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A B S T R A C T 

Multibody dynamical interactions of binaries with other objects are one of the main driving mechanisms for the evolution of 

star clusters. It is thus important to bring our understanding of three-body interactions beyond the commonly employed point- 

particle approximation. To this end, we here investigate the hydrodynamics of three-body encounters between star–black hole 

(BH) binaries and single stars, focusing on the identification of final outcomes and their long-term evolution and observational 

properties, using the moving-mesh hydrodynamics code AREPO. This type of encounter produces five types of outcomes: stellar 

disruption, stellar collision, weak perturbation of the original binary, binary member exchange, and triple formation. The two 

decisive parameters are the binary phase angle, which determines which two objects meet at the first closest approach, and the 

impact parameter, which sets the boundary between violent and non-violent interactions. When the impact parameter is smaller 

than the semimajor axis of the binary, tidal disruptions and star-BH collisions frequently occur when the BH and the incoming 

star first meet, while the two stars mostly merge when the two stars meet first instead. In both cases, the BHs accrete from an 

accretion disc at super-Eddington rates, possibly generating flares luminous enough to be observed. The stellar collision products 

either form a binary with the BH or remain unbound to the BH. Upon collision, the merged stars are hotter and larger than 

the main sequence stars of the same mass at similar age. Even after reco v ering their thermal equilibrium state, stellar collision 

products, if isolated, would remain hotter and brighter than main sequence stars until becoming giants. 

Key words: black hole physics – hydrodynamics – galaxies: star clusters: general – gravitation – stellar dynamics – transients: 

tidal disruption events. 

1  I N T RO D U C T I O N  

Dynamical interactions between stars and compact objects in dense 

environments play a fundamental role in a variety of astrophysical 

settings from influencing the thermodynamic state of a star cluster 

(Hut et al. 1992 ), to altering original planetary architectures (e.g. 

Li, Mustill & Davies 2020 ; Wang, Perna & Leigh 2020 ), to forming 

binary black holes (BHs) (e.g. Portegies Zwart & McMillan 2000 ; 

Samsing, MacLeod & Ramirez-Ruiz 2014 ; Rodriguez et al. 2015 ; 

Antonini et al. 2016 ; Fragione et al. 2019 ; Perna et al. 2019 ; Mapelli 

et al. 2021 ) which may make up a significant contribution to the BH–

BH mergers detected via gravitational waves (GWs) by the LIGO 

and Virgo observatories (The LIGO Scientific Collaboration et al. 

2021 ). 

We are living in an exciting era of transient surveys, where the 

number of transients will exponentially grow soon with detections 

by ongoing (e.g. the Zwicky Transient Facility 1 ) and future (e.g. Vera 

æ E-mail: tryu@mpa-garching.mpg.de 
1 https://www.ztf.caltech.edu 

Rubin Observatory 2 and ULTRASAT 
3 ) surv e ys. Ho we ver, the origin 

of many transients, such as the newly discovered class of the Fast Blue 

Optical Transients (FBOTs, Drout et al. 2014 ), remains unknown. For 

their reliable identification, it is imperative to understand possible 

mechanisms for the formation of various types of transients (e.g. 

Margutti et al. 2019 ). In particular, when a dynamical interaction 

between a star and a BH brings them within a very close distance, the 

star can be destroyed via its strong interactions with the BH, leading 

to the production of a bright flare. Due to the expectation of these 

transient electromagnetic signatures, the study of close dynamical 

interactions between stars and compact objects is an especially timely 

one in light of both ongoing and upcoming transient surv e ys. 

When close interactions involve a three-body encounter between 

a binary and a tertiary object, there is a richer set of possible 

outcomes compared to the case of a close encounter between a 

star and a stellar-mass BH where, depending on the closeness of 

the encounter, the main outcome is a partial or full disruption 

of the star (Perets et al. 2016 ; Wang, Perna & Armitage 2021a ). 

2 https://www.lsst.org 
3 https:// www.weizmann.ac.il/ ultrasat
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While so far few hydrodynamical simulations involving binaries 

have been carried out (e.g. Goodman & Hernquist 1991 ; McMillan 

et al. 1991 ; Lopez Martin et al. 2019 ), the impending increase 

in the number of detectable transients and, at the same time, the 

importance of compact object binaries for GW observations make 

these investigations especially timely. Rarer events, which may not 

have been detectable to date, may likely occur in the near future. 

Since encounters among more than two objects can become 

chaotic and are not analytically tractable in general, most of the theo- 

retical understanding of dynamical interactions is based on numerical 

experiments using N -body simulations in which the trajectories of 

stars or BHs, approximated as a point particle, are integrated under 

the gravitational forces o v er time (e.g. Fre geau et al. 2004 ; Leigh et al. 

2016 , 2017 ; Ryu, Leigh & Perna 2017 ; Trani, Fujii & Spera 2019 ). 

Those e xperiments hav e pro vided profound insights into dynamical 

interactions, particularly the statistical properties of outcomes. In 

addition, assuming a finite size of the point masses, one can in 

principle investigate the occurrence rate of transients, such as tidal 

disruption events or stellar collisions, using N -body simulations with 

a finite size of the point masses (e.g. Fregeau et al. 2004 ; Ryu, Trani & 

Leigh 2022a ). Ho we ver, in these studies, non-linear hydrodynamic 

effects on stars or on surrounding media, such as tidal deformation 

or shocks, which are essential for the prediction of observables and 

the accurate identification of outcomes, are ignored or treated very 

approximately. 

