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Ellen Dorrit Hoffleit
March 12, 1907 April 9, 2007

1964 Yale Bright Star Cataloges

Every star visibleo magnitude6.5
9,096stars

Oldest astronomer to have ever
lived--100years
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A Battle of Forces

(a) Low pressure (b) High pressure EIeCtrO m a.g N etl C
Thermal Pressure

grains in red giant
b star's atmsphere

i N
&e :

radiation pushes on
grains; grains push on gas

Strong nuclear Radiation Pressure Electron degeneracy



What Is a Star?

Hydrogen and helium gas
pulled together by gravity

Fusion creates gas and radiation
pressures which push outward

and

Radiation
Pressure

Pressure
_ P :« Pressures balance

MG Star stable Hydrostatic Equilibrium

L)

Stars seed universe with the elements



H R Diagram Introduction



HR Diagram History

Independent b A |
Ejnar Hertzsprung 100 stars with known distance  Henry Norris Russell
1873 - 1967 1877 - 1957

Relationship between
luminosity and temperature

1911 plotted absolute 1913 plotted absolute
maghnitude of stars against magnitude against
their color (temperature) spectral class

Star positions on plots are not random

They fall into distinct groups



History of the HR Diagram

100 stars of known distance
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Brightness (Solar units)
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Distinct Star Groups
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Birth of Sun



13 Stages Evolutionary Path of the Sun
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Stage 1- Interstellar Cloud
Stage 2 Collapsing Cloud Fragment

Stage 3 Fragmentation Ceases
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Stage & Newborn Star

Stage & Main Sequence Star



Stage 1- Interstellar Gas and Dust

A visible * .~ Barnard 68

Ophiuchus L

Gas (99%)
- Molecular hydrogen and helium
Interstellar dust (1%)
- Carbon, silicon, oxygen, and iron in tiny, solid grains

- 1 micrometer in diameteg scatter and absorb visible light



Stage I- Giant Molecular Clouds (GMC)

A15 ¢ 600 light years in diameter
A10-30K

A Atoms form molecules are,HHe,

Density:
i\ A 2.7 x 1@ particles/cn?

~ A9l NI KQa I Y 24¥paickeNs?
M 16 Eagle Nebula

17


http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiFz7rNwLLgAhUI6oMKHREOAVEQjRx6BAgBEAU&url=http://www.paulruffle.com/molecularclouds.htm&psig=AOvVaw17N889cBX2GlB_76nooYN9&ust=1549934003699081

I

Pressure Out

Gravity In

Stage Z; Collapsing Cloud Fragment

Battle of forces

Gravity
Apulls material in

A increases with
greater density

Thermal Pressure
A pushes material out

A increases with
higher temperature

18



Triggering Mechanisms for Collapse of Molecular Clou

1. Cloud-cloud
collision

Hot Young Star
<

MC

2. Pressure of
gas heated by hot, young stars.




Triggering Mechanisms (continued)

3. The impact

of the ejecta from

a supernova (i.e., a

giant explosion of a star)

4. The plessm
wave of
the spiral arm
of a galaxy

A



Stage 2 Battle Gravity vs Thermal Pressure

Gravity squeezes mass to increase
temperature

Thermal pressure increases with
higher temperature

Gravity overcomes increased thermal
pressure by emitting radiation

Thermal pressure reduced

Gravity remains greater than thermal
pressure

Fusion temperature reached @0 million K
Taurus Molecular Cloud (TM(C) 21
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1

.

Gravitational
potential
energy

Stage 2 How Gravity Create$s

2

Kinetic
energy

Atoms in cloud have potential energy
Atoms pulled to center of cloud

Atoms now have kinetic energy and
move faster and collide

Collisions increase temperature
of gas

Thermal pressure increases and
pushes back against gravity



Stage Z; Collapsing Cloud Fragment

Collapses into fragments

Center 100 K
Density 2.7 x 1& particles/cn?

