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Develop physical understanding of:

How astronomical objects produce radiation, radiation
transport

Formation, structure, evolution and death of stars
Stellar atmospheres

Spectral line formation

Interstellar medium
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Introduction:  What is astrophysics and theoretical astrophysics? Astronomical units.

Radiation processes: fluxes and magnitudes; bolometric flux and bolometric correction;
spectral types; luminosity classes; effective temperature; specific intensity; optical depth;
source function; equation of radiative transfer; optical depth; blackbody radiation; radiation
from atoms; spectral lines; bremsstrahlung; synchrotron radiation.

Stars: basic assumptions and observations; measuring masses; hydrostatic equilibrium;
virial theorem; characteristic timescales; gas and radiation pressure; degeneracy pressure;
Eddington limit; energy transport by radiation; nuclear reactions; neutrino oscillations;
convection.

Stellar evolution:  star formation; Young Stellar Objects; binary formation; low mass stars;
white dwarfs; mass transfer binaries; Type Il supernovae; neutron stars; black holes.

Stellar photospheres: Stellar types, spectra, temperatures. Continuous and line spectra.
Spectral analysis. Theory of line formation.

Interstellar Medium: Cooling and heating of the gas and dust. Multiphase interstellar
medium. Basics of gas dynamics. Physics of Hll regions. Shock waves. Evolution of
photoionized nebulae. Stellar winds. Supernovae explosions.



Officially, lectures should take place on Wednesday, and Thursday, while
exercise sessions on Monday, in one of the lecture halls M203 or M204.

However, | will usually give lectures onMonday and Wednesday , and
exercise and practical sessions sessions oimhursday .

Important!  Classes onThursday will only occur when | announce them!

Also, a few lectures will be skipped due to classes overscheduling.

Check the course web -page for announcements!
https://vitaly.neustroev.net/teach/spring -2026/




Recommaeaebe dekibabsoks

Textbook choice for this course is largely a matter of personal taste.
Here is a list of recommended books(check the course webpage)).
Study them in parallel with the lectures:

D. Prialnik : An introduction to the theory of stellar structure and evolution*
R. Kippenhahn, A. Weigert: Stellar structure and evolution

J. E. Dyson, D. A. Williams: The physics of the interstellar medium, 2nd ed., Institute of
Physics Publishing, 2003

E. BOhm-Vitense: Stellar astrophysics, vol. 2 & 3, Cambridge Univ. Press, 1992*

David F. Gray, The Observation and Analysis of Stellar Photospheres, 3rd Edition, 2005,
Cambridge University Press, ISBN: 9780521066815**

Lecture notes (not enough! )

* Available in the Pegasus Library
** eBook (through the Pegasus Library)




Astrophysics is a difficult course.

To pass it, students must attend class on a regular basis,
complete homework assignments, present an essay, and to
pass written intermediate exams and at the end of the course.

Your grade will be based on:
50% Exams: an intermediate and the final

30% Homeworks: at least 5 sets ofcompulsory problems (return by the
deadline)

20% Essay: 5 pages + 15 min presentation (compulsory)
Active participation will be taken into account



Introduction

WHAT IS ASTROPHYSICS?
THEORETICAL ASTROPHYSICS
ASTRONOMICAL UNITS




Astrophysicscs

Application of the laws of physics to understand the
nature and behaviour of astronomical objects, and to
predict new phenomena that could be observed.

Obsernvationah Astrephysics sics

deals with collecting useful data
through observations of
astronomical objects using different
scientific instruments.

Observational astronomy (765640S, 5 ECTS)

/ Thearetical:AAstrophysicssic s\

&

uses physics to interpret

all the data together into a full
understanding and makes

observational data and construct
physical models. Theory connects

predictions about phenomena we

havenot obser\

This course

)




Astrpppysisics

Most branches of physics find some application in astronomy.

Main difference between astrophysics and other branches of
physics: controlled experiments are (almost) never possible.