We have therefore recently begun a systematic hydrodynamical 

investigation of 3-body close encounters between a binary and a 

tertiary object, involving spatially resolved stars, which we have 

presented in a series of papers. In Ryu, Perna & Wang ( 2022b , Paper 

1 in the following), we investigated the outcomes of close encounters 

between main sequence stars and stellar-mass binary BHs, using 

3D smoothed particle hydrodynamics simulations, and for a variety 

of initial orbital parameters and encounter geometries. We found a 

rich phenomenology for the predicted accretion rates (which can be 

considered to be a zeroth-order proxy for the luminosity): while some 

encounters lead to signatures similar to those typical of the 2-body 

encounters, other situations carry clear signatures of the binarity, 

with the accretion rate modulated o v er the binary period, as both 

BHs alternate in stripping mass from the star. We further found 

that the interaction of the BH binary with the star and the stellar 

disruption itself can produce a significant feedback on the binary 

orbital parameters, quantitati vely dif fering from the cases of pure 

scattering (Wang et al. 2021b ). A single close encounter can produce 

changes of up to unity in the GW-driven merger time-scale. 

In Ryu et al. ( 2023b , Paper 2 in the following), we explored 

the outcomes of close 3-body encounters in which the binary is 

composed of two main sequence stars, while the incoming tertiary 

object is a stellar-mass BH, using moving-mesh hydrodynamics 

simulations. Again exploring a variety of initial conditions, the 

simulations unco v ered a variety of astrophysical outcomes, from 

the most standard one of a single star disruption to a double 

star disruption to member exchange leading to the formation of 

an X-ray binary to the formation of runaway stars and runaway 

BHs made active by the accreting debris from the disrupted 

stars. 

Most recently, in Ryu et al. ( 2023a , Paper 3 in the following), 

we performed moving-mesh hydrodynamical simulations of close 

encounters between single BHs and binaries composed of a main 

sequence star and a BH. Outcomes were found to range from orbital 

perturbations of the original binary to member exchanges either of 

the BH (hence forming a new X-ray binary), or of the star (hence 

leading to a binary BH). Deep encounters, on the other hand, were 

found to more often lead to the disruption of the star, with accretion 

rates that can display modulation if the two BHs have bound to form 

a binary. 

In this paper, which is the fourth in our series, we continue 

our investigation in this area by performing 3D hydrodynamical 

simulations of close encounters between the main sequence, single 

stars, and binaries composed of a BH and a star, using numerical 

methods developed in Paper 2 and refined in Paper 3 . In addition 

to outcomes already encountered before, we find new astrophysical 

phenomena, such as the formation of binary star systems via member 

exchange and stellar mergers, whose evolution we then follow with 

the stellar evolution code MESA (Paxton et al. 2011 ). 

The paper is organized as follows: Section 2 describes the numer- 

ical methods we use, and the initial conditions of our simulations. 

Simulation results are presented in Section 3 , with their astrophysical 

implications discussed in Section 4 . We summarize and conclude in 

Section 5 . 

2  M E T H O D S  

Our numerical methods are essentially the same as described in 

P aper 3 , e xcept that the incoming object is now a 10 M » main- 

sequence (MS) star. We concisely summarize the key elements 

here, but we refer to Paper 3 for the specific details. We perform a 

suite of 3D hydrodynamic simulations of the close encounters using 

the massively parallel gravity and magnetohydrodynamic moving 

mesh code AREPO (Springel 2010 ; Pakmor et al. 2016 ; Weinberger, 

Springel & Pakmor 2020 ). We use the HELMHOLTZ equation of 

state (Timmes & Swesty 2000 ), which includes radiation pressure, 

assuming local thermodynamic equilibrium. 

The initial state of the two stars, the one in the binary and the 

incoming single, is identical and was taken from evolved MS stars 

with the core H mass fraction of 0.3 (at age of 18 Myr) computed 

using the stellar evolution code MESA (version r22.05.1) (Paxton 

et al. 2011 , 2013 , 2015 , 2018 , 2019 ; Jermyn et al. 2023 ). This 

stellar model is the same as the one adopted in Paper 3 . We refer 

to the Section 3.2 ‘Stellar model’ in Paper 3 for the choices of 

the parameters adopted to evolve the star and for its radial density 

profile. We map the 1D MESA model into a 3D AREPO grid with N 

c 5 × 10 5 cells and fully relax the resulting 3D single star. 

We model the BH using an initially non-rotating sink particle, 

which interacts gravitationally with the gas and can grow in mass via 

gas accretion. We follow exactly the same procedure for accretion 

described in Paper 3 , including the refinement criteria introduced 

there. 

We parametrize the binary’s semimajor axis a using the analytical 

approximation of the Roche lobe radius by Eggleton ( 1983 ), 

r RL 

a 
= 

0 . 49 q 2 / 3 

0 . 6 q 2 / 3 + ln (1 + q 1 / 3 ) 
, (1) 

where r RL is the volume averaged Roche lobe radius of the star, q = 

M æ / M • is the mass ratio, and a is the orbital separation. We define 

a RL c a ( R RL = R æ ) as the separation at which the star fills its Roche 

lobe. For q = 0.5 and r RL = R æ , a RL c 3.12, and R æ c 16 . 9 R ». 

2.1 Initial conditions 

In our simulations, a circular binary consisting of a 20 M » BH 

and a 10 M » star encounters a single 10 M » star on a parabolic 

trajectory. As remarked in Paper 3 , the choices of the encounter 

parameters are somewhat arbitrary, but BHs with such masses have 

been observed in X-ray binaries (e.g. Binder et al. 2021 ). In addition, 
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(i) Disruption

(ii) Merger

(iii) Orbit 
perturbation

(iv) Member
exchange

(v) Triple

Class

One or both stars are tidally 
destroyed by the black hole 
or the black hole and a star collide.

The two stars collide and merge.

The incoming star perturbs 
the orbit of the original binary.

The incoming star pairs with 
the black hole while the star 
originally in the binary is ejected.

The two stars and black hole
forms a hierarchical triple.

Description
Black hole

Star initially in binary

Incoming star

Figure 1. Schematic o v erview of the fiv e outcome classes we identified: disruption , merger , orbit perturbation , member exchange , and triple , produced in 

three-body dynamical interactions between BH-star binaries and single stars. See Section 3.1 for detailed explanations. 

encounters between objects of similar masses are expected in the 

centres of young star clusters where massive objects accumulate 

due to mass se gre gation. Later, based on our simulation results, we 

discuss potential effects of different masses in Section 4.3 . 

