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What is Astrophyics ? Retrophysics

Astrophysics,
Detectors and

Astronomical

o Astrophysics is the study of the Universe and its objects
components
e It evolved from astronomy towards astrophysics in the R
1940-50's thanks to the discovery of —
- nuclear fusion of hydrogen as the source powering stars i
(Arthur Eddington 1920, Cecilia Payne 1925) o

This is remarkable as, at that time, nuclear fusion and
the fact that stars are composed mostly of hydrogen
was not yet discovered.

- the expansion of the universe (Edwin Hubble 1929).
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Introduction to

What IS AStI’OphyICS? Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Before, it was mostly an observational subject whose main
driver was to classify celestial objects or to measure their

o . . Motion of the
position and compute their motion. e

Units and

coordinate systems

The first breakthrough however can be associated to the -
discovery of spectral lines in the Sun's spectrum by William history of the
Hyde Wollaston and Joseph von Fraunhofer in the second

part of the 18th century.
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Introduction to

Astrophysics is a large Field Astrophysics

Astrophysics,
Detectors and
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objects

Topics in Astrophysics include

> astrophysical plasmas

cosmology _ Motion of the
. > high energy Earth
planetary sciences ; .
astrophysics Units and
exobiology coordinate systems
Instrumentation Structure and

stellar physics

history of the

galaxies

asterosismolo . .
&y astroparticle physics
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interstellar medium
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Introduction to

Astrophysics is a large Field Astrophysics

Astrophysics,
Detectors and

The subject being very broad, astrophysicists apply concepts Jr—
and methods from various fields of physics such as el

» classical mechanics

electromagnetism Motion of the
Earth

statistical mechanics :
Units and

coordinate systems

thermodynamics

Structure and

quantum mechanics history of the

relativity,
nuclear and particle physics

atomic and molecular physics

vV vV VvV VYV VY VYY
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Astronomical detectors
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Type of detectors Retrophysics

Astrophysics,
Detectors and

We use different type of detectors, some are ground-based, Astronomical

objects
some are space based with different means. e i
> optical imaging (photometry)

> interferometric detectors Motion of the
Earth
>
spectroscopy Units and

» radio detectors coordinate systems

Structure and
history of the

> single dish
> interferometers

At the interface with particle physics (astroparticles)
» Cherenkov arrays
» Gravitational wave detectors (LIGO/VIRGO)
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Example of optical /NIR telescopes Astrophysics
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Detectors and
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objects

CFHT in Hawaii

LBT in Arizona

Motion of the
Earth

Units and
coordinate systems
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Example of space telescopes : HST, Astrophysics.
JWST Spitzer, Planck, Kepler

Astrophysics,
Detectors and
Astronomical
objects

As general

Astronomical objects
overview

Motion of the
Earth
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Example of space telescopes : XMM-Newton Introckicion o

Astrophysics
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Introduction to

Example of single dish radio-telescopes S
Effelsberg

Astrophysics,
Detectors and
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Arecibo

Effelsberg 100m
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Introduction to
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installations
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Introduction to
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Introduction to
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Example of radio/SMM inteferometers : SKA
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Astronomical objects
overview
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Introduction to

Physical processes and measurements associated S
to the electromagnetic spectrum

Astrophysics,
Detectors and
Astronomical
objects

Astrophysics in general

» radio (3MHz - 30 GHz / 100m — 1cm)
> thermal bremsstrahlung from ionized hydrogen

> . Motion of the
neutral hydrogep ('21 cm line) o o
> synchrotron radiation from relativistic plasma o
. . . I
(interstellar magnetic field, radio lobes of active coordinate systems

galaxies, quasars, pulsars...) o
i i hi f th
> precise parallaxes (interferometry) istory of the

» (sub-)millimeter (30 GHz — 3 THz /10 — 0.1 mm)
» thermal bremsstrahlung from ionized hydrogen

» observation of molecular lines
» Cosmic Microwave Background
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Introduction to

Physical processes and measurements associated S
to the electromagnetic spectrum

Astrophysics,
Detectors and
Astronomical
objects

Astrophysics in general

» infrared (3 THz - 30 THz / 0.1 mm — 1 um)

> thermal emission from stars, galaxies, AGN...

> emission from dust grains etenctite
» optical (30 THz—-1 PHz / 1 pm — 300 nm) o

coordinate systems

> thermal radiation from planets, stars, galaxies ...
» emission and absorption features
> astrometry (position and proper motion, parallaxes)

» ultraviolet (1 PHz — 30 PHz / 300 — 10 nm)
» thermal radiation, non-thermal radiation from active

galaxies and quasars
> resonance lines of ions, atoms

Structure and
history of the
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Introduction to

Physical processes and measurements associated S

to the electromagnetic spectrum

Astrophysics,
Detectors and
Astronomical

> X-ray (30 PHz — 30 EHz / 10 nm — 10 fm) objects

Astrophysics in general

» supernova remnants, AGN, pulsars, binaries

> thermal bremsstrahlung in galaxy clusters
Motion of the

» y-ray (> 30 EHz / < 10 fm / E > 100 keV) Earth
> non-thermal processes (bremsstrahlung, inverse Units and
. coordinate systems
Compton, decay of pions...)
. . . .. Structure and
> radioactive elements (line emission) history of the

> e¢*e” annihilation line (511 keV)
> SN remnants, AGN, pulsars, y-ray bursts
> gravitational waves signal
> physics of coalescence, equation of state of degenerate
matter
> general relativity
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Detectors and
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objects

Motion of the
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Units and
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Overview of astronomical TRes
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Introduction to

Simple (single) Objects AT

Astrophysics,
Detectors and
Astronomical
objects

Stars can be thought off as
simple objects but they are
not so simple. They show a
diversity in

Astrophysics in general

Astrophysical detectors

Motion of the
Earth

» mass

> age or evolutionary
stage

» chemical composition

>
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

These simple objects can be quite complex (activity, winds, Astophysic in genera
Astrophysical detectors
companions...)

Motion of the

Sirius Earth

Units and

(a

Sirius B
white dwarf
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

and show variability in their photometric properties such as

dwarf nova

Motion of the

58 Cyg Earth
-
‘; =1 Units and
- 7= coordinate systems
= — 1
a 11 = a i Structure and
I! = h i history of the
13 Tirrrrrrrrrgfrr¥rrrI;rFrYCCFrALARELLLT T
47600 45TeR 47009 S990D
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Introduction to
Astrophysics

‘OGLE-LMC-T2CEP-021 OGLE-LC-T2CEP-023

Astrophysics,

o Detectors and
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Introduction to
Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

CQLASS TYPE Astrophysical detector
__——>Typel Classical

_orCepheids
| PUISATING —>,my,,,¢ \Type 1| WVirginis

GROUP

RV Tauri
Long-period — Miratype

/ variables Earth

) i ., Semiregular

There exist a wide variety \ . e Urits and
of variable stars rent novae coordinate systems

Motion of the

STARS

Structure and

history of the
M. ECLIPSING H
/ BINARIES
EXTRINSIC CLASSIFICATION OF
. rommvG VARIABLE STARS
VARIABLES
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Stars

such as in this example

Other type of photometric behaviour : faint stars (low mass)
can be detected via microlensing effect of a background star
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Introduction to

M u |ti p | e SySte mS Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

There exist also multiple stellar systems for example binary
stars

Astrophysics in general

Astroph

Sirius

Motion of the
Earth

Units and

Sirius B
white dwarf
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Introduction to

M u |ti p | e SySte mS Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Astr n general

detectors

Motion of the
Earth

[mages of Capella taken onthe 13th (1Y) and 28th (right) September
1525, The separation betwreen the stars is 55 milli-arcsec,
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Introduction to

M u |t| p | e SySte mS Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

It can be more than just two stars, systems with up to five
stars have been observed :

> great variety of binary systems with large range of Nlotion of the

orbital periods Earth
H . . Units and
» the more massive component is named the primary, coordinate systems

then Secondary. .. Structure and
history of the

> mass transfer between the stars (secondary to primary)
via Roche lobe overflow
> high energy processes happen when matter flows onto
an accretion disk
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Multiple systems

star (blue giant)

I
apid mass transter

Low-mass red subgiant

Slow mass transfer

[% ‘ ‘Observawire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

trophysics in general

trophysical detectors

Motion of the
Earth

Units and
coordinate systems
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Multiple systems nevrophysics

Roche lobe overflow can even lead to the explosion of the

SySte m Astrophysics,

Detectors and
Astronomical
objects

The progenitor of a Type Ia supernova

Astrophysics in general

Astrophysical detectors

Motion of the
Earth

and the
star spiral inway
nmon env

ging companion
arts swelling, spilling
wart. ass an star to be ejected ai
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Introduction to

M u |ti p | e SySte mS Astrophysics

Astrophysics,
Detectors and

On larger scale, we find star clusters such as open clusters Astronomical

objects

Motion of the
Earth

Units and

Stars in open clusters are not bound by gravity. Their
lifetime does not exceed a few rotation around the galaxy.
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Introduction to

M u |ti p | e SySte mS Astrophysics

. Astrophysics,
More massive than the open clusters, we have globular Detectors and
Astronomical

clusters : objects

Motion of the
Earth

Units and
coordinate systems

They are also older. Stars in those systems are
gravitationally bound.
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Interstellar medium

The space between stars is not empty. It is filled by what we
call the interstellar medium

Dark regions are in fact regions where the light is absorbed
by materials in the Galaxy.

h%. ‘ ‘Observawire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Astropt n general

Astroph detectors

Motion of the
Earth
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Introduction to

Interstellar medium Actrophysics

. . . Astrophysics,
It is also seen in other galaxies such as the Sombrero Galaxy Detertors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

These dust lanes are the proof that matter exists between
stars.
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I nterstel | ar med i um Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Ast neral

Here is a close up on a : : : detectors
small region of the sky. o
The empty region is an - - : Eo e
interstellar cloud whose

density is high enough to
block the light coming
from sources behind (Bok
nodules).

Units and

[% ‘ ‘Observawire astronomique de Strasbourg
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Introduction to

Interstellar medium Actrophysics

Astrophysics,
Detectors and
> @sa Astronomical

objects
2THE ORION B MOLECULAR CLOUD AND THE HORSEHEAD NEBULA

Motion of the
Earth

, @ |n fact, the interstellar
' medium is a complex
structure.

Near-infrared Visible
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Introduction to

Interstellar medium Actrophysics

Astrophysics,
Detectors and
Astronomical
objects

detectors

. . Motion of the
It is also the site of star Earth

formation and new stars nitetand)
are formed from material
inside molecular clouds.
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Introduction to

Interstellar medium Actrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

The interstellar gas can be S -~
. . 3 - Units and
ionised by the surrounding " \ % cordinate

radiation
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Planetary nebula

At the interface between
stars and interstellar
medium we find planetary
nebula - PN - such as M57
(the ring nebula).
Planetary nebula are the
late stage of stellar
evolution where the star
expels its atmosphere in
the surrounding medium
while the core of the stars
collapses to form a white
dwarf.

[.%. ‘ ‘Observawire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Astrophysics in general

Astrophysical detectors

Motion of the
Earth

42 / 427



Planetary nebula nevrophysics

Astrophysics,
Detectors and
Astronomical
objects

Astrophysics in general

Astrophysical detectors

They come in
various sizes and
shapes depending
on the age and

other parameters
of the parent star

Motion of the
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Supernova hstrophysics.

Astrophysics,
More massive stars explode to form supernovae (SN) such as  BRGSsb

Astronomical

the crab nebula objects

Motion of the
Earth

Units and
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Introduction to

G a IaXieS Astrophysics

. . 3 Astrophysics,
On larger scale, we find galaxies such as the Milky Way or R
stronomica
Andromeda (M31) objects
Astrophysics in general

Astroph

Motion of the
Earth

Units and
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G a I aXi es Introduction to

Astrophysics

Galaxies are of different sizes and shape but their Astrophysics,

Detectors and

morphological shape can be classified using for example saoncnical

objects

Hubble's fork ek e aarara

Astrophysical detectors

The Spitzer Infrared Nearby Galaxies Survey (SINGS) Hubble Tuning-Fork

® Yy

Motion of the
Earth

H‘%. ‘ ‘Observa(uire astronomique de Strasbourg 46 / 427



Introduction to

Groups and clusters Aetrophyscs

Astrophysics,
Detectors and
Astronomical
objects

Astrophysics in general

Astrophysical detectors

. . 5 Motion of th
Galaxies can be isolated Eath

but they are found most
commonly in groups or
clusters!
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Introduction to

Groups and clusters Aetrophyscs

Astrophysics,
Detectors and
Astronomical
objects

Astr n general

detectors

Motion of the
Earth

Clusters are more massive
and contain more galaxies
than groups.
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Cosmic structures

Galaxies and cluster
arrange themselves in
filaments and sheets via
gravity and expansion of
the universe

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
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Introduction to

S u p e I’Cl u Ste rS Astrophysics

Astrophysics,
and superclusters of clusters of galaxies and galaxies do exist [
objects

Astrophysical detector

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe
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C M B Introduction to
Astrophysics

. . . A h . '
The "largest" cosmic structure : the cosmic microwave DoRscs,

background (CMB) scnomical

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
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Chapter 2 ewophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Motion of the Earth vty

Ren

Reminder : conic sections
Two body problem Units and

i coordinate systems
Motion of the earth

Structure and

Moon and tides history of the
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Units and
coordinate systems

Structure and

Conic seCtionS history of the

[& ‘ ‘nbservatuire astronomique de Strasbourg 53 / 427



Conic sections : definitions R

. R R R Astrophysics,
Let F be a point of the plane, D a line not including F. Detectors and
stronomical

Let ¢ be a real such as e¢> 0. objects
The conic of focal F, directrix D and eccentricity e is Motion of the

Earth
the set of points M of the plane such that MF =eMD.

Hyperbola
Parabola e=14 Units and
e=10 a=25 coordinate systems
a=1.0

Structure and
history of the

Three different cases :
> 0<e<l : ellipses
» e=1: parabola a=13

» e>1: hyperbola
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Introduction to

Conic sections : cartesian coordinates Actrophysics

Astrophysics,

Detectors and
Astronomical

objects

Motion of the

Given the coordinate system (F, i f) such that the directrix
has equation x=d.

The cartesian representation of the conic of focus F, Units and
. . .. . . coordinate systems
directrix D and eccentricity e is given by

Structure and
history of the

¥ +yt=et(x—d)?
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Conic sections : cartesian coordinates R

Astrophysics,

Detectors and
Astronomical

objects

ellipses : There exist a coordinate system where the Motion of the
Earth

) . ) . 2 g2 )
cartesian equation of an ellipse writes 75 + % =1 with
a>b>0. The Focus has coordinates
F(c,0) with ¢ = Va? — b?. Eccentricity is e = °

parabola : e=1. The equation of the parabola is

Mc

Units and
coordinate systems

Structure and

2 _ 2
y = 2dx=d history of the

hyperbola : e > 1. Equation Z—Z w=1

admits two asymptotes : y = Ex and y= —gx
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Introduction to

Conic sections : polar coordinates Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Motion of the

Polar equation

p=—P
1+ ecos(0)
. . Units and
pIs the Sem|—|atus rectum. coordinate systems

Structure and
history of the

If the directrix writes x =d, then p=e.d
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Reminder : con

and ti

Units and
coordinate systems

Structure and

Two body problem
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Introduction to

TWO b O d y p I'O b | e m Astrophysics

Astrophysics,
Detectors and

Statement Of the problem Astronomical
Given two point masses A and B of masses M, respectively SHIEeS

. Motion of the
m. Let O be the center of mass of the system. We define Eath

Reminder : conic

— — —_—
r=r1(t)=AB(1)
i ! . — _  _GMm—
Using Newton's law : Fy_.p = —Fp_.p=—25%
r Units and
coordinate systems

F
(A—8) ~"B(m) Structure and
history of the

0.

-
<7 centre de masse

A(M.)/F;:

(B-+4)
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Two body problem Retrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Reminder : conic

If the system does not experience any external force, then
the center of mass is either stationary or in a uniform

(linear) motion with respect to a Galilean reference frame. -
Units and
» O can be considered a fixed point. A and B are in coordinate systems

rotation around that point. Structure and
history of the

» The problem can be simplified
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Introduction to

TWO b O d y p I'O b | e m Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

By definition of the center of mass we have plotion of the
al

Reminder : conic
— m L = M
OA=———7 andA OB=——T7
M+m M+m "
. . Units and
Considering B, Newton second law states : coordinate systems
Structure and
— history of the
7 d’OB
A—-B=M
dr?
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Introduction to

TWO b O d y p I'O b | e m Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Combining the previous equations we obtain

Motion of the
— Earth
GMm_, Mm d°7 e

r =
r3 M+m dr?

Introducing the reduced mass n = A%% the problem rewrites Wi e

coordinate systems

Structure and

GMm_, d27 history of the
—_r = 17_
r3 dr?

which is the equation of motion of a point C of mass 7 such
that OC =r in a variable central force field.
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Introduction to

TWO b O d y p I'O b | e m Astrophysics

Astrophysics,
Detectors and
Astronomical
The rate of change of the angular momentum is given by ghiscts
Motion of the

Earth

dL d ( = A d?)
_ = — r N
dr ar\"" M dr

— — — Units and

(d r A d r " — A d2 r coordinate systems
- T] r 2 Structure and
4 dt dt hitstoc;l c:’ :he

The angular momentum is constant in both its orientation
and norm.
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Introduction to
Astrophysics

Two body problem

Astrophysics,

Detectors and
Astronomical

objects

Motion of the
Earth

Can be rewritten L =nC7Z

Mo

Moc

In polar coordinates :

Units and
— f
2 A— coordinate systems
L=nr6z
Structure and

. . . . , history of the
which leads to 260 = C which is Kepler's second law as i

ds _ 1 72
dr — 0

64 / 427
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Two body problem : Binnet's formula Retrophysics

Astrophysics,

Detectors and
Astronomical

objects

(velocity and acceleration in polar coordinates) Motion of the
Earth

Reminder : conic

Mo

ineu:==, x:=5%, x':=5% an = .

Define L, % ‘3{; x gga d C=r%0
Mo

Then Units_and
coordinate systems

- _ _ e —_
v=-Cu er +Cu €o Structure and
history of the

and

a=-C°u*W'+ue

65 / 427
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Two body problem : Binnet's formula Retrophysics

Using the definition of angular momentum + the formula Pl
above we obtain Detectors and

Astronomical
objects
d’u G(M +m) Motion of the
—_—t Y= — Earth
do? C? p——

= equation of an harmonic oscillator.

Units and
Solution is given by coordinate systems
Structure and
GMm history of the
u=———+acos(@ -0
2
nC
or
CZ
. G(M+m) p
1 +ecos(@ -0
1+ G(M+m) cos(0 —0y) ( 0)

= Trajectories of A and B are conic sections
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Reminder

Units and
coordinate systems

Motion of the Earth s o e
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Motion of the earth R

Astrophysics,
Detectors and
Astronomical

Why do we need to know it? objects

Motion of the
Earth

The knowledge of the motion of the Earth is fundamental

> one must be able to locate an object on the celestial -
Sphere Units and

coordinate systems

» the observer follows the motion of the Earth, hence this

Structure and

motion modifies the apparent motion of an object histonahihs

» complex motion : about twelve different components

Current observations and models able to predict this motion
to ~10cm/s
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Intrinsic motion R

Astrophysics,

Detectors and
Astronomical

objects

Primary component : Earth rotation Motion of the
Earth
> 1 rotation in 23h56m4.09s (sidereal day defined by two
subsequent passages of a given star at the observer's
meridian)

Units and
coordinate systems

> rotation from east to west around the axis of the poles

Structure and

(direct rotation) history of the

» linear velocity of v, =465.1km/s at the equator
> v=uy,cos¢ at the latitude ¢
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Intrinsic motion e

Astrophysics,
Detectors and

Precession of the polar axis Astronomical

objects

» conic motion of the polar axis around its mean pole Viotion of the

Earth

> due to the torque generated by the Sun and the Moon
which tends to bring the equator in the ecliptic plane
(plane of the orbit of the Earth around the Sun)

Units and

> cone of opening 23°26'19.34" (obliquity of the ecliptic) coordinate systems

Structure and
history of the

v

period of precession (rotation) 25 770 years

» North pole is not fixed in time

> Intersept of the equator and the ecliptic (equinoxes) not
fixed in time.

> Backwards motion of 50.3" /year = precession of the
equinoxes
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Introduction to

I ntrl nSlC mOtlon Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Nutation of the polar axis L

Rem

» oscillatory motion around the mean pole

> more than just one nutation observed
» most important : Bradley's nutation CLISELL:

coordinate systems
> due to the Moon whose orbit is inclined with respect to R
the eq uator history of the
> elliptic motion of axis 18.4" around the mean pole
> period of 18.6 years

[& ‘ ‘nbservatuire astronomique de Strasbourg 71 / 427



Introduction to

I ntrl nSlC mOtlon Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Reminder

Moon and tides

Units and
coordinate systems

Structure and
history of the
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Introduction to

I nt rl n S | C m i Astrophysics

Astrophysics,
Detectors and
Astronomical

In addition to the regular motion, motions due to e
irregularities of the earth’s density, atmospheric and oceanic Visifem off i
current, tides, perturbation of solar system objects ... also Sarth
contribute.

Units and
coordinate systems

including its rotation S e
history of the

= they influence all the components of the earth motion

The Earth is not a perfect sphere : flattening of the poles

Currently, the position of the earth axis is known to 0.1
mas
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External motion e

Motion of the Earth with respect to the Sun Aol

Detectors and
Astronomical
objects

The Earth follows an elliptic orbit around the Sun

. . .. Motion of the
» its plane is called the ecliptic plane Earth

» small eccentricity e =0.0167 (e being the ratio of the

focal distance to the semi major axis)
Units and

> full rotation in 365d 6h 9m 9.75s (direct rotation) coordinate systems

Structure and

» perihelion and aphelion are the closest and farthest e
point to the Sun on the orbit

> equinoxes Y (march) and Y’ (automn) when the axis
Sun-Earth is contained in the equatorial plane

> solstices (summer and winter) : the apparent height of
the Sun is extremal

Y is called the vernal point
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Introduction to

EXte rn a | m Ot | O n Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Seasonal configuration / North Pole

of Earth and Sun 5 Q © EAOtfn of the
— - ---__ art
. ’ e Equator - r: co
.~ Earth's orbit vernal equinox i
2 ~
’ \

/,‘I _— Y ; Moon and ti
summer ( & \ winter Units and
solstice | U | solstice coordinate systems

PN N v 2
SRS — M Structure and
¥ S history of the
* autumnal equinox o i
- ; g
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Introduction to

EXte rn a | m Ot | O n Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Kepler’s laws : Motion of the
Earth
1st : law of orbits. Trajectories are elliptical with the Sun at Rein

one of the two foci

2 Units and
l1-e coordinate systems

q—
1+e cosv Structure and
history of the

with a the semi-major axis, e the eccentricity, v the
angle between the perihelion, the Sun and the earth and
r the Sun-Earth distance

[& ‘ ‘nbservatuire astronomique de Strasbourg 76 / 427



Introduction to

External motion : Kepler's law Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

2nd : law of equal area. The area swept on the orbit for a Reminder
fixed time interval is constant.

