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J. J. Eldridge et aR020), especially given the fact that the MS 50
turnoff is usually extended in young open clustétsP. Milone
et al.2018 2023. While some studies argue that the least luminous
RSGs are ideal age indicators, since more luminous red stragglers .6}
are likely binary productéE. R. Beasor et a019 N. Britavskiy
et al. 2019, others suggest that the mean luminosity of all RSGs 441
provides a better measure, as this value is similar in both single and~ v
binary evolution(J. J. Eldridge et aR020. 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 s}
binary models from C. Wang et gr022, offering the rst
comprehensive analysis of RSGs in young open clusters based *°f

&
N)

log (L/Le
»
o

= before helium ignition

on a large set of detailed binary models. Compared to the _ | ¢ === helium burning

BPASS models used in J. J. Eldridge et(2020, our models ' ’ T e 330, Patrick et al. 2020
evolve both stars simultaneously and include the spin-up of s,k - = -~ - -
accretors. Our models also treat mass transfer stability and ‘ ‘ " log (Tu/K) ' '

ef ciency in a self-consistent approach. Furthermore, compare(iii ure 1. Compai . .
to J. J. Eldridge et al(2020, who focused solely on e _5aa ek CoTEarEen of axserved RSGyan dote wih ecr by e
luminosity spread of RSGs without considering the time they nonrotating single-star modétsray lineg in the HRD. Initial stellar masses are
spend at each luminaosity, our study provides a comprehensivéndicated along the tracks. The lower and upper thick tracks represent the best
population synthesis anlysis of the minasity distrbution and 20 1 E55, ATt ST L Focs osries 1 RS 0
number of RSGs from VaI‘IOU_S evolutionary pathways. models, Wr¥ile dotted Iizes indicate the stages before he?ium ?gnition. Here we
We compare our results with observed RSGs in four youngde ne the helium-burning phase as the period during which the central helium
open clusters, NGC 33Q. R. Patrick et al2020 in the Small mass fraction ranges from 0.98 and 0.001. The red circles indicate the positions
Magellanic Cloud (SMC) and NGC 2004, NGC 2100, and of the stellar models at 14 Myr for each mass.
NGC 1818(E. R. Beasor & B. Davie201§ E. R. Beasor et al.
2019 N. Britavskiy 2024, private communicatjoim the Large except for a mass-dependent overshooting parameter. Speci
Magellanic CloudLMC). We aim to enhance our understanding cally, agy = 0.3 is used for stars with initial masses above
of the properties of RSGs originating from different pathways 20M., (I. Brott et al. 2011). Below 20M., aoy decreases
and provide useful constraints on massive binary evolution. Welinearly, reaching 0.1 at an initial mass of 1M6 (A. Claret &
select these four clusters to study because they are in Magellani@. Torres2016. Semiconvective mixing is set tosc = 10
Clouds; thus, from the observational point of view, there is less(A. Schootemeijer et aR019. The evolution starts from the
extinction, and as a result, the luminosity estimates are morezero-age MS(ZAMS) and terminates when core helium is
reliable for RSGs in these clustétise luminosity estimates are  depleted. We identify RSGs as stellar models wiith <
mainly from theK-band photomet)y While other clusters with 4800 K (M. R. Drout et al.2009.
RSGs are known in the GalaXgee Table1 in J. J. Eldridge We consider both LMC and SMC metallicities. For direct
et al. 2020, their luminosity estimate@nd spreadare less comparison with observed RS@s Figuresl andA2), we use
robust due to uncertain extinction around RSGs, especially innonrotating star models. Additionally, we employ rotating star
very crowded regions in the Galaxy. Therefore, studying RSGsmodels with the same physics assumptions for two parts in this
in Magellanic Cloud clusters provides a more secure basis fowork. First, we use stellar models initially rotating at 15% of their
our analysis than studying those in the Galaxy. critical values to follow the evolution of MS merger products in
This Letter is structured as follows. In Sect®nwe our detailed binary models. Second, in our semianalytical method
introduce our detailed single and binary models. In Se8tion to calculate the upper luminosity limit of RSGs in young open
we demonstrate the predicted properties of RSGs in youngclusters (see SectioB.2.2 and AppendixD for detail, we
open clusters from both single-star and binary evolution andemploy single-star models with anitial rotation of 55% of their
compare with recent observations. Then we discuss the impaatritical velocity for premerger stars. These two rotational
of uncertainties on our results in Sectdband summarize our  velocities are chosen based on thelings of C. Wang et al.
conclusions in Sectioh (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
2. Models and Physics Assumptions rotating at approximately 15% of their critical velocity, can
2.1. Detailed Single-star Models explain the blue MS observed in these clusters.

We rst explore whether the observed RSGs in four young 2.2. Detailed Binary Models

open clusters can be explair_1ed by single-star evolution. For We use the MESA detailed binary modelsith the SMC
this purpose, we employ single-star models computed bymetallicity in C. Wang et al(2022 2024). The initial binary

g' ggitg]r??ete ;g%ffg&fénggzg gﬂoElegﬁggeeﬁfdnefszg\%r parameters are created from Monte Carlo sampling. The initial

initial masses ranging from 2 to ®0,. We extended these
models up to initial masses of 180, with a mass interval 9 We use MESA version 8845 to compute the binary models. The ildist

of log m; = 0-04- These m_Odels adopt th§iCS assumptions ysed for these computations can be found at Zerfbtipst/ zenodo.orfy
nearly identical to those in A. Schootemeijer et (2019, record$5233209.
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primary masses are from 3 to 10Q adopting the E. E. Salp-  velocity of 15% of their critical value. We do not model the
eter(1959 initial mass functior{IMF). The initial mass ratios  evolution of merger products involving a post-MS star, as no
range from 0.1 to 1, following aat distribution(H. Sana etal. ~ well-established models currently exist. Previous studies
2012 T. Shenar et aR022. The initial orbital periods are from  suggest that such mergers are likely to ignite helium as blue
the minimum value, where the two stellar components aresupergiant§BSG9 or yellow supergiant§YSGs; P. Podsiadl-
initially in contact, to 8.6 yrlog P, /day = 3.5), assuming a  owski1992 S. Justham et a2014 and may stay blue for most

at distribution in logarithmic spacgE. Opik 1924 of their remaining lifetimes. We discuss this omission in
H. A. Abt 1983 G. Banyard et al2023. We simulate the  Sectiom.4.3
evolution of 3670 detailed binary systems, representing clusters If none of the previously mentioned merger criteria are met,
with an initial total stellar mass of approximately we follow the evolution of the binary models until core carbon
1.3x 10° M., under the assumption of a 100% binary fraction exhaustion in both components. For numerical stability

and a lower mass limit of 0.08, (see C. Wang et a024for reasons, we limit the calculations to central helium exhaustion
detailg. if the helium core mass exceedsM3. In some noninteraction
The adopted upper period limit dbgP = 3.5 reliably binaries, the primary star encounters convergence issues during

reaches the noninteraction region for binaries with primaryits asymptotic giant brandAGB) evolution. For these cases,
masses lower than approximatelyl5 (whose MS lifetime is ~ we terminate the evolution of the primary star at the end of
around 7.6 Myy. However, the true upper period limit for helium exhaustion and allow the secondary star to continue
binaries remains unclear, especially in dense environmentgvolving in isolation.

