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Distance Measurement of Stars

Distance Sun - Earth 1496 x 10" m 1 AU 1.581 x 10 ly
Light year 9.461x10™m 6.324x104AU 1ly
Parsec (1 pc) 3.086 x 10" m 2.063x 10°AU 3.262 ly

-
In January, In July, the . The closer the star, the

the nearby nearby star more its apparent position

HIEDE el FIRES shifts as seen from Earth.
to be here. be here.

Earth Earth \ Earth
(January) (July) , (January)

(c) Parallax of a nearby star (d) Parallax of an even closer star



Distance Measurement of Stars

Earth

1 AU 1 AU 206,265 AU 1 pc

~
— ~ —_— b

tanp p p’ P

p measured invradians = 57.3° = 206,265
p” measured in arcseconds



Apparent Magnitude Scale

Betelgeus.e

Bellatrix.
A6 )

Declination (deg)
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Right ascension (hr)

Several stars in and
constellation Orion labeled with their
names and apparent magnitude




Apparent Magnitude Scale

~—— Sun (-26.7)
=25 T
20—
e
=
—15 Sl
O Full moon (-12.6)
10 B
=S Venus (at brightest) (—4.4)
o <~ Sirius (brightest star) (-1.44)
= Naked eye limit (+6.0)
+10 Binocular limit (+10.0)
+15 Pluto (+15.1)
The brightness ef*‘objects in the sky 20
is denoted by apparent magnitudes.
Stars visible to the naked eye have +25 =
magnitudes between my=—1.44 and Hubble Space Telescope and large Earth-
about m = +6. +30

based telescopes (+30.0)



Apparent Magnitude Scale

L
4 mr?

Radiant Flux F =

with L = Luminosity of star (energy emitted per second)

5 = (F,/F,) =100




The Inverse-Square Law

With greater distance from the star, its light is spread
over a larger area and its apparent brightness is less.



Apparent and Absolute
Magnitude

« Absolute Magnitude M is defined as the apparent
magnitude a star would have if located at 10 pc

d 2
100 (m=M15 =F /F =
10 pc

*@Solving for the Distance Modulus yields

d
M =5 1lo
m glo(lOpc)




The Speed of Light

* The speed of light in a medium is given by

C
v =— =AV
n

* This leads to dispersion ¢ = nAv = A,V

with A, the wavelength of light in the vacuum

r measured in 1675 the speed of

Ole Romer (1644 - 1710)



Constructive and Destructive
Interference

n A constructive

Path difference  r, —r;, = { ( +l))\, destruct
n ot 5 estructive

withn =0, £1, £2, £3, ...

(b) Conditions for constructive interference: () Conditions for destructive interference:
Waves interfere constructively 1l therr path Waves interfere destructively if their path
lengths differ by an integral number of engths ditfer by a halt-integral number of
vavelengths: ry — mA. A '




Two-Source Interference of Light
(Young’s Experiment)

For constructive
interference we find

nAi
n=0,1,2,...

and destructive
interference we find

d sinf
= (-1 2
n=1,2%...

Fo=7r;

8 3 v Sy

(a) Interference of light waves passing through two slits

Coherent wave y
Cylindrical fronts from two slits |
wave fronts
Monochromatic Bright bands where
light S wave fronts arrive in
Y., . -
L1, . / “+.:: phase and interfere
TT™ / pett constructively
—— e
-\ S 4oeat,
=™ 0\ S Q‘\ " Dark bands where
J1 K . .
et Wave fronts arrive oul
of phase and interfere
p— destructively
Screen
(b) Actual geometry (seen from the side) (c) Approximate geometry
$21] dsineg Sereen 5211 dsino
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To screen

... SO we can treat the rays as
.n 1 aty Q ~ T « n R =Y . .
In real situations, the distance R to the parallel, in which case the path-length
screen is usually very much greater than difference is simply r, — r, = d sin .
the distance d between the slits ...



Poynting Vector

- Light is a transverse electromagnetic wave,
composed of alternating electric and magnetic
fields

- The E and B field vectors are perpendicular to
each other and to the direction of motion of the
wave

5 = U £ x B John Poynting (1852 - 1914)
- The magnitude of the time-averaged E

Poyating vector is given by

1
<S>:2— Ey By
U B

® In vacuum EO:CBO vV=c¢



Radiation Pressure

- Electromagnetic waves carry momentum and can exert a force on a
surface

- The radiation pressure depends on whether the light is reflected

(8) 4

rad

F cos 6

or absorbed by the surface

2(8S) A
(5) cos? 6

rad -

Area A (edge on)

> [ 4 (absorption)

F_,q (reflection)




Polarization

- Electric field vectors that are perpendicular to the plane of incidence
of a wave are more likely reflected than others

- This leads to a polarization of the reflected light

. . . « . = . . .
G) [f unpolarized light is incident ‘@) .. then the reflected light is

s Normal ; :
at the polarizing angle ... : 100% polarized perpendicular
N | to the plane of incidence ...
(4)Alternatively, if Plane of |

\ - 3 3 3 2 1 'b. &l
~~ unpolarized light is incident incidence L
on the reflecting surface at

an angle other than 6, the

2]

reflected light is partially
polarized.

