Astronomy 1 — Fall 2019

One person’s perspective:

Three great events stand at the threshold of the modern age and

determine its character:

1) the discovery of America,

2) the Reformation,

3) the invention of the telescope and the development of a new
science that considers the nature of the Earth from the
viewpoint of the universe’

(Hannah Arendt, ‘The Human Condition’ )
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Previously on Astro-1

e The Nature of Light
— Particles called photons

— Waves 1n an electromagnetic field
— Relation of speed to wavelength and frequency
— Relation of energy to wavelength and frequency

« Blackbody Radiation

— Describes the spectrum of light emitted by opaque sources
— The temperature of the blackbody determines

e The spectrum (Wien’s Law)

* The energy flux (Stefan-Boltzman Law)

 Kirchoff’s Laws

— A hot body produces a continuous spectrum
— A hot transparent gas produces emission lines
— Cool transparent gas in front of a hot body produces absorption lines
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Inverse Square Law for Radiation

The flux measured on the
screen goes down as the

square of the distance from the

lightbulb.

Astro1 -

The same principle applies to
the flux of the Sun on the
surface of the Earth, thus

F=L,/(4nR2

At a distance of 1 AU % )"’)o
from the Sun, this square meter e
of area receives 1370 watts of <,
light power from the Sun. %}_

C oo

Earth's orbit

Close-up of this
square meter of area.

©2014 W, H. Freeman and Company



Today on Astronomy 1

* Doppler shift

* Show how optics focus
light

* Explain how telescopes
work

Astro1 - CLM
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Doppler Shifts

The motion of the object producing the waves affects the frequency of the
observed wave. Since the waves travel at a fixed speed (e.g., the sound speed for

sound or ¢ for electromagnetic radiation), the wavelength also shifts.

Wave crest 1: emitted when

light source was at S,
Wave crest 2: emitted when
light source was at S, 1

Wave crests 3 and 4:
emitted when light

source was at S;and
S, respectively

Motion of\
light source

This observer
sees redshift

This observer
sees blueshift

Figure 5-26
Universe, Tenth Edition
© 2014 W. H. Freeman and Company
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Demo: Doppler Shift of Sound Waves
(iclicker Question)

A speaker is whirled around on a rope.

The sound from the speaker will do the following.

A. Rise to higher frequency as the speaker moves towards the
listener. Fall to lower frequency as the speaker moves away
from the listener.

B. Fall to lower frequency as the speaker moves towards the
listener. Rise to higher frequency as the speaker moves away
from the listener.

C. Get louder as the speaker approaches the listener and get softer
as the speaker moves away.

D. Get louder as the speaker moves away and get softer as the
speaker moves towards the listener.

E. BothA&C
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Demo: Doppler Shift of Sound Waves
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A speaker is whirled around on a rope.

The sound from the speaker will do the following.

A. Rise to higher frequency as the speaker moves towards the
listener. Fall to lower frequency as the speaker moves away
from the listener.

B. Fall to lower frequency as the speaker moves towards the
listener. Rise to higher frequency as the speaker moves away
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C. Get louder as the speaker approaches the listener and get softer
as the speaker moves away.

D. Get louder as the speaker moves away and get softer as the

speaker moves towards the listener.
E. BothA&C
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Doppler Shift of Light

400 nm 700 nm ° You can tell how fast
something is moving

T -- from the shift of its
spectral lines relative to

_— the laboratory standard.
Greater redshift: Object is moving
away faster than Object 1.

 Notice that the shift is
Obiject 3
_ generally too small to
moving foward ue. change the color of the

AN/ AN=vV/c¢c

light:
Object 4 o .

* HWS3 —speeding ticket!
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Doppler shift measures motion
directly towards/away from us

/gtar 1 is moving directly away from us,

so the Doppler shift tells us its full speed. |

T Star 2 is moving across our line of sight,
Earth 0 '.. ................................... but not toward or away from us. The
¥ Doppler shift measures no speed at all.

\\//
Star 3 is moving diagonally away
from us. The Doppler shift measures only

the part of its speed directed away from us.

