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The origin of the two populations of blue
stragglers in M30
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Abstract. We analyze the two populations of blue stragglers in the globular cluster M30.
One population of blue blue stragglers is concentrated along the zero-age main-sequence of
the cluster isochrone whereas the other (red) population is elevated in brightness (or color)
by ~ 0.75mag. Based on stellar evolution and collision simulations we argue that the red
population is formed between 2 and 10 Gyr ago, at a net constant rate of ~ 2.8 blue stragglers
per Gyr. The blue population is formed over the last 3.2 Gyr but at two distinct rates. About
~ 60 % of this population is formed in a burst that started 3.2 Gyr ago and has a power-law
decay with a time scale of 0.9 Gyr, whereas 40% of this population of formed at a constant rate
of ~ 1.8 Gyr~!. We argue that the burst resulted from the core collapse of the cluster at an age
of about 9.8 Gyr, whereas the constantly formed population is the result of mass transfer and
mergers through binary evolution. In that case about half the binaries in the cluster effectively

result in a blue straggler.
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1. Introduction

The population of blue stragglers (Sandage
1953) in M30 appear to be split in two dis-
tinct populations (Ferraro et al. 2009, F09).
One population along and near the zero-age
main sequence (which F09 call the blue pop-
ulation) and a second (red) population that is
brighter by about 0.75 mag. Both populations
are centrally concentrated. The majority (90%)
of blue blue stragglers and all red blue strag-
glers are within the projected half-mass radius
of the cluster. FO9 conjecture that both popu-
lations ware formed only 1-2 Gyr ago in a rel-
atively short bursts instead of the continuous
formation process. They further argue that the
blue population resulted from stellar collisions,
and the majority of the red population (60 %)

has been attributed to binary mass transfer (Xin
et al.l2015). We test these hypotheses by con-
ducting a series of stellar collision calculations
in order to reconstruct the collisional history of
the star cluster. We adopt the hypothesis that a
blue straggler is the product of a merger be-
tween two stars that merged to a single star
(with mass M) at some moment in time
Imerge- Such a merger can either result from a
direct collision during the dynamical evolution
of the star cluster or from an unstable phase
of mass transfer (Bailyn|[1992| F09), we do not
make a distinction in our models between these
two scenarios. The moment of collision is de-
termined by finding a collision product that is
consistent with the blue straggler’s position in
the Hertzsprung-Russel diagram. For this we
evolve two stars to the anticipated moment of
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collision fyerge. After applying a stellar merger
model we continue the evolution of the merger
product up to 13 Gyr, which corresponds to the
age of the cluster (Harrisl/[1996).

2. The experimental setup

We adopted the MESA Henyey stellar evolution
code (Paxton et al.|l2011) to model the evo-
lution of the stars with [Fe/H]= —1.9, which
is consistent with the cluster’s metallicity).
Both stars are initialized at the zero-age main-
sequence and evolved to #perge. At that moment
we merge the two stars using Make-Me-A-
Massive-star (Gaburov et al.J2008)), which uses
Archimedes’ principle to calculate the struc-
ture of the star resulting from a merger between
two stars. After this we continue to evolve the
merger product using MESA to the age of the
cluster M30. The numerical setup is realized
with the Astronomical Multipurpose Software
Environment (AMUSE, Pelupessy et al.|2013).
Our analysis is comparable with the method
described in |[Lombardi et al.| (2002), but then
our procedure is completely automated. We
tentatively limit ourselves to head on colli-
sions, such a described in [Sills_et al.| (1997)
because off-center collisions do, except from
some additional mass loss, not seem to result in
qualitative differences in the collision product
(Sills et al/|2001). We initialize a grid of pri-
mary masses between 0.5 M and the turn-off
mass of 0.85 M, in steps of 0.05 M and sec-
ondary masses between 0.2 M with the same
upper limit in steps of 0.005 M. The collision
time is chosen between 0.1 Gyr and the age of
the cluster with steps of 0.98 Gyr. The evolu-
tionary state of the merger product at any time
after the collision is predominantly determined
by the total mass of the merger product m;s.
Small variations in the mass lost during the col-
lision therefore have little effect on our deter-
mination of the collision time, because the lo-
cation in the Hertzsprung-Russel diagram then
depends on the total mass of the merger prod-
uct and the moment of collision, rather than on
the masses of the two stars that participate in
the merger.
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Fig. 1. Hertzsprung-Russel diagram of the M30
blue stragglers. The original data is from Ferraro
2015, but this was convoluted to the temperature-
luminosity plane. With effective temperature and lu-
minosity from Ferraro et. al. 2009. The blue and red
blue stragglers are indicated as such. The solid curve
is the isochrone at 13 Gyr.

