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Abstract

The dynamical evolution of globular clusters is studied using the orhil-averaged multi-
component Fokker-Planck equation. The original code developed by Cohn{1980) is modi-
fied to include the effect of stellar evelutions.

Plummer’s model is chosen as the initial density distribution with the initial mass func-
tion index ¢=0.25, 0.65, 1.35, 2.35, and 3.35. The mass loss rate adopted m this work
follows that of Fusi-Pecci and Renzini(1976).

The stellar mass loss acts as the energy source, and thus affects the dynamical evolu-
tion of globular clusters by slowing down the evolution rate and extending the core col-
lapse time Tee. And the dynamical length scale R., Ru is also extended. This represents
the expansion of cluster due io the stellar. mass loss.

I. Introduction

Globular clusters are the best objects for studying stellar dynamics. Lynden-Bell and Wood
(1968) previously mentioned that the self-gravitating finite stellar system had eventually exper-
ienced the core collapse and it was called the gravo-thermal catastrophe. This effect mainly due
to the negative heat capacity C of the system in the long range force field like gravitation.
Therefore the self-gravitating stellar system may have some kind of internal energy source for
example stellar mass loss, binary formation, heavy star formation by merger, stellar loss by cen-
tral black hole.

The first direet numerical integration of the Fokker-Planck equation was presented by Cohn
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{1979, 1980) without using Monie Carlo approximation. Further improvements were made by
Inagaki and Wiyanto{1984) with two-mass component model in a one-dimensional Fokker—
Planck computation. Cohn{1985) also improved his own code over five-mass component model.
Extensive numerical calculations of binary heating have performed by Cohn et 2l.(1986), Lee
and Ostriker(1986), and Stalter et aL(1987). The stellar mass loss effects were studied with
simple heat conducting model and hydrodynamical mode! by Applegata(1986), Angelleti and
Giannone{1977, 1979, 1980).

Our present model considers the stellar mass loss is the main energy source and takes three—
mass component model with the variation of IMF{Initial Mass Function 4(m)=m™} index a=

0.65, 1.35, 2.35, 3.35.

I. The Model

The initial density distribution functions of the clusters are multi component Plummer model

(Inagaki and Wiyanto, 1984).

f(my= 2AvZ Re Mmoo

7wt GMP m, my

Where M(5x 107" Mg) is the mass of initial cluster, M, is the mass of each group which is n
table 1, and m, is the mass of each component stars{(im,, ms, m.) = {0.5Mg, 1.0Mg, 2.0Mg). my is

average mass defined by

Znum,

1
my= ———
0 Enl H
1

Then the initial density distribution of the cluster is reduced from equation (1)

3Ml 1 --------------------------------------------------------------------
p(r)= TRT TTO/RIT" )

and the initial velocity distrition is
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where R,(2.5pe) is the scale length of Plummer model and taken as the length scale of
this study. The unit of energy 18 Es=GM/Ry, the unit of velocity is (V%) =E,/2 and the unit of

density is py=3M/4xRY.

Table 1. Mass elements and unmber of siars of initial clusters

o 0.65 1.35 2.35 3.35
N 2.565 % 10° 4,166 X 10° £.468 x 107 8.100 x 10°
Ny 1.633 % 10° 1.635 %107 1.268 % 10° 7.944 % 10*
Ny 1.042 % 10° 6,411 x10° 2.450x 10 7.791 x 10°
N 5.240 % 10° 6.422 x 107 7.985 x 10° 8.570x 105
M. (M,) 1.282 % 10° 2,083 x10° 3.234x10° 4.060x 107
Ma(M.,) 1.633 = 10° 1.635 x 10° 1.268 x10¢ 7.044 %108
M, (M,) 2.084 x 10° 1.282x10° 4.980 x 10" 1.558 = 10*
ma(M,) 0.954 0.776 0.628 0.557

The initial] densily distribution is in Fig. 1, Which is normalized with density gy="7.64 x 10°M,/
pc® and Lhe radial distribution is in Fig. 2, which 18 normalized with velecity {V2)"2=30.5 km/
see. The tnitial veloaty distribution of all mass group is same and central velocity is 15.3km/sec.
Table 1 shows the mass component and the number of stars in initial clusters. Each column
18 arranged with IMI' index . Ni. Nz, N; slates the number of stars of the group and N is the
tolal number of stars in the cluster. My, M,, M; states the total mass of each group and {m) is

the average mass of the mass group by eq.{2). The unil of time t, is defined as follow

i GME 1

W= A g T (5}

where I'=4xG*m’InA, m 1s the stellar mass and A is cut off factor. This time unit tq is related to

the initial half-mass relaxation time Ty, ,, which is introduced by Spitzer and Hart{1971}, as
S N 1 S T P PO ST S PO PP )