This means:
+If many different physical effects are operating at the same time in a
complex system, we canot 1 solate t

1 Knowledge of rare events is limited - nearest examples will be distant.
For example, no supernova has exploded within the Milky Way since
telescopes were invented.

+  Need to make best use of all the information available- many advances
have come from opening up new regions of the electromagnetic
spectrum.

1+ Statistical arguments play a greater role than in many areas of lab
physics.
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At Stellﬁr Solar Physics
MOSpNheres Interstellar
Medium
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Interacting :

Binary Stars Extragalactic Cosmology

Stellar Extrasolar Cosmogony of
Structure and ——> -— the Solar
: Planets
Evolution system

. Most of astronomical objects are detected via electromagnetic radiation /




PhysitehLooaiitions

Physical conditions in astronomical objects are very diverse:

1 Temperatures:
e 3 K (microwave background radiation);
¢ 10 K (molecular gas in star forming region);
e 102K (gas near a black hole).
+ Densities as high as 18>g cm3 in neutron stars

1 Velocities above 0.99 c (speed of light)




Exampides] Tth88un

Physical conditions in the center of the Sun are:
+ Temperature 1.5 x 10 K
+ Density 150 g cm3

Temperature (and to a lesser extent density) is well within range
accessible to lab experiments.

High confidence that we understand most of the
‘ basic physics (i.e. what are the laws) pretty well.

Numerous excellent observations also available.
Detailed comparison between theory and observations is possible.




The Sun
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Neutron stars can have magnetic fields >> lab conditions:
Eart hés magn%¥®lesiaglGhusy | d ~10
Strongest magnets ~40 T (4 x 16 G)

Magnetar ~101T (10 G)

Black holes produce gravitational fields enormously stronger than any
found in the Solar System.

In both cases we think we know the physics needed to understand these
objects:

matter in superstrong magnetic fields (Quantum electro-dynamics)
Black Holes (General Relativity)

But untested in the lab - ideally would hope observations could test theory
INn new regimes.



First -ever Image of a Black Hole

17 Image credit: the Event Horizon Telescope Collaboration



Black Hole

Accretion disc

Relativistic Jet N

Event horizon

Singularity -

At the very centre of a black hole, matter has collapsed 2
into a region of infinite density. called a singula
All the matter and energy that fall into the black ho
The prediction of infinite density by general relativity iS ¢
the breakdown of the theory where quantum effects becg pportan

Singularity

Event horizon
This is the radius around a singularity where matter and energ
cannot escape the black hole’s gravity: the point of no return.
This is the “black” part of the black hole. ,
Photon sphere

Although the black hole itself is dark, photons are emitted from nearb
hot plasma in jets or an accretion disc (see below). In the absence of gravity,
these photons would travel in straight lines, but just outside the event horizon
of a black hole, gravity is strong enough to bend their paths so that we see

a bright ring surrounding a roughly circular dark “shadow”.

Photon

\ sphere

Relativistic jets Aﬂc
When a black hole feeds on stars, gas or dust, the meal produces jets of particles
and radiation blasting out from the black hole’s poles at near light speed.

They can extend for thousands of light-years into space.

Innermost stable orbit
The inner edge of an accretion disc is the last place that material can \
orbit safely without the risk of falling past the point of no return.

I Innermost stable orbi;
Accretion disc ~

A disc of superheated gas and dust whirls around a black hole at immense speeds, \
producing electromagnetic radiation (X-rays, optical, infrared and radio) that reveal the

black hole’s location. Some of this material is doomed to cross the event horizon, while other parts

may be forced out to create jets.

Image credit: NASA



Examples: Cosmology

| Observations of the rotation curves of
4 ';; . " spiral galaxies suggest presence of
.. dark matter - probably in the form
of an unknown elementary particle.

Observations of the brightness of
distant supernovae suggest presence
of dark energy - not understood at
all.