such as star clusters, where dynamical evolution is expected to If the nal core mass of the primary star surpasses the
disrupt wide systemC. Korntreff et al.2012. For the lower Chandrasekhar limit at carb/drelium depletion, we assume a
period limit, we use the period at which the two stars are compact object formation, after which the companion is
initially in contact at the ZAMS. Binaries that are not initially Modeled as an isolated star. It is important to note that our
in contact but where the primary stdls its Roche lobe at the  Simulations do not account for the impact of SN kicks. Our
ZAMS phase are classid as ZAMS mergers. We assume that Simulations represent the case in which binaries are disrupted
ZAMS merger products are also ZAMS stars. The fraction of due to the SN kick, with the secondary star remaining in the
ZAMS mergers, as well as similar populations of stars clust_er as a single star. We discuss the impact of SN kicks in
including pre-MS mergers and mergers occurring before and>€ction3.2.4and AppendixG.

shortly after the ZAMS phase, remains uncertain. C. Wang

et al. (2022 proposed that a substantial fraction of binaries

(between 10% and 30PMmust merge within therst -2 Myr 3. Results

to account for the observed ratio of MS stars on the double MSs  3.1. Single-star Models Fail to Explain Observations

in young open clusters. Similarly, recent simulations on binary . .
formation suggest that a sigeant fraction of early mergefsr In a star cluster comprised solely of coeval, nonrotating

even pre-MS mergéersccurs in B-type binaries, with estimates single stars, RSGs are expected to originate from stars with
as high as 3096A. Tokovinin & M. Moe 2020). 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
need to explain the majéred) MS stars in young star clusters evolution is antmpate_d to be narrow. However, recent
(C. Wang et al2022 spectroscopic observations of RSGs in young open clusters
. 7 : : . _reveal a signicantly broader luminosity range than predicted
The same physics used for the single-star models is apphe%y single-star evolutioE. R. Beasor et a2019 N. Britavskiy
to our binary models. Binary evolution begins at the ZAMS { _, 2019, based on Brott models. Brott et al 2011 and
with circular orbits, and mass and angular momentum arey; g1 modéls(J. Choi et al2018. ' '
transfe_rred via Roche-lobe ovew (R. Kippenhahn & Using the SMC cluster NGC 33Q. R. Patrick et al2020
A. Weigert1967 S. E. de Mink et al2013. We account for 55 5 example, we compare the distribution of its RSGs with
the spin-up of accretors during mass tran&férPacket1981), the evolutionary tracks from our MESA single-star models in
assuming that once an accretor reaches critical rotation, furtheg,o HertzsprungRussell diagram(HRD) in Figure 1. It is
accretion is halted. This results in accretionci&ncy being  ayident that the observed luminosity spread of RSGs cannot be
dependent on the binagyorbital period, with values below a  accounted for by one single-star track. Notably, the most
few percent in long-period Case B binaries and reaching up tquminous RSG requires a model nearly twice as massive as the
60% in short-period Case A binari¢§. Wang et al.2022 least luminous one. Based on these models, the estimated ages
K. Sen et al2022. of the least and most luminous RSGs are around 40 Myr and
The excess material that cannot be accreted by the accretor is4 Myr, respectively. This challenges our traditional under-
then assumed to be expelled from the stellar surface, driven bgtanding of star clusters that all stars are coeval. At 14 Myr,
the combined radiation energy of both stars. If this radiationstars below 1#. are still on their MS evolution. This
energy is insufcient to expel the material, we assume the two indicates that the more massitgounget RSGs should have
stars merge. Mergers are also assumed when mass is logikperienced rejuvenation to remain observable as RSGs at a
through the second Lagrangian point or when the mass transfegimilar age as the less massive star. Rejuvenation refers to a

All stellar models are assumed to rotate at 55% of their
critical velocities at the ZAMS. This choice is motivated by the

rate exceeds an ad hoc upper limitl@f M > 10~' M, yr—, process in which a star appears younger than it actually is,
indicating unstable mass transfer. primarily due to mechanisms that either mix fresh fuel into the
We use the method in F. R. N. Schneider et(2016 to core or simultaneously increase the'staotal mass, thereby

calculate the evolution of merger products from two MS stars, shortening its MS lifetime. The rst scenario includes
assuming that the merger products have an initial rotationalrotationally induced mixindA. Maeder & G. Meyne200Q

3
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RSGs originating from pf@oninteraction binaries, as well

s as ZAMS mergers, evolve similarly to single stars. In this

asl L] work, RSGs from preinteraction binaries speally refer to

g0 o those that will undergo Case C mass transfer after helium

3 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

40 Myr | 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.

©  pre/non-int or ZAMS mergers In our simulations, RSGs formed from stable mass transfer

semi-detached exhibit similar luminosities to those from preninteraction

. ffsst:"t binaries. The reason is that the vast majority of these RSGs are
ergers

log (L/Le)

w
=)
T

25F

RSG in NGC 330, Patrick et al. 2020 accretors that have undergone Case B mass trassterthe
20 - e - right panel of Figurd32 for an evolutionary exampleduring
l0g (Ter/K) which they accrete only tiny amounts of material. As a result,

neither their total mass nor core mass increase signily,

Figure 2. Distribution of our detailed binary models in the HRD at 40 Myr. : s : :
Each open marker indicates the visually brighter component of a binary system!eadlng to minimal rejuvenation. On the other hand, accretors

Blue circles represent binaries that have not yet begun to interact or will neverN Case A mass transfésee the left panel of Figui2 for an
interact. Orange circles denote stars currently undergoing nuclear-timescal@€volutionary examp)ecan accrete more material, leading to a
mass accretion. Green triangles mark stars that have experienced stable masgbstantial increase in both their total and core masses,
transfer. Red squares depict the products of mer . ; ; i ;
comparison, Weqhave supgrimposepd the observedglerSGgfirt1W§GN(|:S3§E)a,“§h('J:v3rﬁesuItmg n stronger_ _rejuvena_tlon. However, due _tO the
with gray dots with error bars. Thisgure is a snapshot from an animation presence of a Compos'“Q” grad'e.m above t,h(_:" convective core,
illustrating the distribution of our models from 2 to 100 Myr. The animation is and given our assumptions on internal mixing, the accretor
designed with a black background for enhanced visibility during presentationcannot undergo complete rejuvenation, where its core mass
and ha_s a duration 0f_27 S. The brown shaded area in the animation highlightSfu"y grows to match that of a genuinely single star with the
the region where we identify RSGs. | mass. Instead, the accretor experiences incomplete
(An animation of this gure is available in thenline article) Sa-me tOta : o

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 YSGsee also H. Braun &
N. Langer1995 E. J. Farrell et al2019.
Figure2 demonstrates that, in our simulations, nearly all
gh-luminosity RSGs(i.e., red straggleysare 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

the observed luminosity spread of RSGS in young openand appear as red stragglers when they evolve into the RSG

| N hel . AGB : aFhase. The more massive the MS merger product, the higher
clusters. Nonetheless, in rare cases, AGB stars can contaminajfie |yminosity it will have during its RSG phase. It can be seen
the red straggler population, as shown in our animggom,

that our binary models closely reproduce the observed
see 26.86 My luminosity spread of RSGs in NGC 330. This means that the

Bbserved luminosity of red stragglers can be explained by MS
be explained by single-star evolution is also found for RSGs inmerger origin. y 99 P y

three LMC clusters, NGC 2004, NGC 2100, and NGC 1818  kigyre2 also shows that we predict a luminosity spread

