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Single Star Evolution (SSE)

A Stars ~70 % hydrogen
by mass.

A Stars powered by core
hydrogen fusion are
calledMain Sequence
(MS) stars.

A Hydrogen burning is
slow = interior
structure change slowly
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Single Star Evolution (SSE)

A Vogtc Russell Theorem

Any change in composition o
mass requires a readjustmen
of the effective temperature
and luminosity. In other

words, the observational
characteristics must change ¢
a consequence of the central
nuclear reactions@stlieand
Carroll 2007).
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lllustrating evolution: The Hertzsprung
Russell Diagram (HRD)

HRD relates luminosity)(and .5+ Highmass stars .
effective surface temperaturel( ). sof ..,5
Position of star on HRD is defined by 4 S X
its mass. wf  nowd /i
Luminosityspans 9 orders of |

magnitude,Massspans 3. 3

Upper MS stars, burn hydrogen / _

evolve faster

Post MS evolution leads to

decreasingl¢, due to stellar

expansion as the star ascends the TN

Giant Branc{GB). o

Low mass starg s

(O | P | - ! | ST Sra— | S — | 1
47 46 45 44 43 42 41 40 39 38 37 16 35
Log,, T, (K)



Star clusters: Laboratories for stellar
evolution

Star clusters form from collapse of &
molecular cloud.@stlieand Carroll
2007).

Every member has equal
compositions and age.

VogtRussell theorem= variation in
currentevolution state between
members reflects initial mas©étlie
and Carroll 2007).

Clusters have a wide range of stella
masses. At any given time, all stag§
of evolution can be observed.

M8: An Open Cluster in the Lagoon

Photo courtesy of: The Electronic Universe Project
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Magnitude Diagram (CMD)

Temperature can be measured via radiant

flux through two color filters; blue and Observed CMD NGC 188
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Anomalous Blue Stragglers (BSs): Products ot
binary star evolution?

Atypical position above anoluewardof

the main sequence turnoff. Observed NGC 188 CMD
Core hydrogen burning lifetimes BSs HE () . .
should have evolved off main sequence 12E . . 3
. z 3271 [& -
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Binary star evolution: Mass transfer through
angular momentum loss\erger)

Binary Systems interact through orbits.
When close, tidal forces are exchanged.

Gravity develops a tidal bulge along line
connecting center of mass.

net result: bulges slightly ahead of Earth-Moon line

spin < orbit » frictional forces drag the tidal

bulge axis ahead of the line of centers
A torque on system is produced

Torque (dL/dt) transfers angular
momentum between stellar spin and
orbit.

. . .. . tidal bulges if
Orbital energy is dissipateg> separation Earth didn't rotate

decreases; Result:

i Stars approach equilibrium state
(synchronous rotation and alignment of
the spin orbit axes)

i Else the stars spiral inwards until merger.
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Binary star evolution: Mass transfer through
angular momentum loss\erger)

Binary Systems interact through orbits.
When close, tidal forces are exchanged.
Gravity develops a tidal bulge along line

connecting center of mass.

spin < orbit » frictional forces drag the tidal

bulge axis ahead of the line of centers
A torque on system is produced

Torque (dL/dt) transfers angular
momentum between stellar spin and
orbit.

Orbital energy is dissipated> separation
decreases; Result:

i Stars approach equilibrium state
(synchronous rotation and alignment of
the spin orbit axes)

Video provided By: Alison Sills

i Else the stars spiral inwards until merger.



Binary star evolution: Mass transfer
through Roche Lobe Overflow (RLOF)

-

The effective gravitational potential . ' ‘ ' ' ' ‘
(EGP) in a frame rotating with a binary
forms equipotential surfaces called
Roche surfaces.

LY FfdzSyOS 2F St OK
Roche Surfaces into teardrop shapes.

via
|

Point of contact isnner Lagrangian, or
L, point

If star expansion fills Roche lobe, gas 1 -
flows through thel, point and accreted
by companion.

Vogtg Russell theorem: Mass transfer — ‘ 0 ‘ , ‘ >
—=subsequent evolution has been L
altered.



Binary star evolution: Mass transfer
through Roche Lobe Overflow (RLOF)

The effective gravitational potential
(EGP) in a frame rotating with a binary
forms equipotential surfaces called
Roche surfaces.

LY FfdzSyOS 2F St OK
Roche Surfaces into teardrop shapes.
Point of contact isnner Lagrangian, or
L, point

If star expansion fills Roche lobe, gas
flows through thel, point and accreted
by companion.

Vogtg Russell theorem: Mass transfer

—=subsequent evolution has been
altered. Video provided By: NC State University




Testing the previous hypothesis with a computer mo&ahary
Star Evolution Algorithm (The BSE: By Jarrod Hurley)

A Simulate the evolution of a large population of binary and single stars to a given
age of a known cluster and compare theory with observation

A Two fundamental simulations:
I First to age Gigayears(Gyrs): Age of open clusters NGC 188
I Second to 2.4 Gyrs : Age of open cluster NGC 6819.