Copyright © 2004 Pearson Education, publishing as Addison Weslay,
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Extra-solar Planets

Many have been discovered using Doppler shift measurements of their
parent stars (since 1995)

Doppler Shift due to
Stellar Wobble

70 VlI’ Marcy & Butler
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Spectral Lines
(iclicker Question)

Professor Martin used a spectrograph on the Keck telescope
to observe a distant galaxy. She detected an absorption line
from sodium atoms. The wavelength she measured was 0.22
nm bluer than the laboratory wavelength of 589.0 nm. What
should she conclude?
A. There are cool clouds between the observer and the
galaxy.
B. The gas between the galaxy and the observer 1s hotter
than the galaxy.
C. The gas clouds are moving away from the galaxy
towards the observer.
The gas clouds are falling into the galaxy.
Both A and C

™ O
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Geometrical Optics

Astro1 - CLM



The Light Rays from Distant
Objects are Parallel




Refraction:
Change in Direction of a Light Ray

Entering a denser medium:
Light bends towards the normal
to the surface

Parallel
light rays

Flat glass \ Entering a less dense medium:
- Light bends away from the
normal to the surface

(a)

Figure 6-2
Universe, Eighth Edition Astro1 - CLM
© 2008 W.H.Freeman and Company



Demo:
Use the Law of Refraction to Focus Light

Entering a denser medium:
Light bends towards the normal
to the surface

Refraction

Entering a less dense medium:
Light bends away from the
normal to the surface Refraction

(b)
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Refraction

Which Way Does the Path Bend?

A car slows
down as it
moves from
pavement to

SAnc. Pavement

If the car enters the sand
at an angle, it slows down
and changes direction.

How cars behave

Figure 6-1a
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

A light beam
slows down

as it moves
from a vacuum

into glass.
Vacuum

Glass

If the light beam enters the
glass at an angle, it slows
¥ down and changes direction.

How light beams behave

Figure 6-1b
Universe, Eighth Edition
© 2008 W.H. Freeman and Company
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The Keplerian Telescope

Light from a distant object

Objective lens i

' Focallength
Focal plane : of eyepiece
of objective \ i€,

1 Eyepiece lens
Objective forms an 1 magnifies the image

image in the focal plane | for easier viewing
1

1
Focal length of objective - Observer’s eye

Figure 6-5
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

Two key properties of telescopes:
1. Light gathering power
2. Magnification
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Magnification of a Telescope

Magnification enlarges the angular size of an object.

Example:

Image Plane Small Image
’ (farther away)

Jupiter has a diameter
of 38 arcseconds on
the sky

, Big Image L ol g
maggriane eicezrap) Magnifying it be a
| esce factor of 2 makes it
-1 appear 76” acrcoss.

|
| Shortf,

Magnification = focal length of objective lens /
focal length of eyepiece
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Telescope Demo
(iclicker Question)

The objective lens of our telescope demo has a
focal length of 500 mm. Suppose we replace the
100 mm eyepiece with a 50 mm eyepiece. How
will the magnification of the meter stick change?

Decrease to 2x

Increase to 10x

Decrease to 50x

Increase to 50x

The magnification does not change.

A.
B.
C.
D.
E.

Astro1 - CLM



Telescope Demo
(iclicker Question)

The objective lens of our telescope demo has a focal
length of 500 mm. Suppose we replace the 250 mm
eyepiece with a 50 mm eyepiece. To focus the
telescope, how should we move the objective lens?

A. Move t
B. Move t

ne objective |
e objective |

ens closer to the eyepiece.
ens further from the eyepiece.

C. Move t

e objective |

lens away from the optical axis.