The time step from the inijtial evolution 1o Lhe core collapse is 4t ="Tr(0) /40 where Tr(0} is the
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Figure 1. Density and velocity distribution of the imtial eluster. a) The density distribution of the
initial cluster where g is equal to 7.64 % 10°M;/pe* and Rq is 2.5, The solid line 15 the
density distribution of the lotal cluster and ihe dotted lines are the mass group m;
=0.5M,, mz=1.0M;, m,=2.0M; from top to bottom. b} The velocity distribution of the in-
itial cluster where {V*)'? 15 equal 1o 30.5km/sec and the initial velocity distribution is the
same For all mass group. The central velocity is 15.3km/sec.
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Figure 2. The variation of density and aceumulated mass distribution with time. a) The variation

ol density distribution with time. The abscissa is distance from cluster center and the

unit of length is 2.5pc. The ordinate is density and the unit of mass is 7.64 x 10°My/pc?,
The evolution times of each curves are 0.00, 3.96, 6.51, 7.29, 748, 751, 752 T, , from
bottom to up and the rest 18 7.53 Ty .. b} The variation of accumulated mass distribution
with time. The abscissa is the same as fig- 2a, and the ordinate is normalized accumulat-
ed mass. The evolution time sequence is arranged {rom rght ta left and the time 15 the
same as fig. 2a.
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central relaxation time.

We adopt the Fusi~Pecel and Renzini's(1976) formula for the mass loss rate of red glant with

M=3 % 10" per{10°Z.) 70 % M~ # L} B(Mg/Yr) «rreerreerrasresareasainmmranmrnarrcesinsianass (7

where Z is the metal abundance by mass, M and L are the stellar mass and luminosity in solar
units. Then the mass loss rate of 2Mg and 1Mg stars are 0.667 x 107 % Mg /yr and 0.347 = 107 M,
/yr respectively. So the final product of evolution of 2Mg and 1My stars are (.9Mg and 0.5 Mg
white dwarf stars. The study of stellar evolution shows that the main sequence life time of 2M,
and 1Mg stars are 107 and 10 yrs respectively. And the dynamic mass loss durations of 2Mg
and 1Mg stars are 1.65 x 10%rs and 10%rs.

The stellar mass loss induces the kinetic energy change ol individuzal slar. Hence we must
adjust the distribution function fy with this energy variation. For this we make two assumption.
First, the ejection of matter from stars was assumed to take place isotropically so that no dy-
namical effect on the stars losing mass had to be considered. Second, the ejscted matter was
supposed to leave the cluster almost instantanecusly, and without affecting by direet integration
to the mean motion of the stars. The second assumption 1s reasonable with following observa-
tions. No diffused matter in globular clusters detected by the studies of Knapp et al.(1973) and
Hills and Klein(1973). Cohen(1976) observed larger stellar mass ejection velocities( ~45km/sec)
than escape velocities which was about 25km/sec at the center of our cluster models.

The total energy of N-hody system is

B0 T e (8)
) I, 2

The energy change produced by 4m, mass loss of i-th component star 15

AE, = —4m, 3 Gm, +ldmlv.2+dm, PN e mi—dm) (9a)
J# Iy 2 = T,
_Am s GM L e
4B, = m, ( }; T, + 5 vihm, (9b)

where the order of 4m,/m,~107%~107% therefore the last term of right hand side of sguation
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{9b) is approximately zero. Then the energy change is

4B, = AT B e s et eeer e er s a0

m
From the analogy of N-body system the distribution funection f{E) changes as

where f (E) and {,{E—4E) are the distribution function before and after mass loss, Then we
can subtract Af, (F) from the original distribution function. Therefore the change of the distribu-

tion function in each energy mesh with mass loss are
£ () =9 (E) — 4, (J) coevreerseesmmeemmnssnssas s bt n e (12a)
£ (o AF) =18 (B — 4B 4+ AF (B eoeverrerreermestsie i {12b)

Then we can change the distribution function of eq(l) whth eq. (I3 during mass loss spell.

1. Result and Discussion

The {ollowing figures are the results of this study. The time varialion of density and accumu-
lated mass profiles are in Fig. 2a and 2b. Fig. 2a shows thal the central densiiy increase with
time and this result due to the mass segregation hy dynamical friction. Fig. 2b shows that the
mormalized radius shift to right with time by the cluster expansion.