We consider three semimajor axes: a / a RL = 2, 4, and 6, correspond- 

ing to orbital periods of 4, 12, and 22 d, respectively. The distance 

between the binary’s centre of mass and the star at the first closest 

approach is parametrized using the impact parameter b , i.e. r p = ab /2. 

Here, r p is the pericentre distance and a the binary semimajor axis. 

We investigate the dependence of encounter outcomes on key 

encounter parameters, i.e. inclination angle i = 0, 30 ç, 60 ç, 120 ç, and 

180 ç, b = 1/4, 1/2, 1, and 2, and the phase angle Ç = 0 ç–315 ç with 

an increment of #Ç = 45 ç. Here, i represents the relative inclination 

angle between the orbit axis of the binary (al w ays along the z-axis 

in the simulations) and the axis of the single star’s orbit relative to 

the centre of mass of the binary. Prograde encounters are defined as 

cases where i < 90 ç, while retrograde encounters are defined as cases 

where i > 90 ç. Ç is the initial angle between the line connecting the 

two members in the binary and the x -axis (see fig. 2 in Paper 3 ). To 

study the impact of Ç, we initially rotate the binary while the initial 

separation between the binary and the star is fixed at 5 a . We study 

the dependence of outcomes on i , Ç, and b using the encounters of 

the intermediate-size binaries ( a / a RL = 4). 

We summarize the initial parameters considered in our simulations 

in Table 1 . Each of the models is integrated to a few up to 100 t p , which 

is the typical time it takes to identify the final outcomes. Here, t p = 

( r 3 p /GM) 1 / 2 is the dynamical time at r = r p and M is the total mass 

of three objects. The value of t p for each model is given in Table 1 . 

3  R ESULTS  

3.1 Classification of outcomes 

We divide the outcomes produced in the three-body encounters 

between BH-star binaries and single stars into five classes: stellar 

disruption , merger , orbital perturbation , member exchange , and 

triple formation . We provide a sketch with an o v erview of the five 

outcome classes with corresponding short descriptions in Fig. 1 , and 

we summarize the outcome types and properties for all our models 

in Table 2 . 

(i) Stellar disruption : this class refers to encounters in which one 

or both stars are fully destroyed via tidal disruptions and collisions 

with the BH. These disruptive encounters mostly take place when 

the BH and the single star meet first. Once the star is destroyed, 

the BH is quickly surrounded by an accretion flow, which would 

generate an electromagnetic transient (see Section 3.4 ). Disruptions 

can also happen when two stars encounter first on a retrograde 

orbit ( i = 150 ç): in two models (Models 15. a 4 b 1/2 Ç180 i 150 and 
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Figure 2. Semimajor axis a and eccentricity e of the final binaries: (left) the ratio of the final a to the initial a as a function of the final a , and (right) final e as a 

function of the final a . The values of those quantities are found in Table 2 . The number in each circle indicates the model number, whereas its colour shows the 

category in which the outcomes of the corresponding model fall into: black ( disruption ), red ( merger ), blue ( orbit perturbation ), and green ( member exchange ). 

The plot in the right-hand panel shows the pericentre distance r p using a logarithmic scale with four guiding lines, indicating r p = 5 . 4 R » (dotted, the stellar 

radius of the original star), 10 R » (dot–dashed), 50 R » (dashed), and 100 R » (solid). Note that the power-law relation with small scatter in the left-hand panel 

is simply because the initial semimajor axis is the same in most models (or a = 4 a RL ). The four binaries with a > 200 R » are excluded in this plot to focus on 

the parameter space occupied by the majority of the final binaries. 

20. a 2 b 1/2 Ç180 i 150), the two stars merge first, followed by the 

disruption of the merged star by the BH. The three types of final 

outcomes in this class are: 

(a) Single BH: a single accreting BH when both stars are 

destroyed (Models 15. a 4 b 1/4 Ç180 i 150, 19. a 2 b 1/2 Ç0 i 150, 

and 20. a 2 b 1/2 Ç180 i 150). The ejection velocity of single BHs 

is 60 –100 km s 21 , which is high enough to escape globular 

clusters. 

(b) Binary: a full disruption of the incoming star and the 

original binary, where the BH is accreting, hence there is 

no ejected single star (e.g. Models 3. a 4 b 1/2 Ç9 i 30 and 4. 

a 4 b 1/4 Ç0 i 30). 

(c) Binary + single: a partial disruption event of the incoming 

star, creating an unbound partially disrupted star, and the 

original binary where the BH is accreting (e.g. Models 11. 

a 4 b 1/2 Ç0 i 150 and 27. a 4 b 1/2 Ç0 i 120). 

(ii) Merger : this corresponds to the case where the two stars 

merge and survive. These events frequently occur when the two 

stars encounter first on a prograde orbit ( i = 30 ç). For this case, the 

merged stars form a binary with the BH, except in one case where the 

merged star and the BH are unbound (Model 36. a 4 b 1/2 Ç315 i 30). 

The semimajor axes and the eccentricities of the binaries are 

a c 130 –200 R » and e c 0.5–0.7, respectively. 

(iii) Orbit perturbation : in this class, the incoming star weakly 

perturbs the orbit of the original star and becomes an unbound single. 

The final outcome is the perturbed binary consisting of its original 

members and an ejected star, which was the incoming single. We 

do not identify a well-defined region of the parameter space that 

is specific to this class: the encounter parameters of these cases 

co v er almost the entire range considered in this work. The perturbed 

binaries have a smaller a than the initial value by 10–40 per cent, 

depending on the encounter parameters. The ejected stars have a 

velocity ranging between 120 –230 km s 21 . 