(see FigureA2). among BSGs, with MS merger products exhibiting higher
luminosities. Notably, this spread has been observed in BSGs
o ) _ ~in young open cluster@A. P. Milone et al.2018. A detailed
3.2. Predictions from Binary Models and Comparisons with comparison between the predicted and observed properties of
Observations BSGs is beyond the scope of this study.
Cetrih N We present an animation that illustrates the distribution of
3.2.1. Distribution in the HRD RSGs in the HRD up to 100 Myr, with FiguPecapturing a
In the following, we explore how binary evolution impacts speci ¢ snapshot from this sequence.
the properties of RSGs in young open clusters. We show the
istribution of our il inary models in the HRD n
gf5t4%u|\5|3r, Oa?:ngdsei(tjae e?hl; igser?/gg SRStGi in SE;% 3%6]06 3.2.2. Luminosity of RSGs Originating from MS Mergers
(L. R. Patrick et al2020 in Figure2. This age was selected As shown in Figur®, our MS merger models successfully
because the luminosities of both the least and most luminouseproduce the observed luminosity extension of RSGs in
RSG models match the observations well, and it aligns with theNGC 330. In this section, we examine more generally the
age derived from the MS turnoff of this clus(€. Wang et al. RSG luminosity extension that MS mergers can generate in
2022. young open clusters up to 100 Myr and compare this with

S. E. de Mink et al2009, while the second includes binary
mass transfer and binary mergé8sNeo et al1977 P. Hellings
1983 F. R. N. Schneider et &016.

Our single-star models do not include the AGB phase. By hi
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 @#e
Figure A3). Therefore, AGB stars are unlikely to account for
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Figure 3. Panel(a): the luminosity extensiof log L = log L — log L, for RSGs originating from MS mergers in our simulations as a function of age, wisettee
luminosity of RSGs anlly is the baseline luminositigee AppendixC). Each track represents the luminosity variation for one RSG, with color indicating the initial
mass rati@; (de ned as the ratio of the secondary’'stanass to the primary stamasgof its binary progenito¢see the color bar on the right side of ttgare. 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 ripifesents resu
the semianalytical approach, where we assume that mergers happen between two MS turfsef gtapendiD). Light and dark gray shaded areas indicate the
range ofA log L predicted by single-star evolution and stable mass transfer, respectively. These ranges are determined to encompass 95% of the RSGs produce
these two scenarios. Open markers illustrate the luminosity difference for each observed RSG relative to the least luminous RSG in its dlusttsr agéth c
determined by comparing this least luminous RSG with our single-star niselelBigureC1). The red error bar in the lower right corner of this panel represents the
observational uncertain(y-0.1 dey. Panelb): the number distribution of RSGs in clusters with a total initial mass of 1.& M, 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 stackexshEdestéask d
indicate the predicted number distribution for the helium-burning stars, i.e., including RSGs, BSGs, and YS@3: Rdanel. distribution for the observed RSGs

in clusters NGC 2004ight orange bajsand NGC 210Qorange baps The bars are stacked. The green dashed steps depict the prAdigtéddistribution for our

MS merger models between 20 and 30 Myr, normalized to match the total number of observed RSGs in these two clugi@rssaaeas pandt) but for
observed RSGs in clusters NGC 18§light red baryand NGC 33Qdark red bars And the green dashed steps represent the predidiedl distribution for our
models between 40 and 50 Myr.

observational data. The results are shown in Figuidere determine this, we analyze the results in Figdraad A4 and
AlogL = logL — log Ly represents the difference in logarith- calculate the range ahlogL encompassing 95% of RSGs
mic space between the luminosity of RSGs in our binary from these scenarios. Our analysis shows a rangeddf3 to
merger modelgL) and the reference luminosiflo) derived 0.11(a spread of 0.14 d¢for scenarios resembling single-star
from single-star models at a given cluster age. Theitlen of evolution and—0.05 to 0.13(a spread of 0.18 dgxor stable
Lo is explained in detail in Appendi€. Brie y, we use the  mass transfer. Accordingly, the boundaries of the light and dark
weighted mean luminosity of single-star models during their gray shaded areas are set to 0.11 and 0.13, respectively. It can
RSG evolution as the baseline luminosity. be seen that MS mergers produce RSGs with a signtly
Each track in pandB) represents the evolution of one RSG broader luminosity distribution compared to those produced by
model. The changes ihlogL result from two combined  single-star evolution or stable mass transfer.
effects: (1) the decrease ofogL, with age and(2) the We notice that our simulations are limited to a single set of
luminosity evolution during the RSG phase. For reference, weinitial parameters and therefore cannot fully represent all star
also indicate the range dflog L predicted by our models for  clusters. To remedy this, we provide a semianalytical analysis
RSGs originating from single-star evolutifight gray shaded  to establish the upper limit fah log L of RSGs originating
areg and stable mass transf@ark gray shaded arnealo from MS mergergsee AppendiD for more details The idea
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width of the age bin. It can be seen that the predicted number of

RSGs does not vary sigrdantly 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 masEeEs

Figure B1), and the mass range of RSGs within a constant

age bin also narrows over time.

001 002 009 026 038 021 029 0.07 022 027 024 033 067 048 036 058 06 042 In panelg(c) and(d), we present thé log L distribution for

B 005 016 059 046 08 023 063 015 017 046 006 022 018 016 027 059 067 101 the observed RSGs, divided into two age groups. We also show
the predictedA log L distributions of RSGs originating from

Y 053 ocz 250 30 B8] 254 162 200 30 [REYARS ..553- MS mergers for the sped@ age ranges indicated in thgure

number

002 026 016 005 063 013 034 003 025 027 018 104 30 legend. These distributions are normalized such that the total
009 01 007 004 009 005 014 o0z ] 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 sigrdant peak atAlogL < 0.1
(see FigureA4) would be expected. A comparison that
accounts for RSGs from other evolutionary scenarios is

436 36 40 50 60 70 85 90 100 provided in Figure5. Here, we focus solely on th&logL

age (Myr) distribution of RSGs from MS mergers.

Figure 4. Predicted luminosity extensiahlog L = logL — logL, for RSGs Our predictions align with observational data in that the
originating from stable mass transfer as a function of age. The color Scalemajority of RSGs exhibit relatively low luminosities
indicates the predicted number of RSGs in clusters with a total initial mass of(A log L < 04 in our predictions compared mlogL <06
1.3x 10° M, produced through stable mass transfer. The exact value in each. ~ . L L~ .
pixel is labeled. 1D projections of the distribution are displayed in the top IN OPServations In our simulations, lower-mass-ratio binaries
panel. 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
0.2 < AlogL < 0.4 and the signicant fraction of observed
RSGs with 0.4 < AlogL < 0.6 may be explained by
observational error§+0.1dey, photometric variability, and
the accuracy of the measurement of the least luminous RSG in
these clusters. We will discuss this in detail in Secti@n

AlogL

—0.1F

-0.2

-0.3F

RSGs from stable mass transfer

is that the most luminouéand massivered straggler in a
cluster was previously the most lumindiand massiveblue
straggler, which should have formed through the merger of two
turnoff stars. The results are shown by the thick solid gray
curve in panela) of Figure3. We predict an upper limit of
0.8-1.0dex 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. 3.2.3. Luminosity of RSGs Originating from Stable Mass Transfer

