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ABSTRACT

In a companion paper we studied the detailed evolution of stellar collision products that occurred in an N-body simulation of the
old open cluster M 67 and compared our detailed models to simple prescriptions. In this paper we extend this work by studying the
evolution of the collision products in open clusters as a function of mass and age of the progenitor stars.

We calculated a grid of head-on collisions covering the section of parameter space relevant for collisions in open clusters. We create
detailed models of the merger remnants using an entropy-sorting algorithm and follow their subsequent evolution during the initial
contraction phase, through the main sequence and up to the giant branch with our detailed stellar evolution code. We compare the
location of our models in a colour—magnitude diagram to the observed blue straggler population of the old open clusters M 67
and NGC 188 and find that they cover the observed blue straggler region of both clusters. For M 67, collisions need to have taken
place recently. Differences between the evolution tracks of the collision products and normal main sequence stars can be understood
quantitatively using a simple analytic model. We present an analytic recipe that can be used in an N-body code to transform a
precomputed evolution track for a normal star into an evolution track for a collision product.

Key words. stars: blue stragglers — stars: formation — methods: numerical — methods: N-body simulations —
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1. Introduction

Star clusters are important laboratories for a wide range of as-
trophysical processes. It has become clear that the evolution of
a star cluster is driven by the complex interplay between stellar
dynamics and stellar and binary evolution (Portegies Zwart et al.
1999; Hurley et al. 2001). Physical collisions between stars in
the dense cluster core play a pivotal role in this interaction. The
products of stellar collisions between main-sequence stars po-
tentially stand out as blue stragglers in a colour—magnitude dia-
gram. The blue straggler population of a cluster can therefore be
used to study its dynamical history. Since stellar collision prod-
ucts generally have a very different thermal and chemical struc-
ture than normal main-sequence stars (Lombardi et al. 1996),
detailed calculations of their evolution are required (Sills et al.
1997, 2001).

In a previous paper (Glebbeek et al. 2008) we have devel-
oped an efficient procedure to import detailed models of stellar
collision products into a fully implicit stellar evolution code and
to evolve the remnants well beyond the main sequence. Our work
is similar to that of Sills et al. (1997) but our code is faster and
much more robust, allowing for the first time a systematic study
of stellar merger remnants and an exploration of the parame-
ter space. Glebbeek et al. (2008) studied the evolution of colli-
sion remnants that occurred in the N-body simulation of M 67
by Hurley et al. (2005) and compared these with the evolution
tracks predicted by the prescription of Hurley et al. (2002) as
well as tracks of fully mixed versions of the remnants. We found
that our merger remnants have shorter main-sequence lifetimes
than predicted by either the Hurley et al. (2002) prescription
or the fully mixed models. Our models are also brighter than

* Tables 4 and 5 are only available in electronic form at
http://www.aanda.org

normal stars of the same mass, but not as blue as fully mixed
models.

In this work we explore the parameter space for collisions
between low-mass main sequence stars relevant for blue strag-
gler formation in old open clusters (such as M 67) and place the
findings of Glebbeek et al. (2008) in context. A large grid of stel-
lar collisions covering this parameter space was calculated by
Freitag & Benz (2005). They mainly focussed on collisions with
high impact velocity suitable for the galactic centre and their
simulations had insufficient resolution to resolve mixing due to
the collision. Our work complements theirs by investigating the
mixing as well as the long term evolution of the merger rem-
nants. We describe the detailed structure and evolution of the
collision products and discuss their dependence on the collision
parameters (masses and time of collision) in Sect. 4. We compare
the results of our models with observations of blue stragglers in
the open clusters M 67 and NGC 188 in Sect. 5. Finally, we show
how the global properties of the collision products (luminosity,
radius and lifetime) can be described by a simple analytic pre-
scription that can be included in a parametric model of stellar
collisions and in N-body simulations (Sect. 6). We discuss our
results in Sect. 7.

2. Initial conditions and parameters of the collisions

The structure of a merger remnant depends on the structure of
the two parent stars, the impact parameter of the collision and
the relative velocity at infinity. The structure of the parent stars
depends on their masses, chemical composition (characterised
by their heavy-element content Z) and their evolutionary stage.
In this work we have restricted ourselves to a section of this
8-dimensional parameter space.

First of all we assume that the two stars involved in the col-
lision are coeval in the sense that both are at the zero-age main
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Table 1. Values used for the different grid parameters. The grid spacing is listed between parentheses. Note that the grids labelled M 67 and
NGC 188 overlap in part of their age range. We have calculated models for two extra mass ratios for a limited mass range in the M 67 grid to more

clearly resolve trends at high and low mass ratios.