Astronomical observations hint at
presence of new physics, which
may be testable in the lab in the
future.
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One of the deepest views of the Universe

. ;
o By o ;
& 3 . ; (
G R 4 .
? - G >
* * , .
. o &
. - ' i ..va
- NE
: X ¥
» e B
" '.r -l ' ’
i
% ‘.
> & .
; T
. @ - ‘
¢ 02
‘ . “ T L -
R
f k]

Great Observatories Origins Deep survey data



21

One of the deepest views of the Universe
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Stellar
Atmospheres

Interacting
Binary Stars

|

Stellar

Structure and

Evolution

Interstellar
Medium

Extraga

Extrasolar
Planets

\

Theltopics\which will be
Iscusged Iin the given course

Solar Physics

e O

Radiative processes

the Stola;
system

Most of astronomical objects are detected via electromagnetic radiation



Distance: an astronomical unit (AU or au) is the
mean distance between the Earth and the Sun
(technically the radius of a circular orbit with same
period as the Earth).

1au=1.496 x 16 cm

A parsec (pc) Is defined as the distance at which 1 au
subtends an angle of 1 arcsecond.

Sun (N_\\r —
1 arcsec = 4.88 106 radians ,,, 1~ -

Earth ."'________



oty op Tt Al

1 pc= 3.26 light years - roughly the distance to the nearest
stars. Convenient unit for stellar astronomy.

Sizes of galaxies usually measured in kpc (galaxy scales
are 10-100 kpc).

Cosmological distances are hundreds ofMpc to Gpc.
Observable Universe is a fewGpc across.



Astreonoiedcabiten(@s (3)

- Wavelengths in the optical range are usually measured
In Angstroms, but may show plots in nm:

1A=108cm=1019m =0.1 nm

- Other common units are the Solar mass, Solar radius,
and Solar luminosity:
Rg =6.955x10%° cm,
L = 3.845x1033 erg/s,
Mg =1.989x1033 g




cgs (emigmmaisgsendnd)ianits
Fund I

Gravitational constant, G=6.679x10-8 cm3/g/s 2
Stefan-Boltzmann: s=5.6705x10> erg/cm?/s/K 4

Speed of light, c=2.99792x10%m,

Electron mass: m,=9.109x1028 g

Planck constant h=6.626x102" erg s

Electron charge: 4.803x101%e.s.u

Boltzmann const; k=1.380x10-1%erg/s or 8.617x10° eV/K
Gas constant R=8.314x10 erg/ mol K

Solar:
Radius R; =6.955x10'° cm,
Luminosity L g = 3.845x10%3 erg/s,
Mass Mg =1.989x10°3 g
Astronomical:
Parsec, pc: 3.086x138cm
Astronomical Unit, AU: 1.496x103cm
Angstrom, 1 A =108cm
Miscellaneous
Energy of 1 eV=1.602x16%% erg




Stars

ROLE OF STARS
DEFINITION
WHAT CAN WE LEARN FROM OBSERVATIONS?
PROPERTIES OF STARS
STELLAR TIMELINE




Star Field as seen through the Hubble Space Telescope
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Astronomy (Greek : e
UG UBOI O ¢U I=01AI@,0 Ol +
astronomia = astron + nomos,

|l 1terally, nlaw of the s

Most of the visible matter In the Universe
(97% In our Galaxy) Is contained within stars.

Stars produce most of theenergy In the Universe in
the present time.

The creation of the chemical elements
(nucleosynthesis) mostly occurs in stars at present.

In the Milky Way about 400 billion (4x10 1) stars.




Magnetic

Starss Whih shdutdie wareare? Fields

! I
- Turbulence
Black Holes Stellar V\des I
Hydrogen Neutron Stars Supernova
Produced in White Dwarfs /

Stars

Big Bang /
Radiation N
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Recombination " Clouds
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What is a star?