Units and

1 2 dv 7'[(12 vV1-— 22 coordinate systems
—r°—=——H—J— =cste
2 dt pP

(e.g. areal velocity is a constant)

Structure and
history of the
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Introduction to

External motion : Kepler's law Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Motion of the
Earth

Reminder

3rd : law of periods

2
(2—”) a’® = G(Ms +m)

P Units and
coordinate systems
if P in yr, ain AU and masses in M, : Structure and
history of the
3
P = a2
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External motion R

Astrophysics,
Detectors and
Astronomical
objects

Motion of the Earth in the Galaxy Motion of the

Earth

» The barycentre of the solar system is not fixed in space.
It orbits the Galaxy and moves toward a direction called
the apex with a velocity of 19.5 km/s with respect to

. . Units and
the nelgh borlng stars coordinate systems

> The circular rotation velocity around the Galactic center — [EEEERE
) istory of the
is 220 km/s (V.o @ 8kpc)

> a complete rotation around the Milky Way takes 250
Myr
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Reminder

Units and
coordinate systems

Structure and

Moon and tides history of the
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Moon and tides e

Astrophysics,
Detectors and
Astronomical

Simplified description neglecting the influence of the Sun : e
the moon orbits the earth on an elliptical orbit around the Vot o e
gravitational center of the earth-moon system sarth

» The plane of this orbit is inclined by 5° 8" 43" on the
ecliptic plane (small compared to the inclination of the

H Units and
eqUatorlal p|ane), e =0.0549 coordinate systems
» synodic month : between two conjunction of the moon :_tructurefa:d
istory of the

and the sun (2 NMs), length 29d 12h 44’ of TU

» in 1h the moon moves on the sphere of the fixed stars
by its apparent diameter (~30")

» solar perturbations induces variations of the length of
the lunation. Differences can amount to up to +7h
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Moon and tides e

Astrophysics,
Detectors and
rotation of the earth and the moon are synchronized jljj‘e'gt”:""ca'

» the moon shows always the same face modulo some Motion of the
. . Earth
small oscillations

» amplitude of these oscillations 3.5" : librations

> rotation and revolution periods are equal to within 0.1s Uit e

coordinate systems

» reason : the moon is misshaped due to tidal

Structure and

interactions. Flattened ellipsoid aligned towards the history of the
earth (stable equilibrium position)

+ physical and optical librations (w/ latitude due to the
inclination of the axis of the moon/ perpendicular of the
orbit, w/ longitude because of the law of equal area)
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Introduction to

Spin-orbit coupling and tidal locking Aatrophysics

Astrophysics,
Detectors and
Astronomical
objects

Rotation of the satellite faster than the revolution around Vlotion of the
the planet Bl

Reminder : c

» Torques slow down the

rotation of the planet Units and

coordinate systems

> Angular momentum
conservation =
increase of the
distance
satellite-planet

Structure and
history of the
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Tidal effect R

Astrophysics,
Detectors and

Tidal force = difference between the force at the surface and  |EEaEAES
. objects
at the center of the object (planet, moon, cluster of stars ...) :

Motion of the
Earth

Reminder : c

Geometry of the system :

Units and
gm coordinate systems
A m 2 Structure and
i i history of the
- D
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Tidal effect R

Astrophysics,
Detectors and
Astronomical

Gravitational force @ A : v

Motion of the

mydm mydm R Earth
Fa=G—— ~G—="(1+ 2—T)
(D — Ry)2 D2 .
and at point C : D
_ m25 m coordinate systems
FC =G D2 ’ Structure and
history of the
Then tidal force is :
m26 m 1
F,=Fy—Fc=2G———R7rx — -my - RT.

D3
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Tidal effect R

Astrophysics,

Detectors and
Astronomical

objects

In the case of the system Earth-Moon : LA

» In the case of the earth, F; is only 2.2 times smaller for -
the Sun than for the moon!

» The plane of the moon-earth orbit is only inclined by 5° [
w/ the ecliptic, the two effects do combine. S

Structure and

» BUT for a proper analysis, we can not neglect the RSl GlF
rotation around the centre of mass (otherwise free-fall) :
one must take into account the centrifugal force.
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Tidal effect R

Astrophysics,
Detectors and
Astronomical

Case with rotation ffzeiss

Motion of the
Earth

Geometry : Remindes

Units and
coordinate systems

Structure and
history of the
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Tidal effect R

Astrophysics,
Detectors and
Astronomical
objects

We consider a rotating frame rotating around the point G. Motion of the
Earth

Rem

We will assume that the orbital motion is circular (and
Q =constant) + rotation and revolution are synchronized.

Units and
We note : coordinate systems
5 = QZ Structure and
Z history of the
and
_
!
CcC = Deccl
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Tidal effect

Lets work out the forces of a mass element located @ P. It
feels :

1 the gravitational force due to m; : unimportant for tidal
effect

2 the gravitational force due to my : F, = G%z epc

/2 2 2
where PC" = D“—-2DR;cosV¥ + R;
and epc =cosW'eco —sinW'ey.
Since Ry <« D, we have cos¥' ~1 and sin¥' ~ ¥’ ~ % }

So to first order in R;/D, F, writes
F=G2(1+2% cosW)eco — G2 sinPey

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Remin:

Units and
coordinate systems

Structure and
history of the
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Tidal effect R

Astrophysics,
Detectors and
Astronomical
objects

3 the centrifugal force . Motion of the
—Q/\(Q/\GP) —Q/\(Q/\GC) Q/\(Q/\CP) S

The first term —Q?Recc compensates G%ecg of F
because the system is stationary.

Units and

The second term is due to the rotation of object 1 onto  [EEiiacniis
itself : cause of flattening Structure and

history of the
(1)+(2)+(3) =oc FF Ry and is oriented towards AA’
(stretching).

Typically 2 tides in 24h on the Earth.
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Tidal effect R

Astrophysics,

Detectors and
Astronomical

objects

gravitational pull Motion of the

combined gravitational ¢ _ of the Moon Moon Earth
pull of the sunand .~ > gravitational >< -~ ~. i - @
the Moon ~ ~ N pull of the sun ,~ N
/ \ /
, Earth . ,
\
\ ! Units and
sun | sun Y coordinate systems
I
\ . / ! Structure and
/ history of the
Moon \\ high tide 7 \\ ' Y .
N 7 \ low tide ,
N low tide 4 N L 4
\\\*—‘/// \\\hlgh_'lie///

© 2010 Encyclopzedia Britannica, Inc.
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Potential approach hstrophysics.

Other technique for treating tides : the potential Astronhyel
strophysics,
approach Detectors and

Astronomical
objects

A fluid surface adjust itself on the equipotential lines = Motion of the
compute the potential in a frame rotating at angular speed S
Q.

M

Moon-earth system : equipotential surfaces close to the earth  Fiic
. . . . . dii
are ellipsoids of revolution aligned on the earth-moon axis. e

Structure and
history of the

Height of the local tide modified by :
» inclination of the polar axis
> position of the Sun
> limits of the seas

Potential energy of a test particle of unit mass in the
rotating frame : ¥ = —G’f—ll - G’;l—; - 3Q°%r?
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Introduction to

POtentl a | a p proaCh Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Reminder

Units and
coordinate systems

Structure and
history of the
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Potential approach " astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Motion of the
Points noted L# are Lagrangian points (extremas of the Earth

potential in the rotating frame).
» L1, L2 and L3 are unstable points (saddle points)

Units and
» |4 and L5 are stable coordinate systems

Structure and
history of the

The equipotential passing through L1 defines the Roche
Lobes.
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Potential approach

Application of the potential approach :

> satellite positioning (restricted three bodies problem
because satellite does not influence the motion of the
planets and stars 4 Coriolis force due to satellite
velocity / frame)

> mass transfer in binaries

» tidal tails in galaxies collision
>

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Remin:

Units and
coordinate systems

Structure and
history of the
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Introduction to

POtentl a | a p proaCh Astrophysics

Astrophysics,
Detectors and
Astronomical

: Trojan asteroids location for the objects

Here is an example

Sun-Jupiter system Motion of the
Earth
e S — S — Remind
6 . :
A o ; ]
P R
| ; A
2L I'4 : \-\ ] Units and
r 1} coordinate systems
= ' ] N 1
5 of Sun siteri 5,
2 | . i I,'- Structure and
ol .
b .\ / ] history of the
\\ \_aL,'\
o e ]
| — o
o
e e e
I
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Introduction to

POtentl a | a p proaCh Astrophysics

Astrophysics,

i i . . Detect d
Other examples of the importance of tides : galaxy-satellite o A
encounter (Toomre & Toomre 1972) objects
Motion of the
ooV Earth

Reminder

Units and
coordinate systems

Structure and
history of the
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Introduction to
Astrophysics

Potential approach

Astrophysics,
Detectors and
Astronomical
objects

Launching a satellite :

Motion of the
Earth

Reminder : conic sections

Lunar orbit

= Phasing loops rem ety e

- Moon at swinghby

Moon and tides

1.5 million km

astronomique de Strasbourg



Chapter 3 ewophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Units and coordinate systems Earth

Units and
coordinate systems

Astrophysical units

Time reference frames

Space coordinate systems
Elements of spherical trigonometry

Structure and
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CGS & SI B

In astrophysics with use a combination of CGS and SI units el

Astronomical

as well as units intrinsic to astronomy. S
Motion of the
CGS = centimeter / gram / second Sarh
. . Units and
o Dates back to 1860, used in astrophysics A —
S| = international system — uses meter and kilograms

e Adopted in 1961

Meter and second are unfortunately not adapted to Stiuctureland

most of our systems! We use some units that are proper
to astrophysics :

» Length unit : parsec (trigonometric distance to nearby
objects), AU (astronomical unit)

» Time unit : year (yr), Myr, Gyr
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Introduction to

IAU recommandatlons Astrophysics

Astrophysics,
Detectors and

Table 1. The names and symbols for the Sl base and supplementary units. )
Astronomical

Quantity Sl Unit: Name Symbol objects
| h Motion of the
engtl metre m Earth
mass kilogram kg Units and
coordinate systems
time (™ second
electric current ampere A
Elements of spherical
thermodynamic temperature kelvin K trigonometry
Structure and
amount of substance mole mol
luminous intensity candela cd
plane angle radian rad
solid angle steradian sr

1 The abbreviation sec should not be used to denote a second of time.
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IAU recommandations

Introduction to
Astrophysics

Table 2. Special names and symbols for Sl derived units.

Quantity Sl Unit: Name Symbol Expression Astrophysics,
Detectors and

frequency hertz Hz s’ Astronomical
objects

force newton N kg ms?
Motion of the

pressure, stress pascal Pa Nm? Earth

energy joule J Nm Units and
coordinate systems

power watt w Js’!

electric charge coulomb C As

electric potential volt \ Jc!

electric resistance  ohm Omega VA" Structure and

electric conductance siemens AV

electric capacitance farad F cv!

magnetic flux weber Wb Vs

magnetic flux density tesla T Wb m2

inductance henry H Wb A

luminous flux lumen Im cd sr

illuminance lux Ix Im m2
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IAU recommandations e

Table 3. Examples of Sl derived units with compound names.

; ite Astrophysics,
uanti Sl unit: Name symbol !
Q ty 4 Detectors and

. . . Astronomical
-3
density (mass) kilogram per cubic metre kgm .
current density ampere per square metre Am? Motion of the

Earth
magnetic field strength ampere per metre Am’

Units and
electric field strength  volt per metre Vm! coordinateisystems
dynamic viscosity pascal second Pas
heat flux density watt per square metre W m2 e
heat capacity, entropy joule per kelvin JK! Structure and
energy density joule per cubic metre Jm?3
permittivity farad per metre Fm'
permeability henry per metre Hm'!
radiant intensity watt per steradian wsr!
radiance watt per square metre per steradian W m= Sr”!
luminance candela per square metre cdm?
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IAU recommandat|ons Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Table 4. Sl p

and for

and

Submultiple Prefix Symbol Multiple Prefix Symbol Motion of the

Earth
10 deci d 10 deca da
Units and
102 centi ¢ 102 hecto h coordinate systems
10 milli m 10°  kilo k
106 micro mu 108 mega M
Elements of spherical
109 nano n 10° giga G trigonometry,
10712 pico p 102 tera T
10715 femto f 10" peta P
10718 atto a 10 exa E

Note: Decimal multiples and submuiltiples of the kilogram should be formed by attaching the appropriate Sl prefix and symbol
to gram and g, not to kilogram and kg.
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IAU recommandations

Table 5. Non-Sl units that are for use in
Quantity  Unit: Name Symbol Value

time (1 minute minor " 60s

time hour h 3600 s = 60 min
time day d 86400s=24h
time year (Julian) a 31.5576 Ms = 365.25 d
angle®  secondofarc " (pi/648 000) rad
angle minute of arc ' (pi/10 800) rad
angle degree o (pi/180) rad

angle®  revolution(cycle) ¢ 2pi rad

length astronomical unit au 0.149 598 Tm

length parsec pc 30.857 Pm

mass solar mass Mo 1.9891 x 10°° kg
mass atomic mass unit u 1.660 540 x 102" kg
energy electron volt eV 0.160 2177 aJ

flux density jansky @ Jy 1028 W m2 Hz!

1 The alternative symbol is not formally recognised in the Sl system.

2 The symbol mas is often used for a milliarcsecond (0".001).

3 The unit and symbols are not formally recognised in the SI system.

4 The jansky is mainly used in radio astronomy.

but otherwise the kelvin (K) should

5 The degree Celsius (0C) is used in for
be used.
[ ﬁj ‘ ‘ Observatoire | astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Space coordinate systems

Elements of spherical
trigonometry.
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Introduction to

Warning : second and arcsecond e

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

5.14 Time and angle : The units for sexagesimal measures of time and angle are included in Table 5. The names of the units Units and

of angle may be prefixed by 'arc' whenever there could be confusion with the units of time. The symbols for these measures coordinate systems
are to be typed or printed (where possible as superscripts) immediately following the numerical values; if the last sexagesimal
value is divided decimally, the decimal point should be placed under, or after, the symbol for the unit; leading zeros should be
inserted in sexagesimal numbers as indicated in the following examples.

2d 13h 07m 15.259s 06h 19m 05.18s 1200 58' 08".26

trigonometry

These non-Sl units should not normally be used for expressing intervals of time or angle that are to be used in combination
with other units. Structure and
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Astrophysical units

Time reference frames
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The second of time R

Astrophysics,
Detectors and
Astronomical
objects

Sl definition of the second : bureau international des poids Motion of the
et mesures (1967) Earth

Units and

A second is the duration of 9 192 631 770 periods of SSSEESEEE
radiation of the transition between two hyperfine levels of
the fundamental state of the cesium 133 atom.

Structure and

Before, terrestrial motion served as reference

IAU Definition : 86400 s = 1 d
1 Julian year= 31 557 600s = 365.25d
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g Introduction to
T m e Astrophysics

Astrophysics,
Detectors and

» Origine of time : January 1st 2000 , 12h UTC (J2000) bt

= standard epoch Motion of the
e R . . Earth
» By definition, the beginning of a Julian year is separated Unri; -

from the standard epoch by an integer number of Julian  EEEETIEES
year. This leads to a progressive gap w/ civil calendar "

(Gregorian)
> Jan. Ist 2000 @ 12h UTC : Beginning of Julian year
2000 + Julian day 2451545.0 Structure and

> Beginning of Julian year
2005 =2451545.0 + 5 x 365.25 = 2453371.25 = December
31 2004 @ 18h.

> Before 1984 , Bessel year (standard epoch B1950.0) was
used
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g Introduction to
T m e Astrophysics

Astrophysics,
Detectors and

International Atomic Time network of ~200 clocks in Astronomical

. . . . S elifjesis
~50 laboratories complying with the atomic definition Mlotion of the

of the second. vty
. . N Units and
Mesurements are combined in Sévres at the bureau ol SRS

Astrophysical units

international des poids et mesures using a fixed
algorithm (defined in 1971)

ET : Ephemeris Time based on Newton's law and the
inertia principle (time is absolute and uniform).

Structure and

Theory based on the motion of the earth around the
Sun using a force model as complete as possible. A
relation (IAU 1952) defines ET at the Sun’s longitude
which is measurable.
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g Introduction to
T m e Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Motion of the
Earth

relativistic time introduced in 1991, comes from the

application of GR to the solar system. aorinate Setems
ET is replaced by this Terrestrial Time (TT), close
from the proper time of the earth geoid (equipotential
surface). Distinct from the geocentric time-coordinate
which is the proper time of a clock at the centre of the
earth, free from the earth potential.

Astrophysical units

Structure and

[& ‘ ‘nbservatuire astronomique de Strasbourg 111 / 427



g Introduction to
T m e Astrophysics

Solar Time and Universal Time (UT) : Astrophysics,

Detectors and
Astronomical

at a given time and place, the hour angle of the Sun Ty is objects
the true Solar time one writes : piotion of the
Units and
T@ =A+B.t—-E+7 coordinate systems

Astrophysical units

» A+ B.t is the uniform part of T, (A and B are
constants, e.g. TAI)

Structure and

» E is the equation of time : sum of the predictable
non-linear part of the true Solar time (mostly due to the
law of equal area)

» 1 comes from the inequalities of the earth’s rotation
around its axis that are hard to model (secular slow
down, fluctuations...)

[ﬁj ‘ ‘nbservatuire ‘astronnmiquede Strasbourg ‘ 112 / 427



g Introduction to
Time

Astrophysics

. - Astrophysics,
The equation of time : Detectors and
Astronomical
objects

The Equation of Time
20 T - . Motion of the

Earth
——— Earth's elliptic orbit
-=--{ilt of Earth’s axis
—— orbit + tilt

Units and
coordinate systems

Space coordina

Elements of spherical
trigonometry

Minutes of Time

Jan | Feb| Mar | l}pr | Mayl Jun lJu! lAug | Sepl Oct|| Nov | Dec
100 200 300

Day of Year
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical

Mean Solar Time : ffzeiss

Motion of the

Tn=To+E=A+B.t+71 e

Units and
coordinate systems

Astrophysical units

On Greenwich meridian, T, gives universal time (UT) as
UT=Tm+12h (to have UT=0h @ midnight)

Structure and

UT is uniform only if one neglects 7!

IERS publishes UT1. There, the pole entering the definition
of the angles is the true celestial pole of the earth that
moves on its surface in an unpredictable manner.
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g Introduction to
T m e Astrophysics

Astrophysics,
Detectors and
Astronomical

Coordinated Universal Time (UTC) : objects

Motion of the

» TAI being separate from the terrestrial motion, the Earth
mean day does not contain exactly 24x3600s of TAl... Units and

coordinate systems

> irregularities of the rotation of the earth prevent
ajusting the duration of a second (does not hold over
long time scales)

Structure and

» an hybrid time was created that permits to keep the link
between the atomic time and the earth orientation using
adequate slips : TAI-UTC=n seconds (n integer) —
preserves the uniformity of the atomic time by blocks
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Time

Atomic Time and Leap Seconds e o Nﬁ

National Institute of Information and Communications Technology

Internati | Atomic Time (TAI)
585060 516263

Adjustment of the time difference
between TAI and UTC to 10 seconds at
0:00 on January 1st, 1972

Coordinated Universal Time (UTC)

Atomic time approximated to UT1 by ‘leap second” adjustment
Offset system was abolished in 1972

i is identical with 1 second defined by

Internatione c Time (TAl).)

Leap second adjustment
Atomic time approximated to UT by an offset
of the standard frequency and time step
adjustments from 1961 to 1971

The duration of
hat of International

Astep of 1second either inserted into
or deleted from UTC in order to keep
the time difference between UTC and
UT1 less than 0.9 seconds.

Universal Time (UT): Time generated based on the rotation of
the Earth. There are three types, UTO, UT1 and UT2 in detail

[ﬁj ‘ ‘observatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems
Astrophy

Space coordinate systems

Elements of spheri

trigonometry
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical

Civil time : for a given location, it is the mean solar time objects
Motion of the
Tm+12h ot

» UT is the civil time of Greenwich Units and

coordinate systems

Legal time : time used in a given country : UTC +n hours
with n integer.

Structure and

Case of France :
» UTC + 1h in winter
» UTC 4+ 2h in summer

[& ‘ ‘nbservatuire astronomique de Strasbourg 117 / 427



Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Sidereal day : time interval between two transits of the e
vernal point at the local meridian = 23h 56m 4.090s UT Units and

coordinate systems

Astrophysical units

Stellar day : mean time interval between two transits of a
star at the meridian

Structure and

A\ These two definitions differ by 0.0083s because the vernal
point has a retrograde motion on the ecliptic 50.26" /365.25d
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Time

Sidereal day :

distant star

12:00:00 11:56:04 12:00:00
(& ] O ][Oe]
=] =] =]

23 h 56" 04" 3" 56"
a sidereal day

24h
amean solar day

[ﬁj ‘ ‘Observatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Astrophysical units

Space coordinate systems

Elements of spherical
trigonometry
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical

Sidereal time : hour angle of the vernal point. This time is alfasis

local and non uniform [
arth

Units and

Published by bureau des longitudes for Greenwich @ Oh UT °°°'d""“‘“y“e’"s
every day

» 1s of T, =1.002379s of sidereal time

» as each day contains 24 x 3600s, it is also the ratio

between the duration of a mean solar day to the mean
sidereal time

Structure and

» lday;,; =1day, 04, —3Mm55.95 of mean solar time
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Years and Calendars R

Astrophysics,
Detectors and

» 1 Julian year=365.25 days of 24x3600s of TAl Astronomical

objects

» Sidereal year : time taken by the Sun to orbit the Sun Morion of the
once (360° on the ecliptic) s

> 1 sidereal year = 365.25636 days of UT (OI’ true solar coordinate Sy:stems
time)

> Tropical year : time interval between two march
equinoxes (conjunction between the Sun and the vernal Structure and
point)

1 tropical year= 365.242189 days of UT< 1 sidereal
year because of the retrograde motion of the vernal
point 50" /yr
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Years and Calendars R

Astrophysics,
Detectors and
Astronomical
objects

» Anomalistic year : time interval between two passages o o

of Earth at perihelion (> sidereal year because the Units and
perihelion moves slowly in the prograde direction) FOORIEESEEE

Astrophysical units

» Civil year : 365 days of UT for normal year, 366 for leap
years (induces a mean year of 365.25 days> tropical
yea r) . S_tructure and

To compensate the gaps, year that are multiple of 100
are NOT leap year unless they are multiple of 400...
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Coordinate systems
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Introduction to

S p h e I’e Of flxed St a I'S Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

> Viewed from earth the relative positions of distant SnitSand s
objects are constant during the year (distant meaning
d>1 AU). They define the sphere of fixed stars.