In panel(a) of Figure3, we overplot observational data from In Figure 4, we display the predictechlogL for RSGs
four young open clusters, witihlogL representing the griginating from stable mass transfer across different cluster
luminosity difference between each observed RSG and theyges. Unlike Figur8, here we use the heat plot and display the
least luminous RSG within the same cluster in the Iogarlthmlcpredicted number of RSGs in each pixel, because RSGs
space. The cluster ages are determined by comparing thgyiginating from stable mass transfer have a much narrower
luminosity of the least luminous RSG in each cluster with the A og 7, distribution and a larger number, such that all tracks
relationship betweel, and cluster age predicted by single-star |ike those in Figure3 will accumulate atAlogL ~ 0. The
models(see_ t_he orange lines in Flgu¢_ﬁ). Since metallicity number in each pixel is calculated using Equagbp It is
has a negligible impact on the relationship betwegrand important to note that in our standard simulations, we assume
cluster age, it is reasonable to compare observations from botihat the secondary star evolves in isolation and remains in the
the LMC and SMC with our SMC binary models. It can be ¢|yster after the primary star evolves to a compact object.
seen that the luminosities of all observed RSGs fall within the  consistent with Figure, Figure 4 demonstrates that the
predicted range, indicating that the observed high-luminosity|yminosity extension of the RSGs originating from stable mass
red stragglers can be effectively explained by the MS mergefyansfer is small due to low mass transfercncy, with 95%
scenario. o .. having AlogL between—0.05 and 0.13(0.18 dex spredd

Panel(b) shows the number distribution of RSGs originating Rsgs withAlogL < —0.1 are those before helium ignition

from MS mergers, as predicted by our simulations, grouped byanq are unlikely to have sigrgant observational consequences
the initial mass ratios of the merger progenitors. The number insee also Figurdd).

each age bin is calculated as

ti
N=> —, (1) . . ;
~ Ivin In Figureb5, we show the predicted number of RSGs in

_ _ _ clusters with initial stellar masses of %.3.0° M., arising from
wherei represents the index of each RSGjenotes the time  different evolutionary scenarios. The number is calculated
the ith RSG spends in this age bin, atg, = 5Myr is the using the same method as that in pgbglof Figure3.

3.2.4. Number of RSGs and Fraction of Red Stragglers
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Figure A4. Same as Figuré but for RSGs originating from binaries that have

not undergone mass transfer or will never do so.

whereas the rare cases dflogL < —0.06 are due to
contamination from pre-helium-burning red stars.

Appendix B
Binary Evolutionary Examples

Wang et al.

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
stats mass to exceed that of the primary during tist 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 BSG¥SGs.

For binaries undergoing Case C mass transfer, we stop
calculations once the mass transfer rate reaches the ad hoc
threshold of 10" M. yr ' 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

In FigureB1, we display the evolutionary outcomes of our shows that although the accretor in Case A mass transfer
detailed binary models. We focus on binaries with primary accretes more material, it does not contribute to the red
masses above M., as we only consider clusters up to straggler population, as it remains blue throughout the entire
100 Myr. For binaries experiencing inverse mass transfer orhelium-burning phase.
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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
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total number of binaries in each panel is also provided. We identify six distinct evolutionary outcomes for our binary models: M@rarggeegcles stable mass
transfer(green upside-down trianglepost-MS mergeréblue squardsinverse mass transfarrors(gray circley, Case C mass transf@gark blue diamondsand

wide binaries that do not interagight blue trianglel In our simulations, RSGs can originate from MS mergers, stable mass transfer, noninteraction binaries, and

Case C binaries before mass transfer occurs.
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lines depict the evolutionary tracks of the primary and secondary star, Figure C1. Luminosity-age diagram for our SMQuppe) and LMC (lower)
respectively. The gray dashed line represents the evolution of a single-stasingle-star models. Thin gray lines show the evolution of stellar luminosity
model that has the same mass as the initial mass of the secondary star. The insgjer time for models of various masses, as labeled. The red and blue lines

of the lower panel is a zoom-in of the tip of the supergiant phase.

Appendix C
De nition of Baseline Luminosity Lg

In this section, we describe how we de the baseline

luminosity of RSGqL), used to assess the luminosity spread

of RSGs in young open clusters. In Fig@r® we show the
luminosity evolution over time for our single-star modgskse

denote the RSG phase and BXSG phase, respectively. Turquoise dashed
lines delineate the luminosity range during the helium-burning phase. The
orange line represents the evolution_gf(see textas a function of age. The
black dotted line in the lower panel is the same as the orange line in the upper
panel.

luminosity and age at inddx This approach accounts for the
time the star spends at each luminosity. Wendethe mean

Figure Al). For each mass, we calculate the weighted mean@de, agg of the RSG phase &s,, — 1;,,)/2. Then we get one

logarithmic luminosityog L, during the RSG phagve ignore

data point(age, logL,) for each track in Figur&€l Using

the second RSG phase after the blue loop if it exists, as itsspline interpolation, we obtain the orange line in thigire,

duration is much shorter than thest RSG phageaccording to
the following expression:

2 :i:iend

1= Istart

STt — 1)

1= Lstart

log L; * (tiy1— 1)

logLy =

whereigrandigng are the indices for the start and end of the
RSG phase in the MESA historye (i is the model number in
the MESA history le) andlog L; andt; denote the logarithmic

15

representing the evolution lafg L, over age. This gure shows
thatL, closely aligns with the helium ignition luminosity.

The choice oLy has minimal impact on our conclusions, as
single stars exhibit only slight luminosity variation during the
RSG phase. Comparing for LMC models(orange line in the
lower panel of Figur€€1) and SMC model¢black dotted line
in the lower panel of Figur€l), we nd that metallicity has a
negligible effect onL,. This supports our comparison of
detailed binary models with SMC metallicity to observed RSGs
in LMC clusters(Figures3 and5).
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Appendix D is assumed during the merger procésig L would increase
Semianalytical Method for Estimating the Upper Limit for by approximately 0.1 dex.
the RSGs from MS Merger Products

To address the problem of random sampling, we include a . . Appenwx'E .
semianalytical analysis that establishes an upper limit for the ~ Cumulative Luminosity Distribution for the RSGs
luminosity extension due to MS mergers. We hypothesize that Observed in Four Clusters
the most massive MS star in a cluster likely results from the In Figure E1, we present the cumulative luminosity
merger of two turnoff-mass stars. Equal-mass mergers exhibitlistribution of RSGs in four young open clusters. Using a
the strongest rejuvenation effects. These stars are expected threshold of AlogL between 0.4 and 0.5 to identify red
evolve into the most massive RSGs at a slightly later time. Westragglers, wend red straggler fractions of 22% in NGC 2004,
use our single-star models with an initial rotational rate of 55% 13%-42% in NGC 2100, 25%30% in NGC 330, and 38%
of the critical values for merger progenitors and single-star63% in NGC 1818.
models with a rotational rate of 15% of the critical values for

the merger products. 1.0F — NGC 330 [
For a given agénerge We rst calculate the terminal-age MS T e —|=|_
(TAMS) mass corresponding to this age and assume that two gl — ncc 1818
stars of this mass merge at this age. Using the method described —
in F. R. N. Schneider et g2016, we compute the mass of the
merger productMmerger and its apparent agéa,,, Next, 061
through interpolation, we identify the single-star model with an &
initial mass ofmmergerand determine its maximum luminosity, & g4} I
L., as well as the ager,., at which this maximum
luminosity is reached during the RSG phase. The actual age at
which the rejuvenated merger product reaches its maximum 0'2'_|=|:
Iumi_nosity is thedn _giverr: bylt = tmaﬁ'_ tt)app + tmergde. By —T
varying tmerge We derive the relationship betweeand Ly, 0. : : : : : : : :
whi>c/;h ?s reSresented by the thick solid%ray curve in péel 8001 02 03 04 05 05 07 08 09

