit: Anwesh Mazumdar (HBCSE-TIFR)

GM? TIMESCALE IS TOO SHORT.
RL HYPOTHESIS PROVED FALSE!

neglecting factors of the order of unity.

lin ~




Nuclear timescale

@ Timescale on which a star will exhaust its supply of nuclear fuel,

e Mc?

b~
nuc L

e IS a factor encompassing

@ the mass defect
© fraction of the mass available for nuclear fusion
© the mass abundance of the fuel (primarily hydrogen).

@ For atypical star, e = 0.007 x 0.2 x 0.7 = 0.001

@ For the Sun, (tywe )o ~ 1070 years which is consistent with its
present age.

Credit: Anwesh Mazumdar (HBCSE-TIFR)

Verification of our Sun being supported by nuclear reactions!



The life cycle of a star



Star of greater mass
expands, cools,
and turns red

Star shines
as nuclear
reactions

inside produce
light and heat

NEBULA

MAIN-
SEQUENCE
STAR

Dense region

in nebula begins to
shrink, warm up,

and become a protostar

Supergiant explodes,
blasting away outer layers

Core collapses
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very dense
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expands and glows
red as it cools

Source: https://misswise.weebly.com/life-cycle-of-a-star.html



rown dwarfs

' Browndwarf:a FAILED star.

Star birth an

Stars form in large clouds of gas and dust
called molecular clouds.

Molecular clouds full of stellar clusters are
called stellar nurseries.

Pillars of creation, credit: JWST

:  Check: Is Jupiter a BROWN DWARF?.

= -



Stars living and dying...
Main sequence and nuclear burning

STELLAR CLASSIFICATION (MAIN-SEQUENCE)
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Stars living and dying...

Giants

l

Hydrogen-burning
core

Main-sequence star

Outer layers: no thermonuclear reactions M < 1 OM ©)

rogen-
burning shell burning shell

Heli 3
e Helium-burning

thermonuclear
reactions core
Red giant Red giant after
helium burning
begins

Red giant stars

~ Supergiant stars



Stars living and dying...

Planetary nebulae and supernovae

Heavy stars vs
Lighter stars

Type | and Type Il
supernovae

E Ring. Nebula

Note: Planetary is
a MISNOMER

) -\ o < ";! \ T
N h. P o R
— Nothing to do
.v‘ “' " )i % [,V F / ‘. N A -
t". ‘ ' "; YL ] ;'“.' { : - 4 ' 5
o 4 > o . ',""v i v :: o p’
' oy P > '?‘#. ¢ (B 5 P, . ~"' o
u - - "'.‘ Z‘(' .' '. - 5. ’ ,:.-‘ 3 <y &
Crab Nebula




3 Big stars are like

1 ogres...
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Stars living and dying...

Compact stars

Final stages of stellar evolution: white dwarfs, neutron stars and black holes.
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lllustration of rocky debris around a white dwarf S il L
Source: NOIRLab/NSF/AURA/J. da Silva Image processing: e o 1 OM@ < M < 25 MG)

M. Zamani and M. Kosari (NSF's NOIRLab) Artist's impression of supermassive black hole seed

Source: ESA/Hubble
X-ray light rings from a binary neutron star

Source: NASA/CXC/Univ. of
Wisconsin-Madison/S. Heinz, et al.;
Optical: DSS



Looking at stars



What is light?

Light is a form of energy that lets us see the world around us.

Light can be thought of as of radiation, and different have different
. Light travels through space in these waves, like ripples travel in water.

This energy can also be linked to . Hotter objects have and
cooler objects have

Our eyes are sensitive to
... but there are also other kind of light with different wavelengths!!




Different kinds of "light"

Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
Wavelength (m) 0.5x10 ~° 1078

10° 107 107> 10 19 10 12
| | 3. 'ﬁ
Approximate Scale ‘é} - | . g
of Wavelength ﬁ ‘ - ~§

Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

shorter wavelength longer wavelength

— —

Shorter wavelengths have MORE ENERGY!



