Announcements

< Midterm in-class Tuesday, February 14th

- Content: everything through lecture 2/7, homework due 2/9
(Chapters 1,2,3,4)

- You will get a formula sheet and all numbers you need
- Closed book and notes
- Bring a pencil and a non-web-enabled calculator

- Best practice is to review the homework problems and
reading assignments

<+ Midterm review sessions: there will be 2, TBD

+ No homework due 2/16



Light and Atoms

-~ Atoms: release and absorb photons only with certain energies
- Different chemical elements: determined by number of protons and electrons
- Each element has a unique set of energy levels that its electrons can occupy
- Electrons can only move between available energy levels
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Light and Atoms

Get energy = absorb a photon, electron moves to a higher energy level
Release energy = emit a photon, electron falls to a lower energy level
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Light and Atoms

Get energy = absorb a photon, electron moves to a higher energy level
Release energy = emit a photon, electron falls to a lower energy level
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Number of photons (total amount of energy) emitted at each
wavelength: a spectrum
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Spectra

Prisms bend the path of photons according to their energy
White light contains a continuum of energies (wavelengths)

We see the energy of photons as the color of light
Different colors = different wavelengths of light,
photons of different energies

Long wavelength
White light

Short wavelength

1M =1x10"m = 1x10° mm



emission ||
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Hydrogen Spectra: e o
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Tube of hot hydrogen

Power supply
(electricity heats
hydrogen in tube)

Hydrogen emission
spectrum
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552 Note light at only
some wavelengths.




Light and Atoms

<« Atoms: release and absorb photons only with certain energies

Different chemical elements: determined by number of
protons and electrons

Each element has a unique set of energy levels that its

e
E

ectrons can occupy

ectrons can only move between available energy levels

Each element has its own fingerprint of energy

helium

Emission sodium
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neon

Wavelenath



helium

sodium

neon
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Emission Line “Fingerprints”
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Light and Atoms:
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Line Emission
“* Molecules: have additional energy levels because their
molecules can vibrate and rotate

- complicates their spectra: large numbers of very close
vibrational and rotational levels

...Molecule motion . Emission from H atoms
R R ————
41014340  486. 656.3

\ ' ’*‘7" ' nm nm nm .

- |
from Ho

molecules Wavelength
Note single lines from atoms, “Bands” of lines from molecules




Line Emission: and Then What?

What happens to a photon after the atom or molecule releases it?

1) If the matter is transparent:
Not dense = not many other atoms around. Photons can
travel freely in the blob of matter and can flow freely out

We observe: an emission line spectrum

L

wavelength

cloud of \
gas \ ’

intens

prism

Emission Line Spectrum



Line Emission: and Then What?

What happens to a photon after the atom or molecule releases it?

2) If the matter the atom is in is opaque:
High density, many atoms close together.

The photons collide with each other and
the atoms, like marbles shaken in a bag.

Photons share energy with the atoms.

=*» Change wavelength of photons emitted

Photon Energy=E=hv = hc
A



Line Emission: and Then What?

What happens to a photon after the atom or molecule releases it?

2) If the matter the atom is in is opaque:
High density, many atoms close together.

Electromagnetic force from close passes by other atom’s
electrons and nuclel.

Atoms change each other’s energy levels.
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Line Emission: and Then What?

What happens to a photon after the atom or molecule releases it?

2) If the matter the atom is in is opaque:
High density, many atoms close together.

Photons start at discrete energies, become spread out over a big
range of energy. Thermalized spectrum
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Kirchoff’s Laws: Types of Spectra

Copyright © McGraw-Hill Education. Permission required for reproduction or display.

Continuous spectrum

A

Emission-line spectrum (hydrogen gas)

Absorption-line spectrum (hydrogen gas)




Kirchoff’s Laws

1) Dense, opaque objects: emit continuous spectrum, thermal
emission spectrum
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Kirchoff’s Laws

2) Transparent, low-density matter, like a cloud of gas:

If gas is too hot to re-absorb photons: get an emission line
spectrum

cloud of H

|l
gas H |

O

wavelength

intensity

Emission Line Spectrum

Wavelength




Tube of hot hydrogen

Power supply
(electricity heats
hydrogen in tube)

Hydrogen emission
spectrum

5572 Note light at only
some wavelengths.

Low-pressure Na spectrum
(350-700 nm)



“* Some everyday line emission spectra

Spectrum of Compact Fluorescent Light photo: 20D
GREENLITE 18W/ELS-M 2700K FCC ID: NGAFJEE0404 J. Beale 9/2007 $
/J

Low-pressure Na spectrum
(350-700 nm)

High-pressure Na spectrum
(350-700 nm)
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Hot, low-density gas: emission line spectrum
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Kirchoff’s Laws

3) Thermal emission that encounters some other matter?

hot gas /////
v‘\ 7 ' W

I cloud of
gas |

hot light
SOurce prism

A) If it is transparent matter that is also hot: gas is too hot to absorb
photons. Light passes right through
(remember: transparent matter is low density)

See the same thermal spectrum: -




Kirchoff’s Laws

3) Thermal emission that encounters some other matter?

