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Abstract

The blue straggler binary WOCS 5379 is a member of the old (6–7 Gyr) open cluster NGC 188. WOCS 5379
comprises a blue straggler star with a white dwarf companion in a 120 day eccentric orbit. Combined with the
orbital period, this helium white dwarf is evidence of previous mass transfer by a red giant. Detailed models of the
system evolution from a progenitor main-sequence binary, including mass transfer, are made using the Modules for
Experiments in Stellar Astrophysics. Both of the progenitor stars are evolved in the simulation. WOCS 5379 is
well reproduced with a primary star of initial mass 1.19 Me, whose core becomes the white dwarf. The secondary
star initially is 1.01 Me. The secondary finished receiving mass from the donor 300 Myr ago, having moved
beyond the NGC 188 turnoff as a 1.20 Me blue straggler. The successful model has a mass-transfer efficiency of
22%. This nonconservative mass transfer is key to expanding the orbit fast enough to permit stable mass transfer.
Even so, the mass transfer begins with a short unstable phase, during which half of the accreted mass is transferred.
With increasing mass, the secondary evolves from a radiative core to a convective core. The final blue straggler
interior is remarkably similar to a 2.1 Gyr old 1.21Me main-sequence star at the same location in the H-R diagram.
The white dwarf effective temperature is also reproduced, but the modeled white dwarf mass of 0.33 Me is smaller
than the measured mass of 0.42 Me.

Unified Astronomy Thesaurus concepts: Blue straggler stars (168); Close binary stars (254); White dwarf stars
(1799); Open star clusters (1160); Binary stars (154); Stellar evolution (1599)

1. Introduction

Blue straggler stars (BSSs) in clusters are stars that appear to be
younger than the cluster age. Traditionally identified as brighter
and to the blue of the main-sequence (MS) turnoff, BSSs can also
be fainter than the turnoff but blueward of the MS. Similar stars
also have been found within the MS (Leiner et al. 2019). BSSs are
thought to be MS stars that have gained mass, forming within
binary stars or hierarchical multiple-star systems. The formation
processes may be internal to the binary, via merger or mass transfer
(MT; McCrea 1964; Paczyński 1971). Another formation channel,
primarily in clusters, is formation through collisions within binary
dynamical encounters (Hills & Day 1976). Given the prevalence of
binary stars, BSSs trace frequent alternative stellar evolution
pathways to single-star evolution.

Previous theoretical work discusses all three formation channels.
Andronov et al. (2006) and Knigge et al. (2009) predict formation
rates of single BSSs from close binary mergers. BSS merger
formation can also happen in hierarchical triple-star systems via
Kozai and tidal mechanisms merging inner binaries, producing
BSSs in long-orbital-period systems, as suggested by Perets &
Fabrycky (2009) and further investigated by Leigh & Sills (2011)
and Fragione & Antonini (2019). For the MT scenario, Leonard
(1996) and Chen & Han (2004, 2008) analyze the feasibility of
MT. They find that MT during the donor star’s MS phase (Case A)
yields very short-period binaries, rare among BSSs. Comparing
BSSs from extremely close binaries with BSSs in the old open
cluster M67, Tian et al. (2006) found similar results. MT during
the red giant branch (RGB) phase yields BSSs in orbits with
periods of hundreds of days, and MT during the asymptotic giant
branch phase (AGB) yields very-long-period binary BSSs, both of
which are commonly found (Mathieu & Geller 2009).

Recently, “blue lurkers” have been found within the MS of
the old open cluster M67. They were identified as fast rotators
in wide binaries. Blue lurkers also may have merger, collision,
or MT origins, as all three mechanisms can spin up the rotation
of the stellar product. The blue lurkers are thought to be less
massive than classical BSSs (Leiner et al. 2019).
NGC 188 is a well-observed, old (6.2 Gyr) open cluster that is

an excellent laboratory to test and further develop models for
these mechanisms. Extensive precise radial-velocity time-series
measurements of solar-like cluster members have been done by
Geller et al. (2008 and references therein), providing an ideal
sample for binary-evolution study. A large sample of orbit
solutions is provided in Geller et al. (2009). By analyzing the
companion masses, the orbital periods, and the eccentricity
distribution of 15 binary BSSs in NGC 188, Geller & Mathieu
(2011, 2012) conclude that the data favor MT as the most
frequent formation pathway and rule out the collision channel for
the long-period binary BSSs. This conclusion was supported by
the discovery of white dwarf (WD) companions to seven of the
NGC 188 BSSs by Gosnell et al. (2014, 2015), who conclude
that approximately two-thirds of the NGC 188 BSSs formed
through MT. More recently, Gosnell et al. (2019) measured the
masses of two of these WDs via Hubble Space Telescope COS
spectra.
The goal of this paper is to provide the first detailed study of

the formation of an NGC 188 BSS via the MT channel. The
binary of choice is WOCS 5379, a BSS binary with a 0.4 Me
helium WD companion in a 120 day orbit. The orbital period
and the WD mass suggest that WOCS 5379 is an example of
MT formation from a red giant (Gosnell et al. 2019).
Although the origins of BSSs have been discussed for several

decades, complete and detailed binary-evolution models via the
MT mechanism are rare. The only near-successful evolutionary
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model of a BSS–WD binary is that for V106 in NGC 6791
(Brogaard et al. 2018). This simulation of early Case B MT
explains the age, very short orbital period (1.4 days), and most of
the measurements of the post-MT WD secondary star, but was
not able to reproduce the BSS.

The recently available binary-evolution module within the
Modules for Experiments in Stellar Astrophysics (MESA;
Paxton et al. 2015) expands the possibilities for detailed MT
studies. The organization of this paper is as follows. Section 2
summarizes the observations of WOCS 5379. Section 3
presents the MESA binary-evolution model best reproducing
WOCS 5379. Section 4 discusses general physical issues
driving this best-fit (BF) model. Section 5 presents in detail the
binary evolution of the BF model. Section 6 explores the
effects of secondary mass, MT efficiency, the location of the
mass loss from the system, and orbital eccentricity on the
binary evolution. Section 7 presents a framework for discussion
of BSS ages. Finally, the conclusions are given in Section 8.

2. Observed Properties of the WOCS 5379 System

The binary nature of WOCS 5379 was discovered by Geller
et al. (2008), with a spectroscopic orbital solution presented by
Geller et al. (2009). As noted above, the 120.21 day period,
combined with the WD detection, suggests an RGB MT origin.
While the orbital eccentricity of 0.24 is no longer a surprise for
post-MT systems (e.g., Geller & Mathieu 2011), a full
explanation for the survival or generation of such eccentricity
during the MT process is needed (see Section 6).

