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IS BETELGEUSE THE OUTCOME OF A PAST MERGER?

E. Chatzopoulos,1, 2 Juhan Frank,1 Dominic C. Marcello,1, 3 and Geoffrey C. Clayton1

1Department of Physics & Astronomy, Louisiana State University, Baton Rouge, LA, 70803, USA
2Hearne Institute of Theoretical Physics, Louisiana State University, Baton Rouge, LA, 70803, USA
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ABSTRACT

We explore the possibility that the star α Orionis (Betelgeuse) is the outcome of a merger that

occurred in a low mass ratio (q =M2/M1 = 0.07–0.25) binary system some time in the past hundreds

of thousands of years. To that goal, we present a simple analytical model to approximate the perturbed

internal structure of a post–merger object following the coalescence of a secondary in the mass range

1–4 M� into the envelope of a 15–17 M� primary. We then compute the long–term evolution of post–

merger objects for a grid of initial conditions and make predictions about their surface properties for

evolutionary stages that are consistent with the observed location of Betelgeuse in the Hertzsprung-

Russell diagram. We find that if a merger occurred after the end of the primary’s main–sequence

phase, while it was expanding toward becoming a red supergiant star and typically with radius ∼ 200–

300 R�, then it’s envelope is spun–up to values which remain in a range consistent with the Betelgeuse

observations for thousands of years of evolution. We argue that the best scenario that can explain

both the fast rotation of Betelgeuse and its observed large space velocity is one where a binary was

dynamically ejected by its parent cluster a few million years ago and then subsequently merged. An

alternative scenario in which the progenitor of Betelgeuse was spun up by accretion in a binary and

released by the supernova explosion of the companion requires a finely tuned set of conditions but

cannot be ruled out.

Keywords: (stars:) binaries: general – (stars:) binaries: close – stars: evolution – stars: rotation –

stars: individual (α Orionis)

1. INTRODUCTION

Recent observational surveys of massive main–

sequence stars have shown that a large number of them

rotate rapidly with some reaching rotational speeds as

high as ∼ 450 km s−1 and with a bimodal distribu-

tion of rotational velocities (Dufton et al. 2011, 2013;

Ramı́rez-Agudelo et al. 2013). In addition, the Ke-

pler space mission reports observations of 17 rapidly–

rotating < ∼ 1–3 M� stars in the giant phase of their

evolution with rotational speeds up to ∼18 times that

of the Sun (Costa et al. 2015; see also studies of the ro-

tation rates of young spectroscopic binaries by Ramı́rez-

Agudelo et al. 2015). These findings, coupled with the

obsevation that the majority (∼ 60%) of massive stars

are members of binary stellar systems (Mason et al.

2009; Dunstall et al. 2015) and that most of the massive

Corresponding author: Emmanouil Chatzopoulos

chatzopoulos@phys.lsu.edu

stars in such systems will at sometime undergo binary

interactions with a third of them even experiencing a

merger (Sana et al. 2012), indicate the importance of

studying the effects of stellar mergers on the long–term

evolution of the rotational properties of massive stars.

Binary population synthesis models presented by de

Mink et al. (2013, 2014) support the idea that ∼ 20% of

massive main–sequence stars are the products of binary

interaction. Furthermore, the presence of a low velocity

component of the bimodal distribution of the rotational

velocities of massive stars (Dufton et al. 2013) together

with evidence of strong magnetism in some massive stars

(Grunhut et al. 2012; Schneider et al. 2016) motivated

theoretical studies of the merger of a massive star with

a lower–mass companion as an avenue to produce these

properties (Ferrario et al. 2009; Langer 2012). Despite

all of the evidence pointing toward the prevalence of stel-

lar mergers and their subsequent effects on the evolution

of massive stars, detailed long–term evolution studies of
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such post–merger stars are limited (Podsiadlowski et al.

1990, 1992; Menon & Heger 2017).

The massive red supergiant star α Orionis, popularly

known as Betelgeuse, is a potentially interesting can-

didate for a past binary merger event, partly because

of its apparent high–rotational velocity. Using long–slit

spectroscopy across the minimally resolved disk of Betel-

geuse obtained by the Hubble Space Telescope the esti-

mated surface rotational velocity of the supergiant star

(vrot sin(i)) is ∼ 5 km s−1 (Gilliland & Dupree 1996;

Uitenbroek et al. 1998). Recent observations by the At-

acama Large Millimeter Array (ALMA) appear to fur-

ther support this result even within the uncertainties

imposed by large–scale convective motions on the star’s

surface (Wheeler et al. 2017; Kervella et al. 2018). Fur-

thermore, the observation of enhanced nitrogen on the

surface of Betelgeuse is indicative of enhanced mixing,

triggered by rotation (Meynet et al. 2013). In partic-

ular the measured N/C (nitrogen to carbon) and N/O

(nitrogen to oxygen) surface abundance ratios for Betel-

geuse are 2.9 and 0.6 respectively while standard so-

lar values are N/C=0.3 and N/O=0.1 (Lambert et al.

1984). High rotation during the supergiant phase is not

found in stellar evolution calculations of single massive

stars – including those that are rapid rotators at the

Zero Age Main Sequence (ZAMS) – nor is expected by

simple arguments of angular momentum conservation

(Wheeler et al. 2017). Measurements of giant and super-

giant star rotation rates support this argument (Ceillier

et al. 2017).

In addition to being a rapid rotator, Betelgeuse is also

a known runaway star with a measured space velocity of

∼ 30 km s−1 and a kinematic age of ∼ 7–11 Myr (Harper

et al. 2008, 2017). Backwards extrapolation of Betel-

geuse’s trajectory has led some to suggest that its pos-

sible birthplace is the Orion OB1a association (Briceño

et al. 2005) yet alternative scenarios involving two dy-

namical kicks have been suggested (Bally 2008). Betel-

geuse’s flight through the interstellar medium is also il-

lustrated by HST observations of a bow shock forming a

0.14 M� swept–up shell of material around the star at a

radius of ∼ 6–7 arcmin corresponding to a physical dis-

tance of ∼ 0.8 pc using the measured ∼ 400 pc distance

of Betelgeuse (Noriega-Crespo et al. 1997). The mor-

phology of this structure is attributed to wind from the

star sweeping up interstellar medium in the direction of

motion (Mohamed et al. 2012; Mackey et al. 2014).

To investigate the long–term effects of a merger dur-

ing the post–main sequence evolution of massive stars

and to model the observed properties of Betelgeuse in

particular, simulations spanning a variety of time–scales

that involve diverse numerical approaches are necessary:

the merger occurs in a dynamical time–scale while the

post–merger thermal adjustment and susequent evolu-

tion in thermal and nuclear time–scales. Furthermore,

any successful model of Betelgeuse has to account for

both its rapid rotation rate and its runaway nature, so

a sequence of events (dynamical ejection of a binary fol-

lowed by a merger) have to be invoked.

In the present work we compute an approximate, ana-

lytical model of the perturbed, post–merger structure of

a massive star assuming that it suffered the coalescence

of a smaller, 1–4 M� secondary into its envelope, and

compute the long–term evolution of the post–merger ob-

ject under the assumption of different initial conditions

for the original binary system. We find that a merger

of a binary with mass–ratio in the range q = 0.07–0.25

occurring during the “Hertzsprung gap”–crossing phase,

after the end of the main–sequence, can yield high sur-

face equatorial rotational velocities in agreement with

observations of Betelgeuse. In addition, our models pre-

dict that high rotation is preserved for hundreds of thou-

sands of years following the merger event. We also show

that such runaway low–mass ratio binary systems can

be dynamically ejected from clusters without being dis-

rupted, allowing for the merger to occur at a later time.

Our paper is organized as follows: In Section 2 we

present a qualitative analysis of the kinds of binaries

likely to reproduce the observed properties of Betelgeuse

considering both the merger and the accretion scenarios

and find the merger path more compelling. However,

we are not able to rule out completely the accretion

option given the current uncertainties in the evolution

of massive binaries. In Section 3 we present our ini-

tial setup and synchronization conditions for low mass–

ratio binaries of interest and introduce a simple analyt-

ical model to approximate the post–merger structure of

the primary. In addition, we present a 3D hydrodynam-

ical simulation of a merger to be used for benchmarking

against some of our analytical assumptions. The MESA

evolution calculations for the post–merger objects are

presented in Section 4. Section 5 presents the results

of our calculations including comparisons with the ob-

served properties of Betelgeuse. Finally in Section 6 we

discuss the implications of our results for Betelgeuse as

well as other observations and describe our plans for fu-

ture work.