Name VA t[(Myr] M[Ms] q
M67 0.02 2800, 3100, 3400, 3700 1.5-2.4 (0.1) 0.4-1.0 (0.2)
1.5-2.0 (0.1) 0.5,0.9
NGC 188 0.02 3400, 3700, 4200, 4700, 5200,5700  1.2,1.3,1.4,1.6,1.8,2.0,2.2 0.4-1.0(0.2)
GC 0.001  8000-12 500 (1500) 0.8-1.3 (0.1) 0.4-1.0 (0.2)
sequence (ZAMS) at r+ = 0 and have the same initial compo- 3. Tools

sition, which is a reasonable assumption for stars in clusters.
Placing + = 0 at an earlier stage, e.g. the onset of deuterium
burning rather than the ZAMS, will not greatly affect the out-
come of our calculations because appreciable composition gra-
dients only build up on the main sequence and we consider a
fairly small mass range. We restrict ourselves to collisions be-
tween low-mass main sequence stars (by which here we mean
that their combined mass does not exceed 2.4 M, see below)
and consider only head-on collisions (i.e., with impact parame-
ter b = 0), in essence meaning that we ignore the effect of rota-
tion in the collision product. This is despite the fact that rotation
can be of considerable importance for the structure and evolution
of the collision product: even for collisions with a small impact
parameter the remnant has sufficient angular momentum that a
main sequence star of the same mass would need to rotate faster
than its breakup rate (Lombardi et al. 1996; Sills et al. 1997).
The physical mechanism and timescale on which the collision
products lose their angular momentum are unclear. Methods to
incorporate the effect of rotation in a one dimensional stellar evo-
lution code treat rotation as a perturbation to a non-rotating stel-
lar model (Endal & Sofia 1976; Pinsonneault et al. 1989; Zahn
1992; Heger et al. 2000). These methods are accurate for rotation
rates less than about 60% of the critical (Keplerian) value (Yoon
et al. 2004) and it is not clear how to model stars that are even
closer to critical rotation. We plan to investigate this problem in
future research.

This leaves us with four parameters: the composition, the
time of collision ¢ and the masses of the two progenitors.
Borrowing nomenclature from the field of binary evolution, we
refer to the more massive progenitor as the primary and write its
mass as M;. Similarly we refer to the less massive progenitor as
the secondary and denote its mass by M,. With these definitions
we can introduce the total initial mass M = M;+M> and the mass
ratio ¢ = M, /M;. To calculate a grid of models we have used
the independent parameters Z, t, M and g. We have calculated
several grids covering different parts of this parameter space, as
listed in Table 1. The grid labelled M 67 covers the parameter
space sampled by the N-body simulation of Hurley et al. (2005)
and is relevant for old open clusters like M 67. An extension
to the M 67 grid is the parameter set labelled NGC 188, which
covers the parameter range of interest for the somewhat older
open cluster NGC 188. Both these grids use an assumed heavy-
element content Z = 0.02 and an initial hydrogen abundance
X =0.70. The total initial masses for the collision products were
chosen such that the lower limit is just above the present-day
turnoff mass and the upper limit is roughly twice the turnoff mass
(1.18 My, for NGC 188, 1.29 M, for M 67); see Sect. 5.

We have also computed a grid (labelled GC) with Z = 0.001
and X = 0.757 that is suitable for comparison with globular clus-
ters. In the presentation of our results we will mostly focus on
the M 67 and NGC 188 grids but unless otherwise indicated our
results apply to the Z = 0.001 grid as well.

The method we use in our study has been described in detail in
a separate paper (Glebbeek et al. 2008, hereafter Paper 1), so we
refer the interested reader to that paper for more details about
the procedure of calculating the models and provide just a brief
summary here.

For each collision we evolve models of the progenitor stars to
the time of collision and then merge the two stars. The structure
of the merger remnants is calculated using the Make Me A Star
(MMAS) code developed by Lombardi et al. (2002). This code
uses the realisation that in low mass stars the quantity

p

A= —— (1)

p5/3

increases outward. The quantity A is closely related to the en-
tropy and the tendency of A to increase reflects the tendency of
low entropy material to sink to the centre of the collision prod-
uct. For this reason the procedure by which the remnant profile
is constructed is known as entropy sorting.

Our evolution code is a version of the STARS code devel-
oped by Eggleton (1971) and updated by others (Pols et al.
1995). Nuclear reaction rates are from Caughlan & Fowler
(1988) and Caughlan et al. (1985) and we use opacities from
Rogers & Iglesias (1992) and Alexander & Ferguson (1994).
The assumed heavy-element composition is scaled to solar abun-
dances (Anders & Grevesse 1989). Chemical mixing due to con-
vection (Bohm-Vitense 1958; Eggleton 1972) and thermohaline
mixing (Kippenhahn et al. 1980) is taken into account. All mod-
els are computed with a mixing-length ratio //Hp = 2.0. As in
Paper I, we have neglected convective overshooting in all models
in this work.