Outer areas still cold



Stage X Fragmentation Ceases

Density increases, radiation can not escape
Center gets hotter 10,000 K

Density 2.7 x 18 particles/cn?
Fragmentation ceases

Individual stars forng protostars(100,00 years)



Stage 4c A Protostar

N Toyiace = 2,000:3,000 K

T.ore = 1million K
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<€ Solar System >

Cloud moving- rotation begins
Cloud flattens

T ore 1 million K
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Surface begins tglow

Cloud becomes a proto star

30,000 10,000 6000

Appears on the HR diagram Surtacetemperatre (9
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Spectral classification

100,000 years
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Stage 5 Protostar Evolution

10,000 6000
Surface temperature (K)

B /AWNF

Spectral classification

10 X size Sun
Density increases
T .ore INCreases

T core © Million K

T 4000 K

surface

10 million years
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Stage 6 Newborn Star

2 X size Sun
T core 10 million K

Fusionbegins

)
=
=
5
P
o
(o]
<L
=
@
o
£
=
=
=

T 4500 K

surface

Luminosity slightly less Su

30,000 10,000 6000

3 O m | I I | on ye ars Surface temperature (K)

e A ¢ o

Spectral classification




Stage 7~ Main Sequence Star
FusionH to He

T core 15 million K

T 5800 K

surface

GMC---> star
40¢ 50 million years
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Hydrostatic Equilibrium

@ 15 million K°

Gravity
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Surface temperature (K)

K 2 ¢r e THEN
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Inside the Sun



Nuclear Reactions

fusion

-3

Nuclear fission splits a Nuclear fusion combines
nucleus into smaller smaller nuclei into a larger
nuclel nucleus




High Temperature Needed for Fusion

Higher temperatures protons move faster, push past repulsion,
strong nuclear force binds together

More protons in nucleus greater repulsion force, higher
temperature needed to push past
higher repulsion force



Proton - Proton Chain in SUN

Main Form of Proton-Proton (pp) Chain in Sun

Four protons are fused to form:
He-4 nucleus,

gamma photons, positrons and neutrinos



Fusion In the Sun

After fusion event, difference
INn mass about 0.7%

- Mass becomes energy
4 protons He nucleus ‘

(a-particle)

E=mé

Source of the energy emitted
from surface of the SUN
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Newborn Star Demographics
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Other Stars on
Main Sequence



Bellatrix

Fusion

Surface Temp
Luminosity
Mass

Other Stars are Forming

Surface Temp
Luminosity
WERNS

Barnard’s Star

Surface Temp
Luminosity
Mass



Other Stars are Forming

Bellatrix

Meissa
.
Betelgeuse # Bellatrix

Alnilam % Mintaka
. » A. . e

Alnitak’.

»
-

Theta \

) ' Rigel

Saiph |

Surface Temp
Luminosity
WERNS

Barnard’s Star

Look for them in the main sequence
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Stellar Properties Depicted
In the HR Diagram

ALuminosity
AStellar Radi
AStellar Masses
AStellar Lifetimes

AStellar Spectra (temperature)



LUMINOSITY, L (Lgyn)

Stellar Properties on HR Diagram
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Stars grouped into distinct groups
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Luminosity



Luminosity

How much energy the SUN emits per second

Unit of energy

Joule

- |

. s
1 meter luminosity
luminosity
3.9 X 102 watts
60 watts

390 septillion watts

Jouldsec = watt

43



Luminosity

A radius

A temperature

surface

44
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Luminosity and Radius and Temperature

Log scale A
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Stellar Radii



LUMINOSITY, L (Lgyn)

Stellar Radii

[SUPERGIANTS

1 B ., Large stars
__Big stars, v EETY

m:'\nwzxprt: IR ) » 7s oo JRc
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Tiny stars.,, Small stars
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We use HR diagram to understand the stars
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Stellar Radii
. <—Sun
Lots of other sta‘rs< “oll
_smaller than the Sun

Betelgeuse —>

‘Pollux

Aldebaran

48


https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwj2pdzfm8vgAhVTrZ4KHUkTDbMQjRx6BAgBEAU&url=https://spaceplace.nasa.gov/sun-compare/en/&psig=AOvVaw2S2klw5X1LCjMRYgTb7vIM&ust=1550783162256929

Stellar Masses



Role of Mass

Low mass

a ".'A
® - — A% — o
A TR White
7 nyerage .
Red Giant Planetary Nebula
Core temperature
Fusion rates
Sy ’°
Stellar Nebula Lifetime and end product
o
\ -
Neutron Star
® - — A\
Massive Star >0 MaEH s(')lar
Red
High mass Supe:glam Supernova Black Hole
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Stellar Mass on Main Sequence
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Stellar Lifetimes



Stellar Lifetimes

32 gal tank
13 miles/gal

416 miles

18 gal tank

30 miles/gal

540 miles

Larger vehicle- shorter range Small vehicle- longer range



Mass Determines How Long Stars Live

Large/hot stars more mass
B1V burn fuelquickly

Spica 11Mg,,
‘ Lifetime 107 yrs

Short lives (10s millions years)