AlogL

of Figure3.
: : : igure E1. Cumulative distribution of\ log L for RSGs in four young open
This calculation accounts for mass loss durlng the mergerjs:tar clusters, as indicated in the legend. For each cldsleg, represents the

process, which is '_cypically less than 10% of the total mass of|yminosity difference, in logarithmic space, between each RSG and the least
the merger progenitdE. Glebbeek et aR013. If no mass loss  luminous RSG in that cluster.
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AppendIX F fiducial (kicks and reverse MT ignored)
|mpaCt Of In|t|a| B|nary Fractlon 10 kicks and reverse MT included, BH companions 0.8

kicks and reverse MT included, NS companions
B Kkicks and reverse MT included, WD companions

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 stagmatching the sample size in our 4
binary-based simulatipn with initial masses distributed
according to the Salpeter IMF within 3 and 100 (the same 2t
mass range as primary stars in our binary mydéle show
the number of RSGs as a function of age predicted in this |

10 20 30 40 50 60 70 80 90

single-star simulation in the left panel of Figli® Compared age (Myr)

to Figures, it can be seen that smgle_Star evolution prOduces Figure G1. The impact of SN kicks and reverse mass transfer on the formation

more RSGs, as a sigmant portion of our binary systems of RSGs in young open clusters originating from stable mass transfer. The
undergo post-MS mergers, which likely do not substantially yellow bars represent the predicted number of RSGs in clusters with an initial
contribute to the RSG population. mass of 1.% 10° M., originating from stable mass transfer in our simulations,

. f _ . : . . _ as a function of agéhe same as the yellow bars in Figb)eThe bluish bars

By Comb!mng this single St_ar, §|mu_lat|on W'th,our binary-star show the predicted number of RSGs after accounting for the effects of SN
results, which repreS_ent an initial blna_r){ fra.Ctlon of 500/_0, WE kicks and reverse mass transfer, with light blue, medium blue, and dark blue
calculated the fraction of RSGs originating from binary corresponding to RSGs with BH, NS, and WD companions, respectively. The
evolution (represented by the darkest blue bars in the right bluish bars are stacked. The fraction of these newly predicted RSGs relative to

| of Fi e&=1). We th - d the bi fracti t the values from our standard simulations is indicated by the gray dashed line
panel of Figure~1). We then 'ncrefise € binary Irac IOU O and corresponds to the scale on the righiis.
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 Figure~1.

number
fraction

electron-capture SNe, we assume smaller kicks fronata
distribution between 0 and 50 km’s(E. Pfahl et al.2002
P. Podsiadlowski et aR004. For each binary system, we

07 —— calculate the probability of the system remaining bound after
1 pinar rcton: 50 the SN kicks and use this probability as a weight in our original
o predictions. For binaries that remain boimtluding 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 objassuming
the orbit remains unchanged thereaftan RSG is allowed to
form only if its radius is smaller than the orbital separation.
The results are shown in Figu@&l. 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
I L o ., BH, a signi cant fraction will undergo reverse mass transfer
2ge (Myn) age (M) unless the initial orbital period is larggreater than hundreds
Figure F1. Left: predicted number of RSGs as a function of age from a of day9. After accounting for these effects, less than
population synthesis simulation based on 3670 single-star models with i”i“a'approximately 20% of the RSGs predicted by our original

rotational velocities at 55% of their critical values. Right: fraction of RSGs _; . HI
originating from binary evolution, assuming different initial binary fractions as simulations are eXpeCted to remain in young open clusters

o
[

°
=

number
P
2
fraction of RSGs from binaries
°
9

0.2

indicated. between 20 and 50 Myr. After 50 Myr, the primary stars form
WDs, and the impact of reverse mass transfer becomes much
Appendix G smaller compared to younger clusters.
Impact of SN Kicks and Reverse Mass Transfer _
. . . . . Appendix H
As described in the main text, our simulations assume that Impact of Stellar Rotation

the secondary star evolves in isolation after the primary star To bett derstand h tation i s th " ;
forms a compact object. In this Appendix, we investigate the Sc(s)s ?n ez)lljr? %Seznclu:t\{evr;o \;a\/éog;glrﬁﬁlcesGeﬁegfrﬁ%?lso
impact of SN kicks that may disrupt binaries and produce ‘"= °* y | g op crent. Totationally ndueed mixing.
runaway RSGs. If a binary remains bound after the SN kick, VI €mploy more ekient rotationally induced mixing
the secondary star may initiate reverse mass transfer to thgomPared to our model¢C. Georgy et al.2013. Their

. L évolutionary tracks in the HRD are shown in Figtt®e It is
primary ;tar_before evolving into an RSG. _Here we use theimportant to note that the Geneva models, formally labeled as
prescription in C. Wang et "’“202@ to determine the type O.f having velocities at 95% of their critical angular velocities, do
compact object formed _by the primary star anq the SN k'Cksnot actually rotate near the critical limit. As explained in
imparted on them. Spedally, we assume zero kicks for BHs ¢ "\yang et al(2023, due to the initial relaxation phase in the
and a MaxwelBoltzmann distribution with an rms velocity
o = 265km s for neutron star§NS9 formed through core-
collapse SNgG. Hobbs et al2005. For NSs formed from ' https// www.unige.clhsciencekastrd evolutior en/ databasesyclist
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(aoy = 0.2) 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 |
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 signicant real age difference among stars in young open
clusters is unlikely. Observations indicate that stars in young
open clusters have identical chemical composit{@ndviucc-
iarelli et al.2014 A. P. Milone et al.2016, suggesting that

- . . L .. they belong to the same generation. Previous studies proposed
igure H1. Evolution of Geneva single-star models with different initial . . .
rotation rates at SMC metallicity in the HRD. The masses are indicated in theextended star formation as a p0§SIb|e explanation for the
gure. Dashed, solid, and dashedited lines represent phases before central €xtended MS turnoff observed in young open clusters
helium ignition, during helium burning, and after helium exhaustion, (A. D. Mackey & P. Broby Nielser2007 P. Goudfrooij
respectively. For each mass, three initial rotational velocities, 0%, 60%, andat a|_20149_ P. Goudfrooij et a|(2014) found a mass threshold
95% of the critical angular velocity, are included. Observations of RSGs in . 8 . .
NGC 330 are overplotted for comparison. of apprpxmately 1H®M. above Wh|c_h 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 studyNGC 2004 and NGC 18)8that
show a spread luminosity distribution of RSGs are also
measured to be less massive than this threshold. Additionally,
N. Bastian & J. Strade(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,

5.25F NGC 2100

Qi =095

NGC 2004
500 Q sz;u_ty

475} Slﬂuw*y"/ /
1/
"/ /// /
lﬂ /" /

NGC 330

NGC 1818

&
wu
S

ﬁm o ] which argues against continuous star formation.
g 2 f / In Figure 11, we compare isochrones of different ages,
4.00 P / 1 derived from our single-star models, with the observed MS
9t f(l f stars in NGC 330. To transform model temperatures and
375 o 1 luminosities into colors and magnitudes, we used the method
2ol g . Seneva sinle str tracks | described in C. Wang et a(2022. For this comparison,'
= RSG phase we adopted a distance modulus of 18.65 and reddening
3.5 , , ‘ @ observed RSGs ] E(B — V) = 0.07, such that the 40 Myr isochrone betst the
10 20 :ge (Myr) a0 50 60 majority of MS stars in NGC 330. Our results show that real
Figure H2. Luminosity vs. age for Geneva single-star modiis gray line$ 15

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 BSGG phases are 16
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.

