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J. J. Eldridge et al.2020), especially given the fact that the MS
turnoff is usually extended in young open clusters(A. P. Milone
et al.2018, 2023). While some studies argue that the least luminous
RSGs are ideal age indicators, since more luminous red stragglers
are likely binary products(E. R. Beasor et al.2019; N. Britavskiy
et al.2019), others suggest that the mean luminosity of all RSGs
provides a better measure, as this value is similar in both single and
binary evolution(J. J. Eldridge et al.2020). Thus, understanding
the in� uence of binary interaction on RSGs is essential for
accurately using them as age indicators.

In this study, we investigate the RSG phase of our detailed
binary models from C. Wang et al.(2022), offering the� rst
comprehensive analysis of RSGs in young open clusters based
on a large set of detailed binary models. Compared to the
BPASS models used in J. J. Eldridge et al.(2020), our models
evolve both stars simultaneously and include the spin-up of
accretors. Our models also treat mass transfer stability and
ef� ciency in a self-consistent approach. Furthermore, compared
to J. J. Eldridge et al.(2020), who focused solely on the
luminosity spread of RSGs without considering the time they
spend at each luminosity, our study provides a comprehensive
population synthesis analysis of the luminosity distribution and
number of RSGs from various evolutionary pathways.

We compare our results with observed RSGs in four young
open clusters, NGC 330(L. R. Patrick et al.2020) in the Small
Magellanic Cloud (SMC) and NGC 2004, NGC 2100, and
NGC 1818(E. R. Beasor & B. Davies2016; E. R. Beasor et al.
2019; N. Britavskiy 2024, private communication) in the Large
Magellanic Cloud(LMC). We aim to enhance our understanding
of the properties of RSGs originating from different pathways
and provide useful constraints on massive binary evolution. We
select these four clusters to study because they are in Magellanic
Clouds; thus, from the observational point of view, there is less
extinction, and as a result, the luminosity estimates are more
reliable for RSGs in these clusters(the luminosity estimates are
mainly from theK-band photometry). While other clusters with
RSGs are known in the Galaxy(see Table 1 in J. J. Eldridge
et al. 2020), their luminosity estimates(and spread) are less
robust due to uncertain extinction around RSGs, especially in
very crowded regions in the Galaxy. Therefore, studying RSGs
in Magellanic Cloud clusters provides a more secure basis for
our analysis than studying those in the Galaxy.

This Letter is structured as follows. In Section2, we
introduce our detailed single and binary models. In Section3,
we demonstrate the predicted properties of RSGs in young
open clusters from both single-star and binary evolution and
compare with recent observations. Then we discuss the impact
of uncertainties on our results in Section4 and summarize our
conclusions in Section5.

2. Models and Physics Assumptions

2.1. Detailed Single-star Models

We � rst explore whether the observed RSGs in four young
open clusters can be explained by single-star evolution. For
this purpose, we employ single-star models computed by
B. Hastings et al.(2021) using the MESA code(version 12115;
B. Paxton et al.2011, 2013, 2015, 2018). These models cover
initial masses ranging from 2 to 20Me. We extended these
models up to initial masses of 100Me, with a mass interval
of =mlog 0.04i . These models adopt physics assumptions
nearly identical to those in A. Schootemeijer et al.(2019),

except for a mass-dependent overshooting parameter. Speci� -
cally, αOV = 0.3 is used for stars with initial masses above
20Me (I. Brott et al. 2011). Below 20Me, αOV decreases
linearly, reaching 0.1 at an initial mass of 1.66Me (A. Claret &
G. Torres2016). Semiconvective mixing is set toαSC = 10
(A. Schootemeijer et al.2019). The evolution starts from the
zero-age MS(ZAMS) and terminates when core helium is
depleted. We identify RSGs as stellar models withTeff <
4800 K (M. R. Drout et al.2009).

We consider both LMC and SMC metallicities. For direct
comparison with observed RSGs(in Figures1 andA2), we use
nonrotating star models. Additionally, we employ rotating star
models with the same physics assumptions for two parts in this
work. First, we use stellar models initially rotating at 15% of their
critical values to follow the evolution of MS merger products in
our detailed binary models. Second, in our semianalytical method
to calculate the upper luminosity limit of RSGs in young open
clusters (see Section3.2.2 and AppendixD for details), we
employ single-star models with aninitial rotation of 55% of their
critical velocity for premerger stars. These two rotational
velocities are chosen based on the� ndings of C. Wang et al.
(2022), which suggest that most stars are likely born with around
55% of their critical rotational velocity, contributing to the major
(red) MS in young open clusters. Binary merger products, if
rotating at approximately 15% of their critical velocity, can
explain the blue MS observed in these clusters.

2.2. Detailed Binary Models

We use the MESA detailed binary models9 with the SMC
metallicity in C. Wang et al.(2022, 2024). The initial binary
parameters are created from Monte Carlo sampling. The initial

Figure 1. Comparison of observed RSGs(cyan dots with error bars) in the
SMC cluster NGC 330(L. R. Patrick et al.2020) with the evolution of our
nonrotating single-star models(gray lines) in the HRD. Initial stellar masses are
indicated along the tracks. The lower and upper thick tracks represent the best
� ts for the least luminous and most luminous RSGs observed in NGC 330,
respectively. Solid gray lines denote the helium-burning stages of the stellar
models, while dotted lines indicate the stages before helium ignition. Here we
de� ne the helium-burning phase as the period during which the central helium
mass fraction ranges from 0.98 and 0.001. The red circles indicate the positions
of the stellar models at 14 Myr for each mass.