Rellectng surtace

”b

— . .
C3j ... and the transmitted light
is partially polarized parallel
to the plane of incidence.

AR



Blackbody Radiation

« When matter is heated, it emits
radiation

- A blackbody absorbs all radiation
falling on it and reflects none. It is
also a perfect emitter

- An example of a blackbody is a
cavity in some material. Incoming
radiation is absorbed by the cavity

Blackbody radiation is interesting because the radiation properties
of the blackbody are independent of the particular material of the
container: |t therefore has a universal character. We can study, for
example, the properties of intensity versus wavelength at fixed
temperature,..\..



Wien’s Displacement Law

- The intensity 7 (A, 7) is the total power radiated per unit area per unit
wavelength at a given temperature
- Wien’s Displacement law:

The maximum of the distribution shifts to smaller wavelengths as the
temperature increases
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Wi(ﬁefm Wien (1864 B 28) -~ . Wavelength (X1000 nm)



Example for Wien’s
Displacement Law

Betelgeuse has a surface temperature of 3600 K and Rigel of 13,000K.
Treating the stars as blackbodies, we can calculate their peak
wavelength of the continuous spectrum to be 805 nm and 223 nm.

— R
g AT =2898x10>m-K
v:‘ 2.0 — ’\max
% : g .
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E
~ 210
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0.0

Wavelength (X1000 nm)

8 2006 Brooks/Cole - Thomson




Stefan-Boltzmann Law

- The luminosity of a blackbody of area 4 increases with the
temperature

L =Ao0T*

« This is known as the Stefan-Boltzmann law, with the constant o
experimentally measured to be 5.6704 x 108 W / (m? - K#)

. For a star of radius R we obtain

L =4nR?0T,*

with 7' the effective temperature (different form blackbody)

- For the surface flux of a star we get



Rayleigh-Jeans Formula

- Lord Rayleigh used the classical theories of electromagnetism and
thermodynamics to predict the blackbody spectral distribution

- The formula fits the data at long wavelengths, but it deviates
strongly at short wavelengths

« This problem for small wavelengths became known as the
ultraviolet catastrophe

2¢ckT 1200 K \

\ Rayleigh-Jeans
v formula
\

Intensity

Experimental data

0 2000 4000 6000 8000

Wavelength (nm)

John\Strutt (1842 - 1919)



Planck’s Radiation Law

Planck assumed that the radiation in the cavity
was emitted and absorbed by some sort of
oscillators contained in the walls

Planck used Boltzmann'’s statistical methods to
arrive at the following formula that fit the
blackbody radiation data

2¢c hc 1

B(T) =

Max Planck (1858 - 1947)

L4 4 eh/MT

e Boltzmann constant

B,(7) (10* W m™2 nm ™" sr™')

5777 K

/\

Visible light |
4000 K |

200 400 600 800 1000 1200 1400

Wavelength A (nm)



Planck’s Radiation Law

Planck made two modifications to the classical theory

« The oscillators (of electromagnetic origin) can only have certain
discrete energies determined by

E =nhv

with »n is an integer,
v is the frequency and

h =6.6261 x 1034 J-s is called Planck’s constant

« ~JThe oscillators must absorb or emit energy in discrete multiples
of the.fundamental quantum of energy given by

AE=hv



Blackbody Radiation

The amount of radiation energy emitted by a blackbody of 7" and surface
area A per unit time having a wavelength between A and A +dA into a
solid angle dQ = sin 6 dO d¢ is given by

B (T)dAdA cos6d z
= B(T)dAdA cosB sin6 do d¢

B)(T)

#d dQ = sin 0 dO d¢

dA ¢




Blackbody Radiation

« Considering a star as a spherical blackbody of radius R and

temperature T with each surface area dA emitting radiation
isotropically

* The energy per second emitted by this star with wavelength
between A and A +dA is the monochromatic luminosity

L dA

fffB dA dA cosB sin 6 do do

$=0 0=0
=472R?BdA

8A2R?hc?
= dA
A% (e i/ MT 1)




Temperature and Color
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» Theintensity of light emitted by three hypothetical stars is plotted

againstwavelength
» Where the peak of a star’s intensity curve lies relative to the

visible light\band.determines the apparent color of its visible light
* The insets show stars of about these surface temperatures



Color Indices

» The color of a star can be determined by using filters of narrow

wavelength bands

» The apparent magnitude is measured through three filters in the

standard UBYV system

 Ultraviolet U band 365 nm * 34 nm

 Blue B band 440 nm + 49 nm
* Visual V band 550 nm + 45 nm

Sensitivity function S(A)
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