A Photometrically select any BSs generated.

Observed CMD NGC 188 Stmulatod CMD overplottedw |th Obs»wasts in N( (.188 (7b,r )
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Testing the previous hypothesis with a computer mo&ahary

T>

To  To To I

Star Evolution Algorithm (The BSE: By Jarrod Hurley)

Simulate the evolution of a large population of binary and single stars to a given
age of a known cluster and compare theory with observation

Two fundamental simulations:
I First to age Gigayears(Gyrs): Age of open clusters NGC 188
I Second to 2.4 Gyrs : Age of open cluster NGC 6819.
Photometricallyselect any BSs generated.
Compare the quantity of BSs and percentage of BSs in binary.

Compare binary BSsbital parameters distributionss NGC 18&s identified by
Geller et al (2008, 2009), and CMD location.

Orbital parameters:
I Period: Time of one complete revolution
I Eccentricity: Aneasure of ellipticity of the orbit shape

Note: NGC 6819 BS observational data is presently incomplete



Initializing the parent binary population with observed
distributions (Duquennoy& Mayor 1990)

Initial
RO ' " '
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Initialize Binaries b -

A Supply: mass, ~Z °
orbital period, &
ecc to all binaries,

A Set the age of
evolution of the
population
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Initializing the parent binary population with observed
distributions (Duquennoy& Mayor 1990)

Initial BSs After Simulation
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Comparison of observed guantities of
BSs to simulated quantities of BSs

A Observed Quantities A Simulated Quantities
A NGC 188 (7Gyrs) A 7Gyr Simulation

I 21 BSs I 4-5 BSs
I 16 BSs in Binary I 60% Binary Frequency
i 75% Binary Frequency A 2.4 GyrSimulation
A NGC 6819 (2.G&yr3: i 5BSs
I 12 BSs I 50% Binary Frequency

I 4 BSs in Binary
I 33% Binary Frequency



Comparison of observed to simulated orbital
parameter distributions

Observed Orbital Parametersin NGC 188 Observed Orbital Parametersin NGC 188

Observed Period Observed Eccentricity
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Predicted NGC 6819 orbital parameters from
simulation

Orbital Parametersfrom2.4 Gyr Simulation Qrbital Parametersfrom7 Gyr Simulation
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Considering mass transfer type responsible for
producing simulated BSs with orbital parameters
I Merger. between two MS stars

A Roche Lobe Overflow (RLOF)
SG6SSYy X Lo

Observed Eccentricity vs. Log (Period) of BSs

_ _ Note peak.at 7501,000 days
. close period; creates single

BS. o b

I GiantMS intermediate Period; ﬂ-ﬁ:- ; '
creates short period B&#/D binary. «

I AGBMS long binariex; creates long 0.4:— ' ) ‘} _

period BS binary 0ol t *.} ’ {. i

A Wind Accretion (onto MS) j ’ : H .

. Red Giant Branch star ﬂ'ﬂn_'_'_'- '1' 2 _,'J _,,

leg(P) (deys)

(RGB) wind.
: wind

Asymptotic Giant Brancstars (AGB) are characterized by burning a helium kakiva hydrogen shell in
their cores; the extra energy greatly expands their outer envelopes.




Eccentricity vs. Log (Period ) of Simulated BSs (7 Gyrs)

Simulatede log pplot from1000 runs:
BS color coded according to mass transfer that formed them
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Eccentricity vs. Log (Period ) of Simulated BSs (2.4 Gyrs)
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Result from 7.0 Gyr Simulation

B Merger

@RLOF (MS_MS)  mRLOF (Giant-MS)

B RLOF (AGB-MS) DOSuper Giant Wind 8@ Red Giant Wind

Result from 2.4 Gyr Simulation
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Initigl Ecc of BSs

Final Ece aof BSs

The feature at 7501000 days: For either
simulations

BSs Before Simulation

- E
Period

BSs After Simulati

10
on

Period

For BSs witle = O(Previously Known)

A All BSs in binaries wiin< 1,000 days
become tidally circularized.

For BSs witler (= )
Avrff .{a 6AGK SOOSyYy
Gyrof evolution are formed by



Initigl Ecc of BSs

Final Ece aof BSs

The feature at 7501000 days: For either
simulations

BSs Before Simulation

Period
BSs After Simulation
2 & - E E 10

Period

A

Mass transfer type is a
consequence of period of the
primordial binary.

Prediction.2 By knowing the period of
the binary star containing a BSs, you
can predict the form of mass transfer
that made it!

Period Ranges to mass transfer

o Io Io Do

0¢ 5 days=> MSec MS RLOF
5¢ 100+ days> Giantc MS RLOF
100¢ 1000= AGBc MS RLOF