9 We use MESA version 8845 to compute the binary models. The inlist� les
used for these computations can be found at Zenodo(https:// zenodo.org/
records/ 5233209).
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primary masses are from 3 to 100Me adopting the E. E. Salp-
eter(1955) initial mass function(IMF). The initial mass ratios
range from 0.1 to 1, following a� at distribution(H. Sana et al.
2012; T. Shenar et al.2022). The initial orbital periods are from
the minimum value, where the two stellar components are
initially in contact, to 8.6 yr( / =Plog day 3.5i ), assuming a
� at distribution in logarithmic space(E. Öpik 1924;
H. A. Abt 1983; G. Banyard et al.2023). We simulate the
evolution of 3670 detailed binary systems, representing clusters
with an initial total stellar mass of approximately
1.3 × 105 Me, under the assumption of a 100% binary fraction
and a lower mass limit of 0.08Me (see C. Wang et al.2024for
details).

The adopted upper period limit of =Plog 3.5 reliably
reaches the noninteraction region for binaries with primary
masses lower than approximately 25Me (whose MS lifetime is
around 7.6 Myr). However, the true upper period limit for
binaries remains unclear, especially in dense environments
such as star clusters, where dynamical evolution is expected to
disrupt wide systems(C. Korntreff et al.2012). For the lower
period limit, we use the period at which the two stars are
initially in contact at the ZAMS. Binaries that are not initially
in contact but where the primary star� lls its Roche lobe at the
ZAMS phase are classi� ed as ZAMS mergers. We assume that
ZAMS merger products are also ZAMS stars. The fraction of
ZAMS mergers, as well as similar populations of stars
including pre-MS mergers and mergers occurring before and
shortly after the ZAMS phase, remains uncertain. C. Wang
et al. (2022) proposed that a substantial fraction of binaries
(between 10% and 30%) must merge within the� rst 1–2 Myr
to account for the observed ratio of MS stars on the double MSs
in young open clusters. Similarly, recent simulations on binary
formation suggest that a signi� cant fraction of early mergers(or
even pre-MS mergers) occurs in B-type binaries, with estimates
as high as 30%(A. Tokovinin & M. Moe 2020).

All stellar models are assumed to rotate at 55% of their
critical velocities at the ZAMS. This choice is motivated by the
need to explain the major(red) MS stars in young star clusters
(C. Wang et al.2022).

The same physics used for the single-star models is applied
to our binary models. Binary evolution begins at the ZAMS
with circular orbits, and mass and angular momentum are
transferred via Roche-lobe over� ow (R. Kippenhahn &
A. Weigert1967; S. E. de Mink et al.2013). We account for
the spin-up of accretors during mass transfer(W. Packet1981),
assuming that once an accretor reaches critical rotation, further
accretion is halted. This results in accretion ef� ciency being
dependent on the binary’s orbital period, with values below a
few percent in long-period Case B binaries and reaching up to
60% in short-period Case A binaries(C. Wang et al.2022;
K. Sen et al.2022).

The excess material that cannot be accreted by the accretor is
then assumed to be expelled from the stellar surface, driven by
the combined radiation energy of both stars. If this radiation
energy is insuf� cient to expel the material, we assume the two
stars merge. Mergers are also assumed when mass is lost
through the second Lagrangian point or when the mass transfer
rate exceeds an ad hoc upper limit of  > - -M Mlog 10 yr1 1,
indicating unstable mass transfer.

We use the method in F. R. N. Schneider et al.(2016) to
calculate the evolution of merger products from two MS stars,
assuming that the merger products have an initial rotational

velocity of 15% of their critical value. We do not model the
evolution of merger products involving a post-MS star, as no
well-established models currently exist. Previous studies
suggest that such mergers are likely to ignite helium as blue
supergiants(BSGs) or yellow supergiants(YSGs; P. Podsiadl-
owski1992; S. Justham et al.2014) and may stay blue for most
of their remaining lifetimes. We discuss this omission in
Section4.4.3.

If none of the previously mentioned merger criteria are met,
we follow the evolution of the binary models until core carbon
exhaustion in both components. For numerical stability
reasons, we limit the calculations to central helium exhaustion
if the helium core mass exceeds 13Me. In some noninteraction
binaries, the primary star encounters convergence issues during
its asymptotic giant branch(AGB) evolution. For these cases,
we terminate the evolution of the primary star at the end of
helium exhaustion and allow the secondary star to continue
evolving in isolation.

If the � nal core mass of the primary star surpasses the
Chandrasekhar limit at carbon/ helium depletion, we assume a
compact object formation, after which the companion is
modeled as an isolated star. It is important to note that our
simulations do not account for the impact of SN kicks. Our
simulations represent the case in which binaries are disrupted
due to the SN kick, with the secondary star remaining in the
cluster as a single star. We discuss the impact of SN kicks in
Section3.2.4and AppendixG.

3. Results

3.1. Single-star Models Fail to Explain Observations

In a star cluster comprised solely of coeval, nonrotating
single stars, RSGs are expected to originate from stars with
similar initial masses. Given the small luminosity variation of
single stars during the helium-burning phase, the luminosity
distribution of RSGs in a star cluster resulting from single-star
evolution is anticipated to be narrow. However, recent
spectroscopic observations of RSGs in young open clusters
reveal a signi� cantly broader luminosity range than predicted
by single-star evolution(E. R. Beasor et al.2019; N. Britavskiy
et al. 2019), based on Brott models(I. Brott et al.2011) and
MIST models(J. Choi et al.2016).