4. Properties and structure of collision products

In this section we present the structure and evolution of the
merger remnants. We will discuss how the structure of the par-
ent stars affects the structure of the remnant. Details for all our
collision models are listed in Table 4 for Z = 0.02 models and in
Table 5 for Z = 0.001 models. Both these tables are available in
the Online version of this paper.

4.1. Mass loss from the collision

A fraction ¢ of the total mass M| + M, of the progenitor stars is
lost during the collision. The fraction ¢ is, for central collisions,
estimated in MMAS as

qg Rios6+ R20s6
(14+9)* Rios+Ropos '
(Lombardi et al. 2002), where R, 9 3¢ and R, o 5 are the radii con-
taining 86% and 50% of the mass of parent star n (1 or 2). The

constant C = 0.157 is determined by calibration to SPH calcu-
lations. Typical values of ¢ are in the order of a few percent.

p=C 2



E. Glebbeek and O. R. Pols: A grid of low-mass collisions

A reasonable approximation over the range of our grid is (see
Table 4)

q
=03——- 3
?= 030 e )
Material lost from the stars in the ejecta originates from the en-
velopes of the parent stars and has the composition of the parent
star envelope.

4.2. Structure of the progenitor stars

We can distinguish four different collision scenarios between
main sequence stars based on the structure of the progenitor
stars and the collision product. Low mass main sequence stars
(1.2 M) have radiative cores while main sequence stars of
higher mass have a convective core. This leads to four possible
scenarios for a collision:

1. Convective + Convective — Convective;
2. Convective + Radiative — Convective;
3. Radiative + Radiative — Convective;

4. Radiative + Radiative — Radiative.

The composition profile of a collision remnant is determined by
the entropy profiles of the progenitor stars, which is in turn de-
termined by their masses and their age. If a star has a convec-
tive core the material from the core will have a constant entropy,
which directly affects the composition profile in the remnant
and its subsequent evolution. In a star with a radiative core the
entropy increases outward.

The first case will generate remnants with masses >2.4 M,
and will be the topic of a future paper. The second case occurs in
our grid for the higher mass collision products (M > 1.7 M) at
extreme mass ratios (¢ > 0.5) and is relevant for clusters where
the turnoff mass is larger than 1.2 M. The third case makes up
the majority of the collision products in our grid and is relevant
for old open clusters as well as globular clusters. The main dif-
ference with case 2 is that in case 2 the core of the primary has
an almost flat entropy profile whereas in case 3 the entropy pro-
file is smoother. The final case is only relevant for clusters where
the turnoff mass is below 1.2 M. In younger clusters the colli-
sion products of these collisions would be hidden among normal
main sequence stars and not stand out as blue stragglers. The
progenitor stars are essentially unevolved at the time of colli-
sion and the outcome of such a merger is a new unevolved main
sequence star.

4.3. Composition profile

During a collision material from one parent star is mixed with
material of the same entropy from the other star (since it ends up
in the same location in the collision product). However, if one of
the two stars has a convective core the material from the core can
retain its identity because of the nearly flat entropy profile. This
can lead to a very steep composition gradient in the remnant.

On the ZAMS lower mass stars have a lower central entropy
than higher mass stars (their cores are denser), which means that
in a collision between unevolved stars material from the lower
mass star will sink to the centre of the collision product. As a re-
sult of stellar evolution, the entropy in the core will decrease (the
core becomes more compact). Since more massive stars evolve
more quickly, the central entropy will decrease more rapidly in
massive stars than it will in low mass stars.

Figure 1 shows a number of evolution tracks in the
log p.—log T, plane. The location of the ZAMS is indicated by
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Fig. 1. Evolution tracks of low mass stars in the logp. — log T, plane.
Bold lines indicate the locations of the ZAMS (left) and TAMS (right).
Dotted lines are evolution tracks, labelled with the ZAMS mass. The
solid lines marked with m, ® are lines of constant entropy across differ-
ent stellar models, the dashed lines marked with %, X are isochrones.
The shaded region indicates the region where the central entropy is
lower than that of a 0.75 M, star at 3100 Myr.

a thick solid line on the left and the location of the terminal
age main sequence (TAMS) by a thick solid line on the right.
Evolution tracks are dotted and labelled with the mass of the star
and two isochrones are shown, one for 1000 Myr and one for
3100 Myr. Two lines of constant entropy across different stellar
models are also drawn for different ages. The shaded region in-
dicates the location where the entropy is lower than in the core of
a0.75 M star at ¢t = 3100 Myr. The ¢t = 3100 Myr isochrone lies
almost completely within this region, indicating that in a colli-
sion with a more massive star at this age the core of the primary
sinks to the centre of the collision product. Conversely, part of
the = 1000 Myr isochrone lies to the left of the line of constant
entropy at that age, indicating that in a collision with a more
massive star, up to 1.9 M., the secondary star will sink to the
centre.

