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Stephen Justham

Stellar Evolution



Contents & Intent

Remind non-stellar people of relevant background & terminology

Indicate the current state-of-the-art

Suggest where we should be travelling towards
(Robustness, robustness, robustness, new physics, robustness, hydro, robustness....)

Briefly: wonder whether we could meet more and travel less



Why do stars/binaries matter?

Even if you are a dynamicist, most of the information about the cluster (i.e. 
most of the testability) is from the stellar light. 

In a GC, a large fraction of stars will have interacted.

If you want to use X-ray/UV/radio data, then the compact binaries matter. 

The most interesting individual objects tend to have had the most 
complicated evolutionary paths.

Even if you don’t care about any of the above, then mass loss (gradual or 
impulsive) and binary orbits matter to the dynamics. 



Why do stars/binaries matter?

47 Tuc in Optical & X-rays (Chandra; Grindlay & Heinke )



Evolving Stars



What I mean by “Stellar Evolution Code”
Often “Henyey” or “Henyey-type” codes.

Solve a set of highly non-linear coupled partial differential 
equations with sometimes pathologically difficult physical 
coefficients (e.g. from the equation of state). 

Apply boundary conditions at the centre and surface.

Assume linearity, do some linear algebra to find the corrections 
from the previous timestep that produce the current solution.

Unsurprisingly, convergence sometimes fails. 

Mostly legacy codes; hardly anyone really understands one well.



What I mean by “Binary Evolution Code”
Minimum --- a stellar evolution code as before, with:

A way to allow binary mass loss/gain (modified BC).
Circular orbits; a point mass companion; Roche-potentials.
Angular momentum dealt with (winds, RLOF, Braking, GWR).

TWIN is better for Algol-type systems:
Evolves both stars simultaneously.
Mass can be transferred directly between components.
Does NOT deal with contact binaries (no-one can).



Binary interactions:
What spherically symmetric Henyey-type evolution codes can do:

Roche-lobe overflow. 
Potentially some tidal effects, effects of rapid rotation.

What they can’t do:
Common-envelope evolution (vastly, vastly important).
Other sudden changes in binary parameters (e.g. SNae).
Mergers & other 3d hydrodynamic processes.

So even with a “full” binary code, you need special-case subroutines.



Calculation Speed
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Today, we typically use more meshpoints, demand higher accuracy 
and shorter timesteps. 5 mins for full stellar evolution fastish today. 

(? <20s equivalent of the above on my >2-year-old laptop?)



Note: Calculation Speed

Bare calculation speed is misleading.

Evolving a star robustly in an hour will mean your N-body 
cluster can actually run (slowly!).

If you evolve each binary in 30 seconds, but 90% crash 
(most of the interesting ones) then there’s not much point.



Full Stellar/Binary Codes 
Eggleton & derivatives (STAR / ds2000 / TWIN / EZ )

Many people involved in MODEST; EFT & HPT fits. 

Kippenhahn code & descendants  (Langer, Podsiadlowski, ...?)
Paczynski code & descendants (Brussels, must be others....?)
Kovetz & Prialnik & Yaron (a rewritten/new code?)
Mazzitelli & variants (Kolb, Schenker for CVs; convection studies?)
Tycho (Arnett), Geneva, Yale-Yonsei, Baraffe (low-mass)
Padova (Girardi, Chiosi....), Meynet & Maeder (rotating single)
Icko Iben surely must have written a code... or used another?
MESA (forthcoming -- Bill Paxton & friends).



Analytics: fast and robust.
We know the answer (well, within the limits of our ability) for 
single-star evolutions. Why bother to recalculate them? 

Fit previously-know results with analytic formulae.

Extremely fast (essentially instant results).

Even better: very numerically robust.

Excellent for single stars.

EFT & HPT are the best.  (HPT 00 = SSE)



HPT example:
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HPT example:
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HeFM > M

HeF
M < M

0

14

core H-

burning

core He-

burning burning

shell He- double

shell burning

shell H-burning

0 = main sequence M < 0.7 M

1 = main sequence M > 0.7 M

3 = first-ascent red giant

6 = thermally pulsating asymptotic giant

5 = early asymptotic giant / red supergiant

11 = carbon/oxygen white dwarf

10 = helium white dwarf

8 = naked helium (sub) giant

7 = naked helium main sequence

15 = no stellar remnant

14 = black hole

13 = neutron star

12 = oxygen/neon white dwarf

remnant

2 = Herstzsprung gap / subgiant

4 = horizontal branch / helium-burning giant

M < Mec

M > Mec

M < Mup

M > Mup

O

O

reversible path with mass gain/loss

path only possible with mass gain

path only possible with mass loss

irreversible evolutionary change

!"#$%& *+) R*((4'.% %;*.7#4*" A&#$( #$5*7:$ #$% ;&54*7( (#%..&5 %;*.7#4*" A$&(%(?

JML &' (' )*+,-./ 0' (' 12,3 456 7' 8' 92*"

! IHHH 320/ BU320 ,*-/ JLKVJMP



!"# $%&' &'( ')*+,-(. /'(00 1+,*23%.- 405,/& 400 ,6 &'( 025%.7

,/%&)8 9'( '(0%25 /'(00 604/' 34. +(1(4& %&/(06 54.) &%5(/: 4.* &'(

3)30( %/ ;.,$. 4/ 4 &'(+540 120/(8 9'%/ %/ &'( &'(+5400) 120/%.-

4/)51&,&%3 -%4.& <+4.3' =9>!"#?8

9'( /&(004+ +4*%2/ 34. -+,$ &, @(+) 04+-( @402(/ ,. &'( !"#A

&'%/ 0,$(+/ &'( /2+643( -+4@%&) ,6 &'( /&4+: /, &'4& &'( /2+643(

54&(+%40 %/ 0(// &%-'&0) <,2.*8 9'2/ 54//70,// 6+,5 &'( /&(004+

/2+643( 34. <(3,5( /%-.%6%34.&: $%&' &'( +4&( ,6 54//70,// 43&2400)