2. SPUN–UP BY ACCRETION OR MERGER?

Betelgeuse is not only a fast rotating supergiant but it

is also a runaway star, probably born in one of the clus-

ters or sub-associations of OB1 in Orion (Harper et al.

2008, 2017). In this section we consider a variety of ini-

tial progenitor configurations and evolutionary histories
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for Betelgeuse to show, using angular momentum (AM)

conservation and simple dynamical arguments, that it is

very difficult to reconcile both the large space velocity

and fast rotation without invoking a recent binary in-

teraction yielding a fast rotating single progenitor that

subsequently evolved within a million years or so to the

red supergiant we see today. We consider two possi-

ble scenarios: a binary merger, preferably in a post–MS

stage of evolution, or a late case B accretion event fol-

lowed by a supernova explosion of the donor. The high

space velocity suggests ejection from a binary as a result

of a supernova (SN) explosion of a much more massive

companion that disrupted the binary (Blaauw 1961), or

a dynamical ejection from a cluster or compact OB as-

sociation (Poveda 1964).

If Betelgeuse had evolved as a single star, given its

present red supergiant (RSG) status, its age would be

around 8-10 million years. Early ejection as a single

star either by the disruption of a cluster binary or dy-

namical escape from a cluster are unlikely to yield a

rapid rotator in the present supergiant stage. Single

massive stars lose a fraction f of their mass which car-

ries away some AM through winds during the main

sequence (MS) phase. In particular, O stars evolve

through rapid mass and AM losses to much slower rotat-

ing B stars with v sin i ≤ 50 km s−1 (Maeder & Meynet

2000; Higgins & Vink 2019 and references therein). Dur-

ing their MS evolution, it is reasonable to assume that

stars remain close to solid body rotation. For exam-

ple, for a 20 M� star on the ZAMS, with radius Ri

and gyration radius βi, its initial AM can be written as

Ji = β2
iMiRiveq,i. Similarly, after losing a mass fraction

f of the initial mass, Mf = (1 − f)Mi, its AM on the

Terminal Age Main Sequence (TAMS) can be written as

Jf = β2
f (1− f)MiRfveq,f . Without a detailed model for

the mass and AM losses carried by the wind we do not

know a priori the average specific AM lost to the wind.

We may expect it to be on the order of the specific an-

gular momentum of the surface layers, and we can write

in general that the total AM lost to the wind is:

Jf − Ji = −fMiηRiveq,i, (1)

where fMi is the mass loss, and ηRiveq,i is the average

specific AM lost. Using AM conservation and solving

for the equatorial velocity at the TAMS, we get

veq,f = veq,i
β2

i (1− fη)Ri

βf2(1− f)Rf
, (2)

where the initial equatorial velocity is unlikely to exceed

∼ 200 km s−1 at the ZAMS. One can easily see that for

the example considered, Ri ∼ 6R�, Rf ∼ 18R� and val-

ues for the gyration radii βi ' 0.29 and βf ' 0.16 (Claret

& Gimenez 1989), it is relatively easy to decrease veq,f

to 50 km s−1 and below. For a fixed value of f , veq,f de-

creases linearly with η. Despite its simplicity, this model

suggests that you need at least a mass loss fraction of

f ≥ 0.07 to reduce the equatorial velocity at the TMS to

∼ 50 km/s, unless one appeals to magnetic effects that

could make η > 1. During the rapid expansion while the

post–main sequence (PMS) star crosses the Hertzsprung

Gap we may assume that redistribution of AM is ineffi-

cient and that a better approximation is to take “local”

AM conservation and write veq = vfRf/R, where the

subscript “f” stands for values at the TAMS, while veq

and R represent the values attained when the star has

expanded to RSG size. With vf ≈ 50 km/s, Rf ≈ 18 R�
and R ∼ 103 R� this estimate yields veq,f ∼ 1 km s−1.

This this is very much an upper limit. In fact, detailed

simulations of the evolution of single massive stars, in-

cluding mass and AM losses, from ZAMS to the super-

giant stage, typically yield veq,f < 1 km s−1 (Ekström

et al. 2008, 2012; Brott et al. 2011a,b; Wheeler et al.

2017). If Betelgeuse’s progenitor was initially the less

massive member of a massive binary, then we need to

consider how the spin–up by accretion would impact the

above argument. We discuss this possibility later in the

context of the current incomplete understanding of the

complex evolution of massive binaries of arbitrary initial

mass ratios and separations.

A further apparent difficulty with Betelgeuse is that

a simple backward extrapolation of its known space ve-

locity does not appear to bring it close to any plausible

sub–association of OB1 as its birth place (Bally 2008).

This suggests a two step process: 1. a dynamical ejec-

tion of a binary within the first few million years of

Betelgeuse’s birth cluster, and 2. a subsequent merger

of the binary or a supernova explosion of the more mas-

sive component, releasing the surviving Betelgeuse at

some post–MS stage of its evolution. Recent binary

stellar evolution models suggest that the SN mechanism

alone is not as efficient in producing runaway stars as

it was previously thought, with only a tiny fraction of

stars ejected by the SN of their companions reaching

velocities > 30 km s−1 (Renzo et al. 2019). A two–

step process gets around this difficulty. It is, however,

noted that for the merger to change the flight direction

of the post–merger it would require significant asymmet-

ric mass loss. This is possible, (e.g. mass loss via the L2

point), but that would also lead to the removal of some

AM. A SN explosion in the binary instead would eject

the companion star with a direction depending on the

orbital phase of the binary, which requires fine tuning to

be aligned with the previous space velocity in the double

ejection scenario.
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For a binary to remain bound after dynamical ejection

due to interactions with other binaries and members of

the early cluster, its binding energy must be greater than

the kinetic energy of the escaping binary plus the bind-

ing energy of the original binary to the cluster:

GM1M2

2ai
>

1

2
M(v2

ej + σ2
c ), (3)

where M = M1 +M2 is the initial total mass of the

binary, vej is the ejection velocity of the binary, and σc

is the central velocity dispersion in the cluster. We take

vej to be on the order of the observed runaway velocity

of Betelgeuse (∼ 30 km s−1), and σc ' 6.5 km s−1,

typical for a cluster with mass 104 M� (in agreement

with the measured mass of the Ori OB1 association, the

proposed birthplace for Betelgeuse; Blaauw 1964; Brown

et al. 1994) and half–mass radius of ∼ 1 pc. Thus the

dominant term is the runaway kinetic energy and we

neglect σc in the following. From the above argument we

conclude that the initial separation should not exceed:

ai <
GqM

(1 + q)2v2
ej

, (4)

where q =M2/M1 is the mass ratio of the binary. This

condition turns out not to be very restrictive because

the components of massive binaries with M ∼ 30M�
and initial separations greater than 15-20 AU would

evolve as single stars without interacting. Therefore,

most of the binaries considered in the analysis that fol-

lows would survive the ejection from their parent clus-

ter. This is further supported by results of N–body

simulations of the dynamical cluster evolution focusing

on binary–binary interactions predicting a considerable

fraction of binaries that escape the cluster without be-

ing disrupted (Mikkola 1983; Gies & Bolton 1986; Oh &

Kroupa 2016; Kroupa et al. 2018; Wang et al. 2019). In

particular, the simulations in Oh & Kroupa (2016) (and

private communication with Dr. Pavel Krupa) show

that for a variety of initial assumptions, a handful of

binaries with q < 0.3 and orbital periods in the range

2 < logPdays < 3 are ejected in the first few million

years of cluster life. As we shall see, these are precisely

the kinds of binaries whose merger has the potential to

account for the properties of Betelgeuse.