» The apparent motion of nearby objects projects onto
this sphere.

Structure and
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Introduction to

Azimuthal coordinates (horizontal system) Astrophyses

Astrophysics,
Detectors and
Astronomical
objects

Zenith

Motion of the
Earth

Azimuth : A
Altitude/elevation : h

Units and
coordinate systems

» Coordinates depend Observer ¢
on the location ! Horizon

Structure and

» Coordinates depend
on time!
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Introduction to

Azimuthal coordinates (horizontal syste Astrophysics

Astrophysics,
Detectors and
Astronomical

» A and h : angular coordinates objects

. .. Motion of the
» A varies from 0 to 360° from the south meridian B

towards the west Units and
coordinate systems
» h varies from 0 to 90°
» Zenital distance : z=90° - h

Useful for observations :

Structure and

> Obstacles to observation/pointing

» Computation of airmass
> 1 at zenith
> 1/cos(z) at the object position
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Introduction to

Hour angle coordinates S

Astrophysics,

Detectors and
Astronomical

objects

Frame defined by the Vlotion of the
equatorial plane and the —— Bl
meridian passing through
the poles and the zenith
» Hour angle LHA (or H
in hours) increasing
towards the west

Units and
coordinate systems

ical unit:

Elements of spherical
trigonometry

Structure and

» Declination § from
-90° to 90°
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Introduction to

Hour angle coordinates S

Astrophysics,

Detectors and
Astronomical

objects

Motion of the
Earth

» LHA depends on the location BUT 6 does not depend e o
on the location nor on the time coordinate systems

> true only if we neglect the polar axis variations
(precession & nutation)

» star at the highest when LHA=0 Structure and

» Local sidereal time is the hour angle of the vernal point
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Equatorial coordinates

Frame defined by the
equatorial plane and the
earth axis. Origin at the
vernal point (direction of
the Sun at march equinox)

> Right ascension : a in
hours minutes seconds
increasing towards
East Declination : 6

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

i North celestial pole Motion of the
4 Earth

Units and
coordinate systems

celestial equator

Structure and

South celestial pole
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Introduction to

Equatorial coordinates Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Coordinates independent of location Motion of the
Earth

» Location of the vernal point varies slowly with time
because of precession. A correction is needed w/
observation date.

> Sidereal time (indicated in control room) T=H+a for
all celestial bodies Structure and

» For bodies close to zenith :

> § ~ latitude of the telescope
> § ~ local sidereal time (H=0)

Units and
coordinate systems
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Introduction to

Ecliptic coordinates Astrophysics

. Astrophysics,
Reference plane= ecliptic Detectors and

Astronomical

p|a ne objects

Motion of the
Earth

> ecliptic longitude A
from 0 to 360°

» ecliptic latitude
from -90 to 90°

Reference frame for
solar system objects and
zodiacal light studies
zodiac = +8.5° strip around
the ecliptic plane. Contains
the apparent trajectories of
solar system planets

Units and
coordinate systems

Structure and
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Introduction to

Galactic coordinates Actrophysics

Astrophysics,
Detectors and

Reference plane= Galactic PETl]
North Galactic opjects
plane FPole Motion of the
: — N Earth
> longitude ¢ from 0 to - \ o
o / \ \ Units and
360 \ coordinate systems
> |atitude b from -90 to
90°

Structure and

» Origin : direction to

. .'\ -/ Galactic /
the Galactic center \ 1o centre /
\Sagit'larius b

> /=-+90° towards
Galactic rotation
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Galactic coordinates e

Astrophysics,
Detectors and
Astronomical

This is the reference frame for galactic studies objects
Equatorial coordinates J2000.0 for Galactic reference points : Eotn
From COSMOS @ Swinburne University Units and
Right Ascension | Declination aln b
North Galactic pole 12h 51m 26.00s | +27° 7' 42.0"
490° latitude
South Galactic pole Oh 51m 26.00s 27° 7 42.0" -
-90° latitude
Galactic centre 17h 45m 40.04s | -29° 00’ 28.118"
0° longitude, 0° latitude
Galactic anti-centre 6h 17m 0.0s +22° 30" 0.0"
180° longitude, 0° latitude
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Supergalactic coordinates Retrophysics

Astrophysics,
Detectors and

Astronomical

Reference plane= approximative plane structure containing objects
the local galaxies cluster, Virgo, Centaurus and Hydra hsitern off e

Earth
clusters (~1950)

» 0 point : intersept of this plane with the Galactic plane

> longitude : SGL

> latitude : SGB

» Origin of longitudes : ¢=137.7° (b=0°) or a=2h 49m
14s,6=51° 39’ 42"

» North supergalactic pole : a=18h 55m 01s, 6= 15° 42’
32"

Units and
coordinate systems

Structure and
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Summary

Coordinate Center Fundamental Poles Longitude Latitude Primary direction (0°
system plane  (0° longitude)
latitude)
Horizontal Observer | Horizon Zenith, Na- Azimuth A Altitude- Intersection of local
(Azimu- dir elevation h meridian and horizon
thal)
Hour-angle Earth Celestial Celestial Local  hour Declination Intersection of local
equator poles angle LHA 5 meridian and equator
or H
Equatorial Earth Celestial Celestial Right ascen- Declination Vernal equinox
equator poles sion a 6
Ecliptic Earth Ecliptic Ecliptic Ecliptic lon- Ecliptic lati- Vernal equinox
plane poles gitude A tude B
Galatic Sun Galactic Galactic Galactic lon- Galactic lati- Galactic center
plane poles gitude ¢ tude b (SgrA*)
Super- Sun Super- Super- super- Supergalactic Intersection of super-
galactic galactic galactic galactic latitude SGB galactic plane and ga-
plane poles longitude lactic plane
SGL




Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Spherical trigonometry basics
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Introduction to

Spherical trigonometry Aetrophyscs

Astrophysics,
Detectors and
Astronomical

To change reference frame, objects

we use the relations of iotion of the
spherical trigonometry.

One define

> a, B and vy are the
angles at the vertices

Units and
coordinate systems

Structure and

» a, b and ¢ are the
sides (angles between
the vertices and the
centre O)
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BaSIC relatlons Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

> cosine rules (circular permutation) Saith
. . Units and
cosc =cosacosb+sinasinbcosy coordinate systems

» supplemental relation
cosy = —cosacos f+sinasinfcosc
» sine rules Structure and

sina _ sinb _ sinc
sina ~ sinff T siny
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Introduction to

BaSIC relatlonS Astrophysics

Astrophysics,
Detectors and
Astronomical

» Gauss group objects

Motion of the
Earth

sinacos 8 = cosbsinc—sinbcosccosa
Units and

sinasinff =sinbsina (1) [EEEDEERES

cosa =coshcosc+sinbsinccosa

Note that these formula can be derived from the scalar Structure and
product.

On wikipedia you will find additional material but Gauss
group + the cosine rules are generally sufficient to solve our
problems.
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Introduction to
Exa m p | e Astrophysics

Astrophysics,
L ) Detectors and
ets note : Astronomical

objects

> Ao, observer’'s longitude on the earth Motion of the

(o, observer's latitude on the earth e

Units and

€, obliquity of the ecliptic (about 23.4°) coordinate systems

| uni

01, local sidereal time

6, Greenwich sidereal time

vV vy vYyyvyy

Structure and

(ag,06) the equatorial coordinates of the north Galactic
pole (192.85948°, 27.12885°, J2000)

> ¢ncp, the Galactic longitude of the north celestial pole
(122.93192°)

» H=0;—a the hour angle
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Introduction to
Exa m p | e Astrophysics

Astrophysics,
Detectors and

Hour angle — right ascension Astronomical

objects

Motion of the
Earth

hZHL—a or h:66+/10_a Units and
coordinate systems
a=0.—-h o a=0g+A—h

Equatorial — Galactic

Structure and

cos(Incp — 1) cos(b) = sin(d) cos(d ) — cos(d) sin(d ) cos(a — ag)
sin(Iycp — 1) cos(b) = cos(d) sin(a — ag)
sin(b) = sin(6) sin(6 ) + cos(d) cos(0g) cos(a — ag)
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Introduction to
Exa m p | e Astrophysics

Astrophysics,
and the inverse transfrom ctors and

stronomical

objects

Motion of the

sin(a — ag) cos(d) = cos(b) sin(Incp — 1) Sarh
Units and
cos(a — ag) cos(6) = sin(b) cos(6) — cos(b) sin(d) cos(Incp — EEEEEEEES

As ical unit:

sin(6) = sin(b) sin(dg) + cos(b) cos(d ) cos(Iycp — 1 T

Sp:

Equatorial — Azimutal

Structure and

sin i = sin¢gsind + cos ¢y cosd cos H
coshcos A= —cosggsiné +sin¢ggcosd cos H

coshsin A =cosdsin H

h >0 is the observability condition
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Chapter 4

Structure and history of the Universe

Cosmic calendar
Numbers and figures on the solar system
Measuring distances

Around the Sun up to the Milky Way
Beyond the Milky Way

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and

history of the
Universe

Cosmic calendar

Numbers and figures on the
solar system
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Important steps hstrophysics.

Astrophysics,

» January 1°' : Big Bang (-13.7 Gyr) Detectors and
» May 1° : Birth of the Milky Way (-10 Gyr) objects
> September 9 : Birth of the solar system (-4.7 Gyr) Earh
» September 14" : Birth of the Earth (-4.5 Gyr) SR s
» October 2@ : origins of life (Cyanobacteries, -3.7 Gyr) DT
» November 25" - December 17" : oxygenation of Universe
the atmosphere (-2.7 ... -0.6 Gyr) s g e
» December 26" : first dinosaurs (-230 Myr)
» December 31° :

> 13h30 : ancestries of monkeys (-20 Myr)
22h30 : first homo habilis (-2.7 Myr)
23h59mb56s : year 0 (-2000 yr)
23h59mb9s : start of space exploration

vYyy

[ﬁj ‘ ‘nbservatuire astronomique de Strasbourg 144 / 427



Link to the lifetime of astonomical clocks R

Astrophysics,

Big Bang (-13.7 Gyr) : Age of the universe. Lifetime of Detectors and

Astronomical

a "‘0.9M@ star. objects

> Birth of the Milky Way (-10 Gyr) : Lifetime of a solar g e
type star. Units and

coordinate systems

» Origin of the solar system (-4.7 Gyr) e
» Earth formation (-4.5 Gyr) Unverse
> Appearance of life (-3.7 Gyr) Nt s on e
> Oxygenation of the atmosphere (-2 Gyr) : Lifetime of a
~2M, star
» First dinosaurs (-250 Myr) : 1 Galactic revolution

» Ancestries of Monkeys (-20 Myr)
» First homo habilis (-2.7 Myr) : lifetime of a 100M,, star.
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Cosmic calendar

Solar system

[& ‘ ‘nbservatuire astronomique de Strasbourg 146 / 427



Introduction to

Terrestrial and Jovian planet orbits Astrophysics

Mean Distances Of The Terrestrial Planets From The Sun Astrophysics,
(Orbits drawn approximately to scale) Detectors and

Astronomical

objects

(Shown tohScale) A
Motion of the

Earth

Mercury

Units and

coordinate systems

Structure and
history of the
Universe

Cosmic calendar

43 1383 320.3910115 52
Light Minutes Astronomical Units

» Mean radius of the Earth orbit : 1 AU ~ 150 Mkm

» Terrestrial (rocky) planets up to mars.
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Terrestrial and Jovian planet orbits

Mean Distances Of The Jovian Planets From The sun
(Orbits drawn approximately to scale.
Pluto ommited to accommodate scale)

Saturn

| 1
42 27 13 72 01562 95 192 30.1

Light Hours Astronomical Units

» Jovian planets (gaseous, giant) from Jupiter to Neptune

[& ‘ ‘nbservatuire ‘astronnmiquede Strasbourg ‘

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe
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So | ar Syste m Introduction to

Astrophysics

Astrophysics,

Detectors and

Astronomical
Plumn objects

Motion of the
Earth

Units and
coordinate systems

- % Numbers and figures on the
Mars_Jupier solar system

> Size of the solar system (diameter) : 100 AU (103 km).
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Useful order of magnitudes : Retrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Useful order of magnitudes : S

Units and
coordinate systems

> the Sun’s radius is roughly 100 times larger than that of S

the earth o
> the moon's orbit ( R ~4.10° km) fits in the Sun
» 1 AU is 100 times the Sun's diameter.
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Titus-Bode law R

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Titus-Bode law : Earth

Units and
coordinate systems

Predicts the size of the orbit of planets (1766 and not really St
a |aW) history of the

Universe

r=04+0.3x2""1

with r the radius of the orbit in AU and n the rank of the
planet (—oo for Mercury, 1 for Venus ...).
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Titus-Bode law

Titus-Bode law and planet orbits parameters in AU (source
Wikipedia)

Planet Rank Predicted ~ Semi- Perihelion Aphelion Eccentricity Absolute Relative
distance major error error
axis
Mercury —o00 0.4 0.387 0.307 0.467 0.206 0.013 3.4%
Venus 1 0.7 0.723 0.718 0.728 0.007 0.023 3.2%
Earth 2 1.0 1.000 0.983 1.017 0.017 0.000 0.0%
Mars 3 1.6 1.523 1.381 1.665 0.093 0.077 5.1%
Ceres 4 2.8 2.765 2.547 2.983 0.079 0.035 1.3%
Jupiter 5 5.2 5.203 4.953 5.453 0.048 0.003 0.1%
Saturn 6 10.0 9.537 9.022 10.052 0.054 0.463 4.9%
Uranus 7 19.6 19.229 18.325 20.133 0.047 0.371 1.9%
Neptune 8 38.8 30.069 29.798 30.340 0.009 8.731 29.0%




Introduction to

Sizes and scales e

Astrophysics,

Detectors and
Astronomical

objects

The Solar System : :)n of the

:s and
-dinate systems

icture and

- @ ®

Mercury Earth Mars

110q proseasy
1ieq sediny

bers and figures on the
system

Jupiter

©Wikipedia
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Definition of a planet hstrophysics.

Astrophysics,
Detectors and

IAU resolution August 2006 : Astronomical

objects

(1) A classical planet is a celestial body that a) is in orbit Motion of the
around the Sun, b) has sufficient mass for its E:t: -
self-gravity to overcome rigid body forces so that it coordinate systems
assumes a nearly round shape, and c) has cleared the iitsrtuocrtyuz;r::
neighborhood around its orbit. Universe

(2) A dwarf planet is a celestial body that verifies a), b) but e
not c).

(3) All other objects except satellites orbiting planets shall
be referred to collectively as Small Solar-System Bodies.

(4) Pluto is a dwarf planet by the above definition [...].

[ﬁj ‘ ‘nbservatuire astronomique de Strasbourg 154 / 427



MOOnS and Sma” planets Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Ganymede Titan Mercury Callisto Unitz_aﬂg .
5262 km 5150 km 4880 km 4806 km coordinate systems

® 0 e o
’ w - Numbers and figures on'the

solar system

Moon Europa Triton Pluto  Titania

3642 km 3476 km 3138 km 2706 km 2300 km 1580 km

The Largest Moons and Smallest Planets ©® Copyrgiht 1999 by Calvin J. Hamilton

The size and mass does NOT distinguish between planet and
satellite (moon)
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Introduction to
Astrophysics

Astrophysics,

Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Jovian (giant) planets have numerous satellites !
Structure and
history of the

Planet Mercury Venus Earth Mars Jupiter Saturn Uranus Neptune Universe
# Moons 0 0 1 2 79 62 27 14 Cosmic calendar

[& ‘ ‘nbservatuire astronomique de Strasbourg 156 / 427



Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical

The four giant planets do have rings! RLEs

Motion of the
Earth

Uranus

Units and

coordinate systems

Numbers and figures on the
solar system
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Introduction to

Asteroids and comets Actrophysics

Astrophysics,
. . . Detectors and
Asteroids are small solar system objects (SSS) according to Astronomical

objects

IAU
Motion of the
> Main belt between S
. Units and
M ars a nd J u plter coordinate systems

Structure and
history of the

(R ~2.7 AU)

> Trojan asteroids at
the Lagrange points of
Jupiter's orbit (R ~5.2
AU).

» Asteroids are mostly
made of metal and
rocky material.

Numbers and figures on the
solar system
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Asteroids and comets

Comets are further away
and originate in the Kuiper
belt or even further out in
Oort’'s cloud

» Comets are made
essentially of icy
material.
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Asteroids and comets

Trans-Neptunian objects (TNO's) : Astrophysics,

Detectors and
Astronomical
objects
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. ¢ Numbers and figures on the
20 L & . ‘ ., wmram solar system

—— Trans-Neptunian objec

Mostly icy objects with organic compounds. Some are

associated to resonances with planet orbits.
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A comet has more than just one tail! Example Hale-Bopp
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Introduction to

CO metS a n d ta | |S Astrophysics

Astrophysics,
Detectors and
Astronomical

A comet’s tails consists of

bject
. Components of Comets e
three parts : Motion of the
| h | h iy Earth
> . . . . lydrogen
lon tail : the lightest ot | Emelone Unfis oo

coordinate systems

material, tail oriented
towards the Sun

Dust Tail Structure and
history of the
Universe

» Hydrogen envelope

Cosmic calendar

» Dust tail : heavy Comets
material, low kinetic /
energy

Sun

A small body (a fragment of a comet's tail) becomes a
meteorite once entering the atmosphere.
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Formation of the Solar system

» From the formation of the Sun to the formation of
planets, differentiation included : about ~200 millions
years.

> Planetary differentiation is the process of separating out
different constituents of a planetary body. This process
results in the planetary body being stratified with
different layers of different density.

» After this period, a long spatial reorganizing phase :
planetary migrations due to interactions with other
planets and the debris disks ; stabilization (partial) in
resonant locations; "late heavy bombardment" (moon
craters date back =700 Myr after the formation of the
earth and moon).
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Formation of the Solar system hstrophysics.

The most fundamental notion entering the formation of the
Astrophysics,

solar system is that of orbital resonances. The most Detectors and
. . Ast ical
advanced model to date is the Nice model (Gomes et al. it
2005, Nature) : can explain the Lunar seas, Oort cloud and Wstitem @f i
. f . Earth
Trojans on Jupyter's orbit.
Units and
coordinate systems
The process of the solar system formation started ~4.6 Gyr ﬁitsft"ocrty";;'::
ago : Universe

Cosl calendar

» ~50 Myr : collapse of the gas cloud and formation of
the Sun

between 1 and 10 Myr : formation of planetary embryos

up to 10 Myr : formation of giant planets

>
>
» 60 Myr : formation of the earth-moon system
» 100 Myr : formation of terrestrial planets

>

150 Myr : planetary migration
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Formation of the Solar system

Introduction to

Astrophysics
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Zodiacal light nevrophysics

The zodiacal light is solar light diffused by dust in the e
. . . stroj sics,
ecliptic plane. Remanent of solar system formation. Detectors and

Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Numbers and figures on the
solar system

Image : IRAS (Infrared satellite, 1983, USA,UK,NL).

Blue : 12 um, Green : 60 um, Red : 100 um.

Zodiacal light appears mostly at 12 microns, while thermal
emission of dust grains, heated by local radiation is
dominant above
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Measuring distances : parallaxes

One of the main difficulties in astronomy is that the objects
of interest are projected onto the 2D sky. Measuring
distances is not an easy task.

For nearby objects, there exist a trigonometric method that
allows to measure accurately distances based on the

revolution of the earth around the Sun : the trigonometric
parallax.

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the

Universe

Cosmic calendar

Numbers and figures on the
solar system

168 / 427



Measuring distances : parallaxes

Distant 'fixed' Earth's position
stars in June
. Parallax angle
.
. Nearby' star T
et £ ) sun
.

Earth's orbit

Earth's position
in December
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Introduction to

Measuring distances : parallaxes S

Astrophysics,
Detectors and
Astronomical

The parallax defines the unit parsec (pc) which is a distance  [E3ES

Motion of the

unit : a star is at 1pc if its parallax is 1". ot

Units and
coordinate systems

1" =1 arcsecond Structure and

history of the
Universe

1/60e arcmin

Cosmic calendar

Numbers and figures on the

1/3600 degree bl

_ (m/180) .
= 3600 radian

7 being always small one can use tan(p) ~ p =1/D where D
is the distance.
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MeaSurlng d|Stances para”axes Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Earth

» The parallax is an apparent motion that adds up to the Unite e
real motion of the star (the proper motion)

coordinate systems

. Structure and
» The earth's atmosphere creates an aberration that must  FEEais

o
be corrected for. e

Cosmic calendar

. . Numbers and figures on the
» |t is the only measurement that does not involve a

solar system

physical model.
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Measuring distances : parallaxes Retrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
Parsec compared to other distance units : ccodinatelevstems
Structure and

» Ipc=1AU/1"(radians) = 3.10'*m e

Universe

> 1pc~3ly

Solar system
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Measuring distances : moving cluster method el

Astrophysics

Astrophysics,
Detectors and
Astronomical

When stars are in a stable cluster system (eg its physical size |
is not changing), we can use the apparent motion of the Honon Of Ehe

Earth
stars within the cluster to estimate the distance Units and
coordinate systems
Structure and
— U history of the
— G
Stag ﬁv" Universe
’ — < Cosmic calendar
— §
F Numbers and figures on the
3 solar system
Celestial 2
— Sphere
0 Convergent ™~ -
Right Ascension
[& ‘ ‘ Observatoire | astronomique de Strasbourg
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Introduction to

Measuring distances : moving cluster method S

Astrophysics,
Detectors and

The velocity vector V is split in its two orthogonal Astronomical

objects

components : the line of sight velocity v, and the tangential Motion of the
velocity v;. Earth
The tangential velocity is related to the proper motion Uit e

coordinate systems

(observed) via

Structure and
history of the
Universe

vi=dsinp=dyu.
d is the distance and u the proper motion (the rate of
change of the position on the sky).

In this last equation, if we know the proper motion and the
tangential velocity, we can solve for the distance.
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Measuring distances : moving cluster method

vy
cosf

From geometric principles, we have V = and hence

v, = Vsinf = v, tan6.
Equating the two definitions of v; we get

vrtanf

4.74u "’

where d is the distance in pc, v, the LOS velocity in km/s,
0 the angle to the convergence point and u the proper
motion in arcsec/yr.

