
Dynarnical evolution of binar? systems 

"Of everjthing \%e h a r e  createti pairs that  you may reflcct" 
( I h c  Qusii~i  51 . 5 0 1  

L.ikc 311 other ~ J I C ; I ~ C I \ ,  I ; i l l1 ; l ls i~ \cr! ~ I ~ I C ~ U !  1 0  the o r g ; l ~ l i r ' ~ ~ s  fo1 glving me the 
opportunity o l  gn lng  ;in 111\1tcti tall, ; i t  1h1s ~ ~ o r h s t ~ o p  which has been organized a t  the 
tlrnl: (11' ~upcrannua t lon  0 1  l'lol. K .  I ) .  :2bh>;i11krtr wtho h;ls contributed a lot to the 
progress of tl11, dcp;ir t111ctlt 1 \\ ish h in i  rnilll> years of l'ruitful activity. 

I hiivc clio\cn tllc \ \ords  'f3111ii1) s?\tcrns' r i ~ t l l c ~  than 't3inary stars'in thc title, as I 
wish to d l - ; ~ ~  a t t cn t io~ l  ; i l \ o  t o  w n l c  :t\pccts 01' thc dylamics of' blnary galaxies and 
Indicate ~ h c  unilcr l!~ng L I I > I ~ \  111 t llc i I S l u i l j  ol' h ~ n i i l ~  stars and h~nary  g i i l i i~~ t s .  

I propow t o  iilscu\\ 1 1 1 \ t  ttlc I I ~ ~ C S ; I C I I O I I  01 hinar!, stilts ~vi th  single stars and the role 
o f  binary star\ In 4ta1 clustC1's. I hcn 1 hIl;111 rnclltlon sorne aspects of galttxy interactions 
which C ; I ~  h~ \ ic\vc(I ; I \  ;111:1 ~ U ~ L I C ' L I  01 hln;ir\'-~ingIc hod y cncountcrs on a bigger scale. 

1. Irr terurt i i)~~ of binarr  sturs with field stars 

I'hc study of the ~~~~~~ts ot ;I \tcll;ii crtcontcr on a hinary star hiis becn I\ subject of 
extcnsi\c s r i~dy  hot11 11irrur.r tcall! ant1 ;trial\. tic;iIIjp. ( [.or rcvtews see Hcggie 1988. 
Valtoncn 198H 1. 

A systcrn of thrcc. at;tr.\ ~ t h  ;~rhitrary nlasscs can bs specit'icd by 7 X 3 = 21 
parameters (six paratnctcrs i i c~ lo t i~ ig  the iliitial position and velocity of a star, and the 
seventh parrtrnetcr tlcnoting its mass). By choosing the centrc of mass of the system as 
origin, six parameters can  'he cliininated out of 2 1 ,  l'he various choices of the remaining 
15 pararnetcrs lead to n hcnildcring variety uf'solutions. tiills (1975) carried out more 
than 14,000 nurr~crical cxperilnents. 1.att.r Hut 8c HahcaH (1983) performed more than a 
million orbit calculations. Valtonen % Hunng !. I Y X X )  have extensively investigated the 
case of a close binauy moving in a circular rlrbit and the third star  making an  encounter 
in a parabolic orbit. 

The results show t ha t  generally the tightly bound binaries become mare tight and the 
loosely bound ones becnrnc Inore loose. ticggic, who has been a pioneering worker in this 
area, classified bi~laricx into hard (tightly bound) and soft (loosely bound) (Heggie 1975a, 
b). I f  ,?tt1?/2 is the  local mcan kinetic cncrgy of' a star, a hard binary is defined as that 
for. which I El > ,PI v'; 3 where E is the binding energy of the binary; while for a soft 
binary I El < nt $ 1  3. With thcst: definitions, the fundamental law of binary dynamics can 



be stated as : 'Hard binaries become harder and soft binaries become wi t - I '  I hc d~vislon 
between hard and soft binaries occurs at  the semr-malor axls 01 the b~nar!! grven by 
(Saslaw 1985) 

( nl I W km2 sec ' 
a = 4  - 

mc+ <v '>  
The studies also show that the rate of hitrden~ng of a brnary 1s ~ndepcrldcnt 01 the 

hardness. The intens~ty of the encounter Increases with the ha~dnchj  hi11 thc nilmbcr ol 
close encounters decrease w ~ t h  the hardness. On account ol thc\c t u o  oppoung 
tendencies, the rte of harden~ng is unaffected by the hardness. [lard b1n;111c\ intcractirlg 
with field stars having a Maxwellian distribut~on of veloc~t~es, harden at  a con5tant rate 
given by 

where nz is the mass of a star, n the number density and o the one-d~mens~onul vcloc~ty 
dispersion. 