For the composition profile in the collision product we can
roughly distinguish three cases, which we will denoted by “M”,
“S” and “P” for “mixed core”, “secondary core” and “primary
core” respectively. These are illustrated in Fig. 2. The part of the
parameter space in the grid for which each of these cases occurs
is illustrated in Fig. 3 and listed in Table 4.

4.3.1. Case M

If the mass difference between the two colliding stars is small
(the mass ratio is close to 1), the colliding stars have very similar
entropy and composition profiles. The composition profile of the
collision product will resemble a stretched version of the compo-
sition profile in the progenitor stars. This situation is illustrated
by the top left panel in Fig. 2. There can be a small molecular
weight inversion near the centre if most of the material in the
core comes from the secondary star. This case is indicated by &
in Fig. 3. In Fig. 1 this means that the two models are on or close
to the line of constant entropy.

4.3.2. Case P

If the primary is sufficiently evolved that its core entropy is lower
than that of the secondary, the core of the primary ends up in the
centre of the collision product. In Fig. 1 this means that the pri-
mary is in the shaded region of the diagram. In this case the core
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Fig.2. Diagram showing the distribution of material from the parent
stars within three of the collision products: ¢ = 2800, = 0.8, M = 1.7
(corresponding to case M, see text) and ¢ = 2800,g = 0.4,M = 1.8
(case S) and r = 3700, ¢ = 0.4, M = 1.8 (case P) for the bottom row. The
dark shading indicates the fraction of material from the primary while
the lighter region shows the fraction of material from the secondary.
Overplotted are the abundances by mass fraction of hydrogen (solid)
and helium (dotted).
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Fig. 3. Illustration of the different cases for the composition profiles in
the collision products and the grid parameters for which they occur.

of the merger remnant has a reduced hydrogen content with a
very steep increase in hydrogen abundance at its edge and pos-
sibly a molecular weight inversion further out as well. A hydro-
gen burning shell can form at the edge of the core (see Sect. 4.4).
This is the situation in the lower left panel of Fig. 2 and is marked
in Fig. 3 with A. An extreme example of this case occurs when
the primary is at the end of the main sequence. The hydrogen
depleted core of the primary sinks to the centre of the collision
product, producing a new star with a hydrogen depleted core.
In other words, collisions involving turnoff stars produce turnoff
stars, in agreement with Sills et al. (1997).

4.3.3. Case S

If the entropy in the core of the primary is larger than the en-
tropy in the core of the secondary the secondary will sink to the
centre of the collision product. In terms of Fig. 1 the primary is
to the left of the shaded region. The core of the collision prod-
uct will be hydrogen-rich, with a helium rich layer on top of it,
leading to a pronounced molecular weight inversion. This is the
upper left situation in Fig. 2 (a % in Fig. 3). This case will ap-
pear for collisions between main sequence stars when the mass
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Fig. 4. Kippenhahn diagrams showing the mixing regions during the
contraction phase for the same collision products as shown in Fig. 2.

ratio of the colliding stars is small (~0.4). If the mass ratio is
even smaller (0.2), this will happen even after the primary has
already evolved off the main sequence.

4.4. Reignition of hydrogen and mixing

Initially there is little or no nuclear burning in the core of the col-
lision products and nuclear burning is unimportant as an energy
source during the contraction to the main sequence.

Because the core of the collision product has the entropy of a
lower mass star it lies on a lower adiabat than the core of a main
sequence star of the same mass and composition. In practice, this
means that the collision product is initially to the right of its main
sequence position in the p. — T, plane, at higher central densi-
ties. In order for the star to come into thermal equilibrium the
entropy in the core needs to increase. The core will first expand
and then heat up (see Paper I). Once hydrogen burning takes over
as the main energy source the evolution of the collision product
proceeds analogously to that of a normal main sequence star but
with an abnormal composition profile (again see Paper I).

If there is a steep composition gradient at the edge of the core
(when one of the two stars had a convective core), it is possible
for the nuclear energy generation rate to peak at this location
due to the composition dependence of the reaction rate. In effect,
hydrogen will burn in the core as well as in a shell outside the
core. This hydrogen burning shell is a transient feature that is
destroyed when mixing reduces the steepness of the composition
gradient. The hydrogen burning shell is important because it can
drive a convection zone that mixes the layers above it. Examples
of the mixing regions during the contraction phase in each of the
three cases in Fig. 2 are shown in Fig. 4.

Because the material outside the core can be hydrogen-rich,
convection can bring extra hydrogen to the core, effectively re-
juvenating the star. Table 4 gives the central hydrogen abundace
immediately after the collision and at the beginning of the main
sequence phace. How much hydrogen is mixed into the core
depends on mixing processes in the layer outside the core.