The factor 4.74 is the convertion from 1 AU/yr = 4.74
km /sec.
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Introduction to

Measuring distances : main sequence fitting S

Astrophysics,
Detectors and

When distances to nearby stars were found using jS————"
trigonometric parallaxes in the late 19th and early 20th RLEs

Motion of the

century, it became possible to study the luminosities of stars. =3

Units and
coordinate systems

Einar Hertzsprung and Henry Norris Russell both plotted

Structure and

stars on a chart of luminosity and temperature. Most stars history of the
H . . . Universe

fall on a single track, known as the Main Sequence, in this e

diagram, which is now known as the H-R diagram after -

Measuring distances

Hertzsprung and Russell.

Nowadays the absolute magnitude is used instead of the
luminosity, and the color is used instead of the temperature
(see chapter on stellar evolution).
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Measuring distances : main sequence fitting

When looking at a cluster
of stars, the apparent
magnitudes and colors of
the stars form a track that
is parallel to the Main
Sequence, and by correctly
choosing the distance, the
apparent magnitudes
convert to absolute
magnitudes that fall on the
standard Main Sequence.
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Introduction to

Measuring distances : spectroscopic parallaxes Astrophysics

. A Astrophysics,
When the spectrum of a star is observed carefully, it is Detectors and

Astronomical

possible to determine two parameters of the star as well as objects

the chemical abundances in the star's atmosphere. Morion of the
Units and

The first of these two parameters is the surface temperature coordinate systems

of the star, which determines the spectral type in the range ﬁitsft"ocrty";;'::

OBAFGKM from hottest to coolest. Universe

The second parameter that can be determined is the surface Messuring ditanees
gravity of the star. The higher the surface gravity, the higher

the pressure in the atmosphere. Stars with high surface

gravity are called dwarfs while stars with medium gravity are

called giants and stars with low gravity are called

supergiants.
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Introduction to

Measuring distances : spectroscopic parallaxes Astrophysics

Astrophysics,
Detectors and

Meta”icity, gravity and Astronomical
temperature sets the Spectroscopic Parallax objects

. Motion of the
absolute magnitude of the OT e peisar - Earth
star (assuming it is a J [trments Units and
& coordinate systems
normal star). If one knows 8
. € Structure and
the apparent magnitude, 3 history of the
Universe
we can then recover the op . , . . Gosric calondar
40,000 20,000 10,000 5,000 2,500 Numbers and figures on the

d |Sta nce to t h e star. Temperature (K) ~ Spectral Type solar system

WARNING : radiation absorption by interstellar matter dims
the flux of astronomical objects received on earth. This can
cause systematic biases if extinction is not properly taken
into account.
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Measuring distances : Cepheids hevrophysics

At the beginning of the 20th century, Henrietta Leavitt el

discovered and studied a new type of variable star named jlfj‘;’t”:"“ca'
Cepheids (from the prototype star delta Cepheid).

Motion of the
Earth

. . . . . Units and
The brightness of these stars varies in a periodical manner coordinate systems

and the period P scales with the brightness (the brighter the — FSEEfERT

. history of the
star, the longer the period). Universe

H. Leavitt showed that a linear relation exists between the e
period and the magnitude of the Cepheid stars

<M>=alog(P)+b

where < M > is the absolute magnitude of the star and a
and b are constants.
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Measuring distances : Cepheids Retrophysics

Astrophysics,
Detectors and

The two constants were Astronomical

. ) objects
measured using Cepheids _
. Motion of the
' ' ’ ) whose distance was Earth
-sf <5 «1  obtained using a different Units and
. . coordinate systems
y technique (such as the St
= | 4 i H H history of the
=6 o trigonometric parallax). R
L Cepheids are useful Cosmic calendar
;“‘hr{ 4 Numbers and figures on the
Y R escemas | Standard candels as they solr syster
- = LMC Cepheids d
‘ L[ Cophes are bright and can be
0.5 1.5

1
log(P)

observed even in distant
galaxy clusters such as
Virgo.
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Measuring distances : type la supernovae hevrophysics

Astrophysics,
Detectors and

. : : e r——a
Type la supernovae are the explosions of white dwarf stars in  [asieiis
binary systems, they are also called thermonuclear Vot o i
supernovae. They are not to be confused with core-collapse e

Units and

supernovae that result from the contraction of massive stars. e

Structure and

. . . history of the
Accretion from a companion raises the mass above the Universe
Numbers and figures on the

maximum mass for stable white dwarfs, the Chandrasekhar -
limit. The white dwarf then starts to collapse, but the e e
compression ignites explosive carbon burning leading to the

total disruption of the star. The light output comes primarily

from energy produced by the decay of radioactive nickel and

cobalt produced in the explosion.
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Introduction to

Measuring distances : type la supernovae S

Astrophysics,
. . . Detectors and
as measured The peak |um|nOS|ty IS Astronomical

objects

- correlated with the rate of
g -18 . . Motion of the
5 decay in the light curve : Earth
s K less luminous supernovae Units and
Voo ge® . d okl hil coordinate systems
" e
" ecay quickly while more o
gl S Tololo e la . luminous supernovae decay  [ESHCEE
20 ) 20 40 60 Universe
days SIOWIy. Cosmic calendar
20 . . . Numbers and figures on the
N " When this correction is sl gtem
f 24 light-curve timescale . . d
19 /v . “stretch-fuctor” corrected applied, the relative
L3
i y luminosity of a Type la SN
R A . can be determined to
s & L
R R within 20% (~0.13 mag
-16
peak dispersion).
.‘26 0 20 40 JEO

Kim, et al. (1997)
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Measuring distances : type la supernovae

A few SNe la have been in galaxies close enough to us to
allow the Hubble Space Telescope to determine absolute
distances and luminosities using Cepheid variables, leading to
one of the best determinations of the Hubble constant.

Type la supernovae can be seen to such great distances that
one can measure the acceleration or curvature of the
Universe using observations of faint supernovae = Nobel
prize 2011 Permultter, Riess & Schmidt.
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Measuring distances

This list is far to be exhaustive!

Other distance measurements : E.L. Wright website
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http://www.astro.ucla.edu/~wright/distance.htm
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Loca | VOI ume Introduction to
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The solar vicinity is almost ' Units and
coordinate systems
empty !

There is very little material
in the space surrounding
the Sun, even planets do
not fill the volume.

Around the Sun up to the
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I_Oca | VO| u me Astrophysics
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Detectors and
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» The closest star is 4.2 objects

Motion of the
|y away. Earth

» Stars only fill a tiny
volume of their parent
galaxy.

> Star-star collisions
have a probability
almost null, but in
extremely dense
regions (core of
globular clusters).

Units and
coordinate systems

Structure and

history of th

Around the Sun up to the
Milky Way
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The Milky Way

Mapping the Milky Way is a hard task. Accurate distances
can only be obtained via the measurement of parallaxes
which is restricted to nearby stars.

Until recently, only a small fraction of the stars close to the
Sun had a measurement of their parallax, with a precision of
~1 mas (milliarcsec), thanks to the Hipparcos satellite of
ESA (1997). With Hipparcos, around 100,000 stars within

100 pc of the Sun had measurements down to an apparent
magnitude of V~10.
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The Milky Way

Our knowledge of the Milky Way has recently improved with
the release of the first two catalogs of the Gaia mission.

Gaia's goal is to measure the parallaxes, the photometry and
the proper motions of stars (+ some additional parameters
such as temperature, metallicity, extinction...) down to a
magnitude G~20.

= covers a large fraction of the Milky Way volume and
bright stars in nearby galaxies.

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and

history of the
Universe

Cosmic calendar

Numbers and figures on the
solar system

Around the Sun up to the
Milky Way

190 / 427



Introduction to
Astrophysics

The Milky Way

Astrophysics,
Detectors and
Astronomical
objects

20 kpc

Motion of the
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Dark
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30 open clusters
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Around the Sun up to the
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Currently we are at the third data release for this mission
with astrometric information for about 1.46 10° stars down
to G=21.
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The Milky Way

View of the Milky Way as seen from earth

One can easily see the black stripes in the Galactic disc
which are due to extinction by interstellar material (dust).
This material dims the light received from the stars and
prevents easy measurement of distances because it changes
the observed properties of an object (reddening).
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The Milky Way

The appearance of the Galactic disc changes according to
the wavelength we use for observations :

his is due to the fact that
e physical process/source
Enitting the photons
hanges with wavelength.

4#:.—:::‘_'_::;:“_:133-—;-9
"\lulln\.‘n elength Milky W d\
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The Milky Way

Top view of what could be the Milky Way (artist view)

[% ‘ ‘Observawire astronomique de Strasbourg

We know it is a spiral
galaxy and that there is a
barred structure in its
center (a galactic bar).

Its size is believed to be
about 16 kpc in radius and
its type in the Hubble
classification is SBc which
means a barred spiral
galaxy (SB) with loosely
wound spiral arms.
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The Milky Way

Milky Way Galaxy
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A more schematic view is Units and

. . . . coordinate systems
given by this figure which o
shows the location of the history of the
main spiral structures as
defined by the gas and the
central bar.
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The Milky Way

If one looks at the Galaxy
from the side, its disc is
extremely thin.

However, we can
distinguish more than just
one population.
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The M | | ky Way Introduction to

Astrophysics

The disc can be

. Astrophysics,

decomposed of three main Detectors and

) Astronomical
populations : objects

» The Thin disc (most o o
of the mass)

» The thick disc which
is an extended
structure whose origin
is yet unclear

Units and

coordinate systems

Structure and
history of the
Universe
Cosmic calendar

Numbers and figures on the
solar system

» The extreme disc
which is the site of
star formation and is
linked to the gas (very
young stars in this
disc).

Around the Sun up to the
Milky Way
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The Milky Way

Quite a lot of information on the structure of our Galaxy is
gained from the study of the gas (HI and CO) through
analysis of so-called Iv-plots :

| @ o e | o | Structures in this diagram
correspond to non
" axisymmetric features in
. i the Milky Way.

o T o (K vt

One can see the signature
of spiral arms, the central
bar or the nuclear ring
(CMZ).
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The Milky Way

Assuming the gas is on circular orbit (it is a collisional
population) and that departure from circularity is negligible,
one can construct the rotation curve of the Galaxy (assuming
we know the distance to the Galactic center and the local
rotation velocity) via the use of the tangent point method.
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The Milky Way

One can note that beyond
the position of the Sun,
uncertainties are increased.
This is due to the fact that
the tangent point method
does work only for point
inside the solar circle,
beyond tangent points do
not exist anymore.
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The M | | ky Way Introduction to

Astrophysics
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Some more information on the solar neighborhood : objects

Motion of the
i
Pﬂ - Earth

The Sun is located close to
spiral structures detected
on the gas (HI and CO).
The location of the spiral
arms as defined by the gas
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The Milky Way inroducion 1
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In terms of mass or column density, the solar neighborhood

contains
Motion of the

Inventory of the Solar Neighbourhood Earth
Component volume density ::::.:1 - surface density Units and
y dispersion
M_pe e Mopc? coordinate systems
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Gas | Jonised Hydrogen H I 0028 80 80 history of the

warm gas 0001 400 20 Universe

glants 0.0006 170 04

M, <25 00031 15 09

25<M, <30 00015 105 06

30<M <40 00020 140 11 .

Around the Sun up to the

S 40<M, <50 00024 195 20 Milky Way

50<M, <80 00074 200 65

M, >80 0014 200 123

white dwarfs 0005 200 44

brown dwarfs 0.008 200 62

stellar halo 0.0001 1000 06
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The Milky Way iroducton 1

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

We are also located is a

. . . . Units and
peCUllar region in the Mllky g 7 coordinate systems
Way : there is no ISM . s— | , Sl

. ; ) / v ) istory of the
close to the Sun, we are in ) Universe
- 7. D Cosmic calendar

a bubble which is probably
due to a past supernova
event.

Around the Sun up to the
Milky Way

~
500 parsecs (1,630 light
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The local volume

The Milky Way is not
isolated !

It belongs to a group of
galaxies called the local
group that consists of two
massive galaxies (the Milky
Way and Andromeda) plus
smaller galaxies.

H%. ‘ ‘Observawire astronomique de Strasbourg

LOCAL GALACTIC GROUP
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Introduction to

T h e |O Ca I VO| u m e Astrophysics

. . Astrophysics,
It size is about 3 MpC and Detectors and
; ; Astronomical
it contains more than 54 objects

galaxies (mostly dwarf LOCAL GALACTIC GROUP

spheroidals).

Motion of the
Earth

Units and
coordinate systems

The local group consists of
two smaller galaxy groups
around its two main
galaxies.

The two groups are

separated by 0.8 Mpc and
move towards each other
at a velocity of 123 km/s.

Beyond the Milky Way
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The local volume

The two biggest satellite
galaxies of the Milky are
the Magellanic clouds
(small and large).

They can be "seen" by
naked eyes in the southern
hemisphere.

H%. ‘ ‘Observawire astronomique de Strasbourg

LOCAL GALACTIC GROUP
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Introduction to

Beyond the local group S

Astrophysics,
Detectors and
Larger structures than Astronomical

objects

alaxy groups are called
g y g p Motion of the
galaxy clusters. . Earth
Units and
The closest and more coordinate systems

studied are the Virgo
cluster (@ 17 Mpc) and the
Fornax cluster (@ 19 Mpc).

At these distances, one can
study details of individual
galaxies and one can start
statistical studies.

Beyond the Milky Way
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Beyond the local group

At 100 Mpc, there is
another large, well studied
cluster : Coma.

[.{%@. ‘ ‘Observa(uire astronomique de Strasbourg
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Introduction to

Beyond the local group S

Astrophysics,

Detectors and
Astronomical

objects

H n 1] '
Comparing "clusters" and Votion of the

"field", one studies Earth
environmental effects on : ) o s o

the evolution of galaxies.

HI image (21cm) of spiral
galaxies [size x10], on top
of a Virgo map in X rays
= disks are distorded and
truncated

Beyond the Milky Way
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Introduction to

Beyond the local group S

Astrophysics,
Detectors and
Astronomical

Comparing "clusters" and objects
"field", one studies Motion of the
. Earth
environmental effects on
. . Units and
the evolution of galaxies. coordinate systems

Structure and

history of the

optical image + Ha
(656nm, recombination of
ionized hydrogen) of a
galaxy where the dynamical
ram pressure stripping
strips gaz from the galaxy

Beyond the Milky Way
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Beyond the local group

[ﬁj ‘ ‘observatuire astronomique de Strasbourg

Structure larger that
galaxy clusters are called

superclusters.

It is also in these
environments that galaxies
encounter violent processes
such as galaxy fusion.
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Introduction to

The Universe at larger scale S

Astrophysics,
Detectors and
Astronomical
objects

The universe at large scale Vet o e

Local Supercluster revea |S | a l’ge- SCa |e Sareh
Units and
structures (Cl usters, coordinate systems

filaments, sheets or walls,
voids). One study these
objects on a statistical
basis. The expansion of the
universe can not be
neglected at these scales.

Beyond the Milky Way
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The Universe at larger scale

To study the universe at
these large scale, one uses
redshift surveys of galaxies
(spectroscopic or
photometric). An example
2dF redshift survey :
220,000 galaxies
(1997-2002)

older surveys : CfA
Redshift Surveys
(1977-1990)

more recent : 6dFGS,
SDSS (Sloan Digital Sky
Survey), GAMA, VVDS

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Cosmic calendar

Numbers and figures on the
solar system

Beyond the Milky Way

213 / 427



The Universe at larger scale Retrophysics

. . A hysics,
Map of the region covered by the recent spectroscopic Detoctor and

Surveys . Astronomical

objects

> GAMA : GAlaxy Mass - . I’\Ellaor:i}?n of i
Assembly DR2 ki

» 2DFGRS : 2dF Galaxy
Redshift Survey

» SDSS DR : Sloan
Digital Sky Survey
DR9

> 6dFGS : 6dF Galaxy
Survey

Units and
coordinate systems

Structure and
history of the
Universe

Beyond the Milky Way

Still many regions of the
sky are not covered !

GAMA | | SDS8 DR@ | 84ICE
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Redshift measurement

To estimate distances to distant galaxies, we use the fact
that the universe is in expansion.

The velocity of the galaxies with respect to the observer
induces a Doppler shifting of the spectral features towards
the red (distant galaxies are moving away from us, the faster
they move, the more distant they are).

A measure of the spectral shift gives then an estimate of the
distance of the object if the cosmological model is known.
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Introduction to

Redshift measurement e

3 H . . Astrophysics,
An example : redshift of the calcium H and K lines as a
Detectors and
H H Astronomical
function of distance S
Cluster Motion of the
3 Distance in Redshift:
nebula in light-years Sco e Earth
78,000,000 Units and
coordinate systems
Virgo 1,200 kms™
Structure and
1,000,000,000 history of the
Universe
Ursa Major 15,000 kms™" osmi d
| | I
1,400,000,000
| | |
[ 22,000 km's™!
- Ll m -
Bootes 39,000 km s~'
Hydra 61,000 kms™
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Redshift measurement

The redshift is measured from the Doppler shift as

Aobs—Aem U
z _

Aem ¢
where v is the recession velocity.
The last equality is valid only if v < c.

This definition is also sometime written as 1+ z = %
If the principle of measuring redshift is simple, the reality is
more complex and spectroscopy is an expensive process.
Hence one has to resort using photometry to measure
redshifts. These redshifts are less accurate.
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Introduction to

RedShlft meaSU rement Astrophysics

Astrophysics,
Also, one must take into Detectors and

Astronomical
objects

account evolutionary '

Sd spiral, 2=0(solid), z=1(dotted), z=2(dashed)

Motion of the

effects |

Earth
Indeed, the further away a e o
Galaxy iS, the younger it 1 coordinate systems

N3 Structure and

will be due to constant S
nature of the speed of Universe

i Cos! a
light. Hence these galaxies N M\k\\i o | Humbers s fgures on the

Brightness

will be less evolved and it : P v '
3 08 VAR
must be corrected for as Fos 5 Erﬁ; /\ Beyond th Miky Way
their spectra are S l e
01 05 1 5 10

intrinsically a bit different
from local galaxies.

wavelength (um)
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Elements Of Cosmology Introduction to

Astrophysics

Astrophysics,
Detectors and

The recession velocity of S ronomicat

objects
galaxies (corrected for their Motion of the
peculiar velocity and solar Hubble’s Data (1929) Sarh
system velocity) is linked coordinate systems
to their distance : Fieeo| o o Structure and
g R " q history of the
= . ;//: Urn-iverse
vo = Hod 3T A | .
_ . il
with Hy the Hubble’s i w/{ B ,
constant. It was first ‘ Ditce (Mpe) ! oo
observed by Hubble in
1929.
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Elements of cosmology

Two years later, in 1931,
he also showed that this
linear relation is also valid
at larger scale.
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Hubble & Humason (1931)
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Elements of cosmology

The value of Hp is important to constrain cosmological

models.
) T
et e pancin o wmiere —Tangent, slope H,
é Q. Q,
3k o ar
o o3 [
E 8 e
B2t
E
i,
H
o
10 Now 10 20 30
Billions of Years
1/H, = Hubble time= 10 yr if H,=100 km/s/Mpc
[ﬁ ‘ ‘ Observatoire | astronomique de Strasbourg
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Elements of cosmology

The recession velocity is not only linked to distance but also
to the age of the universe at a given redshift.

For objects whose recession velocity is not relativistic, we

have
o= Aobs = Lem _v
 Aem c
The age of the universe at redshift z is given by
1 [t dx
t(z) = —f
Ho Ji+z \/Qx5+ Aox% — (Q+ Ap—2)x*

where x=1+z.
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Elements of cosmology

Hence

» at redshift z=10, the universe was only a few percent of
its current age

> at redshift of z~1, the universe was about half its
current age.

More details on conventions and notations will be given in
the lecture by D. Aubert. See also lecture of Y. Mellier in
"Grands relevés et observatoires virtuels, Goutelas 2001", or
lecture of J.Peacock (link).
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https://www.roe.ac.uk/~jap/teaching/cos4.html

Introduction to

Elements of cosmology Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

2.1 Earth
The geometry and shape of Units and
the universe is fixed by the SRS
cosmological parameters. By~ ﬁitsr::ntfuff:;::

Universe

Three main shape exist :
closed, open and flat

Q=1 Beyond the Milky Way
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Elements of cosmology

Main cosmological parameters :

» Hubble constant Hy (also used Hy = h.100 km/s/Mpc).
> For each value of Hy, there exists a critical density p¢,i¢
for which the geometry of the Universe is Euclidian.
> pcrir is given as a mass per unit volume, but it
represents an energy density (from E = mc?), and

standard matter only contributes for a fraction of it.
> If h~0.7 then perir ~2 10729 h?.g.cm™3
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Elements of cosmology

Main cosmological parameters :
» Total density parameter Q= p/p¢ris -

> Equals 1 for a flat universe (favored model today), <1
for an open Universe, > 1 for a closed Universe.

> Qis actually the sum of three separate components :
Q=Qp +Qp +Qpr which correspond respectively to the
contribution of the matter (barionic or not), of the
vacuum (dark energy)and to the contribution of
relativistic particles (negligible today).
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Elements of cosmology

Main cosmological parameters :
» Deceleration parameter g

> measures the slow down of the expansion velocity of the
Universe (using the second derivative of the scale factor
of the Universe). It fixes the past and future evolution
of the distance between objects in the Universe. One
writing of g : g = %QM—QA

Using supernovae, the measurement of the deceleration
parameter gives g ~ —0.55, which (if Q =1) gives

Qup =03 and Q) =0.7(Qr = 8107°).