A1V
Sirius 2Mg,,
Lifetime 10° yrs

Smaller/cool stars less mass

@ burn fuelslowly
Lifetime 10" yrs
rodens. 22 Long lives (1 trillion years)
" Centauri 0.12Ms,,,

Lifetime 10" yrs

Lifetimes vary along the main sequence



LUMINDOSITY, L (Lgyn)

Stellar Lifetimes
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luminosity (solar units)

Mass and Lifetime on HR Diagram
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Stellar Spectra
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The X Axis of the HR Diagram

- Stellar Spectra

40 000 20 000 10 000 S000
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The Science of
Spectroscopy




Continuous Spectrum

All objects emit electromagnetic waves (radiation)
In solid objects all atoms emit radiation
Continuous range of wavelengths

Continuous spectrum




Individual Atoms Emit Only Specific Wavelengths

Hydrogen

Helium

Neon

Sodium

Mercury

Each atom has a unigue set of waveleni’is



Spectrum of Individual Elements

g1 Al

B i

Nitrogen




The Science of Spectroscopy

nucleus

Electrons can have different energy levels

Movement of electrons between energy levels
createsabsorptionandemissionspectra
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Absorption

atomic excitation

el
photon absorption

Electron absorbs energy and electron moves to
higher energy level

Specific wavelengths removedlack spectra lines

Absorption spectrum




Emission

atomic desexcitation

photon emission

—

Electron moves to lower energy level and emits energy

Specific wavelengths appearcolor spectra lines

Emission spectrum




Spectral Lines the Same for Each Atom

Absorption spectrum

i

Hydrogen

Emission spectrum

Spectral lines are tools for identifying elements



Spectroscopy a New Tool for Astronomy

Starlight
filters through
sodium-rich
planetary Absorption-line
atmosphere spectrum

> 2B

Spectrograp

Sodium absorption
in star's spectrum is
enhanced by sodium

In planet's atmosphere

68



Stellar atu



Color and Temperature

Color gives temperature

70



All Objects Emit Radiation

10 Fultraviolet | visible infrared
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Temperature hotter Wavelength shorter
Measure wavelength with maximum intensity

Obtain temperature of surface of star



Stellar Temperatures from Planck Spectrum

Spectrum of a sun-like star
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Stars don't have perfect Planck spectrum

Wiens law temperatureiot accurate



Stellar Temperatures From Color Ratios

Req Filter

it

Intensity “._ Hot object
~._Hot objec

Cooler ﬁbjec:t

UV Blue Green Red Infrared
Wavelength

Compare ratio of « to bluelight

Compare observations to computer models of
stellar spectra of different temperatures

Still not accurate Interstellar reddening



Interstellar Reddening

Interstellar
dustcloud -

To observer

Star S——

Ratio of red to blue light inaccurate

Temperaturenot accurate
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Harvard Computers



History of the Spectra

Harvard observatory

$$3

| /'l

y N £ 4
Henry Draper
1837 - 1882

Mary Anna Palmer Draper
1839 - 1914 o

dr’h

Edward Pickering
1846 - 1919
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Classifying stellar spectra provided women work
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A Classified 10,000 stars by strength of
hydrogen lines:

A type A for the strongest

A type B for slightly weaker

Williamina Fleming

1857 -1911 A to type O, for stars with the weakest

Classificationorder(15) A B CDEFGHIJKLMI

Suggested stars hawifferent chemical compositions

Observed Horsehead nebula in 1888

79



A Classified more than 400,000 stars

A Discovered seven distinct patterns

O BAF|G KM
o .

Added subdivisions by number

Annie Jump Cannon

-

' el 1863 - 1941
F8 F9 GO e G4 G5 G6 G7 G8 G9 <0 K1 K24
; V.o 1 First woman ever
0.001 GOcGO Sun G 2 awarded an honorary
0.0001 degree by Oxford
0.000 01 | University

B A G
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CeC|I|a Payn@aposchkm
1900- 1979

A Astronomers believed stars contained all the elements

ALYO2NLIEZ2N}I GSR aySg LIKeaaroas

A 1925 PhD in Astronomy at Radcliffe College

81
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A Surface temperature determines
strengthof absorption lines
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| Amg—

Ceclilia Payn&aposchkin wrotéhe most brilliant Ph.D.
thesis ever written in astronomy:

All stars made mostly dfydrogenandhelium
Rejected by advisor (Russell)
When accepted, revolutionized the field of astrophysics

1956 first female tenured professor and department
chair at Harvard University
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Current Spectral Classification

ol I
Colors
Class (@) B A

Temp (K) ~30,000 - ~60,000 10,000 - ~30,000 7,500 - 10,000

3 G K M

6,100 - 7,500 5,000 - 6,100 3,600 - 5,000 1,900 - 3,600

Temperature effects determine spectral types
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Seven stars Seven spectral clas:

G

o : Phi-2, G8 2o
Betelgeuse, M2 ‘® o Aldeb?ran, K5
' Omicron-2,K2 ® * ' o
4 . \.: .
=

COPI2,AT A
. ® Pi-3,F6

x F

*. Alnitak,09.7 @ ®.*

9 : . .
® Sirius, A1 . L
' : kG ® Rigel, B8
. ) .
BAF GK
Facing S.West
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C1

Do not undertake a scientific

career in quest of fame or
money. There are easier and

better ways to reach them.
Undertake it only if nothing

else will satisfy you.

Cecilia Payne-Gaposchkin
(1900-1979)
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“Positively glows. . . . [Sobel] lucidly captures the intricate, interdependent
constellation of people it took to unlock mysteries of the stars.” —NPR

'\f V £ r‘f ")"

#1 NEW YORK TIMES BESTSELLING AUTHOR OF @
Longitude ano Galileo's Daughter
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Off Main Sequence
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Off the Main Sequence Stages 13

S

! Planetary\nebula

fae

Horizontal
branch

13
White dwarf

30,000 10,000 6000
Surface temperature (K)

KEh: A @

Spectral classification

Stage 7- Main sequence

Stage & Subgiant branch

Stage ¢ Helium flash

Stage 1@ Horizontal branch

Stage 1X Second red giant branch
Stage 1%; Planetary nebula

Stage 13 Dwarf star
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Stage 7 On the Main Sequence Today

FusionH to He

T = 5,800 K

surface™

T core = 15 million K

R =110 R

2
=
5
»
«
-y
7]
Q
£
5
3

4.5 billion years

30,000 10,000 6000
Surface temperature (K)

K3 A C

Spectral classification
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Ratio H to He

Helium

Distance from center (km)

? Hydrogen 5 billion years

Distance from center (km)

- e 10 billion years
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Composition of Sun changes



Stage 8 Subgiant Branch

Core Inert He ash
H fusion shell

inert helium

¢

hydrogen fusion

core of
subgiant/red giant
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T core = 50 million K

R increases 3 R,

30,000 10,000 6000 L increase

Surface temperature (K)

[QE,_E

Spectral classification

100 million years




Stage 9 RedGiant Branch

¢

inert helium

hydrogen fusion

~9 core of
Red-giant ® subgiant/red giant
branch
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Spectral classification

100 million years



Helium Flash
T core = 100 million K

He fuses into C

*He + *He — °Be + energy

Be + *He — >C + energy

§branch
'™ 10Rg triple ¢ alpha process

\\ Subgiant
St Electron degeneracy

halts core collapse

—_—

)
- —
=
o
-
©
O
<@L
>
=
2]
o
£
=
|
-

30,000 10,000 6000
Surface temperature (K)

B A B @
Lra —

Spectral classification




Electron Degeneracy

A
o
A

Regular gas Degenerate gas
- unfilled energy levels - lower levels filled
- particles can move - particles locked in place

Independent of gas temperature



Helium Flash
T core = 100 million K

He fuses into C

*He + *He — °Be + energy

'%) Joemnch Be + *He — '*C + energy
S ' 10Rg triple ¢ alpha process

% \\ Subgiant

- St Electron degeneracy
£

3 halts core collapse

Gravity and thermal

pressure unbalanced

30,000 10,000 6000
Surface temperature (K)

= Fusion of He unstable
B ERNG |

\
/a\

L2

Spectral classification

Helium flash



Helium Flash

Core rapidly reaches 300 millioA K

Explosive-He fusionin core for
several hours

Shock waves pass through the star
blowing off outer 1/3 of Sun

Gravity and thermal pressure in balance

SteadyHe fusion
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Stage 10 Horizontal Branch

™~
~
™~ Helium

o
N Horizontal >~ _ flash

%
O branc \hg 100 R
%, G
ed-
~ 47';’,4, giant
N S@ branch

Qy
&, 10R,

~

! Subgiant
™ branch

N

10,000 6000
Surface temperature (K)

