Stellar Evolution

e Stars evolve (change over time) because of
GRAVITY!

e A star passes through phases, grouped as
- Pre-Main Seq (birth)
- Main Seq (MS)  (life)
- Post-MS (demise)

e Stellar evolution is generally studied in terms
of “tracks” in the HRD



Formation of Stars

e In our Galaxy, most of the gas lies in a flattened
disk structure

e We tend to find hot massive stars in clusters
near big clouds of gas

e In these regions we also find stars with rapid
rotation, disks, jets, and magnetic activity

e These stars are not on the Main Sequence (M.S.)

We think that big gas clouds collapse under
gravity and fragment into “pieces” to make new
stars

Free - Fall Timescale: f, ~50 Myr x 1
g <



Stimulating Star Formation

How does star formation
get going? There is
more than one way, but
certainly one is that
"stars beget stars”.
Some stars e>§PIode, and

o . Emission nebula
ewborn

these events “stir’ and s
compress the gases of o i

space to start new
cloud collapse events.
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Horsehead and Orion Nebulae




Forming Stars in Orion
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“Proplyds”
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Protoplanetary Disks in the Orion Nebula
Hubble Space Telescope « WFPC2

NASA, J. Bally (University of Colorado), H. Throop (SWRI), and C.R. O'Dell (Vanderbilt University)
STScl-PRC01-13




What's a Proplyd?
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B Pictoris Disk
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Size of Pluto’s Orbit

Solar System to Scale

Beta Pictoris HST « WFPC2 « STIS
PRC98-03 « January 8, 1998 « ST Scl OPO
A. Schultz (Computer Sciences Corp.), S. Heap (NASA Goddard Space Flight Center) and NASA




Dusty Circumstellar Disks

HD 141569 HR 4796A
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Dust Disks around Stars HST « NICMOS

PRC99-03 « STScl OPO « January 8, 1999
B. Smith (University of Hawaii), G. Schneider (University of Arizona),
E. Becklin and A. Weinberger (UCLA) and NASA




Accretion and “Sub-Accretion”
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What about disks we cannot
resolve? Right is an example
of a star with a disk and the
merged spectrum that they

produce.

Star with continuous dust disk

Star with dust belt

O

Brightness

. 10 100
Wavelength (microns)

Spectrum of White Dwarf System GD 16 Spitzer Space Telescope * IRAC « MIPS
NASA / JPL-Caltech / J. Farihi (University of Leicester) sig09-002

Left illustrates how spectra
Can be used to infer the
geometry of the disk. Middle
is a continuous disk; bottom
has a “"gap” zone.




Jets Observed in Forming Stars

't

- | : HH47
Jets from Young Stars HST - WFPC2

PRC95-24a - ST Scl OPO - June 6, 1995
C. Burrows (ST Scl), J. Hester (AZ State U.), J. Morse (ST Scl), NASA
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Motion in The HH30 Jet
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January 1995

Relative Size of
Solar System

Stellar Disk and Jet Motion - HH30 HST - WFPC2

PRC95-24b - ST Scl OPO - June 6, 1995 - C. Burrows (ST Scl), NASA




Magnetism Impedes Star Formation
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Contraction Phase

® As collapse proceeds, density increases and
cloud becomes opaque. Radiation is trapped,
hence temperature and pressure increase

® Gas pressure now acts to resist the collapse,
resulting in a more gradual gravitational
“contraction” called the Kelvin-Helmholtz
phase

® The object now shines as a protostar, fueled
by gravity (i.e., contraction leads to “jostling”
resulting in heating and IR light)




The Stellar Birthline
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Pre-Main Sequence Tracks
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Schematic of Star Formation

2><106yr

Time

Stage 1 Stage 2 Stage 3/4 Stage 5
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Kelvin-Helmholtz Timescale

amount of fuel

tKH .
rate of consumption

/R
L
M

~ 30 Myr x — (in solar units)
LR
After this time, the core is hot enough to
initiate H-fusion, and the star settles onto the
MS in the H-R Diagram




Convection Along the Main Seq.

high-mass star

1M, star

very low mass star

Convection is a “mixing” process. It moves gaseous material
around. Convection transitions from being the outer region for
low nmrass-stars-to-eentral region for high mass ones. This
results in more material available for fusion.



Changing Core Composition
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The Carbon Cycle

& The protoon-proton
ke \ IS not the only way to
- convert H to He.
RS 15y P
&E o G Above about 8 solar
masses, stars still
t‘ﬁ convert 4 H's to 1 He
Liti 150 13e S .I-O SUS'l'Clin .I-heir
CE L‘\Ct\ . .
luminosity, but the
:\ py /w cycle follows a new
& chain instead of the

proton-proton chain



Mass-Luminosity Relation

For Main Sequence
Stars:

L/IL ~(MIM,))

This is enormously
important and
emphasizes the
central role of mass

for how stars operate.
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Long-Term Changes in the Sun
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Temperature-Luminosity States

Asymptotic giant
branch star

Red giant star
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Main Sequence Timescale

On the MS, stars convert 4H’s to He, plus energy
production. Eventually the core hydrogen fuel is
exhausted. How long does that take?

1. About ¢ = 10% of the star’ s mass goes into H-fusion.

2. Every time a helium atom is made, a fraction f =
0.7% of the 4H’s go into energy.

3. The fuel is E=(mass x c?), and the consumption rate is
the luminosity L.

ex fxM.c’ M.IM,
o = 7 ~10 Gyr x T
Using the mass - luminosity relation :
1
tys =10 Gyr x

(M./M.,)’
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Hydrogen Shell Burning Phase

Hydrogen-rich outer layer

Hydrogen-
burning shell




Core Helium Burning Phase

Hydrogen-rich outer layer

Hydrogen-
burning shell

Helium-
rich core \,

Helium-buring core
(becoming rich in
carbon and oxygen)
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2.