Gosnell et al. (2015) found WOCS 5379 to have the second
hottest WD companion among the NGC 188 BSSs, with a
photometric temperature of 17,600± 500 K and an inferred
cooling age of only 77Myr. WOCS 5379 sits very near the
zero-age main sequence (ZAMS) to the blue of the evolved
MS. It is the second-least luminous of the 21 known BSS in
NGC 188. The BSS effective temperature is 6400± 120 K.

More recently, Gosnell et al. (2019) undertook a detailed
analysis of a far-ultraviolet COS spectrum (central wavelength
1105 Å) of WOCS 5379. Adopting a Gaia-based distance to
NGC 188, they find the WD companion to have an effective
temperature Teff= 15,500 K and a surface gravity glog = 7.50
(cm s−2). They find a mass for the secondary of 0.42± 0.02Me
(where the uncertainty is a precision) and a cooling age of
250Myr.

Finally, the presence of WOCS 5379 in a well-studied open
cluster is of great benefit. Gosnell et al. (2019) review current
distance estimates to NGC 188; following them, we adopt a Gaia-
based distance of 1845± 107 pc. The uncertainty encompasses
other distance estimates. We also adopt E(B− V )= 0.09
(Sarajedini et al. 1999) and solar metallicity (Hobbs et al.
1990; Jacobson et al. 2011). Age determinations for NGC 188
vary from 6.2± 0.2 Gyr to 7± 0.5 Gyr (Sarajedini et al. 1999;
Meibom et al. 2009), while the Bayesian analysis of Hills et al.
(2015) shows systematic uncertainties in NGC 188 age
determinations of 0.7 Gyr. As a reference point, with MESA
modeling, we find the turnoff mass of NGC 188 to be 1.1 Me.

Table 1 lists these known quantities of the system and of the
two stars.

3. Numerical Simulation of WOCS 5379

We undertake an evolutionary simulation for WOCS 5379
from an initial pair of MS stars to a BSS–WD pair, using the

one-dimensional MESA code (Version 12115; Paxton et al.
2011, 2013, 2015, 2018, 2019). The initially more massive
primary star is the progenitor of the WD. The initially less
massive secondary star is the progenitor of the BSS, after
accreting mass from the evolving primary star. Specifically, we
compute simultaneously the evolution of both stars and the
binary orbit in the presence of Roche Lobe overflow (RLOF).
We use standard settings for MESA stellar evolution and

binary evolution.4 Following Geller et al. (2009), we adopt a
metallicity of Z= 0.019 in the simulation. For both stars, we set
the outer boundary condition on the temperature and pressure
via interpolation in precomputed photosphere tables. We do not
include any stellar winds, as these stars have very little mass
loss from the MS to the early RGB.
Previous study indicates that nonconservative MT (where a

fraction of the material leaving the donor star escapes from the
system) can determine whether MT is stable or unstable
(Woods et al. 2012). Our simulation allows nonconservative
MT, with mass escaping via a fast wind from the vicinity of the
accretor (see also Section 6.4). The MT efficiency, which is the
percentage of the mass leaving the donor star that is accreted, is
fixed in order to make the experiment feasible (see Section 8).
The material escaping from the system reduces the system’s

angular momentum. However, the angular momentum per unit
mass of the system increases during the mass loss, resulting in
an increase in the system separation.
Finally, as the accretor receives mass from the donor star, the

simulation permits it to respond, for example, by restructuring
its radiative and convective zones.
This section first describes how we find the BF model for

WOCS 5379—that is, one that matches most of the observed
parameters within the measurement uncertainties. (We note that
the “uncertainty” in the BSS luminosity is actually the range of
brightness variation in the V band; Kafka & Honeycutt 2003.)
Hereinafter we call this the BF Model. The initial parameters
and why we start the search in a specific range are briefly
discussed. Then, the main features of the BF model and the
comparison between the model and data are discussed in the
last subsection.

3.1. Finding the BF Model for WOCS 5379

Preliminary MESA binary-evolution trials with Z= 0.019
showed that a 1.2Me donor star ends MT at ≈6.2 Gyr. Gosnell
et al. (2019) find a cooling age of the WOCS 5379 WD of

Table 1
Properties of WOCS 5379 and the Best-fit model

Property (Units) Observation Best-fit Model

BSS Teff (K) 6400 ± 120 6350
BSS Luminosity (Le) 2.5 ± 0.5 2.6
BSS Mass (Me) L 1.20
WD Teff (K) -

+15500 150
170 15455

WD -glog cm s 1( ( )) -
+7.50 0.05
0.06 7.22

WD mass (Me) 0.42 ± 0.02 0.33
Porb (day) 120.21 ± 0.04 119.94
Age (Gyr) 6.2–7.0 6.77
Metallicity 0.019 0.019
Eccentricity 0.24 ± 0.03 0

4 Our inlist is shared at https://zenodo.org/communities/mesa.
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250Myr. Given an age for NGC 188 between 6.2 Myr and
7.0 Myr, we explore primary-star initial masses near 1.2 Me.

We began our search of parameter space with a primary-star
mass of 1.2 Me. The parameters searched were the initial orbital
period, initial secondary mass, and MT efficiency. Because MT
approaches instability with increasing mass ratio, our search
started with a secondary mass slightly smaller than the primary
mass. For each secondary star mass, MT efficiencies (ranging
from 5% to 100%) and initial orbital periods (ranging from 10 to
50 days) were searched for models that came near an orbital
period of 120 days. The search continued with lower secondary
masses until no stable MT occurred within this search space. The
smallest such secondary mass was 0.9Me. An upper limit of
40% on the MT efficiency resulted from either MT instability or
overly massive and luminous BSS products, depending on
location in parameter space. Finally, we made small adjustments
in the parameters to best converge on the BSS observational data
and in system age to match the WD effective temperature.

No models were able to reproduce the WD glog measure-
ment, and so we treat WD glog and mass as outcomes, not as
independent parameters for the goodness of fit.

Table 2 displays the initial parameters of the BF model. The
progenitor binary has an initial period of only 12.7 days. The
MT efficiency of 22% is crucial in forming the observed
120 day period of the WOCS 5379 system. In this paper, all the
physical quantities of the initially more massive star, which is
the donor star and the WD progenitor, are assigned the
subscript “1”. The physical quantities of the initially less
massive star that becomes the BSS have a subscript “2.”

3.2. The BF Model

Table 1 compares the BF Model against the observations. The
model agrees well with most of the measured properties. The
notable exception is the model WD glog , which is higher than
measured, yielding a less massive WD compared with the
measured WD mass. No variations in model parameter space
were able both to resolve this difference and to maintain acceptable
fidelity to the other observed properties of WOCS 5379.

