ASTRI PHYS 1 060

The Umverse

Chapter 10: Measuring Stars

Planetarium Extra Credit

Chapter 10 Reading Assignment due today at Opportunity!
10:45am (see the syllabus)

Chapter 11 Reading Assignment due Tuesday, Sept.“2§th or.2€_3th”at 6:45 pm for
October 1st the “Night Vision” show at the

Clark Planetarium

Are your grades in Canvas correct??? Free tickets available from me,
$2 otherwise
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What’s easy to measure for stars?

e Their positions on the celestial sphere
* Their spectra (brightness as a function of wavelength)

e ~Changes in position and spectrum~

What’s hard to measure for stars?

e Their distance
* Their size (resolving them)
e Their mass
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How do we measure

distances on the
Earth?
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Parallax

1) Calibration: hold your pinky finger at arm’s length, close one eye, and measure its width
(this is about 1 degree in angle)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

( — - H
( @ unit unit
D Example: Cuzco is about 1.5 units long
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Parallax

2) Close your left eye and center a finger or pen on the “1” line

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

— H H
( C | Cuit 12 1/4
(@ unit unit
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Parallax

3) Open your left eye, close your right eye, and measure how far your finger moved

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

~—
U

r
( @ 1 unit 1/2 1/4
| unit unit
€ =
D ' Example: Cuzco appeared to

§’ move 9.25 units
v
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Parallax

4) Divide the apparent movement by the width of your pinky to get the angle in degrees

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

~—
U

f
(@ unit unit
D
Example: 9.25 /1.5 = 6.2 degrees
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Parallax

5) Divide 110 inches by the number of degrees to get the distance to your finger!

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

~—
U

r
(@ ' unit unit
D ' Example: 110 inches / 6.2
m degrees ~ 18 inches
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Parallax

5) Divide 110 inches by the number of degrees to get the distance to your finger!

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

~—
U

]
@ Cunit 172 174
(( 3 unit unit
de e :
>,  © >~ = f(radians)
D 2.5 inches 110 inches
D = : ~

m 0(degrees) x (w/180°)  fO(degrees)
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Parallax

Place your finger about 1 foot away and repeat the test. What distance did you get?

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

~—
U

r
( ® 1 unit 1/'2t 1/‘_1t
' uni uni
(9 } deye .. .
°. © = @(radians)

D §’ D— 2.5 Inches ~ 110 inches

0 0(degrees) X (w/180°)  6(degrees)
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Parallax

Earth today

Earth 6 months later

In the same way, astronomers use the
changing perspective of Earth through
the year to measure distances to stars.

Distant stars appear to change their
positions less than nearby stars do.

n_ 1 AU 206,265 AU 3261y _ 1 parsec
~ B(arcsec) x (w/180°) x (1°/3600 arcsec)  @(arcsec)  O(arcsec)  6(arcsec)
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Which star is the most luminous?

What we see in the sky

Nearest

> Earth
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Distance and Brightness gives Luminosity

— 1
\>M
RN
21 7
Star’s Star’s Luminosity
Brightness ) 4 11 distance?
3r
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(@) | One star may appear
fainter than another...

Which case for the red

...either because the star
IS truly less luminous... A
star would have the
...0r because it Ly’
larger parallax”

If brightness and distance
can be measured... ...then luminosity

can be calculated.

ASTR/PHYS 1060: The Universe
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What’s easy to measure for stars?

e Their positions on the celestial sphere
e Their spectra (brightness as a function of wavelength)

e ~Changes in position and spectrum~

v

What’s hard to measure for stars?

e Their distance Q
* Their size (resolving them)
e Their mass
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Emission and Absorption Lines

o

HP

spectral flux density 7;/arbitrary units

[OI11]

Emission
sticks up

1 Ay ]
/W Absorption

stipks dpwn

Hao

[NIT)

Electrons and Emission

Light (photon)

Higher energyg:lzlaigely - —

| ]
400 450

I
400 450
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L
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wavelength A/mm
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Change in
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700 =
Energy of
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Each atom has a unique set of energy levels

Energy states of atoms are like
- shelves in a bookcase.

|

r You can find a book on one shelf or another, but not
In between.
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y y
> B === > E,
5| Za 5| Zs
D 0
E, B—0—
Ground 7 Ground
1 state 1 state

We use energy level diagrams to represent the allowed
energy states of an atom.

Atom in Atom in
E, energy state E, energy state

Analogously, atoms exist in one allowed energy state
or another, but never in between.

Fall 2019: Chapter 10
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Remember: Light is “Quantized”

(@)

You start with 16 cents: a dime,
a nickel, and a penny.

'You now have 11 cents. You never had any amount
between 16 and 11 cents. You instantly “transitioned”
from having more money to having less money,

without ever having an intermediate amount of money.

>
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(b)

rAn atom with energy
E, decays to the lower

!

state with energy E;...
|

@ E2
>
% Ephoton = EQ—E1
(o= AN\
= I
e E1

...by emitting a photon
that carries off the extra

energy, E,-E,.

