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Chapter 5:
Light and Matter:

Reading Messages
from the Cosmos
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5.3 Properties of Matter

* Qur goals for learning:
 What is the structure of matter?
 What are the phases of matter
- How is energy stored in atoms?
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Molecules, atoms, sub-atomic particles

Source: Royal Society of Chemistry

Hydrogen
atom

Oxygen
atom



What is the structure of matter?

The nucleus is nearly 100,000 times
smaller than the atom but contains
nearly all of its mass.

Ten million atoms
could fit end to end
across this dot.

—1.0. | :
S F—10""Y meter — Nucleus: Contains

Atom: Electrons are “smeared out” in positively charged
a cloud around the nucleus. protons (red) and
neutral neutrons

(gray).
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Atomic Terminology

* Atomic number = # of protons in nucleus
« Atomic mass number = # of protons + neutrons

Hydrogen ('H) Helium (*He) Carbon ('2C)

atomic number = 1 atomic number = 2 atomic number =6

atomic mass atomic mass atomic mass
number = 1 number =4 number = 12
(1 electron) (2 electrons) (6 electrons)

 Molecules: consist of two or more atoms
(H,O, CO,)
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Atomic Terminology

* |sotope: same # of protons but different # of
neutrons (*He, 3He)

carbon-12
120

(6 protons
+ 6 neutrons)
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Isotopes of Carbon
carbon-13

&

13C
(6 protons
+ 7 neutrons)

carbon-14

B

14C
(6 protons
+ 8 neutrons)



What are the phases of matter?

« Familiar phases:
« Solid (ice)
 Liquid (water)
« (Gas (water vapor)

* Phases of same material behave differently
because of differences in chemical bonds.

* The fourth phase of matter: plasma
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Phase Changes

Full ionization
(plasma)

i Partialionizaton © lonization: stripping of
.- (plasma & neutral electrons, changing atoms
matter) into plasma

/ Breaking molecules « Dissociation: breaking of
(dissociation)  €4== mslecules into atoms

T [ ] ]

: - Evaporation: breaking of
M __ ~7s, Breaking flexible : -

: €7 % ' Bonds(gas) erX|bI§ ch.emllca_l bondg,
[ changing liquid into solid
¢+ )\ .iy: Flexible chemical * Melting: breaking of rigid
v ©  ®ees Dbonds (fluid) “+= chemical bonds, changing
R ] [] ] ]

g solid into liquid

.« %, Rigid chemical
““, 5> bonds (solids)
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Phases and Pressure

Atmosphere 9
- 3

9?’ 3 9 &

The pressure of water vapor determines

to the ocean by colliding with its surface.

,id?q?&p

..... q
’ a how frequently water molecules return "
P

* Phase of a substance depends on both
temperature and pressure.

« Often more than one phase is present.
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How is energy stored in atoms?

A
ionization
level 13.6 eV
level 4 12.8 eV ]
ovels re1ev Excited states
level 2 A z 10.2 eV
evel 1 T v .., Ground state
ote)

* Electrons in atoms are restricted to particular
energy levels.
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Energy Level Transitions

ionization

evel N -6 <

level 4

level 3

level 2 y

level 1 T y

(ground

AN

12.8 eV
12.1eV

10.2eV

OeV

Not allowed Allowed
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* The only allowed
changes in energy
are those
corresponding to a
transition between
well-defined energy
levels.

Higher energy level
Photon Photon
absorption emission

Lower energy level



What have we learned?

« What is the structure of matter?

 Matter is made of atoms, which consist of a nucleus
of protons and neutrons surrounded by a cloud of
electrons.

 What are the phases of matter?

- Adding heat to a substance changes its phase by
breaking chemical bonds.

* As temperature rises, a substance transforms from a
solid to a liquid to a gas, then the molecules can

dissociate into atoms.

« Stripping of electrons from atoms (ionization) turns
the substance into a plasma.
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What have we learned?

- How is energy stored in atoms?

* The energies of electrons in atoms
correspond to particular energy levels.