Figure 1 shows the evolutionary track of the secondary star of
the BF Model on the H-R diagram, compared to the observed
parameters of the BSS. The bolometric luminosity and Teff from
the spectroscopic analysis of Gosnell et al. (2019) are displayed
with the red dot. The box indicates the 1σ uncertainty on Teff and
the range of luminosity due to brightness variability. The BF
model is marked with a black cross. The reason why the BF
model is not exactly at the red dot is because the WD Teff at the
red dot is still too high to explain the data. The letters mark
important stages during evolution. A is the onset of the RLOF.
The star reaches a minimum Teff at B. The maximum L during
the accretion is at C. Then, the star drops down to a local
minimum in L at D. The cessation of the MT is marked as point
E. The detailed physics causing these evolutionary features are
discussed in Section 5.

In brief, the secondary star begins as a 1.01 Me star on the
ZAMS, at the coordinates (Teff/K, L/Le)= (5700, 0.75). The
series of open circles marks 1, 2, K, 6 Gyr. The evolution of
the secondary star as it accretes during MT is shown by the
dashed line. The mass accretion begins at 6.13 Gyr and ends at
6.18 Gyr. During the accretion, the track first evolves to cooler
effective temperatures. Then, the accretor becomes hotter and
more luminous, reaching a local maximum of L= 3.7 Le at
6200 K. The luminosity next drops due to a shrinking radius
while the Teff changes little. There is a second phase of
increasing L and Teff before the MT ceases. At this point, the
accretor has become a 1.20 Me BSS. Its interior structure
corresponds to the late MS phase and shortly thereafter begins
to move onto the subgiant branch. The simulation is terminated
at the accretor’s RGB phase.
Figure 2 shows the evolutionary track of the initial primary

star, the WD progenitor, in the glog –Teff plane. Again, the open
circles mark every 1 Gyr, and the dashed line indicates that MT
is occurring. The beginning of the evolution starts from the
ZAMS phase of the primary star =T g, log 6200, 4.4eff( ) ( ).
After 6 Gyr, the primary star becomes an RGB star and then fills
its Roche lobe radius, launching the MT. After losing most of its
hydrogen layer, the donor star shrinks within its Roche lobe
radius and the MT stops. After the MT, the donor star enters the
pre-WD phase and the WD cooling phase. During the cooling
phase, the evolutionary track reaches the observed Teff of the
WD. However, the theoretical glog is smaller than the observed
quantity. The mass of the WD in the BF model is 0.33Me, which
is 0.1Me smaller than the spectroscopic measurement of the
WOCS 5379 WD of Gosnell et al. (2019).
Lastly, while the BF model is closest to both the binary and

BSS properties and the WD Teff, other models generated nearby
in the initial parameter space also fall within the observational
uncertainties. For example, starting with a 0.03 Me more
massive accretor yields a BSS more luminous than the
observation but still inside the measurement uncertainty and
still matching the orbital period and WD Teff, albeit little
change in the WD mass. (See also Sections 6.1 and 6.2.) In the

Table 2
Initial Settings for the Best-fit Model

Initial Conditions (Unit) Value

M1,i (Me) 1.19
M2,i (Me) 1.01
Porb,i (days) 12.7
Mass-transfer Efficiency 22%

Figure 1. The H-R diagram (L vs. Teff) for the evolution of the secondary star
into a BSS. The phases with no MT are shown by the solid line. The series of
open circles marks 1, 2,K, 6 Gyr. The MT phase is shown by the dashed line.
The observed L and Teff for WOCS 5379 are shown as the red dot. The box
around the red dot indicates the 1σ uncertainty on Teff and the range of
luminosity due to brightness variability. The best-fit model is shown as a black
cross. The green solid line is the ZAMS line from Gosnell et al. (2015).
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following sections, the BF model is used as a specific example
for discussing the evolution of the BSS from the MT channel.

4. General Physical Considerations in the Evolution of the
BF Model

4.1. Overview of Nonconservative MT

In the BF model, MT starts as RLOF during the red giant
phase of the donor star. A key to having stable MT is that the
mass transferred is not conserved within the system (e.g.,
Woods et al. 2012). As the system loses angular momentum
with the loss of mass, the binary semimajor a expands
depending on the combination of changes in the donor star
mass M1, accretor star mass M2, and orbital angular momentum
J. The orbital angular momentum is

=
+

J M M , 1Ga

M M1 2
1 2

( )

where G is the gravitational constant. The time derivative of the
orbital semimajor axis then becomes

= +
+
+

- -
a

a

J

J

M M

M M

M

M

M

M
2 2 2 , 21 2

1 2

1

1

2

2
( )     

where M1 is the MT rate of the donor and M2 is the MT rate of
the accretor. Defining the ratio between M1 and M2 as

b= -M M , 32 1 ( ) 

where the negative sign means the mass-loss rate and mass-
accretion rate have different signs, and the mass ratio between
M1 and M2 as

=q
M

M
, 41

2
( )

then the rate of change in the semimajor axis can be written as

b
b=

+ -
+

+ -
a

a

q

q q

M

M

2 1 1

1
2

2
. 51

1

⎛
⎝⎜

⎞
⎠⎟

( )( ) ( ) 

Given that the donor star is losing mass, M1 is negative. To
make a positive, so the system can maintain a stable MT even

the as donor star expands due to adiabatic mass loss, the
quantity in the brackets must also be negative. For any mass
ratio greater than unity, β< 1 is the key to expand the system
during the MT.
For the BF model, the MT efficiency is 22%. The

mechanism of the associated mass loss from the system is
unknown and beyond the scope of this paper (but see
Section 6.4).

4.2. The Mass and Age of the WD Companion

The mass of the product WD, which is slightly greater than
the helium core of the donor, is determined in large part by the
orbital period at the onset of the MT. Specifically, for a 1.2 Me
MS star, the core is convective and the envelope is primarily
radiative. Once the hydrogen abundance drops below 0.01 in
mass fraction near the convective–radiative boundary and
helium is the dominant element, the enclosed mass is defined as
the helium core.
The relation between the helium core mass and the system

orbital period at the beginning of RLOF can be derived by
connecting the stellar radius R1 and the semimajor axis a
through MESA’s definition of the Roche lobe radius RRL

(Eggleton 1983),

=
+ +

R

a

q

q q

0.49

0.6 ln 1
. 6RL

2 3

2 3 1 3( )
( )

At the onset of RLOF, the donor star fills its Roche lobe, so
R1= RRL. Converting RRL to Porb, Figure 3 shows the helium
core mass mHe for a 1.2 Me star at the beginning of MT.
Varying the accretor mass does not affect the relation between
the mHe of the donor star and the Porb at the onset of the RLOF.
The radius slightly shrinks and then increases again near
mHe= 0.25Me because of the first dredge-up, resulting in a
small bump in the middle of Figure 3.
If RLOF begins simultaneously with the formation of the

helium core, the system orbital period is only 0.56 days. The
helium core keeps growing due to the hydrogen shell burning.
Notably, for the Porb= 120 days of the current (post-MT)
WOCS 5379, the helium core mass is 0.35 Me. This is smaller

Figure 2. The evolutionary track of the primary star on the glog –Teff plane.
The figure follows the description of Figure 1.