Helium-rich material on top of a layer of hydrogen-rich ma-
terial causes a molecular weight inversion, which gives rise to
thermohaline mixing (Kippenhahn et al. 1980). The material
with higher molecular weight is supported by thermal buoyancy.
Diffusion of heat from the material causes it to lose buoyancy
and sink due to its higher mean molecular weight. The mix-
ing continues until the molecular weight inversion is removed.
Thermohaline mixing is important in the collision products dur-
ing the contraction phase in the cases where material from the
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Fig. 5. Evolution track of the + = 2800, ¢ = 0.8, M = 1.9 remnant with
a mass of 1.75 My, (top solid line) compared with the evolution track
of a normal star of the same mass (bottom solid line). The shape of
the evolution tracks after the contraction of the merger remnant is very
similar, but the merger track is offset to higher luminosity and is slightly
cooler at the end of the main sequence. The dashed line is a shifted
version of the main sequence track according to Eqgs. (13) and (19), see
Sect. 6.

core of the primary overlies material from the secondary, which
happens for cases P and S, discussed in Sect. 4.3 and shown
in Fig. 4. By the time the collision products reach the main se-
quence the molecular weight inversion has been smoothed out.
As a result more helium has been mixed into the centre of the
collision product than would have been the case if thermohaline
mixing had been ignored. This reduces the amount of hydrogen
available for nuclear burning and decreases the lifetime of the
collision product.

A hydrogen burning shell at the edge of the core can drive
a convection zone that mixes in material from the layers above.
This material can be either hydrogen-rich or helium rich, de-
pending on the particular case. The convection zone can connect
to the thermohaline layer, which means extra helium is mixed
into the inner region of the star.

When the convective core is formed it can in turn connect to
the convection zone driven by the burning shell (Fig. 4, lower
left panel). If there is no burning shell, it can connect to the ther-
mohaline layer (Fig. 4, upper left panel). In either case the end
result is that the interior of the collision product is mixed below
the molecular weight inversion. This produces a large central re-
gion that has been enhanced in helium and is larger than the con-
vective core itself. The net effect is comparable to that of a star
in which the convective core was larger initially but has shrunk.

Outside the mixed region, the composition profile is shal-
lower than in a normal star of the same mass. This affects the
structure of the star most strongly during the main sequence al-
though it continues to affect the star during later evolutionary
stages.

4.5. Main sequence evolution

Once the merger remnant has attained thermal equilibrium its
further evolution proceeds similarly to that of a normal star of
the same mass. In particular, the shape of the evolution track
in a Hertzsprung-Russell diagram is the same. The composition
profile modifies the evolution mainly in two ways: by affecting
the lifetime and by affecting the luminosity. A typical evolution
track is shown in Fig. 5.

1021

The Iuminosity is affected by the higher helium content of
the envelope. This affects the structure of the star through the
equation of state (due to the mean molecular weight) and the
opacity, as discussed in Paper I, and results in a larger radius
and higher luminosity. Because the surface layers do not show
helium enhancement the effective temperature is not strongly af-
fected, although there is a systematic trend that the coolest part
of the track (just before hydrogen exhaustion at the end of the
main sequence) is shifted to slightly lower temperatures. Shifts
in the luminosity and effective temperature are listed in Table 4
for all our merger remnants.

The remaining lifetime of the star is reduced by the higher
luminosity, but also by the central hydrogen abundance which
is lower than the abundance in the envelope. Because of this
the merger remnants do not resemble zero-age main sequence
(ZAMS) stars after they settle down and are both redder and
brighter than ZAMS stars of the same mass.

While on the Hertzsprung gap tracks of the merger remnants
are still brighter than tracks of normal stars of the same mass.
On the giant branch the difference between the two tracks van-
ishes. When the first dredge-up occurs the convective envelope
enters the layer where the composition had been modified by the
merger. This enhances the post-dredge-up abundances of helium
and nitrogen and reduces the abundance of carbon compared to
a normal red giant (see Paper I for more details).

4.6. The effect of lower metallicity

The heavy-element abundance Z affects the structure and evolu-
tion of stars. In general stars with a lower Z are hotter, more
luminous and more compact than stars of the same mass at
higher Z. The mass at which a convective core develops is higher
and the lifetime is reduced.

This changes the structure of merger remnants in subtle
ways. For instance, the relative rate at which the progenitor stars
evolve along the main sequence is different for Z = 0.02 and
Z = 0.001. This means that if we consider a Z = 0.001 collision
at a time when the primary has passed the same fraction of its
main sequence lifetime, the secondary will not have spent the
same fraction of its main sequence lifetime as in the Z = 0.02
collision. Qualitatively the description given in the previous sub-
sections remains valid for smaller Z. The data for the merger
remnants calculated for our grid are listed in Table 5.

The mass loss from the collisions is slightly lower than for
the Z = 0.02 grid although C = 0.3 is still a reasonable guess.
The reason for this can be seen from (2): the stars at lower Z
are more centrally condensed than at higher Z and the ratio
(R1,0.86 + R2,0.86)/(R1,05 + Ro0.5) is smaller.