Using the SMC cluster NGC 330(L. R. Patrick et al.2020)
as an example, we compare the distribution of its RSGs with
the evolutionary tracks from our MESA single-star models in
the Hertzsprung–Russell diagram(HRD) in Figure 1. It is
evident that the observed luminosity spread of RSGs cannot be
accounted for by one single-star track. Notably, the most
luminous RSG requires a model nearly twice as massive as the
least luminous one. Based on these models, the estimated ages
of the least and most luminous RSGs are around 40 Myr and
14 Myr, respectively. This challenges our traditional under-
standing of star clusters that all stars are coeval. At 14 Myr,
stars below 14Me are still on their MS evolution. This
indicates that the more massive,“younger” RSGs should have
experienced rejuvenation to remain observable as RSGs at a
similar age as the less massive star. Rejuvenation refers to a
process in which a star appears younger than it actually is,
primarily due to mechanisms that either mix fresh fuel into the
core or simultaneously increase the star’s total mass, thereby
shortening its MS lifetime. The� rst scenario includes
rotationally induced mixing(A. Maeder & G. Meynet2000;
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S. E. de Mink et al.2009), while the second includes binary
mass transfer and binary mergers(S. Neo et al.1977; P. Hellings
1983; F. R. N. Schneider et al.2016).

Our single-star models do not include the AGB phase. By
analyzing our noninteraction binaries that successfully evolve
through this phase, we found that the probability of having an
AGB star that is 0.5 dex more luminous than the least luminous
RSG in a star cluster is less than approximately 2%(see
FigureA3). Therefore, AGB stars are unlikely to account for
the observed luminosity spread of RSGs in young open
clusters. Nonetheless, in rare cases, AGB stars can contaminate
the red straggler population, as shown in our animation(e.g.,
see 26.86 Myr).

The same result that the observed luminosity spread cannot
be explained by single-star evolution is also found for RSGs in
three LMC clusters, NGC 2004, NGC 2100, and NGC 1818
(see FigureA2).

3.2. Predictions from Binary Models and Comparisons with
Observations

3.2.1. Distribution in the HRD

In the following, we explore how binary evolution impacts
the properties of RSGs in young open clusters. We show the
distribution of our detailed binary models in the HRD at an age
of 40 Myr, alongside the observed RSGs in NGC 330
(L. R. Patrick et al.2020) in Figure2. This age was selected
because the luminosities of both the least and most luminous
RSG models match the observations well, and it aligns with the
age derived from the MS turnoff of this cluster(C. Wang et al.
2022).

RSGs originating from pre/ noninteraction binaries, as well
as ZAMS mergers, evolve similarly to single stars. In this
work, RSGs from preinteraction binaries speci� cally refer to
those that will undergo Case C mass transfer after helium
exhaustion, which we assume to be unstable and lead to
mergers. RSGs in preinteraction binaries are primarily the
primary stars in these binaries, while RSGs in noninteraction
binaries can originate from either the primary or the secondary
star. As anticipated, RSGs originating from these scenarios
exhibit comparable luminosities, representing the least lumi-
nous subset of the RSG population.

In our simulations, RSGs formed from stable mass transfer
exhibit similar luminosities to those from pre/ noninteraction
binaries. The reason is that the vast majority of these RSGs are
accretors that have undergone Case B mass transfer(see the
right panel of FigureB2 for an evolutionary example), during
which they accrete only tiny amounts of material. As a result,
neither their total mass nor core mass increase signi� cantly,
leading to minimal rejuvenation. On the other hand, accretors
in Case A mass transfer(see the left panel of FigureB2 for an
evolutionary example) can accrete more material, leading to a
substantial increase in both their total and core masses,
resulting in stronger rejuvenation. However, due to the
presence of a composition gradient above the convective core,
and given our assumptions on internal mixing, the accretor
cannot undergo complete rejuvenation, where its core mass
fully grows to match that of a genuinely single star with the
same total mass. Instead, the accretor experiences incomplete
rejuvenation, meaning it retains a smaller core compared to a
genuinely single star of equivalent total mass. As shown in the
left panel of FigureB2, such an accretor ignites helium and
explodes as a BSG or YSG(see also H. Braun &
N. Langer1995; E. J. Farrell et al.2019).

Figure2 demonstrates that, in our simulations, nearly all
high-luminosity RSGs(i.e., red stragglers) are from MS
mergers. MS merger products manifest as blue stragglers
during their MS evolution, appearing younger and more
massive than the MS turnoff stars. These blue stragglers will
similarly appear younger and more massive than typical RSGs
and appear as red stragglers when they evolve into the RSG
phase. The more massive the MS merger product, the higher
the luminosity it will have during its RSG phase. It can be seen
that our binary models closely reproduce the observed
luminosity spread of RSGs in NGC 330. This means that the
observed luminosity of red stragglers can be explained by MS
merger origin.

Figure2 also shows that we predict a luminosity spread
among BSGs, with MS merger products exhibiting higher
luminosities. Notably, this spread has been observed in BSGs
in young open clusters(A. P. Milone et al.2018). A detailed
comparison between the predicted and observed properties of
BSGs is beyond the scope of this study.