Elementary definition:
Star Is a huge glowing selfluminous gaseous sphere




Size

Star Is ahuge glowing self-luminous gaseous sphere

Sun 700 000 km=7 3 1019cm
Earth 6500 km = 6.5 3 108 cm

Compact stars:
White dwarfs ~ 104 km ~ 10° cm
Neutron stars ~10 km ~ 105 cm



Temperature

Star Is a hugeglowing self-luminous gaseous sphere

By temperature, the temperature of the surface is usually meant.

However, normal stars have no solid or liquid surface. Therefore,
the photosphere (a star's outer shell from which light is radiated)
IS typically used to describe the star's visual surface.

SunT=5777 K

Very low-mass starsT = 800-1000 K 1§

Compare with Venus surfaceT = 700 K




Energy production

Star is a huge glowingself -luminous gaseous sphere

Jupiter (a planet, not a star) radiates about twice as much
energy as It receives from the Sun, so it produces energy
and can also be treated as seHuminous object




State of matter

Star Is a huge glowing selfluminous gaseous sphere

Sun:
Average density: 1.4 g/cn?
Centre density: 162 g/cm3
Photosphere density: 23 107 g/cm?3

Densities of compact stars are extremely high
White dwarfs: 10° g/cm3
Neutron stars: 101>g/cm?3
Neutron stars have solid surface (crust) with cracks and starquakes



Form

Star Is a huge glowing selfluminous gaseoussphere

Rotating stars are oblate due to centrifugal forces.
Ex amp | e :AchernaB ¥=0.5 hag
Rotational velocity at equator is 225 km/s
Equatorial radius is 11.8 Rg
Polar radius is 7.6 Rg
Flatness is 2:3

Sun:
Flatness is 93 106

Stars in double systems are elongated due to gravitational
attraction



What Is a star?

Definition:

Stars are selfgravitating objects where thermonuclear
reactions, which convert hydrogen into helium, operate
or occurred in the past.



L ws Randdl'T g

R = 2R, R =Rg

T=Tg = Tg

Which star is more luminous?



L wss Randdl'T g

T=Tg = Tg

Each cn? of each surface emits the same amount of radiation.

The larger stars emits more radiation because it has a larger surface.
It emits 4 times as much radiation.



L ws Randdl'T g

@

R=R, R=R,
T=T, T=2T,

Which star is more luminous?



L wss Randdl'T g
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R =R, R =R,
T=T, T=2T,

The hotter star iIs more luminous.

Luminosity varies as T# (Stefan-Boltzmann Law)



Lunnmosityi baly

L' R2 4

Luminosity =~ Surface Area” (Radius)?

Luminosity =~ (Temperature)?

If star 1 I1s 2 times as hot as star 2, and the same
radius, then it will be 24 = 16 times as luminous.



Stellar Luminosities come
from distance
measurements. The best
way to perform such
measurements is through
parallax:

Ground-based
measurements (difficult)

Hipparcos (1989-1993,
>100 000 stars measured)

Gaia (launched in 2013,
goal T to measure one
billion sources, 1% of the
Galaxy's population).




WHai cannver e bea fio firohserbsienations?

45
Stellar Sizesand Masses Spectroscopic Binaries (4)
primarily come from =

- Radial Velocity curve for Double-lined SB in

Blnary Stars' a Circular Orbit:

in

120 — T * r * T - T 7

1040

~l

Radial velocity (kms™')
F
(=]

Ta Earth

=20

Eclipsing (Photometric) Binaries Spectroscopic Binaries (3)
EN En
o By studying the shape 7 Radial Velocity curve for Double-lined SB in
of the eclipses, in an Elliptical Orbit (e=0.4):
conjunction with a -
o - knowledge of their " | LI W
radial velocity curves, it s
is possible to determine < 6o, y
the masses and radii of < Tokarth o T A
s the stars in the binary. £
o Edlipsing binaries are // 3 -0F
hence extremely useful ' ::E N P B B
SYSTemS. 0.0 02 0.4 0.6 0.8 1.0
() Tidol distortion T~ P

Interacting Binary Stars Interacting Binany Stars
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Stellar Temperatures e
come from spectra:
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Starss$Hhamrprppeiest i @Chlack-bodléss

2.0 H " extraterrestrial solar spectral irradiance
total area: 1367 W/m?

2.2

© blackbody spectrum for T = 5777 K
total area: 1367 W/m?