Figure 3. Helium core mass mHe for a 1.2 Me at the onset of the RLOF as a
function of orbital period with a 1.0 Me companion star. Based on MESA
modeling of 1.2 Me single-star evolution.
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than the WD mass of 0.42 Me measured by Gosnell et al.
(2019). The measured WD mass cannot be the core mass when
MT starts.

The measurement uncertainty in the final orbital period is
negligible, so resolution needs to be found in the physics of the
model. The mass of the BF helium core does not grow much
during the short MT phase, increasing only from 0.26 to 0.33
Me. Although most of the envelope is lost during the MT
phase, a thin hydrogen layer keeps burning, increasing the
helium core mass of the donor, but only slightly.

Presuming that the RGB interior evolution is correct, within
the assumptions of our modeling, this difference in the
simulation and observed WD masses can only be resolved if
the MT starts later and ends later in the RGB evolution. Taking
core growth during MT of a few hundredths of a solar mass, in
order to make a final WD with a mass of∼0.4Me, the onset of
RLOF occurs at a period near 100 days (Figure 3). Reasonable
MT parameters then produce final Porb between 500 and 600
days, far greater than observed for WOCS 5379.

The BF model indicates a WD cooling time of ∼593Myr,
measured by the time between the end of MT to the observed
Teff for WOCS 5379 (15,500 K). This cooling time differs from
the 250Myr value of Gosnell et al. (2019). The difference
arises primarily from (a) element diffusion not being included
in our BF WD model, and (b) the WD mass from the BF model
being 0.1 Me less massive than the Gosnell et al. (2019) mass,
derived from the observed glog . For helium core WDs, the
general trend is that less massive WDs have longer cooling
times (Althaus et al. 2013). With MESA modeling, we find that
a WD mass difference from 0.42 Me to 0.33 Me increases the
cooling time by ∼0.1 Gyr.

The decrease in WD cooling time due to element diffusion is
discussed in Istrate et al. (2016). For their Z= 0.02 stars, the
inclusion of diffusion decreases cooling times by several
hundred Myr.

For WOCS 5379, we choose to use the cooling times of
Althaus et al. (2013), as did Gosnell et al. (2019). Interpolating
in their Table 3 for 0.33 Me, we adopt a cooling time to the
current temperature of the BF WD of 0.3 Gyr. This shifts the
model age for WOCS 5379 to 6.5 Gyr, still well within the
current age range for NGC 188. We note that these small shifts
in the WD age have little impact on the BF BSS, in fact shifting
it slightly closer to the nominal position of WOCS 5379 in the
H-R diagram (Figure 1).

4.3. Stability Analysis of the MT

The top panel of Figure 4 compares analytic descriptions of
the donor’s response ζad and the Roche lobe radius change ζRL
during MT as a function of orbital period. Following Woods
et al. (2012), these two quantities are defined as

z º
d R

d M

log

log
, 7ad

1

1 ad

⎛
⎝⎜

⎞
⎠⎟ ( )

z º
d r

d M

log

log
. 8RL

RL

1
( )

Stable MT is defined as ζad� ζRL. To understand this criterion,
if both ζ are negative, 0> ζad� ζRL, then R1 expands less than
RRL due to the decrease in M1. This will lead to stable MT.
Similarly, if the two ζ are positive, R1 shrinks more than RRL

when the donor star loses mass. This also results in stable MT.

Assuming an n= 3/2 polytrope model for the stellar
structure, the adiabatic response of the donor star can be
written as

z =
-

-
-
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+
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Here, mHe is the helium core mass fraction of the donor star.
The expression for the response of the donor star’s Roche lobe
is

z =
¶
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If the mass loss from the donor star’s stellar wind is ignored,
the term ¶ ¶a Mln ln 1 can be written as

b¶
¶
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The expression of the second term ¶ ¶r a qln lnRL( ) is
derived from the Roche lobe radius approximation equation
(Eggleton 1983; Soberman et al. 1997),
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Figure 4. The top panel displays the result of the stability analysis, where
ζad > ζRL indicates stable MT. The middle subplot shows the Roche lobe radii
RRL,1 (blue solid line) and RRL,2 (orange solid line) compared to the stellar radii
R1 (blue dashed line) and R2 (orange dashed line). The last panel compares tKH
(blue), tnuc (orange) and tM (green) of the donor star. All are shown in terms
of Porb.
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The third term is the mass ratio change due to the donor mass
loss,
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The top panel of Figure 4 shows the MT to be unstable at the
beginning (ζRL> ζad). At the early stage of the evolution when
there is no helium core, ζad starts as− 1/3. As the helium core
mass is formed during the late MS and early RGB phase, ζad is
near 0. ζRL is positive at the very beginning of the MT, based
on the system separation, M1 and q when MT starts. Thus the
system is unstable. ζRL then drops below zero and becomes
smaller than ζad as the Roche lobe radius of the donor star and
the system separation both increase after the onset of MT.

The middle panel compares four radii in the system. The
Roche lobe radius of the donor star RRL,1 is shown by a blue
solid line. This line drops a little at the very beginning of the MT
and then expands, which agrees with the sign of ζRL (positive,
then negative). Near the end of MT, the donor star becomes a
pre-WD. Due to the near-complete exhaustion of the envelope
mass, its radius shrinks fast near Porb= 120 days and the MT
stops. The Roche lobe radius of the accretor star RRL,2 and R2 are
shown as orange solid and dashed lines, respectively. The
accretor star never approaches its Roche lobe in the simulation.

The bottom panel compares three instantaneous timescales,
the Kelvin–Helmholtz timescale tKH, the nuclear reaction
timescale tnuc, and the mass-loss timescale of the donor star
tM1 . The BF model has unstable MT at the start, so tM1 is much
shorter than tKH,1 and tnuc,1. After the system adjusts itself to
stable MT, the thermal adjustment of the donor star drives the
MT. At the late phase of the MT, the MT rate becomes small
( = -Mlog 101

8∣ ∣ ), so that <t tMnuc,1 1 . Thus, at the end of the
MT, the helium core is growing significantly during the MT.

5. Evolution of WOCS 5379 into a Blue Straggler–WD
Binary

This section discusses in detail the evolution of the two stars
in WOCS 5379 from an initial ZAMS binary (Table 2) into the
current BSS–WD pair (Table 1), based on the BF simulation.
Recall that the evolutionary tracks of both stars in the
theoretical H-R diagram are given in Figures 1 and 2.

Figure 5 displays the system parameters in terms of Porb for
the BF model. The evolution begins with an initial Porb of 12.7
days. The system separation does not change until MT begins.
The MT ceases at Porb= 120 days, which matches the observed
period. The top and middle panels show M and stellar mass,
respectively, for the donor and accretor stars. The BF model
has an MT efficiency of 22%. Thus, M2∣ ∣ is always smaller than
M1 , and the total mass M1+M2 is not a constant during the
evolution.