3. Results

The Hertzsprung-Russel diagram of the blue
stragglers is presented in Fig.[Il Over plotted in
in color is the total mass of the collision prod-
ucts that remain on the main-sequence until an
age of 13Gyr. A similar analysis was carried
out in [Rimold et al.|(2016), who conclude that
the moment of the collision and the mass of
the collision product are well determined for
the post-collision evolution of the merger prod-
uct. Information about the masses of the two
stars is largely lost in the merger process, and
can hardly be used for diagnostics (see also
Lombardi et al.[2002). We therefore use the to-
tal blue straggler mass and the collision time as
a diagnostic tool. In fig.2l we present the same
data as in fig.[T] but now over plotted in color is
the time since collision. The lightest shades in-
dicate the most recent collisions. The blue blue
stragglers tend to cluster around a time since
collision between 2 Gyr and 4 Gyr, whereas the
red blue stragglers span a much wider range of
collision times. We quantify this statement in
figs.Bl where we present the cumulative distri-
bution of collision times for the blue and red
blue stragglers together (colors) and separately
(solid curves). We fitted both distribution with
a constant blue straggler formation rate com-
bined with a burst and exponential decay. The
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Fig. 2. Same as Fig.[I] except for the time since col-
lision, which is color coded here.

best fits are obtained using the Nelder-Mead
simplex optimization to
find the minimum Kolmogorov—Smirnov (KS)
statistic over the free parameters fmerge, and e-
folding time scale 7, in combination with a
line describing the constant formation rate. The
best fit (with KS statistics D = 0.10) to the blue
blue stragglers is obtained for fmeree = 9.8 Gyr,
7 = 0.93 Gyr with a peak formation rate of 30
blue stragglers per Gyr and an additional con-
stant formation rate of 1.8 +0.6 per Gyr. Fitting
the red blue straggler formation rate with the
same set of functions (a constant rate plus a
power-law) did not result in a satisfactory fit,
but a single linear formation rate did produce
the KS statistic of D = 0.19 with a constant for-
mation rate of only 2.8 + 0.5 per Gyr between
4 Gyr and 10 Gyr. It is interesting to note that
the formation rate for the red population levels
off when the blue population reaches is maxi-
mum rate.

Interpretation ~ The majority of blue strag-
glers in star clusters are thought to originate
from either stellar collisions (Leonard [1989)
or from mass transfer in a close binary system
(Collier & Jenkins![1984). We will argue here
that the two distinct populations found in M30
can be attributed to these different formation
channels. We argue that the red population is
consistent with being formed continuously and
through mass transfer and mergers in binary
systems, whereas the blue population is mainly
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Fig.3. The cumulative distribution of collision
times for all the blue stragglers (blue plus red as
the color shaded area where the color corresponds
to that in Fig.2)). The solid blue and solid red curves
give the cumulative distribution for the blue and red
blue stragglers, respectively. The dashed and dot-
ted blue curves give the two-line fit to the blue blue
stragglers (the dotted curve gives the linear fit and
dashes give the summ of the exponential and linear
curves). The red dashed curve gives the linear fit to
the red blue stragglers.

the result of collisions during the core collapse
of the star cluster. In that perspective we at-
tribute the burst population to the collision sce-
nario, whereas the continuously formed popu-
lation is the result from binary evolution.

The burst population  According to our
analysis about one third (15) of the blue strag-
glers in M30 are formed in a rather short
burst that started at 9.8 Gyr with power-law de-
cay with a characteristic time scale of 0.9 Gyr.
At the peak the blue stragglers in the burst
formed at a rate of about 30 blue stragglers
per Gyr. But due to the exponential we adopted
(and satisfactorily fitted) this burst lasts only
a short while, long enough to produce some
20 blue stragglers. We estimate the expected
formation rate through stellar collisions in a
phase of core collapse by calculating the col-
lision rate. The collision rate in a star clus-
ter with number density n and velocity disper-
sion v is I'.oqy = nov, using the approximate

gravitational-focused cross-section o= = 2.
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Here v = v/v., is the stellar velocity dispersion
as fraction of the stellar escape speed (Binney
& Tremainel1987). Davies et al.|(2004) derived
a formation rate of blue stragglers for a star
cluster through direct stellar collisions, using
the above arguments. We can adopt their eq.4
to calculate the expected number of blue strag-
glers formed through collisions. By adopting
the observed cluster parameters (n =~ 3.8 -
10°pc™3, N = 1.6 - 10° stars, reore = 0.2pc
and adopting a mean stellar mass of 0.5 M)
we then arrive at an average blue straggler pro-
duction rate through collisions of 20 Gyr~!.