171
Geneva models and differences in the rdgon 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 signtcant 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 20t
helium burning as BSGs or YSGs. Therefore, Geneva models
cannot explain the observed luminosity spread of RSGs in
young open clusters. Similarly, Figus2 shows that although
rotational mixing leads to a luminosity spread among BSGs, itFigure I1. Impact of a real age difference on the distribution of MS stars in the
does not explain the luminosity spread of RSGs. In fact, color-magnitude diagram. The red line represents the 40 Myr isochrone from
Figure H2 shows that the Geneva models do not predict any our single-star models with initial rotation rates of 55% of their breakup

. velocities. The blue lines correspond to the younger isochrones derived from
RSGS at the ages corresponding to the observed .clusters. Thifese models, ranging from 30 to 38 Mgrom left to righ). Observed MS
is because these models adopt a lower overshooting parametetars in the cluster NGC 330 are overplotted as gray dots.

18r

MEg14W

observed MS stars in NGC 330
w40 Myr isochrone
= 30,32,35,38 Myr isochrones

Waer

-1.25 -1.00 -0.75 -0.50 —0.25 0.00

ME336W — MF814W

-2.00 -1.75 -1.50

18



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

Bastian, N., & Lardo, C. 2018\RA&A , 56, 83

Bastian, N., & Strader, J. 201#|NRAS, 443, 3594

Beasor, E. R., & Davies, B. 2018|NRAS, 463, 1269

Beasor, E. R., Davies, B., Smith, N., & Bastian, N. 20#8|RAS, 486, 266

Beasor, E. R., Davies, B., Smith, N., et al. 2020yRAS, 492, 5994

Bellinger, E. P., de Mink, S. E., van Rossem, W. E., & Justham, S. 2024,
967, L39

Braun, H., & Langer, N. 1995, A&A297, 483

Britavskiy, N., Lennon, D. J., Patrick, L. R., et al. 20E®A , 624, A128

Brott, I., de Mink, S. E., Cantiello, M., et al. 2014&A , 530, A115

Choi, J., Dotter, A., Conroy, C., et al. 201pJ, 823, 102

Claret, A., & Torres, G. 2016)\&A , 592, A15

Davies, B., Kudritzki, R.-P., Plez, B., et al. 20¥3yJ, 767, 3

de Mink, S. E., Cantiello, M., Langer, N., et al. 200®A , 497, 243

de Mink, S. E., Langer, N., Izzard, R. G., Sana, H., & de Koter, A. 2003,

—— 10 Myr difference |
NGC 2004

o NGC 2100

O NGC 1818

v NGC330

—— 1 Myr difference

v —— 2 Myr difference A
3 Myr difference

4 Myr difference

o 5 Myr difference

8 Myr difference

091 (e]

0.8

0.7F

AlogL

764, 166
Drout, M. R., Massey, P., Meynet, G., Tokarz, S., & Caldwell, N. 2@Q9,
703, 441
0.0—5 %5 T = == - — =0 Ekstrom, S., Georgy, C., Eggenberger, P., et al. 20&2,, 537, A146
age (Myr) Eldridge, J. J., Beasor, E. R., & Britavskiy, N. 2020\RAS, 495, L102

. S . Eldridge, J. J., Izzard, R. G., & Tout, C. A. 2008\NRAS, 384, 1109
Figure 12. Luminosity difference of RSGs as a function of cluster age, caused Farrell, E. J., Groh, J. H., Meynet, G., et al. 2048A , 621, A22

by real age dlﬁergnces. _At a given agleloglf represents _the difference Georgy, C., Ekstrom, S., Granada, A., et al. 20184 . 553, A24
between the baseline luminoslty (see Appendix -Appendix link codg) at Glebbeek E. Gab £ Portegies Zwart. S. & Pols. O. R. 20URAS
that age and the baseline luminosity at an age that is younger bycspelties 64346632197" aburov, £., Fortegies zwart, ., ols, ©. R. BAS,
(ranging from 1 to 10 My as shown by lines in different colors. The > N . .

luminosity differences of observed RSGs relative to the least luminous RSG inS0udfrooi, P., Girardi, L., Kozhurina-Platais, V., et al. 2044}, 797, 35
four young open clusters are overplotted as open markers. Observationafratton. R. G., Carretta, E., & Bragaglia, A. 2023,ARv, 20, 50

uncertainties are illustrated by the gray error bar in the lower right corner. GUIlr;,a'E.nl’in’ Wasatonic, R., Calderwood, T., & Carona, D. 2020, ATel,

Haberl, F., & Sturm, R. 2016\&A , 586, AL
age differences cannot account for the blue MS stars fainteHastings, B., Langer, N., Wang, C., Schootemeijer, A., & Milone, A. P. 2021,
than approximately 18.5mag, as unevolved MS stars exhibit A%A. 653, Ala4

: - - - Hellings, P. 1983Ap&SS, 96, 37
nearly identical colors. Meanwhile, real age differences Hobbs, G.. Lorimer, D. R., Lyne, A. G., & Kramer, M. 2006\\RAS,

exceeding approximately 5Myr cannot explain the observed 360 974

distribution of MS turnoff stars. This is evident from the lack of Justham, S., Podsiadlowski, P., & Vink, J. S. 2044), 796, 121

stars on the 30 Myr and 32 Myr isochrones above 17.2 mag. Kee, N.D., Sundgvist, J. O., Decin, L., de Koter, A., & Sana, H. 2021,
In Figurel2, we examine the impact of a real age difference 646, A180

: : : : Kippenhahn, R., & Weigert, A. 1967, ZAp5, 251
on the luminosity extension of RSGs in young open cIusters.KiSS, L. L., Szabo, G. M., & Bedding, T. R. 2008INRAS, 372, 1721

The impact is more signéant in younger clusters because at omtreff, C., Kaczmarek, T., & Pfalzner, S. 20EEA , 543, A126
younger ages, a given age difference corresponds to a largefozai, Y. 1962,AJ, 67, 591
mass difference. For example, in a 25 Myr cluster, a 5 Myr ageli. C., de Grijs, R., Deng, L., & Milone, A. P. 201ApJ, 844, 119

- L - Lidov, M. L. 1962, P&SS, 9, 719
g|f1fgr§nce ch_JIduceszal\AIum(ljr?fcf)&ty d|fferenc|f: of appr(;aélgag[ely Mackey, A. D., & Broby Nielsen, P. 200%JNRAS, 379, 151
A18dex, while a 2Myr difference results in a 0.06 deX pacder A & Meynet. G. 2000\RAGA , 38, 143

luminosity spread. In contrast, these values decrease to 0.0Rassey, P., Silva, D. R., Levesque, E. M., et al. 2008}, 703, 420

and 0.03 dex, respectively, in a 45 Myr cluster. McLaughlin, D. E., & van der Marel, R. P. 2005pJS 161, 304

Milone, A. P., Bedin, L. R., Piotto, G., & Anderson, J. 200&A , 497, 755

Milone, A. P., Bedin, L. R., Piotto, G., et al. 2018NRAS, 450, 3750

Milone, A. P., Cordoni, G., Marino, A. F., et al. 2028%A, 672, A161

Milone, A. P., Marino, A. F., DAntona, F., et al. 2016YINRAS, 458, 4368

Milone, A. P., Marino, A. F., Di Criscienzo, M., et al. 201BINRAS,
477, 2640

Mucciarelli, A., Dalessandro, E., Ferraro, F. R., Origlia, L., & Lanzoni, B.
2014,ApJL, 793, L6