We present an animation that illustrates the distribution of
RSGs in the HRD up to 100 Myr, with Figure2 capturing a
speci� c snapshot from this sequence.

3.2.2. Luminosity of RSGs Originating from MS Mergers

As shown in Figure2, our MS merger models successfully
reproduce the observed luminosity extension of RSGs in
NGC 330. In this section, we examine more generally the
RSG luminosity extension that MS mergers can generate in
young open clusters up to 100 Myr and compare this with

Figure 2. Distribution of our detailed binary models in the HRD at 40 Myr.
Each open marker indicates the visually brighter component of a binary system.
Blue circles represent binaries that have not yet begun to interact or will never
interact. Orange circles denote stars currently undergoing nuclear-timescale
mass accretion. Green triangles mark stars that have experienced stable mass
transfer. Red squares depict the products of mergers of two MS stars. For
comparison, we have superimposed the observed RSGs in NGC 330, shown
with gray dots with error bars. This� gure is a snapshot from an animation
illustrating the distribution of our models from 2 to 100 Myr. The animation is
designed with a black background for enhanced visibility during presentation
and has a duration of 27 s. The brown shaded area in the animation highlights
the region where we identify RSGs.
(An animation of this� gure is available in theonline article.)
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observational data. The results are shown in Figure3. Here
D = -L L Llog log log 0 represents the difference in logarith-
mic space between the luminosity of RSGs in our binary
merger models(L) and the reference luminosity(L0) derived
from single-star models at a given cluster age. The de� nition of
L0 is explained in detail in AppendixC. Brie� y, we use the
weighted mean luminosity of single-star models during their
RSG evolution as the baseline luminosity.

Each track in panel(a) represents the evolution of one RSG
model. The changes inD Llog result from two combined
effects: (1) the decrease of Llog 0 with age and(2) the
luminosity evolution during the RSG phase. For reference, we
also indicate the range ofD Llog predicted by our models for
RSGs originating from single-star evolution(light gray shaded
area) and stable mass transfer(dark gray shaded area). To

determine this, we analyze the results in Figures4 andA4 and
calculate the range ofD Llog encompassing 95% of RSGs
from these scenarios. Our analysis shows a range of−0.03 to
0.11(a spread of 0.14 dex) for scenarios resembling single-star
evolution and−0.05 to 0.13(a spread of 0.18 dex) for stable
mass transfer. Accordingly, the boundaries of the light and dark
gray shaded areas are set to 0.11 and 0.13, respectively. It can
be seen that MS mergers produce RSGs with a signi� cantly
broader luminosity distribution compared to those produced by
single-star evolution or stable mass transfer.

We notice that our simulations are limited to a single set of
initial parameters and therefore cannot fully represent all star
clusters. To remedy this, we provide a semianalytical analysis
to establish the upper limit forD Llog of RSGs originating
from MS mergers(see AppendixD for more details). The idea

Figure 3. Panel(a): the luminosity extensionD = -L L Llog log log 0 for RSGs originating from MS mergers in our simulations as a function of age, whereL is the
luminosity of RSGs andL0 is the baseline luminosity(see AppendixC). Each track represents the luminosity variation for one RSG, with color indicating the initial
mass ratioqi (de� ned as the ratio of the secondary star’s mass to the primary star’s mass) of its binary progenitor(see the color bar on the right side of the� gure). Thin
gray lines along the tracks indicate periods when the corresponding MS merger model is in the BSG or YSG phase. The thick dark gray curve represents results from
the semianalytical approach, where we assume that mergers happen between two MS turnoff stars(see AppendixD). Light and dark gray shaded areas indicate the
range ofD Llog predicted by single-star evolution and stable mass transfer, respectively. These ranges are determined to encompass 95% of the RSGs produced in
these two scenarios. Open markers illustrate the luminosity difference for each observed RSG relative to the least luminous RSG in its cluster, with cluster ages
determined by comparing this least luminous RSG with our single-star models(see FigureC1). The red error bar in the lower right corner of this panel represents the
observational uncertainty(±0.1 dex). Panel(b): the number distribution of RSGs in clusters with a total initial mass of 1.3× 105 Me originating from MS mergers as
a function of age. Models are categorized into three groups based on the initial mass ratios of the merger progenitors. The bars are stacked. The black dashed steps
indicate the predicted number distribution for the helium-burning stars, i.e., including RSGs, BSGs, and YSGs. Panel(c): D Llog distribution for the observed RSGs
in clusters NGC 2004(light orange bars) and NGC 2100(orange bars). The bars are stacked. The green dashed steps depict the predictedD Llog distribution for our
MS merger models between 20 and 30 Myr, normalized to match the total number of observed RSGs in these two clusters. Panel(d): same as panel(c) but for
observed RSGs in clusters NGC 1818(light red bars) and NGC 330(dark red bars). And the green dashed steps represent the predictedD Llog distribution for our
models between 40 and 50 Myr.
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is that the most luminous(and massive) red straggler in a
cluster was previously the most luminous(and massive) blue
straggler, which should have formed through the merger of two
turnoff stars. The results are shown by the thick solid gray
curve in panel(a) of Figure 3. We predict an upper limit of
0.8–1.0 dex for the luminosity extension of RSGs in clusters
aged between 15 and 100 Myr. RSGs originating from MS
mergers are not expected to exceed this luminosity limit.