Spectral classification

T core = 200 million K

Steady fusion
- He fusion core
- H fusion shell

helium fusion

hydrogen fusion

core of helium
core-fusion star

R =10 R,
Luminosity decreases

50 million years
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Stage 11 Second Red Giant Branch

Asymptotic
™ giant branch

Helium
_ Horizontal flash

Q ™ _branch 9 Lo0 Re
A ~ -~ ¢
%

% —— Red-
~l giant

branch

SON
~"Q,
(S >~ 10R5

-

7 " Subgiant
" ~._branch

10,000 6000
Surface temperature (K)

A F @ G

Spectral classification

Core inert carbon ash
T core = 250 million K

H and He fusion shells

inert carbon
% helium fusion
hydrogen fusion

core of double shell-
fusion red giant

Outer layers expand
Luminosity increases

R =500 R,
10,000 years



The Sun Astronomers aren't sure how big the
Sun will grow when it becomes a red
as a giant. It may become as large as the
Red Gian-'- orbit of Venus, or even the Earth

The Sun today
N

The Sun as a red giant /

The orbit of Venus

Life Cycle of the Sun

Gradual warming Red Glant Planetary Nebula
LN (NN “ .
Whlte Dwarf
| |
Birth 1 2 3 4 5 6 7 8 12 13 14

Billions of Years (approx.) not to scale



Stage 11 12 Fires Go Out

Core is carbon with
H and He shells still fusing

inert carbon
% helium fusion
hydrogen fusion

core of double shell-
fusion red giant

2 Planetary\nebula

:g Horizé/rmal\

3 branch N T..=300 million K
L “ No carbon fusion

£ (600 million K)

Outer layers expand
Luminosity increases

30,000 10,000 6000

Surface temperature (K) R - 300 Bm

3 A ¢ ¢ NN

Spectral classification Thermal pUIseS deve|0p




Stage 11 12 Last Gasp for the Sun

Thermal pulses push carbon
to the surface

Carbon rich dust particles
formed in photosphere

Carbon drifts into space
becomes interstellar dust

Source of carbon in our bodies

102



You AreComposed of Stabust

Others

.

Nitrogen

Hydrogen

|

Carbon




Stage 12 Planetary Nebula

Outer layers ejected into space
forming huge shell of expanding g¢

Exposed inert carbon core emits
Intense ultraviolet radiation

Radiation ionizes the gas in the
expanding shell Helix nebula

Name form historical events

Shell glows brightly as a planetary
nebula



Planetary Nebula Emission Lines

PN spectrum

emission

s
&
Z

absorption

WAVELENGTH

Colors result of ionization of surrounding gases




Planetary Nebula Appearance

PN "ring" is a geometrical illusion

Appears as a ring

Geometric effect creates
an optical illusion



Stage 13 White Dwarf

Nebula glow disappears \
after 100,000 years 0002 Planctaryhebula
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Spectral classification

Will turn black
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White Dwarfs Observed
White Dwarfs in Globular Cluster

g = .. e . . 3 ' v. . ',: | ‘ g C
Scorpius L o e O - »

—

White Dwarf Stars in M4 HST «- WFPC2

PRC95-32 - ST Scl OPO - August 28, 1995 . H. Bond (ST Scl), NASA

Hubble observed over 75 white dwarfs in M 4

Luminous as 100 watt light bulb seen at moon's distance
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http://www.nasa.gov/
http://www.nasa.gov/goddard/

Requiem for the Sun

G ¢ KuB, with all thoseplanetsrevolving around it and
dependent on it, can stifipen a bunch ofgrapesas if it had
nothing else in the universe to do."

Galileo Galilel
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Massive Stars



Massive Star Characteristics

Similar process to low mass
stars in beginning

Gravity compresses core
to higher temperature

blue dwarf

Fusionhappens faster

Shorter lifetimes

CZ+H] > NP +v3

Much of the hydrogen NP > CF +80 448
. . C& +H] > Ny +v3
fusion happens via CNO cycle N+ O 18

OlF > NIF +80 42

15 1 12 4
N;” +H; > Cg° +He;

End of cycle:
4 H burned into He
C used as catalyst




FusionProcesses Continue

and pressure increase

Carbon core

Helium shell

Hydrogen shell

Teore 600 million K

Carbon fusiorbegins
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Fusion of Heavy Nuclel for 25 SUN..

Fe will notfuse

Heavier elements take more energyftesethanthey produce



