Astronomy 150: Killer Skies
Lecture 20, March 7

Assignments:
HWG6 was due at start of class
HW7 due next Friday at start of class
Night Observing finished

Last time: Properties of Stars
Today: Properties of Stars and Stellar Evolution
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Solar Storm Update

Recall: Sunis
near peak of
sunspot cycle

maximum of solar
activity
this week: huge
coronal mass
ejection!
aimed right at
earth!

raised alarms!
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All Along the Watchtower: Space Weather Monitoring

http://www.swpc.noaa.gov/SWN/
Alert page:
http://www.swpc.noaa.gov/alerts/alerts_timeline.html
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A Census of Stars: The Real Data

HR diagram plots Lvs T highT — lowT
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A Census of Stars: The Real Data

HR diagram plots Lvs T

Note: T plotted backwards!
Hot at left, cool at right! Sorry!
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A Census of Stars: The Real Data

HR diagram plots Lvs T

Note: T plotted backwards!
Hot at left, cool at right! Sorry!

huge range in L: from 100,000Lsun
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Absolute Visual Magnitude

high T

low T

A F € K

30,000 10,000 f,.500 5,000 4000 3.000° K
10 . — —— : T Y
T .| ! i |
Eta Carinae s -
Rho Cassiopeiae
w 100,000
4
g
7’
5 I
-5 - g Q s 2 IU[OLU
0 Cephei. R
/’ . ’
Polaris«_ & 7
’ =T /
ou - ’ -~ /’
FG S.’sgtttarf -.-\ ’
P = \\ // - ll:':"?
~ /
O
T + - AG Draconis

e
Ay
y > F
L L
2

S 2 AT R AP IR —~ 100

.RR Lyrag - 74 i

AR,
25T
ST

4
= = 1
: - .
Hipparcos'’s 43
H-R Diagram A,
+10 ¢ . LN =~ 0.01
Sirius B
T | | i BIROL R (252 5N
-0.5 0.0 +0.5 +1.0 1.5 +2.10

Color Index (B-V]

NS

Visual Luminosity |

high
lum

low
lum

Friday, March 9, 2012



A Census of Stars: The Real Data

HR diagram plots Lvs T high r —lowT
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A Census of Stars: The Real Data

HR diagram plots Lvs T highT ~— lowT
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A Census of Stars: The Real Data

HR diagram plots Lvs T highT low T
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A Census of Stars: The Real Data

HR diagram plots Lvs T

Note: T plotted backwards!
Hot at left, cool at right! Sorry!

huge range in L: from 100,000Lsun
to 0.01 Lsun

large range in T, from 3000K to
30,000 K

Sun is in the middle of graph: Sun
has typical L and T, not highest or
lowest

points not randomly scattered:
there are patterns

most (90%) of stars fall on one _
curve: “main sequence” -- for each
T, one L

I} A
Sisual

ysolute )

Hi

Magnitude

high T

low T

30,000 10,004 0,500 2,000 4,000 3.000° K
oy i : T ] B
Eta Carinae e >
Rho Cassiopeiae
o
’ -
—TJ -— . ’ Q ’
0 Cephei. O
’ . ’
Polaris~_ &y
> O
o . / A ’
FG Sagittag w s
P B \\ -
Nl

) :

/ L ,.
5 %

0,
: ~
(\
~
o

Hipparcos’s R
H-R Diagram 5
+10 b
Sirius B ¥
wlll ! £ L ARYRTER
-0.5 0.0 +0.5 +1.0

Color Index (B-V]

-l

100,000

1,000

100

10

0.01

-
J

10,00C

ns|

ity (St

Visual Luminos

high
lum

low
lum

Friday, March 9, 2012



A Census of Stars: The Real Data

HR diagram plots Lvs T

Note: T plotted backwards!
Hot at left, cool at right! Sorry!

huge range in L: from 100,000Lsun
to 0.01 Lsun

large range in T, from 3000K to
30,000 K

Sun is in the middle of graph: Sun
has typical L and T, not highest or
lowest

points not randomly scattered:
there are patterns

most (90%) of stars fall on one _
curve: “main sequence” -- for each
T, one L

the Sun is a main sequence star --

lagnitude
-

S1501a l M

ul

psolute

we are in the 90%! o '.