At the very beginning of MT, the MT is unstable for 7Myr,
with a peak in M at Porb= 13.2 days. During this unstable MT
phase, the donor star drops in mass from 1.19 to 0.75 Me, and
the accretor star gains mass from 1.01 to 1.1 Me. Thus, half of
the accreted mass occurs during this very short phase of unstable
MT. As the separation increases during the MT, the system
transitions to stable MT near Porb= 16 days. When the MT
becomes stable, the donor star keeps losing mass from 0.75 to
0.33 Me, while the accretor mass increases from 1.1 to 1.2 Me.

The third panel shows the angular momentum loss associated
with the mass loss from the system, with the highest loss rate
during the unstable MT phase (1041g cm2 s−1). The mass loss

associated with nonconservative MT is modeled as a fast wind
leaving from the vicinity of the accretor. For a given orbital
angular momentum J, the system loses angular momentum as
Jml:

=
+

J J
M M

M M M
. 14ml

1 1

2 1 2( )
( ) 

During the unstable MT stage, where Porb increases from 12.7
to 16.0 days, the total J drops from 2.67× 1052 to 2.37× 1052

g cm2. During the stable MT phase (Porb changes from 16.0
days to 120 days), J keeps dropping from 2.37× 1052 to
2.08× 1052 g cm2. The whole MT phase makes the J decrease
by about 22%, with half of this occurring during the short
unstable MT phase.
Figure 6 compares the Teff of the initial primary and

secondary stars as a function of Porb (top panel) and age
(bottom panel). Because the system separation changes very
little when MT is not occurring, the top panel reveals more
information during the rapid MT phase just after 6 Gyr, while
the bottom panel shows the entire evolution better. The letters
mark two local minima and one local maximum in Teff,2; these
are the same evolutionary stages as shown in Figures 1 and 7
with the same letters. Here we analyze Figures 6 and 7 together
to understand the physical quantities (e.g., L, Teff, R2, etc.)
during the BSS evolution.
At the beginning of the system evolution, Teff,1> Teff,2. As the

primary star evolves to the RGB, its radius grows and Teff,1 cools

Figure 5. The upper plot shows M as a function of Porb for the donor star
(blue) and the accretor star (orange), with an initial Porb = 12.7 days. The
middle panel gives the mass of the donor star (blue) and accretor star (orange)
during the evolution. The last panel displays the angular momentum loss due to
the mass-loss rate from the system and the total orbital angular momentum of
the system.
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down, so at the onset of the RLOF (point A), Teff,1< Teff,2. At
the beginning of the RLOF, the MT is unstable. From A to B,
the accretor star receives mass at a fast rate. This mass augments
the existing convective envelope, while the star’s inner
temperature profile does not change. So the temperature at the
radiative–convective boundary does not change, while the
thickness of the convective envelope increases in mass and
mass fraction. This thicker convective envelope is efficient in
lowering the temperature, yielding the lower surface temperature
at B. This evolution in the convection zone can be seen in the top
panel of Figure 7, which shows the convective zone in the mass
fraction of the BSS. Near B, the surface convective zone is at its
greatest depth.

At B, the MT rate slows considerably as the MT becomes
stable. Also at this time, the size of the surface convective zone
shrinks, and consequently (Figure 7), Teff,2 begins to increase.

From the onset of the RLOF until the secondary reaches a
local maximum in L (point C), the radius of the secondary
increases (Figure 7). With the formation of a central convective
zone (Figure 7), this growth in radius reverses. At the
beginning of the simulation, the core of the 1.01 Me accretor
is radiative and the surface is convective. Near C, where
M2= 1.08Me, the surface convective zone decreases in mass
fraction as the central convective zone appears. This internal
transition occurs at the local maximum in R2 (Figure 7, second
panel), the local maximum in Teff (Figure 6, top panel), and the
maximum L in Figure 1.

From C to D, the accretor continues to acquire material from
the donor, but the MT is thermally driven and becomes stable.

The bottom panel of Figure 7 displays the three timescales of
the accretor; <t tMKH,2 2 , so the accretor has time adjust to a
new thermal equilibrium as the MT is occurring. The middle
panel of Figure 7 shows that the radius drops from C to D. This
can also be seen in the dramatic luminosity decrease in
Figure 1. After D, the central convective zone becomes the
biggest convective zone and continues to grow, so the BSS
evolves like a more massive star. From D to E, R2, Teff, and L
increase slowly as a function of the orbital period.
As the MT ends, the accretor behaves like an evolved 1.2Me

MS star with a core hydrogen fraction somewhat greater than
when the MT began. Shortly thereafter the BSS enters the early
RGB phase, near 7 Gyr. Therefore, the radius of the BSS
increases again, still at Porb= 120 days in the second panel.
The evolution of the donor star is much simpler (Figure 2).

After the MT ceases, the donor star becomes a pre-WD with a
rising temperature from 4700 to 47,600 K, with ongoing
hydrogen shell burning. After the hydrogen shell is exhausted,
the donor enters the WD cooling phase, dropping in Teff and
increasing in glog .
Figure 8 shows the mass fraction of the central and surface

hydrogen in terms of Porb and age. The bottom panel shows
that the central hydrogen drops steadily from the ZAMS to 6
Gyr due to single-star MS evolution. The MT phase raises the
central hydrogen abundance from 0.16 to 0.36. The top panel
of Figure 8 shows that this increase is because the central
convective zone appears and keeps increasing in size, which
allows more hydrogen fuel to mix into the core. Thereafter is a

Figure 6. The Teff of the donor star (1) and the accretor star (2) as a function of
Porb (top panel) and Age (bottom panel).

Figure 7. Top: the surface and central convection zone as a function of Porb.
Between the convection zones is the radiative zone. Middle: R2 in terms of
Porb. Bottom: three timescales—thermal tKH,2, nuclear tnuc,2, and accretion
tM2 —of the accretor as a function of Porb.
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second drop in core hydrogen after the MT, again due to
standard single-star MS evolution albeit for a 1.2 Me star.

The surface hydrogen mass fraction is little affected by the
MT. The slight drop of the surface hydrogen during the MT is
because at the end of MT the donor star moves helium-enriched
material onto the accretor.

6. Discussion: Effects of Physical Parameters

This section discusses the effects on the BSS of changing
physically important initial physical parameters of the BF
model.

6.1. BSS Formation via RLOF with Different Accretor Masses

In order to explore the parameter space for making BSS–WD
binaries similar to WOCS 5379, Sections 6.1 and 6.2 discuss
changes in the evolution of the BF model with different initial
accretor masses and MT efficiencies, respectively, holding all
other initial settings the same.