> g is negative : expansion is accelerating.
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Chapter 5

Introduction to stellar evolution

Hydrostatic equilibrium
Stellar energy sources
Modeling stellar structure
Stellar evolution
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Introduction to

The idealized case Actrophysics

Astrophysics,
Detectors and
Astronomical
objects

We will consider the idealized case of a spherically symmetric Motion of th
otion © e

star, non-rotating, non-magnetic, single... a star on which no Earth

net force is acting. Units and

coordinate systems

Structure and

Internal motions, such as convection, may occur but they are  HESHERE

assumed to average out overall. e ——.
stellar evolution

The star is supposed to be in hydrostatic equilibrium, in this

case gravitational acceleration is compensated for at each

point by the pressure gradient.
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The idealized case R

One considers a volume element of the star defined by its

. . Astrophysics,
spherical surface d?S and thickness dr. Detectors and

. oy . . Ast ical
The hydrostatic equilibrium writes objects

Motion of the
.M, d?Sd Earth
_GPWMATSAr 25 prrdrdis =0,

2 Units and
r coordinate systems
where the first term is the inwardly directed gravitational ﬁi‘s’t”:r‘y”ff;']‘:
force on the volume. Universe

Introduction to
stellar evolution

Eliminating dS and noting that the pressure gradient is
dpP
P(r+dr)-P(r) = —.dr,
dr

we obtain

r

(r) = with M, :f p(r).47tr2dr.
0

dr
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Introduction to

The idealized case Actrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

That is, equilibrium implies that the pressure gradient Earth
a2 o -
dar . Units and

coordinate systems

Structure and
history of the

We have M(;+dr) — M, =dM; and the mass of a spherical Universe
shell of thickness dr within r and r +dr is given by Introduction to

stellar evolution

dM;, :4nr2p(r)dr.
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The idealized case Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Earth
To solve the previous equation, we have two possible choices i
for the independent variable : coordinate systems
i Structure and
» r : Eulerian approach history of the

Universe

» M, : Lagrangian approach in which case the hydrostatic

Introduction to

equ”ibrium writes dr _ _ GM, stellar evolution

dM, — " anrt-
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The idealized case e

Notes : Astrophysics,
Detectors and
» The hydrostatic equation above can also be obtained bt
using a non-local energy principle (see section 1.2 of Motion of the
Hansen & Kawaler). S
. . . . Units and
» Sometime, pressure P is a function of only p(r). If this coordinate systems
is realized, previous equations completely define the Structure and
stellar structure. R
> |t is the case of white dwarfs (degenerate electron gas). et i@

In this case the equation of state is given by P o p®/3 "
for the non relativist case (low mass objects) or by

P o p*3 in the relativistic case (mass close to the

Chandrasekhar limit) or any polytropic model which are

used for quick studies of internal structure.

» Pressure in the equations of stellar structure includes
gas pressure but also radiation pressure
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Energy generation, transport and thermal balance

If the energy generated in a given volume of a star is not
transferred elsewhere, a non-equilibrium condition holds and
the material heats up. On the other hand, if energy is
removed as quickly as it is generated and not faster, then
the material is said to be in thermal balance.

To express thermal balance quantitatively, consider a
spherically symmetric shell of mass dM; and thickness dr.
Within that shell we denote € the power generated per gram
(unit ergg~!s7!) also referred to as energy generation rate.

The total power generated in the shell is given by

amr? pedr = ed M.
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Energy generation, transport and thermal balance = "suosmaes

Astrophysics,
Detectors and

Astronomical

To balance the power generated, there must be a net flux of

objects

energy leaving the shell. If F(r) is the flux (units R
ergcm 2571 with positive values implying a radially e

. i d
outwards flow, then £, = 4xr?F(r) is the total power, or aorinate Setems
luminosity, in ergs™!, entering (or leaving) the shell 's inner S e
f history of the
ace. Universe

Introduction to
stellar evolution

Zrvdr =4nr?F(r +dr) is the luminosity leaving the outer
face.

The difference between the two terms is the net loss or gain
of power for the shell.
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Introduction to

generation, transport and thermal balance | "adiopyeics

Astrophysics,
Detectors and
Astronomical

For thermal balance, that difference must equal the total S

power generated within the shell. Hence Motion of the
Earth

Lridr — &y =d %, = anr? pedr Units and

coordinate systems

Structure and
history of the

g" —4 2 Universe
= d =4anr p€, Introduction to
r stellar evolution
or in Lagrangian form
d%,
=E€.
dM,
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Stellar energy sources
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Introduction to

Energy SOU rCGS Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

There are two sources of energy in a star : Viotion of the
Earth

> gravitational
Units and

> thermon LICIear coordinate systems

Structure and

history of the
Universe

Gravitational energy source :

Introduction to
stellar evolution

This source of energy is important when the star is E—
contracting. In the case of equilibrium, no energy is
generated and we will neglect this part.
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Introduction to

Energy SOU rCGS Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Thermonuclear energy source :

Motion of the
Earth

Nuclear reactions are the dominant energy sources in stars. faniteiand
coordinate systems

The two main cycles that take place in stars are the e

_ H H H history of the

pp-chain, the4CNO cyclei. These are hydrogen burning chain e

that produce *He from ' H. R S
stellar evolution

These are the dominant processes in what we call the main Sinley gy e

sequence and stars pass most of their lifetime being fueled
by these processes
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The pp-chain

This is the chain that occurs in low mass stars (M < 1.1 M)
during the main phase of evolution. The chain of reaction is
given by

e Hae+v,
H+lH ~He+ 1
9% 1%

- -
IHesiHe - dHe+2lH IHe 4 iHe - iBey

(PP1)
1% 0.3%
- 1
IBeve Ly, IBes 1H S T8]
ui+ln - ZiHe B iBetet ey,
(BF D) iBe —— 2iHe

[T
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The pp-chain

HelH e,
Hs |H »He+y
0% EILY

- -
IHe + He dHe 4+ 21H 3He + He < iBe+y

(PP 1)

W% 0.3%
- 1
IBe 4 e e, IBes H -ty
L+ B - ZiHe B ——fBesetav,
() 1Be — 2%He

(PP 111}
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The PP1 chain
dominates when the
core temperature is
10-14 MK.

The PP2 chain
dominates in the
range of temperatures
14-23 MK.

The PP3 chain

dominates above 23
MK.
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The pp-chain

HelH ——TH4e 4y,
H+[H ~He+y
9% %
Sea e e 2l eatHe o THery
(PP
91% 03%

- 1
Bete —iLitv, BetfH — By

L+ M - ZiHe B fBes v,

(P I e —— 2iHe
(BP0
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The first reaction is
very slow, its
probability of
occurring make it
impossible to
reproduce in
laboratory but the
densities in the core of
stars is high enough so
that they happen.

Electron neutrinos
production by this
cycle = solar neutrino
problem.
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The CNO-cycle hevrophysics

Astrophysics,
Detectors and
Astronomical

This is the main cycle for high mass stars (above 1.1Mp). it
Here carbon, nitrogen and oxygen are catalysts and contrary Vot o e

to the name of the cycle, it is a hydrogen burning sequence Sarh
4 Units and
to prOduce He' co;rdinate systems

12 1 13 0 Structure and
CE + H1 i NT + Yo history of the

Universe

13 13 , =0 0
N7 - Ce + e1 + Vo Introduction to
C13 + H1 N NM +70 stellar evolution
L:] 1 7 0
N;rl +H11 - 0;5 +Y§ Stellar energy sources
OF —>NE+80+v0
15 1 12 4
N;” +H; — Cg” + He;,
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The CNO-cycle

CZ+H] — NP ++0
NE 5 CP +80 41}
13 1 14 0
Cg +H; = N7 +7v,
14 1 15 i}
N7 +H; - O + 7,
OLF > NP + 82+ v}
15 1 12 4
N;” +H; - Cg” +He;,
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» The phase
NI+ H! - 01 +9Y is
the slowest reaction.

» Nitrogen then
accumulates in the
core of the star.

» Neutrinos are
generated in two
reactions : detection
possible.
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Introduction to

trl ple_ Of prO CeSS Astrophysics

Astrophysics,
Detectors and
Astronomical

When stars stop burning hydrogen (hydrogen is depleted in ghisc

Motion of the

the core and in the shell around the core), helium is the next — JE&&

element to undergo nuclear fusion as it is present in high Unite and
density in the stellar core and temperatures are high enough.  [EEEEEEESE
At this stage, the star is on the giant’s branch of evolution. Rt ot ihe
Helium burning happens via the triple-alpha process which is &

Introduction to

a three body reaction. stellar evolution

Stellar energy sources

‘He +*He =°® Be

8Be +1He —12 C+y
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a capture

elements by capture of the helium

JEC 5 ;Hu :-JSO by
O + iHe — BNe +
M Me + tHe —: HMg +
10 2 1zME
UMg+ 1He —: M8i+
18+ iHe — B8+
j’ﬁs + gHE — ?gAr 4y
IWAr + 3He — JCa+
MNCa+iHe — HUTi4
HTi+ He — Bor+4
;gCr | ;Hu ) gl"e 7

HFe+iHe — IENi +

[& ‘ ‘nbservatuire astronomique de Strasbourg

When the core's temperature increases and reaches 108K,
other reactions start involving helium that creates heavier

nuclei :

E = 7.16 MeV
E = 4.73 MeV
E = 9,32 MeV
E = 0.98 MeV
E = 6.95 MeV
E = 6.64 MeV
E = 7.04 MeV
E = 5.13 MeV
E = 7.70 MeV
E = 7.04 MeV
E = 8,00 MeV
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Carbon fusion

processes

12C+12C
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Above core temperature of 6.108K (if the star has sufficient
mass, the Sun does not), carbon will start burning via these

160 +21He
20Ne +1He
13Njg + p*
BMg+n
24M8+Y
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and above 10%K, it is the turn of oxygen Votion of the
Earth

Units and
coordinate systems
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31 + Introduction to
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Introduction to

When does |t StOp ? Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

The reaction shown above release energy. Fusion reactions in Motion of th
otion O e

the star will stop when energy will be required to continue Earth

the fusion processes instead of releasing energy. Units and

coordinate systems

Structure and

history of the
Universe

that this happens when we reach the iron peak elements (Fe  FEEEFE
and NI) stellar evolution

When one looks at the binding energy per nucleon, we see

Stellar energy sources

Above this mass, energy must be provided to continue the
fusion process.
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Introduction to

Nuclear process dominance region Astrophysics

Astrophysics,
Detectors and

Hence, at the end of their nuclear fusion time, the core of e

stars will be iron and Ni rich. objects
Motion of the
Earth

The dominance region of the various nuclear cycles can be Units and
. . . . coordinate systems
summarized in this figure

Structure and
history of the
Universe

/ Introduction to
/ stellar evolution

CNO Cycle /

/ Stellar energy sources

> /

log e

- Triple |
BB Chain |
P hain |
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Introduction to

Ste”al’ StrUCtU I’e mOdel Astrophysics

Astrophysics,
Detectors and

To construct a stellar evolution model, one searches for a S ——
model that, given the total mass and the composition (as a RLEs
. . . Moti f th
function of radius or equivalent) returns the run of mass Bt
versus radius and the corresponding local values of pressure, Units and
. . . . . . dinat t
density, temperature and luminosity. This needs microscopic ~ [EEEEEEE
. . . . . . Structure and
physics implied in the following relations history of the
Universe
> P= P(p’ T’ X) Introduction to
stellar evolution
> E=E(p, ,X)
> K= K(p , T, X) Modeling stellar structure
> e=e(p, T.X)

where X is the composition of the star, x the opacity and € is
the energy equation.
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Introduction to

Ste”al’ StrUCtU I’e mOdel Astrophysics

Astrophysics,

Differential relations (structural and thermal) have to be e cctors and
stronomical
satisfied such as objects
dP _ GM, Motion of the
> dM, =  4nrt Earth
» dr _ 1 Units-and
dMm, — 47-[r2p coordinate systems
Structure and
> gﬁr =€ history of the
B

Universe

or their Eulerian counterpart, as well as establish the mode

Introduction to

of heat transfer (radiative or convective, based on the dell e
operator V = Sigg).

Modeling stellar structure

All this equations, when combined, are equivalent to a
fourth-order differential equation in space or mass. It is a
complicated problem to solve and a solution may not
necessarily exist. If a solution exists it may not be unique.
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Stellar structure model

For example, the figure below presents the radiative and
convective zone as a function of the stellar mass for main
sequence stars (where H burning takes place).

Fig.227. The mass vahes m fun ceio o sracs ars ploied sglt he sicllar mass M for
loudy” areas indicate the extension of
convective zones inside es give e el ot which 7 i3 14 nd 172 of
the total radius R. The dashed lincs show the mass clements inside which S0% and 90% of the total
Iuminosity L are produced

Constructing a stellar evolution model is a complex business

and more information will be given in the stellar physics
lectures.
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Phases of stellar evolution

There are roughly speaking 7 main stages of stellar evolution
which are summarized in the HR-diagram :

1 pre-main sequence (PMS) : this is the phase on

contraction of the gas cloud. No nuclear reaction take
place, heating is due to gravitational collapse

[& ‘ ‘nbservatuire astronomique de Strasbourg
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Phases of stellar evolution R

Astrophysics,
Detectors and
Astronomical
objects

2 main sequence(MS) : Hydrogen burning phase in the o o
core of the star. This is the longest stage of stellar
evolution. The start of this phase is called the zero-age
main sequence (ZAMS). The end of the main sequence Rt ot ihe

Units and
coordinate systems

is characterized by the turn-off where the stars start SN
ascending the giant branch in the HR diagram (see el eluton
below). Lifetime on this stage depends on the initial

M2 010
mass fpss ~ (m) 10" yr. Sl
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Phases of stellar evolution

Spectral Type
05
B0
AD
FO
GO
KO

MO

Lifetimes of Main-Sequence Stars

Surface Temperature (K)
54,000
29,200

9600
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Mass

(Mass of Sun=1)
40

16

33

08

04

Lifetime on Main Sequence (years)
1 million

10 million

500 million

2.7 billion

9 billion

14 billion

200 billion
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Phases of stellar evolution

3

sub-giant phase : shell hydrogen burning phase, the
luminosity of the star stays ~ constant. Helium core
grows. This phase duration ranges from a few million to
one or two billion years.

red-giant phase (RGB) : shell-hydrogen burning phase.
Helium core continue to grow. The convective outer
layers of the star expands and luminosity increases.
horizontal branch : helium burning phase. After helium
burning starts at the end of the RGB, the star contracts
and increase its surface temperature until it reaches the
instability strip (the horizontal branch)

Asymptotic giant branch (AGB) : H and He burning in
shell around a carbon and oxygen hot core

post-AGB phase : nuclear reaction stop, the core of the
star contracts to form a white dwarfs. Outer layers go
through a TP-AGB superwind phase and create
planetary nebula.
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Phases of stellar evolution

The exact details on which
phase a star will go
through will depend on its
mass on the main
sequence.

Some examples on the
duration of the various
phases are given in the
figure on the right.
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Figure 4. Evolutionary Tracks of Stars of Different Masses: The solid black
lines show the predicted evolution from the main sequence through the red
giant or supergiant stage on the H-R diagram. Each track is labeled with the
mass of the star it is describing. The numbers show how many years each
star takes to become a giant after leaving the main sequence. The red line is
the zero-age main sequence.
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Phases of stellar evolution

The exact shape of the track a star makes in the

temperature-luminosity diagram (so called HR-diagram)

depends on the mass. Here are two examples for a 1 and 5

solar mass star

Post-AGB
Superwind
a
First He shell flash — | £
&
_ He core
_ flash
RERE
2|3
= | |z
s | |2 a
5118 2
H He core burn N
B e core burning First
dredge-up
H shell burning —_
Core contraction 1
H core exhausted
To white dwarf phase M.
~— Logyo(T,)
[ ﬁj ‘ ‘ Observatoire | astronomique de Strasbourg

Logyo (L/L.)

PN formation

Overall

A
Ywm‘m First dredge-up
e% Hcore

exhausted

To white dwarf phase

~—Logyo (T)
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Phases of stellar evolution

the lifetime! Here is an example for a 5M, star.
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Note that the internal structure of the star evolves during

|

56 60 65 7.0 75 80 799 800801
—> age in 10”years

[ﬁj ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Stellar evolution

263 / 427



Stellar populations

A stellar population is a group of stars whose age and
chemical composition are alike :

> the stars are formed in the same phase of star formation,

» the stars are formed in a region where the interstellar
medium is almost homogeneous.

Stars evolve with time. They change
» temperature
> luminosity

» chemical composition (after the AGB)
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Stellar populations

Hence the magnitude and
color of star change and
the properties of the stellar
population will change
with time (or more
precisely with age).

Evolution depends on the
mass on the ZAMS and on
metallicity. The lifetime on
the main sequence also
depends on mass.
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Stellar populations

As in a (simple) stellar
population all stars have
the same age, the track of
a simple stellar population
(SSP) in the HR diagram
can be obtained by
interpolating the
evolutionary track of stars
of different mass. This is
called an isochrone.
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Effect of age

As the SSP ages, it comes
redder as the massive blue
stars progressively
disappear, evolving towards
the RGD and AGB. The
turn-off point shifts
towards low luminosities.
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Effect of metallicity

(CMD) of SSPs of the
same age, metallicity in
increasing from left to

right.
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Color-magnitude diagram
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Introduction to

Eﬂ:eCt Of d ISta n Ce Astrophysics
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Left : color apparent magnitude diagram for stars in the solar OA;jfefgt”:"“ca'
neighborhood. Right : for stars with known parallaxes, the

Motion of the

color-absolute magnitude diagram. 22t
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Example of SSP " astrophysics

Astrophysics,
Globular clusters (all the stars are at the same distance, the e iectors and
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different evolutionary branches are easy to identify) objects

Motion of the
Earth

o ] T
ur
-4 = 0518

Mooy = v0530

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Stellar evolution

a&s 0B 10 12 14 V6 1B 2O
(=rla

[& ‘ ‘nbservatuire astronomique de Strasbourg 270 / 427



Superposition of SSPs

The case of Gaia CMD

Temperature (K)
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Superposition of SSPs

One can go even further and try to separate the different
populations.

R |
£
o-om o

o ¥
Z o
"
N
'

]
[

Fig. 21, Gaia HRDs with Kinematic selections

matic locity: panel a: Vr <40kms™ (1893677 stars), panel b
60<Vy <150kms" (1303558 sary), nd panel ¢

And there are surprises, for halo like kinematic, we see two
populations appearing! Lots of information on the evolution
of a galaxy or cluster can be obtained by the analysis of
CMDs and HR-diagram.
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The evolution of galaxies is complex : processes take
place both at large scales (macrophysics like gravitation)
and small scales (heavy elements production)
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timescales of the different processes also quite different
= full modeling not possible.
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Accrétion de
> Phases internal to the galaxy belong to the secular
evolution (assuming other aspects can be neglected).
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» Those parts depend of the environment of the galaxy
and to its accretion history : link to hierarchical
formation scenario (cosmology).
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Notation

Metals = elements heavier than helium (and sometimes
hydrogen) .

Metallicity is a mass ratio : ratio between the mass of heavy
elements to the total mass of the gas.

Astrophysics : use of metallicty Z.
A\ Metallicity does not really mean metals!
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Notation

where M, is the mass of heavy elements and My is the mass
of the gas.

Example : Sun Zy =0.02.
We will use m for individual star masses and M for the mass
of components (gas, stars, heavy elements...)
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Closed box evolution

The closed box model : model build on two strong
assumptions

> instantaneous recycling (no delay between star
formation and the return of heavy elements in the ISM)

> instantaneous mixing (heavy elements are
homogeneously distributed in the box)
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Closed box evolution

Hidden assumption : gas accretion (or any interaction) from
outside the box can be neglected over the time interval of
the study.

Initial condition : at =0 all the matter is gas M}, =0.
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Closed box evolution R

Astrophysics,

Detectors and
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The variation of the metal content simply writes

Motion of the

Earth
M), = p6M;— Z8M = (p— Z) 6 M o
coordinate systems
First term on the right : amount of metals formed by the Structure and
. history of the
generation of stars of total mass M;. Universe

Introduction to

p is called the yield, fraction of metals returned in the ISM stellar evolution
by the stars (given by stellar physics models).

Second term is the amount of metals needed to produce the
generation of stars.
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Closed evolution R
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One can deduce the evolution of the metallicity Z objects

Motion of the
Mh ) Earth
Mg

1
= —(5Mh_Z(SMg) Units and

Mg coordinate systems

67 = 5(

Structure and

which combined to the previous equation and to the RS
equation of mass conservation (§M;=—-86My) allows us to

simplify the relation :
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Closed evolution R
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If p remains unchanged for each generation of stars, one can
. . Motion of the
integrate the relation Earth

Units and
coordinate systems

+cste. Structure and

Mg(1)

Z()=-pl
0=-pin| 2%

history of the
Universe

Introduction to

With the initial condition M(0) =0, cste=0 else sl cvallviitern
cste= Z(0).

The relation between metallicity Z and the gas fraction is
logarithmic.
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A quantity that can be compared to observations is the
cumulative distribution M4 [< Z(t)] which represents the
mass of stars with Z < Z(1).

This quantity is directly

Miiarl< Z(1)] = M(t) = Mg(0) — Mg(2).

Hence

Z(t)—Z(0)
Msiar (< Z(£)] = Mg(0) (1 —exp (——)) )

p
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where dMg;q,(Z) is the mass of stars with Z€ [Z,Z+dZ].
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Closed bOX eVO|Ut|0n Astrophysics

This result is extremely simplified and hides many details of Aetrophysics
the physics behind. However, it can give informations on the RSt

. . . Astronomical
evolution of certain populations (eg bulges) objects
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Rich (1990)

e/2%
116, ¥—DUittersntsal abundance d£tnbulion of bulge gante sompared to
twe limiting cases of the simple model of shemical evalation. Sedid line: simple
“closed bt~ medel ath complete 233 comumption; <23 = 2077, Noshad
line: Simple model, in the lmiting cote where o smoll Fraction of the initial
walame of s is converted to stars, the remainder being bost frem the system.
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Com plete mOdel Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Solving the full problem is much more complicated and Unite and
requires usually numerical methods. ccodinatelevstems

Structure and
history of the

One can however review the different ingredients and SONEES

. . . | ducti
equations needed to model the chemical evolution of a stellar evolution
galaxy (or region of a galaxy).
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Complete model

Conservation laws :

M = M+M, 2) M = total mass
M; = stellar mass
M
P f-e (3) Mg = gas mass
dM = i
s - w_g (4) f infall rate
dr e = outflow rate
dMg -
e = -V+E+f-¢5) ¥ = star formation
dM  dM, rate

dr dr E = stellar mass loss rate



Complete model " astrophysics

Astrophysics,
E is giVen by . Detectors and

Astronomical
objects

E(t):f (M —wm,)¥Y(t—1ps(m)®(m)dm (6) [EREAE

my

Units and
coordinate systems

this integration is over the mass of stars (on the ZAMS).

Structure and
history of the
Universe

» m; — turnoff mass at time ¢

> m—w,; — mass of the outflow (m = initial ZAMS mass  [hiietis
stellar evolution
and w;; = remnant mass)

> 1,,(m)— main sequence lifetime for a star of mass m
on the ZAMS

> W(t—1Tps(m))D(m) — formation rate of stars of mass
m at time ¢t —1p5(m) = death rate at ¢

[& ‘ ‘nbservatuire astronomique de Strasbourg 290 / 427



Complete model " astrophysics

Astrophysics,

Equation (6) gives the total mass of gas in outflow. We Peeczman
stronomica
must also know the outflow mass of heavy elements. objects

For metals, equation (5) rewrites Motion of the
Earth

dZM SO";:S izgde systems
= 8 = ZWAEy+Zpf-Ze (7) SEESE

Structure and
history of the
Universe

with Z¢.f = infall of metals and E; the outflow rate of
N Introduction to
metals given by stellar evolution

Ez(t):f [(m-wp) Z(t-Tpys(m)+m.pz, 1V (-7 ps(m))P(m)dm.

my
(8)
Here m.pz, gives the heavy elements produced by a star of
mass m born at a metallicity Z.
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Introduction to

CO m p | ete m O d e | Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

To solve these equations, we need to know the details of Motion of the
stellar evolution a a function of mass m e

Units and

+ star formation history coordinate systems
+ initial mass function (IMF). Rt ot ihe

Universe

Introduction to

In a real galaxy, star formation is localized spatially and stellar evolution
instabilities generate large scale motions of the gas and stars

(blurring and churning). This model hence misses the

dynamical effects.
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Complete model hstrophysics.

