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dN/d(log M) = GC mass function (GCMF):
not universal
peak or turnover M. :

increases with cluster half-mass density in
the Milky Way

width:
decreases with increasing p,

must be accounted for in any theory of GCMF

signature of cluster evaporation driven by
internal two-body relaxation
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young clusters: =2 for 10°-10% M
old GCs: p~2 at M>M, (with curvature!)
M o~1-2x105 M,
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GCMF turnover = constant between and within galaxies
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(Jordan et al. 2006, 2007)

Mio Vs R, in M87
(Vesperini et al. 2003)



“universality” of M{y~1-2x10>M_ and B — 0 for M < M,

©

(near-)initial conditions?
e.g., Kroupa & Boily (2002); Vesperini & Zepf (2003);
Parmentier & Gilmore (2007)

long-term evolution from initial B ~ 2 power law at low M?
low-mass clusters preferentially destroyed over
~ 13 Gyr of evolution in galaxy tidal fields
(gravitational shocks, two-body relaxation)



“universality” of M;y~1-2x10>M_ and B — 0for M < M.,

star formation and “infant mortality” inevitably affect the
“initial” GCMF at ~108-10° yr

subsequent dynamical evolution inevitably affects the mass
distribution of old clusters as observed

what is necessary vs. what is possible?



Cluster mass-loss rates (Fall & Zhang 2001, AplJ)
] Two-body relaxation:
i most important

Gravitational Shocks:
secondary
(Gnedin et al. 1999 ;
Prieto & Gnedin 2006)

M/M,

Stellar evolution:
no effect on MF

0 5 10 15 20 25
t (Gyr)

NOTE! relaxation-dominated evolution = M linear in time
(also: Vesperini & Heggie 1997; Gnedin et al. 1999; Giersz 2001;
Baumgardt & Makino 2003; Trenti et al. 2007; ...)



Linear decrease dM/dt ~ constant is crucial
(Fall & Zhang 2001)

M(t) = M, — ., t = ifinitial dN/d(log M,) rose to low
masses, peak develops at
M;o ~ e, t (roughly speaking)

more generally:
current masses M <« pu,t are

remnants of initial My = p_t

number at all M <« p .t is
~ initial number at My = put

i.e., low-mass g — 0:dN/d(log M) - M*1 always



Relaxation-driven mass loss

Average mass-loss rate pu,, = My/tyi. ; M(t) = My — bt



Relaxation-driven mass loss

Average mass-loss rate pu,, = My/tyi. ; M(t) = My — bt

Basic timescales: t o (Mr,3)2 c M/p, 1/2

1/2
tcross o 1/ph /



Relaxation-driven mass loss

Average mass-loss rate pu,, = My/ty. ; M(t) = M,

Basic timescales: t o (Mr,3)2 c M/p, 1/2

1/2
tcross * 1/ph /

"Standard” theory: ty oty o = Hey < Ppot/?
(Hénon; Spitzer)



Relaxation-driven mass loss

Average mass-loss rate pu,, = My/tyi. ; M(t) = My — bt

Basic timescales: t o (Mr,3)2 c M/p, 1/2

1/2
tcross o 1/ph /

"Standard” theory: ty oty o = Hey < Ppot/?
(Hénon; Spitzer)

_ . 3/4 1/4 3/4
N bOdY- tdis X trh,O / tcross,O /4 = Hev % Zh,0 /
(Baumgardt & Makino)



Relaxation-driven mass-loss rate increases with
cluster half-mass density

Fall & Zhang: p,p,/?4 and p,=constant (Hénon 1961)

plausibly explains global M;4 in Milky Way GC system from
initial Schechter function with low-mass power law =2



Relaxation-driven mass-loss rate increases with
cluster half-mass density

Fall & Zhang: p,p,/?4 and p,=constant (Hénon 1961)

plausibly explains global M;4 in Milky Way GC system from
initial Schechter function with low-mass power law =2

similar M;5 in most galaxies a result of similar typical
GC p, (direct evidence: Jordan et al. 2005)



Relaxation-driven mass-loss rate increases with
cluster half-mass density

Fall & Zhang: p,p,/?4 and p,=constant (Hénon 1961)

additionally assume Milky Way is static, spherical, and
isothermal for a Hubble time: to set GC p, from orbital r,

and tidal limitation (py, o r,~2)



Relaxation-driven mass-loss rate increases with
cluster half-mass density

Fall & Zhang: p,p,/?4 and p,=constant (Hénon 1961)

additionally assume Milky Way is static, spherical, and
isothermal for a Hubble time: to set GC p, from orbital r,

and tidal limitation (py, o r,~2)

then infer strong radial-orbit bias for GC system: to

reproduce near-constant Mg ~ p, /2 ~ r -1 vs. current r



strong anisotropy inconsistent with observed GC
velocity distribution (also M87: Vesperini et al. 2003)



strong anisotropy inconsistent with observed GC
velocity distribution (also M87: Vesperini et al. 2003)