D. There 1s no need to refocus the telescope.
E. Back and forth by trial and error; it cannot be
predicted.

Astro1 - CLM



Light from Every Point on an Extended Object
Passes through Every Point in the Lens

Extended
object A

L
i
I

Figure 6-4
Universe, Eighth Edition
© 2008 W.H.Freeman and Company



Name some shortcomings of lenses

Focal point - Same focal point
for blue light ™ - ~ for both colors

/

Focal point

for red light
different types
of glass
(a) The problem: chromatic aberration (b) The solution: use two lenses
Figure 6-7

Universe, Tenth Edition
© 2014 W. H. Freeman and Company
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Demo:
L.aw of Reflection

Perpendicular
to mirror

Incoming
parallel
light

rays from
Angle of reflection f a distant

equals angle of incidence i object

surface

_/

Reflected
light ray

Incident
light ray

Concave, parabolic mirror

(a) Astro1 - CLNb)

Figure 6-9
Universe, Tenth Edition
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Solution = Reflecting Telescopes

Incoming parallel rays from a distant object

P \ \. Newtonian Reflector

Eyepiece Light rays
lens
Flat
secondary

Secondary  |Secondary
Mirror Mirror

Focal length
of eyepiece

Focal
point
outside
telescope
tube

Observer’s
eye

- Objective
E | = omr B or
(a) Prime (b) Cassegrain (c) Coudé f - -———
focus focus focus
Figure 6-11 Figure 6-10a
AStrO 1 o C L M Universe, Eighth Edition Universe, Tenth Edition

© 2008 W.H.Freeman and Company ©2014 W. H. Freeman and Company



A Retlecting Telescope

This view of the Gemini North
telescope shows its 8.1-meter
objective mirror (1). Light incident
on this mirror is reflected toward
the 1.0-meter secondary mirror
(2), then through the hole 1n the
objective mirror (3) to the
Cassegrain focus

A large Cassegrain telgéscope

Figure 6-14b
Universe, Eighth Edition
© 2008 W.H. Freeman and Company Astro1 - CLM



Seconda
mirror

Figure 6-12

Universe, Eighth Edition

© 2008 W.H.Freeman and C
Astro1 -

ry

ompa
L

m

Eyepiece

Complete
image of the moon

Primary
mirror

The Secondary Mirror Does
Not Cause a Hole 1n the
Image

This 1llustration shows how
even a small portion of the
primary (objective) mirror of
a reflecting telescope can
make a complete i1mage of
the Moon. Thus, the
secondary mirror does not
cause a black spot or hole 1n
the image. (It does, however,
make the 1mage a bit dimmer
by reducing the total amount
of light that reaches the
primary mirror.)



Telescope Performance

1. Light gathering power

2. Magnification

3. Angular resolution

4. Location (atmospheric water vapor, turbulence)

The bandpass (optical, infrared, radio, etc.) strongly
affects what types of celestial objects can be seen.

Astro1 - CLM



Light gathering power depends on size
of objective lens or primary mirror

=

Small-diameter objective lens: Large-diameter objective lens:
dimmer image, less detail Astrod - C Iu’ghter image, more detail

© 2008 W.H.Freeman and Compan



How Do You Make a Lightweight
10m Diameter Mirror?




How much more light gathering
power does a 10m telescope have
than an 0.5 m telescope?

Answer: The light gathering power 1s proportional to the
square of the mirror’s diameter.

(10m)2/(0.5m)2 = 100m / 0.25m = 400

So you can see objects about 400 times fainter with the
10m telescope 1n the same amount of time.

Astro1 - CLM



Angular Resolution

Limited by:

A / :
Two light sources with The quality of the optics and
angular separation detector on the telescope.
greater than angular
resolution of telescope: |
Two sources easily * The size of the telescope
distinguished primary aperture sets the

“diffraction limit”.

Light sources moved
closersothatangular | * The diffraction limit is an
separation equals . .
angular resolution angle, 6, usually given in
of telescope: Just arcseconds.
barely possible to

tell that there are two

sources - BhlITlIlg effects Of the
k) atmosphere (“seeing”), i.e.
@)';’g;;s\f\;.l-llir;ema’:::dCompan)’ the thnkling Of Stars
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The diftraction limait

ezz.sxlosi

D

(b)

Figure 6-15
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

0= angular resolution of the telescope (in arcseconds)

A= wavelength of light, 1n meters

D = diameter of telescope objective, in meters

Astro1 - CLM



1Clicker Question

What is the diffraction limit for red light (640 nm = 6.4x10-"m)
for a telescope with with a 0.5m objective/primary?