. . . . Astrophysics,
One can simplify this equations to recover the closed box Detectors and

Astronomical

approximation if one considers the instantaneous mixing objects
approximation. To simplify the notations, we can define Motion of the
Earth
o Units and
R= (m —wm)q)(m)dm (9) coordinate systems
ml

Structure and

history of the
the mass returned to the ISM by generated stellar mass and LIEED

Introduction to
stellar evolution

1 o0
y= —f m.p(tps)®(m)dm (10)
1-RJm

which is a yield that gives the mass of metals produced by
remnant mass. ml is the turnoff mass at time t of a stellar
population generated at #;. NB : integrals (9) and (10) are
over dead stars.
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Complete model " astrophysics

Astrophysics,
Detectors and
Astronomical
objects

With these definitions (1 — R)M is the mass of remnants and
the ejected gas is given by R.M.

Motion of the
Earth

Units and
. . . . coordinate systems
If we add the instantaneous recycling approximation, then — : ydt
W(t—1ps) = P() and if the IMF does not depend on ¢ (e.g.  [EECEIE

Universe
R = cste) then

Introduction to

(6)=> E(t)=R.WY (1) stellar evolution
B)=>Ez()=RZMY(HD+(1-R)y(r)¥ ()

(7) then becomes Y5M8 — (1 = R)(—Z+ )P+ Z;.f - Z.e
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Complete model " astrophysics

Astrophysics,
Detectors and
Astronomical

Now combine (6) and (4) to get objects
Motion of the
dMS (1 R) \.I]( ) Earth
= — t .
dt gonoltdina;je systems

Then (6) and (5) Structure and

history of the

Universe

dMg (1 R) N ( t‘) Introduction to

- ° — _ —_ + —e stellar evolution
dr !

+@®) = Mg =1 -Ryy(O¥Y () + (Z; - Z) f +e.Z.

which is the closed box approximation as f =e =0 (given the

appropriate initial conditions).
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Introduction to

C h a pte r 7 Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Introduction to stellar atmospheres and radiation Wetion of i
al
transfer

Units and
coordinate systems

Structure and

Deﬁnitions history of the
. . . Universe
Introduction to radiative transfer

Introduction to

Introduction to stellar atmospheres stellar evolution
Spectral classification and photometric properties
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Geometry

We will consider the flow
of energy in a solid angle
dQ, emitted by a unit area
dA whose normal direction
is given by the unit vector
7, towards the direction of
the observer defined by 1.

[ﬁj ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Definitions
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Intensity (or specific intensity)

Intensity I, (7, f, 1) is the flow of energy at a specific location
in a specific direction, per unit time, per unit frequency v,
per unit solid angle around that direction and per unit area
perpendicular to that direction.

Units :

[I,] =ergcm 2s 'H, sr™! (cgs)

=Jm~2s ' H, sr~! (S

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and

history of the
Universe

Introduction to
stellar evolution

Definitions
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Intensity (or specific intensity) " astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

The ernergy per unit frequency is then given by

Units and

coordinate systems
dE, =I,(i-n)dAdtdvdQ T
= Iv cosfdAdtdvdQ Universe

Introduction to
stellar evolution

Note that along the beam, I, is constant with distance.

Definitions
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Mean intensity

The mean intensity is the directional average of the specific
intensity, e.g.
JLdQ 1

= =— | ,dQ
Sy JdQ 47:[V

1 2n pm
) fo 1, sinfd6 d¢

If the radiation is isotropic J, = I,.

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Definitions
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Introduction to

F I ux Astrophysics

Astrophysics,
The flux F, (7, t) is the net flow of energy per unit time, per D ierns enl

Astronomical

unit area and per unit frequency. objects
Motion of the
Earth

Unlts : Units and

coordinate systems

-1 -2 -1 Structure and
[Fy] =ergs” cm “Hz history of the
Universe
It relates to the intensity via F, = [I,(i-7)dQ = [ I, cosOdQ. [y

stellar evolution

Note :
> |sotropy > F, =0
> F, x r—lz

> F, is really a vector.

Definitions
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Introduction to

Rad |at|on pl’eSSU re Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

The radiation pressure P, =1 [ I, cos®6dQ.

Motion of the
Earth

Units . Units and

coordinate systems

Structure and

[Py] = dyIle Cm_z I_IZ_1 (Cgs) history of the

Universe

= Nl’l’l_2 HZ_1 =Pa HZ_l (SD Introduction to

stellar evolution

Note : isotropy = P, is scalar (otherwise it is a second rank
tensor).

Definitions
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Eddington moments (fluid approximation)

Define p=cosf

Iy = % f_+11 I,dpy  =Mean Intensity, energy density
H, = % f_+11 I,udp  ~ Eddington flux, momentum density
K, =3 [ I, y?du  ~ Radiation Pressure

Eddington K — vector

Note : these are only valid if I, is independent on ¢.

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Definitions
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WA RN | N G Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and

AI_WAYS CHECK THE UNITS coordinate systems
Be aware that different authors use different notations! You ﬁi‘s’;':r‘y”ff;']‘:
have to rely on the units to make sure of the quantity you SAIVEES

i i Introducti
are dealing with. ntroduction to

stellar evolution

Definitions
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to

Radiative tranSfer stellar evolution

Introduction to radiative
transfer
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Introduction to

Radiative processes Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Radiative transfer is the change in I, as the radiation Motion of the
propagates. e
Units and
coordinate systems
There are four processes that can influence I, : Structure and
) ) . L. i history of the
1 scattering (directional change of radiation propagation Universe
or absorption followed immediately by emission) Introduction to

stellar evolution

> Coherent or elastic : emission at the same frequency
> |sotropic : radiates equally in all directions

2 Doppler or redshift (frequency change)

Introduction to radiative
transfer
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Radiative processes

There are four processes that can influence I, :

3 absorption : radiation absorbed by matter
4 emission :
> Spontaneous Emission : matter spontaneously emits a
photon/radiation
> Stimulated Emission : passing radiation stimulates
matter to emit in the same frequency and direction.
Stimulated emission is mathematically the same as
negative absorption - both proportional to the incoming
radiation

All can be related to the matrix element for interaction -
interrelated by Einstein relations

[ﬁj ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Introduction to radiative
transfer
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Introduction to

Spontaneous emission Aetrophyscs

Astrophysics,
. . . Detectors and
Given a source isotropically Astronomical

objects

radiating power into a
Motion of the
Jv band dv at a rate Earth
power P.d .
— = v, the Units and
IV dA volume v ) coordinate systems
amount of energy radiated o
. . ructure an
spontaneous emission per unit solid angle is Ty of7
d._ﬁ' Universe
dQ Introduction to
_ tell luti
dEem - Pvd,vdv dt 4ﬂ X stellar evolution

If one generalizes this relation to non-isotropic radiation,
then % — j,(Q) which is called the monochromatic emission
coefficient.

Introduction to radiative
transfer
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Spontaneous emission

v

I dA
Vv
spontaneous emission
ds
[& ‘ ‘ Observatoire | astronomique de Strasbourg

This emission coefficient
can also be given per unit
mass, €y =47 j,/p where p
is the mass density.

Then dE,;, = fxdvdmdt
where dm = pdV.

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Introduction to radiative
transfer
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Spontaneous emission

The effect of spontaneous emission on I, is then given by

dEm =dI,dvdAdrdQ
= j,dvdV dtdQ

where we identify dV =dsdA = dI, = j,ds.
This leads to the radiative transfer equation in the case of
spontaneous emission

dr,

ds

whose solution is given by

I,(s) = I, (s0) + f iv(s)ds.
So

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and

coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Introduction to radiative
transfer
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Introduction to

Absorption process Astrophysics

Astrophysics,
Detectors and
Astronomical

WARNING objects

I, i v in the figure must be o o
absorption understood as y, in the Units and
ds text beIOW coordinate systems
Structure and
history of the
Travelling through a material, a fraction y, of the radiation Lelere
H H H HE Introduction to
is absorbed per unit length. The equation of radiative s e
transfer in this case is written as
dI,
— =—y,ds
v
A
where y, is called the absorption coefficient. .

transfer
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Absorption process

4
dA
I, i

absorption

ds

[& ‘ ‘nbservatuire astronomique de Strasbourg

If the material does not
emit radiation, the solution
to this equation is an
exponential suppression :

Inl, = —f)(vds+C

= 1,(s) = I,,(sp) exp (—vadS)-

Introduction to
Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Motion of the
Earth

Units and
coordinate systems

Structure and

history of the
Universe

Introduction to
stellar evolution

Introduction to radiative
transfer
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Absorption process

Absorption and cross-sections :

When one uses a particle description of absorbers, the
absorption coefficient is related to the cross-section for
interaction of the absorbers.

Given the number density n of absorbers, the covering
fraction is given by

dA ps=0dN =0ndV =ondAds.

[& ‘ ‘nbservatuire astronomique de Strasbourg
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Detectors and
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objects

Motion of the
Earth

Units and
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Structure and
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Introduction to
stellar evolution
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transfer

313 / 427



Absorption process

The radiative transfer equation rewrites

dr,

4

=—onds.

Hence y, =on.

» Applies to a generalized version of ¢ as it can depend
on frequency.

» The total distance a photon can travel is much greater
than s=71L as an individual photon propagates through
the medium via scattering as a random walk which will
be discussed later in this chapter.

[& ‘ ‘nbservatuire astronomique de Strasbourg
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Stl mu |ated em |ss|on Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

The stimulated emission is identical to the absorption case Shiesne s
but with y, <0.

Structure and
history of the
Universe

The solution is then an exponential growth of I, along the

Introduction to
stellar evolution
path.

Introduction to radiative
transfer
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Radiative transfer equation (general case) ewophysics

If one note ds the line element along the direction of Astrophysics,
. .o L. . Detectors.and
propagation of the radiation, the radiative transfer equation Astionomica!
H )
can be written as 4 e
v = ] —_ X I Earth
dS v v Units and

coordinate systems

where j, is the emission coefficient per unit volume and y,

Structure and

is the extinction coefficient per unit distance. The extinction history of the

Universe

term with this notation contains both the absorption and

Introduction to

scattering components. stellar evolution
Units :

[jv] = ergem™s'Hz 'sr!

[ v ] = cm_ 1 Inroduction t rdistive
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Radiative transfer equation (general case) ewophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Note that the emission coefficient is related to the energy Earth
added to the beam, dE, = j,dsdAdtdvdQ. Units and

coordinate systems

Structure and

Likewise, the extinction coefficient relates to the energy R
removed from the beam by dE, =y, I, dAdtdvdQ.

Introduction to
stellar evolution

The removal of light (energy) is proportional to both the
number of photons and to the number of gas particles.

Introduction to radiative
transfer
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Radiative transfer equation (general case)

The extinction coefficient can be written down in several
ways :

dr, =-y,I,ds
=—a,NI,ds
=-xypl,ds

where N is the number density of absorbers ([cm™3]) and p
the mass density ([gem™3]).

Units : [a@y] = cm™2 per absorber and [k,] =cm™2g~!.

K, is often called opacity or mass extinction coefficient.
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Radiative transfer equation (general case) ewophysics

. . . . i i Astrophysics,
It is useful in radiative transfer to measure the length in units  [RESSEEENE

Astronomical

of the typical path length to interaction or absorption L = Xl objects

The total path length in units of L then becomes Wetion of i
Units and
fXVds = =T, coordinate systems
Structure and
history of the
. . o
where 1, is called the optical depth. WS
. . . Introduction to
The radiative transfer equation then writes stellar ovolution
dI
T =—xvlvtjy
I
S 37 =—1,+8S,
where S, = )’(—V is the source function. Inducion o e
v
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Introduction to

Scatterl n g Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Scattering can be viewed
Motion of the

as absorption AND Earth
. > emission where emission is Units and
X ) coordinate systems
. directly proportional to
Sca[terlng i Structure and
absorption. history of the
Universe

ds

Introduction to

In the case of isotropic scattering, a fraction y, I, of aeller cvalhision
radiation is absorbed and re-radiated into 47, hence

. dQ
Jv =vaEIv:Xv]v-

Introduction to radiative
transfer
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Scattering

Thus, the source function S, = j,/xy, =J, and, at high
optical depth, the specific intensity approaches its angle
averaged value J,.

Despite this simple interpretation, the radiative transfer
equation becomes an integro-differential equation as it
depend on I, not only on the observation direction but on
ALL the directions :

dr,
dr,

= -Iy+]y

dQ
= _va+ EIV

[& ‘ ‘nbservatuire astronomique de Strasbourg
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Scattering

Scattering process can be
thought of as a random
walk as the scattering
direction is random.

If one sketches the path a L
photon will follow in the
medium one can define a
few quantities

N

interactions

R

Assume the photon travels a distance L before being
scattered and that it will interact N times before leaving the
medium.
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Scattering

One can write R=r;] + 12 +...+ry where r; = LF; with ¥; the
unit vector in the direction of propagation.

The total distance traveled by the photon is then
(R =(R-R) = (r;-11)... + (XN -TN) +2(r1 -T2) ...

The cross terms being uncorrelated, we have (r;-r;) =6l~jL2,
therefor the average distance traveled is given by

(R>=NI? or Rypms = VNL.
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Scattering

How many interactions (scatterings) before escaping at
distance R?

> optically thick medium : N=R?/[? =12
> optically thin case (7, < 1) : a typical photon does not

scatter and so by definition a fraction 7, will interact
once, the rest zero and so the average N =1,

A quick estimate is then given by N = max(ty,72).

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Introduction to radiative
transfer

324 / 427



Multiple processes

When dealing with multiple processes, the differential
elements add together. For example, the total opacity is the
sum of the individual opacities, so highest opacity process is
most important for blocking the radiation I,,.

Energy escapes in the spatial channel with lowest opacity !
» Example : a transition line vs continuum scattering ?
photons will wander in frequency out of line and escape
through lower opacity scattering — lines are often dark
(sun)
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Introduction to

Multiple processes Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

If one separates the scattering (yvs) and absorption oo o e

processes (xvq), the radiative transfer equation write Earth
Units and
dI coordinate systems
v

- = _XV(J(IV - SV[l) - XVS(IV - ]V) Structure and

dS history of the

Universe

or dI Introduction to
v o_ stellar evolution
E =—Wvat+ Xvs) v + WvaSva + Xvatv)

which leads to combined absorption coefficient and source

i i — — Iy _ XvaSvatXvs)y
function given by yy = Yva+ Xvs and S, = T e

Introduction to radiative
transfer
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Multiple processes

> The typical length before absorption or scattering is
then L=1/yy =1/ (Xva + Xvs)-

» The fraction of photons that ends in absorption is

€y = —xvffr“xw. Note that 1—e¢, is the single scattering

albedo.
» The source term can write S, =€,Sya+ (1 =€) ]y .

Formal solution to the radiative transfer equation :

Ty ,
L(1,) = L,(0)e™™ + f S, (@) T dr!
0
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Multiple processes " astrophysics

Astrophysics,
Detectors and

In the special case where S, is independent of 7, the [ ——

. bject:
solution becomes S
Motion of the
Earth

Ty ,
IV (O)e_TV + SV f e_(TV_TV)dTi, Units and
0

coordinate systems

I,(Ty)

IV (O)Q_TV + SV(]. - e_TV) S_tructure and
history of the
Universe

At low optical depth, I, is unchanged. At high optical depth, [ s

I S stellar evolution
v Oy

Warning

The integration is along the path of radiation (direction

dependent), the source function can depend on I, in a

different direction ! I

transfer
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Stellar atmosphere models

[ﬁj ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Introduction to stellar
atmospheres

329 / 427



Introduction to

Transfer equation in model atmospheres Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Plane-parallel atmosphere :

Motion of the
Earth

Units and

|

| Let's note IJ — COSQ, then coordinate systems

| o s ds — dz — Q Structure and
a5 (1-0,0) g cost o history of the

Universe

z . . 8
S . The optical depth is L
/“*_’"" ! defined as dr, = —y,dz
hence 7, = [2dz,.
Simplified planc-parallel
model for stellar otmospl'wrcs

Introduction to stellar
atmospheres
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Transfer equation in model atmospheres " astrophysics

Astrophysics,
Detectors and
Astronomical

The radiative transfer equation states objects

Motion of the
Earth

I,(s+ds) = I,(s) + jyds— xv I, ds = I, (s) +d1,

Units and
coordinate systems

. dr, .
dly = jyds—yvIyds = d_;, =Jv—Xvilv. iltsr::r;u:)ef e

Universe

Using the definition of the source term S, = & and using the  [lelaiome
.. i v stellar evolution
definition of the optical depth and the u variable one gets

the final equation
dr,

Hdrv

= IV_SV'

Introduction to stellar
atmospheres
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Transfer equation in model atmospheres " astrophysics

Astrophysics,

Detectors and

Astronomical
# 0 objects

Extended atmospheres : 31 #0 =%

Motion of the
. . Earth
The transfer equation in that case becomes e s
nits an
coordinate systems

u oI, 1-pu?al,

Structure and

— - —=8,-1 .
v v history of the
Kvp ar KVpr a” Universe
Introduction to
» This equation is the one to use when stars have large PEERSCIECh

photospheres (giants and supergiants)

When solving the transfer equation, we need to know the
source function. We need to assume an equilibrium between
matter and radiation.

Introduction to stellar
atmospheres
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Introduction to

Matter-radiation equilibrium Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

There are four situations for equilibrium between matter and Motion of the
.. Earth
radiation :

Units and
1 T.E. : Thermodynamic equilibrium (Boltzmann, Saha, FOORIRESEEE
Maxwell, Kirchhoff, Planck) A
Universe

2 L.T.E : Local Thermodynamic Equilibrium (Boltzmann,

Introduction to

Saha, Maxwell, Planck) e aeveLition
3 S.E : Statistical Equilibrium (Maxwell)
4 N.L.T.E : Non-LTE, absence of LTE

Introduction to stellar
atmospheres
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Introduction to

Thermodynamic Equilibrium S

Astrophysics,
Detectors and
Astronomical

The case of matter v

Motion of the

. . . .. Earth
we have a Maxwell distribution of the velocities : ,
2 Units and
— mv i
1D : n(vx) x T 1/2 eXp(— Zk]f coordinate systems
) Structure and
. —3/2x72 mV: history of the
3D . n(V) x T \ eXp (_ ZkT) Universe

Introduction to
stellar evolution

Saha-distribution for ionization population :

=—2 7

Nri1 1 Urir (ZEmekT)S/zeXp( Xr)
N, N, U, ’

Introduction to stellar
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Introduction to

Thermodynamic Equilibrium S

Astrophysics,
Detectors and

Boltzmann distribution of excitation population : Astronomical

objects

% _ 8rs (_M) E/Iaor:i}?n of the
nr,[ gr't kT Units and
coordinate systems
with s> 1, g, are the statistical weights of the excited o
states and y;, the excitation potentials of the given state. history of the

Introduction to
stellar evolution

This can also be written as

Nrs  8rs _Xns
N, U.(D > ( kT)

where Ny =Y n.s and U, (T) = X5 grsexp (—%%).

Xrs
kT

Introduction to stellar
atmospheres
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Thermodynamic Equilibrium

Case of the radiation :

All processes are in equilibrium with its inverse process —
there is a detailed balance.

Equilibrium between the photons (radiation) and the gas
(matter) implies that only one temperature describes both
states (matter and radiation).

[& ‘ ‘nbservatuire astronomique de Strasbourg
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Motion of the
Earth

Units and
coordinate systems

Structure and

history of the
Universe
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Thermodynamic Equilibrium Retrophysics

Also in TE intensity is isotropic = NO FLUX, then Astrophysics,
Detectors and
Astronomical

dIV . objects
ds _]V_XVIV =0 Motion of the
Earth

Units and
coordinate systems

which leads to

Structure and

Jv=xvlv
I, =B,

history of the

} (Kirchhoff's |aW) (].1) Universe

Introduction to
stellar evolution

where B, (T) is the black body law,

2hv3 1
2 exp(hv/kT)-1

=S =B,=

(Planck).

Note that TE is strictly valid only for isotropic and
isothermal medium ! This is rarely the case in astronomy. e ——
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Local Thermodynamic Equilibrium hevrophysics

Astrophysics,
Detectors and

In this case, TE is assumed locally. This means that one Astronomical
assumes that matter is in equilibrium with the local kinetic ::::: o
temperature, but the radiation may deviate (slightly) from Earth

this temperature and may vary slowly in the medium. Unitsshd o
= Maxwell, Boltzmann and Saha distributions are still valid

Structure and

as it is in equilibrium with the kinetic temperature. history of the

Universe

Introduction to

=1, #B,(T). stellar evolution

However, the emitted energy is still given by the Planck
function : S, = B, (T) but the radiation is no longer
necessarily isotropic (Jy # By(T)) and energy transport is
allowed (F, #0).

Introduction to stellar
atmospheres
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Local Thermodynamic Equilibrium Retrophysics

Astrophysics,
Detectors and
Astronomical
objects

LTE is valid when collisions dominate the energy partitioning  FiEEES
of matter more strictly than for radiation < LTE is valid

Units and
when the destruction probability e =1 (all photons are coordinate systems
converted into kinetic energy of the gas) AND/OR ﬁitsr:ocrtyu:)efx:

]V = BV(T) Universe

Introduction

» stellar interiors : F,, #0 so not TE but high density = stelar evalution

many collisions =>e~1= LTE!

» stellar atmospheres : often e << 1= LTE not valid

Introduction to stellar

atmospheres
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Statistical Equilibrium

hold. One must resort to solve the rate equations for ALL
populations !

One usually assumes a steady state (equilibrium), hence
dni _

T =0

The rate equations then write :

_ZnJPJl anPU

j#i j#i

dnl

with Pij = Aij +Bij]v0 +Cij and Aiijij and Cij are the
Einstein coefficients. This states that the number of
transitions up and down are equal for every level of each
element !