433(0(+4&%.- $%&' &%5( *2+%.- 3,.&%.2(* (@,02&%,. 21 &'( !"#8

B.6,+&2.4&(0): ,2+ 2.*(+/&4.*%.- ,6 &'( 5(3'4.%/5/ &'4& 342/(

&'%/ 54//70,// %/ 1,,+: $%&' 1,//%<0( /2--(/&%,./ 0%.;%.- %& &, &'(

'(0%25 /'(00 604/'(/ ,+ &, 1(+%,*%3 (.@(0,1( 120/4&%,./8 C'4&(@(+

&'( 342/(: &'( %.602(.3( ,. &'( (@,02&%,. ,6 !"# /&4+/ %/

/%-.%6%34.&8 D4//70,// $%00 (@(.&2400) +(5,@( 400 ,6 &'( /&4+/

(.@(0,1( /, &'4& &'( ')*+,-(.7<2+.%.- /'(00 /'%.(/ &'+,2-'8 9'(

/&4+ &'(. 0(4@(/ &'( !"# 4.* (@,0@(/ &, '%-'(+ !(66 4& .(4+0)

3,./&4.& 025%.,/%&)8 !/ &'( 1',&,/1'(+( -(&/ ',&&(+: &'( (.(+-(&%3

1',&,./ <(3,5( 4</,+<(* <) &'( 54&(+%40 $'%3' $4/ &'+,$. ,66

$'%0( ,. &'( !"#8 9'%/ 342/(/ &'( 54&(+%40 &, +4*%4&(: 4.* &'( /&4+

54) <( /((. 4/ 4 104.(&4+) .(<2048 9'( 3,+( ,6 &'( /&4+ &'(. <(-%./

&, 64*( 4/ &'( .230(4+ <2+.%.- 3(4/(/8 9'( /&4+ %/ .,$ 4 $'%&(

*$4+6 =CE? 4.* 3,,0/ /0,$0) 4& '%-' &(51(+4&2+( <2& 0,$

025%.,/%&)8

F6 &'( 54// ,6 &'( /&4+ %/ 04+-( (.,2-': " ! GD!! &'( 34+<,.7
,H)-(. 3,+( %/ .,& *(-(.(+4&( 4.* $%00 %-.%&( 34+<,. 4/ %&

3,.&+43&/: 6,00,$(* <) 4 /233(//%,. ,6 .230(4+ +(43&%,. /(I2(.3(/

$'%3' @(+) I2%3;0) 1+,*23( 4. %..(+ %+,. 3,+(8 !.) 62+&'(+

+(43&%,./ 4+( (.*,&'(+5%3 4.* 34..,& 3,.&+%<2&( &, &'( 025%.,/%&)

,6 &'( /&4+8 >',&,*%/%.&(-+4&%,. ,6 %+,.: 3,5<%.(* $%&' (0(3&+,.

341&2+( <) 1+,&,./ 4.* '(4@) .230(%: &'(. +(5,@(/ 5,/& ,6 &'(

(0(3&+,. *(-(.(+43) 1+(//2+( &'4& $4/ /211,+&%.- &'( 3,+(: 4.* %&

<(-%./ &, 3,0041/( +41%*0)8 C'(. &'( *(./%&) <(3,5(/ 04+-(

(.,2-': &'( %..(+ 3,+( +(<,2.*/: /(.*%.- 4 /',3;$4@( ,2&$4+*/

&'+,2-' &'( ,2&(+ 04)(+/ ,6 &'( /&4+ &'4& '4@( +(54%.(* /2/1(.*(*

4<,@( &'( 3,0041/%.- 3,+(8 !/ 4 +(/20&: &'( (.@(0,1( ,6 &'( /&4+ %/

(J(3&(* %. 4 /21(+.,@4 =KL? (H10,/%,.: /, &'4& &'( !"# %/

(66(3&%@(0) &+2.34&(* 4& &'( /&4+& ,6 34+<,. <2+.%.- 4.* &'( /&4+ '4/

., 9>!"# 1'4/(8 9'( +(5.4.& %. &'( %..(+ 3,+( $%00 /&4<%0%M( &,

6,+5 4 .(2&+,. /&4+ =LK? /211,+&(* <) .(2&+,. *(-(.(+43)

1+(//2+(: 2.0(// &'( %.%&%40 /&(004+ 54// %/ 04+-( (.,2-' &'4&

3,510(&( 3,0041/( &, 4 <043; ',0( =#N? ,332+/8

K&4+/ $%&' " ! OPD! 4+( /(@(+(0) 466(3&(* <) 54//70,//

*2+%.- &'(%+ (.&%+( (@,02&%,. 4.* 54) 0,/( &'(%+ (.@(0,1(/ *2+%.-

QN(#: ,+ (@(. ,. &'( N": (H1,/%.- .230(4+ 1+,3(//(* 54&(+%408 F6

&'%/ ,332+/: &'(. 4 .4;(* '(0%25 /&4+ %/ 1+,*23(* 4.* /23' /&4+/: ,+

/&4+/ 4<,2& &, <(3,5( .4;(* '(0%25 /&4+/: 54) <( C,06RS4)(&

/&4+/8 C,06RS4)(& /&4+/ 4+( 54//%@( ,<J(3&/ $'%3' 4+( 6,2.* .(4+

&'( DK: 4+( 0,/%.- 54// 4& @(+) '%-' +4&(/: 4.* /',$ $(4;: ,+ .,:

')*+,-(. 0%.(/ %. &'(%+ /1(3&+48 T25%.,2/ <02( @4+%4<0(/ =T#U/?