Post-MS (M<8M,)

After H in core
exhausted, left with He
ash. H-fusion continues
in a “shell”.

Atmosphere expands -
the Red Giant Star, a
phase lasting for about
10% of t),c

Core heats up until He
burning begins via the
triple alpha process

6.

3 “He converts to 1 12C,
occurring at T~”100 x 10°K

Becomes a Horizontal
Branch Star

He core changes to C. He
shell burning begins, and
star climbs the Asympfofic
Giant Branch

AGB star suffers mass
loss; becomes a Planetary
Nebula; dies a White
Dwarf Star



Comment on Stellar Winds

\/

* All stars have mass loss

1. Low Mass MS Stars: (e.g., Sun) thermal winds, hot
corona “boils” away

Very wimpy, losing only 1074 M_/year
2. Cool Evolved Stars: (RG, AGB, RSG) usually higher

mass loss, some have “superwind” that are dust-
driven at 10> M /year

3. Hot Stars: (OB stars) winds driven by high
luminosities, ranging from 10-1° to 10-* M,/year
“* Winds are important for determining stellar
evolution and as a cosmic recycling process
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Stellar Recycling by Winds

Nebula M1-67 around Star WR124 HST - WFPC2
PRC98-38 « STScl OPO « November 5, 1998
Y. Grosdidier and A. Moffat (University of Montreal) and NASA




Evolution of Binaries

e Important issue, since about half of all stars
are in binaries

e Primary rules:
1. More massive star evolves faster

2. Binaries can transfer mass if close, so less massive
star can become more massive in some cases

3. Angular momentum is ultimately conserved
(relevant to how orbit can change)



Computer
simulation of

how a binary
star system
could form




The Roche Lobe
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The Contour Map Analogy
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Binary Evolution (cont.)

® [ow Mass Binaries:

One star can engulf

another and they
share a common
envelope

High Mass Binaries:

Main differences
are that,

a) massive stars have
strong winds

b) massive stars go SN



Evolution of Low Mass Binaries

Roche lobes

/ ll.'.

Maore massive Lass massive
slar slor

A The more massive star fills its B Maszs is transferred Io
Reche lobe common envelope

Reche lobas

While
chwarf Main
saquence siar

E The main sequence companicn fills its D Commen envelope is ejecled € The stars spiral toward each other
Reche bobe

In low mass binaries, the more massive star will
eventually become a white dwarf before the
secondary.



Evolution of High Mass Binaries

e High mass binaries
involve stars will
explode as SN

® Many possible

outcomes for
endstates:
- NS + NS
- BH + NS
- BH + BH

- Merger of stars
- Runaway stars

Roche lobes

Common
envelope

More massive

Less
star massive
star
A The more massive star B Rapid transfer of mass
expands to fill its Roche lobe to less massive star
produces a common
envelope

Compact object
{neutron star or

black hole)

Less massive
star now

L
|

Main More massive
sequence star star now

E Lless massive star explodes as D Envelope is ejected, leaving € Both stars spiral toward
a supernova, leaving behind behind the cores of the stars each other
a neutron star or a black hole

-

Common Common
envelope ~_ envelope

Matter is shed to compact G Transfer of mass to compact H Stars merge to form a
object via stellar wind obiject produces a common single black hole
envelope

Compact
companion

Compact
companion

] &

Neutron star
{pulsar}

Helium core (evolves until
it explodes as supernoval

If enough mass is retained in 1 If enough mass is lost in the
the supernova explosion, the supemova explosion, the two
two stars remain in close orbit stars go their separate ways

H' Alternatively, the common
envelope is ejected



How can we test theories of

Sfar Clus fers star evolution?

e Binaries help, because one can

get mass so that theories can
be tested

e But stars change so slowly, it
is impossible to test theories
by watching just one star
move through phases

e Fortunately, there are 10U
stars in our Galaxy, all with a
range of masses and ages!

e Conveniently, many stars are
found in clusters




Star Clusters (cont.)

A star cluster is a collection of stars in roughly
the same location having formed at about the

same time. Two main Kinds:

® Galactic (or open) e Globular Clusters:
Clusters: Tend to possess older
In galactic lane stars. No massive
where there is gas. stars and little gas.
Tend to have some Not in plane of

hot massive stars. Galaxy.



Key to Clusters

The more massive the
star, the earlier it
leaves the MS

HRD of a cluster will
show stars tracing
evolutionary tracks as
determined by individual
masses

The MS turn-off point
indicates the cluster age

Can test details, like
number of stars as Red
Giants or on the
Horizontal Branch

Adapted from SEDS (http://www.seds.org)
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Young Cluster
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Old Cluster
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Cluster

Evolution
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Instability Strip

e Some stars pulsate, often to be found in the
“instability strip” in the HRD

e Two major classes of pulsators:
— Cepheids - periods of 1-100 days with L ~103-104L,

- RR Lyraes - periods of 1.5" to 14 and only ~102 L;
these are Horizontal Branch stars



The Instability Strip in the HRD
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Pulsations in o
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Figure 14.5 Observed pulsation properties of § Cephei.



Period-Luminosity
Relation

PERIOD - LUMINOSITY RELATIONSHIP
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Cepheids

Figure 14.2 Henrietta Swan Leavitt (1868-1921). (Courtesy of Harvard 1
College Observatory.) j
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Figure 14.3 Classical Cepheids in the Small Magellanic Cloud, with the
period in units of days. (Figure from Shapley, Galazies, Harvard University
Press, Cambridge, MA., 1961.)



Cepheids as Standard Candles
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