-
J

ns/

ity 15

Visual Luminos

high 1 low T
"-.' .':1‘ A i M
30,000 10,000 6,500 5,000 4,000 30007 K
= -1 =% . | .- - 5
Eta Carinae B :
Rho Cassiopeiae
= 100,000
Q = 10,00
- oA . N P U
.':Ccphen, D, 7
’ . ’
Polaris._\, ¢ v
FG Sagitta g .,:"" 32
F Py = 1,000
N
: :
’ 2 L/
: — 100
(9
- ~
<
o
> = 10
- = 1
7 = 0.1
. r .;‘.'"
-
Hipparcos’s L
H-R Diagram T
A, vt (.01
Sirius B :
wlll
-0.5 0.0 +0.5 +1.0 'C!

Color Index (B-V]

high
lum

low
lum

Friday, March 9, 2012



A Census of Stars: The Real Data

HR diagram plots L vs T highT

Note: T plotted backwards!
Hot at left, cool at right! Sorry!
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A star’s mass
IS its most important property!

The main
sequence s a
sequence of
different star
masses!

More massive
stars are hotter,
brighter, and
bluer

Less massive
stars are cooler,
dlmmer, and 30,000 10,000 6,000
redder surface temperature (Kelvin)
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Lifespan

A star’s mass controls its life

more mass, more hydrogen fuel
But, much greater luminosity = “burn rate”

L o< M*

High mass stars “burn” fuel much faster than low mass stars

But stars have finite fuel supply
burn by fusion
fuel is mass M availableto fuse F' ~« A

Energy available to shine:
E = all energy ever emitted by star = fuel supply

fuel = burn rate x lifespan
E = L X T
solve for lifespan I !
T = — X —5
L M3

inverse cube!
lifespan decreases strongly for higher mass stars
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Lifespan

Star main sequence
lifespan controlled by mass

drops strongly vs mass
B1V

Leads to short lives for v i,
high mass stars! y / Lifetime 107 yrs

And long lives for low mass
stars

20 Msun: few million year . A1V
Sirius 2Mg,. .

"fespan Lifetime 10° yrs
1 Msun: 10 billion year lifespan

G2V
0.1 Msun >100 billion year ® s i,
lifespan = longer than age of Lifetime 107 yrs
Universe i

Proxima
- 0.1 2MSlln

Lifetime 10"2 yrs

Centauri
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High mass stars = Hummers
Low mass stars = Priuses

High-mass stars:
“gas guzzlers”

High luminosity, large, blue

Live short lives, millions of
years

Low-mass stars:
“fuel efficient”
Low luminosity, small, red

Long-lived, hundreds of
billions of years
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What causes high-mass stars to live
short lives?

radius, 15 RSun
radius, Rsun ]

Low Mass Star: High Mass Star:
Lower Pressure Higher Pressure
Lower Temperature Higher Temperature
Slower Fusion Rapid Fusion

Lower Luminosity Higher Luminosity
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Main sequence is a
sequence in star
mass

high T:
high luminosity
high mass

large size
short lifespan

low T:
low luminosity
low mass
small size
long lifespan

Main Sequence:
Properties Summarized

)
fy et
=
=
| —
O
O
2
Py
‘D
O
=
-
—

60M;,,
/_ 30MSUD

Lifetime
107 yrs

Lifetime
108 yrs

Lifetime
10% yrs

Lifetime
100 yrs

Lifetime
10" yrs

30,000 10,000 6,000

surface temperature (Kelvin)

Friday, March 9, 2012



iIClicker Poll:
Stars then and now

Imagine all stars formed soon after big bang

rborn with a full range of masses from 0.1Msun to 100 Msun
»413 billion years ago
rno stars born afterwards

If so, what main sequence stars would we see
today?

A. only low-mass stars

B. only high-mass stars

C. stars of all masses

D. no stars would be left today

Friday, March 9, 2012



Star Lifespans and Cosmic History

The universe is 14 billion years old
The Sun’s lifespan: 10 billion years

So if a solar-mass star were born right after the big bang, it
would already have died
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So if a solar-mass star were born right after the big bang, it
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stars more massive than the sun:
even shorter lifespans
would have died even sooner

Friday, March 9, 2012



Star Lifespans and Cosmic History

The universe is 14 billion years old
The Sun’s lifespan: 10 billion years

So if a solar-mass star were born right after the big bang, it
would already have died

stars more massive than the sun:
even shorter lifespans
would have died even sooner

stars less massive than the sun:
much longer lifespans
none have had time to die yet: live “forever”

Friday, March 9, 2012



Star Lifespans and Cosmic History

The universe is 14 billion years old
The Sun’s lifespan: 10 billion years
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would already have died

stars more massive than the sun:
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stars less massive than the sun:
much longer lifespans
none have had time to die yet: live “forever”
But we actually see massive stars in the sky today
so: they must have been born recently
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Star Lifespans and Cosmic History

The universe is 14 billion years old
The Sun’s lifespan: 10 billion years

So if a solar-mass star were born right after the big bang, it
would already have died

stars more massive than the sun:
even shorter lifespans
would have died even sooner
stars less massive than the sun:
much longer lifespans
none have had time to die yet: live “forever”

But we actually see massive stars in the sky today
so: they must have been born recently
conclude: star formation is continuous and ongoing

should be able to see stars being born
should be able to see stars dying
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The Mosquito Dilemma

It’s like a mosquito
(lifespan ~2 weeks)
trying to understand
humans.