Spectral irradiance, W/(m? nm)

0 500 1000 1500 2000
Wavelength, nm




Prapecieies! dfdintePhirak law
For increasing temperatures,

the black body intensity T T
Increases for all wavelengths.
The maximum in the energy -
distribution shifts to shorter

| (longer n) for higher
temperatures.

| T =2.98978 x10 AK

is7EAT 60 AEODI AA
for the maximum / providing
an estimate of the peak o wo  ww w2
emission (| .., =5175 Afor Maveengh

the Sun).

6E+11 |-

rgy density / kJ/m3 nm

4E+11 |-

Spectral ene




Blackbody radiation is continuous and isotropic whose
Intensity varies only with wavelength and temperature.

Following empirical (Josef Stefan in 1879) and theoretical
(Ludwig Boltzmann in 1884) studies of black bodies, there is
a well known relation between Flux and Temperature known
as Stefan-Boltzmann law:

F=sT*
with s=5.6705 x 10> erg cnr?stK+4



Efffottie tcropepaivmtapésiafstars

. The Stefan-Boltzmann law, /~=s 74, or alternatively
—— sY def | n eefectiveht@anpdiatureo0 o f

l.e. the temperature which a black body would need to
radiate the same amount of energy as the star.

- T 1S ST77K for the Sun.

N



Whiaicannveriebeafiofronsesbsevations?

Stellar Abundances also come from spectra:
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Pirivanrstatpapararretdrs (T, gEd)

Effective temperature (in K) is defined by L=4 pR?sT

(here L - luminosity, R - stellar radius), related to ionization .

Surface gravity  (cm/s?), g = GM/R?, related to pressure.

The Sun has T4=5777K,log g=4.441 its atmosphere is only a few
hundred km deep, <0.1% of the stellar radius.

- Ared giant haslog g~1 (extended atmosphere), whilst a white dwarf
has log g~8 (effectively zero atmosphere), and neutron stars have
log g~14-15







table 18-1

Distance from the Earth:

Light travel time to the Earth:
Mean angular diameter:
Radius:

Mass:

Composition (by mass):

Composition (by number of atoms):

Mean density:

Mean temperatures:

Luminosity:

Distance from center of Galaxy:

Orbital period around center of Galaxy:

Orbital speed around center of Galaxy:

54

Sun Data

Mean: 1 AU = 149,598,000 km
Maximum: 152,000,000 km
Minimum: 147,000,000 km

8.32 min

32 arcmin

696,000 km = 109 Earth radii

1.9891 x 1030 kg = 3.33 x 10° Earth masses
74% hydrogen, 25% helium,

1% other elements

92.1% hydrogen, 7.8% helium,

0.1% other elements

1410 kg/m?

Surface: 5800 K; Center: 1.55 x 107 K
3.86 x 102 W

8000 pc = 26,000 ly

220 million years

220 km/s




Anscalllith etstaisadhensare?

55

. No!

Luminosity

10°L; <L < 10Ly:
factor of 132in L
Radius

10°R; < R< 1®R;:
factor of 1&in R
Mass

102Mg< M < 16 Mg:
factor of 1¢in M
Temperature

1K<t < 10 K:
factor of 1Gin Ty

(but note that in
neutron stars J; can
be higher than 10K)




. Spectral lines originate in a stellar atmosphere 1 a thin,
tenuous transition zone between (invisible) stellar
Interior and (essentially vacuum) exterior.