(iv) Member exchange : We find that in five models (out of 37) 

the initial binary is dissociated and a new binary forms while the 

third object is ejected. The newly formed binaries consist of either 

the BH and the initially incoming star (Models 5. a 4 b 2 Ç180 i 30, 

8. a 4 b 1/4 Ç180 i 30, 34. a 4 b 1/2 Ç135 i 30) or the two stars (Models 

2. a 4 b 1 Ç0 i 30 and 16. a 4 b 1/4 Ç180 i 30). The semimajor axes of the 

newly formed binaries are larger than that of the original binary by 

5–50 per cent in all these models except Model 34. a 4 b 1/2 Ç135 i 30, 

where the newly formed binary is smaller than the original binary 

by 30 per cent. The eccentricities of the newly formed binaries are in 

the range 0.1–0.8. The ejection velocities of the singles vary between 

80 –230 km s 21 . Given our small sample size, we could not reliably 

identify the parameter region where the member exchange happens 

frequently. 

(v) Triple formation : In this class, a hierarchical triple forms 

after the original binary is dissociated (Models 1. a 4 b 2 Ç0 i 30, 32. 

a 4 b 1/2 Ç45 i 30, and 35. a 4 b 1/2 Ç225 i 30). In two cases (Models 1 and 

35), the inner binary consists of the two stars and the tertiary is the 

BH. In the last model, the star originally in the binary is in an outer 

orbit around the inner binary made up of the BH and the initially 

single star. According to the stability criteria by Vynatheya et al. 

( 2022 ), which is an impro v ed v ersion of Mardling & Aarseth ( 2001 ), 

all these triples are unstable. 

3.2 Dependence of outcomes on parameters 

(i) Phase angle : This primarily determines which two objects 

meet first. As indicated by the varieties of the outcomes (e.g. tidal 

disruption, triple, binary, and merger) from the models with varying 

Ç (Models 3 and 32–37), the outcomes sensitively depend on the 

exact configuration at the first encounter. A general trend is that 

the chances of having mergers are significantly higher in encounters 

where the two stars meet first, compared to the cases where the BH 

and the incoming star interact closely first. For the latter, a likely 

outcome is stellar disruption. For the parameters co v ered by Models 

3 and 32–37, a full disruption occurs within a relatively small region 

of Ç ( #Ç < 45 ç). 

(ii) Impact parameter : Violent events (i.e. tidal disruption, colli- 

sion, and merger) tend to occur when the impact parameter is less than 

a /2 (or b < 1). Ho we ver, a small impact parameter does not al w ays 

lead to such star-destroying events, depending on other encounter 
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Table 1. The initial model parameters for encounters between a circular binary ( q = 0.5) with total mass of 30 M » and a 

10 M » star. The model name ( second column) conv e ys the information of key initial parameters explored in this study: for 

the model names with the format a (1) b (2) Ç(3) i (4), the numerical values encode (1) the initial semimajor axis of the binary 

a / a RL , (2) the impact parameter b , (3) the initial phase angle Ç in degrees, and (4) the initial inclination angle i in degrees. 

Here, a RL c 3.12 and R æ c 16 . 9 R » specify the separation when the star in the binary fills its Roche lobe. The last three 

columns show the dynamical time t p at pericentre, the orbital period P of the binary, and the relativ e v elocity v orb of the 

binary members. 