Without loss of generality we may assume thatM1 >

M2 or q ≤ 1 for the ejected binary. We further assume

that one or both components are moderately massive,

such that M ' 15–20 M�. The evolution of massive

binaries is subject to many uncertainties and there are

significant differences of detail in the outcomes of such

simulations by various groups. Mass transfer starts as

the more massive component evolves first and overflows

its Roche lobe. Apart from differences of detail and un-

certainties in the exact critical values of q, most inves-

tigators distinguish the following regimes: If the binary

components are similar in mass, evolution to a contact

configuration is avoided. If qcont < q < 1, where qcont,

which depends on the evolutionary phase of the donor,

is somewhere in the range (0.65, 0.8), M1 overflows its

Roche lobe, mass transfer begins either in Case A or

early Case B (Kippenhahn & Weigert 1967), and is high

but stable, leading to inversion of the mass ratio and an

“Algol” analogue, with separation and period increasing

as the system evolves (Pols 1994; Podsiadlowski 2010).

While the ultimate fate of such binaries is of interest

elsewhere, they do not produce Betelgeuse–like stars. As

an example of such evolutions, a binary consisting of a 16

M� primary and a 14 M� secondary (q = 0.875) evolves

through Case A and Case AB mass transfer dumping

most of the H-rich primary envelope onto the secondary

yielding a fast rotating blue supergiant (BSG), while the

primary becomes a He star. In many cases, especially

if the mass transfer is conservative, the secondary ex-

plodes as a SN first (Pols 1994; Wellstein et al. 2001;

Paxton et al. 2015).

For mass ratios close to qcont, the outcome is depen-

dent on the initial orbital period Pi. For example, de

Mink et al. (2013) investigated in detail the outcomes of

the evolution of a binary of q = 0.75, with initial compo-

nentsM1 = 20M� andM2 = 15 M�. For Pi < 2 days,

after Case A mass transfer, a rapidly rotating merger

resulted which spun down quickly. For 2 < Pi < 5 days,

after Case AB or even Case ABB mass transfer they

obtained a rapidly spinning secondary which then also

spins down in a couple of million years. For even longer

orbital periods with 10 d < Pi < 103 d, mass trans-

fer sets in as the primary is evolving to become a red

giant (Case B) and that also may lead to a rapidly ro-
tating secondary, now more massive than the original

primary. However, the details of the evolution depend

on metallicity, the efficiency of accretion (the faction

of mass transfer actually captured by the secondary),

mass loss via winds, and the efficiency of semiconvec-

tion. Sometimes the H-rich accreted material is mixed

down into the core and a BSG results, sometimes mix-

ing is not so efficient and a red supergiant (RSG) with a

small core results. In addition, it turns out that which of

the two stars goes SN first also depends on these details

(Wellstein et al. 2001). Therefore, in order to get a single

RSG whose companion explodes first as a SN releasing a

spun-up star with properties similar to Betelgeuse may

require a narrow set of conditions, but to estimate the

probability for this channel would require a series of bi-

nary stellar evolution calculations specifically designed
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for this purpose, perhaps starting with an ad hoc set of

binary population synthesis. This is beyond the scope

of the present work, in which we focus on the merger

channel recognizing that there may well exist a set of

binary parameters that would result in Betelgeuse-like

outcomes in which accretion yields the relatively high

equatorial velocity observed. At this point we cannot

rule that out completely.

For lower mass ratios, down to qblue, where qblue is

somewhere in the range (0.25, 0.33), M2 is unable to

adjust to the mass transfer, expands and the system

evolves into a massive contact binary. As time pro-

ceeds, the contact binary shrinks converting orbital AM

into circulation or rotation and ultimately merges pro-

ducing a massive analog of a “blue straggler”. This oc-

curs because during the merger hydrogen–rich material

gets mixed into the core rejuvenating the merged object.

While this may well produce rapidly rotating BSGs, like

the presumed progenitor of SN 1987A (Podsiadlowski

et al. 1990; Menon et al. 2019), they are not applicable

to Betelgeuse.

Finally, for even lower mass ratios, we have the cases

that we consider in more detail in subsequent sections

which in our view offer a more likely pathway to a star

with Betelgeuse’s properties. For mass ratios q < qblue,

and Pi > few tens of days, mass transfer starts as an

early Case B, after H is exhausted in the primary, is

rapid and results in the primary envelope engulfing the

much-lower mass secondary, which then spirals inward

and producing a merger. In this scenario, the primary’s

helium core is surrounded by a H–burning shell. When

the secondary reaches the critical tidal disruption dis-

tance from the core of the primary, a tidal stream will

form transporting fresh H fuel toward the core as de-

scribed in Ivanova (2002); Ivanova et al. (2002); Ivanova

& Podsiadlowski (2003); Schneider et al. (2016). The

penetration depth of the stream into the core of the pri-

mary determines the extent of its rejuvenation; if fresh

fuel reaches the core then core H–burning will be re–

ignited and the star may evolve toward the BSG phase.

If, on the contrary, the stream does not penetrate deep

into the core but rather mixes–in with the H–burning

shell then the star will keep evolving toward the RSG

stage. Using the same arguments as the ones presented

in Ivanova et al. (2002) involving the Bernoulli integral

to calculate the penetration depth, we have found that in

none of our models the stream is expected to penetrate

the core of the primary thus suggesting a post–merger

evolution toward the RSG phase. This is in agreement

with the “quiet merger” scenario discussed in Ivanova &

Podsiadlowski (2003) that, in addition, predicts the for-

mation of rapidly rotating supergiants via this channel.

We have also confirmed this via a 3D numerical merger

simulation for a system with parameters in our range of

interest (a 16 M� and a 1 M� secondary; Section 3.4).

When q < qblue, the lower mass companion is engulfed in

the atmosphere ofM1 as it overflows its Roche lobe and

M2 ends up spiralling inward and is tidally disrupted

outside the core of the primary, so not much hydrogen–

rich material is mixed into the core and the final result

is a red supergiant that has a high equatorial velocity

as these layers absorbed the bulk of the orbital angular

momentum of the secondary. The amount of orbital an-

gular momentum depends mostly on the separation of

the binary when the primary overflows its Roche lobe.

These are the cases most likely applicable to Betelgeuse.

Which binary parameters subject to the restrictions

described above are likely to yield an equatorial velocity

exceeding ∼ 5 km s−1 when the merged object evolves

into a red supergiant? Before attempting to answer

this question in the following sections, it is worth ob-

taining a simple estimate based on angular momentum

conservation. Most of the angular momentum of the

pre–merger binary is in the orbital angular momentum

Jorb = µavorb, where µ is the reduced mass, a is the

binary separation, and vorb = (GM/a)1/2 is the Ke-

plerian velocity for a circular orbit. Numerical hydro-

dynamic simulations of binary mergers show that the

immediate post–merger object is roughly of the same

size as the original binary and is differentially rotating.

Nonetheless, for our present purposes, we estimate the

equatorial velocity of the merged object by assuming a

uniform density sphere rotating as a solid body, and we

set Jorb = (2/5)Mavpm, where vpm is the post–merger

equatorial velocity. Since in all the cases of interest, con-

tact, mass transfer, and merger occur during the cross-

ing of the Hertzsprung Gap, the subsequent evolution to

red supergiant is very rapid, we may assume “local” an-

gular momentum conservation and set veq ' vpma/Rf .

Therefore we have as our order–of–magnitude estimate

the following result:

veq(q, a) =
5q

2(1 + q)2
vorb(M, α)

α

Rf
. (5)

Figure 1 shows the binary parameter region likely to

yield equatorial velocities consistent with the measured

values of veq sin i for Betelgeuse, for an assumed initial

binary mass of 20 M�. All contours are limited at the

maximum sepration allowed for a binary to survive ejec-

tion as estimated by Equation 4. We will explore in de-

tail the outcomes of mergers with such initial parameters

in Sections 4 and 5.

3. MERGER MODEL
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Figure 1. Contours of final equatorial velocity of the merged
star at the red supergiant stage. For the purposes of the
estimate here we assumed a total mass M = 20 M�, and
Rf = 1000 R�. The binary separation is in units of solar
radii and the contours, from bottom to top, correspond to 5,
10, 15 and 20 km s−1. The top boundary is the maximum
separation allowed by Equation 5.