« Atoms gain and lose energy only in amounts
corresponding to particular changes in
energy levels.
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5.4 Learning from Light

* Qur goals for learning:

 What are the three basic types of spectra?

- How does light tell us what things are
made of?

 How does light tell us the temperatures of
planets and stars?

 How does light tell us the speed of a
distant object?
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What are the three basic types of spectra?

intensity

ultraviolet blue green red infrared —»
wavelength

« Spectra of astrophysical objects are usually
combinations of three basic types:
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Three Types of Spectra

y
hot light
source
a
cloud of
gas
b
\f cloud of
hot light gas
source
C

© 2017 Pearson Education, Inc.

[ >
[ 5
£
prism
wavelength
Continuous Spectrum
o
\V 1=
[0}
prism |
wavelength
Emission Line Spectrum
=
H
~— S
=

wavelength

Absorption Line Spectrum



Continuous Spectrum

intensity

hot light
source prism

wavelength

Continuous Spectrum

* The spectrum of a common (incandescent) light
bulb spans all visible wavelengths, without
iInterruption.
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Emission Line Spectrum

cloud of H v \ : H ‘ ‘ ‘ H | ‘
gas H ’
prism '

wavelength

ﬁ

intens

Emission Line Spectrum

* A thin or low-density cloud of gas emits light
only at specific wavelengths that depend on its
composition and temperature, producing a
spectrum with bright emission lines.
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Absorption Line Spectrum

I |
ne:s\

' cloud of U ’

1 s W

source prism wavelength

Absorption Line Spectrum

* A cloud of gas between us and a light bulb (or a

star) can absorb light of specific wavelengths,
leaving dark absorption lines in the spectrum.
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How does light tell us what things are
made of?

1 TI0 11
| | B Illll
| 5B | | | 1
! W i | i N
| ] [
l i i
1 l | ll | | l 11 [N |

ll lIll T l'l 1
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Chemical Fingerprints

« Each type of atom

Ieveli% has a unique set of
level 3 ‘;D%t&%\ l energy IeVGIS.
level 2 /)/)) OO; ;’ ‘7’ ‘; P g

0,50, %, * Each transition

% D %
corresponds to a
IERE, unique photon
%% energy, frequency,

a Energy level transitions in hydrogen correspond to photons a n d Wave I e n gth .

with specific wavelengths. Only a few of the many possible
transitions are labeled.
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Chemical Fingerprints

 Downward transitions produce a unique pattern
of emission lines.

410.1 434.0 4806.1 656.3
nm nm nm nm

b This spectrum shows emission lines produced by downward
transitions between higher levels and level 2 in hydrogen.
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Chemical Fingerprints

« Because those atoms can absorb photons with

those same energies, upward transitions
produce a pattern of absorption lines at the

same wavelengths.

410.1 434.0 486.1 656.3
nm nm nm nm

¢ This spectrum shows absorption lines produced by upward
transitions between level 2 and higher levels in hydrogen.
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Chemical Fingerprints

helium

sodium

neon

I v T o

« Each type of atom has a unique spectral
fingerprint.
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Chemical Fingerprints

11T Y Y B I I | |
hydrogen lines

* QObserving the fingerprints in a spectrum tells us
which kinds of atoms are present.

© 2017 Pearson Education, Inc.



What does this remind you of?

(7252727 73070

* A bar code! This is as unique a ‘fingerprint’ as
the spectrum of a certain atom, or combinations
thereof



Chemical Fingerprints

Example: Solar Spectrum

O @1 i bl Ol ER e 1 CeR NS imE VRl A
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Energy Levels of Molecules

rotation vibration

» Molecules have additional energy levels
because they can vibrate and rotate.
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Energy Levels of Molecules

* The large numbers of vibrational and rotational

energy levels can make the spectra of
molecules very complicated.

« Many of these molecular transitions are in the
Infrared part of the spectrum.
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Thought Question

Which letter(s) label(s) absorption lines?