A. 1.28 x 10 arcseconds
B. 0.32 radians

C. 0.32 arcseconds

D. 1.28 arcminutes

E. None of the above

Astro1 - CLM



1Clicker Question

What is the diffraction limit for red light (640 nm = 6.4x10-"m)
for a telescope with with a 0.5m objective/primary?

A. 1.28 x 10 arcseconds
B. 0.32 radians

D. 1.28 arcminutes
E. None of the above

A <64 %107 m

9:2.5><1056:2.5><10 =0.32"

0.5m

So even 1f you had a perfect atmosphere and perfect optics, you
couldn’t resolve details finer than 0.32” with a 0.5m telescope.

Astro1 - CLM



. . e Astronomers build

e ___" — telesc.opes. at the
James Clerk Maxwell s bCSt Sites 1n the

Caltech Telescope - Submllllmeter :
Submillimeter - e o AN WOrld
University of Hawaii Phsgp¥atory e g ) : = :
0.6-mTelescope - R T / = = o They may travel to
; S - = the telescope to

observe or observe

United Kingdom \ Sl > ~  NASA Infrared
Infrared Telescope\ GeminiNorth =~ (- __Telescope Facility I'Cmotely over the
[y ol e Canada-France-I-i.‘awaiiTelescope e : lntemet
2.2-meter Telescope
Figure 6-16
Universe, Eighth Edition

© 2008 W.H.Freeman and Company

Mauna Kea, an extinct volcano in Hawaii that reaches 13,400 feet, 1s
the best site in the world for optical and infrared telescopes. It has
mostly clear, dark skies, little atmospheric turbulence, and 1s above
most of the water vapor in the Earth’s atmosphere. Notice the snow and

lack of vegetation.
Astro1 - CLM



Adaptive Optics Help Telescopes on Earth Remove
the Blurring Caused by the Atmosphere

—y
1 arcsec

Figure 6-18
Universe, Eighth Edition
© 2008 W.H.Freeman and Company



L.aser Beacon Makes an Artificial Star




Adaptive Optics System

actuator drive signals
' oma drivers
plane distorted
wave emEEEa, wavefront
s 1 deformable
! ! mirror
i b o
| | 7
\\\.-.’ /
wavefront-distorting
anedium corrected
wavefront
wavefront data
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The sky is only visible in some parts of
the electromagnetic spectrum from
space.

The Earth’s atmosphere is transparent to visible
wavelengths, so visible-light telescopes

(refracting or reflecting) can be Infrared telescopes are

used from Earth’s best placed in orbit since
surface. : most infrared wavelengths
;’ /  do not penetrate the
i/j atmosphere.
I

k\i . Infrared telescope

Q

Ultraviolet
and ultraviolet telescope

28 ‘ ‘ .~ @ telescope
telescopes must 1 = N = Fw \
be placed in .’4 ' ' - =
Mt ‘ !

Gamma-ray, x-ray,

orbit because :
these wavelengths  X-ray telescope The atmosphere is transparent
to radio waves, so radio

do not penetrate the
atmosphere. _ : telescope,s can be used from
\B’g T—— the Earth’s surface.

“‘7 ! Gamma-ray

telescope

Cosmic Connections 6
Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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Transparency of Earth’s Atmosphere

The transparency is high in the
optical “window” or “bandpass”.

oS

Optical
window

Near infrared “windows”
or “bandpasses”.