- Stellar interiors are effectively invisible to external
observers (apart for e.g.astroseismology) so all the
Information we receive from stars originates from their
atmospheres. Understanding how radiation interacts
with matter affecting the emergent line and continuous
spectrum is a part of this course. We will discuss it later.



Specitehl pgses
MorganKeenan (MK)
classification scheme orders

v Z y MK tral cl Class characteristics
A0FNB OAl ah. ! c—2==== =

Table 15.1. MK spectral classes.

classes using ratios of spectral T e T
line strength. : ot et e e el
G Cali strong; Fe and other metals strong; H weaker
K Strong metallic lines; CH am.i CN bands developing
O—typeS have t,he hlgh,eS];E M Very red; TiO bands developing strongly
h. ! a iyl N&i éFLBE& CELSUI I NV E R o
7 K A taud 022t SNJ & ' ——
u \e L J S 8 q) 50,000 ZS‘IOOO IO.?OO 8()|00 60|00 SOIOO 40100 30100
f
Spectral classes are each
subdivided into (up to) ten
divisionsg e.g. O2 .. 09, BO, B1
. B9, AQ, Al .. etc

05 BO A0 FO GO KO MO M7
Spectral type

Figure 8.9 The dependence of spectral line strengths on temperature.




Luminosity Class classification

Luminosity class information is often added, based upon spectral line
widths:

Ia Most luminous supergiants
Ib Less luminous supergiants
I Luminous giant

IT1 Normal giants

\Y Subgiants

\% Main sequence stars (dwarfs)
VI Subdwarfs
VII White dwarfs

Dwarfs have high pressures (large line widths) and supergiants have
lower pressures (smaller line widths).



Some properties of representative stars

Star Sp T.x(K) L/L R/Ry M/My p (g/cm3?® Remarks
o Sco A MO Ib 3300 34000 530 20 1.7-10°7 Supergiant
(Antares)

o. Boo K21III 3970 130 26 4 3.2:10* Giant
(Arcturus)

1 Ori B1V 23000 13000 7 14 0.052

o CMa A A1V 9700 60 2.4 Ean 0.81

(Sirtus) Main
Sun G2V 5800 1 1 1 1.4 scqucnce
Barnard’s M5V 3000 0.015 0.5 0.38 4.3

Star

o CMa B ASVII 8200 0.003 0.03 0.96 7.7-10% White

(Sirtus B) dwarf




Most of the stars
lie on the Main
Sequence with
increasingLas T
increases

A relatively hot star
can have very low
luminosity, if its
radius is very small
(0.01 Ry):

White Dwarfs

-
E,
(o]
v)
2
@
c
[ —
E

10,000 6,000

surface temperature (Kelvin)

A relatively cool
star can be quite
luminous if it has a
large enough
radius (10-100
Rg): Red Giants
and Supergiants



Physical classification of stars

Normal stars

White dwarfs

Compact objects
(stellar remnants)

Neutron stars

— Black holes

i1

Brown dwarfs

(14




. Definition
Brown dwarfs are objects having insufficient mass to
sustain normal hydrogen burning

. Masses of the brown dwarfs are ranging
from 13 to 70M,,, (0.01 t0 0.07 M,)

- The brown dwarfs are cold (T4 < 1400 K) and dim objects,
which can be detected by infrared observation

. There are many uncertainties both theoretical and
observational concerning these objects



Witiiteldariarfs

- White dwarfs consist of degenerate matter and may
be treated as graveyard for the stars with initial
masses,; O 8 M

- Typical values:
+ R~102R, ~ R,
© M~ (0.3 +1)M,

Limiting mass
(Chandrasekhar limit)

© L~ (102°+107) L, Mup < 1.4 Mg
1 0~ > 10°%pg/cm?3




Neuitoosistars

- Neutron stars consi st of
originate from the evolution of massive stars with

M>8M,
- Typical values:

© R~ 10.15 km Limiting mass
1 |V| ~(1+2) M, (Oppenheimer-Volkoff limit)
1 0 ~15g1C0]3 MNS<(2+3) M8




Bhotkhbiskes

. Schwarzschild (gravitational) radiud: —

- Values of Schwarzschild radius:

1 for Earth is 0.9 cm
1 for the Sunis 3 km

. Supermassive black holes (not stars) are found ircérgresof
many galaxies as well as in tbentre of our own Galaxy, Milky
Way.