B) If that matter is dense (opaqgue): emission is absorbed,
energy used to heat the intervening matter

Observe: a thermal spectrum of the heated matter

L
\ \
A\
\ \
\ N
\ N
\J

prism

hot light
source

Planets, like Earth, are heated
by the sun



Kirchoff’s Laws

3) Thermal emission traveling through some other matter?

B) Dense, opaque matter: absorbed, thermalized
Observe thermal spectrum of the heated matter T R

Right: Walls of a house heated by the sun.
Left: Planets, like Mars.



Kirchoff’s Laws

3) Thermal emission traveling through some other matter?

C) Transparent, cool matter: atoms can re-absorb the light

Observe: an absorption line spectrum
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cloud of H '
gas ’

intensity
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Hot source Cloud of cool
hydrogen gas

Absorption lines

e

Wavelength —>=

Brightness —>

Plot of Spectrum

Hydrogen

absorption ;
Continuous spectrum
spectrum

Missing light absorbed by
Wavelength —>= , hydrogen atoms in gas.

Brightness —>~

Emission from hot source in all
directions, not like this (weird) image ;
Hydrogen absorption spectrum

410.1 434.0  4806.1 656.3
nm nm nm nm




Solar Spectrum

<+ Gas at the photosphere is cooler than the lower layers of the sun.

- Looks like this cartoon

| 9l We see an
absorption line
m spectrum from the
| sun
prism wavelength
Absorption Line Spectrum
Cooler gas,

Thermal source, the photosphere
the inner, dense,

opaqgue layers of
the sun

cool(er) gas

HT/

Y cloud of H ’

hot light gas
source

intensity

Cartoon structure of the sun —

sunspots radiation
zone




Why do we care so much about spectra of
light emitted by low-density material like
clouds of gas?

cloud of H, 6 .
gas H ’ 5
£

prism

wavelength

Emission Line Spectrum




Lots of It!

From the very beginning

Universe expanding
and coolin

|
NEUTRAL | ERA OF
HYDROGEN REIGNISATION
f }

380,000
years

1 billion years



Lots of It
And in our Milky Way Galaxy

ESO, Brunier




Galaxies like ours are made from gas,
which then make stars

A protogalactic cloud contains only hydrogen and helium gas.

Halo stars begin to form as the protogalactic cloud collapses.

ESO, Brunier

Conservation of angular momentum ensures that the
remaining gas flattens into a spinning disk.

Billions of years later, the star-gas-star cycle supports
ongoing star formation within the disk. The lack of gas in
the halo precludes star formation outside the disk

010 Pearson Education, Inc.




Stars are made from gas in galaxies, turn some H, He and other
elements into all the rest of the periodic table.

Some of that processed gas is returned to the Galaxy to make
more stars. warm neutral

and ionized gas

formation of
cold HI clouds ' disruption of

molecular clouds

formation of e stellar
molecular clouds B evolution

star formation




Stars are made from gas in galaxies, turn some H, He and other
elements into all the rest of the periodic table.

Some of that processed gas is returned to the Galaxy to make
more stars.

Radiation from nearby stars
Is eroding the surfaces of
these clouds and causing
them to glow . . .

... butthe
densest knots
of gas resist
that erosion
and continue
to form stars.

# a4

i




Stars are made from gas in galaxies, turn some H, He and other
elements into all the rest of the periodic table.

Some of that processed gas is returned to the Galaxy to make
more stars.

Orion Nebula:

High energy photons (what
color, blue or red?) and
winds from hot, young stars
heat and expand the gas.

Bubbles of hot, transparent,
low-density gas that emit
photons: emission spectra

Dark patches are dense,
opague regions where new
stars can form: continuous

speotra
Hubble Space Telescope




Stars are made from gas in galaxies, turn some H, He and other
elements into all the rest of the periodic table.

Some of that processed gas is returned to the Galaxy to make
more stars.

Tycho Supernova remnant:
the outer layers of an
exploded statr.

Energy of the explosion
heats the gas and expands
it to a hot bubble of gas:
emission spectrum

Light emitted from hot gas
has high energy, too

This image is taken in the
X-ray band




Stars are made from gas in galaxies, turn some H, He and other
elements into all the rest of the periodic table.
Some of that processed gas is returned to the Galaxy to make

more stars.

Helix “planetary nebula”

Not a planet at all, but the
outer layers of a dying star.

Blown off, like a super-sized
solar wind.

Transparent gas heated by
the hot, leftover core of the
dying star.