In panel(a) of Figure3, we overplot observational data from
four young open clusters, withD Llog representing the
luminosity difference between each observed RSG and the
least luminous RSG within the same cluster in the logarithmic
space. The cluster ages are determined by comparing the
luminosity of the least luminous RSG in each cluster with the
relationship betweenL0 and cluster age predicted by single-star
models(see the orange lines in FigureC1). Since metallicity
has a negligible impact on the relationship betweenL0 and
cluster age, it is reasonable to compare observations from both
the LMC and SMC with our SMC binary models. It can be
seen that the luminosities of all observed RSGs fall within the
predicted range, indicating that the observed high-luminosity
red stragglers can be effectively explained by the MS merger
scenario.

Panel(b) shows the number distribution of RSGs originating
from MS mergers, as predicted by our simulations, grouped by
the initial mass ratios of the merger progenitors. The number in
each age bin is calculated as

( )å=N
t

t
, 1

i

i

bin

wherei represents the index of each RSG,ti denotes the time
the ith RSG spends in this age bin, andtbin = 5 Myr is the

width of the age bin. It can be seen that the predicted number of
RSGs does not vary signi� cantly with age. On one hand, the
in� uence of the IMF would suggest a higher number of RSGs
in older clusters. On the other hand, the parameter space for
MS mergers decreases with lower primary masses(see
Figure B1), and the mass range of RSGs within a constant
age bin also narrows over time.

In panels(c) and(d), we present theD Llog distribution for
the observed RSGs, divided into two age groups. We also show
the predictedD Llog distributions of RSGs originating from
MS mergers for the speci� c age ranges indicated in the� gure
legend. These distributions are normalized such that the total
number of predicted RSGs matches the number of observed
RSGs in each panel. It is important to note that we do not
intend to directly compare our model predictions with the
observations here, as the predictions include only MS merger
products. If contributions from scenarios resembling single-star
evolution were included, a signi� cant peak atD Llog 0.1
(see FigureA4) would be expected. A comparison that
accounts for RSGs from other evolutionary scenarios is
provided in Figure5. Here, we focus solely on theD Llog
distribution of RSGs from MS mergers.

Our predictions align with observational data in that the
majority of RSGs exhibit relatively low luminosities
(D Llog 0.4 in our predictions, compared toD Llog 0.6
in observations). In our simulations, lower-mass-ratio binaries
are more likely to merge than higher-mass-ratio binaries,
leading to a prediction of more lower-luminosity RSGs than
higher-luminosity RSGs originating from the MS merger
scenario. The discrepancy between the predicted peak at

D L0.2 log 0.4 and the signi� cant fraction of observed
RSGs with D L0.4 log 0.6 may be explained by
observational errors(±0.1 dex), photometric variability, and
the accuracy of the measurement of the least luminous RSG in
these clusters. We will discuss this in detail in Section4.2.

3.2.3. Luminosity of RSGs Originating from Stable Mass Transfer

In Figure 4, we display the predictedD Llog for RSGs
originating from stable mass transfer across different cluster
ages. Unlike Figure3, here we use the heat plot and display the
predicted number of RSGs in each pixel, because RSGs
originating from stable mass transfer have a much narrower
D Llog distribution and a larger number, such that all tracks
like those in Figure3 will accumulate atD ~Llog 0. The
number in each pixel is calculated using Equation(1). It is
important to note that in our standard simulations, we assume
that the secondary star evolves in isolation and remains in the
cluster after the primary star evolves to a compact object.

Consistent with Figure2, Figure 4 demonstrates that the
luminosity extension of the RSGs originating from stable mass
transfer is small due to low mass transfer ef� ciency, with 95%
having D Llog between−0.05 and 0.13(0.18 dex spread).
RSGs withD -Llog 0.1 are those before helium ignition
and are unlikely to have signi� cant observational consequences
(see also FigureA4).

3.2.4. Number of RSGs and Fraction of Red Stragglers

In Figure5, we show the predicted number of RSGs in
clusters with initial stellar masses of 1.3× 105 Me arising from
different evolutionary scenarios. The number is calculated
using the same method as that in panel(b) of Figure3.

Figure 4. Predicted luminosity extensionD = -L L Llog log log 0 for RSGs
originating from stable mass transfer as a function of age. The color scale
indicates the predicted number of RSGs in clusters with a total initial mass of
1.3 × 105 Me produced through stable mass transfer. The exact value in each
pixel is labeled. 1D projections of the distribution are displayed in the top
panel.
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whereas the rare cases ofD -Llog 0.06 are due to
contamination from pre-helium-burning red stars.

Appendix B
Binary Evolutionary Examples

In FigureB1, we display the evolutionary outcomes of our
detailed binary models. We focus on binaries with primary
masses above 5Me, as we only consider clusters up to
100 Myr. For binaries experiencing inverse mass transfer or

encountering numerical errors, we stop the calculations as soon
as these events occur. Such cases constitute a small fraction
(around 2%) of the models. Inverse mass transfer binaries
typically start with high mass ratios, allowing the secondary
star’s mass to exceed that of the primary during the� rst mass
transfer phase. In these systems, the secondary star completes
hydrogen burning� rst and subsequently transfers material to
the primary. Due to extreme mass ratios, these binaries are
expected to merge, and similar to normal Case B mergers, they
may primarily produce BSGs/ YSGs.