They don’t live long
enough to watch
humans be born and
die, so they have to
extrapolate.

How do we understand
stars that live for
millions or even billions
of years?

http://news.uns.purdue.edu/html3month/2004/040823. Williams.fallwnv.html
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Family Jewels?

The HR diagram can tell us a lot of information
about stars, how they work, and how they die.

It reveals the family secrets of the stars.

Recall:

We already know the Sun’s life stages
»main sequence
rred giant
»white dwarf

And Sun is typical main sequence star

»so we should see other stars going through the late
stages
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The H-R Diagram
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Luminosity

Bright but cool stars must
be large

»cooler surface: less
blackbody radiation in
each patch of area

»so if very luminous,
must have a lot of area:
L ~ area ~ R?

»Giants & Supergiants

Dim hot stars must be
small

»White dwarfs
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http:/ /vvvvvv.youtube.oom/wgigg_JiiE}}rthebhlBI—I84Q8efea,ture=rela,ted

P
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http://www.youtube.com/watch?v=HEheh1BH34Q&feature=related
http://www.youtube.com/watch?v=HEheh1BH34Q&feature=related

http://www.youtube.com/weg LE 1 BH34 Q48 feature=related
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http://www.youtube.com/watch?v=HEheh1BH34Q&feature=related
http://www.youtube.com/watch?v=HEheh1BH34Q&feature=related

http://www.youtube.com/wa - 1 BH340Q48feature=related

Arcturus
(Red giant)
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http://www.youtube.com/watch?v=HEheh1BH34Q&feature=related
http://www.youtube.com/watch?v=HEheh1BH34Q&feature=related

http://www.youtube.com/watchlw=HEhech 1 BH34 Q8 feature=related

Betelgeuse
(Red supergiant)
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http://www.youtube.com/watch?v=HEheh1BH34Q&feature=related
http://www.youtube.com/watch?v=HEheh1BH34Q&feature=related

http://www.youtube.com/watchlw=HEhech 1 BH34 Q8 feature=related

Earth’s orbit about the Sun

Betelgeuse
(Red supergiant)
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http://www.youtube.com/watch?v=HEheh1BH34Q&feature=related
http://www.youtube.com/watch?v=HEheh1BH34Q&feature=related

Truly Supergiant Stars...

L i
Size of Star

LE
Size of Earth’s Orbit

L
Size of Jupiter’s Orbit

Atmosphere of Betelgeuse ~ HST - FOC

PRC96-04 - ST Scl OPO . January 15, 1995 - A. Dupree (CfA), NASA
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HR Diagram and Stellar Evolution

Bright cool stars must
are giants: stars that
have just left main
sequence phase

Dim hot stars must be
small: white dwarfs--
corpses of stars that
have died as the Sun will

In both cases, they are
somewhat rare.

90% of stars are on Main
Sequence

10% are giants

Why? Time!
90% of stars’ lives spend
on main sequence
only 10% spent in giant
phase

Friday, March 9, 2012
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The Evolution of Stars

a star’s fate set by its mass

simulation: 10,000 stars born at same time,
with range of masses

all stars:
formed in gas clouds
first burn hydrogen to helium: main sequence phase
main sequence stars are hydrogen burning

but final stages depend on mass

low mass: M<0.8Msun
lifespans longer than age of Universe
none have died yet: live “forever”

intermediate mass: 0.8Msun<M<8Msun
after main sequence, become red giants
finally: white dwarf and ejected planetary nebula

high mass: M>8Msun

after main sequence: a new story
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The Evolution of Stars

a star’s fate set by its mass

simulation: 10,000 stars born at same time,
with range of masses

all stars:
formed in gas clouds
first burn hydrogen to helium: main sequence phase §
main sequence stars are hydrogen burning

but final stages depend on mass

low mass: M<0.8Msun
lifespans longer than age of Universe
none have died yet: live “forever”

intermediate mass: 0.8Msun<M<8Msun
after main sequence, become red giants
finally: white dwarf and ejected planetary nebula

high mass: M>8Msun

after main sequence: a new story
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Massive Stars:

The Celebrities® e Cosmos
p— ‘ S

S

-

«




High-Mass Stars:

The James Dean of Stars

Live Fast
Star life is struggle vs gravity
Nuclear fires keep hot, stable

Die Young
Fuel exhaustion=—=collapse
Core becomes dense, “bounce”
Shock wave launched = explosion!