Figure 9 compares the evolutionary tracks on the H-R
diagram with two different accretor masses, 1.01 Me (the BF
model) and 1.05 Me. The other settings are the same,
specifically the MT efficiency at 22%, M1,i= 1.19Me, and
Porb,i= 12.7 days. The track with the 1.05 Me accretor starts at
(Teff/K, L/Le)= (5900, 0.92), more luminous and hotter than
the start of the BF model. The onset of MT is still unstable for a
short time then becomes stable. After MT ends, the BSS has a
mass of 1.24 Me, and while at the same Teff as WOCS 5379,
it is more luminous than permitted by the observational

uncertainty. The mass change is the same as the BF model
while the starting mass is higher than the BF model. So, the
final product after the MT is more massive and thus more
luminous.
For initial accretor masses smaller than 1.01 Me, it is a

challenge to maintain stable MT at the nominal 22% MT
efficiency. However, higher MT efficiencies result in lower
separation expansion rates during the MT. These lead to
unstable MT, since the radius of the donor star now increases
faster than its Roche lobe radius. A common envelope is
usually believed to form in this situation, after which the final
orbital period can be tens of times smaller than the initial
separation.
On the other hand, lower MT efficiencies do not produce hot-

enough products. For a 0.95 Me initial accretor mass, the
maximum MT efficiency that yields stable MT is 4%, and the
final product after the MT can only reach (Teff/K, L/Le)= (5900,
1.3), which is far away from the goal.
In summary, higher initial accretor masses with higher MT

efficiency can form more luminous BSSs than WOCS 5379.
Forming a less luminous but Teff∼ 6400 K BSS in NGC 188
challenges the stable RLOF formation channel.

6.2. MT Efficiency

Following Section 6.1, Figure 10 shows a similar experi-
ment, keeping the same initial settings of the BF model but
varying the MT efficiencies. Different MT efficiencies only
affect the evolutionary tracks after the onset of the RLOF. An
MT efficiency of 22% leads the star to evolve furthest to the red
on the H-R diagram during MT. On the other hand, with a 5%
MT efficiency, there is no accretor evolution to the blue. This
occurs because lower MT leads to a less thick convective
envelope.
Interestingly, even with an MT of 5%, the system begins

with an unstable MT phase and > - -M M10 yr6 1  . However,
less mass is transferred, resulting in a less luminous and colder
product near the end of the MT.
For the 5% MT efficiency case, the mass of the BSS

increases from 1.01 to 1.05 Me. Thus, the BSS does not switch
its inner structure from a central radiative zone and an outer

Figure 8. The central (blue), surface (green) hydrogen, and central helium
(orange) abundance of the accretor as a function of Porb (top) and age (bottom).

Figure 9. The evolutionary tracks forming a BSS from an initial accretor mass
of 1.01Me (the lower track, the BF model) and of 1.05Me (the more luminous
track after the MT). The figure follows the description of Figure 1.
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convective envelope to a central convective zone and a surface
radiative zone. Consequently, there is a smaller decrease in
radius during the MT evolution.

6.3. Forming WOCS 5379 with an Eccentric Orbit

Currently, WOCS 5379 is an eccentric binary with e= 0.24.
Prior to the beginning of MT, the binary may have had a tidally
circularized orbit. The tidal circularization period of NGC 188
is 14.5 days (Meibom & Mathieu 2005), longer than the initial
binary orbital period of 12.7 days for the BF model above.
Thus, beginning our simulations with circular orbits is
physically plausible.

Even so, the e–log P diagram of NGC 188 does show a
couple of eccentric binaries with orbital periods around 10
days. Here we begin to explore the impact on the MT and
system evolution of an initially eccentric orbit. For specificity,
we adopt e= 0.24, which is held constant during the
simulation.

Hamers & Dosopoulou (2019) determine an MT rate for an
eccentric orbit with conservative MT, showing that the
separation and the eccentricity both change during the MT.
The MESA approach is less sophisticated, using an MT rate
based on averaging the Roche lobe radii derived from the
changing stellar separations throughout the eccentric orbit and
maintaining a constant eccentricity.

For the case of WOCS 5379, in MESA the large eccentricity
further challenges having the stable MT necessary to produce
the observed orbital period. The simulation shows that a
smaller mass ratio q and lower MT efficiency are necessary to
have stable MT.

The BF model for the eccentric orbit case has M1= 1.20,
M2= 1.03, Porb,i= 10.8 days, and an MT efficiency of 20%.
Again, the BF model is taken to be the model that is the closest
to the observed data for both the BSS and the WD Teff after
MT. Figure 11 shows the evolutionary track of the BSS formed
in this model. The differences from the circular-orbit model are
not great; the maximum luminosity during the MT phase is
smaller.

On the other hand, if the initial binary orbit was in fact
circular, the physics of our MESA simulation does not produce
orbital eccentricity in the final BSS binary. Davis et al. (2013)

discuss how the star spin rate and the eccentricity can affect the
duration and the timescale of the MT. Sepinsky et al. (2009)
find that the combination of the MT and tides can either
increase or decrease the eccentricity in a close binary system,
depending on the mass ratio. However, the separation of the
two stars in WOCS 5379 is much greater than the cases they
consider. A further detailed study is deserved.

6.4. Mass Loss from the Vicinity of the Donor

Observations of WOCS 5379 are silent on whether the mass
lost from the system is from the vicinity of the donor (α
mechanism) or of the accretor (β mechanism), as we have
presumed here (as defined by Tauris & van den Heuvel 2006). In
this section, we perform the simulation assuming the mass loss
from the system originates in the vicinity of the donor to see if
the location of the mass loss affects the formation of the BSS.
Figure 12 shows the resulting MT rate. The BF initial donor

and accretor masses and the final BSS and WD masses are very
close to the original BF model with the β mechanism.
However, in order to have the final orbit be Porb= 120 days,
the initial Porb for this model is 41.5 days, as the orbital
expansion during the MT is smaller than with the β
mechanism. The resulting WD mass is again 0.33 Me.
This change in initial orbital period can be derived by

considering the angular momentum change in losing material
from the donor star dJα/J= (dM/M)(M2/M1) and from the
accretor star dJβ/J= (dM/M)(M1/M2), where dM is the mass loss
of the total system and M=M1+M2. For our case, M1>M2 is
always true at the onset of the RLOF. Thus, dJα/dM< dJβ/dM
at the beginning of the RLOF, and dJα/dM> dJβ/dM after
M1=M2. Less dJ/dM results in greater expansion of the orbit.
For both mechanisms, with the same MT efficiency, M1=M2

happens at 1.04 Me. Most of the system mass loss occurs after
M1=M2. Since for the β mechanism dJα/dM> dJβ/dM after
M1=M2, the average dJβ/dM is smaller dJα/dM. So the system
expands more with the β mechanism than the α mechanism.
Before M1=M2 at Porb= 46 days, the orbital expansion of

the α mechanism is more than the β mechanism. Consequently,
ζad> ζRL, and the system evolution does not begin with
unstable MT (i.e., no spike in M in the top panel of Figure 12).
After M1=M2 (see Figure 12, bottom panel), the system

Figure 10. The evolutionary tracks forming a 1.2 Me BSS with different MT
efficiencies: 5% (the lowest track after MT), 15%, and 22% (the highest track
after MT, the BF model). The figure follows the description of Figure 1.