¢+ abandon long-term dynamical evolution for peak and

low-mass shape of GCMF?
(Vesperini & Zepf 2003; Parmentier & Gilmore 2007)

¢+ abandon over-simplification of Milky Way as a

static, singular isothermal sphere?
(Prieto & Gnedin 2006)
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(Vesperini & Zepf 2003; Parmentier & Gilmore 2007)

¢+ abandon over-simplification of Milky Way as a

static, singular isothermal sphere?
(Prieto & Gnedin 2006)

secondary assumptions about geometry and

time-dependence of Galactic halo =
GC py, vs. r, and r . that may be unrealistic




strong anisotropy inconsistent with observed GC
velocity distribution (also M87: Vesperini et al. 2003)

¢+ abandon long-term dynamical evolution for peak and

low-mass shape of GCMF?
(Vesperini & Zepf 2003; Parmentier & Gilmore 2007)

¢+ abandon over-simplification of Milky Way as a

static, singular isothermal sphere?
(Prieto & Gnedin 2006)

secondary assumptions about geometry and

time-dependence of Galactic halo =
GC py, vs. r, and r . that may be unrealistic

relaxation-dominated cluster mass loss =
prediction of GC dN/d(log M) dependence on
cluster density p, (or 2,) : check!




McLaughlin & Fall (2007)
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Mvsp,: Mt and “scatter” ¥ as p,t
lower envelope M « p, /2 (constant t,.)

Mvs r, : no strong trend (broader at large r.)

ph VS ryc ¢ large scatter, no unique fit like p;, o rgc—2

convolving with M(p,) erases GCMF variations
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Mo increases with p, : not universal
expected for u,,t as pyt

broader distribution at low p, : less evolved

broad GCMF at large r,. : very broad range of py,



dN/d log M

IIIIIII| [Vl NN

| .
IIIIIII| 1 T T T IIIIIII| 1 IIIIIII|
$_N=49 | r,.=[9.6, 123]

i ey
1 3 | 1A | LY E3 | | |\ E
100 10 10¢+ 105 108 103 10* 10 1068
M [M,] M [Mg]
initial GCMF: dN/d(log M) « M, exp(-My/M.) [B=2 at low M]
AN N M M+A,
— 4. _ l M.~ 10 M

dlog M Zi:l "(M+A) exp( M, M. o)

A;=1.45x10* Mgy (p,,;/ Mg pc)'2



McLaughlin & Fall (2007)
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Single u,, o« p,1/? as in relaxation-dominated evaporation
explains GCMF as function of p,
as (non-)function of Mgc

in different concentration ranges
etc....

weak/null radial variation of GCMF inside galaxy not
an argument against long-term dynamical evolution

strong radial orbit bias results from too-simple attempt
to connect p, to r,.: Galaxy is not spherical and static

over a Hubble time

gc

derive py(r,.) distribution from detailed simulations in
hierarchical cosmology (e.g., Prieto & Gnedin 2006)



from “fitted” mass-loss rate pu,, < p,¥/?:

GCMF tdiS — MO/HEV ~ 10 trh,O
standard relaxation theory: ty ~ 20-30 t,

GC lifetimes estimated from GCMF within factor of ~2 of
independent theory

various possible resolutions: shocks? stellar IMF?
initial low-mass power law <2 ?
current p,#py o

or relaxation theory itself: t;  ~ 6-7t, , at 10> M,
in Baumgardt & Makino (2003)



Baumgardt & Makino (2003):

3/4 t V4 =y oc X, 34

tdis x trh,O cross,0

replacing p,1/2 with 3,34 in preceding:
no change to basic results

key point: near-linear M(t) and p,, increasing with
some measure of half-mass density



*

dN/d(log M) = GC mass function (GCMF):

not universal
peak or turnover M,:

increases with cluster half-mass density in
the Milky Way

width:
decreases with increasing p,

must be accounted for in any theory of GCMF

signature of cluster evaporation driven by
internal two-body relaxation






mass loss rate —u, o \/; = constant =

M(t) = My—u,t = M,—A
d_N(t) — dN 8M0 — dN
dM dM |0 M dM

dN _

dMO — Mozexp(_MO/Mc> =
dN 1 -M+A

., = eX
dM ~ (M+AP P\ M,

Evolved Schechter Function
M_ sets scale A/M_ fixes shape