Close approaches of a field star wlth a hard blnary can lead to rts capture and the 
formation of a trlple system which ultimately breaks up. Usually the least rnassive of tho 
three stars escapes. 

2. Evolution of binary stars in star clusterr 

Binaries in star clustcrs, whether pr~mordral or lornicd b) thrcc body crlcountcrs, 
exchange encrgy wrth the n ~ ~ i g l i h o u ~ ~ ~ l g  freld stars as wcll as uJrth thc rnclrc rlunlerou\ 
distant stars. l'he relatlve contrrbut~on of close i111d di\tnnt uncountcr\ iicpcrlds o n  the 
velocity drstribut~on of the field stars and thc orbrtal paianletcr\ 01 thc h~nar!. I t  h;i\ 
been found that typically close and drstant cncountci< contithutc eqt~iill>, to cncrgy 
changes. 

Soft binaries In clusters tend loward a 5tiitron;iry cqiir l ib~~il i l~ distrlbt~tion, the 
dlsrupt~on of soft binar~es being balanced by the formation ol ncw orica h)  thrcc-body 
encounters. Hard binaries, on the othcr hand, tend to iicc~i11111l;itt. I hc numhcr ot hard 
binaries formed in triple encounters in time t IS of the order 01 ( S p ~ t l c r  & IIIalt 1971) 

1.5 I 
Nhb = h ln(NI2) 

. . . (3 )  

where N IS the total number of stars and TR the relaxation tlme. 
A more accurate treatment which takes into account also the fo rma t~on  of hard 

binaries from the hardening of soft binaries yields for the rate of hard blnary fornlation 
per unit volume (Heggie 1980): 

n m 100 km2 sec " " 2 X IO-~~(-)~ ( - ) 5  ( 
lo4 pi3 me < P> yr ' 



It can be seen from this equation that in the central core where the number density is 
high, hard binaries would form at a more rapid rate. 

Hard binaries play a very important role in the dynamical evolution of a globular 
cluster. The effects of stellar encounters in the cluster tend to increase the central density 
of the cluster without limit. On the other hand, the energy liberated by the hard binaries 
in the process of the hardening tends to expand the cluster and counteract the collapse of 
the cluster. Hard binaries in clusters act as an  energy source, some what as do nuclear 
reactions in stars (Binney & Tremaine 1987). Many of the globular clusters in our galaxy 
have probably undergone core collapse and are currently re-expanding (Djorgovski & 
King 1986; Elson el al. 1987). Goodman & Hut (1989) suggest that primordial binaries 
could provide the necessary energy for the re-expansion of the cluster. 

It is of great interest to investigate the ultimate fate of a hard binary whose 
,components get more and more tightly bound with the passage of time. If the stars are of 
large size, the process can culminate in the coalescence of the pair. On the other hand, if 
the stars are compact objects, the components can approach each other to much smaller 
separations without touching each other, the relative velocity of the pair reaching a high 
value in the process. Close encounter with a field star in such a case, would convert part 
of this internal energy of the &nary to the translational energy of the pair and can lead to 
the ejection of the binary from the cluster. 

If all the three stars are of the same mass m, 113 of the energy released is carried off 
by the recoil of the binary and 213 by the field star. If ( +,I is the central potential depth 
of the cluster, the field star will escape if its recoil energy is greater than ml +,I. The 
binary itself will usually be ejected from the cluster if I El > 15 ml +,I (Goodman 1984). 

Hard binaries, especially those involving compact white dwarfs, may become strong 
x-ray and y-ray sources. Binaries also form in a star cluster by tidal capture and some of 
these can lead to stellar mergers (Lee & Ostriker 1986). 

3. Binaries in the Galaxy 

Since soft binaries become softer as time elapses, we should expect to find larger 
separations for younger binaries in the Galaxy. This is supported by observations. There 
are no, binaries older than the sun with separations greater than 4000 A.U., while binaries 
younger than the sun may have %parations of about 180.000 A.U. The rate of disruption 
appears too large to be explained by the effects of field stars. Probably,molecular clouds 
and spiral arms are the most effective agents (Poveda 1988). 

Triple stars, consisting of an inner binary revolving around the third star, are 
common. in the Galaxy. If Po and P, are the outer and inner periods, the evolution of the 
orbits can be well described analytically for Po/ P, > 50. For most known triple stars 
PO./ Pi = 1000. In these systems, the inner orbit undergoes periodic changes in eccentricity 
(Valtonen 1988). 

4. Analogues of binary-single body encounters in galaxy interactions 

We have seen that an encounter between a binary star and a single star is an  inelastic 
encounter involving exchange of energy between the binary and the star. 1n.interacting 
galaxies we come across t ihs pbnomenon of inelasticity on a considerably magnified 
scale leading to rapid mk+r of'  galaxies (see review by Alladin et al. 1988). 
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Let me draw attention to three aspects of galaxy interactions : ( a )  Formation of 
bridges and tails; (b) mass distr~butlon in merger remnants; and (c) dynam~cal  frlct~on 
These phenomena can also be interpreted by extrapolation of the law o! binalics . hard 
binaries tend to become harder and soft blnaries tend to become softer. 