Leave a Beautiful Corpse

e Ultradense “cinder”
neutron star/black hole

e Most material ejected at high speed
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High-Mass Stars:

The James Dean of Stars
Live FaSt Million-degree gas

seen in X-ray vision;

Star life is struggle vs g 300 yrs old
Nuclear fires keep hot, stable

Die Young
Fuel exhaustion=—=collapse
Core becomes dense, “bounce”
Shock wave launched = explosion!

Leave a Beautiful Corpse

e Ultradense “cinder”
neutron star/black hole

e Most material ejected at high speed
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Leave a Beautiful Corpse

e Ultradense “cinder”
neutron star/black hole

e Most material ejected at high speed
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High-Mass Stars:
The James Dean of Stars

Li\/e FaSt Million-degree gas
L seen in X-ray vision;
Star life is struggle vs g 300 yrs old

Nuclear fires keep hot, stable

Die YOU ng Hot, shocked gas; >
Fuel exhaustion=coll SUTREE
Core becomes dense, “bounce”

Shock wave launched = explosion!

Leave a Beautiful Corpse

e Ultradense “cinder”
neutron star/black hole

e Most material ejected at high speed
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The Fate of a Massive Star

1.Main Sequence
2.Red Supergiant
3.Blue Supergiant
4.Red Supergiant Il
5.Supernova!

6.Neutron star or
black hole




Initial stages are similar to those of the Sun

Main Sequence: H fuses
to He in core

Red Supergiant: H fuses
to He in shell around
contracting He core

Blue Supergiant: He

fuses to C in core .
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Massive Stars: Late Stages

Recall Sun’s evolution
main sequence: H “burns” = fuses to He
red giant: He burns to carbon
but too cool to burn carbon, so fusion stops
white dwarf formed, planetary nebula ejected
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Massive Stars: Late Stages

Recall Sun’s evolution
main sequence: H “burns” = fuses to He
red giant: He burns to carbon
but too cool to burn carbon, so fusion stops
white dwarf formed, planetary nebula ejected

In massive stars:
more mass = more gravity = more pressure = much hotter
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Massive Stars: Late Stages

Recall Sun’s evolution
main sequence: H “burns” = fuses to He
red giant: He burns to carbon
but too cool to burn carbon, so fusion stops
white dwarf formed, planetary nebula ejected
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more mass = more gravity = more pressure = much hotter
also begin on main sequence: H burns to He
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Massive Stars: Late Stages

Recall Sun’s evolution
main sequence: H “burns” = fuses to He
red giant: He burns to carbon
but too cool to burn carbon, so fusion stops
white dwarf formed, planetary nebula ejected

In massive stars:

more mass = more gravity = more pressure = much hotter
also begin on main sequence: H burns to He

but when core is He “ash”, contract, heat, can easily burn He to
carbon
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Massive Stars: Late Stages

Recall Sun’s evolution
main sequence: H “burns” = fuses to He
red giant: He burns to carbon
but too cool to burn carbon, so fusion stops
white dwarf formed, planetary nebula ejected

In massive stars:

more mass = more gravity = more pressure = much hotter
also begin on main sequence: H burns to He

but when core is He “ash”, contract, heat, can easily burn He to
carbon

with outer shell burning H to He
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Massive Stars: Late Stages

Recall Sun’s evolution
main sequence: H “burns” = fuses to He
red giant: He burns to carbon
but too cool to burn carbon, so fusion stops
white dwarf formed, planetary nebula ejected

In massive stars:

more mass = more gravity = more pressure = much hotter

also begin on main sequence: H burns to He

but when core is He “ash”, contract, heat, can easily burn He to
carbon

with outer shell burning H to He

then when core is carbon “ash”, contract, heat, fuse carbon to
oxygen
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Massive Stars: Late Stages

Recall Sun’s evolution
main sequence: H “burns” = fuses to He
red giant: He burns to carbon
but too cool to burn carbon, so fusion stops
white dwarf formed, planetary nebula ejected

In massive stars:

more mass = more gravity = more pressure = much hotter

also begin on main sequence: H burns to He

but when core is He “ash”, contract, heat, can easily burn He to
carbon

with outer shell burning H to He
then when core is carbon “ash”, contract, heat, fuse carbon to
oxygen
and so on:
then core fusion of oxygen to neon
neon to magnesium
and so on up to iron
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Massive Star
Pre-Supernova

nonburning hydrogen
hydrogen fusion
helium fusion
carbon fusion

inert
iron core

oxygen fusion
neon fusion

magnesium fusion
silicon fusion

“onion-skin” structure
star’s shells are “memory” of previous burning phases
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Each stage of core fusion is
shorter than the last...