3.1. Initial Conditions for the Binary System

We begin by considering a few possible initial config-

urations for our binary differing only in the separation

(and orbital period) at the point at which the primary

fills its Roche lobe initiating mass transfer and a rapid

evolution leading to the plunge of the secondary into the

envelope of the primary. These distinct binary separa-

tions result in contact at different stages of evolution of

the primary through the Hertzsprung Gap. We will con-

sider 4 situations corresponding to the primary radius

R1 filling its Roche lobe when R1 = 12 R�, 100 R�,

300 R�, and 500 R�. These situations correspond to

contact soon after the end of the main sequence phase,

two intermediate stages in the middle of the crossing,

and one near the red end of the Hertzsprung Gap as the

ascent of the red giant branch is to begin shortly.

The total angular momentum of such a binary consists

of the orbital and the spin angular momenta. As the pri-

mary evolves, initially tides will exchange angular mo-

mentum between the components and a relatively small

fraction may be lost from the system due to winds. The

amount of AM lost is propotional to the mass lost and

for stars in this mass range it is small, but it can be very

large for more massive stars. As the primary reaches

contact, mass transfer starts and a common envelope

(CE) forms, hydrodynamic processes complete the re-

distribution of angular momentum in the merged ob-

ject. We do not know for certain the natal spin angular

momentum of the primary, but there is some evidence

that young massive stars are fast rotators with equa-

torial velocities veq ∼ 200 km s−1 (Maeder & Meynet

2000; Dufton et al. 2011; Ramı́rez-Agudelo et al. 2013).

In the absence of tidal synchronization torques, the

spin period at any stage could be estimated from spin

angular momentum conservation, but more realistically

the spin period should be determined taking into acount

tidal interactions. In order to better understand the

process, it is useful to estimate and compare the vari-

ous timescales involved. The relevant timescales to be

considered are: the evolutionary times required for the

primary to expand to contact at the above lobe radii

and binary separations, the orbital period of the binary

at that point, the tidal synchronization timescale for the

primary to lock to the orbital period, the timescale for

the formation of the CE engulfing the secondary, and

finally the timescale for inspiral and merger.

The evolutionary timescales are calculated by follow-

ing in MESA (Paxton et al. 2011, 2013, 2015, 2018, 2019)

the evolution of a single massive star with a mass of

either 15 M� or 20 M� from the ZAMS to the 4 ex-

pansion stages selected above. As is well known, the

evolution through the hydrogen burning and the initial

expansion to R1 = 12 R� is the longest phase, taking

about ∼ 107 yr to complete for the 15 M� primary. The

expansion through the gap gradually speeds up, taking

∼ 1.2 × 106 yr to reach R1 = 100 R�, an extra couple

of thousand years to reach R1 = 300 R�, and less than

a thousand years to expand further to R1 = 500 R�.

These times are of the same order of magnitude but

somewhat faster and the expansion behavior is qualita-

tively similar for a more massive primary of 20 M�.

The orbital period corresponding to first contact is

simply calculated from Kepler’s 3rd law taking into

account that the primary comes into contact when

R1 = 0.609a for a mass ratio q = 0.067 corresponding to

M1 = 15 M�, where a is the binary separation (Eggle-

ton 1983). The orbital period at the beginning of the

plunge phase, when hydrodynamical drag on the com-

panion becomes important, can be estimated by setting

the binary separation to R1. For the assumed value of q,

this period is shorter than the period at first contact by

a factor 2.1. The orbital periods for the four assumed

fiducial situations are thus Porb = 2.5 d, 61 d, 319 d,

and 685 d respectively, and slightly shorter for the more

massive primary.
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We estimate the synchronization timescale using

Equation 4.12 from the paper by Zahn (1977) which

is appropriate for stars with a convective envelope (that

continues to hold for our models out to radii of 300 R�),

and assumes efficient turbulent eddy viscosity.

tsync ∼
1

6q2k2

(
M1R

2
1

L

)1/3
I1
M1R2

1

(
a

R1

)6

(6)

where q = M2/M1 is the binary mass ratio, k2 is the

second order apsidal constant for the primary, I1 is the

moment of inertia of the primary and L its luminosity.

It so happens that k2 and I1/M1R
2
1 nearly cancel each

other to within a factor of two, and given the uncertain-

ties involved, it is sufficient for our purposes to take that

ratio as unity. Thus the main dependence on parame-

ters comes from the factor R
2/3
1 . These estimates yield

∼ 100 yr, ∼ 420 yr, ∼ 879 yr, and ∼ 1200 yr respectively

for spin–orbit synchronization for the cases considered.

Upon contact, mass transfer from the primary to the

secondary is dynamically unstable and results in the for-

mation of a CE leading quickly to engulfing the sec-

ondary into the envelope of the primary. Our 3D hy-

drodynamic simulation of a 16 M�+1 M� merger at a

time when the primary has expanded out to a radius of

∼ 12 R� (Section 3.4) show that it only takes ∼ 5 days

for the secondary to inspiral and be disrupted as it ap-

proaches the core of the primary.

A simple analytic estimate for the inspiral time is ob-

tained by taking the orbital angular momentum of the

secondary and dividing it by the torque (see Section 3.2

for details). The angular momentum of the secondary

is J2 = M2a
2
2Ω, where Ω is the Keplerian orbital fre-

quency, and a2 = a/(1 + q) is the distance from the

center of mass of the system and the center of mass of

the secondary. For the hydrodynamic torque we adopt

equation (9), but for the purposes of obtaining and or-

der of magnitude estimate, we set ρ1(r) to the average

density of the primary and M1(r) = M1. Therefore

we expect our estimate to be a lower limit to the ac-

tual inspiral time. With these approximations we get

the following expression for the inspiral time

tinsp =
8q3/2

3cD(1 + q)3/2

(
R1

R2

)7/2(
R3

2

GM2

)1/2

(7)

Inserting the values appropriate for the four scenaria

we are contemplating, the above equation yields 4.6 d,

21 yr, 980 yr, and 5900 yr for a primary mass of 15 M�
and correspondingly shorter times, by a factor of 0.65,

for a 20 M� primary. As a check for this approach,

we may compare the inspiral timescale obtained in the

hydrodynamic simulation for the case R1 = 12 R� with

our simple analytic estimate.

In summary, with the possible exception of contact

at 500 R� and beyond, the initial mass transfer from

primary to secondary is likely to start with the com-

ponents synchronous with the orbit. However, as a re-

sult of the unstable mass transfer and relatively rapid

orbital shrinking to the plunge and drag phases, syn-

chronicity may be broken. The inspiral phase is also

shorter than, or at most of the same order, as the syn-

chronization time, therefore to follow all these processes

self–consistently one would have to carry out numeri-

cal simulations with all the physics included which is

not feasible with the resources at our disposal. We will

therefore adopt the approximation that the secondary

spirals inward along a sequence of Keplerian orbits de-

positing a fraction of order unity of the orbital angular

momentum in the atmosphere of the primary.

3.2. Merger Model Assumptions

The merger scenario described here is similar to one

considered by (Ivanova et al. 2002; Menon & Heger 2017)

involving the complete disruption of the secondary deep

inside the envelope of a massive primary during a short–

lived CE phase. Such an event is classified as a “mod-

erate” merger that eventually leads to evolution toward

the red supergiant (RSG) phase. In our model, the in–

spiral of the secondary is caused solely by the effects of

viscosity (dynamical friction, or drag) of the secondary

within the envelope of the primary. During this pro-

cess a fraction of the angular momentum lost by the

secondary is deposited to the envelope of the primary

causing it to spin up. The dynamical merger process

begins at the time of contact between the expanding en-

velope of the primary and the secondary and continues

until the secondary reaches a radius equal to its tidal

radius where it gets complete disrupted. This effective

tidal radius is very close to the radius of the He core of

the primary (∼ 1 R�). A main difference between this

work and that of (Menon & Heger 2017) is our predic-

tions about the effect of such merger to the evolution of

the angular momentum profile of the primary and, more

specifically, the surface equatorial rotational velocity.

To derive an approximate analytical model of the per-

turbed internal structure of a massive primary star in

the context of the merger scenario discussed above, we

resort to the following assumptions for the progenitor

binary system:

i. A low mass–ratio for the binary progenitor sys-

tem (q = M2/M1 = 0.07–0.25). For our study

we adopt binary systems with (M1,M2) = (15,

1), (16, 4) and (17, 3) (in solar units) that satisfy

this criterion. The choice of a low mass–ratio al-

lows for the possibility that the secondary spends
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a considerable amount of time in the envelope of

the primary while spiraling–in toward the core,

well before it is tidally disrupted. This guaran-

tees that, in the process, the secondary deposits

a fraction of its angular momentum into the en-

velope of the primary and that the initial RLOF

is dynamically unstable and will result in a CE.