Consider a galaxy as a multitude of binaries, each star forming a binary with the 
galactic centre around which it revolves. Stars in the core of the galnxy , arc tightly bound 
to the galactic centre. These may be considered as forming hard binaries w ~ t h  the galactic 
centre. On the other hand. the stars in the outer parts of the galaxy, may be considered as 
forming soft binaries with the galactic interior. In an  encounter between two galaxies, the 
soft binaries become softer. This implies that the outer stars, move away from the 
galactic centre. This Indeed is the case. Under favourable condit~ons, this lends to the 
format~on of bridges and tails in disc galaxies (Toomre & roomre 1972) 

In galactic encounters lead~ng to the merger of two galaxies, it has been found that 
the f~na l  coalesced object has a higher central concentration of mass and a more extensive 
envelope than its progenitors (e.g. White 1978, Roos & Norman 1979). As expected from 
the law of binaries, the inner stars of the galaxies move more inward and the outer stars 
move more outward, with the result that the merger remnant has highel central dens~ty  
and lower peripheral density than the progenitors. 

A satellite galaxy moving in the outer parts of the prlmary galaxy gcnerally 
experiences dynamical friction and spirals Inward ( W h ~ t e  1979). In this CiiSe,  while the 
outer stars in the primary galaxy form soft binaries with the galactic centre, the satell~te 
galaxy, on account of its much larger mass than a star, generally forms a hard binary 
with the galactic centre of the primary galaxy. The satellite therefore tends to become a 
harder binary by sp~ralling inward. If however the satellite mass is sufficiently small it can 
behave under certain circumstances as a soft binary component and move outward. The 
results of N-body simulations show that if the primary is a disc galaxy of mass M, 
rotating in the same sense as that in which the satell~te moves, merger is inhibited if the 
satellite is of mass less than 0.05 M. Also retrograde companions within a self-gravitating 
disc may be ejected from the system (for a review, see Byrd 1988). Thus the results of N- 
body simulations are consistent with the inferences that can be drawn qualitatively from 
an extrapolation of Heggie's laws. 

In binary single-star encounters, energy changes are relatively much smaller than t h e  
angular momentum changes. In the case of encounters between two galaxies also, the 
same is the case. If p is the d~stance of closest approach of the two galaxies, V the 
collision velocity, M' the mass of the perturbing galaxy, the energy change of a star in 
the test galaxy, is a second order effect in 

7 2 G 1 l l f / ~ ~ V ,  . . . (5)  

while the angular momentum change is a first order effect in 7 (Knobloch 1978). N-body 
simulations of interacting galaxies, also show that  escaping stars carry away a lot of 
angular momentum but little energy. 

A cofnparative study of the similarities in the areas of binary stars and binary 
galaxies in a quantitative manner would be of much interest. This may lead t o  a unified 
treatment of the dynamical effects. 



5. Binary-binary interaction 

An area of rnuch curlcnt Irlterc\r w ~ t h  prciit sc'opt tor rc.;earch IS Interaction between two 
binary stars l ) u r ~ l l p  lhc 1~111.1 j l ; Ig t ' r  Of !he C O ~ I I ~ P I C  01 ;I b~nary-r~ch core of a cluster, 
binarl-blnitr~ CIICoLIIl1CI I lAcl!  to hc 11lc)lC Irllportant than blnary-slngle star 
rncourlttrs. 1.0~11-hc)i i~ Irlrc.l:lctioll\ ;ire ~'\c.ll rllorc. corllplux than three-body encounters 
and l f i \ i \ t : ~ . ~ I ~ ~ ' : I  (11 l 1 l ~  C I O \ ~ - ~ T C ~ I ~ ) I ! \  ~ 1 1 1 ~ 1  1 ~ ' ~ l C t l O l l  I ; l t C j  101 hlnary-b~nnry \catterlng has 
only just bcgun (Hinnc> Rr I lcmalllc I9S7) 

Alladtn. S M .  \ . ~ r ~ ~ t m t l ~ n ,  k \ \ h 61 IL~lldhll ,  (i hl. ( I 1 ) H H )  Id(: ('o// N". 96, 327, 
Btnnr). J K: I rcrr1;ttrlc. S I l'H1\ ( :o /c i t  11, ~Orrunrr( \ .  I'rrncctorl Ilrltv I'rcss 
Byrd, ( r  C ( 1 9 X X )  1 4 1  ( 011 \ t 1  Vf i .  p 371 
Djorgov$L~, S (i & ktng I K t lYhh)  .ill! J 305, I h l  