Radio window

100%

w
=
X

Atmosphere\
is opaque Ny

Atmosphere Atmosphere
is opaque is opaque
LA 1 I I l ] ] 'f‘

Transparency

0% L1 | | ﬂ ] ]
0.Tnm 1Tnm 10nm/A100nm Tpm 10pm 100pmiTmm 1Tcm 10cm 1m 10m 100?1
/ Wavelength — \
X rays " Ultraviolet U Infrared & Microwaves : Radio
Visible
Figure 6-25
Universe, Eighth Edition
© 2008 W.H.Freeman andfompany
Ultraviolet radiation is Water vapor and carbon
absorbed by oxygen and dioxide absorb light between
nitrogen 1n the atmosphere. the optical and radio bands.
Astro1 - CLM
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Saturn Reflects the Sun’s Light;
And It Also Emits Light as Do All Blackbodies

Note:
color maps intensity in this
1mage, not temperature

(b)

Figure 6-24
Universe, Eighth Edition Astro1 - CLM

© 2008 W.H.Freeman and Company



A Panchromatic View of the Orion Nebula

Immense clouds of dust are At visible wavelengths
heated by hot, luminous, the dust is opague,
newly-formed stars; the
clouds glow at (a) ultraviolet
and (b) infrared wavelengths

obscuring the
newly-formed stars

— —

- -~

// X A \.\
«® Bc!z'fg(;us_e . N
/ ® Bellatrix \
N 7 \
A ! - . \
3 , Mintaka _ _ b |
.. | dinsensy " |
j . - = s U
RIVEEX 6 .. v/
.u . R I n UXG6 X . *Rigel 4
(a) Ultraviolet Orion - . No Bsior: & p?
(¢) Visible Orion o
REAVU X6 (d) A star chart of Orion

(b) Infrared Orion

Figure 6-27
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

Applying Wien’s Law is often the first step in understanding

the source of the emission.
Astro1 - CLM



A Panchromatic View of the Milky Way

An Aitoff projection
shows the entire

@ RIfAu x G

| Which images show
ofivuxae @ RIVUEJc the distribution of
stars? [T =3000 K
to 50,000 K]

What do the other
@ R1v U XE images show?

Figure 6-32

Universe, Eighth Editj
© 2008 W.H.Freema A%t{cg;laﬁy CLM



Exploring the electromagnetic spectrum
led to many discoveries

* Radio astronomy revealed the large mass of cold, interstellar gas
between the stars. This material 1s the fuel from which new stars
are made.

* X-ray astronomy probes the hot tenuous corona of the Sun, black
holes, and galaxies.

* Transient bursts of gamma-rays in the sky have been shown to
mark stellar explosions half-way across the universe.

» Ultraviolet and near-infrared observations probe the hottest and
coldest stars, respectively. We will learn that the hottest stars are
very massive and short lived; hence they mark recent sites of
stellar birth. The coolest stars are the most numerous and
account for most of the stellar mass in the galaxy.



Figure 6-28
Universe, Eighth Edition Astro1 - CLM

© 2008 W.H.Freeman and Company



James Webb Space Telescope
see movie on class website

Objective mirror

Insulating sun shield




Summary

The Doppler shift tells us how fast the emitting objects
moves toward us or away from us.

Geometrical optics

— Light rays must be focused to produce an image.

— Use the laws of Reflection & Refraction to focus light.
Telescope performance depends on

— Light gathering power

— Angular resolution (or resolving power)

— Location

The wavelength of the light (1.e., the bandpass)
determines what type of celestial objects are seen.

Astro1 - CLM






Homework #3 (Due 10/18/19)

* On your own: answer all the review questions in chapter 5 & 6.s
* To TAs: answer questions

— 5.34 (Note that Io’s surface temperature 1s -150° C and not
2150° C), 5.37, 5.43, 5.44

— 6.34 — What does the atmosphere do to images of the sky?

— 6.36--Why does Hubble Space Telescope produces sharp
1mages?

— 6.40 — Think about observing at sub-mm wavelengths

— 6.41- Think about absorption vs. emission lines

Astro1 - CLM



Telescope Demo
(iclicker Question)

Suppose the professor covers the bottom half of the objective
lens. What will the class see through the telescope on the sceen?

A. The top of the ruler, and this image will be inverted left to
right.

B. The bottom of the ruler because the image 1s inverted, and
this image will be inverted left to right.

C. The top of the ruler, and this image will NOT be inverted left
to right.

D. The bottom of the ruler because the image 1s inverted, and
this image will NOT be inverted left to right.

E. The same image we saw previously.

Astro1 - CLM