Space is full of different kinds of light.
Different telescopes help us to see different types of light!
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Hubble
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gamma ray X-ray ultraviolet  visible Infrared  microwave radio

!E SOFIA




HMI Dopplergram HMI Magnetogram HMI Continuum AlA 1700 A
Surface movement Magnetic field polarity Matches visible light 4500 Kelvin
Photosphere Photosphere Photosphere Photosphere
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HMI Dopplergram HM| Magnetogram HMI Continuum AlA 1700 A
Surface movement Magnetic field polarity Matches visible light 4500 Kelvin
Photosphere Photosphere Photosphere Photosphere

Our Sun
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different
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Reference: The parable of the
blind men and the elephant

IT'S A SPEAR!

IT'S A ROPE!




Astronomers consider stars to be approximate black bodies that are
capable of absorbing light at every wavelength without any reflection.
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We can use Welin’s displacement law to calculate
the surface temperature of stars.



Brightness

CONTINUQUS SPECTRA

<—Ultraviolet : Visible light | Infrared —>

_...—Blue star .
D ; 12,000 K

R e
-
-
-
-
-
-
-
-
-
-
-
-
-

| i - E | | |
0 200 400 600 800 1,000 1,200
Wavelength (nanometers)

1400

1600

1800

2 000
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than red
stars!



The Physics of
Stellar Evolution



Hertzsprung-Russell diagram
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https://www.azoquantum.com/Article.aspx?ArticleID=436

Equations of Stellar Structure

FUNDPAMENTAL STELLAR STRUCTURE EQUATIONS (FSSE)
IN TINE-INDPEPENPENT (STATIC) FORM

d_P — _GM”"O
dr r?
dM,

dr
dL,

dr
d_T — _iﬂ_ﬂ LT RAPIATIVE TRANSPORT
dr |, dac T3 4mr?

ar| ( 1 ) pmg GM,  ADIABATIC
ad

HYDPROSTATIC EQUILIBRIUM

— 47rr2p MASS CONSERVATION

— 472 pe ENERGY EQUATION

% ~ L P2 CONVECTION

https://guantumredpill.wordpress.com/2013/03/29/stellar-modelling/



https://quantumredpill.wordpress.com/2013/03/29/stellar-modelling/

Fundamental Forces of Nature
~in a Stellar Nursery \

This mfrared image shows the heat

released throughout a nebula as

the fundamental' forces combine to

form new stars from massive clouds

-
-

of mterstellar matter iy 3
. o . c e W

Infrared view of Wizard Nebula — WISE, the Wide-field Infrared Surve\; Explorer mission
- - - »

Gravity , . -

- Dense hot clouds collapse as gra\nty

starts the star formatlon process.

Strong'& Weak Nuclear i
These forces work on the nuclear level
lfuelmg the core of new stars.

Electromagnetic Force
This force also works at the atomic.
level enabling stars to shme

- NASA/|PL-Caltech/UCLA



Fundamental Forces

n
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@ Force which
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The Sun and the planets all orbit e . 3
a shared center of mass Syon . @
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Gravity forms stars, planets, and moons, and forces these objects to spin on
an axis and move along an orbital path. The planets appear to be orbiting

the center of the Sun, but the Sun and planets all orbit a shared center of mass.

Planets with enough mass can develop orbiting moons or rings of debris.

Creating energy

Gravity is the force that creates
pressure and fusion energy in
the core of stars allowing them
to burn for millions of years.



Electromagnetic Force
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Forming atoms and molecules Generating light
The electromagnetic force pulls negatively charged electrons into bound orbits around When a negative electron interacts
positively charged nuclei to form atoms and molecules. As a gas cools, electrons will with a positive proton, the
find their way into the presence of atomic nuclei. Larger nuclei with a greater positve electromagnetic force adds energy to

charge pull in more electrons until atoms and molecules have a balance of charges. the electron generating a photon.




