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Single Star Evolution (SSE)

ÅStars ~70 % hydrogen 
by mass.

ÅStars powered by core 
hydrogen fusion  are 
called Main Sequence
(MS) stars.

ÅHydrogen burning is 
slow  interior 
structure change slowly

Evolution of the sun on the main sequence



Single Star Evolution (SSE)

Å Vogt ςRussell Theorem: 

Any change in composition or 

mass requires a readjustment 

of the effective temperature 

and luminosity.  In other 

words, the observational 

characteristics must change as 

a consequence of the central 

nuclear reactions (Ostlieand 

Carroll 2007).

Evolution of the sun on the main sequence



Illustrating evolution: The Hertzsprung 
Russell Diagram (HRD)

Å HRD relates luminosity (L) and 

effective surface temperature (Teff ).

Å Position of star on HRD is defined by 

its mass.

Å Luminosity spans 9 orders of 

magnitude, Massspans 3. 

Å Upper MS stars, burn hydrogen / 

evolve faster

Å Post MS evolution leads to 

decreasing Teff, due to stellar 

expansion as the star  ascends the 

Giant Branch(GB).
Low mass stars

High mass stars



Star clusters: Laboratories for stellar 
evolution

Å Star clusters form from collapse of a 

molecular cloud. (Ostlieand Carroll 

2007).  

Å Every member has equal 

compositions and age.

Å Vogt-Russell theorem variation in 

current evolution state between 

members reflects initial mass (Ostlie

and Carroll 2007).  

Å Clusters have a wide range of stellar 

masses.  At any given time, all stages 

of evolution can be observed.

M8: An Open Cluster in the Lagoon
Photo courtesy of: The Electronic Universe Project



hōǎŜǊǾŜǊΩǎ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ Iw5Υ  ¢ƘŜ /ƻƭƻǊ 
Magnitude Diagram (CMD)

Å Temperature can be measured via radiant 

flux through two color filters ςblue and 

green are common.

Å Apparent brightness (apparent 

magnitude) corresponds to luminosity

Å Plotting brightness vs. color of a cluster

recreates the HRD.  

Å CMDs are invaluable in the study of stellar 

evolution. They offer the ability to test 

current theories for each stage 

throughout the life cycle of stars.

Hotter Cooler



Anomalous Blue Stragglers (BSs): Products of 
binary star evolution?

Å Atypical position above and bluewardof 

the main sequence turnoff.

Å Core hydrogen burning lifetimes BSs 

should have evolved off main sequence

Å They simply should not be there!

Å Hypothesis:  Products of binary evolution 

rejuvenated core hydrogen.

Å BSs can:  

ï constrain binary populations

ï Binary interactions affect  evolutionary 

each star, binary systems , clusters

ï Evolution of the other half!

Observed NGC 188 CMD



Binary star evolution: Mass transfer through 
angular momentum loss (Merger)

Å Binary Systems interact through orbits. 

Å When close, tidal forces are exchanged.   

Å Gravity  develops a tidal bulge along line 

connecting center of mass. 

Å spin < orbit , frictional forces drag the tidal 

bulge axis ahead of the line of centers

Å A torque on system is produced

Å Torque (dL/dt) transfers angular 

momentum between stellar spin and 

orbit.

Å Orbital energy is dissipated separation 

decreases; Result:

ï Stars approach equilibrium state 

(synchronous rotation and alignment of 

the spin orbit axes) 

ï Else the stars spiral inwards until merger.



Binary star evolution: Mass transfer through 
angular momentum loss (Merger)

Video provided By: Alison Sills
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Binary star evolution: Mass transfer 
through Roche Lobe Overflow (RLOF)

Å The effective gravitational potential  

(EGP) in a frame rotating with a binary 

forms equipotential surfaces called 

Roche surfaces.