Hubble Space Telescope
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Hot, low-density gas: emission line spectrum
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Solar Spectrum

Light from the sun dispersed, as by a prism
Wavelengths: 400 nm - 700 nm

Bright = more photons at that wavelength.
Dark areas are absorption lines
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Solar Spectrum

<+ Gas at the photosphere is cooler than the lower layers of the sun.

- Looks like this cartoon

cool(er) gas

HT/

Y cloud of H ’

| 9l We see an
absorption line
m spectrum from the
hot light gas sSun
source prism wavelength
Absorption Line Spectrum
Cooler gas,

Thermal source, the photosphere
the inner, opaque

layers of the sun

intensity

Cartoon structure of the sun —

sunspots radiation
zone




Solar Spectrum

A more compact view of the solar spectrum:

<- Wavelength

Very cool interactive plot of
the solar spectrum:

http://bass2000.ocbspm.fr/
solar spect.php

A solar spectrum showing
the amount of energy at
each wavelength.

A thermal spectrum with
absorption lines.
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http://bass2000.obspm.fr/solar_spect.php

Kirchoff’s Laws

3) Thermal emission traveling through some other matter?

C) Transparent, cool matter: atoms can re-absorb the light

Observe: an absorption line spectrum

hOt ||ght m

source prism wavelength

cool gas

intensity

cloud of ’
gas ’

Absorption Line Spectrum

This is often the spectrum we observe from
stars and galaxies (which are made of stars)

Exception: hot gas in galaxies, where stars
are born or black holes live.
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cloud of
gas

intensity

galaxy image

wavelength

Absorption Line Spectrum



Other Kinds of Spectra: Galaxies

galaxy image

>
cloud of H-\ 7 =
gas H =
| =
prism
wavelength
Emission Line Spectrum
b
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Other Kinds of Spectra: Galaxies
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Spectra

intensity

ultraviolet blue green red infrared >
wavelength

© 2010 Pearson Education, Inc.

By studying the details in a spectrum, we can learn
a lot about the object that created it



intensity

Spectra

ultraviolet blue green

© 2010 Pearson Education, Inc.

A

red infrared >
wavelength

[ |11 || —
B C B =

Which are the absorption lines?
AN

B B

C D

D ACD

E CD



intensity

Spectra

ultraviolet blue green

© 2010 Pearson Education, Inc.

A

red infrared
wavelength

[ 1111 IS | ——
B C B =

Which are the absorption lines?
AN

B B

C D

D ACD

E CD



Spectra

=)

B

C

)

£

ultraviolet blue green red infrared >
wavelength

© 2010 Pearson Education, Inc.

Which letter labels emission lines?



Spectra

=)

B

C

)

£

ultraviolet blue green red infrared >
wavelength

© 2010 Pearson Education, Inc.

Which letter labels emission lines?



Spectra

Three types of spectra:

Thermal spectrum
Emission line spectrum
Absorption line spectrum

intensity

ultraviolet blue green red infrared >

wavelength

© 2010 Pearson Education, Inc.

Spectra of objects we observe are usually combinations of
the three basic types




intensity

What is this Object?

ultraviolet

blue green red infrared >
wavelength

Reflected sunlight: Continuous thermal spectrum
of visible light is like the sun’s, except that some of the
blue light is missing. It has been absorbed



intensity

© 2010 Pearson Education, Inc.

What is this Object?

ultraviolet blue green red infrared >
wavelength

Thermal radiation: Infra-red spectrum peaks

at wavelengths corresponding to a temperature of 225 K
(-18 C). High density material, not very cold (by
astronomy standards)



What is this Object?

T

'@

-

1]

3=

ultraviolet blue green red [nfrared
wavelength
© 2010 Pearson Education, Inc.

Carbon Dioxide: these absorption lines are the fingerprint
of cool CO2 gas.



intensity

What is this Object?

ultravio

blue green red infrared >
wavelength

Ultra-violet emission lines: hot, low-density (transparent)
gas. An atmosphere!
The atmosphere has hot gas, and cooler CO>



What is this Object?

intensity

ultraviolet blue green red infrared >
wavelength

© 2010 Pearson Education, Inc.

This Is a planet around a star! In this case, Mars

We can learn its temperature

We can learn the content and temperature and
density of

its atmosphere.




Doppler Effect

You know the Doppler Effect for sound.

If a train is standing still (at rest), its horn sounds the same (loud!) if
you stand in front of it or behind it.

If the train iIs moving, sound waves bunch up in front and
spread out behind, changing the wavelength and therefore the
frequency (the “pitch”)

Standing still Moving ->



Doppler Effect

If a train is standing still (at rest), its horn sounds the same (loud!) if
you stand in front of it or behind it.

Sound from an object moving toward you: peaks bunch up.
Wavelength gets shorter, frequency gets faster, pitch gets higher.