Additional arguments about the necessity of a low

mass–ratio were discussed in Section 2.

ii. The merger event occurs after the end of the pri-

mary’s main–sequence phase and while its enve-

lope is expanding while crossing the “Hertzsprung

gap” over a thermal time–scale (lasting a few tens

of thousands of years). As such, our models con-

sider early Case B merger events. This implies

that the envelope of the primary comes into con-

tact with the secondary due to the expansion of

the former in its way to becoming a supergiant

star and at radii of 200 < R1 < 700 R�, where

R1 is the radius of the primary. This condition is

necessary in order to facilitate a large density con-

trast between the secondary and the envelope of

the primary ensuring that the secondary remains

intact during the coalescence.

iii. The spiral–in time–scale of the secondary is signif-

icantly smaller than the thermal adjustment time–

scale of the envelope of the primary. This approx-

imation implies that in our model we do not take

into account the effect of the expansion of the pri-

mary’s envelope during the merger event and as-

sume that it does not affect the dynamics of the

spiral–in process. This is a good approximation

given that, for the above–mentioned initial binary

conditions during contact, the time–scale it takes

for the secondary to reach the tidal radius (which

is approximately equal to the radius of the he-

lium (He) core of the primary) is in the order of

∼ 100 years while the thermal–adjustment time–

scale of the primary’s envelope is in the order of

∼ 104 years.

iv. The magnitude of the secondary’s velocity dur-

ing the spiral–in is assumed to be equal to the

corresponding Keplerian value at all times: v2 =√
GM1(r)/r where v2 is the velocity magnitude

of the secondary, G the gravitational constant and

M1(r) the mass of the primary enclosed within

radial coordinate r.

v. Changes in the internal structure of the secondary

are ignored during the merger event and it is ap-

proximated as a point source. This removes the

complication of considering effects such as tidal

deformation of the secondary and tidal friction on

the dynamical evolution of the merger. For more

details on these effects three–dimensional hydro-

dynamic simulations are necessary (Podsiadlowski

et al. 1990; Ivanova 2002; Ivanova et al. 2002).

vi. The effects of the merger on nucleosynthesis are

ignored. The merger hypotheses discussed in this

work imply the mixing of 1–4 M� of material from

a main–sequence secondary star in the hydrogen

(H) envelope and the He core of the primary po-

tentially leading to distinct nucleosynthetic sig-

natures. Following that distinct first, dynamical

phase of merger–induced mixing, in the longer

term and depending on the convective and rota-

tional mixing time–scales in the envelope of the

primary, it is possible to dredge–up enhanced nu-

cleosynthetic products of the CNO process to the

photosphere of the post–merger. In addition, the

H–fuel deposited from the secondary will increase

the mass of the H–burning shell around the He–

core of the primary resulting in higher luminosity

which may cause the primary envelope to expand

to a larger radius. We aim to study the nucleosyn-

thetic signatures of such merger events in a future

study (see also Ivanova et al. 2002).

vii. In general we expect the secondary to enter the

envelope of the primary at supersonic speeds gen-

erating shocks in both the ambient medium and

the secondary star’s atmosphere. A complex flow

will be set up in which the shocked primary ma-

terial and some of the secondary atmosphere will

be mixed and entrained in the turbulent wake be-

hind the secondary. Consequently there will be an

increase in the specific entropy of the perturbed

layers, but the complexity of the flow prevents us

from calculating this increase in detail. We adopt

an approximate approach that shows that the in-

crease can be neglected. The change in specific

entropy in a planar shock is given by

∆s = cV [ln (p2/p1)− γ ln (ρ2/ρ1)] , (8)

where the suffixes 1 and 2 indicate pre– and post–

shock values respectively. The pressure and den-

sity ratios can be calculated given the pre–shock

Mach number and the adiabatic index γ (Landau

& Lifshitz 1959). Consistent with our assumptions

we take the Mach number to be given by the ratio

of the local Keplerian velocity to the local sound

speed, and using values appropriate for the enve-

lope of the primary we can calculate the change in
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specific entropy. This turns out to be typically at

the level of 1% compared to the local entropy of

the primary throughout most of the star and only

becomes comparable near the surface along the

stellar equator. However, this entropy increase is

limited to a toroidal region of cross section ∼ R2
2 in

the wake of the secondary, whereas MESA, being a

1D stellar evolution code, expects the entropy in-

crease to be distributed in a shell of radius r and

thickness R2, so the entropy increase is further di-

luted by a factor ∼ R2/r, and thus the entropy

increase due to the inspiral is small compared to

the ambient entropy of the primary everywhere. In

conclusion, we take the post–merger entropy pro-

file of the primary to be, in good approximation,

the same as the entropy profile right before the

merger.

Given those simplifying assumptions, our approach

aims to be a simple proof–of–principle effort to illustrate

the potential of merger events to affect the rotational

properties of massive stars past the main–sequence and

an effort to reproduce the observed properties of Betel-

geuse under the assumption that it suffered such a

merger.

3.3. Derivation of Post–Merger Structure

In order to derive an expression for the perturbed in-

ternal distribution of specific angular momentum in the

primary star following a merger event with a smaller

companion, we first consider the action of a torque that

acts on the secondary upon entering the evenlope of the

primary. This torque originates due to dynamical fric-

tion (drag) and has the generic form:

τ(r) = −1

2
cDπR

2
2ρ1(r)v2

2r, (9)

where cD is the drag coefficient, R2 the radius of the

secondary, ρ1(r) the density profile of the primary at

radial coordinate r and v2 the magnitude of the sec-

ondary’s velocity which we are assuming to be equal to

the Keplerian value at all times (see Section 3.2). The

basic dynamic equation is then:

M2
d

dt

√
GM1(r)r = −1

2
cDπR

2
2ρ1(r)GM1(r), (10)

whereM2 is the mass of the secondary. Numerical solu-

tions of Equation 10, which is a simple ordinary differen-

tial equation yield the evolution of the radial coordinate

of the secondary, r(t).

Over an infinitesimal radial displacement equal to dr,

the angular momentum of the primary, J1, increases by

an amount equal to that lost due to the spiral–in of the

secondary, J2 as follows:

dJ1

dr
= f

1

ṙ

dJ2

dt
. (11)

The factor f ≤ 1 is the fraction of the angular momen-

tum lost by the secondary that results in bulk rotation

of the layers of the primary, the rest appearing as local

vorticity and being eventually dissipated. Accordingly,

the specific angular momentum deposited in the primary

is equal to:

jspin(r) =
dJ1/dr
dM1

dr

= f
dJ2

dM1
. (12)

Taking J2 = M2

√
GM1(r)r, with M2 constant, we

obtain the deposited specific angular momentum profile

of the primary following the merger event for R1,He <

r2 < R1, where R1,He, r2 and R1 is the radius of the He–

core of the primary, the radial distance of the secondary

from the center of the primary and the radius of the

primary respectively:

jspin(r) =
fq

2

√
GM1(r)r

(
1 +

d ln r

d lnM1

)
, (13)

where dM1/dr = 4πr2ρ(r). This expression shows that

the angular momentum per unit mass deposited is pro-

portional to the specific angular momentum of the Ke-

plerian orbit of the secondary times a function that

rises steeply toward the surface of the primary. This

can be seen clearly by considering an alternative ex-

pression for the logarithmic derivative above in terms

of the ratio between the average density of the pri-

mary inside radius r and the local density at that ra-

dius (d ln r/d lnM1 = ρ1(r)/3ρ1(r)). We assume that

the secondary completely dissolves when r ' R1,He due

to strong tidal forces, so that jspin(r) = 0 for r < R1,He.

If j1(r) is the original, un–perturned specific angular

momentum profile of the primary then, following the

merger event, the final perturbed profile will be:

ĵ1(r) = j1(r) + jspin(r). (14)

3.4. 3D Simulation of the R1 = 12 R� merger case.