Fall 2019: Chapter 10
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many two-state atoms
with energy E....

€D A hot cloud containing |

Spectra Lab: Emission Tubes

B ...will emit photons
with energy E, — E,
in all directions.

B When light from the cloud
Is collected and passed

ASTR/PHYS 1060: The Universe

through a slit and a prism...

.

2

"

Telescope

Slit

€3 ...the light shows up as a
bright emission line at the
wavelength corresponding to
a photon energy of £, - E,.

~

o

Prism
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Spectra Lab: Emission Tubes

(a) Energy states of the hydrogen atom

& >
5
4
Eq
J
;
E,
Transmons to Ko emit
photons with visible
| wavelengths.
>
£
e
= MWW
Transitions to £4 emit
invisible ultraviolet photons.
PR
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(b) Visible emission spectrum from hydrogen

Hydrogen

350 400 450 500 550 650
Wavelength, A (nm) 600

(c) Hydrogen emission spectrum (intensity vs. wavelength plot)

0 /g2 N5 hg-»2 A3
N
: \
|-
z \ /
D
L il A
350 400 450 500 550 600 650

(d) Emission spectra for helium, mercury,
neon, and sodium

-

Wavelength, A (nm) [

Each type of atom has a
unique spectral fingerprint.

i I N N
i 1
i Y O A
350 400 450 500 550 600 650

Wavelength, A (nm)
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Spectra Lab: Blackbody Emission

N

White light contains , ...S0 its spectrum
Wavelengths all wavelengths... contains all of the
colors of the rainbow.

‘ -
s Wavelength
)
source Telescope
10 - ultraviolet ; visible | infrared
| . |
- N LW
¥ LY
3 I : \\ A
7~ | \
Z r | ‘
: | \. Spectrum
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I i\
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\\
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e
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0 1.0 2.0 3.0
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In small groups, discuss this question and your reasoning:

If you see a star bluer than the sun, would you
expect it to have a lower or higher luminosity?

If a star is very faint, what color would you
expect it to be?

ASTR/PHYS 1060: The Universe Fall 2019: Chapter 10
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Spectra Lab:

Blackbody Emission

When white light passes

through a cool gas containing
hypothetical two-state atoms | MWV
with energy E,...

-

Photon
i absorbed B
NN o
M= (i
; | E 1 —o
LAMAAA |
d AN B |
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Intensity / (arb. units)

10

Q)

— ultraviolet

—

infrared

A ———————— — —
i

\
‘m T
E Amax \e6000 K
;}.\
N 5000 K
\\ ;"max
) 4000 K
3 i \\
~3000 K
L —O—
A‘ L =T 1 1 I R T TR T N R I } R e——
1.0 2.0 3.0
Wavelength A (um)
' s
A
SN Wavelength
@
4
"
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...and are missing
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of the light.
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Typical stellar spectrum has many absorption
lines, which we graph

\

Absorption line

Brightness ——»

300 400 500 600 700
Wavelength (nm)

_
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ASTR/ PHYS 1 060

The Unlverse

Chapter 10: Measuring Stars

Planetarium Extra Credit

Opportunity!
Chapter 11 Reading Assignment due Tuesday, (see the syllabus)

October 1st

Sept. 26th or 28th at 6:45 pm for
the “Night Vision” show at the

Clark Planetarium
Are your grades in Canvas correct???

Free tickets available from me,
$2 otherwise
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ASTR/PHYS 1060: The Universe

Absorbing —

atmosphere

N

A continuous blackbody spectrum
emerges from the hot interior of the star.

As radiation passes through the star’s

Intensity —»

Wavelength, . —»

\

atmosphere, atoms absorb photons

of certain wavelengths, causing .

absorption lines in the stellar spectrum. 2
T Photon >
& absorbed g’
= NN\ =
0 L
@
=

E,

Atoms in the hot outer atmosphere
of the star may also emit photons, /\ E,
causing emission lines in the
spectra of some stars.

Photon

emitted
NN\

Energy

Intensity ——»

350 400 450 500 550 600 650 700
Wavelength, A (nm)
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What kind of spectrum does the Moon have?

A) Emission Line
B) Blackbody
C) Absorption Line

Luna Llena 11/01/2009 03:20 UT Enzo De Bernardini
1/1000" [Newt 200 mm F/5, afocal, Pléssl 32 mm, ISO-100, SONY DSC-W5] Buenos Aires, Argentina
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Annie Jump Cannon Classifies the Stars

e one of “Pickering’s Women,” a
Harvard “Calculator”

in the sky down to 9th magnitude

e defined the classification scheme fo
stellar spectra

e manually classified over 350,000
stars

e realized stellar types correlated with
temperature (but not in the original
order)

ASTR/PHYS 1060: The Universe Fall 2019: Chapter 10

e part of the effort to catalog every star

r
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l l l l l lBaImer series (N=X -> n=2) l

I Enerqy states of the hydrogen atom

=
s B
A

I

|
, NF

Transitions to E> emit |
> photons with visible
O wavelengths.
=
© S
— o
Q c PV
) L
Q.
dp) Transitions to £¢ emit
invisible ultraviolet photons.
7
1
350 400 500 600 700
Near UV Near IR

Wavelength, A (nm)
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More Violet Light

Spectral types
(M) aunresadws) eoeung

More Red Light

350 400 500 600 700

Near UV Near IR

Wavelength, A (nm)
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If temperature
IS what we
want, why use
spectra?