For binaries undergoing Case C mass transfer, we stop
calculations once the mass transfer rate reaches the ad hoc
threshold of 10−1 Me yr−1 and assume that these systems will
merge. Our simulations include the contributions to the RSG
population from primary stars prior to the onset of Case C mass
transfer. We disregard the possibility that the secondary star
could survive common envelope evolution and later become an
RSG. This assumption is reasonable, as even if the envelope is
successfully ejected, the post-common-envelope orbital separa-
tion would likely be too small to permit RSG formation.
Instead, the secondary would transfer material to the remnant of
the primary before evolving into an RSG.

FigureB2 displays the evolution of two example binary
models in the HRD, corresponding to Case A mass transfer and
Case B mass transfer, respectively. For Case B mass transfer,
despite the accretor reaching critical rotation after accretion, its
subsequent evolution closely resembles that of a genuine single
star with the same total mass. This is because rotationally
induced mixing remains negligible due to the presence of a
strong chemical gradient in the stellar interior. The upper panel
shows that although the accretor in Case A mass transfer
accretes more material, it does not contribute to the red
straggler population, as it remains blue throughout the entire
helium-burning phase.

Figure A4. Same as Figure4 but for RSGs originating from binaries that have
not undergone mass transfer or will never do so.
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Figure B1. Evolution outcomes of our detailed binary models. Each marker represents a binary model with the initial primary mass within the indicated mass range.
The initial mass ratio(de� ned as the primary star’s mass divided by the secondary star’s mass) and orbital periods are shown on thex- andy-axis, respectively. The
total number of binaries in each panel is also provided. We identify six distinct evolutionary outcomes for our binary models: MS mergers(orange circles), stable mass
transfer(green upside-down triangles), post-MS mergers(blue squares), inverse mass transfer/ errors(gray circles), Case C mass transfer(dark blue diamonds), and
wide binaries that do not interact(light blue triangles). In our simulations, RSGs can originate from MS mergers, stable mass transfer, noninteraction binaries, and
Case C binaries before mass transfer occurs.

14

The Astrophysical Journal Letters, 981:L16(20pp), 2025 March 1 Wang et al.



Appendix C
Definition of Baseline LuminosityL0

In this section, we describe how we de� ne the baseline
luminosity of RSGs(L0), used to assess the luminosity spread
of RSGs in young open clusters. In FigureC1, we show the
luminosity evolution over time for our single-star models(see
Figure A1). For each mass, we calculate the weighted mean
logarithmic luminosity Llog 0 during the RSG phase(we ignore
the second RSG phase after the blue loop if it exists, as its
duration is much shorter than the� rst RSG phase) according to
the following expression:
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whereistart andiend are the indices for the start and end of the
RSG phase in the MESA history� le (i is the model number in
the MESA history� le) and Llog i andti denote the logarithmic

luminosity and age at indexi. This approach accounts for the
time the star spends at each luminosity. We de� ne the mean
age, age0, of the RSG phase as /( )-t t 2i iend start . Then we get one
data point(age0, Llog 0) for each track in FigureC1. Using
spline interpolation, we obtain the orange line in this� gure,
representing the evolution of Llog 0 over age. This� gure shows
that L0 closely aligns with the helium ignition luminosity.

The choice ofL0 has minimal impact on our conclusions, as
single stars exhibit only slight luminosity variation during the
RSG phase. ComparingL0 for LMC models(orange line in the
lower panel of FigureC1) and SMC models(black dotted line
in the lower panel of FigureC1), we � nd that metallicity has a
negligible effect onL0. This supports our comparison of
detailed binary models with SMC metallicity to observed RSGs
in LMC clusters(Figures3 and5).

Figure B2. Evolution of both components of two binary systems(upper: Case
A; lower: Case B) with initial parameters indicated. The orange and blue solid
lines depict the evolutionary tracks of the primary and secondary star,
respectively. The gray dashed line represents the evolution of a single-star
model that has the same mass as the initial mass of the secondary star. The inset
of the lower panel is a zoom-in of the tip of the supergiant phase.

Figure C1. Luminosity–age diagram for our SMC(upper) and LMC (lower)
single-star models. Thin gray lines show the evolution of stellar luminosity
over time for models of various masses, as labeled. The red and blue lines
denote the RSG phase and BSG/ YSG phase, respectively. Turquoise dashed
lines delineate the luminosity range during the helium-burning phase. The
orange line represents the evolution ofL0 (see text) as a function of age. The
black dotted line in the lower panel is the same as the orange line in the upper
panel.
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Appendix D
Semianalytical Method for Estimating the Upper Limit for

the RSGs from MS Merger Products

To address the problem of random sampling, we include a
semianalytical analysis that establishes an upper limit for the
luminosity extension due to MS mergers. We hypothesize that
the most massive MS star in a cluster likely results from the
merger of two turnoff-mass stars. Equal-mass mergers exhibit
the strongest rejuvenation effects. These stars are expected to
evolve into the most massive RSGs at a slightly later time. We
use our single-star models with an initial rotational rate of 55%
of the critical values for merger progenitors and single-star
models with a rotational rate of 15% of the critical values for
the merger products.

For a given agetmerge, we� rst calculate the terminal-age MS
(TAMS) mass corresponding to this age and assume that two
stars of this mass merge at this age. Using the method described
in F. R. N. Schneider et al.(2016), we compute the mass of the
merger product,mmerger, and its apparent age,tapp. Next,
through interpolation, we identify the single-star model with an
initial mass ofmmergerand determine its maximum luminosity,
Lmax, as well as the age,tmax, at which this maximum
luminosity is reached during the RSG phase. The actual age at
which the rejuvenated merger product reaches its maximum
luminosity is then given by = - +t t t tmax app merge. By
varying tmerge, we derive the relationship betweent andLmax,
which is represented by the thick solid gray curve in panel(a)
of Figure3.