In order to numerically evaluate the properties of an

early Case B merger and derive a better measure of

the inspiral time (Section 3.1), we run a 3D merger

simulation for a 16 M�+1 M� system with the paral-

lelized adaptive mesh refinement (AMR) code OctoTiger

(Motl et al. 2007; Kadam et al. 2016). Due to compu-

tational limitations, were only able to properly resolve
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Figure 2. Face–on view of the OctoTiger 16 M�+1 M� merger simulation occurring at R1 = 12 R� during the beggining
of the simulation (left panel) and the tidal–disruption of the secondary around the core of the primary (right panel). Different
colors correspond to different values for gas density as shown in the colorbars. The X and Y axis scales are in units of the initial
binary separation of the binary (12 R�).

the R1 = 12 R� case in 3D. At this phase, the pri-

mary is just past its TAMS with no H burning taking

place in the core and it is starting its Hertzsprung gap–

crossing phase. For the larger primary radius choices

(100, 300, 500 R�), the density contrast between the

secondary and the envelope of the primary would be

such that it would require a large degree of mesh refine-

ment and a prohibitive number of computing cells. We

argue, however, that the final phase of this simulation

corresponding to the plunge of the secondary into the

central regions of the primary eventually leading to its

tidal disruption, will not be singificantly different for the

other cases.

To initialize the 3D cartesian grid of OctoTiger, we

first compute the structures of both the 16 M� at 12 R�
and the 1 M� components using variations of the pub-

licly available 15M dynamo and 1M pre ms to wd MESA

test suite problems accordingly. Our MESA input in-

list files for these runs and all of our merger models will

be made publicly available at the MESA marketplace1

website. We then fit the structure of each of the compo-

nents of the binary system with bipolytropic functions

as required for the initialization method used in Oc-

toTiger (Kadam et al. 2016). For the 16 M� primary

during the phase when its radius is 12 R� the bipoly-

tropic indices were found to be 3.2 for the core and 3.1

for the envelope. For the 1 M� secondary, accordingly,

1 www.mesastar.org

the best–fit bipolytripc indices were 3.0 and 1.5 for the

core and the envelope respectively. Upon mapping to

OctoTiger the dynamical merger was driven by increas-

ing the entropy of the primary’s envelope (Kadam et al.

2016). Within ∼ 175 orbits the secondary came into

contact with the primary and subsequently experienced

an inspiral toward the He core of the primary until it

got tidally disrupted. This latter phase lasted ∼ 5 days,

and is in excellent agreement with the simple analytical

estimate for the inspiral timescale that we provided in

Section 3.1. Figure 2 shows a face–on view of the initial

binary arrangement (left panel) and the final phase of

secondary tidal disruption (right panel) as simulated in

OctoTiger.

4. STELLAR EVOLUTION CALCULATIONS

4.1. Post–merger structure relaxation with MESA.

To quantitatively evaluate the physical properties and

long–term evolution of post–merger objects produced

the binary progenitor systems discussed in Section 3,

we use the open–source stellar evolution code MESA

version 10108. More specifically, we take advantage of

the new model relaxation feature described in Appendix

B of (Paxton et al. 2018) that allows the user to import

the entropy (or, alternatively the density/temperature,

density/internal energy or pressure/temperature) pro-

file, and the specific angular momentum and composi-

tion profile of an 1D model into MESA, regardless of

whether it was calculated in an external code or MESA

itself. The original model profiles are then gradually
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Figure 3. Comparison of pre– and post–merger internal distribution profiles for specific angular momentum j (upper left panel),
angular velocity Ω (upper right panel), density ρ (lower left panel) and temperature T (lower right panel) of the 15 M� primary
rotating at 200 km s−1 during the ZAMS and for a contact radius of 200 R� (model “M15r200c200”).

Figure 4. Evolution of the non–rotating and rotating single (“S”) models in the Hertzsprung-Russell diagram for ZAMS mass
of 15 M� (left panel) and 20 M� (right panel). The 3-σ observed location of Betelgeuse is also marked for comparison.

numerically “relaxed” to the input entropy, angular mo-

mentum and composition profiles in MESA with the

goal to achieve hydrostatic equilibrium computed with

an Equation of State (EOS) that is consistent with the

one used in the code. Subsequently, the “relaxed” mod-

els can be evolved for long, stellar evolution time–scales

with all physics modules turned on.

In our analysis, we start by computing the single evo-

lution of massive primaries with the following prop-

erties during ZAMS: M2 = 15, 20 M�, and initial

equatorial rotational velocity v1,rot,i = 0, 200, 300,

500 km s−1 therefore accounting for both non–rotating

and rapidly rotating pre–merger primary stars. For

all models we are using the Ledoux criterion for con-

vection with the mixing–length theory (MLT) coeffi-

cient, αMLT = 1.5. Semiconvective and thermoha-

line mixing with fiducial coefficients of αsemi = 0.04

and αth =1.0 respectively are included (Kippenhahn
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Table 1. Properties of the MESA models considered in this work.

Model M1 (M�) M2 (M�) v1,rot,i (km s−1) R1 (R�) log Teff,0 (K) log(L0/L�) vrot,0 (km s−1) ∆ttarget (yr)

Single star evolution

S15r0 15 – 0 – 3.50 5.02 0.0 0.0

S15r200 15 – 200 – 3.49 5.04 0.15 35.0

S15r200b† 15 – 200 – 3.50 5.02 0.18 0.0

S15r300 15 – 300 – 3.49 5.03 0.18 66.7

S15r500 15 – 500 – 4.51 5.62 436.23 0.0

S20r0 20 – 0 – 3.49 5.30 0.0 0.0

S20r0b‡ 20 – 0 – 3.49 5.19 0.0 0.0

S20r200 20 – 200 – 3.49 5.32 0.06 0.0

Binary merger, q = 0.07

M15r0c200 15 1 0 200 3.50 5.04 5.00 8.3× 104

M15r0c300 15 1 0 300 3.50 5.03 5.98 2.6× 105

M15r0c700 15 1 0 700 3.48 5.03 20.40 1.7× 105

M15r200c200 15 1 200 200 3.50 5.04 4.66 1.5× 104

M15r200c300 15 1 200 300 3.50 5.04 5.59 1.6× 105

M15r200c700 15 1 200 700 3.48 5.04 19.95 1.2× 105

Binary merger, q = 0.18

M17r0c200 17 3 0 200 3.50 5.24 6.83 5.0× 105

M17r0c250 17 3 0 250 3.50 5.24 6.81 5.1× 105

M17r0c300 17 3 0 300 3.50 5.24 7.49 5.3× 105

M17r0c200 vL 17 3 0 200 3.50 5.24 6.82 5.0× 105

M17r0c250 vL 17 3 0 250 3.50 5.24 6.79 5.1× 105

M17r0c300 vL 17 3 0 300 3.50 5.23 7.48 5.3× 105

M17r200c200 17 3 200 200 3.50 5.29 4.35 6.9× 105

M17r200c250 17 3 200 250 3.50 5.30 6.18 6.9× 105

M17r0c300 17 3 200 300 3.50 5.31 8.94 6.8× 105

Binary merger, q = 0.25

M16r0c200 16 4 0 200 3.50 5.22 9.10 8.0× 105

M16r0c250 16 4 0 250 3.50 5.21 10.90 7.8× 105

M16r0c300 16 4 0 300 3.50 5.20 12.05 7.6× 105

M16r200c200 16 4 200 200 3.50 5.28 4.50 7.1× 105

M16r200c250 16 4 200 250 3.50 5.27 6.17 7.2× 105

M16r200c300 16 4 200 300 3.50 5.25 8.94 7.0× 105

Note—†This model was run without the effects of magnetic fields on angular momentum transport and chemical mixing turned–on. ‡This model was run
with enhanced mass–loss during the main–sequence and post–main sequence phase (by selecting a higher mass–loss coefficient for the Vink and Reimers
prescriptions used).