Dust preferentially
absorbs bluer light
(uniformly), so a star’s
color will change (but the
relative strengths of its
lines will not)

ASTR/PHYS 1060: The Universe

' . v
-------
-----
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Color and temperature are connected

Stefan-Boltzmann Law:

10 Fultraviolet | visible

Intensity / (arb. units)

] . \. [ ] [
, | Infrared Luminosity per unitjarea = constant x Temperature*
| | - I L .
i ) | Wien's Law:
! \ I
8- a | :
| \ — I l l = W Stefan-Boltzmann Law:
N \ l Ama.X - 2900 E K \ A square meter of a hot
= gy \ - star's surface radiates
N Temperature [in K] moro snery than
6+ \ square meter of a cool
\ s star’s surface...
\ -
- W N\6000 K
4 \
| N NS000 K
\\ Amax
5 | 4000 K
Ne '
L ~ " » gl . 1'
3000K N t
Calculate
() / - == —n how big
0 [.0 2.0 the star
Wavelength A (um) " must be.

Measure temperature
from color.

1 ym =1000 nm

Intensity
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Centre of Mass

Binary Stars

speciroscopic Binary

A speciroscopic binary is where there 1s evidence of orbital motion in
the speciral features due to the Doppler effect

Ml C©
k- blueshaft

.’&'. .'&'.
B -

l-
—

Ubserved Spectrum oty

i c
it blueshift
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Weighing stars in a Binary

dp

, Stars in a binary j
system orbit their

ASTR/PHYS 1060: The Universe

center of mass. : Star 2

|
i

Center
of mass

The center of mass i1s where

the support of a balance must be.

J

1/2 x period 3/4 x period
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What’s easy to measure for stars?

e Their positions on the celestial sphere@
* Their spectra (brightness as a function of wavelength) Q

e ~Changes in position and spectrum~

v

What’s hard to measure for stars?

e Their distance Q Q
* Their size (resolving them)
e Their maSS@
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are red.

Hot stars
are blue.

{ Cool stars }

Hertzsprung-Russell -

10° = 7 - 7 -10
HR) Diagram
Iag ra 10° |
10* o b y 5
5 10° .
@ x>
9 All stars with a o =
2 12 N radiusofjh’elie 0 g g
= d along this line. T |=
s h s B
n n n n n n 3 101 c =
Luminosity (intrinsic brightness) 3 -
. = D
on the y-axis | 5 &
[ g
2 10~ i
1072 = +10
H-R diagrams are sometimes
104 plotted with either spectral type § +15
or temperature. s
107 |
: : 10, 2
Spectral Type, Color, Temperature 40,000 30,000 20,000 0,000 6000 3000 2500

Surface temperature (K)

S -
05 BO B|5 A|0 F’() Glo KIS M5
Spectral type
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Globular Cluster Color-Magnitude Diagram

ASTR/PHYS 1060: The Universe

12

14

20|

o< |

1

B T i

t

J

1

[TT"I(

|

I

'

I

T

1

T—ITI

|

1

4

1+ Brighter
M 3 (7412 stars) .
Complete Sample e A
35<r<6
g a9 F ;
F .
o} o —
QO
o °R 00 ©© |
| Fainter
Bluer . Redder ™
1 1 J 1 L 1L ! 3 i 1 | l | - | 1 J 1 1 Ad 1 j 1 | | i
-0.5 0 0.5 1 1.5
(B~V)
Fall 2019: Chapter 10

37



Gaia CMDs

St
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L e

Lo L e - 66 million stars
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Mass determines the
location of a star along
the main sequence.

rHigh-mass main- 107

sequence stars are
hot and luminous. \

Hydrogen-burning
) stars fall on the Main
B Sequence in a specific
B place determined by
o their mass

sequence stars are
cool and dim.

—
o
w

b,
o
N

—
=

—

Visual luminosity relative to Sun

. 08My N\
0.2 Mg

S| | ;
40,000 30,000 20,000 10,000 6000 3000
Surface temperature (K)

ASTR/PHYS 1060: The Universe Fall 2019: Chapter 10 39



10() llllllll I lllllllll l rrrrrrrrr l IIIIIIIII I IIIIIIIII I IIIIIIIII ] IIIIIII

1o | Star P:
- “ Spectral Type: B5
_3% 10° 1 Luminosity: 300 Lsun
=
S 10t i
=
—
._] )
107~ 0.0l 4 Star Q:
0.001 | Spectral Type: K3
107 L ) Luminosity: 0.008 Lsun
111111111 s e o s e Lo Lo s saaag
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Spectral Type
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