This calculation accounts for mass loss during the merger
process, which is typically less than 10% of the total mass of
the merger progenitor(E. Glebbeek et al.2013). If no mass loss

is assumed during the merger process,D Llog would increase
by approximately 0.1 dex.

Appendix E
Cumulative Luminosity Distribution for the RSGs

Observed in Four Clusters

In Figure E1, we present the cumulative luminosity
distribution of RSGs in four young open clusters. Using a
threshold ofD Llog between 0.4 and 0.5 to identify red
stragglers, we� nd red straggler fractions of 22% in NGC 2004,
13%–42% in NGC 2100, 25%–30% in NGC 330, and 38%–
63% in NGC 1818.

Figure E1. Cumulative distribution ofD Llog for RSGs in four young open
star clusters, as indicated in the legend. For each cluster,D Llog represents the
luminosity difference, in logarithmic space, between each RSG and the least
luminous RSG in that cluster.
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Appendix F
Impact of Initial Binary Fraction

The results and conclusions in our main text are based on the
extreme assumption of a binary fraction of 1. To explore the
impact of varying initial binary fractions, we conduct a
population synthesis simulation using only single-star models.
Through a Monte Carlo approach, we generated an initial
sample of 3670 single stars(matching the sample size in our
binary-based simulation), with initial masses distributed
according to the Salpeter IMF within 3 and 100Me (the same
mass range as primary stars in our binary models). We show
the number of RSGs as a function of age predicted in this
single-star simulation in the left panel of FigureF1. Compared
to Figure5, it can be seen that single-star evolution produces
more RSGs, as a signi� cant portion of our binary systems
undergo post-MS mergers, which likely do not substantially
contribute to the RSG population.

By combining this single-star simulation with our binary-star
results, which represent an initial binary fraction of 50%, we
calculated the fraction of RSGs originating from binary
evolution (represented by the darkest blue bars in the right
panel of FigureF1). We then increased the binary fraction to
60% and 70% by randomly selecting samples from the single-
star simulation. The resulting contributions of binary evolution
to RSG formation are shown with lighter blue bars in the right
panel of FigureF1.

Appendix G
Impact of SN Kicks and Reverse Mass Transfer

As described in the main text, our simulations assume that
the secondary star evolves in isolation after the primary star
forms a compact object. In this Appendix, we investigate the
impact of SN kicks that may disrupt binaries and produce
runaway RSGs. If a binary remains bound after the SN kick,
the secondary star may initiate reverse mass transfer to the
primary star before evolving into an RSG. Here we use the
prescription in C. Wang et al.(2024) to determine the type of
compact object formed by the primary star and the SN kicks
imparted on them. Speci� cally, we assume zero kicks for BHs
and a Maxwell–Boltzmann distribution with an rms velocity
σ = 265 km s−1 for neutron stars(NSs) formed through core-
collapse SNe(G. Hobbs et al.2005). For NSs formed from

electron-capture SNe, we assume smaller kicks from a� at
distribution between 0 and 50 km s−1 (E. Pfahl et al.2002;
P. Podsiadlowski et al.2004). For each binary system, we
calculate the probability of the system remaining bound after
the SN kicks and use this probability as a weight in our original
predictions. For binaries that remain bound(including systems
with BH or WD companions), we further compare the radius of
the RSG formed by the secondary star to the orbital separation
at the moment the primary forms a compact object(assuming
the orbit remains unchanged thereafter). An RSG is allowed to
form only if its radius is smaller than the orbital separation.

The results are shown in FigureG1. Before approximately
50 Myr, RSGs predominantly have BH or NS companions. For
systems where the primary forms an NS, over 90% are
disrupted by SN kicks. For systems where the primary forms a
BH, a signi� cant fraction will undergo reverse mass transfer
unless the initial orbital period is large(greater than hundreds
of days). After accounting for these effects, less than
approximately 20% of the RSGs predicted by our original
simulations are expected to remain in young open clusters
between 20 and 50 Myr. After 50 Myr, the primary stars form
WDs, and the impact of reverse mass transfer becomes much
smaller compared to younger clusters.

Appendix H
Impact of Stellar Rotation

To better understand how rotation impacts the properties of
RSGs in young open clusters, we examine Geneva models,10

which employ more ef� cient rotationally induced mixing
compared to our models(C. Georgy et al.2013). Their
evolutionary tracks in the HRD are shown in FigureH1. It is
important to note that the Geneva models, formally labeled as
having velocities at 95% of their critical angular velocities, do
not actually rotate near the critical limit. As explained in
C. Wang et al.(2023), due to the initial relaxation phase in the

Figure F1. Left: predicted number of RSGs as a function of age from a
population synthesis simulation based on 3670 single-star models with initial
rotational velocities at 55% of their critical values. Right: fraction of RSGs
originating from binary evolution, assuming different initial binary fractions as
indicated.