Tahle 2 presents the time elements of this study. Each column is same to the table 1 and Ty, |
1s initial half-mass relaxation time delined by eq{B), T.(Q}is central relaxation time, T, . is core
collapse time without stellar mass loss, Ty 1 1s core collapse time with stellar mass loss and Te., )/
T o 18 the core collapse time ratio with and without stellar mass loss. We calculate the core col-
lapse Lime T from extrapolation of T (a}/T\, ,—t/Tm,, diagram. These core collapse times are
increased with stellar mass loss. The merement of T with IMF index & shows that the median «
value clusler have short T... Because first the small ¢ value cluster has relatively many heavy

mass stars therefore the cluster have experienced heavy heating by larger mass loss. Second the
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large @ value clusters behavior like a single mass component cluster therefore they have longer

T., . which can be possible io the secand stellar mass loss of light component stars,

Table 2. The time elements of the clusters.

& 0.65 1.35 2.35 3.35
T (y7) 8.12x10? 984108 1.20x 10 1.34 % 10°
T {¥r) 3.66 % 10° 453 x 108 5.50% 108 6.10 x 108
Tee, n (3T} 2.19x10% 2.75 % 1¢° 4,55 % 10° 8.38 x 10°
Tec1 {yr) 7.90 % 10¢ 779X 10° 9.04 » 107 2.05 x 10
Trest/ Tes, = 16l 283 1.99 2.44

Figure 3, 4, b show the time variation of central parameters of giobular clusters. The abscissa
is the unit of initial half-mass relaxation time Tu, .. The arrow mark is the mass loss point. 1. 2,
3 mark is the evolution track of mass group mi, m; m; and tot mark is the evolution track of
the total cluster. All figures have converging two curve family where track A signifies the case
of no mass loss and track B signifies the case of mass loss.

Figure 3 shows the central density variation with time. The mass loss effect induces the cen-
tral density decrease of all mass component. The mass loss effect varies with IMF index a. Fig-
ure 3a, 3b, 3¢ have experienced only one mass loss which change the central density increasing
rate of mass group ma, ms, m, to ma, ms, m. Figure 3d shows second mass loss event then the
central density increasing rate 1s changed from mgy, ms, m, to m; m; me This effect due to the
mass ejecting star eventually arrived lower mass star which expand to the envelope of globular
cluster. Figure 4 shows the variation of the central velocity dispersion. The initial velocity dis-
persion i the same for all mass group. This means that the so called vielent relaxation which is
generated by the cluster and galaxy formation. Then the kinetic energy of the individual star is
proportional to the mass of star. We could acquire the quantity of mass segregation effect hy
the time evolutlon of the velocity dispersion. The larger velocity dispersion stellar group is ex-
pand to the cluster envelope and the smaller velocity dispersion stellar group is concentrate 1o
the cluster center. This phenomenon is due to the energy equipariition property of lhe stars in
the cluster. Figure b shows the evolution of scaled escape energy X,=34(0)/v*(0) which 15 the
index of stability of gravitational system. Lynden-Bell and Wood(1968} previously presented
that the value of ¥, is larger than 8.5 then the gravothermal instahility is formed and the evalu-
tion of the stellar system is accelerated to the core collapse.

The evolution of the core is separated from effect of the rest of the cluster with larger X,

than 8.5, This concept is the same as the Homologous core collapse of Lynden-Bell(1975). The
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Figure 3. The time evolution of centlral density. The abscissa is evolution time and the unit of time
is Ta .. The ordinate is the central density of the cluster and the unil of mass is 7.64 % 10°
M. The first converging hne family if the evolution of the cluster without mass loss.
The second eonverging line family is the evolution of the cluster with riass loss. a) =
0.65, b) z=1.35, ¢) #=2.35 and d) 2=3.35.
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Figure 4. The time evolution of central velooity dispersion. The abscissa 1s the same as fig, 3, and
the ordinate is the central velocily dispersion of the cluster. The unit of the velocity is

30.5km/sec and the rest is the same as hig. 3.
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Figure 5. The time evolution of scaled escape energy. The absicssa is the same as fig. 3 and the or-
dinate is the scalad escape energy Xo=34(0)/V(0). The rest is the same as fig. 3.
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stellar mass loss changes the central potential #{0) and decrease X, therefore the core collapse
time T.. of the elusters extended with stellar mass loss. In the case of figure bd the cluster have
experienced second slellar mass loss effect and have long duration of lower X, state therefore

the extension of Ty is larger than other clusters.

Iv. Conclusion

The results of this study have good agreement Lo the general structure of the globular cluster
and the results of fluid dynamical calculation of Angeletil and Giannone(1977). The mass loas
effect 1s dominant to the dynamical evolution of the smaller IMF index cluster and evaporalion
is dominate to the larger IMF index cluster.

The stellar mass loss effecl is energy source of the globular cluster and therelore the stellar
mass loss make slowing down the cluster evolution and expanding the cluster envelope. The
heating by mass loss can delay the core collapse bul not bounce to the core collapse and arrive
to the postcollapse evolution. We musl consider ather energy source for the study of the

postecollapse evolution.
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