Narloch, W., Pietrzgski, G., Gieren, W., et al. 202R&A , 647, A135

Neo, S., Miyaji, S., Nomoto, K., & Sugimoto, D. 1977, PAS9, 249

Niederhofer, F., Hilker, M., Bastian, N., & Silva-Villa, E. 20E®RA , 575, A62

Offner, S. S. R., Moe, M., Kratter, K. M., et al. 2023, in ASP Conf. Ser. 534,

ORCID iDs

Chen Wangp https// orcid.ord 0000-0002-0716-3801

Lee Patrick® httpsi/ orcid.org 0000-0002-9015-0269

Abel Schootemeije® httpsi/ orcid.org 0000-0002-2715-7484
Selma E. de Mink® httpst/ orcid.org 0000-0001-9336-2825
Norbert Langei® https#/ orcid.org 0000-0003-3026-0367
Nikolay Britavskiy® https// orcid.org 0000-0003-3996-0175
Xiao-Tian Xu® httpsi/ orcid.org 0000-0001-9565-9462

Julia Bodensteine® httpsi/ orcid.org 0000-0002-9552-7010
Eva Laplaced httpsi/ orcid.org 0000-0003-1009-5691
Ruggero Valli® https#/ orcid.org 0000-0003-3456-3349
Alejandro Vigna-Gome® https/ orcid.org 0000-0003-1817-3586
Jakub Klencki® httpsi/ orcid.org 0000-0002-7527-5741
Stephen Justhaifi httpsi/ orcid.org 0000-0001-7969-1569
Cole Johnstoi® httpsi/ orcid.org 0000-0002-3054-4135
Jing-ze Mab https// orcid.org 0000-0002-9911-8767

References

Abt, H. A. 1983,ARA&A , 21, 343
Banyard, G., Mahy, L., Sana, H., et al. 202&A , 674, A60

19

Protostars and Planets VII, ed. S. Inutsuka et(®hn Francisco, CA:
ASP), 275
Opik, E. 1924, PTarO, 25, 1
Packet, W. 1981, A&A102, 17
Patrick, L. R., Evans, C. J., Davies, B., et al. 2066/RAS, 458, 3968
Patrick, L. R., Lennon, D. J., Evans, C. J., et al. 2020A , 635, A29
Patrick, L. R., Lennon, D. J., Schootemeijer, A., et al. 2024, a24M2.18554
Paxton, B., Bildsten, L., Dotter, A., et al. 2014pJS 192, 3
Paxton, B., Cantiello, M., Arras, P., et al. 20E3,JS 208, 4
Paxton, B., Marchant, P., Schwab, J., et al. 2045l 220, 15
Paxton, B., Schwab, J., Bauer, E. B., et al. 20948]S 234, 34
Pfahl, E., Rappaport, S., Podsiadlowski, P., & Spruit, H. 2602, 574, 364
Podsiadlowski, P. 199RASE 104, 717
Podsiadlowski, P., Langer, N., Poelarends, A. J. T., et al. 2004612, 1044
Portegies Zwart, S. F., McMillan, S. L. W., & Gieles, M. 20ERA&A ,
48, 431


https://orcid.org/0000-0002-0716-3801
https://orcid.org/0000-0002-0716-3801
https://orcid.org/0000-0002-0716-3801
https://orcid.org/0000-0002-0716-3801
https://orcid.org/0000-0002-9015-0269
https://orcid.org/0000-0002-9015-0269
https://orcid.org/0000-0002-9015-0269
https://orcid.org/0000-0002-9015-0269
https://orcid.org/0000-0002-2715-7484
https://orcid.org/0000-0002-2715-7484
https://orcid.org/0000-0002-2715-7484
https://orcid.org/0000-0002-2715-7484
https://orcid.org/0000-0001-9336-2825
https://orcid.org/0000-0001-9336-2825
https://orcid.org/0000-0001-9336-2825
https://orcid.org/0000-0001-9336-2825
https://orcid.org/0000-0003-3026-0367
https://orcid.org/0000-0003-3026-0367
https://orcid.org/0000-0003-3026-0367
https://orcid.org/0000-0003-3026-0367
https://orcid.org/0000-0003-3996-0175
https://orcid.org/0000-0003-3996-0175
https://orcid.org/0000-0003-3996-0175
https://orcid.org/0000-0003-3996-0175
https://orcid.org/0000-0001-9565-9462
https://orcid.org/0000-0001-9565-9462
https://orcid.org/0000-0001-9565-9462
https://orcid.org/0000-0001-9565-9462
https://orcid.org/0000-0002-9552-7010
https://orcid.org/0000-0002-9552-7010
https://orcid.org/0000-0002-9552-7010
https://orcid.org/0000-0002-9552-7010
https://orcid.org/0000-0003-1009-5691
https://orcid.org/0000-0003-1009-5691
https://orcid.org/0000-0003-1009-5691
https://orcid.org/0000-0003-1009-5691
https://orcid.org/0000-0003-3456-3349
https://orcid.org/0000-0003-3456-3349
https://orcid.org/0000-0003-3456-3349
https://orcid.org/0000-0003-3456-3349
https://orcid.org/0000-0003-1817-3586
https://orcid.org/0000-0003-1817-3586
https://orcid.org/0000-0003-1817-3586
https://orcid.org/0000-0003-1817-3586
https://orcid.org/0000-0002-7527-5741
https://orcid.org/0000-0002-7527-5741
https://orcid.org/0000-0002-7527-5741
https://orcid.org/0000-0002-7527-5741
https://orcid.org/0000-0001-7969-1569
https://orcid.org/0000-0001-7969-1569
https://orcid.org/0000-0001-7969-1569
https://orcid.org/0000-0001-7969-1569
https://orcid.org/0000-0002-3054-4135
https://orcid.org/0000-0002-3054-4135
https://orcid.org/0000-0002-3054-4135
https://orcid.org/0000-0002-3054-4135
https://orcid.org/0000-0002-9911-8767
https://orcid.org/0000-0002-9911-8767
https://orcid.org/0000-0002-9911-8767
https://orcid.org/0000-0002-9911-8767
https://doi.org/10.1146/annurev.aa.21.090183.002015
https://ui.adsabs.harvard.edu/abs/1983ARA&A..21..343A/abstract
https://doi.org/10.1051/0004-6361/202244742
https://ui.adsabs.harvard.edu/abs/2023A&A...674A..60B/abstract
https://doi.org/10.1146/annurev-astro-081817-051839
https://ui.adsabs.harvard.edu/abs/2018ARA&A..56...83B/abstract
https://doi.org/10.1093/mnras/stu1407
https://ui.adsabs.harvard.edu/abs/2014MNRAS.443.3594B/abstract
https://doi.org/10.1093/mnras/stw2054
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.1269B/abstract
https://doi.org/10.1093/mnras/stz732
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486..266B/abstract
https://doi.org/10.1093/mnras/staa255
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.5994B/abstract
https://doi.org/10.3847/2041-8213/ad4990
https://ui.adsabs.harvard.edu/abs/2024ApJ...967L..39B/abstract
https://ui.adsabs.harvard.edu/abs/2024ApJ...967L..39B/abstract
https://ui.adsabs.harvard.edu/abs/1995A&A...297..483B/abstract
https://doi.org/10.1051/0004-6361/201834564
https://ui.adsabs.harvard.edu/abs/2018ApJS..234...34P/abstract
https://doi.org/10.1086/340794
https://ui.adsabs.harvard.edu/abs/2002ApJ...574..364P/abstract
https://doi.org/10.1086/133043
https://ui.adsabs.harvard.edu/abs/1992PASP..104..717P/abstract
https://doi.org/10.1086/421713
https://ui.adsabs.harvard.edu/abs/2004ApJ...612.1044P/abstract
https://doi.org/10.1146/annurev-astro-081309-130834
https://ui.adsabs.harvard.edu/abs/2010ARA&A..48..431P/abstract
https://ui.adsabs.harvard.edu/abs/2010ARA&A..48..431P/abstract

The Astrophysical Journal Letters,  981:L16(20pp, 2025 March 1
Rocha, K. A., Kalogera, V., Doctor, Z., et al. 2024J, 971, 133
Salpeter, E. E. 195%pJ, 121, 161

Sana, H., de Mink, S. E., de Koter, A., et al. 20%2}, 337, 444

Schneider, F. R. N., Podsiadlowski, P., Langer, N., Castro, N., & Fossati, L.