Figure G1. The impact of SN kicks and reverse mass transfer on the formation
of RSGs in young open clusters originating from stable mass transfer. The
yellow bars represent the predicted number of RSGs in clusters with an initial
mass of 1.3× 105 Me, originating from stable mass transfer in our simulations,
as a function of age(the same as the yellow bars in Figure5). The bluish bars
show the predicted number of RSGs after accounting for the effects of SN
kicks and reverse mass transfer, with light blue, medium blue, and dark blue
corresponding to RSGs with BH, NS, and WD companions, respectively. The
bluish bars are stacked. The fraction of these newly predicted RSGs relative to
the values from our standard simulations is indicated by the gray dashed line
and corresponds to the scale on the righty-axis.

10 https:// www.unige.ch/ sciences/ astro/ evolution/ en/ database/ syclist/
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Geneva models and differences in the de� nition of critical
rotation, this velocity corresponds to only 55% of critical
rotation in our single-star models.

In Figure H1, we see that while fast-rotating models
experience signi� cant rejuvenation, which can be seen by their
bluer positions near the TAMS and increased luminosity during
post-MS evolution, they ignite helium and often complete
helium burning as BSGs or YSGs. Therefore, Geneva models
cannot explain the observed luminosity spread of RSGs in
young open clusters. Similarly, FigureH2 shows that although
rotational mixing leads to a luminosity spread among BSGs, it
does not explain the luminosity spread of RSGs. In fact,
FigureH2 shows that the Geneva models do not predict any
RSGs at the ages corresponding to the observed clusters. This
is because these models adopt a lower overshooting parameter

(αov = 0.1) and the Schwarzschild criterion to determine the
convective boundary, which favor the formation of BSGs over
RSGs. To thoroughly investigate whether rotational mixing can
lead to a luminosity spread among RSGs, further theoretical
studies, incorporating varying parameters for internal mixing,
are required.

Appendix I
Impact of Real Age Difference

In this Appendix, we explore the impact of a potential real
age difference on the luminosity of RSGs in young open
clusters. It is important to note that current observations suggest
that a signi� cant real age difference among stars in young open
clusters is unlikely. Observations indicate that stars in young
open clusters have identical chemical compositions(A. Mucc-
iarelli et al.2014; A. P. Milone et al.2016), suggesting that
they belong to the same generation. Previous studies proposed
extended star formation as a possible explanation for the
extended MS turnoff observed in young open clusters
(A. D. Mackey & P. Broby Nielsen2007; P. Goudfrooij
et al.2014). P. Goudfrooij et al.(2014) found a mass threshold
of approximately 104.8Me above which clusters can retain
stellar ejecta to form a second generation of stars. However, the
extended MS turnoff feature has also been observed in clusters
with signi� cantly lower masses than this threshold. Notably,
two clusters in this study(NGC 2004 and NGC 1818) that
show a spread luminosity distribution of RSGs are also
measured to be less massive than this threshold. Additionally,
N. Bastian & J. Strader(2014) examined 13 young open
clusters, including NGC 330 and NGC 1818, in the Magellanic
Clouds and found no evidence of gas or dust within them,
which argues against continuous star formation.

In Figure I1, we compare isochrones of different ages,
derived from our single-star models, with the observed MS
stars in NGC 330. To transform model temperatures and
luminosities into colors and magnitudes, we used the method
described in C. Wang et al.(2022). For this comparison,
we adopted a distance modulus of 18.65 and reddening
E(B − V) = 0.07, such that the 40 Myr isochrone best� ts the
majority of MS stars in NGC 330. Our results show that real

Figure H2. Luminosity vs. age for Geneva single-star models(thin gray lines)
with corresponding masses indicated. For each mass, the three tracks represent
initial rotational velocities of 0%, 60%, and 95% of the critical angular
velocity, shown from left to right. The RSG and BSG/ YSG phases are
highlighted with thick red and blue lines, respectively. The observed RSGs in
the four clusters analyzed in this study are shown as cyan dots with error bars.

Figure I1. Impact of a real age difference on the distribution of MS stars in the
color–magnitude diagram. The red line represents the 40 Myr isochrone from
our single-star models with initial rotation rates of 55% of their breakup
velocities. The blue lines correspond to the younger isochrones derived from
these models, ranging from 30 to 38 Myr(from left to right). Observed MS
stars in the cluster NGC 330 are overplotted as gray dots.

Figure H1. Evolution of Geneva single-star models with different initial
rotation rates at SMC metallicity in the HRD. The masses are indicated in the
� gure. Dashed, solid, and dashed–dotted lines represent phases before central
helium ignition, during helium burning, and after helium exhaustion,
respectively. For each mass, three initial rotational velocities, 0%, 60%, and
95% of the critical angular velocity, are included. Observations of RSGs in
NGC 330 are overplotted for comparison.
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age differences cannot account for the blue MS stars fainter
than approximately 18.5 mag, as unevolved MS stars exhibit
nearly identical colors. Meanwhile, real age differences
exceeding approximately 5 Myr cannot explain the observed
distribution of MS turnoff stars. This is evident from the lack of
stars on the 30 Myr and 32 Myr isochrones above 17.2 mag.

In FigureI2, we examine the impact of a real age difference
on the luminosity extension of RSGs in young open clusters.
The impact is more signi� cant in younger clusters because at
younger ages, a given age difference corresponds to a larger
mass difference. For example, in a 25 Myr cluster, a 5 Myr age
difference produces a luminosity difference of approximately
0.18 dex, while a 2 Myr difference results in a 0.06 dex
luminosity spread. In contrast, these values decrease to 0.09
and 0.03 dex, respectively, in a 45 Myr cluster.
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Figure I2. Luminosity difference of RSGs as a function of cluster age, caused
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