Py
‘®
o
iC]
£
ultraviolet blue green red infrared —»
wavelength
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Thought Question

Which letter(s) label(s) absorption lines?

Py
‘®
o
g
£
ultraviolet blue green red infrared —»
wavelength
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Thought Question

Which letter(s) label(s) the peak (greatest
intensity) of infrared light?

sity
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Thought Question

Which letter(s) label(s) the peak (greatest
intensity) of infrared light?

sity
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Thought Question

Which letter(s) label(s) emission lines?

intensity

infrared —>»

ultraviolet blue green red
wavelength

C D E

A B
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Thought Question

Which letter(s) label(s) emission lines?

intensity

infrared —>»

ultraviolet blue green red
wavelength

C D E

A B
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How does light tell us the temperatures of
planets and stars?




Thermal Radiation

* Nearly all large or dense objects emit thermal
radiation, including stars, planets, you.

* An object's thermal radiation spectrum depends
on only one property: its temperature.
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Properties of Thermal Radiation

1. Hotter objects emit more light at all frequencies
per unit area.

2. Hotter objects emit photons with a higher
average energy.

o - 15,000 K star
S 108F
7 (O]
2o i the Sun (5800 K)
8L 108k
>3
% 3000 K star
c © 4
oS 107 -
Ex i
2E qe :
= 310 K human
o i N
= 100 I 1 1 I LN |
10! 102 103 10* 10°
wavelength (nm)
<—\ltraviolet infrared —»
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Thought Question

Which is hottest?

A. a blue star
B. ared star

C. a planet that emits only infrared light

THE VISIBLE SPECTRUNM = Wavelength in Nanometers

400 450 500 550 600 650 700 800
{ultra) Viclet Blue Cyan Green  Yellow Orange Red Magenta (infra)
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Thought Question

Which is hottest?

A. a blue star

B. ared star
C. a planet that emits only infrared light

THE VISIBLE SPECTRUNM = Wavelength in Nanometers

Blue color = lower
wavelength = higher
frequency = higher

energy / temperature e o

{ultra) Viclet Blue Cyan Green  Yellow Orange Red Magenta (infra)
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Thought Question

Why don't we glow in the dark?

A. People do not emit any kind of light.

B. People only emit light that is invisible to our
eyes.

C. People are too small to emit enough light for us
to see.

D. People do not contain enough radioactive
material.
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Thought Question

Why don't we glow in the dark?

A. People do not emit any kind of light.

B. People only emit light that is invisible to our
eyes (infrared).

C. People are too small to emit enough light for us
to see.

D. People do not contain enough radioactive
material.
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Example: How do we interpret an actual
spectrum?

intensity

ultraviolet blue green red infrared —»
wavelength

« By carefully studying the features in a spectrum,
we can learn a great deal about the object that
created it.
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What is this object?

intensity
—

ultraviolet blue red infrared ——>»
wavelength

Reflected sunlight:
Continuous spectrum of
visible light is like the
Sun's except that some
of the blue light has been
absorbed—object must
look reddish.
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What is this object?

intensity

/

ultraviolet blue green
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red

wavelength

infrared

Thermal radiation:
Infrared spectrum
peaks at a wavelength
corresponding to a
temperature of 225 K/
-48° C/-55° F



What is this object?

intensity

/

ultraviolet blue green red infrarefl —>

wavelength

Carbon dioxide:
Absorption lines are
the fingerprint of CO,
In the atmosphere.
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What is this object?

intensity

ultraviolet blue green red infrared ——
wavelength

Ultraviolet emission
lines: Indicate a hot
upper atmosphere
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What is this object?

intensity

ultraviolet blue green red infrared ——
wavelength

Mars!

The red planet!
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How does light tell us the speed of a distant

object?

train stationary

... Isthe same as
the pitch this
person hears.

The pitch this
person hears . . .

a The whistle sounds the same no matter
where you stand near a stationary train.
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train moving to right

In front of the train,
sound waves bunch up
to shorter wavelength
(higher frequency

and pitch).

Behind the train,
sound waves stretch
to longer wavelength
(lower frequency
and pitch).