Model number Model name a b Ç [ ç] i t p P v orb 

a RL R » – R » ( ç) ( ç) (h) (d) km s 21 

1 a 4 b 2 Ç0 i 30 4 67.5 2 67.5 0 30 39 12 291 

2 a 4 b 1 Ç0 i 30 4 67.5 1 33.8 0 30 14 12 291 

3 a 4 b 1/2 Ç0 i 30 4 67.5 1/2 16.9 0 30 4.9 12 291 

4 a 4 b 1/4 Ç0 i 30 4 67.5 1/4 8.45 0 30 1.7 12 291 

5 a 4 b 2 Ç180 i 30 4 67.5 2 67.5 180 30 39 12 291 

6 a 4 b 1 Ç180 i 30 4 67.5 1 33.8 180 30 14 12 291 

7 a 4 b 1/2 Ç180 i 30 4 67.5 1/2 16.9 180 30 4.9 12 291 

8 a 4 b 1/4 Ç180 i 30 4 67.5 1/4 8.45 180 30 1.7 12 291 

9 a 4 b 2 Ç0 i 150 4 67.5 2 67.5 0 150 39 12 291 

10 a 4 b 1 Ç0 i 150 4 67.5 1 33.8 0 150 14 12 291 

11 a 4 b 1/2 Ç0 i 150 4 67.5 1/2 16.9 0 150 4.9 12 291 

12 a 4 b 1/4 Ç0 i 150 4 67.5 1/4 8.45 0 150 1.7 12 291 

13 a 4 b 2 Ç180 i 150 4 67.5 2 67.5 180 150 39 12 291 

14 a 4 b 1 Ç180 i 150 4 67.5 1 33.8 180 150 14 12 291 

15 a 4 b 1/2 Ç180 i 150 4 67.5 1/2 16.9 180 150 4.9 12 291 

16 a 4 b 1/4 Ç180 i 150 4 67.5 1/4 8.45 180 150 1.7 12 291 

17 a 2 b 1/2 Ç0 i 30 2 33.7 1/2 8.44 0 30 1.7 4.1 412 

18 a 2 b 1/2 Ç180 i 30 2 33.7 1/2 8.44 180 30 1.7 4.1 412 

19 a 2 b 1/2 Ç0 i 150 2 33.7 1/2 8.44 0 150 1.7 4.1 412 

20 a 2 b 1/2 Ç180 i 150 2 33.7 1/2 8.44 180 150 1.7 4.1 412 

21 a 6 b 1/2 Ç0 i 30 6 101 1/2 25.3 0 30 8.9 22 238 

22 a 6 b 1/2 Ç180 i 30 6 101 1/2 25.3 180 30 8.9 22 238 

23 a 6 b 1/2 Ç0 i 150 6 101 1/2 25.3 0 150 8.9 22 238 

24 a 6 b 1/2 Ç180 i 150 6 101 1/2 25.3 180 150 8.9 22 238 

25 a 4 b 1/2 Ç0 i 0 4 67.5 1/2 16.9 0 0 4.9 12 291 

26 a 4 b 1/2 Ç0 i 60 4 67.5 1/2 16.9 0 60 4.9 12 291 

27 a 4 b 1/2 Ç0 i 120 4 67.5 1/2 16.9 0 120 4.9 12 291 

28 a 4 b 1/2 Ç0 i 180 4 67.5 1/2 16.9 0 180 4.9 12 291 

29 a 4 b 1/2 Ç180 i 0 4 67.5 1/2 16.9 180 0 4.9 12 291 

30 a 4 b 1/2 Ç180 i 60 4 67.5 1/2 16.9 180 60 4.9 12 291 

31 a 4 b 1/2 Ç180 i 120 4 67.5 1/2 16.9 180 120 4.9 12 291 

32 a 4 b 1/2 Ç45 i 30 4 67.5 1/2 16.9 45 30 4.9 12 291 

33 a 4 b 1/2 Ç90 i 30 4 67.5 1/2 16.9 90 30 4.9 12 291 

34 a 4 b 1/2 Ç135 i 30 4 67.5 1/2 16.9 135 30 4.9 12 291 

35 a 4 b 1/2 Ç225 i 30 4 67.5 1/2 16.9 225 30 4.9 12 291 

36 a 4 b 1/2 Ç270 i 30 4 67.5 1/2 16.9 270 30 4.9 12 291 

37 a 4 b 1/2 Ç315 i 30 4 67.5 1/2 16.9 315 30 4.9 12 291 

parameters, primarily the phase angle. Hence, b < 1 is a necessary 

condition for disruptive interactions. For example, in Model 16. 

a 4 b 1/4 Ç180 i 150, the incoming star dissociates the binary, but the 

interactions do not ultimately lead to either a stellar disruption or 

merger. 

(iii) Inclination angle : Two primary effects of the inclination angle 

are as follows: first, the inclination angle determines how small 

the relativ e v elocity becomes between the two meeting objects, 

which is directly translated into the size of the gravitational-focusing 

encounter cross section. When other encounter parameters are fixed, 

the higher the relative velocity (retrograde), the smaller the cross 

section is. For the same encounter parameters, prograde encounters 

likely create star-removing events. Second, although rare, a high 

relative speed in retrograde encounters inversely indicates that, if 

a strong encounter occurs, the resulting change in the momentum 

would be relatively high. In fact, because the head-on collision of 

the two stars so ef fecti v ely remo v es the kinetic energy of the two 

colliding stars, the merger events followed by a disruption only occur 

in retrograde cases. 

(iv) Semimajor axis : Encounters involving an initially smaller 

binary (e.g. a / a RL = 2) appear to more preferentially create TDEs 

and collisions, which may be attributed to the fact that the incoming 

star would be more directed towards the binary’s centre of the mass 

where violent interactions are more likely to occur. Ho we ver, we do 

not see any other clear trend associated with the size of the binary. 

3.3 Binary formation 

In our simulations, the formation of a binary, as a final product, is 

very frequent. In 32 out of 37 of our models (90 per cent), a binary 
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forms as the final product. Among these, the initial binary survives in 

16 models despite changes in the orbital parameters. In the remaining 

cases, a new binary forms. In five models, a triple forms, but the inner 

binary of the triple al w ays differs from the initial binary. We present 

in Fig. 2 the orbital properties of the binaries. As shown in the left - 

hand panel, this type of three-body interactions results in both wider 

and more compact binaries than the initial binaries with a ! 100 R ». 

The semimajor axes of most of the final binaries range from 35 to 

200 R ». Our simulations also show that wide binaries with a as 

large as a c 1000 R » can be produced by three-body interactions 

involving a relatively compact binary. However, we could not find 

any significant dependence of the ratio of the final to the initial 

a on any of the parameters or the types of outcomes introduced in 

Section 3.1 . Note that the well-defined power-law relation with small 

scatter is simply because of the same initial semi-major axis in most 

models (or a = 4 a RL ). 

The final eccentricities, as shown in the right - hand panel of Fig. 

2 , are within e c 0.1–0.8 for binaries with a ! 200 R ». The wide 

binaries with a " 300 R » are more eccentric, e c 0.86–0.99. Note 

that the star in the very wide binary in Model 28. a 4 b 1/2 Ç0 i 180 will 

be partially disrupted at the next pericentre passage because the peri- 

centre distance ( c 4 R ») is between its full disruption radius c 3 R »

and the partial disruption radius c 14 R ». 4 Similarly to the semimajor 

axis, we do not find any clear trends of the final eccentricity in terms of 

the encounter parameters and final outcomes. This may imply that the 

properties of the final binaries are sensitively dependent on multiple 

encounter parameters. We also find that interacting binaries form in 

Models 8. a 4 b 1/4 Ç180 i 30 and 31. a 4 b 1/2 Ç180 i 120, the models with 

(I) next to the class in Table 2 . 

3.4 Accretion 

In the majority of our models, the BHs are surrounded by gas 

produced in TDEs, collisions, and stellar mergers. In those cases, 

the BH accretes gas, potentially creating electromagnetic transients 

(EMTs), although there may be a significant delay between the 

moment of the close encounter and the peak emission of the EMT 

because of a large optical depth of the debris (or a long cooling 

time). We present in Fig. 3 the accretion rate Ṁ in models where 

at least one of the stars is disrupted. As shown in the figure, the 

shape of the accretion rate as well as the peak rate, ranging from 

10 29 –10 24 M » s 21 , are diverse. We split the types of Ṁ curve into 

three categories, depending on their shape and the mechanism that 

creates the accretion disc. 