4+( (H&+(5(0) 54//%@( 1,/&7DK ,<J(3&/ $%&' (.,+5,2/ 54//70,//

+4&(/ %. 4 /&4-( ,6 (@,02&%,. J2/& 1+%,+ &, <(3,5%.- C,06RS4)(&

/&4+/8 L4;(* '(0%25 /&4+/ 34. 40/, <( 1+,*23(* 6+,5 0(// 54//%@(

/&4+/ %. <%.4+%(/ 4/ 4 3,./(I2(.3( ,6 54// &+4./6(+8

U4+%4&%,./ %. 3,51,/%&%,. 34. 40/, 466(3& &'( /&(004+ (@,02&%,.

&%5(7/340(/ 4/ $(00 4/ &'( 411(4+4.3( ,6 &'( (@,02&%,. ,. &'( NSE:

4.* (@(. &'( 20&%54&( 64&( ,6 &'( /&4+8 ! 5,+( *(&4%0(* *%/32//%,.

,6 &'( @4+%,2/ 1'4/(/ ,6 (@,02&%,. 34. <( 6,2.* &'+,2-',2& &'%/

141(+8

!"#$%& '( K(0(3&(* VUK (@,02&%,. &+43;/ 6,+ # ! W"WX! 6,+ 54//(/ W8YZ:
O8W: O8Y: X8P: Z8W: Y8[P: OW: OY: XP 4.* ZWD!8

!"#$%& )( K45( 4/ \%-8 O 6,+ # ! W"WWO" 9'( O8W7D! 1,/&7'(0%25 604/'

&+43; '4/ <((. ,5%&&(* 6,+ 304+%&)8

$%&'()*)+,-.) /+/012-3 4%(&50/) 4%( ,2)00/( ).%052-%+ PZP

! XWWW S!K: DLS!K *'+: PZ[RPY]

!!!"# ! $"%& '()*+ ,- .*/ $00&1/ ".23)4 3524647 6+ ,89,!-,: -)
*,.: -) -;, <)2=.-6)4 )< . :,7,4,2.-, #>, !)2, '>)=)-) $0&?1@

A;6*, -;, +-.2 !)4-645,+ 6-+ ,B)*5-6)4 59 -;, CDE/ F;,4 -;, !)2,

=.++ 2,.!;,+ !";@ -;, #>, !)2, !)**.9+,+ )A647 -) ,*,!-2)4

!.9-52, )4 G7H? 45!*,6/ I;, 2,+5*-647 +59,24)B. ,89*)+6)4

*,.B,+ . 4,5-2)4 +-.2 2,=4.4- 'J,!-6)4 K/H/H1/ I;, *6=6-647

!!@ECDE B.*5,+ )< $/K .4: H/HLG! !)22,+9)4: -) 646-6.* +-,**.2

=.++,+ :,4)-,: -2.:6-6)4.**M 3M -;, +M=3)*+ !59 .4: !,!@

2,+9,!-6B,*M/ I;, B.*5,+ )< !59 .4: !,! :,9,4: )4 =,-.**6!6-M

'+,, -.3*, $ )< ()*+ ,- .*/ $00&1@ -;6+ :,9,4:,4!, <)**)A+ <2)=

64B,2-647 ,N5.-6)4 'KK1 <)2 -;, B.*5,+ !!!ECDE ! $"K .4: H/HL@

2,+9,!-6B,*M/

O< -;, ,4B,*)9, 6+ *)+- 3,<)2, !! 2,.!;,+ !!@J> "! !";# )4 -;,
I(CDE@ -;, 2,=4.4- !)2, 3,!)=,+ . A;6-, :A.2</ I;6+ A6** 3, -;,

!.+, <)2 .*=)+- .** !.+,+ )< 4)2=.* JJP/ Q)2 !!!ECDE " $"K! -;6+
A6** 3, . "# A;6-, :A.2<R <)2 !!!ECDE # $"K! 6- A6** 3, . #>,
A;6-, :A.2< 'J,!-6)4 K/H/$1/

J-.2+ A6-; !!!ECDE $ H"HL :,B,*)9 4)4S:,7,4,2.-, "# !)2,+

A;6!; 72)A )4*M +*67;-*M 3,<)2, 54:,27)647 !,4-2.* !.23)4

3524647@ 2.96:*M <)**)A,: 3M 3524647 )< ;,.B6,2 ,*,=,4-+/ T,2,@

!!@J> 6+ -;, "#S!)2, =.++ .- A;6!; -;6+ 3524647 -.U,+ 9*.!,@

3,!.5+, -;, !)2, =.++ :),+ 4)- 72)A +6746<6!.4-*M .<-,2 !.23)4

3524647/ V,2M N56!U*M@ .4 Q,S!)2, 6+ <)2=,: A;6!; !)**.9+,+

)A647 -) 9;)-):6+64-,72.-6)4@ 2,+5*-647 64 . +59,24)B. ,89*)+6)4/

I;, +59,24)B. *,.B,+ ,6-;,2 . 4,5-2)4 +-.2 )2@ <)2 B,2M =.++6B,

+-.2+@ . 3*.!U ;)*, 'J,!-6)4 K/H/H1/ F, .++5=, -;.- . 3*.!U ;)*,

<)2=+ 6< !!!J> $ W"%! !)22,+9)4:647 -) !!!ECDE $ 0"LH/
I;6+ =,.4+ -;.- -;, *)A,+- =.++ +-.2 -) 92):5!, . >J ;.+ .4

646-6.* =.++ !" 64 -;, 2.47, !59 % !" % !,!! A6-; -;, .!-5.*
B.*5, )<!" :,9,4:647 72,.-*M )4 -;, =.++S*)++ 2.-,/ #3+,2B.-6)4+

A)5*: -,4: -) +577,+- -;.- !" ! !,! 'P*+)4 ,- .*/ $00&1@ .4:

64:,,: A, <64: -;.- A6-; )52 .:)9-,: =.++S*)++ 2.-, 'J,!-6)4

W/$1 .*=)+- .** !.+,+ )< JJP 2,+5*- 64 FX <)2=.-6)4 <)2

! % !,!/

F;6*, =)+- +-.2+ ;.B, -;,62 45!*,.2 3524647 ,B)*5-6)4

-,2=64.-,: )4 -;, I(CDE@ A, =5+- =.U, .**)A.4!,+ <)2 !.+,+

)< ,4;.4!,: =.++S*)++@ ,/7/@ )A647 -) 364.2M ,B)*5-6)4 92)!,++,+@

-;.- 2,+5*- 64 -,2=64.-6)4 .- .4 ,.2*6,2 45!*,.2 3524647 +-.7,/ O< -;,

+-.2 *)+,+ 6-+ ,4B,*)9, :52647 -;, TD )2 DE 9;.+,+@ -;,4 6- A6**

3,!)=, ,6-;,2 . T,FX 'J,!-6)4 K/H/$1@ 6< 6- ;.+ . :,7,4,2.-, !)2,

"! " !T,Q#! )2 . Y,2)S.7, 4.U,: ;,*65= +-.2 'J,!-6)4 K/$1/ O<

:52647 "T,E ! ! !!! -;,4 .4 ,B)*B,: 4.U,: ;,*65= +-.2 6+

<)2=,: A6-; -;, :,72,, )< ,B)*5-6)4 :,-,2=64,: 3M -;, .=)54- )<

!,4-2.* ;,*65= .*2,.:M 3524-/ I;5+ -;, .7, )< -;, 4,A +-.2 6+ -.U,4

-) 3,

" ! " $ & " $T,O
" $T,

! "

"T,GJ! "WK#

A;,2, -;, 926=,+ :,4)-, -6=,+ <)2 -;, )26764.* +-.2@ .4: "T,GJ 6+

76B,4 3M ,N5.-6)4 'W01/ F;,4 -;, ,4B,*)9, 6+ *)+- :52647 -;,

PCDE +) -;.- !!!T, ! !! . 4.U,: ;,*65= 76.4- 'J,!-6)4 K/$1 6+

<)2=,: .+ 543524- ;,*65= +-6** 2,=.64+ A6-;64 !!@T, -;2)57;

A;6!; -;, 72)A647 !!@"# 6+ ,.-647/ I;, .7, )< -;, 4,A +-.2 A6** 3,

<68,: 3M 5+647 !! ! !!!"# .4: ! ! !!!T, 64 -;, T,DE !!Z"

2,*.-6)4 '+,, J,!-6)4 K/$1/ F, 4)-, -;.- .*-;)57; 4.U,: ;,*65=

+-.2+ .2, 45!*,.2 3524647 +-.2+@ 6/,/@ 4)- . <64.* +-.-,@ A, +-6** *.3,*

-;,= .+ . 2,=4.4- +-.7, 3,!.5+, -;,M .2, -;, 2,+5*- )< =.++S*)++/

C*+)@ A;,4 . FX@ >J )2 ET 6+ <)2=,:@ -;, .7, )< -;, +-.2 6+ 2,+,-

+) -;.- -;, 2,=4.4- 3,764+ 6-+ ,B)*5-6)4 .- Y,2)S.7, -) .**)A <)2

!))*647 'J,!-6)4 K/H1/

!"#$%& '() J.=, .+ Q67/ $@ 35- -2.!U+ .2, <2)= -;, ,B)*5-6)4 <)2=5*.,/ !"#$%& '*) J.=, .+ Q67/ H@ 35- -2.!U+ .2, <2)= -;, ,B)*5-6)4 <)2=5*.,/

LL& #$ %$ &'()*+, -$ %$ ./)0 123 4$ 5$ 6/'"

! H%%% [CJ@ G>[CJ +'*@ L?\ZLK0

Hurley, Pols & Tout single-star fitting formulae (2000).
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More Hurley, Pols & Tout single-star fitting formulae (2000).



Fitting formulae: disadvantages
Effort to make; you can’t easily try changing your stellar physics, or 
adding new effects. May have to be completely re-made as stellar 
physics improves.  

The best we have (HPT 2000) are not guaranteed to better than 5%.

The single star fitting-formulae need to be supplemented with recipes 
to deal with binary mass transfer.... 

HPT 00 (SSE) becomes HTP 02 = BSE (SSE + binary recipes)
Results sometimes good, sometimes highly approximate. 
Arguably, the recipes become worse in more interesting cases.



Tracks: disadvantages

2.35 M⊙ donor, 0.95 M⊙ accretor, 17.9h initial orbital period.



3 M⊙ donor, 1.4 M⊙ 
accretor.

Note: this tells you that the 
mass transfer phase will be 

wrong, but actually the 
remnant evolution in this 

case is okay. In other 
situations, this would be 

reversed....



Tracks: disadvantages
Effort to make; may have to be re-made if stellar physics improves. 

The best we have (HPT 2000) are not guaranteed to better than 5%.

Binary recipes are sometimes excellent, sometimes highly approximate. 

Two extremes: 

(1) The true answer is uncertain. Live with it.

(2) Disdain fitting formulae for not being perfect. 

The middle way: use analytics (or stored exact results) when you can. 
Perform full calculations when you need to. 



Formula-based Binary codes:
SSE & BSE (Hurley, Pols, & Tout) 

StarTrack (Kalogera, Belczynski, ....),  BiSEPS (Willems, Kolb,...)
Jarrod Hurley? Probably others too.... 

Other:
 SeBa (SPZ, …),  Moscow (Yungleson, Tutukov, …), ?

Alternatives:
Interpolation between tracks saved to disk (e.g. Brussels)
Combine SSE with detailed tracks for specific classes of system 
(e.g. Podsiadlowski, Rappaport, Pfahl & Han....) 