B Table 8-1 | Heavy-Element Fusion
in a 25-M. Star

Percentage
Fuel Time of Lifetime
H 7,000,000 years 03.3
He 500,000 years 6.7
C 600 years 0.008
0 0.5 years 0.000007

Si 1 day 0.00000004
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lron - Dead End

Recall: Einstein says £ = mc’
Mass is energy!
fusion releases this mass energy
why?
helium more stable than hydrogen
and carbon more than helium
but: iron is most stable of all

hydrogen

fB U sases|al uoisnd

helium

mass per nuclear particle

carbon

nergy: ium
Fission releases © i
oxygen

lead

Iron

I (N I A (N NN NN N NN N NN N N NN N NN (N S M N N R

0 50 100 150 200 250
atomic mass (number of protons and neutrons)

Neither fusion nor fission releases
energy from iron
Fusion stops once have iron core
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The End: Supernova!

Nuclear reactions cease in the core

Gravity > Pressure
forces unbalanced: star accelerates!

The core collapses in less than
1/10t of a second

infalling material accelerated to 10%
speed of light

Core of star compressed to

ultrahuge density

core nuclei crushed into sea of
neutrons

neutrinos released

eventually core forms ultradense

solid 4
gas layers falling on to core “bounce” '
off it x
Triggers an intensely energetic = y
rebound > B
Shatters the star in a supernova |
explosion
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Supernova Explosions
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The Death of Massive Stars
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...but don’t get too close...

What do we see?
Bright: can outshine galaxy

Rapid changes in time:
max in days
dims over weeks
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Supernova Explosions

The Death of Massive Stars

>8 Mgy

Spectacular
Rare

Crucial for life
...but don’t get too close...

What do we see?
Bright: can outshine galaxy

Rapid changes in time:
max in days
dims over weeks

Shock wave launched
Fast, ultra-hot gas

\

Combined light
of 100 billion
stars
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Supernova Explosions

The Death of Massive Stars
>8 Msun

Spectacular ' ‘

Rare

Crucial for life
...but don’t get too close...

What do we see?

Combined light
ggglztc CaUtShm gala of 100 billion
max i nght from a single - stars
dims o supernova

Shock wave launched
Fast, ultra-hot gas
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Historical Supernovae

Supernova explosions are rare:
Fewer than 1% of stars die this way
None seen in our Galaxy for 300 years

The Sun will die...
But not this way (nhot an explosion!)
And not for billions of years
Sleep well tonight!




Supernova Explosions in
Recorded History
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Supernova Explosions in
Recorded History

1054 AD
»Europe: no record
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Supernova Explosions in
Recorded History

1054 AD
»Europe: no record =
»China: “guest star” XE% &£
»Anasazi people
Chaco Canyon, NM: S ey S
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Supernova Explosions in
Recorded History

1054 AD
»Europe: no record g
»China: “guest star” X% &£
»Anasazi people
Chaco Canyon, NM: S ey S e

painting

Modern view of this region of
the sky:
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Supernova Explosions in
Recorded History

1054 AD
»Europe: no record
»China: “guest star” XE%&

»Anasazi people e
Chaco Canyon, NM:
painting

Modern view of this region of W
the sky: ST
Crab Nebula—remains of e
a supernova explosion
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Supernova 1054 Today

The Crab Nebula is a
supernova remnant

The remains of
Supernova 1054

Comparing its size
with its speed of
expansion reveals an
age of nine or ten
centuries

Just when the “guest
star” made its visit
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Supernova Explosions in

Recorded History
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Supernova Explosions in
Recorded History

November 11, 1572 (L
Tycho Brahe s

A “new star”
(“nova stella”)
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Supernova Explosions in
Recorded History
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Supernova Explosions in
Recorded History

November 11, 15672 S
TR B e
Tycho Brahe =]/
A “new star” | A,
(“nova stella”) 1>

Modern view (X-rays):

remains of a supernova
explosion
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November 11, 1572
Tycho Brahe

On the 11th day of November in the evening after sunset ... |
noticed that a new and unusual star, surpassing the other
stars in brilliancy, was shining ... and since | had, from
boyhood, known all the stars of the heavens perfectly, it was
quite evident to me that there had never been any star in that
place of the sky ...

| was so astonished of this sight ... A miracle indeed, one that
has never been previously seen before our time, in any age
since the beginning of the world.
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