Strong Nuclear Force

Binding protons in atomic nuclel

Positively charged particles naturally repel each other, it takes an extreme amount

of force to hold protons together. The strong nuclear force overcomes the
repulsion between protons to hold together atomic nuclei. Without the strong

nuclear force, complex nuclei cannot form.

%
Breaking the bond

Enormous energy is released as
gamma rays and nuetrinos when
the strong nuclear force is broken
between protons and neutrons.



Weak Nuclear Force

'. . '. =

Converting protons into neutrons

When two protons collide and fuse, a disruption in the weak nuclear force emits a
positron and neutrino, which converts one of the positively charged proton to a
neutrally charged Nuetron. Without the weak nuclear force converting protons into
nuetrons, certain complex nuclei cannot form.

Releasing radiation

Heavy atoms have an imbalance of
protons and nuetrons, so the weak
nuclear force converts protons to
nuetrons releasing radiation.



Nuclear Fusion in the Sun

7
reN & .

J/

Nuclear Fusion
The proton-proton chain

f NN
5




Nuclear Fusion in the Sun

Z.Z,e?
1£2€ Coulomb
r : Barrier

Ve(r) =

Here, e2 = 1.44 X107 %eV cm

To overcome Coulomb barrier, we need very
high temperature?

0

For p-p : Coulomb barrier = 550 keV

-2 64 X10°K Attractive
Nuclear

Poltential |

Atractive
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Nuclear Fusion in the Sun

If we rely on temperature alone, there is a
close to zero chance for the fusion
reaction to happen?

10’K - 0.86 keV

3 muv?
P(v) = 4nv?(m/(2nkT)Z exp ( )

2kT
P(550)

— 10—275
P(0.86)
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Nuclear Fusion in the Sun

If we rely on temperature alone, there is a
close to zero chance for the fusion
reaction to happen?

10’K - 0.86 keV

3 muv?
P(v) = 4nv?(m/(2nkT)Z exp ( )

2kT
P(550)

— 10—275
P(0.86)
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- imag(pst)
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Ans:
QUANTUM
TUNNELLING!




Let’s go to the future..

...0f our SUN
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~9 Ga ~1 Ga ~100 Ma ~10 000 a

Stage: Main sequence > |Red giantl >  Horizontal branch > |Planetary nebula] > White dwarf

Sun's age: 4.5 Ga (now) 12.2 Ga 12.3 Ga 12.3305 Ga 12.3306 Ga
core shrinks star eiects

10 000 ejected gases thin and form outer Hayers

| ; |Asymptotic branch \ EVO I uti O n

1000 helium in core ignites:
helium flas

o (12.2 billion years) Of O u r
— Red giant
~ 100 Red g |
= burning hydrogen in u n on
N shell around core
8 nebula core
< 10 cools © 12 billion years th H R
3 e
_—

S T Tauri phase d =
1 (4.5 billjlri]orrloy\/héars) I a g ra m

burning hydrogen °10 million years
In core

fuel |
0.1 Q\C/)a”t;%le Main sequence
for burning White dwarf
star cools
0.01 e o = =

100,000 20,000 10,000 5000 3000
T t K o . :
emperature [ Source: Wikipedia



ion of sun-

IN SIZE

Source: Wikipedia




DEATH OF THE SUN®

FUTURE TIMELINE OF THE SOLAR SYSTEM

https://youtu.be/dI7{GSGvX08



https://www.youtube.com/watch?v=dI7fGSGvX08
https://youtu.be/dI7fGSGvX08

Temperature (Kelvin)

B TR, Y Let’s look at
Absolute ' Luminosity Ssome HR

Magnitude

diagram
trends!

Spectral Class




Temperature (Kelvin)

T O BY . .
Absolute T, e el Lamninosity Q1. Whlch_one in
Magnitude N P | the group is a

white dwarf?

Spectral Class




Temperature (Kelvin)

o 0 RN Q1. Which one in
Absolute A e B it ] ' Luminosity the group iS 3
Magnitude R e | :

. CLATRNERLL white dwarf?