Typical values:
© M~ (@L0Pp10°%) M,
+ R~10"1p10'Y% cm ~ (0.010) AU
So radii range approximately frong o the Saturn distance




The subject of stellar interiors covers a very broad area of
physics and is expanding even further into fields that were

previously not considered as a part of the subject matter of
stellar structure.

Mechanics
Thermodynamics
Radiation theory
Relativity

Atomic physics
Nuclear physics
Hydrodynamics
Solid state physics



Stellar timeline

Stars are like people in that they are born, grow up, mature, and die.

‘ ‘IltEI‘StE"aI' me!mm I

otostar

‘ ‘!l alrl sequerce star I

ompact object




Standard

In interstellar gas clouds

Stell&ifdioraii@tion

Exotic

In a gaseous disc around a
supermassive black hole

AL

B

/




Stelliiceldpspse

Evolution of massive stars, with
M> 20 M, ends up in huge
eruption observed as supernova

or hypernova. fu /‘\\\____

formed, and a gammaay burst
might be produced.

The core of the star collapses

directly into a compact object and we 1 T |
two extremely energetic jets of ~u_J"“’~~;
plasma are emitted from its e ¢
rotational poles. e 3 P
In a supernova, the collapse S
results in a neutron star. I'h‘-..,t

In a hypernova, a black hole is e

: L §
0 L _ﬁ'lw“\-)r‘\‘u,, )‘:wl UL

50 160 150 200




Equilibrium In stellar
Interiors

BASIC ASSUMPTIONS
MASS CONSERVATION
HYDROSTATIC EQUILIBRIUM
VIRIAL THEOREM
STELLAR TIME-SCALES




Ihiteddbiction andirecappl(1)

Definition of a star as an object:
Bound by self-gravity

Radiates energy that is primarily released by nuclear fusion
reactions in the stellar interior

Other energy sources are dominant during star formation and
stellar death:

- Star formation - before the interior is hot enough for
significant fusion, gravitational potential energy is radiated as
the radius of the formlng star contracts.

Protostellar or pre-main-sequence evolution.

. Stellar death - remnants of stars (white dwarfs and neutron
stars) radiate stored thermal energy and slowly cool down.
Sometimes refer to these objects as stars but more frequently
as stellar remnants .




hiteduhiiotion andirecappd)2)

With this definition:

planets are not stars - no nuclear fusion.

objects in which release of gravitational potential energy is always
greater than fusion are not stars either i these are calledbrown
dwarfs.

Distinction between brown dwarfs and planets is less clear, most people
reserve Aplaneto to mean very | ow

Gravity l

Irrespective of what we call them, physics of
stars, planets, stellar remnants is similar.
Balance between:

Gravity
Pressure




What are the main physical processes whichdetermine the
structure of stars ?

Stars areheld together by gravitation T attraction exerted on each part
of the star by all other parts

Collapse isresisted by internal thermal pressure .

These two forces play the principal role in determining stellar structure 1
they must be (at least almost) in balance. If they are not, the star will
explode or collapse on very short (dynamical) time-scale. Since stars do
seem to be rather stable on timescale of millennium, the balance is good.

Stars continually radiating energy into space. As they do not seem to
cool dramatically on the civilization lifetime -scale, an energy sourcenust
exist (we will see later that thermal energy is not enough).

Theory must describe - origin of energy  and transport to surface



Basiicasssinpiprtions (2)

We make two fundamental assumptions :
1. Neglect the rate of change of propertiesi assume constant with time.