Things we know we can’t do.
Stellar winds (very important for massive stars, possibly GC HBs)
Convection (overshooting; enhanced mixing; better than fixed MLT?)
Contact binaries (usually ignored...)
Common-envelope evolution
Mass transfer in eccentric systems (but see Willems, Sepinski et al.)
Mergers (though see Lombardi, Glebbeek, Sills)
Angular momentum (magnetic braking; transfer in RLOF; rapid rotators)
Tidal spin-up / synchronisation / eccentricity damping / heating.
Accretion (efficiency and mass loss, evolution of accreting stars, ...)
Donor irradiation
“Supermassive” stars (IMBHs? Pulsations / eruptions / wind-loss?)
Supernovae (core-collapse kicks?; e-capture; what makes an SN Ia?; AIC?)
Initial conditions! (a, P, M, q).



What has been done?
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ABSTRACT
The old open cluster M67 is an ideal testbed for current cluster evolution models because of its
dynamically evolved structure and rich stellar populations that show clear signs of interaction
between stellar, binary and cluster evolution. Here, we present the first truly direct N-body
model for M67, evolved from zero age to 4 Gyr taking full account of cluster dynamics as well
as stellar and binary evolution. Our preferred model starts with 36 000 stars (12 000 single stars
and 12 000 binaries) and a total mass of nearly 19 000 M!, placed in a Galactic tidal field at
8.0 kpc from the Galactic Centre. Our choices for the initial conditions and for the primordial
binary population are explained in detail. At 4 Gyr, the age of M67, the total mass has reduced
to 2000 M! as a result of mass loss and stellar escapes. The mass and half-mass radius of
luminous stars in the cluster are a good match to observations, although the model is more
centrally concentrated than observations indicate. The stellar mass and luminosity functions
(LFs) are significantly flattened by preferential escape of low-mass stars. We find that M67 is
dynamically old enough that information about the initial mass function (IMF) is lost, both
from the current LF and from the current mass fraction in white dwarfs (WDs).

The model contains 20 blue stragglers (BSs) at 4 Gyr, which is slightly less than the 28
observed in M67. Nine are in binaries. The blue stragglers were formed by a variety of means
and we find formation paths for the whole variety observed in M67. Both the primordial
binary population and the dynamical cluster environment play an essential role in shaping
the population. A substantial population of short-period primordial binaries (with periods less
than a few days) is needed to explain the observed number of BSs in M67. The evolution and
properties of two-thirds of the BSs, including all found in binaries, have been altered by cluster
dynamics and nearly half would not have formed at all outside the cluster environment. On
the other hand, the cluster environment is also instrumental in destroying potential BSs from
the primordial binary population, so that the total number is in fact slightly smaller than what
would be expected from evolving the same binary stars in isolation.

Key words: stellar dynamics – methods: N-body simulations – binaries: close – blue stragglers
– stars: evolution – open clusters and associations: general.

1 I N T RO D U C T I O N

Star clusters have long been recognized as important tools for un-
derstanding many astrophysical processes. As such, they are the
focus of many observational programmes, both from the ground
(e.g. Kalirai et al. 2003; Kafka et al. 2004) and space (e.g. Grind-
lay et al. 2001; Piotto et al. 2002; Richer et al. 2004). Dynamical
modelling had its beginnings over four decades ago (von Hoerner
1960; Aarseth 1966; van Albada 1968) but it is only recently that

!E-mail: jarrod.hurley@sci.monash.edu.au

the models have reached a state where genuine comparison with
cluster observations is possible. This is the result of software ad-
vances that have improved realism and speed as well as a huge
increase in hardware performance. The realm of globular clusters
is still out of reach of realistic direct N-body models. So it is open
clusters that garner initial attention in the attempt to confront clus-
ter models with observations and vice versa. In particular, old open
clusters are of interest because these are dynamically well evolved
and offer the chance to observe the effects of interaction between
stellar, binary and cluster evolution. A good example is M67, which
contains an abnormally large number of blue straggler (BS) stars
for its age and size (Ahumada & Lapasset 1995), as well as a good

C© 2005 RAS
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the models have reached a state where genuine comparison with
cluster observations is possible. This is the result of software ad-
vances that have improved realism and speed as well as a huge
increase in hardware performance. The realm of globular clusters
is still out of reach of realistic direct N-body models. So it is open
clusters that garner initial attention in the attempt to confront clus-
ter models with observations and vice versa. In particular, old open
clusters are of interest because these are dynamically well evolved
and offer the chance to observe the effects of interaction between
stellar, binary and cluster evolution. A good example is M67, which
contains an abnormally large number of blue straggler (BS) stars
for its age and size (Ahumada & Lapasset 1995), as well as a good
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Figure 10. Cluster colour–magnitude diagram at 4.0 Gyr. Note that all bina-
ries are assumed to be unresolved. To convert the luminosities and effective
temperatures to magnitude and colour, we have used the bolometric cor-
rections given by Kurucz (1992) and, in the case of WDs, Bergeron et al.
(1995). A distance modulus of 9.7 (Hurley et al. 2001) has been assumed to
place the simulated cluster at the distance of M67.

Table 3. Stellar population results at 4 Gyr for simula-
tions performed in this work (see text for details).

Model 1 Model 2

N BS 1 20
N BS,bin 1 9
N BS/N MS,2to 0.01 0.18
r h,BS pc−1 – 1.1
N RS 2 6
N CV 3 1
f WD 0.16 0.15
r h,WD pc−1 0.3 0.6

create a CE. The mass ratio inversion had not been enough to avoid
this. The giant core and the MS star spiralled together and expelled
0.29 M" of the envelope via dynamical friction before merging to
form a 1.91 M" giant with a core mass of 0.16 M". This star is
more massive than the normal giants in the cluster at this time, but
has a core mass less than expected for a giant of this mass and in fact
less than the core mass of the stars residing at the base of the cluster
GB. The reduced core mass is the result of the mass loss experienced
by the subgiant progenitor, which restricted its core mass growth as
it evolved across the subgiant branch. This is the cause of the merged
giant lying below the subgiant branch. The increased mass of the
giant will cause it to remain on the blue side of the standard cluster
GB as it continues its giant evolution.