Ans: D

Spectral Class




Temperature (Kelvin)

Q2. Which one in

Absolute :’. ':i';.. P— .,' ; e e | : Luminosity

Magnitude N TR the group is the

coolest star?

Spectral Class




Temperature (Kelvin)

W, O BYASER Q2. Which one in
Absolute A A '-’. | ' Luminosity the group is the

Magnitude R e T
S - coolest star?
| AR ¢ Ans:

Spectral Class




Temperature (Kelvin)

Wy O st Q3. Which one in
— LTS IR TPl  the group is the

Maanitude : :
J most reddish main

sequence star?

Spectral Class




Temperature (Kelvin)

Q3. Which one in
the group is the

Absolute o B Lo | Luminosi : .
T, TR L . ‘B ~ Y most reddish main

Magnitude

sequence star?
Ans:

Spectral Class




Temperature (Kelvin)

Q4. Which one in

Absolute :’. ':i';.. P— .,' ; e e | : Luminosity

Magnitude N TR the group is the

brightest star?

Spectral Class




Temperature (Kelvin)

. Q4. Which one in
Absolute ), TS Pl Luminosity the group is the

Magnitud
. brightest star?

AnNs:

Spectral Class




Temperature (Kelvin)

Q5. Which one in

Absolute AL T S | Luminosity

Magnitude M o R the group has the

highest radius?

Spectral Class




Temperature (Kelvin)

. O BYAE Q5. Which one in
Absolute e ;’. | ' Luminosity the group has the

Magnitud
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AnNs:

Spectral Class




White dwarfs and the
Chandrasekhar limit



White Dwarfs

e Formed towards the end of those stars’
life with M < IOMQ.

» Supported against gravitational collapse
by the degeneracy pressure of their
constituent electrons.

* Non-magnetized, non-rotating white
dwarfs all obey the Chandrasekhar limit.

Hubble image of Sirius A and Sirius B



How are white dwarfs held together?

The answer lies In quantum statistical mechanics.

If packing atoms so close that their wave nature is important
— Maxwell-Boltzmann distribution no longer correct

Similar to classical mechanics — quantum mechanics
Classical statistical mechanics — Quantum statistical mechanics



https://xykademigz.com/2016/05/19/party-particles/


https://xykademiqz.com/2016/05/19/party-particles/

Fermions are particles of half-integral

spin. They obey the Pauli Exclusion
Principle.

At T = 0 K, the fermi gas becomes
completely degenerate.

Even at zero temperature, the gas has

non-zero pressure, called degeneracy
pressure, or fermi pressure.

In white dwarfs, it is this degeneracy pressure of the constituent electrons
that stabilises the star against gravitational collapse.



Stabilization against gravity due to degeneracy
pressure of electrons

—> continues till particles fermi velocity reaches
speed of light

- Chandrasekhar limit!

“...the presence of the Planck scale in the Chandra limit is
telling us that both quantum effects and gravitational

effects are needed to understand white dwarf stars: the
matter is quantum; the gravity is classical.”
- David Tong, Notes on Statistical Physics

01 0-2 03 04 0-5 0-6 0-7 0-8
A[/,‘I, s

09

Fic. 2.—~The full line curve represents the exact (mass-radius)-relation for the

highly collapsed configurations. This curve tends asymptotically to the - - - -

as M - o.

Chandrasekhar, MNRAS (1935)

curve

A
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You can use the Lane-Emden
equation as a way to derive the
Chandrasekhar equation under
certain assumptions.