5. HRD distributions: comparison with M 67
and NGC 188

In this section we compare the predicted locations of the col-
lision products from our grid with the observed blue stragglers
in the open clusters M 67 and NGC 188. For both of these clus-
ters Pols et al. (1998) determined isochrone fits. For consistency
we employ the same cluster parameters they used, as listed in
Table 2.

In order to make the comparison between our models and
the observations it is necessary to convert the theoretical sur-
face parameters (L, T.f, log g) to the observable magnitude and
colour (My, B—V). This conversion is done using the atmosphere
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Table 2. Ages determined from isochrone fitting for adopted values of
distance modulus and reddening. See Pols et al. (1998) for details.

Name log,, age/yr M, [FeH] m—-M EB-YV)
M 67 9.60 1.29  -0.06 9.60 0.032
NGC 188 9.76 1.18 -0.06 11.40 0.12
B m87 -+ Models, Ig = 3100 @ &
Isochrone 4 Gyr -+ Models, to,; = 3400 O
0 Models, t,, =2800 © Models, t,, = 3700 ¢
1+
.l .
2 3f
b
5|
6|
-02 0 02 04 06 08 1 12

(B-V)o

Fig. 6. Observed colour—magnitude diagram of the open cluster M 67,
with blue stragglers highlighted and the positions of the stars in our col-
lision grid at the age of M 67 overplotted. Different symbols correspond
to different times of collision, as indicated.

models from Kurucz (1992) with empirical corrections from
Lejeune et al. (1997).

Figure 6 shows the observed colour—magnitude diagram of
M 67 (o). The V and B — V data is taken from Sandquist (2004)
supplemented with Montgomery et al. (1993) for blue stragglers
that were missing from the Sandquist (2004) data. Membership
information (based on proper motions) is taken from Sanders
(1977). Sandquist (2004) gives a distance modulus m—M = 9.60
and reddening E(B — V) = 0.03, consistent with the values used
by Pols et al. (1998) to construct the 4 Gyr isochrone. The loca-
tion of the collision remnants at 4 Gyr are plotted with different
symbols, corresponding to the different times of collision. It is
important to stress that our model is not a population synthesis
model, so one should not draw conclusions from the density of
the model points.

Our models lie in the observed blue straggler region. Some of
the lower-mass merger remnants with masses below the turnoft
appear among the normal main-sequence stars. The bluest blue
straggler (S977 with My = 0.413 and B — V = —0.126, Mathys
1991) is clearly outside the region covered by our models, but
it is thought to have a mass larger than twice the turnoff mass
(Sandquist 2005) and therefore cannot be formed by a single
collision event. A few other blue stragglers are somewhat bluer
than the region covered by our models. They are apparently
single stars and are thus very likely to be the result of a stel-
lar merger. Their blue positions can be explained if they have
undergone much stronger internal mixing than our models, or
if they have been formed more recently and are in that sense
younger than our models. These blue stragglers are all slow rota-
tors (vsini < 120kms™!) compared to normal stars of the same
spectral type (Mathys 1991), suggesting that rotational mixing
has not played a major role in their evolution. We therefore pre-
fer the second explanation, which suggests that M 67 is dynami-
cally active, in other words, collisional blue stragglers are still
being formed. This conclusion is consistent with the N-body
model of Hurley et al. (2005).
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Fig.7. As Fig. 6 for NGC 188.

A number of our merger remnants have evolved beyond the
end of the main sequence and appear on the giant branch but
to the blue of the normal cluster giant branch, indicating that
merger remnants can still stand out in the CMD even after the
main sequence has ended. Two stars in M 67 are located in this
region (S1040 and S1273); both are spectroscopic binaries as
well as unusual X-ray sources (van den Berg et al. 1999). It is
not clear whether these stars are merger remnants, their unusual
location may also be the result of a superposition of a giant and
a turnoff star. In the case of S1040 the companion is probably a
white dwarf and the orbit is circular (Mathieu et al. 1990), so the
system has likely undergone mass transfer.

Figure 7 shows the comparison with NGC 188, with V, B—V
and membership probabilities taken from Platais et al. (2003).
Although NGC 188 is known to be older than M 67, different
authors give different age estimates (von Hippel & Sarajedini
1998; Platais et al. 2003; Carraro et al. 1994). We adoptm—M =
11.4 and E(B—V) = 0.12 and an age of 5.8 Gyr, as in Pols et al.
(1998). By contrast, Bonatto et al. (2005) find m— M = 11.1 and
E(B - V) = 0.0 from fitting a t = 7 Gyr Padova isochrone.

Our models fill a larger region than the observed blue strag-
gler region, indicating that NGC 188 has not formed massive
blue stragglers recently. This suggests that it is less dynamically
active than M 67. As for M 67 we note that a number of merger
remnants are beyond the main sequence and on the giant branch,
again parallel to the cluster giant branch.