6.2.1 Blue stragglers

Table 4 provides a list of the 20 BSs in the M67 model. All of
the 11 single BSs were produced from the merger of two MS stars

in a primordial binary. In nine of these cases, BS formation was
via the onset of Case A mass transfer and the eventual coalescence
of the stars as angular momentum was removed from the system.
For seven of these, the evolution proceeded as if the binaries were
evolved in isolation. The cluster environment did not interfere. In
one case (star no. 2411), a perturbation to the orbit hastened the
onset of Case A mass transfer so that a BS that would not have
been created until after 4 Gyr was formed earlier and observed at
4 Gyr. In another case (no. 3021), mass transfer was delayed by the
involvement of the binary in a temporary exchange interaction that
increased the orbital period. This BS would not have been observed
at 4 Gyr without the interference of the third star as it would have
already evolved to become a WD. On the other hand, if the exchange
interaction had caused a larger period increase, the BS may have
formed after 4 Gyr or not at all. The remaining two of the single BSs
formed from initially long-period binaries that had their eccentricity
pumped up to 0.99 by weak fly-by encounters. This led to a collision
of the MS star components at the periastron and the creation of a
BS. In neither binary would the component stars have become close
enough to interact and merge without the intervention of a third star.
Descriptions of the evolution pathways for the four single BSs that
were affected in some way by the cluster environment are given in
Table 5.

Descriptions for the nine binary BSs are also given in Table 5.
Two of these are primordial binaries but both have been affected by
interactions with other cluster members. This explains the eccentric
nature of the orbits. In one case, the BS was formed in a wide
circular binary as a result of Case C mass transfer and a subsequent
perturbation induced the eccentricity observed in the orbit. The other
primordial binary became involved in a four-body interaction and
one of the binary components collided with another member of the
subsystem to form the BS which then emerged bound to its original
companion. The remaining BS binaries are non-primordial and their
formation involved an exchange interaction at some point. In four
of these cases, a primordial binary became part of a three- or four-
body system and perturbations to the orbit drove the eccentricity of
the binary towards unity so that the stars collided. The merged star,
a BS, was then exchanged into a binary. One of these cases then
underwent a second collision in an eccentric binary while another
was subsequently perturbed. A BS binary was formed from Case C
mass transfer in a primordial binary, but the BS was then exchanged
into a new binary and, just prior to 4 Gyr, Case B mass transfer began
in this binary. This further increased the mass of the BS. Another
case saw an exchange interaction form a binary that evolved to a
state of Case A mass transfer followed by coalescence to a BS that
was later exchanged into a new binary. The final case involved an
exchange interaction followed by two collision events. So the binary
BSs were formed by a variety of means and this resulted in a mix
of orbital parameters: short-period and circular; short-period (less
than 1000 d) and eccentric; and long-period (greater than 1000 d)
and eccentric (see Table 4 for full details).

Only seven of the 20 BSs in the model evolved from unperturbed
primordial binaries. Of the remaining 13, eight BSs were formed
by collisions that were induced by three- or four-body interactions,
or by perturbations that drove up the eccentricity to almost unity.
These eight could not have formed outside the cluster environment
and the same is true for the case A merged star that formed after
an exchange. The other four would have become BSs by binary
interaction alone, but two of these would not have been observed
as BSs at an age of 4 Gyr. Hence, for approximately half the BS
population, the dynamical cluster environment was instrumental in
producing them.

C© 2005 RAS, MNRAS 363, 293–314
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ABSTRACT
In this paper, the first of a series, we study the stellar dynamical and evolutionary processes
leading to the formation of compact binaries containing white dwarfs (WDs) in dense globular
clusters (GCs). We examine the processes leading to the creation of X-ray binaries such as
cataclysmic variables (CVs) and AM CVn systems. Using numerical simulations, we identify
the dominant formation channels and we predict the expected numbers and characteristics of
detectable systems, emphasizing how the cluster sources differ from the field population. We
explore the dependence of formation rates on cluster properties and we explain in particular
why the distribution of CVs has only a weak dependence on cluster density. We also discuss
the frequency of dwarf nova outbursts in GCs and their connection with moderately strong
WD magnetic fields. We examine the rates of Type Ia supernovae (SNe Ia) via both single
and double degenerate channels in clusters and we argue that those rates may contribute to the
total SN Ia rate in elliptical galaxies. Considering coalescing WD binaries, we discuss possible
constraints on the common envelope evolution of their progenitors and we derive theoretical
expectations for gravitational wave detection by Laser Interferometer Space Antenna (LISA).

Key words: stellar dynamics – binaries: close – binaries: general – globular clusters: general.

1 I N T RO D U C T I O N

From the earliest observations of X-ray binaries in globular clusters
(GCs), it has been noted that they must be very efficient sites for
the production of compact binary systems (Clark 1975). The key
to the overabundance of compact binaries in clusters, as compared
to the field, is close stellar encounters. The processes that influence
the binary population in dense stellar environments include the de-
struction of wide binaries (‘ionization’), hardening of close binaries,
physical collisions, and exchange interactions, through which low-
mass companions tend to be replaced by more-massive participants
in the encounter. As a result of these processes, in the dense cores of
GCs, binaries are strongly depleted and their period distribution is
very different from that of a field population (Ivanova et al. 2005a).
This effect is stronger for binaries including a compact object, like
cataclysmic variables (CVs).

The issue of the dynamical formation of CVs has been exten-
sively discussed. Considering the CV formation via tidal captures
(TCs), Bailyn, Grindlay & Garcia (1990) showed that dynamical

!E-mail: nata@cita.utoronto.ca
† Lindheimer Fellow.
‡Tombaugh Fellow.

formation of CVs is not expected because more-massive donors
lead to unstable mass transfer (MT). On the other hand, Di Stefano
& Rappaport (1994) predicted the existence of many CVs formed
via TCs, as many as an order of magnitude more than that would be
predicted by standard binary evolution, making CVs a probe of the
dynamical processes in the cluster. Detection of CVs in GCs proved
difficult (e.g. Shara et al. 1996), but a population was detected using
the Hubble Space Telescope (HST) (Cool et al. 1995), along with a
population of ‘non-flickerers’ (Cool et al. 1998) which are under-
stood to be young helium white dwarfs (WDs) with carbon–oxygen
(CO) WD companions (Hansen, Kalogera & Rasio 2003).