N
=
o)
av!
—
=
p—
o
o)
|
o)
=
oy
M)
av!
a4

Warning: requires some
knowledge of ideal fermi gases

Mass (solar masses)

Source: Wikimedia commons



Supernovae and Pulsars




Expands to layers CONtracts to accrete mass It may pass 1.4
red giant white dwarf from a binary solar masses and
_._.. partner suddenly explode
Star like * E into a Type la supernova
Sun |

10 billion years

Blue Compact
Massive star of Star
more than 8
solar masses ‘ >

10 million years

Sheds outer

layers
Core Collapse
produces Type |l
Expands to supernova

red giant

https://futurism.com/breaking-down-typeii-supernova



https://futurism.com/breaking-down-typeii-supernova

* EXxplosion of a Star

) Eﬁ%llce)zi;;nthesis -> S u p e rn Ova e
Radioactive Energy

 Energy Release
— Radioactive Heating

— Progressive
Transparency of
Exploding Star

— Recombination
Radiation (stored
lonizing energy of
explosion)

 Types

— Thermonuclear

Supernovae (Type
|a) SN 1967 A

— Gravitational

Collapse I —

Supernovae (Types 0 50 100 150 200 250 300 350 400
|1, 1b/c) DAYS AFTER MAXIMUM LIGHT

| | I | | |

BLUE MAGNITUDE




The progenitor of a Type Ia supernova

h ‘ (Q:\.
* Formed by the thermonuclear explosion of a (‘\‘) C‘\* = P

White dwarf WhiCh haS accreted (gained Two normal stars The more massive s;gZ)]rlli(;:;lr;I)sitlg,gczsu:iI:g ltth t(:)
mass) beyond the Chandrasekhar limit

are in a binary pair. star becomes a giant... expand and become engulfed.
- o~

 Produces a consistent peak luminosity.

Type la supernova

The secondary, lighter star The common envelope is

and the core of the giant ejected, while the separation The remaining core of
star spiral toward within between the core and the the giant collapses and
a common envelope. secondary star decreases. becomes a white dwarf.

* Allows these events to be used as standard -
candles to measure the distance to their »
host galaxies. »

The aging companion

star starts swelling, spilling increases until it reaches a ...causing the companion
gas onto the white dwarf. critical mass and explodes... star to be ejected away.

Source: Wikimedia



Type Il supernovae

=
~
. i . Neutron Star
N
y

R
supeigsam Supernova Black Hole

.-

Massive Star

Lifecycle of a massive (M > 38M,) star.



https://www.youtube.com/watch?v=JduQrZAEHX8
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This periodic table depicts the primary source on Earth for each element. In cases where two sources contribute fairly equally, both appear.

https://svs.gsfc.nasa.gov/13873/
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Stars living and dying...

Compact stars

Final stages of stellar evolution: white dwarfs, neutron stars and black holes.
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Source: ESA/Hubble
X-ray light rings from a binary neutron star

Source: NASA/CXC/Univ. of
Wisconsin-Madison/S. Heinz, et al.;
Optical: DSS



Pulsars

Pulsars are neutron stars that spin very
quickly, with the fastest of them spinning
100s of times in a second. They are very
stable, cosmic clocks.

* Discovered by then graduate student
Jocelyn Bell Burnell in 1967

 She detected a periodic radio
signal. Initially dubbed "LGM" for "Little
Green Men” using a large radio
telescope

* Further analysis revealed it was a rapidly
rotating pulsar, a new category of star!

Jocelyn Bell



Pulsar Timing Arrays

Pulsar Timing Arrays continuously
monitor a population of galactic
pulsars using radio telescopes.

Energetic events (like the mergers of
2 supermassive black holes)
happening in the Universe result Iin

>

deviations from pulse arrival times - When the rotating puise
and these are signs of exciting o fotiies Sl Ve

. It is pointed away, the signa
astrophysics! ki ol ey, oo sl

How We See Pulsars

Observationally, we see signal
blips called pulses, which are
received with a very steady
period.




Gravitational waves
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o " NANOGrav
The spectrum of gravitational wave astronomy

h Cosmic Microwave

Background All three experiments measure
changes in light travel times

Pulsar Timing between objects due to GWs.
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Astronomers hunt gravitational waves
with ear to black hole symphony

Once detected, such low frequency gravitational waves would provide scientists with
a novel look of the universe
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INPTA is a member of International Pulsar Timing Array
collaboration (IPTA)
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