2016,MNRAS, 457, 2355
Schneider, F. R. N., Podsiadlowski, P., & Laplace, E. 2024, , 686, A45
Schootemeijer, A., Langer, N., Grin, N. J., & Wang, C. 20494 , 625, A132
Sen, K., Langer, N., Marchant, P., et al. 202ZA , 659, A98
Shao, Y., & Li, X.-D. 2014 ApJ, 796, 37
Shenar, T., Sana, H., Mahy, L., et al. 202&A , 665, A148
Smith, N. 2014 ARA&A , 52, 487
Soraisam, M. D., Bildsten, L., Drout, M. R., et al. 2028J, 859, 73
Tokovinin, A., & Moe, M. 2020,VINRAS, 491, 5158

20

Wang et al.

Vinciguerra, S., Neijssel, C. J., Vigna-Gomez, A., et al. 2020/RAS,
498, 4705

von Zeipel, H. 1910AN, 183, 345

Wang, C., Bodensteiner, J., Xu, X.-T., et al. 2024,)L, 975, L20

Wang, C., Hastings, B., Schootemeijer, A., et al. 20234 , 670, A43

Wang, C., Langer, N., Schootemeijer, A., et al. 2020]L, 888, L12

Wang, C., Langer, N., Schootemeijer, A., et al. 2022iAs 6, 480

Wood, P. R., Bessell, M. S., & Fox, M. W. 1988pJ, 272, 99

Yang, M., Bonanos, A. Z., Jiang, B.-W., et al. 208&A , 616, A175

Yang, M., Bonanos, A. Z., Jiang, B., et al. 202&A , 676, A84

Yoon, S.-C., & Cantiello, M. 20103\pJL, 717, L62

Zapartas, E., de Mink, S. E., Justham, S., et al. 20&9}, 631, A5

Zapartas, E., de Wit, S., Antoniadis, K., et al. 2024, a24¢0.07335


https://doi.org/10.3847/1538-4357/ad5955
https://ui.adsabs.harvard.edu/abs/2024ApJ...971..133R/abstract
https://doi.org/10.1086/145971
https://ui.adsabs.harvard.edu/abs/1955ApJ...121..161S/abstract
https://doi.org/10.1126/science.1223344
https://ui.adsabs.harvard.edu/abs/2012Sci...337..444S/abstract
https://doi.org/10.1093/mnras/stw148
https://ui.adsabs.harvard.edu/abs/2016MNRAS.457.2355S/abstract
https://doi.org/10.1051/0004-6361/202347854
https://ui.adsabs.harvard.edu/abs/2024A&A...686A..45S/abstract
https://doi.org/10.1051/0004-6361/201935046
https://ui.adsabs.harvard.edu/abs/2019A&A...625A.132S/abstract
https://doi.org/10.1051/0004-6361/202142574
https://ui.adsabs.harvard.edu/abs/2022A&A...659A..98S/abstract
https://doi.org/10.1088/0004-637X/796/1/37
https://ui.adsabs.harvard.edu/abs/2014ApJ...796...37S/abstract
https://doi.org/10.1051/0004-6361/202244245
https://ui.adsabs.harvard.edu/abs/2022A&A...665A.148S/abstract
https://doi.org/10.1146/annurev-astro-081913-040025
https://ui.adsabs.harvard.edu/abs/2014ARA&A..52..487S/abstract
https://doi.org/10.3847/1538-4357/aabc59
https://ui.adsabs.harvard.edu/abs/2018ApJ...859...73S/abstract
https://doi.org/10.1093/mnras/stz3299
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.5158T/abstract
https://doi.org/10.1093/mnras/staa2177
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.4705V/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.4705V/abstract
https://doi.org/10.1002/asna.19091832202
https://ui.adsabs.harvard.edu/abs/1910AN....183..345V/abstract
https://doi.org/10.3847/2041-8213/ad86b7
https://ui.adsabs.harvard.edu/abs/2024ApJ...975L..20W/abstract
https://doi.org/10.1051/0004-6361/202245413
https://ui.adsabs.harvard.edu/abs/2023A&A...670A..43W/abstract
https://doi.org/10.3847/2041-8213/ab6171
https://ui.adsabs.harvard.edu/abs/2020ApJ...888L..12W/abstract
https://doi.org/10.1038/s41550-021-01597-5
https://ui.adsabs.harvard.edu/abs/2022NatAs...6..480W/abstract
https://doi.org/10.1086/161265
https://ui.adsabs.harvard.edu/abs/1983ApJ...272...99W/abstract
https://doi.org/10.1051/0004-6361/201832833
https://ui.adsabs.harvard.edu/abs/2018A&A...616A.175Y/abstract
https://doi.org/10.1051/0004-6361/202244770
https://ui.adsabs.harvard.edu/abs/2023A&A...676A..84Y/abstract
https://doi.org/10.1088/2041-8205/717/1/L62
https://ui.adsabs.harvard.edu/abs/2010ApJ...717L..62Y/abstract
https://doi.org/10.1051/0004-6361/201935854
https://ui.adsabs.harvard.edu/abs/2019A&A...631A...5Z/abstract
http://arXiv.org/abs/2410.07335

	1. Introduction
	2. Models and Physics Assumptions
	2.1. Detailed Single-star Models
	2.2. Detailed Binary Models

	3. Results
	3.1. Single-star Models Fail to Explain Observations
	3.2. Predictions from Binary Models and Comparisons with Observations
	3.2.1. Distribution in the HRD
	3.2.2. Luminosity of RSGs Originating from MS Mergers
	3.2.3. Luminosity of RSGs Originating from Stable Mass Transfer
	3.2.4. Number of RSGs and Fraction of Red Stragglers


	4. Discussions
	4.1. Red Straggler Fraction
	4.2. Explanations for Intermediate-luminous RSGs
	4.2.1. Observational Uncertainties
	4.2.2. Rotational Mixing
	4.2.3. Real Age Difference
	4.2.4. Measurement Accuracy of the Least Luminous RSG

	4.3. RSGs as Indicators of Cluster Age
	4.4. The Impact of Uncertain Physics
	4.4.1. Single-star Evolution
	4.4.2. Mass Transfer Stability and Efficiency
	4.4.3. Post-MS Mergers


	5. Concluding Remarks
	Appendix ASingle-star Evolution and Comparison with Observations
	Appendix BBinary Evolutionary Examples
	Appendix CDefinition of Baseline Luminosity L0
	Appendix DSemianalytical Method for Estimating the Upper Limit for the RSGs from MS Merger Products
	Appendix ECumulative Luminosity Distribution for the RSGs Observed in Four Clusters
	Appendix FImpact of Initial Binary Fraction
	Appendix GImpact of SN Kicks and Reverse Mass Transfer
	Appendix HImpact of Stellar Rotation
	Appendix IImpact of Real Age Difference
	References