(i) Single-peak: Ṁ rises relatively rapidly and decays slowly, 

which can be generated in two cases. 1) Partial TDE (Models 11 

and 27): in this event, only a fraction of mass is lost from a star 

(most often the incoming one), which quickly forms an accretion 

disc. The peak accretion rate is substantially lower than in other 

cases, Ṁ ! 10 27 M » s 21 . 2) Full TDE or head-on collision (Models 

4, 12, and 17): when the incoming star undergoes a collision with the 

BH or is completely tidally disrupted, the accretion rate surges very 

rapidly and then decays. 

(ii) Multiple-peaks: To produce an Ṁ with more than one peak, 

more than one violent event should occur. We find three such cases 

in our simulations. 1) Partial TDE 2³ full TDE (Models 3, 14, 21, 

25, 26, and 28): in this case, a partial TDE occurs, followed by a full 

4 The full disruption radius is calculated using equation 5 in Ryu et al. ( 2020a ) 

and the partial disruption radius using equation 17 in Ryu et al. ( 2020b ) 

assuming the star has the same initial structure as the original star. 

disruption. 2) Merger 2³ full TDE (Models 15, 20, and 24): when 

the two stars merge, some fraction of mass is ejected (see Section 

3.5 ). The BH nearby captures the gas and accretes it (e.g. the first 

Ṁ peak at t c 1 d in Model 20). If the collision significantly reduces 

the kinetic energy of the merged star, this places the merged star on 

a highly eccentric orbit around the BH and it is disrupted at the first 

pericentre passage. For this case, the time difference between peaks 

is determined by how far from the BH a merger happens and how 

quickly the merged star is disrupted. 

(iii) Rise-flat: Ṁ in Model 19 rises on a time-scale of 1 d and then 

stays nearly constant at Ṁ c 10 27 M » s 21 . The flat Ṁ indicates that 

gas is continuously injected into the BH. In fact, in this model, the 

two stars are partially destroyed at each pericentre passage, soon 

followed by two total disruptions. As a result of continuous mass 

inflow into the BH, the o v erall shape of the accretion rate is flat. 

In the remainder of this section, we investigate the properties 

of the accretion disc around the BH. The accretion disc is sub- 

Keplerian and optically and geometrically thick. As an example, we 

depict the density of the disc formed in Model 20. a 2 b 1/2 Ç180 i 150 

in Fig. 4 . In general, the discs have an aspect ratio of 0.4–0.6 at 

distance r " 1 R » from the BH, which increases inwards to " 1 

at r ! 0 . 1 R ». Here, the aspect ratio is defined as the ratio of the 

density scale height to the cylindrical radius. The azimuthal velocity 

of the discs is c 0.6–0.9, indicating that the disc is radiation pressure- 

supported. The density of the discs is mostly flat at r ! 0 . 1 –1 R », 

and it decreases outwards following a power law of r 23 –r 24 . The 

temperature decreases approximately monotonically as r increases: 

T ? r 20.25 at r < 1 R » and T ? r 21 at r > 1 R ». The r–scaling 

relations for Ã and T are very similar to those for the discs that 

form in three-body interactions between BH-star binaries and single 

BHs (see fig. 9 in Paper 2 ). In Fig. A1 , we present the density, 

temperature, rotational velocity, and the aspect ratio of the discs in 

the models considered in Fig. 3 . 

Finally, in Fig. 5 , we show the mutual inclination angle between 

the disc and the binary orbit in models where the final product is 

a binary consisting of the BH surrounded by a disc. In seven out 

of ten models considered, the mutual inclination angle between the 

disc orbit and the binary orbit is not very different from the initial 

encounter inclination angle, which is not surprising. Ho we ver, it is 

quite striking that the final disc-binary orbit inclination angles in 

the remaining three models (Models 11, 12, and 27) are completely 

different from the initial encounter inclination angle. Coincidentally, 

they are all retrograde encounters (three out of four). These findings 

imply that, since in actual astrophysical settings a third body will 

approach a binary with an arbitrary inclination angle, if a disc forms 

around a binary member during the three-body interactions, the 

binary orbit and the disc are not likely aligned at the moment of 

the disc formation. This may indicate that the orientation of the 

disc around the BH in BH-star binaries in dense environments can 

be indicative of the inclination angle of the incoming object in the 

previous encounter. 

3.5 Merger product 

Our simulations show that the two stars in this type of dynamical 

interactions can merge (12 out of 37 models). The post-merger star 

often forms a binary with the BH. The centre of mass velocity of 

the binary is typically very low (3 –10 km s 21 ). The mutual orbits of 

the two stars before the collision are such that 1 2 e c 20.01–0.2 

and the pericentre distance is (0 . 05 –0 . 5) × R æ , corresponding to the 

velocity v rel c 0 . 7 –0 . 9 v esc at infinity. Here, v esc = ( G M æ / R æ ) 
1 / 2 

c 
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Figure 3. Accretion rate of the black hole in 15 models where an accretion disc forms via various combinations of stellar disruptions and mergers. The 

mechanisms that drive the accretion processes are written next to the model numbers. Here, FTDE (PTDE) refers to full (partial) tidal disruption events. We 

classify the rate curves depending on the number of disruptive events and the resulting shape using different background colours, as follows: single event (red), 

multiple events leading to relatively flat rates (green), and multiple events leading to multiple peaks (blue). The black dashed line in each panel indicates the 

median of the peak accretion rates of all the models. 
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Figure 4. Density distribution of the disc in Model 20. a 2 b 1/2 Ç180 i 50 in 

the equatorial plane (top) and in a vertical plane (bottom). 

600 km s 21 is the escape velocity of the 10 M » star. In the parameter 

space considered, mergers almost e xclusiv ely occur when the two 

stars first meet. The fate of the merged stars is diverse. If the merger 

is able to significantly cancel the momenta of the colliding stars, the 

merged star is brought on a radial orbit towards the BH and disrupted 

at the pericentre. On the other hand, if the momentum cancellation 

is not significant, the merged stars can form a binary with the BH. 