3 ) [T1 JTDCRECELY Il
W T T o -y - YA B

b For a moving train, the sound you hear
depends on whether the train is moving
toward you or away from you.

light source moving to right

The light source is
moving away from this
person so the light
appears redder
(longer wavelength).

= =

The light source is
moving toward this
person so the light
appears bluer
(shorter wavelength).

Y. WW(I

¢ We get the same basic effect from a
moving light source (although the
shifts are usually too small to notice

with our eyes).

‘Whistler’ plasma
waves in Earth’s
magnetosphere



Measuring the Shift

Laboratory spectrum
Lines at rest wavelengths.

than Object 1.

Object 3 Lines blueshifted:
Object moving toward us.
Object 4 (Greater blueshift:
Object moving toward us
faster than Object 3.

*  We generally measure the Doppler effect from
shifts in the wavelengths of spectral lines.

Object 1 Lines redshifted:
Object moving away from us.

Object 2 (Greater redshift:
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Measuring the Shift

 The amount of blueshift or redshift tells us an
object's speed toward or away from us.
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Measuring the Shift

* Doppler shift tells us ONLY about the part of an
object's motion toward or away from us:

/ Star 11s moving directly

. e away from us, so the Doppler
shift tells us its full speed.

. T(. ........... Star 2 is moving across our
" line of sight, but not toward
] T mm—————— 2 or away from us. The Doppler

shift measures no speed at all.

Star 3 Is moving diagonally
away from us. The Doppler

3 shift tells us the part of the
Y star’s speed away from us . . .
/> . . . but not the part of the
P speed across our line of sight.
Iy
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Thought Question

| measure a line in the lab at 500.7 nm. The same
line in a star has wavelength 502.8 nm. What can |
say about this star?

A. It is moving away from me.
t is moving toward me.
C. It has unusually long spectral lines.

W
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Thought Question

| measure a line in the lab at 500.7 nm. The same
line in a star has wavelength 502.8 nm. What can |
say about this star?

A. It is moving away from me.

B. It is moving toward me.
C. It has unusually long spectral lines.
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Rotation Rates

* Different Doppler

A spectral line from ... because light from

Star A is narrow. . . different parts is shifted S h iftS fro m d iffe re nt

only slightly from center.

inti_r?jity intirf”y sides of a rOtating
Al object spread out its

wavelength wavelength

spectral lines.

A spectral line from ... because light from
StarBis broad. . . different parts is shifted
farther from center.
intensity intensity

N

wavelength wavelength
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Spectrum of a Rotating Object

Star A is rotating

Star B is rotating

... sothis lightis

slightly blueshifted . . .

... andthis light is
slightly redshifted.

... Sothis lightis

greatly blueshifted. . .

... and this light is
greatly redshifted.

A spectral line from

Star A is narrow. . .

intensity

7N\

wavelength

A spectral line from
Star B is broad. . .

intensity

wavelength

. . . because light from
different parts is shifted
only slightly from center.

intensity

Alk

wavelength

... because light from
different parts is shifted
farther from center.

intensity

- »_\v

wavelength

« Spectral lines are wider when an object rotates

faster.
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What have we learned?

© 2017 Pearson

What are the three basic type of spectra?

* Continuous spectrum, emission line
spectrum, absorption line spectrum

How does light tell us what things are made
of?

« Each atom has a unique fingerprint.

*  We can determine which atoms something is
made of by looking for their fingerprints in the
spectrum.

Education, Inc.



What have we learned?

 How does light tell us the temperatures of
planets and stars?

* Nearly all large or dense objects emit a
continuous spectrum that depends on
temperature.

* The spectrum of that thermal radiation tells
us the object's temperature.

 How does light tell us the speed of a distant
object?

« The Doppler effect tells us how fast an object
IS moving toward or away from us.
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or objects closer to us, like the Sun

SOHO MDI
1996 May 24 00:00UT
31-minute filter

The Sun is
rotating, as
Credit: NASA / MSFC We knOW!