For an object moving away from you, peaks stretch out.
Wavelength gets longer, frequency gets slower, pitch gets lower.

\/\/ ﬂ N““Mﬁ:ﬁ-ﬂ“
: |\ - "
AWAV/ At ==t et ]|

) |

Standing still Moving ->



Doppler Effect

The same thing happens to light.

Light from an object moving toward you: peaks bunch up.
Wavelength gets shorter, frequency gets faster.

Remember: E=hv = h_;f So light become blue: Blue Shift

For an object moving away
from you, peaks stretch out.

Wavelength gets longer, = |
frequency gets slower. ﬁm\/\/\/ Y VVVV

Light becomes redder:

Red Shift Bulb moving ->



Doppler Effect

The amount of wavelength change you measure, red or blue, is
proportional to the velocity of the light source toward you or away
from you.

This is the velocity of the source /
along your “line of sight”



Doppler Effect

The amount of wavelength change you measure, red or blue, is
proportional to the velocity of the light source toward you or away
from you.

This is the velocity of the source along your “line of sight”

: : Vios = AN = Ashift = Arest
Doppler formula for light: = T =

VoS IS also called the “redshift”

C B
If Ashift > Arest , VLos > 0 and A |
the source is moving away ilh\/\/\/ v WW
from the observer |

——

Bulb moving ->



Doppler Effect

Doppler shift tells you only about the velocity along your line of sight.

/ This observer doesn’t
see any Doppler shift:
object is not moving

toward or away from
him.

Dotted: line of sight
Red and gray
arrows: velocity

- .
SV ]

— — '/(

Bulb moving ->



Doppler Shift

We can measure the velocity (direction and speed) of a light source
from its Doppler Shift.

Laboratory spectrum --




Doppler Shift

We can measure the velocity (direction and speed) of a light source
from its Doppler Shift.

Object 1

Object 2

Object 3

Object 4

Larger red shift, moving
| Blue shift, moving toward
you
_- Larger blue shift, moving
toward you faster
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J1030+4+0524 z=6.2
U1623+3112 z=B.22

- Ll il Sl il et R - R il el i R i Ll Bl S

: J1048+4637z 62

R R N N I N T

..1 --,-.-,-., --)-..,- do ww gy -

J16802+4228 z=B. 07

i ooma

lf *‘1 e B T o v Ai_.q-ry‘\‘(\, g d“\,& ._"hlr*‘r*l\‘*ﬁ-&

DB40 5824 £=5.8
~H0005--0008 =585
1456-+5007 z=5. 83 : : i :

_— T S R e L R L . L R - - - v wis == - - - .- - - -- --- - s wlr w- - - - . - - g -

3 J0836+0054 z=582 M —~—

i o A e - - - e e R I R R IR ™>™ s oo ) osop oo o cngesofiocsesohosnccnl]oesosen

: 100022550 '2=5 85 Mmmm
£ e g T e Nt e e e e AR mge o A D o g e T

JD927+2001 z=5.78 m
‘ o Lo apaams et e

pl o’ Spmnpr OF W PVl T Vit o N e T v AN P s O L S o W LR ] N
J1044—-Q125 z=5.71

N AT : L G s ik - A R & Sl AREA S0 - e e T s T i
"0 o TR TR0 T#e0 0 0 K0 >0 L] o) K0 20y ] R0 ~4m [ L o] b

(&)




Doppler Shift

We can also measure the
rotation of an object.

Light from one side is blue
shifted, the other red-shifted.

i
R i e
w: e ‘*:
&

Which star is rotating faster?




Doppler Shift

Spectrum of a rotating object: spectral lines get broader and
spectral shape gets broader as an object rotates faster.
Light is more spread out.

Intensity intensity

il

wavelength wavelength

iIntensity Intensity

A

wavelength wavelength




Measuring Masses for Planets Orbiting other
Stars: Newton’s Version of Kepler’'s 3rd Law

P2 = (211)2 If M+ >> M2 then this can be simplified
ds G (M1+M2) to ignore Mo

1) Measure orbital period, P, by measuring the Doppler shift of the
central star Vpoppler,star @s it orbits the Center of Mass of the star
+planet system

Observation of Stellar Motions Due
to Presence of Extra-Solar Planet

- Watch the Doppler shift change

as the star moves toward and away -

. . Sy_st;nlw'g Ceﬁ[e?rgfu;}ass +
from us on its orbit around the ‘j m ;f‘ b : Ea"ﬁg
Center of Mass | |

- Measure the time it takes the

Doppler shift pattern to complete a  gisicielee:  — g —
. . . line of sight)

full cycle. This is the period of the °

, |
planet’s orbit '
Dopp.]er Snlﬂ !-
(Detects movement along I:
line of sight)