6. Analytical description of results

To quantify the results of our collision calculations and com-
pare the evolution tracks of the collision products with evolu-
tion tracks of normal single stars it is necessary to specify which
models should be compared. In particular, we need to define an
equivalent main sequence star model.

Apart from the mass M of the collision product the remain-
ing lifetime is a good parameter to consider. For this reason it is
convenient to introduce the fractional age f, which is the age of
a star expressed in units of its main sequence lifetime,

“)

where 7 is the absolute age and Tyis = Tvms(M, Z) is the main se-
quence lifetime of a star of mass M and composition specified
by Z, which is listed in Table 4 for the stars in our grid. As long
as the star is on the main sequence, 0 < f < 1. We define the ap-
parent age fapp Of the collision product as the fractional age of a
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normal main sequence star with the same remaining lifetime #ys.
These two quantities are related by

(&)

In practice, we know fyis from the detailed models (see Table 4)
for the collision products and we can thus determine fip,. If we
can predict fi,, from the global properties of the parent stars
we can predict the collision product lifetime. In the following
we will describe a formalism that allows us to do this using only
standard stellar models and we give a set of transformation rules
that can be used to transform a standard stellar evolution track
to approximate the track of a merger remnant. By a standard
evolution track we mean the evolution track of a single star that
is evolved from the zero-age main sequence. For the standard
tracks one can use the Hurley et al. (2000) recipe, or interpolate
on a grid of single star models. Our recipe can be used to im-
prove the accuracy of evolution tracks for merger remnants in
star cluster simulations.

tvms = Tvs(1 _fapp)'

6.1. Collision product lifetimes

In normal main sequence stars there is a unique relation between
the amount of hydrogen and the age of the star. Collision prod-
ucts show a similar relation. Although it might seem better to
relate the age of the star to the amount of hydrogen in the core
rather than the total amount of hydrogen, in practice this is not
a good measure of the age of the star for collision products be-
cause mixing as described in Sect. 4.4 can increase the central
hydrogen abundance compared to its post-collision value.

The relation between the amount of hydrogen and the age
of the star is the starting point for a relation between the global
properties of the parent stars and the apparent age f,pp of the
collisions product. Let’s consider a simple stellar model that di-
vides the star in two parts: a core where hydrogen is burned to
helium and an envelope which is not affected by nuclear burning
on the main sequence. The core has a mass fraction g, of the total
mass M. Such a model is not really applicable to low-mass stars,
which do not have a well-defined core. However, we can gener-
alise the model by defining ¢. to be the fraction of hydrogen that
is burned during the main sequence, so that

_ Xo = (X)rams
c — )

X (6)

with X, the initial (ZAMS) hydrogen fraction. We can think
of g. as being the effective core mass fraction. If we approximate
the nuclear burning rate as steady, the average (total) amount of
hydrogen follows from the relative age f as

(X) (1) = Xo (1 —qcf). )

In practice, g. will depend on the stellar mass M and composi-
tion Z and needs to be found from detailed stellar models. It is
convenient to have an analytic approximation for g.(M). We use
the rational function

1+ oM+ C2M3 + 6'3]\45 + C4]W7
Cs5 + 6'61‘42 + 6'7]‘44 + Cg]W6

qe(M) = (M in Mo). (8)
The coefficients ¢; have been found by least-squares fitting to de-
tailed models calculated with the STARS code for masses in the
range M = 0.4...75 M. These models were computed with-
out convective overshooting. The fitting coefficients are listed
in Table 3. In the mass range 0.4 ...4.0 M, a somewhat more
accurate fit is possible without the terms involving M® and M’
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Table 3. Coefficients for the fitting formula (8) for g.. The mass range
and metallicity for which the coefficients in each column are valid are
given in the top row. The bottom row (rms) gives the root mean square

error of the fits.

Z =0.02 Z =0.001
c 0.4-75 M, 0.4-4 M, 0.4-75 M, 0.4-5 M,
c —0.685213 -0.999710 —-0.682671 —0.873596
c 0.289269 0.276843 0.185036 0.165455
3 0.0123223 0.0393513  0.00658021 0.0158297
Cy 3.3357e-6 0 7.5450e-7 0
Cs 2.70964 2.75579 2.71437 2.72675
Ce 1.44963 —1.70434 0.334367 —1.33733
7 0.629121 1.46625 0.343889 0.644498
cg 0.000493117 0 0.000185160 O
rms 1.4% 1.2% 1.7% 1.3%
0.4 T T T T T T T
0.35 4
03 4
X 025¢ 4
g L
R 0.2 @@Q b
LI_I}Q 0.15 %Ya //////// o4
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Fig. 8. Effective core mass fraction for main sequence stars against
ZAMS mass, for Z = 0.02 (©). The fitting formula (8) in the mass
range 0.4—4.0 M, is shown as a dashed line.