Last is a case (Model 37. a 4 b 1/2 Ç315 i 30) in which the incoming star 

undergoes a close encounter with the BH and e x erts a momentum 

kick to the BH strong enough to eject it from the two stars. Then the 

two stars merge, remaining unbound from the BH. 

We find that the dynamically merged stars have a mass of 

>18 –19 M » after losing >1 –2 M » during the merger. This mass 

loss corresponds to 5–10 per cent of the total mass, which is similar 

Figure 5. The mutual inclination angle between the accretion disc spin axis 

and the BH-star orbital axis as a function of the initial encounter inclination 

in models, where the final outcome is a binary with the BH surrounded by 

a disc. We excluded Model 28 because the star in the final binary would be 

partially destroyed at the next pericentre passage. 

to what has been found for equal or similar mass low-velocity ( v rel 

< v esc ) stellar collisions in previous work (e.g. Lai, Rasio & Shapiro 

1993 ; Freitag & Benz 2005 ; Laycock & Sills 2005 ; Dale & Davies 

2006 ; Glebbeek et al. 2013 ). The thermodynamic state (e.g. density 

and temperature) of all collision products is not varying significantly 

among one another. Ho we ver, collision remnants are significantly 

puffed up compared to a non-rotating ordinary main sequence (MS) 

star of the same mass at a similar evolutionary stage (‘ordinary’ 

star), evolved using MESA 
5 , except the one in Model 31, where 

the merger product has the smallest mass and is substantially more 

compact than the others. The inflated radii are also similarly found 

for the coalescence of two stars initially in binaries (e.g. Schneider 

et al. 2019 ). To demonstrate this, we depict the 1D radially averaged 

density and temperature profiles in the top panels of Fig. 6 . In this 

figure, we compare the profiles of the merger products to those of 

the two reference models, the initial 10 M » star (dot–dashed) and 

ordinary non-rotating MS stars with a mass of 18 . 5 M » (dashed), 

roughly corresponding to the average mass of the merged stars. As 

shown in the top-left-hand panel, the density profiles of the merger 

products are not significantly different from each other. However, 

they are much more extended in size than for the ordinary star 

(dashed grey). Because of the larger size, the central densities of 

the merger product ( >5 –10 g cm 
23 ) are generally lower than those 

of the ordinary star; we find them to be lower by a factor of less 

than two. Similarly, as shown in the top-right - hand panel, the o v erall 

temperature profiles of the merger products are extended outward, 

and their temperatures are lower than for the ordinary star. 

The H ( X H ) and He ( X He ) mass fractions reveal more significant 

differences from those of the ordinary star, which are shown in the 

bottom panels of Fig. 6 . In particular, the core X He of the most merged 

stars has decreased from 0.68 (initial state) to 0.6. Equi v alently, the 

core X H has increased from 0.3 (initial state) to 0.4. The transition 

from the core ( X He c 0.6) to the envelope ( X He c 0.25) is smoother 

than in the MESA ordinary non-merger stellar model. As an example, 

5 Note that we confirmed that the internal structure of the non-rotating star 

is very similar to that of rotating stars with a rotational speed less than 60 

per cent of their break-up speed, which is roughly the maximum speed of 

merged stars in our simulations. 
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Figure 6. Density (top-left), temperature (top-right), and chemical component distribution (bottom-left: H and bottom-right: He) of merged stars as a function 

of radial distance from the core. The two grey thicker lines in each panel sho w, respecti vely, the profile of the initial 10 M » star (dot–dashed) and of ordinary 

non-rotating MS stars with a mass of 18 . 5 M » (dashed), which roughly corresponds to the average mass of the merged stars. The v ertical gre y thinner lines, 

matching the line styles, indicate the radii of those ordinary stars: 5 . 4 R » for the 10 M » star (dashed), and 7 . 3 R » for the 18 . 5 M » star (dot–dashed). 

we sho w ho w He is mixed in the core during a merger in Model 

29. a 4 b 1/2 Ç180 i 0 in Fig. 7 . We note that in two cases (Models 

6. and 22.), the core X H c 0.35, is somewhat smaller than that 

of most of the merged stars. This difference could originate from 

a different configuration at collision (e.g. relative speed at collision 

and impact parameter): less significant mixing ( X H closer to its initial 

value) would have resulted from a collision with a smaller impact 

parameter, i.e. closer to a head-on collision. The smaller X He than 

the initial state indicates that fresh H initially in the envelope of each 

star is mixed into the merged core during the merger, as similarly 

shown for unequal-mass stellar collisions in Dale & Davies ( 2006 ). 

Notice that some merger products reveal unstable gradients in the 

profile, such as an inverted gradient in composition at R c 15 R »

for Model 6 or in temperature at R c 12 R » for Model 22, which 

likely indicates that the merger products have not reached a fully 

stable state. Ho we ver, as the star is settling into a stable state, the 

inverted gradients will be remo v ed via, e.g. thermohaline mixing of 

the composition (Kippenhahn, Ruschenplatt & Thomas 1980 ). 

The merged stars tend to be dif ferentially rotating, as sho wn in 

the top panel of Fig. 8 . The rotational frequency % near the core 

is 6 –8 × 10 24 sec 21 and decreases outwards to ! 10 24 sec 21 at the 

surface. This corresponds to %/ %cri " 0.4 within c 1 R » and %/ %cri 

c 0.1–0.5 near the surface. Here, %cri is the local critical frequency 

defined as ( GM ( < R )/ R 
3 ) 1/2 , and R is the distance from the centre of 

mass of the merged star. We also find that the two merger products 

with relatively low X H (Models 6. and 22.) are rotating more slowly 

( % ! 2 × 10 24 sec 21 ) near the core, as expected from a head-on 

collision, and they are closer to rigid rotators than the other merger 

products. 