In the past few years, substantial progress has been made in op-
tical identification of HST counterparts to Chandra X-ray sources
in several GCs. Valuable information was obtained for populations
of CVs, chromospherically active binaries and quiescent low-mass
X-ray binaries (qLMXBs) (Grindlay et al. 2001a; Pooley et al. 2002;
Edmonds et al. 2003a; Heinke et al. 2003; Bassa et al. 2004). For the
first time, we can compare populations of such binaries in GCs and in
the Galactic field, and infer their rates of formation and population
characteristics. In particular, 22 CVs have now been identified in
47 Tuc, allowing identification of several differences between typ-
ical CVs in GCs and CVs in the Galactic field. These differences
include relatively high X-ray luminosities compared to field systems

C© 2006 The Authors. Journal compilation C© 2006 RAS
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ABSTRACT

In this paper, the second of a series, we study the stellar dynamical and evolutionary processes
leading to the formation of compact binaries containing neutron stars in dense globular clus-
ters. For this study, 70 dense clusters were simulated independently, with a total stellar mass
∼ 2× 107 M!, well exceeding the mass of all dense globular clusters in our Galaxy. We find
that, in order to reproduce the empirically derived formation rate of low-mass X-ray bina-
ries (LMXBs), we must assume that NSs can be formed via electron-capture supernovae with
typical natal kicks smaller than in core-collapse supernovae. Our results explain the observed
dependence of the number of LMXBs on “collision number” as well as the large scatter ob-
served between different globular clusters. We predict that the number of quiescent LMXBs
should not have a strong metallicity dependence. For millisecond pulsars (MSPs), we distin-
guish high-magnetic-field (short-lived) and low-magnetic-field (long-lived) populations. With
this distinction, we obtain good agreement of our models with the numbers and characteris-
tics of observed MSPs in 47 Tuc and Terzan 5, as well as with the cumulative statistics for
MSPs detected in globular clusters of different dynamical properties. We find that significant
production of merging double neutron stars potentially detectable as short γ-ray bursts occurs
only in very dense, most likely core-collapse clusters.

Key words: stellar dynamics – binaries: close – binaries: general – stars: neutron – pulsars:
general – globular clusters: general – X-rays: binaries.

1 INTRODUCTION

Neutron stars (NSs) are seen in globular clusters (GCs) via their

(current or past) participation in interacting binary systems. From

the earliest observations of X-ray binaries in GCs it has been noted

that their abundance per unit mass is ∼100 times greater in GCs

than in the Galaxy as a whole (Clark 1975). This was understood to

be a consequence of the high stellar density of GCs, which may

lead to the creation of compact NS binaries in close stellar en-

counters. NS binaries are often relatively easy to identify in GCs

(compared to other binaries), and they allow us to constrain the dy-

namical history of clusters and the evolution of NS properties in

binary systems. They have been observed so far in three guises:

(i) as bright low-mass X-ray binaries (LMXBs); (ii) as quiescent

LMXBs (qLMXBs); and (iii) as binary or single millisecond pul-

sars (MSPs). In the future, they could also be detected as sources

of gravitational radiation.

Bright LMXBs have X-ray luminosities of typically 1035–

! E-mail:nata@cita.utoronto.ca
† Lindheimer Fellow
‡ Tombaugh Fellow

1038 ergs s−1. In bright LMXBs, the NS is actively accreting

from a companion star via Roche-lobe overflow and an accretion

disk. Thirteen sources are known in Galactic GCs, of which 12

are known to contain NSs through the detection of thermonuclear

bursts. Six are transient systems (two have remained in outburst for

more than a decade; the others have outburst time-scales of weeks),

while the other seven seem to be persistent. Orbital periods have

been identified for six systems (Dieball et al. 2005), of which half

are below one hour, indicating an ultracompact system composed

of a neutron star and white dwarf companion. Efficient surveys of

the X-ray sky give us confidence that we have detected all bright

LMXBs that have existed in Galactic GCs during the past 10 years.

Quiescent LMXBs have lower X-ray luminosities (1031 <
LX < 1034 ergs/s), indicating that accretion is not active or is

significantly reduced during quiescence. Their X-ray luminosity

is thought to derive at least in part from the re-radiation of heat

from the core of the NS, which was generated during accretion out-

bursts (Brown et al. 1998), though other mechanisms are also sug-

gested (see, e.g., Campana et al. (1998) ). They can be identified

through their positional coincidence with the location of a bright

transient LMXB in outburst (Wijnands et al. 2005), and/or through

their characteristically soft X-ray spectrum (Rutledge et al. 2002).

StarTrack with some new recipes for dynamical encounters 
&

 Fewbody integrator, very simple “Monte Carlo” (but not 
Monte Carlo dynamical code!) treatment of interations.

Uses 10^6 stars.
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Figure 7. Main formation channels of all CVs that are present in a ‘standard’ cluster at the age of 10 Gyr. Notations: numbers in squares represent contributions
from different channels, small circles contain the labels for each channel. ‘CE’ – common envelope, ‘Evol. merger’ – evolutionary merger, ‘Evol. ionization’
– destruction of the binary via an SN explosion, ‘e⇑’ – increase of the eccentricity during fly-by encounters, ‘Strong binary encounter’ – three- or four-body
encounter with an outcome as exchange, binary destruction (‘ionization’) or physical collision (‘Collision’), ‘TC’ – tidal capture, and ‘Coll RG’ – physical
collision with an RG.

(ii) In ∼20 per cent of CVs, the main reason for a binary to
become a CV was fly-by encounters. These CVs cannot be pre-
dicted in simulations where only strong encounters are taken into
account.