The continuously formed blue stragglers

Mass transfer in binary systems are less likely
to depend strongly on the cluster core den-
sity because binaries are present in the halo
as well as in the cluster center, which causes
them to be more homogeneously distributed
across the cluster (Hut et al.|[1992), whereas
direct stellar collisions are predominantly oc-
curring at the very center of the cluster. The
binary collision rate is also not expected to
be particularly affected by the cluster density
profile. We therefore argue that the constant
rate is a result of binary mass transfer and
coalescence. We can constrain the underlying
binary semi-major axis distribution and mass
ratio distribution in order to produce a con-
stant blue straggler formation rate (or a con-
stant mass-transfer initiation rate). Mass trans-
fer in a binary system is typically initiated by
the primary star, which overfills its Roche lobe
when it either ascends the giant branch or, for
very tight binaries, along the main sequence.
Since the time scale between the terminal-age
main-sequence and the post-AGB phase is only
a small fraction ( < 0.15) of the main-sequence
lifetime, we adopt the main-sequence lifetime
as the limiting factor between zero age and the
stars of Roche-lobe overflow. The lifetime of a
main-sequence star f,s o« m2> (Spitzer [1962).
A primary mass distribution of f(m) oc m=%3
(Salpeter [1955) therefore would produce a
roughly constant rate at which stars leave the
main sequence, consistent with the observed
constant blue straggler formation rate. M30
has a binary fraction of about 3% (Romani &
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Weinberg|1991)), so with 1.6- 10 stars the clus-
ter has 4800 binaries. A standard Salpeter mass
function has about 5.8% of the stars between
0.5M; and ~ 0.85 M. For a 0.5 M star re-
quires an equal mass secondary star to evolve
into a blue straggler in an unstable phase of
mass transfer, whereas a 0.85 M., star only re-
quires a very low mass companion. On aver-
age about half the binaries in the appropriate
mass range then produce blue stragglers, total-
ing the potential number of blue stragglers of
280. Roughly half of these binaries have a total
mass that upon a merger results in a blue strag-
gler. Binary separations range from a few Ry
and a maximum of 10* AU at the Heggie limit
for hard-soft binaries (Heggie|[1975). Roche
lobe overflow on the main-sequence is most
favorable for the formation of blue straggler,
which is only applicable for binaries with an
orbital separation < 10 Ry, and with a flat dis-
tribution in the logarithm of the semi-major
axis (Zinnecker et al.[2004) only about one in
four binaries will be effectively producing a
blue straggler (Chen & Hanl2009). The entire
binary reservoir then produces ~ 35 blue strag-
glers through mass transfer or coalescence.

4. Discussion

The 13 Gyr—old globular cluster M30 has arich
population of blue stragglers, which appear to
be distributed bimodially in the Hertzsprung-
Russel diagram. We tested the hypothesis that
all these blue stragglers are the result of some
form of quick mass transfer in a binary sys-
tem or due to a stellar collision. We therefore
simulate the formation of a blue straggler as
the collision between two stars with a total
mass Of Myereer, Which are evolved to some
merger time fpege t0 the age of the cluster.
For each point in the Hertzsprung-Russel di-
agram we then obtain a unique solution for the
mass of the blue straggler and the moment of
merger. The two masses of the stars that merge
are not well discriminated in the results, be-
cause the memory of the two stellar masses is
mainly lost in the collision process. The colli-
sion time distribution for the blue blue strag-
glers is best described by a constant forma-
tion rate of 1.8 Gyr~! between 8 Gyr and the
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age of the cluster, superposed with an expo-
nential decay with a peak of ~ 30Gyr™' at
Imerge = 9.8 Gyr with an e-foulding time scale
of 0.93 Gyr. The population of red blue strag-
glers is best described with a constant forma-
tion rate of 2.8 Gyr~! between an age of 2 Gyr
and 10 Gyr. We interpret the this bimodal dis-
tribution of blue straggler formation with the
two distinct channels in which they form. The
continuously formed population is consistent
with originating from mass transfer in primor-
dial binaries. In that case about 10-15% of any
binary leads to the formation of a blue strag-
gler. The exponential decay is suggestively the
result of the core collapse of the star cluster,
whereas the constant formation of blue strag-
glers is the result of the natural global evolu-
tion of the cluster, possibly from binary mass
transfer. The blue blue stragglers then have
a contribution from the collision produced as
well as from those formed through binary evo-
lution, whereas the red population is almost ex-
clusively produced via the latter channel. We
attribute the start of the blue straggler forma-
tion burst to the moment of core collapse in the
star cluster, at an age of 9.9 Gyr, which is con-
sistent with the inverse cluster evolution analy-
sis of |Pijloo et al.|(2015). In an independent re-
constructing the evolution of M30 by means of
Markov-Chain Monte Carlo simulations, she
conclude that M30 has experience core col-
lapse at an age of about 9.5 + 0.4 Gyr, which
is consistent with the start of the blue strag-
gler formation burst (Pijloo, private communi-
cation). We therefore tentatively suggest that
the core collapse of the cluster was associated
with a burst in the formation of blue stragglers.
The exponential decay is a result of the rela-
tively extended period during which the clus-
ter remains in a collapsed —or semi-collapsed—
state following the primary collapse (Heggie &
Ramamani/ [1989). This could indicate a pro-
longed period of gravothermal oscillations fol-
lowing the primary collapse of the cluster core
(Heggie et al.|[1994). We argue that this phase
lasted for about a Gyr. This would bring the
cluster in a relatively low-density post-collapse
evolutionary state today.
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