[& ‘ ‘ Observatoire ‘astronnmiquede Strasbourg

In this case, Saha and Boltzmann are no longer expected to

Introduction to
Astrophysics
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Astronomical
objects
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Units and
coordinate systems

Structure and
history of the
Universe
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Introduction to

StatIStlcal EqUIlibrlum Astrophysics

Astrophysics,
Detectors and
Astronomical

However Cjj, the coefficient associated to collisions, requires  Fasih
an integration over the velocity distribution of electrons. One  [¥iNN——=—_

usually assumes a Maxwell distribution for this. Sarth
Units and
coordinate systems
Also, the rate equations contain J,'s that are obtained from S el
. I . history of th
the transfer equation ,ugrt = -8, + I, which can be solved Universe
only if the source term S, = j,/yy is known but it depends Introduction to
. e . . stellar evolution
on the number of absorbing and emitting species, i.e. on the

populations !

= the rate equations and the transfer equation must be
solved together (any transition depends on all other
transitions).

Introduction to stellar
atmospheres

[ﬁj ‘ ‘nbservatuire astronomique de Strasbourg 341 / 427



Non-local Thermodynamic Equilibrium

By definition, NLTE is everything that is not LTE. Often SE
is assumed and hence the populations are not necessarily
given the Saha-Boltzmann distributions.

Since € <1 (the radiation field is not determined by local
conditions), the source function will have a scattering term
in addition to the thermal emission given by B, (T) :

Sy=¢€y-By+(1—€y)-Jy.

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Motion of the
Earth

Units and
coordinate systems

Structure and

history of the
Universe

Introduction to
stellar evolution

Introduction to stellar
atmospheres

342 / 427



Non-local Thermodynamic Equilibrium hevrophysics

Astrophysics,

Detectors and
Astronomical

objects

€y reflects the probability that a photon will be destroyed :
(i.e. the photon energy will be transformed to thermal B
energy and hence local temperature). Units and

coordinate systems

Structure and

(1 —€y) on the other hand is the probability that the photon st
will be scattered (no energy will be transferred) and

Introduction to

therefore contains non-local information. In this later case, stellar evolution
the photon may have a characteristic temperature (energy)
very different from the local temperature.

If there is a lot of scattering, €, will be small and hence S,
will be very different from B, (T).

Introduction to stellar
atmospheres
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Introduction to

Eddington-Barbier approximation Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

This approximation states that the emergent intensity (at :
the surface) is given by the source function one mean optical SR
depth from the surface. Units and

coordinate systems

Structure and

It writes Eis?ory of the
L(ty=0,1) ~Sy(Ty = ).

Introduction to
stellar evolution

It is a very important approximation as it is often valid.

Note that this approximation is exact if S, is linear in 7,
eg. Sy(ty)=ap+a-1y.

Introduction to stellar
atmospheres

[& ‘ ‘nbservatuire astronomique de Strasbourg 344 / 427



Thermalization depth

In the presence of scattering, J, drops below the Planck
function close to the stellar surface. One talks about the
thermalization depth where J, ~ B, : for deeper layers,
photons can not escape via a scattering sequence until it
reaches the surface.

The thermalization depth is defined as

1
Vev

Ay =

[& ‘ ‘nbservatuire astronomique de Strasbourg
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Thermalization depth

We can have three different cases :
» Effectively optically thick : 7, > A,
Jv~ B, and LTE is valid
» Optically thick : 1<7, <A,
Photons can escape through scattering before being
destroyed = J, # B,
BUT the radiation field feels the presence of the surface
» Optically thin : 7, <1
Photons may escape immediately, the Eddigton-Barbier

depth (7, = u) characterizes the photon's last
interaction NOT the location where they were created

(typically Ay).
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Introduction to

Hints on constructing a model atmosphere S

Astrophysics,
Detectors and
Astronomical

Constructing a model atmosphere is a complex process and objects
so far we have discussed only the radiative transfer equation.  REZIERIE

H . Earth
A full model atmosphere relies on more assumptions : e o
nits an:
1 Geometry coordinate systems
Structure and
> plane-parallel bistory of the
| 2 Spherica| Universe
. . Introduction to
— only one spatial coordinate (z or r) el v e

— homogeneous structure assumed
2 Time-independent < steady-state

> static or steady flow (stellar winds)
> LTE or SE

Introduction to stellar
atmospheres
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Introduction to

Hints on constructing a model atmosphere S

Astrophysics,

Detectors and
Astronomical

objects

3 Momentum balance Motion of the

Earth
> hydrostatic equilibrium (no motion) ,
Units and
> Steady flow coordinate systems
Structure and
4 Energy balance o o e
> radiative equilibrium (no convection) Ll
> flux constant (with convection) Introduction to
stellar evolution
5 ldeal gas
> relation between the pressure of the gas, the density and
temperature

Introduction to stellar
atmospheres
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Hints on constructing a model atmosphere

6 Distribution of velocities
» Maxwell distribution valid

7 Magnetic fields (yes/no), waves, rotation etc.

[& ‘ ‘nbservatuire astronomique de Strasbourg
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Hints on constructing a model atmosphere Retrophysics

Momentum balance : S ——

Detectors and
Astronomical

Hydrostatic equilibrium means objects
Motion of the
Earth
dp
ﬂ = § Units and
d‘[o Ko coordinate systems
Structure and
— hi f th
where Prorq1 = Praa + Pgas(+Pmagn + Prot + Prurp) and xo d:m},’s: -
and 1 are the standard opacity and optical depth L
(Rosseland mean extinction or at 500nm). PR

Note that the radiation pressure is directed opposite to
gravity and therefore partly compensates it. The effective
gravity (felt by the gas) can be much reduced in hot stars

H dPgas _ g—8raa _ 8eff
and Superglants as dTO - KO - KO Introduction to stellar

1 poo e
8rad =3 Jo KvFydv. L2

and
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Hints on constructing a model atmosphere

Energy balance :

If one assumes time independence the transported energy is
constant in both time and depth (flux constancy)

o0
Fiotal = Fraa + Feonv(+Fmech) and Frqq =f0 F,dv

dFtotal _ dFtotal _
dz dTo

Note, this approximation is valid only in plane-parallel
geometry.

= VFioral = 0
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Hints on constructing a model atmosphere Retrophysics

Astrophysics,
Detectors and
Astronomical
objects

Two cases : Wstitem @f i
Earth

> the entire energy flux is carried out by radiation : Units and
RADIATIVE EQUILIBRIUM S
Structure and
VFiotal = VFraa =04 [5° xv(y — Sy)dv =0 for each depth history of the

(Stromgren condition)

Introduction to
stellar evolution

The total energy produced in the interior which needs to be

. — T4 —_L
transported is Frora1 =0T, = 177

Introduction to stellar
atmospheres
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Hints on constructing a model atmosphere Retrophysics

Astrophysics,
Detectors and
Astronomical

> the entire energy flux is carried by convection : S
CONVECTIVE EQUILIBRIUM Vot o i

Earth

Feony=p-Cp-v-AT with Cp the specific heat at constant Unite o
pressure. coordinate systems

Structure and
history of the
Universe

Convection becomes more efficient at large densities. It is

Introduction to

also favored by stellar evolution

> steep temperature gradient (high opacities)
» jonization

» important radiation pressure

» molecule formation

Introduction to stellar
atmospheres
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Hints on constructing a model atmosphere Retrophysics

. A hysics,
Construction of a model atmosphere : Detoctors ard
Astronomical
1 guess T(1g) and Pggus(T0) objects
0 gas\t0

2 calculate P.(7¢) iteratively from a P, — Pgqs relation o o

with the given abundances Units and
coordinate systems

3 calculate all necessary opacities x;(tg) from

Structure and

T(t0),Pgas(to)andP,(1) and from these opacities a history of the

Universe

standard opacity kg

Introduction to
stellar evolution

4 calculate Pyq4(19) from I,(1g) solving the transfer
equation

5 calculate the new pressure structure by integrating the
hydrostatic equilibrium equation using
Piotal(T0) = Pgas(To) + Praa(To), ko and the surface
gravity

Introduction to stellar
atmospheres
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Hints on constructing a model atmosphere Retrophysics

Astrophysics,
Detectors and
Astronomical
objects

Construction of a model atmosphere : Motion of the
Earth

6 solve the transfer equation for all frequencies to obtain

Units and
IV(TO), FV(T()), Frad (T()) and Prad (‘[0) coordinate systems
. Structure and
7 calculate the convective flux F,o,y (7o) history of the
niverse
3 if the total ﬂUX Ftoml(TO) = Frad(TO) + Fcony(T()) difFerS Introduction to
from UTfff, correct T(to) and iterate from step 2 until |

convergence (step 4 can be omitted and P,,4 from step
6 can be used instead in step 5).

Introduction to stellar
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Introduction to

S p eCt ra I | | n eS Astrophysics

Astrophysics,
Detectors and

Effect on the temperature gradient : Astronomical

objects

Motion of the

Temperature stratification is one of the key ingredient of Earth
building a stellar atmosphere model. Units and
coordinate systems
Structure and
. E Universe
are continuum processes _

El My Introduction to
and bound-bound IJi.I:.I'I}‘ i :I-'llrlll M, stellar evolution
transitions of atoms or o | e T

. i ““ alsarption by metaks E |
molecules in the i i
. 1
photosphere will affect the the Solar specirum
temperature_ T TRt
waviengh [A]

Introduction to stellar
atmospheres
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Spectral lines hstrophysics.

Astrophysics,

Why do these spectral lines affect the temperature ctors and
stronomical
stratification ? Shiscts
Motion of the
Earth
Strong lines mean additional opacity = less flux is Units and

coordinate systems

transported at the wavelengths of spectral lines.

Structure and

4 ) history of the
The total flux oT,, . is conserved = more flux must be Universe

carried out by the continuum wavelengths = the RS
temperature must increase at those optical depth 7y where
this flux originates (if fact 79 =2/3).

More difficult to push through the radiation = the
temperature gradient must also be larger (backwarming
process).

Introduction to stellar
atmospheres
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Introduction to

S p eCt ra I | | n eS Astrophysics

Astrophysics,
Detectors and

Astronomical

At the surface, spectral lines can either cool or heat e
depending on the sign of (S, — I,) with positive values for Visifem off i

. . . Earth
cooling and negative values for heating. -
Units and
coordinate systems
Strong |ineS haVe dTlt,Otal = (1 + Kf/me/ch/ontlnuum) dTﬁont Structure and
. history of the
which means that for LTE, they usually cool the surface. Universe

The escaping line photons take thermal energy away from Introduction to
. . stellar evolution
their place of creation.

Since flux constancy is required, fewer continuum photons
must be created = the temperature must decrease at the
surface.

Introduction to stellar
atmospheres
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Spectral lines

Effect of backwarming : a sketch (Zwang 1993) :

T RO RaB SR

8000

5000

h (€2
=By(T* 35y

1 1 Il i}
30000 0.25 080 0.75 ¢ 100
T Vo

Figure 7.6: LTE backwarming and surface cooling using a schematic “picket fence” model in which the
flux-blocking fraction f consists of equidistantly-spaced rectangular lines, all with the same extinction and
resembling pickets in a fence. They occupy 20% of the spectral bandwidth; their strength is given by n =
k! /KS. The lines are formed in LTE, as is the continuum. The blocking causes backwarming and a higher
flux for the continuum between the lines than in the grey case. At the surface the lines cause appreciable
cooling because they are in LTE; their photon losses deplete the thermal pool locally. The righthand graph
shows the spectrum. The Eddington-Barbier depths for the emergent flux are 7, = 2/3 for the continuum
windows and 75 = (2/3)(1/1 + 1) for the lines, with total optical depth dr, = drg +dr) = (1 +7,) drs.
From Zwaan (1993).
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Spectral lines

log g = 3.0 models

[Me/H]
405

400
-10

Effect of metallicity on the
temperature structure of g
stellar atmospheres.

MARCS models Gustafsson

et al. 2008

-6 -4 -2 0 2

10g Toog

Fig. 2. The temperature structures for a set of model atmospheres with
different T,qr, log g = 3 and different metallicities.
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Spectral lines

If the line predominantly scatter (¢//¢ < 1) then the
temperature is little affected close to the surface :
Sy=¢eyBy+ 1 —e€y) ]y~ Jy.

The reason is that escaping photons have taken thermal
energy from deeper layers, not from the surface. The amount
of backwarming remains the same.
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Spectral lines

Line absorption profiles :

Bound-bound transitions give rise to spectral lines with a
typical energy difference AE ~ a few €V in the visible range.
Lines are not infinitely narrow but have a width caused by :

» natural broadening or

> .
radiation broadening Doppler broadening by

non-thermal motion

» pressure or collisional (convection)

broadenin . .
& > rotational broadening

» Doppler broadening by

thermal motion
The width of the lines make them able to absorb photons

with slightly different wavelength A than the central
wavelength Ay.

>

[ﬁj ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Introduction to stellar
atmospheres

363 / 427



Spectral lines

Natural broadening/radiation broadening

Any atomic level in a line transition has a finite lifetime 7
(except the ground state) and due to Heisenberg uncertainty
principle has an uncertainty in energy

rad rad _

T-AE=h A rad
= = = —+
E="hw=hv =Y Yu Vi Tu T
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Spectral lines hstrophysics.

Astrophysics,
The broadening arises due to the interaction of an WEEESHTS e

Astronomical

electromagnetic wave (the photon) with an oscillating dipole IS8
(absorbing atom) = damped harmonic oscillator. The Motion of the

Earth
resulting damping profile is described by a Lorentz profile : Uit et
coordinate systems
lme = Structure and
=a (P(A) history of the

Universe

with g = 4n€ P cz A(Z)f o) = %m and Introduction to

stellar evolution

I'=y"4922/c.
y7%4 is the damping constant and f is the oscillator strength
(~1 for strong allowed lines, 1071° for forbidden lines).
Note that ¢(A) is normalized (e.g. [¢p(A)dA=1).

Introduction to stellar
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Introduction to

S p eCt ra I | | n eS Astrophysics

Astrophysics,
Detectors and
Astronomical

Pressure/collisional broadening objects

Motion of the
The absorbing/emitting atom A may be disturbed by a Earth
passing particle B (atom/ion/electron) which modifies the Units and
L L . coordinate systems
energy levels and transitions by electromagnetic interaction St
with the atom. hitoroiithe
Universe
The energy levels of atom A are altered due the collision Introduction to
stellar evolution

according to AE rln = AA where 1 is the separation
between atom A and the perturber B.

n can take different value, depending on the type of
interaction

Introduction to stellar
atmospheres

[ﬁj ‘ ‘nbservatuire astronomique de Strasbourg 366 / 427



Spectral lines

linear Stark broadening
A = one electron system (HI, Hell)
B = charged particle (electron or ion)
This causes the very wide broadening of Hl lines in hot
stars
n =3 : resonance broadening
A=B (i.e. collisions HI HI)
Important for solar Balmer lines of HlI
n =4 : quadratic Stark broadening — Lorentz profile y4
A = many electron system
B = charged particle (electron or ion)
Affects most lines other than HI in hot stars
n==6: Van der Waals broadening — Lorentz profile y¢
A = many electron system
B = neutral particle (usually H or He)

The most important broadening for almost all lines in
cool stars as H and He are neutral

[ﬁj ‘ ‘nbservatuire ‘astronnmiquede Strasbourg ‘

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and

coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution

Introduction to stellar
atmospheres

367 / 427



Introduction to

S p eCt ra I | | n eS Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Doppler broadening

Due to thermal motion the absorbing/emitting atom o o
experiences Doppler shifts ATA =-Z Units and

coordinate systems

The number of atoms with a given velocity is (normally)

Structure and

given by the Maxwell velocity distribution pistory of the
2 Introduction to
n ( Ur) 1 Uy stellar evolution
dvy = ——exp|——5 |dvr,
N VaVp V5
; : _  [2kT
with Vp the Doppler velocity (Vp = S ma the mass of

the atom).
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Introduction to

S p eCt ra I | | n eS Astrophysics

Astrophysics,
Detectors and

The absorption profile must therefore be convolved with the Astronomical
velocity distribution SHIEES

Motion of the

+00 Earth
Ay = a, v-=0 X n(vr)dlj Units and
v —00 ! C N r coordinate systems

Structure and

history of the
There is also additional motion due to turbulence Universe

] H H H Introduction to
(non-thermal) arising from the convective motion which s e
causes also a Doppler shift. In this case, we introduce the
microturbulence parameter &;,,,, and redefine the Doppler

velocity as Vp = \/%‘—Z +€?urh' This is an had-oc parameter

and a proper treatment requires a full 3D treatment of the
model atmosphere.
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Introduction to

S p eCt ra I | | n eS Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Combining broadening mechanism Motion of the
Earth

The total broadening of a line is obtained by convolving all Unfis oo
different mechanisms : coordinate systems

Structure and
history of the

total _ _rad coll thermal Universe
v = .

a a,  xa xay

Introduction to
stellar evolution

a’® is a Lorentz profile and so is aS°!! if it is due to

quadratic Stark or Van der Waals broadening.

alhermal on the other hand is a Gaussian profile.

Introduction to stellar
atmospheres
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Introduction to

S p eCt ra I | | n eS Astrophysics
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Combining a Lorentz with Gaussian gives a Voigt profile : Vot o e
Earth

7'[62 Units and
ay = fV(u, a) coordinate systems
eC Structure and
history of the
where Universe

Introduction to
— 12 stellar evolution

a [+°° e
— | ———dt,
m32MAp o (u-1?%+a?
with u=AA/AAp, a=T/AAp and AAp = 2Vp.

V(u,a) =

Introduction to stellar
atmospheres
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Spectral lines

ity i - 10 L
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Holweger 1996
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Spectral lines

Line profile contribution

Spectra lines mean additional opacity compared to the
continuous opacity at the line wavelength. If one calls I, the
line opacity, we have

Iy = Njjiag®y/p ([Iy] = cm?/g)

with Njj; the number of atoms in a lower level [, ionization
stage j for element i, ®, the absorption profile and p the
density. The total opacity is given by

Kf/otal — Kcont+ L,

which translates in the total optical depth

Tf,Otul :Tsont_i_rf/me: —stomde—fldeZ-

[ﬁj ‘ ‘nbservatuire ‘astronnmiquede Strasbourg ‘
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Spectral lines

This change in depth, the fact that a spectral line has a finite
width and its relation to the source function is shown below

The formation of absorprion
lines can be qualitatively
understood by studying how
&, changes with depth,

F, ()

W, dIng,/ dr,

| I |
ofd —
] Fig. 13.1 e

[VIR PR T

(see also Gray, Fig 13.3, p.279)
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EqUiVaIent width objects

Motion of the

We define the equivalent width as the width of a normalized — J4¥&
continuum (normalized to 1) that has the same area as the Uit et

coordinate systems

line, e.g.
Structure and
history of the
Feont —Fy Uni
W. — / dﬂ/ ([W] — pm). niverse
F. Introduction to
v
stellar evolution
10 Continzum For weak lines this quantity
o B is directly proportional to
t f b the number of ator?vs of
1 . ..
— element i : W %
v

Introduction to stellar
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Behavior of spectral lines on fundamental
parameters

Abundances

There are three cases depending on the line strength
> Weak lines : W oc A} where A; is the abundance of the
Nl 1 ..
element g (in fact W o< Nyji;)
> Strong lines : W A(i), there is no dependence on
abundance because of the saturation of the line

» Very strong lines : W A}/Z, absorption in the wings of
the line.

[ﬁj ‘ ‘observatuire astronomique de Strasbourg
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Behavior of spectral lines on fundamental

parameters

This is summarized in the curve-of-growth

[ [ curve of growth

S

log WiA

T T T

Saturation

¥ Weak-line, linear

I 1 L

1

Strong-line |

1

Gray, Fig. 11.13

Note that for abundance determination in stars, weak lines
are preferred not only because of the linear dependence but

-9 -8 -7
logA

-8

-5

also because these lines are probably less affected by
departures from LTE as they originates further in the star

where the density is higher.
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Behavior of spectral lines on fundamental hstrophysics.

parameters

Astrophysics,
Detectors and
Astronomical
objects

Temperature

Motion of the

Essentially all lines have a e

certain sensitivity to gonci:Zi:r;:'e systems
temperature via Boltzmann  The Effect of

and the continuous opacity ~ orperature
is increased (reducing the

layer of line formation).
The exact details depend
on the excitation potential
and ionization potential
but 4 main cases can be
identified.

Structure and
history of the
Universe

Introduction to

neutral line, mostly neutral species
neutral line, mostly ionized species
ionic line, mostly neutral species
ionic line, mostly ionized element

W

Introduction to stellar
atmospheres

[ﬁj ‘ ‘observatuire astronomique de Strasbourg 378 / 427



Behavior of spectral lines on fundamental Introduction to
parameters

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

Earth
Gravity Units and
coordinate systems
When the gas pressure increases, the electron pressure Structure and

. i history of the
normally also increases (for the Sun Pe o y/Pgas) which has Universe

two effects : Introduction to
: stellar evolution

> less ionization = [,/x5°"" changes

> more pressure damping

Introduction to stellar
atmospheres
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Behavior of spectral lines on fundamental

parameters

Three cases can be identified :

1 weak neutral lines formed by an ion or atom where most
of the element is in the next higher ionization stage are
pressure insensitive :

L1k o (Nj+Pg)/(Pe- Ni) < N;i/ N

2 weak lines formed by an ion or atom where most of the
element is in the same ionization stage are pressure
sensitive :

I, 1% o N;i/(Pe- Npp) o (A~ Ni)/ (Npr-Pp) o< 1/g'3
so that when

g \= Pgas \= P \=> k50 N> L1k =W N

[ﬁj ‘ ‘observatuire ‘astronnmiquede Strasbourg ‘
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Introduction to

Behavior of spectral lines on fundamental Astrophysics

parameters

Astrophysics,
Detectors and
Astronomical
objects

Three cases can be identified : Motion of the

Earth
3 weak lines formed by an ion or atom where most of the Unite e
element is in the next lower ionization stage are VERY coordinate systems

HS . Structure and
pressure sensitive : history of the

Universe

L 1KE°" o (N;/Pg)/ (Np/ Pp) x 1/P2 o 1/g*"3

Introduction to

SEIE o) on

gN\=>w

Therefore we can compare neutral and ionized lines of the
same element in a star to determine the luminosity class of a

star (logg).

Introduction to stellar
atmospheres
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Introduction to

Determination of stellar parameters Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Temperature determinations Motion of the
Earth

1 Absolute flux method : Units and
1/4 coordinate systems
1 [e.0]
_ earth 1/2 Structure and
Teff = (— FV dv / (R* /d) history of the
o Jo Universe

to use this method, we need to know the radius of the star LZZL‘;?‘;?QT&;‘L
and its distance!

Also F¢% i is difficult to measure because of the earth's

atmosphere.

Introduction to stellar
atmospheres
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Determination of stellar parameters

2 Paschen and Balmer continuum :

The slopes of the Balmer and Paschen continuum are
temperature dependent (ionization of H from n=3 or n=2).
If no interstellar reddening is present it is relatively
independent of the spectra lines and also unlikely affected by
complications of non-LTE.