(iii) In ∼15 per cent of CVs, the WD was formed during dy-
namical removal of the RG envelope. As this removal is not ‘clean’,
and about 0.1 M# (see Lombardi et al. 2006) can remain bound to
the RG stripped core, the characteristics of the WD can differ from
those formed via a CE.

(iv) 60 per cent of CVs did not evolve via CE, which is the most
common formation channel for field CVs.

(v) TCs did not play a significant role.

4.1.2 Formation channels in different clusters

In Table 2, we give details on the formation channels for different
cluster models at the same age of 10 Gyr. We note that these numbers

fluctuate with time and are not defined precisely (see more below
in Section 4.1.3); however, some trends can be identified. We also
show the numbers of CVs that are formed in a metal-poor envi-
ronment (‘non-dyn’) and in the field. The definition of ‘detectable’
CVs is not very consistent here, as observational limits for field
CVs are not the same as for GCs (and much more poorly defined),
but we use the same limits for comparison. It can be seen that dy-
namics in the ‘standard’ model leads to an increase in the total
CV production by less than a factor of two. On the other hand, the
comparison of the ‘non-dyn’ and ‘standard’ models is helpful for
understanding the formation of halo CVs. All detectable CVs in the
‘non-dyn’ are heavy, and, due to mass segregation, contribute only
to the core CV population. All CVs that are present in the halo are
therefore either below the (optical) detection limit, or are detectable
CVs that were ejected from the core to the halo after a dynamical
encounter.

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 372, 1043–1059
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Chapter 5

N-body Models with Binary

Stars

This chapter explains the extended interface used to implement binary stel-

lar evolution, calculated with the modified version of STARS, in NBODY6. A

model of a small stellar cluster made with the new code is presented and

discussed. This is necessarily only the first step towards the inclusion of full

binary evolution in N -body models of clusters but it demonstrates that this

goal is achievable by its rudimentary success.

5.1 Interface between STARS and NBODY6

The interface used to communicate the results of single star evolution be-

tween STARS and NBODY6 has been described in Section 3.2. This interface

is, however, insufficient to model binary stars. The main additional com-

plication is that both internal and dynamical processes affect the orbits of

binaries. Furthermore, as dynamical formation and destruction of binaries

occurs, information needs to be passed to STARS so that the procedures de-

scribed in Section 4.1 can be implemented. To these ends the interface has

been expanded to include some new procedures. The additional subroutines

are as follows.

• EGGNEWBIN(N1, N2, a, t) instructs STARS to treat a pair of stars

as a binary. The names of the two stars are passed to the routine

as N1 and N2, along with the semimajor axis and formation time.

The routine updates the evolutionary state of the two stars and sets

125

100 single stars & 100 binaries.



Where are we 
heading?



Aiming at MODEST goals:
If we can calculate one full binary evolution in one minute, and 
can use 20 processors for 24 hours:

60×24×20=1440×20=28800 binaries.

 Use for binary population synthesis without having to rely on 
‘analytics’ or interpolation formulae.    

This has been done for pseudo-binaries containing only one 
“evolving” star (mean evolution time ≃4mins, >105 evolutions).

In practice, much of that CPU time was repetetive.



The problem is not (really) speed
So if I can calculate >105 binaries in a day with 20 processors, 
what’s the problem? 

Indeed; it would be even faster if we were efficient about using 
previous calculations / intermediate models. 

Note, however, that this is only one mass transfer episode, not the 
full life-history of the binary.

Reliability. Many of those binaries broke, and needed human 
interaction. Do you want your N-body code to be permanently 
sitting and waiting for grad-students/postdocs to sort out the 
troublesome cases?  



Robustness....
Can we improve on the basic solution method?

Techniques from condensed matter theorists? Applied mathematicians?

Can we at least make the convergence algorithm better?

We can certainly code-in much of what users do using their brains 
& experience to get through difficult cases. Eventually...

And how many attempts do you want to try in each case? For how long?
Also smooth EOS / input physics as much as possible (e.g. MESA).

We’ll probably still need an exception-handling convention. 

Interested in Capri poster by Ofer Yaron!



What should a black box stellar MUSE 
module look like?

To specify a previously non-interacting single star:
INITIAL: mass, composition 
CURRENT: age, mass, core mass, core composition, type?

Keeping 10^6 stars in memory is hard 
?1Mb each, more common; 0.1Mb for super-minimalist Eggleton.

What do we want to know?
M, R,  dM/dt, L, T, Mc, Xc, Yc, X, Y, (etc) all as function of time.
Sometimes the full structure for input into hydro/merger?
Did the star go supernova? What remnant & kick velocity?

For the general case, we want to be able to input a full structure too.                    
Hence want a flag for “bespoke” vs “off-the-shelf” stars.



Library of previous 
calculations.

Library of stored 
input models.

Analytic tracks? 

Complex binary interactions.

Handle breakdowns & 
numerical issues.

Stellar code(s)

Hydro? 
Mergers?

Request (whole track? next Δt?)

Do we already know 
the answer? 

(Continually 
expand libraries)

(Continually 
expand libraries)



Could we travel less 
and meet more?



Final Thought

Split (& Amsterdam, Chicago, .... ) are very enjoyable (so far!).

Air travel is bad for the planet, the cost is bad for our budgets, 
infrequent meetings are bad for the MUSE project...

Electronic tools exist for regular meetings.

The particle physics instrumentalists in my building (and some 
astro instrumentalists) have regular teleconferences... aren’t we 
theory-instumentalists?



Conclusions: Stability

Binary evolution is not a fire-and-forget computational problem: 
they are quick and routine calculations, but they are not easy. 

It would be extremely good if codes were much more robust.  

This is particularly important if you consider that the other 
problems we wish to address (such as evolving collision products) 
take rather more effort to converge than most “normal” binaries.  
Currently we are doing the easy ones. 