2. All stars are spherical and symmetric about their centres. Thus, all quantities
(e.g., density, temperature, pressure) depend only on the distance from the
centre of the star - radius r.

Density as function of radius is r (r) .
If m is the mass interior to r, then: a (i)

S Tir@a)a
Differential form of this equation is: Qa t1 " Qi
Two equivalent ways of describing the star:

A Pr o p effr)t é.getemperature T(r)

A Pr opeffm:ieg.F(m)as

Second way often more convenientover its | ifetime, a stard
orders of magnitude, while its mass will remain relatively constant. Moreover, the amount of
nuclear reactions occuring inside a star depends onr and T, not where it is in the star. Thus, a
better and more natural way to treat stellar structure is to write radius as a function of mass, i.e.

!Q p
Qa 11”7
We will start with these assumptions and later reconsider their validity.

‘N



For our stars i which are isolated, static, and spherically symmetric i there
are four basic equations to describe structure. All physical quantities depend
on the distance from the centre of the star alone

Conservation of mass

Equation of hydrostatic equilibrium . at each radius, forces due to
pressure differences balance gravity

Conservation of energy  : at each radius, the change in the energyflux
equals the local rate of energy release

Equation of energy transport . relation between the energy flux and the
local gradient of temperature

These basic equations supplemented with

Equation of state  (pressure of a gas as a function of its densityand
temperature)

Opacity (how opaque the gas is to the radiation field)
Nuclear energy generation rate asf(rs,T).



Equeiionfofianasesaiseiroation

Massm(r) contained within a star of
radius r is determined by the density

of the gasw(r).
Consider a thin shell inside the star
with radius r and outer radiusr+dr :

Qw 1“1 Qi
QU Qwl@) 1 "()Qi
In the limit where adr- O:

QU o
o ™1 ")

This Is theequation of mass conservation .

am,

N




Hiytosistictaguijnilibriym (1)

- Balance between gravity and

P(r+dr)

gradient of internal pressure is el
known ashydrostatic equilibrium .
r
P(r)
- Consider a small cylindrical element gravity

between radiusr and radiusr +dr in the star.

Its surface area =ds
. Mass of the elementQda " (1)Q Q
1 Mass of gas in the star at smaller radim = m(r)




Hitosistithguijnilibriym (2)

Consider forces acting in radial direction: P(r+dr)

Outward force: pressure exerted by stellar

material on the bottom face:
O B()Qi r+dr

Inward forces:
+ Gravity (gravitational attraction of all stellar r
material lying within r):
"Oa "Oa P(r
o g Di)an "

+  Pressure exerted by stellar material on the top face: :
. T N gravity
Op u(@ QYQI

In hydrostatic equilibrium:
‘Or  "Op O

. . "Oa
vA)QI v QYQi N "(1)Qa




Hyddosstictbeagnilibrisim (3)

- - "Oa
v@A)Qi o QIQI ‘l—”(‘l)’Q’Q

. _ "Oa
Y o Q) o) i—”(‘l)’Q‘
If we consider an infinitesimal element, we write for dr- 0

0@ Q) 0@) QUi
Qi Qi

Hence rearranging above, we gdhe equation of hydrostatic equilibrium:

QUi 04
Q1 + ®




Hyddesistictagedjnilibri4im (4)

The equation of hydrostatic equilibrium;

Q 0i 04
oY — ()

Combining it with the equation ofmass conservation we obtain analternate
form of hydrostatic equilibrium equation, in which enclosed massn is used as
the dependent variable:

Q 0i Q 0i Qi 04 0

96 Qi Qa I T4




Hyddosistiotaeednilibriom (5)

Properties of the equation of hydrostatic equilibrium;:—— —"()

1) Pressure alwaysdecreasesoutward
2) Pressure gradient vanishes at=0
3) Condition at surface of star/”= 0 (to a good first approximation)

(2) and (3) are boundary conditionsfor the hydrostatic equilibrium equation.