Figure 11. The evolution of the secondary star beginning in an e = 0.24 orbit.
The best-fit model from the eccentric orbit is shown as a cross. The figure
follows the description of Figure 1.
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maintains dJα/dM >dJβ/dM, so the α mechanism system
expansion is less than the β mechanism overall.

The H-R diagram in Figure 13 shows the BF α mechanism
model, which passes within the measurement uncertainty box of
WOCS 5379. This model has initial parameters Md,i= 1.19,
M2,i= 1.01, Porb,i= 41.5 with MT efficiency of 20%. The MT
starts after 6.18 Gyr and lasts for about 9.21 Myr. However, the
radius evolution of the accretor is strikingly different. With the α
mechanism, the maximum accretor radius is 3.60 Re (Figure 14),
while for the β mechanism it is 1.63 Re. Consequently, the
maximum luminosity of the accretor during the MT phase with the
α mechanism is much greater than with the β mechanism. After
the donor star becomes a WD, the MT stops with the BSS in
satisfactory agreement with the observed WOCS 5379.

The difference in the maximum BSS radius lies in differing
physical timescales. The lower panel of Figure 14 shows the
three timescales of the accretor during the MT with the α
mechanism. At the beginning of the MT, the mass accretion
rate for the accretor is 10−6Me yr−1. At this stage, tM2 is shorter
than the thermal time. When the MT rate decreases and the
thermal time becomes shorter, then the radius of the star
responds to the MT. Compared to the β mechanism (Figure 7),
the thermal timescale MT starts later after the onset of RLOF,
which permits the accretor star to grow to such a large radius.
Therefore, the maximum luminosity of the BSS for the α
mechanism is greater than the β mechanism.

6.5. Stellar Rotation

Analyzing the rotation periods for 12 BSS/MS binaries
containing a WD, Leiner et al. (2018) show that very young

post-MT stars are rapidly rotating, with rotation periods as
short as 0.4 days. The BSS in WOCS 5379 is not currently an
ultra-fast rotator. Leiner et al. (2018) give a lower limit on its
rotation period of 2.5 days.
In order to compare the rotation angular momentum and the

orbital angular momentum in the BF model, we consider an
initial rotation period after MT of 0.4 days. Even at such a short
period, the BSS spin angular momentum is much smaller than
the system orbital angular momentum (the ratio between them
is 10−3). Thus, adding rotation into the simulation will not
affect the orbital evolution of the system. Additionally, as the
spin energy of the star is a small fraction of its gravitational
energy, the rotation will not have a significant impact on the
stellar hydrostatic equilibrium.

Figure 12. The upper plot shows M as a function of Porb for the 1.19Me donor
star (blue) and the 1.01 Me accretor star (orange) with an initial Porb = 41.5
days. The bottom panel gives the mass of the donor star (blue) and accretor star
(orange) during the evolution.

Figure 13. The evolution of the secondary star assuming the mass loss is from
the vicinity of the donor star. The best-fit model from the α mechanism is
displayed as the cross. The figure follows the description of Figure 1.

Figure 14. Top: R2 in terms of Porb for the α mechanism. Bottom: three
timescales—thermal tKH,2, nuclear tnuc,2, and accretion tM2 —of the accretor as a
function of Porb.
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However, rotational mixing can play an important role in
stellar evolution. For instance, rotational mixing can alter the
amount of hydrogen in a stellar core. (Sills et al. 2005 show this
effect in post-collision BSSs in globular clusters.) Adding such
rotation mixing in binary-evolution models is a goal of our
future binary-evolution modeling.

7. Discussion: The Interior Structure and “Age” of a Blue
Straggler

This paper, and in particular Section 5, has presented a
detailed story of the formation of an actual BSS through RLOF
MT. The details of that formation story are important and
fascinating. However, when the story is over, the interior
structure of the BSS is the same as that of a normal single star
at the same location in the H-R diagram, a notable example of
the Vogt–Russell theorem.

In Figure 15, we show the evolutionary tracks of our BF
model for WOCS 5379 and of a 1.21 Me single star. Both pass
through the observed location of WOCS 5379. In Figure 16, we
show, for both stars, their interior distributions of H and He
abundances, fusion energy sources, and convection zones.
Despite dramatically different prior evolution histories, the
interior structures are essentially indistinguishable.

BSSs are occasionally described as “rejuvenated” stars,
resulting from the addition of mass to an MS star by one of
several processes. It is of some interest to consider the age of a
BSS in the specific case of WOCS 5379.

Barring dynamical exchanges, the current binary system
WOCS 5379 formed with the cluster NGC 188 and has the
same age, e.g., 6.7 Gyr. This is also the formation age of the
binary’s initial secondary star, now the BSS.

On the other hand, based on the cooling age of the current
WD companion, the MT that transformed the secondary star
into the current BSS ended only 300 Myr ago, which we call
the transformation age. The initial secondary star truly found a
fountain of youth in its companion, the initial primary star.

Crucially, the BSS is not a reborn ZAMS star. Its interior
structure is that of a 1.21 Me MS star with an evolution age of
2.1 Gyr. This evolution age is younger than almost every other
star in the current cluster.

But even so, the BSS is not a rejuvenated 1.01 Me star, the
original mass of the secondary. The MT has produced a quite
new star with an interior structure distinct from a 1.01 Me star
of any age.
There is one sense where the initial secondary star might be

considered rejuvenated by the MT. The central H abundance
increases from its depleted value before MT of 16%–36% after
MT (Figure 8). Interestingly, this change is entirely due to
structural changes in the star with the addition of mass. With
the consequent increase in central temperature and the shift to
CNO burning, the central core shifts from radiative to
convective, thereby bringing in more fuel. Similar MT onto a
lower mass star might not result in a rejuvenation of the central
H abundance.
What is unambiguous is that WOCS 5379 will have a much

shorter remaining life than its 1.01 Me progenitor. We show
the future evolutionary track of the BSS in Figure 15. It will
reach the base of the RGB in 9.0 Gyr, at which time its
progenitor will still be at (Teff, L)= (5900, 1.75) in the late MS
stage.

8. Conclusion

WOCS 5379 is a blue straggler–WD binary in the open
cluster NGC 188. The binary and the cluster are well observed
so that the current state of WOCS 5379 is unusually well
defined. In this paper, we have done a detailed modeling of the
evolution of WOCS 5379 from an MS binary to the current
system through a mass-transfer event, using the MESA binary-
evolution module.
After searching across four initial parameters—the primary

and secondary masses, the orbital period of the progenitor
binary, and the MT efficiency—we find an MT model that
matches key observed parameters—the BSS L and Teff, the WD

Figure 15. The evolutionary track of the BSS (in black) compared to the
evolution of a 1.21 Me single star (in blue). The figure follows the description
of Figure 1.