et al. 1980). We also use the 21–isotope “approx21.net”

nuclear reaction network (Timmes et al. 2000) and

the “Helmholtz” EOS (Timmes & Swesty 2000). For

the rotating models, angular momentum diffusion and

rotationally–induced mixing is computed by using the

supplied perscriptions (Heger et al. 2005) including the

effects of magnetic fields due to Spruit–Taylor dynamo

action (Spruit 2002). For each rotational instability

(such as meridional (Eddington–Sweet; “ES”) circu-

lation, dynamical shear instability (“DSI”), seculary

shear instability (“SSI”), Soldberg–Hoiland instability

(“SHI”), Goldreich–Schubert–Fricke (“GSF”) instabil-

ity and Spruit-Taylor (“ST” dynamo) a viscosity and

a diffusion coefficient are adopted based on standard as-

sumptions for massive stars (Heger et al. 2000; Spruit

2002; Heger et al. 2003). MESA allows the user to set the

efficiency of each mechanism (which we take to be 1.0)

separately, and then computes each contribution to the

total viscosity and diffusion coefficient independently as

described in Heger et al. (2000, 2005). These coefficients

are then used to calculate the total viscosity and diffu-

sion coefficients that determine the efficiency of angular
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Figure 5. Evolution of the non–rotating and rotating merger (“M”) models in the Hertzsprung-Russell diagram for ZAMS
primary and secondary mass of 15 M� and 1 M� accordingly (q = 0.07; left panel). The 3-σ observed location of Betelgeuse
is also marked for comparison. The colorbar shows the corresponding surface equatorial rotational velocity values at different
evolutionary stages.

momentum mixing in different regions of the stars by

solving the angular momentum diffusion equation in 1D

spherical coordinates. We note that these angular mo-

mentum mixing processes were adopted for all of our ro-

tating models (both the single rotating models and the

rotating post–merger models). As a consequence, our

results on the evolution of rotation in these models may

be dependent on how efficient angular momentum mix-

ing is in massive stars, which is an actively debated topic

involving several poorly constrained parameters. Alter-

native angular momentum mixing processes (see, for ex-

ample Fuller et al. 2014) may therefore impact our re-

sults. Steady–state radiatively–driven mass–loss is also

computed following Vink et al. (2001). Temperature–

dependent mass–loss during the RSG phase is based

on the “de Jager” prescriptions (de Jager et al. 1988).

We also run a subset of models for the q = 0.18 case

(M1 = 17 M�) using the “van Loon” formula (van Loon

et al. 2005) suggesting stronger winds during the RSG

phase (Smith 2014) in order to investigate the effect of

mass–loss on the final surface rotation rate.

We computed two sets of models: the “Single (S)”

and the “Merged (M)” group. The “S” models refer to

the evolution of massive, rotating or non–rotating sin-
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Figure 6. Evolution of the non–rotating and rotating merger (“M”) models in the Hertzsprung-Russell diagram for ZAMS
primary and secondary mass of 17 M� and 3 M� accordingly (q = 0.18; left panel). The 3-σ observed location of Betelgeuse
is also marked for comparison. The colorbar shows the corresponding surface equatorial rotational velocity values at different
evolutionary stages. In the top two and the left middle panels, square symbols denote the models run with the “van Loon”
formula for RSG mass–loss. The middle–left panel also shows the (artificial) HR evolution during the numerical MESA “merger”
procedure. Similar effects during that stellar engineering phase are seen in Menon et al. (2019) (i.e. their Figure 4).

gle stars that do not suffer a merger. We run a set of

“S” models in order to calculate the evolution of the

surface equatorial rotational velocity of massive stars

and determine their rotation rates after the end of their

main–sequence lifetimes, during the supergiant phases

of their evolution. This is equivalent to the work done

by (Wheeler et al. 2017) with the purpose to determine

for how long single massive supergiant stars rotate with

speeds consistent with those reported for Betelgeuse.

The “M” group of models is essentially a sub–sample

of the “S” group but with the key difference that we

stop the single evolution part of the computation dur-

ing the “Hertzsprung–gap” crossing phase while the pri-

mary is expanding toward the supergiant branch after

the end of the main–sequence. It is during that phase

that we assume the first contact with secondary occurs

triggering the merger process. In our analysis we con-

sider different values for the initial contact radius for

primary radii R1 = 200, 250, 300 or 700 R�. From

hereafter we adopt the notations <X><Y>r<Z> and
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Figure 7. Evolution of the non–rotating and rotating merger (“M”) models in the Hertzsprung-Russell diagram for ZAMS
primary and secondary mass of 16 M� and 4 M� accordingly (q = 0.25; left panel). The 3-σ observed location of Betelgeuse
is also marked for comparison. The colorbar shows the corresponding surface equatorial rotational velocity values at different
evolutionary stages.

<X><Y>r<Z>c<V> where X=S,M for the “Single” or

the “Merged” case, Y= M1 in solar masses, Z= vrot,0

(ZAMS surface equatorial rotation rate) in km s−1 and

V= R1 in R�. Details for each models are given exten-

sively in Table 1. As an example, model “M17r200c300”

corresponds to a M1 = 17 M� primary rotating at

200 km s−1 during ZAMS that suffered a merger with

an 4 M� secondary after the end of the main–sequence

and at a radius of R1 = 300 R�. We also run a model

where we ignore the effects of angular momentum trans-

fer due to magnetic fields (model “S15r200b”) and a

model with enhanced mass–loss rate during the main–

sequence (model “S20r0b”, where we set the mass–loss

efficiency coefficients (ηML) to 5 times higher than the

default value of 1.0) to investigate the corresponding ef-

fects on the evolution of surface rotation rate.

To compute the post–merger evolution of the “M”

set of models, we adjust their specific angular mo-

mentum profiles for different choices of contact radii

R1, according to Equations 13 and 14 by using the

MESA model relaxation feature. In addition, follow-

ing arguments discussed in Section 3.2 we assume that
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Figure 8. Evolution of surface equatorial rotational velocity (vrot,s) for 15, 20 M� single evolution (upper left panel) and
post–merger evolution for primary stars with the following properties: M1 = 15 M�, M2 = 1 M� (q = 0.07; upper right panel),
M1 = 17 M�, M2 = 3 M� (q = 0.18; lower left panel) and M1 = 16 M�, M2 = 4 M� (q = 0.25; lower right panel). Solid lines
correspond to the initally non–rotating primaries and dashed lines to the initially rotating primaries with v1,rot,i = 200 km s−1.
The horizontal dashed lines denote the 5–15 km s−1 range and the vertical dashed lines correspond to the times when the models
are within the 3–σ error bars of the observed luminosity and effective temperature for Betelgeuse. See Table 1 for details about
the model properties.

the post–merger composition and entropy profiles re-

main unaffected. Figure 3 shows the pre– and post–

merger internal distribution of specific angular momen-

tum, angular velocity, density and temperature for the

“M15r200c200” models. It can be seen that the envelope

of the primary experiences a significant spin–up due to
the spiral–in of the 1 M� companion star. Depending

on the specifics of re–distribution of angular momentum

due to diffusive processes and convection in the enve-

lope of the primary, this high rotation rate may persist

for long time–scales and up to the supergiant stage of

the post–merger evolution. We investigate this in the

following paragraph.

4.2. Post–merger evolution with MESA.

The long–term evolution of both the “S” and “M”

class of models is followed for up to the supergiant, core

He–burning, phases providing us with “Hertzsprung–

Russell” (HR) tracks and predictions about the evolu-

tion of surface equatorial rotational velocity that can

be directly compared against observations of rapidly–

rotating supergiant stars and, more specifically, Betel-

geuse.

Betelgeuse has been discussed as a candidate of a su-

pergiant star that has recently suffered a merger event

with a smaller companion (Wheeler et al. 2017; Nance

et al. 2018). We adopt the observational results of

Dolan et al. (2016) indicating L/L� = 1.3+0.7
−0.5 × 105,

R/R� = 887 ± 203 and Teff = 3500 ± 200 K where

the uncertainties in luminosity and radius are domi-

nated by the uncertainty to the distance of Betelgeuse,

d = 197± 45 pc (Harper et al. 2008, 2017). In addition,

Gilliland & Dupree (1996); Uitenbroek et al. (1998);

Kervella et al. (2018) report surface rotational veloci-

ties in the range ∼ 5–15 km s−1.

5. RESULTS

Table 1 details the properties of the models studied

in this work. log(L0/L�), log Teff,0 and vrot,0 corre-

spond to the values of the luminosity (in solar units),

effective temperature and surface equatorial rotational

velocity of each model during the supergiant phase re-

spectively. ∆ttarget denotes the time (in years) that each

model spends within the range of target observed values

for Betelgeuse (5–15 km s−1). Figure 4 shows the HR

tracks of the “S” models and Figures 5, 6 and 7 the
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HR tracks of the M1 = 15, 17 and 16 M� “M” mod-

els respectively, including a colorscale that denotes the

surface equatorial velocity at different stages in units

of km s−1. The small gaps in data between the pre–

merger and the post–merger evolution in the HR plots

correspond to the first few steps of numerical relaxation

that we omitted from the plot. The post–merger evolu-

tion is therefore plotted starting at the first dynamically

stable, relaxed state of the post–merger object. Figure 8

shows the evolution of surface equatorial rotational ve-

locity for rotating “S” models and all “M” models after

merger.