Elson, K , H u t .  I' & Igf~,ili, S .4 (1987) .I Hi.\, . I ,$ / r  411 25. 565 
Goodman. .I ( I U X 4 )  41' .I 280, ?Uh 

Goodman, .l t l u t ,  1' t I V N Y  1 \ . ~ t i ~ r e  3-30, 4 1  
Heggte, I >  (' (IU75,i, h )  \ /  f H .1 S 17.3. 72'). 1.11 .\vnrl~. :Vo. 69, p 7.3 
Hrgg~e. I )  C I l'4Ull) l ; l t ~ l~ t r l t~ r  1 l r r t r t v \  (cii I )  I ldr~~. \  (Lc H bladorc) ('nmhrtdge U n ~ v  Prebs, p. 281. 
Hcgg~e, 1) C ( I V t i H I  1 4 1  < , I / /  % < I  'Jh, p 2 1 3  
H~l ls ,  J < i  (19751 .d11r J 80. KO9 
Hut. 1' & Hahc.ill. I \ ( I V H  1) 8 I p  J 268. T 10 

Knobloch, f. (197H) a i l 1  .I .S'rr/ipl 38. 
Lee. tl !kt & o\l l lkcr ,  I I' l l ' t X f 1 1  I[! ,/ \ lo .  l ' t l  

Povcd.~. A l IVXXl  :1p Sp . \ I  r 1.12, tr' 

Roo$. % &! \ ~ 1 1 t l ~ ~ l t l ,  ( ' ,  4 I l'J."jl i l r  ,AJI 7h. 75 
Saslaw. H' ( '  l 11)H51 ( r r r r r , r r t l~~or t i l l  [ ~ I I  $11 \ ,,I $/cpilur u r l d  acrlrlcarrc cvtrtltn.c. I'rrnhridge llniv. Press, p. 354. 
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Valloncn. M. .I ( IYtih) l r \ r u ~  ,,L \rr 32. 21 
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Kulkarni : You salci that in the cast of a g;riaxy density of stars near the centre will go on 
increasing (hiirdcr) while tile rfens~ty of thc peripheral stars will decrease. SO will there be 
a region in hetuecn wl~cre density will rcmirin constant over a very long time? 
Ailadin : 1 mentlonccf that is grtlaxy interactions leading to mergers, the merger remnant 
has h~gher centrrrl r!cnsity and lower pcriphrrul density than the prognitors. In the 
intermediate region of t h t  rnerger remnant, the density is likely to be more or less the 
same as the density in tile irltcrn~ediatc regions of the progenitors. 
Kuikarni : If t h ~ r d  body IS not there, what happens to the binary? 
Alladin : If the third b t d y  does not encounter the binary, obviously it cannot change its 
binding energy. Hut sclrnr cncrgy ctlange can still occur in the binary on account of the 
interaction of the bintrry with the distant stars of the cluster. 
Radhakrishnan : I'hc hs~cicning sf a binary is the effect of a perturbation. In the absence 
of a perturher is it not more natural fur the tidal forces to soften the binary? 



Alladin : In the absence of a perturber, the binary does not becomc softer. Stellar tidal 
effects bring the two stars closer and can even lead to  merger (see Lee & O s t r ~ k e r  1986). 
Pandey : Is the coalescence of stars in globular clusters in its final phases cataclysmic o r  
slow adiabatic process? 
Alladin : l don't know. 1 think that the coalescence will generally be a slow adiabatic 
process. I f  the binary is composed of compact objects, it is more lrkely to  be electcd from 
the cluster before coalescence occurs. 
Abhyankar : Are Heggie's laws of statistical nature or  d o  they have analytical basis'? 
Alladin : Heggie's laws are of statist~cal nature. Analytic expressions an: available for 
special cases. 
Abhyankar : Is the problem of the effect of the general potential field of the galaxy or  
cluster on a blnary considered so far? 
Alladin : M. D. Weinberg, S. L. Shapiro & I. Wasserman (1987. A p .  J. 312, 367) have 
studled the effect of the galactic tidal field on binaries. 
Kochhar : Is the analogy between Heggie's laws and results of binary interactions in 
galaxies merely a convenient way of remembering the galaxy results, or is it more' 
fundamental? 
Alladin : In my opinion, it is more fundamental. 
Sapre : Do galaxy collisions have a role to play in the formation and evolution of spiral 
and elliptical galaxies? 
Alladin : Yes, galaxy collisions d o  play a n  important role in the fo rma t~on  and evolution 
of galaxies. A merger of two spiral galaxies leads to the formation of an  elliptical gdlaxy. 
A dwarf galaxy, merging with a disc galaxy, can contribute to its bulge. It has even been 
suggested that the reverse Hubble sequence may be an  evolutionary sequence [Roos 
(1985) Ap. J. 294, 4791. 
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