Å LƴŦƭǳŜƴŎŜ ƻŦ ŜŀŎƘ ǎǘŀǊΩǎ 9Dt ŘƛǎǘƻǊǘǎ 

Roche Surfaces into teardrop shapes.

Å Point of contact is inner Lagrangian, or 

L1 point

Å If star expansion fills Roche lobe, gas 

flows through the L1 point and accreted 

by companion.

Å Vogt ςRussell theorem: Mass transfer 

subsequent evolution has been 

altered.



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

Video provided By: NC State University
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Testing the previous hypothesis with a computer model: Binary 
Star Evolution Algorithm (The BSE: By Jarrod Hurley)

Å 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.

Å Two fundamental simulations:  

ï First to age 7Giga-years(Gyrs): Age of open clusters NGC 188 

ï Second to 2.4 Gyrs : Age of open cluster NGC 6819.  

Å Photometrically select any BSs generated.



Testing the previous hypothesis with a computer model: Binary 
Star Evolution Algorithm (The BSE: By Jarrod Hurley)

Å 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.

Å Two fundamental simulations:  

ï First to age 7Giga-years(Gyrs): Age of open clusters NGC 188 

ï Second to 2.4 Gyrs : Age of open cluster NGC 6819.  

Å Photometricallyselect any BSs generated.

Å Compare the quantity of BSs and percentage of BSs in binary.  

Å Compare binary BSs orbital parameters distributions in NGC 188 as identified by 
Geller et al (2008, 2009), and CMD location.

Å Orbital parameters:  

ï Period: Time of one complete revolution 

ï Eccentricity: Ameasure of ellipticity of the orbit shape 

Å Note: NGC 6819 BS observational data is presently incomplete



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

Initialize Binaries

Å Supply: mass, 
orbital period, & 
ecc. to all binaries, 

Å Set the age of 
evolution of the 
population

Initial 

Log Period

Initial 

Eccentricity



The immediate results of the BSE

RUN: 1

ID K1 K2 Mi0 Mi20 Mif Mi2f LogL LogT VMag BVMag P0 Ecc0 Pf Eccf Vrot1 Vrot2 Mflag

1682 11 1 1.455 0.994 -0.623 1.171 0.429 -1 15.269 0.697 2.00E+03 0.378 1.57E+03 0 0 29.035C

1804 11 1 1.588 0.988 -0.55 1.114 0.335 -1 15.504 0.694 4.07E+03 0.49 3.84E+03 0.002 0 20.668BW

5229 11 1 1.251 0.984 -0.577 1.1 0.261 -1 15.683 0.674 1.69E+03 0.274 1.78E+03 0 0 35.558BW

9011 1 1 1.121 1.109 0.012 1.109 0.459 -1 14.412 0.746 8.63E+04 0.334 8.63E+04 0.334 11.639 12.549NA

9579 1 1 1.111 1.028 0.083 1.028 0.157 -1 14.761 0.733 3.47E+04 0.568 3.47E+04 0.568 12.435 11.347NA

RUN: 2

ID K1 K2 Mi0 Mi20 Mif Mi2f LogL LogT VMag BVMag P0 Ecc0 Pf Eccf Vrot1 Vrot2 Mflag