All the “S” models evolve to a red supergiant phase

within ∼ 10–13 million years with the exception of the

most rapidly–rotating model “S15r500” that evolves to

a blue supergiant that is inconsistent with the obser-

vations of Betelgeuse, and as such we exclude it from

further discussion. The luminosity and effective tem-

peratures of the “S” models that evolve to the red su-

pergiant phase are well within the error bars of those

of Betelgeuse. However, after the end of the main–

sequence and during their thermal expansion toward

the supergiant phase, angular momentum conservation

leads to a significant spin–down and surface rotation

velocities ∼ 0.2 km s−1 for the rotating 15 M� “S”

models and ∼ 0.06 km s−1 for the rotating 20 M�
model respectively. The exclusion of the effects of angu-

lar momentum transport due to magnetic fields (model

“S15r200b”) and enhanced main–sequence steady–state

mass–loss rates (model “S20r0b”) do not significantly af-

fect the predictions for log(L0/L�), log Teff,0 and vrot,0.

During the ascent toward higher luminosities and the su-

pergiant phase the surface equatorial rotational velocity

gradually declines for all “S” models due to the enve-

lope expansion but only spends a very short amount of

time (∼ a few to tens of years in some cases) within the

target 5–15 km s−1 range. That is consistent with the

findings of Wheeler et al. 2017; (See their Figure 7 for

more information). This result indicates that models of

single stellar evolution with rapid rotation at the ZAMS

do not accurately predict the observed characteristics of

Betelgeuse.

All of the models in the “M” subset evolve toward the

observed, 3–σ luminosity and effective temperature for

Betelgeuse during their post–merger evolution. In Fig-

ures 5, 6 and 7 the colorscale corresponds to the mag-

nitude of surface equatorial rotational velocity in units

of km s−1. A significant spin–up up to ∼ 100 km s−1

is acquired within a thermal adjustement timescale fol-

lowing the merger. MESA is numerically “relaxing” to

an acceptable model for a time period less than the

thermal adjustement timescale (see HR track for model

“M17nr0c300”). Fast rotation is also maintained all

throughout the ascent to the supergiant phase, with

vrot,0 > 5 km s−1 during the time of peak luminosity

as indicated in their corresponding HR tracks. As can

be seen in Figure 8, these rapid rotation rates persist

for hundreds of thousands of years for the “M” mod-

els, making it possible to detect rapidly–rotating super-

giant stars in higher rates. Higher RSG mass loss rates

using the “van Loon” formula (the “M17r0c<V> vL”

models) do not appear to significantly reduce the final

surface rotational velocities. The preservation of high

rotation for long time–scales is predominantly due to a

fully–convective stellar envelope for r > 1.54× 1012 cm

that assists in establishing near solid–body rotation. It

is worth cautioning, however, that this is the outcome

assuming standard simplified 1D parametrizations of an-

gular momentum transport, a process that is inherently

three–dimensional, and not fully understood especially

for massive stars as it depends on both internal structure

conditions as well as binary interaction effects. Finally,

the results detailed in Table 1 for the “M” suite of mod-

els show that for primaries of the same mass, and for

the same contact radius, the inclusion of pre–existing

rotation for the primary does not alter the results sig-

nificantly.

6. DISCUSSION

In this paper we study the evolution – including the

angular momentum evolution – of low mass–ratio merg-

ers (0.07< q <0.25) where a massive primary star en-

gulfs its smaller (M2 ∼ 1–4 M�) companion during

their thermal expansion phase after the end of the main

sequence. We devise the initial conditions for the bi-

nary progenitor system and an approximate, analytical

model that characterizes the deposition of angular mo-

mentum in the envelope of a massive primary during

the spiraling–in of the secondary and up to the point

when the secondary becomes tidally disrupted around

the He core of the primary. We then calculate the per-

turbed, post–merger specific angular momentum distri-

bution and use it to simulate the post–merger evolution

with the stellar evolution code MESA. We consider two

sets of models, one where we calculated the evolution

of single, rapidly–rotating stars (the “S” group) and an-

other where massive stars suffer a merger event in order

to predict the evolution of surface equatorial rotational

velocity toward the supergiant phase (the “M” group)

and compare our results with the observations of the

star Betelgeuse.

Our analysis indicates that low mass–ratio (q =

M2/M1 = 0.07–0.25) mergers initiated during the

post–main sequence evolution of a primary with mass
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15–17 M� and when the primary reaches a radius of

∼200–300 R� evolve to red supergiant stars that are

rapid rotators for up to ∼200,000 years, in good agree-

ment with the observations of Betelgeuse. In Section 2

we considered also the possibility that Betelgeuse might

have been spun–up by accretion and then released in a

supernova explosion of its companion. A survey of ex-

isting population synthesis and binary stellar evolution

calculations shows that there is no clear and compelling

path to the desired result, because the outcomes are

extremely sensitive to initial conditions and model as-

sumptions. On the other hand, we are unable at this

point to rule out the accretion option for Betelgeuse.

This may require further investigation in a future pa-

per. In any case, a two–step process may be required

to obtain both the observed runaway velocity and the

high equatorial rotational velocity of Betelgeuse: a) the

dynamical ejection of a binary from Betelgeuse’s birth

cluster as the origin of its observed space velocity (with

binary parameters that allow the system to survive the

ejection) and b) the subsequent merger or accretion–

induced spin–up followed by a supernova explosion.

We have also established via binary system energet-

ics arguments and references to relevant past N–body

simulation studies, that young dense stellar clusters can

successfully eject intact runaway binary systems (with

ejection velocities > 30 km s−1) with properties that al-

low the primary to obtain a non–canonical, rapid surface

equatorial velocity following an early Case B merger that

occurs after its terminal age main sequence and during

its Hertzsprung gap–crossing phase. Furthermore, we

have estimated that such “quiet” mergers will not lead

to significant rejuvenation of the primary and the forma-

tion of a BSG star akin to the progenitor of SN 1987A,

but will likely yield rapidly rotating RSGs instead since

the secondary will not penetrate deep into the core of

the primary but be deposited on the H–burning shell.

It should be emphasized that some of our results may

depend on the details of angular momentum transport

in the post merger object and the mechanisms of angu-

lar momentum mixing that are available in the MESA

code via 1D parametrized perscriptions, where we adopt

standard values pertaining to massive stars (Heger et al.

2003, 2005; Ekström et al. 2012). Our results can be ex-

plored for other mechanisms of internal angular momen-

tum not included in this work (see, for example Fuller

et al. 2014 but that is beyond the scope of this paper.

These results indicate that stellar mergers, a natural

biproduct of stellar duplicity, is a prevalent feature in

the Universe (Sana et al. 2012; de Mink et al. 2014), is a

reasonable formation channel for rapidly–rotating giant

and supergiant stars (Tayar et al. 2015) and a mech-

anism that affects both the details of stellar evolution

but also the properties of circumstellar environments.

Even though our approach was approximate and uti-

lized many simplifying assumptions, this work serves as

a proof of principle that certain merger scenarios can re-

produce observations of a subset of giant and supergiant

stars, and potentially other categories of stars that are

generally considered “outliers”.

In the near future we aim to perform realistic, 3D

simulations of dynamical mergers with the same initial

properties as the ones discussed in this work with the

aim to more accurately assess the efficiency of angu-

lar momentum deposition but also better quantify the

mechanically–driven mass–loss that may lead to the for-

mation of circumstellar mass outflows. We also aim to

more carefully investigate the effect of these merger pro-

cesses on nucleosynthesis, and the potential to detect rel-

evant signatures in the spectra of candidate stars. These

calculations will allow us to obtain a better model for the

structure of the post–merger objects that can then be

spherically–averaged and evolved with MESA with the

aim to further constrain the long–term effects of binary

coalescence in massive stellar evolution.
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