Figure 16. Interior profiles from the BSS BF model (left) and a 1.21 Me star
(right). The 1.21 Me star profile is selected from a single-star evolution track at
the closest point to the BF model on the H-R diagram. The top and bottom
plots show H and He abundances and nuclear energy generation rates,
respectively. Convection zones are shaded.
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Teff, the current binary Porb, and the system age. This model is
used to discuss the detailed physics during evolution.

In brief, the progenitor binary pairs a 1.19Me star and a 1.01
Me star in a 12.7 day circular orbit. During the RGB phase, the
primary star fills its Roche lobe radius and launches MT onto
the secondary star. Twenty-two percent of the material is
accreted and the rest escapes from the system. The mass loss
from the system reduces the system’s angular momentum, and
the binary orbit expands. The progenitor secondary star
becomes the 1.20 Me BS, having evolved to a more luminous
(2.5 Le) and hotter (6400 K) position in the H-R diagram. The
core of the primary star becomes the WD companion at a
period of 120 days.

The outcome of the simulation very well reproduces WOCS
5379 in all regards but one. Gosnell et al. (2019) use an FUV
spectrum to measure the WD mass at -

+ M0.42 0.02
0.02

. The WD
mass in our model is only 0.33 Me. We note that producing a
0.33 Me WD at 120 days also agrees with previous simulations
discussed in Tauris & Savonije (1999). They find that the WD
mass is strongly dependent upon the final orbital period.

The essential findings from this modeling are the following:

(1) Nonconservative MT is necessary to produce the long-
period orbit of WOCS 5379. In this regard, we note that
Geller & Mathieu (2011) found that 14 of the 16 BSSs in
NGC 188 are binaries with orbital periods between 120
days and 3030 days. Long-period orbits are typical, and
so perhaps is nonconservative MT.

(2) All efforts to model WOCS 5379 with conservative MT
failed due to rapidly unstable MT. Nonconservative MT
is necessary to avoid a common-envelope evolution.

This said, the stability of the MT in the successful model
varies during the MT phase. In fact, at its start, the MT is
briefly unstable, during which time half of the total mass is
transferred and half of the system angular momentum is lost.
The rapid expansion of the orbit then stabilizes the MT until its
completion with the exhaustion of the primary-star envelope.

(3) The evolution of the progenitor secondary star into a BSS
is primarily one of interior restructuring in response to
increasing mass. Upon completion of the MT, the interior
structure of the BSS is the same as that of a single star of
the same mass at the same location in the H-R diagram.
While the interiors of two such stars take dramatically
different evolutionary paths, in the end, the Vogt–Russell
theorem holds.

(4) At least in this case, the above finding suggests that the
use of single-star models to determine BSS masses may
have some validity (but see Mathieu & Geller 2015).
However, the use of such models for dating BSSs is not
valid.

Indeed, the very concept of a BSS age is complex. We note that
the formation age of both stars in WOCS 5379 is the age of the
cluster, e.g., 6.5 Gyr. However, the MT creating the BSS
occurred only 300 Myr ago, which we call the transformation
age. Finally, the interior structure of the BSS matches that of a
1.2 Me star with an evolution age of 2.1 Gyr.

Searches near the initial parameter space produce similar
BSS–WD binaries within the observed uncertainty range of the
observations. We have not found other domains of parameter
space that reproduce WOCS 5379.

However, there are several key physical assumptions in the
model that are not well established. First is the location and
process of the mass loss from the system. The model presumes
that the mass loss is from the vicinity of the accretor. If we
assume the mass loss is from the vicinity of the donor, the
resulting orbital expansion is smaller (i.e., the average angular
momentum loss per mass lost dJ/dM is larger). To produce a
final Porb∼ 120 days, the initial Porb is near 40 days. Even with
the MT being launched at a wider orbit, the resulting BSS–WD
binary is very similar to the BF model, with the final WD mass
remaining the same, still significantly smaller than the
measured WD mass. At least in this instance, the uncertainties
in the angular momentum loss mechanisms do not alter the
final product. Even so, a better understanding of nonconserva-
tive MT, and particularly the related angular momentum
evolution, remains essential to a complete understanding of
these binary-evolution pathways.
Second, WOCS 5379 is an eccentric binary, with e= 0.24,

while the modeling here is done for a circular orbit. For a
progenitor orbital period of 12.7 days, it is likely that the initial
orbit would be circularized. In this case, the origin of the
current orbital eccentricity is not modeled here. Still, it is
possible that the progenitor binary may already have had an
eccentric orbit. Using an approximation for MT within an
eccentric orbit, a model can still match the observed system
(except the WD mass). Indeed, the initial parameters are close
to the BF model. That said, the MESA approximation for MT
in an eccentric orbit is very simple; more developed physics is
needed for credible modeling.
Finally, our assumption that the MT efficiency is constant

throughout the MT process does not have a physical basis and
is most likely not accurate. We consider here whether
loosening this constraint might permit an increased final
WD mass.
A possible resolution of the WD discrepancy would be to

reduce the average MT rate, allowing the donor star more time
to build a larger helium core as the system expands to a 120 day
period. In the single-star evolution of a 1.2 Me giant, the core
increases from 0.33 Me to 0.4 Me in approximately 10Myr, to
be compared to the entire time of MT of 46Myr in the BF
model. So, the required increase in MT duration is not
implausibly large.
In the BF model, nearly half of the MT happens during the

initial brief unstable phase. As µM R Rexp1 1 RL,1( ) , one way to
lower the initial mass-loss rate is for the donor Roche lobe
RRL,1 to initially expand more rapidly. This can be achieved by
lowering the initial MT efficiency. Once the system is
stabilized, a return to a higher MT efficiency will be needed
to slow the system expansion rate toward P= 120 days and to
produce the BSS.
Exploring pathways without a fixed MT efficiency will be

challenging because there is little physical guidance for a
variable MT efficiency. Still, the experiment is worthwhile to
ascertain whether there are any pathways that can resolve the
WD discrepancy.
In summary, the MESA stellar evolution code can model the

MT evolution of a close MS binary into a blue straggler–WD
system with an orbital period of hundreds of days. The nearly
complete reproduction of WOCS 5379 supports recent
conjectures that most (but not all) BSSs in old open clusters
form through MT processes.
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Of course, the success of one case cannot in itself generalize
to the wide variety of progenitor MS binaries and product BSS
binaries. The ultimate goal must be the detailed production of
an entire cluster BSS population. Very likely, this will require
further development of the essential physics of the stable MT
process, with special attention to the processes of stellar
rotation (as yet not included), the processes of system mass
loss, and orbital eccentricity evolution, along with comple-
mentary understanding of common-envelope evolution.
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