!

Lymman Limit
M2A

Balmer Jump
3646 A

Balmer Continuum

Lyman Series
Paschen Jump

Paschen Confinuum 2207 A

Balmer Series
Bracket Continuum

Paschan Series

.

l =

T T T T T T T T
4] W00 2000 3000 4000 5000 BODO FOOO  BOOD  BODD 10,000 ,I[A]

[& ‘ ‘nbservatuire astronomique de Strasbourg
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Determination of stellar parameters nstrophyeics.

Astrophysics,
Detectors and
Astronomical
objects

Higher T.rr = steeper F) since Fj ~ By(T,ry). Motion of the

Earth

Ters measurements for e systems
> Topy <6000K : H~ absorption + line opacity prevent  [HEHHHS
the use of the method Universe.
> 6000K < T.ry < 10000K : Paschen (from spectral type Sl cvoton

GO to A0)

» 10000K < T, sy : Balmer continuum

Introduction to stellar
atmospheres
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Determination of stellar parameters nstrophyeics.

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

For main sequence star with T,rr < 10000K we have e

Units and
6108(F4000 /F7000) 23 coordinate systems
- Structure and
a log Teff history of the

Universe

Introduction to

Taken literally, it means that if we can measure the stellar evolution
continuum slope between 14000 and A7000 to 2.3%, then
the temperature is established to +1%.

Introduction to stellar
atmospheres
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Determination of stellar parameters petrophyeics.

Astrophysics,
Detectors and

Astronomical

3 Balmer jump : objects
Jump ]
For hot star the temperature dependence of the Balmer o o
jump (or discontinuity) is a good indication of temperature. Unfis oo
coordinate systems
— Structure and
Dp =2.5108(F3647+/ F3647-) o o e

Universe

It measures the change in opacity due to the onset of Hys Introduction to

stellar evolution

absorption from the n =2 level. At low wavelength, because
of the increased opacity, the radiation originates from higher
level in the photosphere where the temperature is cooler =
less flux. At higher wavelength, we see deeper in the
photosphere = higher temperature, more flux.

Introduction to stellar
atmospheres
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Determination of stellar parameters Astrophysics

Astrophysics,
Detectors and

] T [ i (R LB LR AL | Astronomical
04 1 objects
| 1 Motion of the
§ A . Earth
< .
g —02}- 4 Units and
« coordinate systems
g =04 7
. Structure and
-08— ~tis history of the
il Loag Universe
2 -{os )
. % Introduction to
" 14 % stellar evolution
Ik a4 = =
o 102
N
s Jos
06 TO 12 14161820 24 28 &,
| L | RSN N LA s
i g T )
4 5 8 7 s 90 13 20
Ty 10° 'K
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Introduction to

Determination of stellar parameters Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the

For cooler stars (T, < 10000K), there is a gravity sensitivity S8

and the slope changes with respect to this quantity from 2.3 JuSe

to 2.8. An error of 5% on the flux ratio induces an error of SRR
~2% on T,sy is there is no error on gravity. ﬁitsr:ocrtyuff;?:

Universe

Introduction to

For hot stars, the gravity sensitivity disappears and the slope  [Silis iy
is smaller (monotonic decrease), hence larger errors on the
temperature determination.

Introduction to stellar
atmospheres
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Determination of stellar parameters intioductionjto

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

In practice, it is not easy to measure the Balmer jump Unite and
because the hydrogen lines blend together at the series limit coordinate systems

causing distortion in the Paschen continuum. Rt ot ihe

Universe

. . Introduction t
One can however fit the Paschen continuum towards longer e
wavelength and the Balmer continuum below the jump.

Introduction to stellar
atmospheres
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Determination of stellar parameters nstrophyeics.

Astrophysics,
Detectors and
Astronomical
objects

Note that the depth of formation of F, and F_ is sufficently Motion of the
. . . Earth
different that the size of the Balmer jump depends on the

) ) ) Units and
temperature gradient in the photosphere = theoretical coordinate systems
models can differ in their relation between the PGS

. . 3 Istory o e
Paschen-continuum slope and the Balmer jump. This can Universe

lead to ambiguity in the interpretation of observations. Introduction to

stellar evolution

For very cool stars, chemical composition can also play a role
as the number of electron donors can alter the opacity.

Introduction to stellar
atmospheres
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Introduction to

Determination of stellar parameters Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

4 Photometry :

Motion of the

T T T Earth
4 eusace s ¥t a ((:_—3)):—' Units and
Broad_band Colors (B_V . poii +3Ass‘eaawe coordinate systems
! :‘ - :Z‘i’:;fz::: Structure and
V-R,V-K) measures the Fa o osesses | hsootile
.. . oA a, = +0.07809480 DIEISE
flux ratio in different g o S04 Lis o
. . Jasl B9 < SpT < M0 ] ntroduction to
wavelength intervals. It is 5 stellar evolution
therefore temperature = ]
3T -
dependent.
Pecaut & Mamajek (2013)
Dwarf color—temperature sequence 1
S0 [ . N e
0 0.5 1 1.5
B-V [mag]
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Determination of stellar parameters nstrophyeics.

Astrophysics,
Detectors and
Astronomical
objects

Problems : Motion of the

. . . . Earth
> need to be calibrated against stars for which T,rf is
Units and
already known coordinate systems
» depends on the star luminosity class Rt ot ihe
Universe

» depends on abundances

Introduction to
stellar evolution

Accuracy of this method ~2% but can be of the order of
50-100K with the newest observations (APASS, SDSS...).

Introduction to stellar
atmospheres
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Determination of stellar parameters nstrophyeics.

Astrophysics,
Detectors and

A: ical
5 Infrared flux method : i onomica

objects

This is an extreme method where we compare the total flux iotion of the
al
with an infrared monochromatic flux .
Units and
4 coordinate systems
ngartth o Teff Structure and
Q = = history of the
Fgurth(vl =1IR) fVmOdel(Vl =IR) Universe

Introduction to
stellar evolution

The first equality is the observed quantity while the last part
of the equation are model predictions.
The infrared is chosen because of the Rayleigh-Jeans regime

where Fy o< Tepr = Qo ijf'

Introduction to stellar
atmospheres
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Determination of stellar parameters nstrophyeics.

Astrophysics,
Detectors and
Astronomical

6 Hydrogen lines : objects

Motion of the

The strength of the Balmer lines (Ha,Hﬁ, Hy...) are good o
temperature diagnostics for T,rr <8000K due to the Uit et
necessary excitation to n=2 : coordinate systems

Structure and

. . history of the
Terf /= more excitation=W /. Universe

Introduction to
stellar evolution

For temperatures above this limits, the lines are also gravity
sensitive.

Problem : this lines are very broad, hence W is difficult to
measure. It is better to fit the line profile.

Introduction to stellar
atmospheres
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Determination of stellar parameters

7 Line ratios :

The temperature can be estimated by comparing line ratios
(line depth or W) as lines from the same element should be
also be pressure insensitive (but not quite true)

P i
m%
& \ 4
n,\, L/
= 5
LY 4 N \ "
. \

[& ‘ ‘nbservatuire astronomique de Strasbourg

Line-depth ratio
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Units and
coordinate systems

Structure and
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Universe
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09 8 Introduction to

stellar evolution
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Determination of stellar parameters Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

8 Flux distribution fitting :

Units and

the goal here is to fit the flux from model atmospheres to emaines ey

the observed spectra where the stellar flux peaks (UV for hot  [iESEEEE
istory of the

stars, optical to IR for cool stars) Universe

Introduction to
stellar evolution

Problems : observations are hard, molecular bands in the IR
for cool stars etc.

Introduction to stellar
atmospheres
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Introduction to

Determination of stellar parameters Astrophysics

Astrophysics,
Detectors and

GraVity determination Astronomical
. . bject:
Pressure or logg is hard to measure in stars. Most S
. A Motion of the
diagnostics are also temperature dependent and hence Earth
require an accurate measurement of T,rs. Units and
coordinate systems
. i . . i Structure and
Here | will list a few methods with their problems for single hsootile
niverse
stars.

Introduction to

stellar evolution

1 Continuum features :
Only the Balmer jump is sufficiently pressure sensitive
but as we saw before, it is also temperature dependent.
Accuracy ~50% but if Terf is wrong = logg very
wrong.

Introduction to stellar
atmospheres
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Determination of stellar parameters nstrophyeics.

Astrophysics,
Detectors and

2 Hydrogen lines : Astronomical

objects

The wings of hydrogen lines are pressure broadened but — YEEERLS

e Earth
they are also temperature sensitive
Units and
Needs accurate T,rr as well as the abundances of ERETeIELR Sy

Structure and
history of the
Universe

metals as it depends also on P,

3 Strong lines (besides Hydrogen) :

Introduction to

Any strong line with pressure broadened wings can be e
used (typically Ca or Na).

As for H, they are temperature and abundances sensitive

Can not be applied to giants and supergiants where
natural broadening is more important.

Introduction to stellar
atmospheres
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Introduction to

Determination of stellar parameters Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

4 Weak lines :

Units and
The ionization balance of elements is sensitive to RIS
. . . . Structure and
gravity. We can compare the line ratios of element in history of the

Universe

two different ionization stages.

Introduction to

As for the other methods, it requires Terr to be stellar evolution
accurately known as well as the detailed abundances.

Introduction to stellar
atmospheres
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Introduction to

Determination of stellar parameters Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Motion of the

Abundances : Earth

Units and
coordinate systems

Beyond the scope of this lecture.

Structure and

history of the
Universe

Many methods exist, curve of growth, direct profile fitting o
etc. Which method to use depends usually on the observed stellar evolution
spectra (low/high resolution, signal to noise ratio, fluxed

spectra or not...)
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atmospheres

[& ‘ ‘nbservatuire astronomique de Strasbourg 401 / 427



Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to

Spectral classification

Spectral classification and
photometric properties

[& ‘ ‘nbservatuire astronomique de Strasbourg 402 / 427



Spectral classification of stars

The historical classification of stars is based on the strength
of the spectral features and at the time energy level
structure of atoms was unknown.

Fell Sill
W e Mall b Hal fel
1

[N =1t T 1
Fel  Cal CH Fel Fel Mgl-l Fel Tk u;un LT ] Hal

S S N TN TN WY T T RN Y O TN N TN N ST T ST O VO S |
ADDD 5000 6000 000
Wavelength (angstroms)
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Introduction to

Spectral classification of stars Astrophysics

Astrophysics,
Detectors and
Astronomical

In this Morgan Keenan (MK) classification scheme, star are objects

ordered in a sequence including 7 categories : O, B, A, F, G, ploton ofthe
K, M. This sequence was solely based on the progression of Unite o

coordinate systems

line patterns.

Structure and

history of the
Universe

Later, Annie Cannon added subclasses to this sequence,
dividing each category in 10 sub-categories numbered from 0 [ HAS
to 9.

Using this ordering, the sequence is actually describing the
temperature of stars (O being the hotter, M the cooler).

Spectral classification and
photometric properties
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Spectral classification of stars

We have seen in previous chapters that star evolve during
their lifetime and the HR diagram (T-L diagram) that for a
given temperature, stars can have different luminosity
according to their evolutionary stage.

Hence, a roman number has been added to the classification
to take this into account, the luminosity class.

[& ‘ ‘nbservatuire astronomique de Strasbourg
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Spectral classification of stars Astrophysics

Astrophysics,
Detectors and
Astronomical
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Motion of the
Earth

Units and

Star \ coordinate systems
Ia Luminous ’ $ Structure and
supergiant " B history of the
: Universe
Ib supergiant
11 bright giant
I giant
v subgiant
A% main
sequence
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Photometry of stars

Instruments do not have a uniform sensitivity at all
wavelength. The ratio of the incoming illuminance to the
measured signal is named instrumental response. It depends
on many parameters such as

» mirrors reflection coefficients

» transmission coefficients of the lenses
> sensitivity of the detectors
» dependency on A

[& ‘ ‘nbservatuire astronomique de Strasbourg
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Photometry of stars

1
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[& ‘ ‘nbservatuire astronomique de Strasbourg

We also use filters that limit the passband.

Hence, to compare
measurements on different
telescopes, best is to adopt
standard filters and make
sure that the A dependency
of the instrument'’s
response is dominated by
the filter response.
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Photometry of stars Retrophysics

Astrophysics,

Detectors and
Astronomical

objects

Filters are characterized by their transmission T'(1). On a oton o o

synthetic manner by their central wavelength and width. Earth
Units and
X coordinate systems
We deflne : S.tructure and
> central wavelength Ao = % U

Introduction to
» Effective Wavelength Aeff = % with S(A) the stellar evolution

observed spectra

We also note FWHM the full width at half maximum.

Spectral classification and
photometric properties
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PhO met ry Of Stars Introduction to

Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the

Example of classical filters SANEES

Introduction to
stellar evolution
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Introduction to

P h O m et ry Of St a I’S Astrophysics

One of the historically most used photometric system is the Astrophysics,

Detectors and

Johnson-Cousin system (broad-band) described below in the — PEIEEE

. . objects
table. Nowadays, new system exists and are more widely oton o o
otion of the
used (u,g,r,i,z) Earth
Units and
Photométrie standard CERINELD SR
7 Structure and
Dénomination | ,(m) A, (um) e (W m2pum) | e (Jy) history of the
Universe
U 0.36 0.068 435 E-8 1880 ultraviolet
B 0.44 0.098 7.20 E-8 4650 bleu Introduction to
v 0.55 0.089 392 E-8 3950 visible stellar evolution
R 0.70 " 022 176 E-8 2870 rouge
1 0.90 0.24 83 E9 2240
J 1.25 0.30 34 E9 1770
H 1.65 0.35 7 E-10 636
K 220 . 040 39 E-0 629 infrarouge
L 340 - 055 8.1 E-11 312
M 50 - 0.3 22 E-11 183
N 10.2 35 1.23 E-12 43
Q 21.0 8 6.8 E-14 10

1Jy=10% Wm? Hz'.

Spectral classification and
photometric properties
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Introduction to

P h OtO m et ry Of St a I’S Astrophysics

Astrophysics,
Detectors and

Why do we use filters? Astronomical

objects

) ) Motion of the
Extinction by the earth Wy Earth
. 08 = Units and
atmosphere is actually a - abrdinate Syetems
problem for ground o e
observations. We use filters to £ R
@ niverse
aVOId regions Of hlgh s Introduction to
atmospheric extinction as it SRS
. . . . 0.2
varies with time and location. {
Atmospheric extinction is 0
10000 15000 20000 25000
mostly due to H20 Werelength (4

absorption.

Spectral classification and
photometric properties
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Apparent magnitude through a filter " astrophysics

Astrophysics,
Detectors and

Given ¢y, the monochromatic illuminance, with [, &3 dA=¢, o
the apparent magnitude through a filter B is given by Motion of the
Earth
f T, (A)f dA Units and
ALB A coordinate systems
mp =—-2.5log,, “————— +¢C5B g
10 ./‘/1 T(A’) da Structure and

history of the
Universe

which we can also write

Introduction to
stellar evolution

B
mp = —2.510g10 m

eo(B) in W.m™2.um™! | the m comes from the collecting
surface and um from the wavelength.
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Apparent magnitude through a filter " astrophysics

Astrophysics,
Detectors and

If one uses frequency (as in radio astronomy), this rewrites J———"

objects

Moti f th
LT &ydv et
10 B
fv TB (V) dV Units and

, coordinate systems

2. 510g Structure and
10 o7 history of the
O(B) :

Universe

mp =—-2.5log

Introduction to
stellar evolution

Note that cg and cj; are different and depend on the chosen
unit.

Also, many photometric system coexist that adopt identical
filters but different constants.
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Apparent magnitude through a filter

- Classical system (historic) : Vega

The constants (c,c’, g, e) are chosen such that Vega (a
Lyrae) has (quasi-) zero magnitudes in all filters. Historically,
m =0 but today we use m =0.03 instead.

Hence, mp —0.03 = -2.5log,, %, with ey =¢p(Vega).

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe

Introduction to
stellar evolution
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Apparent magnitude through a filter

Practical implication :

> at the telescope, one must observe the scientific target
but also Vega!

> in reality we observed sets of photometric standard stars
whose magnitudes are well known for the chosen system

» a star that transmits as much energy through the filter
as Vega will have the same magnitude (0)

> if the star is brighter m <0
» if the star is fainter m >0

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
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Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the
Universe
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Introduction to

Apparent magnitude through a filter Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

- Modern systems : suited to CCDs and photon o o
counting instruments Units and

coordinate systems
In the classical system (photographic plates), two sources are Sl
. . . istory of the
given the same magnitude if we measure as much energy, for LTS

a fixed exposure time, through the filter. Introduction to

stellar evolution

With CCDs, stars will have the same magnitude if they
produce the same number of photons on the detector.
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Apparent magnitude through a filter " astrophysics

Astrophysics,
Detectors and
Astronomical

objects
. . _ o z—1
To an illuminance &y ([erg.s™t.cm™2.A""]) corresponds a Motion of the
i art|
monochromatic photon flux o
E/l _ [ h -1 -2 A—l Unltz-ant .
m_w([p oton.s” .cm “. ]) coordinate systems

Structure and
It induces a modification of the formula for magnitudes. For  [{Eiaias
[LELAT(DdA

B we have mp =—2.5log, T ATs(A)dA

+cSste. Introduction to
stellar evolution
[ ELAT5(M)dA
[ ATz (A dA
via A at the numerator.

The quantity is proportional to the photon flux
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Apparent magnitude through a filter

Note :
» A is NOT fundamentally required, it is a convention.

» This ratio has the same unit as &, (energy by... instead
of photon by...).

> |t is a mean of &, weighted by A.T(A) not to confuse
with the classical weighting by T(A).

[& ‘ ‘nbservatuire astronomique de Strasbourg

Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
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Apparent magnitude through a filter " astrophysics

Astrophysics,

Detectors and
Astronomical

objects

Modern photometric systems :

Motion of the

» VegaMag : classical analog for CCD; mx(Vega) =0 Earth

» STMAG : suited to work with wavelength aordnate ——
STMAG(filter)= —2.510810(¢ fi17er) —21.10 P

Universe

same constant for all filters

Introduction to

» ABMAG : suited to work with frequencies stellar evolution

ABMAG(filter)= ~2.510g10(¢; ) — 48.60

Constants were chosen such that the magnitude of an object
in the V band are close from one system to another.
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Introduction to

CO | Or | n d ICeS Astrophysics

Astrophysics,
Detectors and
Astronomical

It is the ratio of the flux emitted by an object at two different  [EEEES
wavelength (more specifically illuminance received at earth). o o
It is a magnitude difference, for example : B—V =mp—my

Units and
coordinate systems

Structure and

In Johnson-Cousin photometry or VegaMag photometry, all history of the

Universe

color indices of Vega equal to zero, Vega : AQV star .
(Teyf ~ 10000K). chlor votution

When computing a color index, the convention is to put the
bluest magnitude on the left. For example : B-V and never
V-B, K-J, I-R...
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Introduction to

CO | Or | n d ICeS Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

If a color indice in VegaMag is Motion of the
Earth

<0 : star bluer than Vega

Units and
coordinate systems

>0 : star redder than Vega.

Structure and

history of the
Universe

Note : Introduction to

stellar evolution

Vega is a blue star.

For STMAG or ABMAG photometry, color indices of
Vega are not zero!
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Introduction to

Bolometric correction Actrophysics

Astrophysics,
Detectors and
Astronomical

For a filter X the bolometric correction is defined as objects
Motion of the

Earth
BCX = Mpo) — MX. Units and
. i coordinate systems
It measures the ratio between the total flux of the object e
(bolometric) and the flux in the band X. pistory of the

Introduction to
stellar evolution

Note :
> heavy dependency on the temperature and evolutionary
stage of the star.
» depends also on the photometric system.
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Introduction to

Absolute magnltUde Astrophysics

Astrophysics,

Detectors and
Astronomical

objects

It is the magnitude of the object if its distance is 10pc. R

Hence the relation between the apparent and absolute Sareh
magnitude (here given for the V band) aorinate Setems
Structure and
— — history of the
M, =m,-5log,,d+5+A4, pistory o

Introduction to

where d is the distance to the object in pc and A, is the stellar evolution

extinction in the V band in mag.

The quantity m — M is called the distance modulus.
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Introduction to

Absolute magnltUde Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Note : Motion of the
Earth

Units and
» The observational equivalent of the theoretical coordinate systems

HR-diagram (T,fpvs<Z is the color-magnitude diagram Structure and

history of the
(for example V vs. B—V). Universe

Introduction to

» Colors are proxys of temperature (the bluer the object, stellar evolution
the hotter its temperature) while magnitude is minus
2.5 the logarithm of a flux, so proportional to minus a
luminosity.
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Introduction to

MK standards (Allen’s astrophysical quantities) Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Table 15.7. Calibration of MK spectral types.
Sp M(V) B-¥ U-B V-R R-1I Ter BC

MAIN SEQUENCE,
05 =57 =033  ~—L19 015 =032 42000 —4.40

-031  -112 ~032 34000 -333 Motion of the
~0.30 ~1.08 -029 30000 -3.16

~024  -084 —02 20000 -235 Earth

-0.17 -0.58 -0.16 15200 ~—146

-0l ~034 010 11400 —030 ;

00 -00 ~002 9790 —030 Units and

4005 4005 001 9000 -020 coordinate systems
+0.15. +0.10 0.06 8180 —0.15 .

4030 4003 017 7300 -009 Vo -

4035 000 020 7000 -011 E 2ol Ta BC Structure and
04 —002 024 6650 014 f

+0.52 +0.02 029 6250 -0.16 =015 -032 32000 -3.18 hlsFOry Of the
4038 4006 031 $o40 0.8 ~005 -015 17600 -158 Universe

406 4012 033 50 -020 002 007 13600 095

4068 4020 035 5560 -021 002 000 11100 -066 :

4074 4030 038 5310 040 003 005 9980 -0 Introduction to
4081 4045 042 5150 —031 007 007 9380 -028 i
4091 4064 048 4830 —042 012 013 8610 -013 stellar evolution
HLIS 4108 065 4410 —072 021 020 7460 -001

+1.40 +1.22 091 3840 -138 0.26 021 7030 -0.00

H149 4118 L9 3520 —189 035 023 6370 -003

+1.64 +1.24 167 3170 -2713 045 027 5750 -0.09

120 0% 3990 -101
+1356  +1.87 123 094 3650 ~—125 1232 094 3620 -129
+160  +189 134 LI0 350 —162 134 110 3370 -162
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Introduction to
Astrophysics

Astrophysics,
Detectors and
Astronomical
objects

Motion of the
Earth

Units and
coordinate systems

Structure and
history of the

' Universe
T h e E r' d . Introduction to

stellar evolution

Next step examination : 1h quiz, no document allowed.
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