(second and fourth column in Table 3); the quality of this fit
for Z = 0.02 can be checked against Fig. 8. It is of course also
possible to interpolate on a table of detailed models.

To find an expression for fi,, we first need to know the
amount of hydrogen in the collision product. To do this correctly
we should consider the material that is ejected during the colli-
sion. This comes from the progenitor star envelopes and there-
fore has the initial ZAMS hydrogen abundance Xj. If ¢ is the
fraction of mass lost during the collision (see Sect. 4.1) then
the mass M of the collision productis M = (1 — ¢)(M; + M).
The average hydrogen abundance (X) in the collision product
immediately after the collision is then given by

M(X) = My (X), (1) + My (X), (1) — ¢(My + M>)Xo. )
Inserting (7) for the hydrogen abundance in the parent stars and
solving for (X),

1 geahi +4e2f2q\
1-¢ l+¢

The equivalent age f,,p, is determined by the amount of
hydrogen gy that gets mixed into the burning region through

(X) = Xo(1 = gmfapp)- (1)

As already mentioned in Sect. 4.4 the larger fraction of pro-
cessed material within the merger remnant has an effect that is
comparable to that of a star with an initially larger core mass.
Setting gm = ag.(M), we find f,p, from (10) as

1 1 ge1fi +qenfiq )
age(M)1-¢ l+q

Xy =Xo|1- (10)

Japp = (12)
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Fig. 9. The predicted apparent age according to (12), for @ = 1.67 (solid
line). The detailed models are indicated by ©. The dashed line is the
prescription from Hurley et al. (2000).

The parameter @ parametrises the amount of mixing during the
collision and settling to the main sequence, with @ = 1 meaning
no mixing at all and @ = 1/¢.(M) meaning homogeneous mix-
ing. Our expression (12) is a generalisation of Egs. (69) in Tout
et al. (1997) and (80) in Hurley et al. (2002), which are recov-
ered in the special case ¢ = 0, gc.1 = gc2 = gc(M) = 1/10 and
a = 1/q.(M).

The parameter « can be determined from the models in our
grid because all other factors in Eq. (12) are known. In principle
it should depend on the evolutionary stages of the two stars in-
volved in the collision, but in practice the value @ = 1.67 works
well for all models in our Z = 0.02 grid, while @ = 1.43 works
well for our Z = 0.001 grid.

Figure 9 compares the predicted lifetime according to (12)
to the lifetime from our detailed models. Overall agreement
is very good, although the detailed models show more scatter.
The dashed line is the prescription from Hurley et al. (2000),
which predicts much longer lifetimes, especially for collisions
involving very evolved stars. This increases the predicted num-
ber of observable blue stragglers formed through collisions by
up to a factor 2 compared to our detailed models.

6.2. Collision product luminosities

The luminosity of the collision products follows very well from
the homology relation (Kippenhahn & Weigert 1990)

4
Mmerger ) ) (13)

Lmerger = Lvs (
Hms

here, pimerger 15 the average mean molecular weight in the col-
lision product at the start of the main sequence, which is the
same as the average mean molecular weight after the collision
because the contraction phase is fast enough that composition
changes due to nuclear reactions can be ignored. The average
mean molecular weight of the main sequence model pys needs
to be chosen at the equivalent stage of evolution. Because the
shift in effective temperature is small we can choose the point
in the evolution track with the same 7. as the equivalent point.
The averages of the mean molecular weight need to be calcu-
lated with respect to the mass (as opposed to the radius), which
is the same as averaging over all particles.

It is possible to get an estimate for the mean molecu-
lar weight using the simple model (7). For a fully ionised
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hydrogen/helium mixture, the mean molecular weight can be
approximated by (e.g. Weiss et al. 2004)

3 1
-1
=2X+-Y+ =27, 14

H tY+ 3 (14)
or, by eliminating the helium abundance Y,

L1
u =Z(5X+3—Z). (15)
Then
Mmerger _ 5 <X>MS +3-Z (16)

JUYN - 5 <X>merger +3-Z ’

For the main sequence star we can use (7) directly but to
match the hydrogen abundance of the merger remnant we use a
modified version of (7),

<X>merger = Xo (1 _ﬁ - ach(;lpp) . (17)
Physically, this extra parameter is necessary because fy,, was
calibrated to the main sequence timescale Ty;s for a normal
star. The collision products behave more like stars with a differ-
ent initial composition and can have a different main sequence
timescale. In other words, f;pp does not represent the evolution-
ary stage of the collision product, just its remaining lifetime.
Mathematically, the need for an extra parameter arises because
we are now fitting two quantities (the lifetime and the hydrogen
abundance).

The offset should vanish if the progenitor stars were ZAMS
stars (in which case fip, = 0) or if there was no mixing during
the collision (a = 1). This is satisfied if 8 oc (@ — 1) fapp. We find
that setting 8 = (a — 1)qc fapp/(1 — g¢) gives a good match for all
collision