792 11 1 1.184 1.091 -0.719 1.241 0.522 -1 15.03 0.673 9.93E+02 0.409 7.95E+02 0 0 200.676C

1965 11 1 1.208 1.075 -0.704 1.231 0.506 -1 15.069 0.673 8.62E+02 0.201 8.57E+02 0 0 110.05C

2480 2 1 1.13 0.991 0.138 0.991 0.054 -1 14.76 0.785 6.97E+06 0.392 6.97E+06 0.392 11.467 10.373NA

2651 11 1 1.464 0.973 -0.525 1.074 0.233 -1 15.759 0.693 5.61E+03 0.61 4.17E+03 0.029 0 20.101BW

2985 11 1 1.333 0.969 -0.575 1.124 0.313 -1 15.552 0.67 1.43E+03 0.334 1.22E+03 0 0 29.4 C

4414 1 1 1.119 1.099 0.02 1.099 0.343 -1 14.553 0.745 2.66E+02 0.348 2.66E+02 0.348 11.892 12.662NA

4805 1 1 1.113 1.031 0.082 1.031 0.165 -1 14.741 0.736 3.29E+06 0.396 3.29E+06 0.396 12.286 11.426NA

4932 11 1 1.253 1.044 -0.621 1.144 0.37 -1 15.412 0.68 2.00E+03 0.085 2.62E+03 0 0 41.413BW

6861 2 1 1.181 0.876 -1.329 1.693 1.018 -1 13.652 0.43 1.26E+00 0.236 1.57E+00 0 58.277 231.268B

7577 1 -1 1.044 0.145 1.19 -999 0.237 -1 15.736 0.65 1.68E+00 0.335 -9.99E+02 -999 103.828 -999 M

8655 10 1 1.219 0.699 -1.542 1.729 1.108 -1 13.514 0.497 1.47E+00 0.33 8.86E+00 0 4.947 353.529B

Used to make all CMDsUsed to make all eccentricity 
and period histograms

Used to document 
mass transfer type



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

Initialize Binaries

Å Supply: orbital 

period, & ecc. to 

all binaries

Do 1,000 simulations

ω Photometrically

extract all BSs and 

generate a 

normalized  

distributions for 

period and 

eccentricity 

Initial 

Log Period Log Period

BSs After Simulation

BSs After SimulationInitial 

Eccentricity Eccentricity



Comparison of observed quantities of 
BSs to simulated quantities of BSs

ÅObserved Quantities

ÅNGC 188 (7Gyrs):
ï21 BSs

ï16 BSs in Binary

ï75% Binary Frequency

ÅNGC 6819 (2.4 Gyrs):
ï12 BSs

ï4 BSs in Binary

ï33% Binary Frequency

ÅSimulated Quantities

Å7Gyr Simulation
ï4-5 BSs

ï60% Binary Frequency

Å2.4 GyrSimulation
ï5 BSs

ï50% Binary Frequency



Comparison of observed to simulated orbital 
parameter distributions



Predicted NGC 6819 orbital parameters from 
simulation



Considering mass transfer type responsible for 
producing simulated BSs with orbital parameters
ï Merger: between two MS stars 

Å Roche Lobe Overflow (RLOF) 

.ŜǘǿŜŜƴΧ

ï MS-MS: close period ςcreates single 

BS.

ï Giant-MS:  intermediate Period ς

creates short period BSsςWD binary.  

ï AGB-MS: long binaries ςcreates long 

period BS binary

ÅWind Accretion (onto MS)

ï RGB-MS:  Red Giant Branch star 

(RGB) wind.

ï SuperGiant-MS: wind

Note peak at 750 -1,000 days

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



Simulated e log p plot from1000 runs:
BS color coded according to mass transfer that formed them



The feature at 750 - 1000 days: For either 
simulations

For BSs with e = 0(Previously Known)

Å All BSs in binaries with p < 1,000 days 

become tidally circularized.  

For BSs with e ґ л(Prediction 1)

Å !ƭƭ .{ǎ ǿƛǘƘ ŜŎŎŜƴǘǊƛŎƛǘȅ ґ л ŀŦǘŜǊ т 

Gyrof evolution are formed by wind 

accretion.  

Period

Period

BSs Before Simulation

BSs After Simulation



The feature at 750 - 1000 days: For either 

simulations

Å Mass transfer type is a 

consequence of period of the 

primordial binary.

Å 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:

Å 0 ς5 days MS ςMS RLOF

Å 5 ς100+ days Giant ςMS RLOF

Å 100 ς1000 AGB ςMS RLOF

Å 1000 + Wind Accretion

Period

Period

BSs Before Simulation

BSs After Simulation