Because of the rapid spin, the o v erall shape of the merged stars 

takes that of an oblate spheroid. Fig. 9 shows the density in the 

equatorial plane and a x –z slice of the merger product in Models 

6. An interesting remark here is that we do not see any evidence 

of a disc around the merged stars, as illustrated in the figure. This 

is consistent with Sills et al. ( 2002 ). Instead, the star is surrounded 

by a low-density spherical envelope. Based on their hydrodynamic 

simulations of off-axis stellar collisions between 0.6 and 0 . 8 M »

evolved MS stars, Sills et al. ( 2001 ) posed an ‘angular momentum 

problem’ where merger products are formed with too large angular 

momentum so that some of the angular momentum has to be lost in 

order for them to settle into a stable state, possibly blue stragglers. 

The existence of a disc can mitigate this problem because disc–

star interactions, e.g. magnetic locking, can remo v e the angular 

momentum of the merger products. Although we do not find a disc 

surrounding the merger products, their angular momentum is already 

below critical in our simulations. We show in the bottom panel of Fig. 
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Figure 7. Density (left) and Helium abundance (right) distribution in the equatorial plane in an off-axis nearly parabolic collision in Model 29. a 4 b 1/2 Ç180 i 0 

at five different times in the centre of mass frame of the two colliding stars. The arrows in the left-hand panels indicate the motion of gas. 

D
o

w
n

lo
a

d
e

d
 fro

m
 h

ttp
s
://a

c
a

d
e

m
ic

.o
u

p
.c

o
m

/m
n

ra
s
/a

rtic
le

/5
2

7
/2

/2
7

3
4

/7
3

0
4

4
1

5
 b

y
 g

u
e

s
t o

n
 2

1
 N

o
v
e

m
b

e
r 2

0
2

3



Hydrodynamics of 3-body encounters 2745 

MNRAS 527, 2734–2749 (2024) 

Figure 8. Rotational velocity % (top) and cumulative angular momentum L 

(bottom) of merged stars (solid lines) as a function of the enclosed mass. The 

dotted lines in the upper panel show the local critical rotational frequency 

%cri , defined as ( GM ( < R )/ R 3 ) 1/2 where M ( < R ) is the enclosed mass. The 

horizontal dashed line in the bottom panel show the maximum allowed angular 

momentum of a MS star with M æ c 18 . 5 M » and R æ c 8 . 7 R », and the dot–

dashed for the original MS star with M æ c 10 M » and R æ c 5 . 4 R ». 

8 the cumulative angular momentum distribution inside the merger 

products in comparison with the two maximum angular momentum 

of the ordinary star (dashed horizontal) and the original 10 M » star 

(dot–dashed horizontal). The total angular momentum inside the 

merged stars is 1 –3 × 10 53 g cm 
2 s , which is more than a factor of 2 

smaller than the maximum angular momentum that the ordinary star 

with M æ c 18 . 5 M » would have. This means that in principle the 

merged stars could settle into a stable state without losing any mass 

due to exceedingly large centrifugal forces. 

4  DISCUSSION  

4.1 Electromagnetic transients 

Three-body interactions between BH-star binaries and single stars 

can create a variety of EMTs. For the parameters considered in this 

study, four classes can create immediate EMTs. In the class Stellar 

disruption , the stellar debris quickly forms an accretion disc and 

the BH accretes gas; this, together with shocks, can generate EM 

radiation. In the class Merger , some fraction of mass is ejected at the 

Figure 9. Density (top: face-on, bottom: edge-on) of a merged star in Model 

6. a 4 b 1/2 Ç180 i 120 (top). The two solid circles in the top panel indicate the 

radius enclosing 50 (smaller) and 95 precent (larger) of the remnant mass, 

respectively, and the white contours in the bottom panel give equipotential 

surfaces. The cyan dashed circle in both panels depicts the radius of an 

18 . 5 M » non-rotating ordinary MS star. 

collision and spread out. Almost instantaneously, the BH becomes 

embedded in a gaseous medium, like in a common envelope phase, 

and can emit radiation via accretion and shocks. Additionally, if 

the merged star forms a sufficiently compact and highly eccentric 

binary with the BH (e.g. Model 31), eccentric mass transfer can 

lead to periodic EM emission. Interacting binaries can form also 

in the last two classes: while we find such a case only in the class 

Member exchange (Model 8), the formation of interacting binaries is 

in principle possible also in the class Orbit perturbation . 
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Figure 10. Long-term evolution of two merger products (Models 7. 

a 4 b 1/2 Ç18030 and 22. a 6 b 1/2 Ç180 i 30) using MESA up to the red supergiant 

branch in comparison to that of an ordinary non-rotating star with mass 

18 . 5 M » in an Hertzsprung–Russell diagram, colour-coded with the central 

X He . The star symbol of each model is indicated at the left end of the line, the 

age at which the merger products settle, for Models 7. a 4 b 1/2 Ç18030 (red) 

and 22. a 6 b 1/2 Ç180 i 30 (orange) and at a similar location of the line for the 

ordinary non-merger case, corresponding to the same X H as the settled merger 

products. The cross symbols indicate the terminal age MS. The diagonal grey 

dashed lines depict the L –T eff line for a few given stellar radii. 

The EM signatures from EMTs are diverse, as illustrated in Fig. 3 , 

depending on the encounter configurations and outcomes. To zeroth 

order, Ṁ can be a useful proxy for luminosity. In this sense, the 

various types of Ṁ and the identification of the encounter types that 

generate each type of Ṁ in this work can be used to understand the 

origin of transients produced in three-body interactions. Ho we ver, 

for a more reliable identification of transients, a more systematic 

inv estigation co v ering a wider range of parameters will be required. 

4.2 Long-term evolution of merger products 

Our simulations show that two stars can collide and merge in three- 

body interactions, and the merger product can form a binary with the 

BH or be ejected from the BH. The rate of such stellar collisions in 

three-body interactions involving binaries can be significantly large 

compared to that between two single stars in clusters due to mass 

se gre gation and a large encounter cross section (Portegies Zwart 

et al. 1999 ). We also showed that the internal structure of the merger 

products, after being dynamically settled, is different from that of an 

ordinary star of the same mass and metallicity at a similar age that has 

not undergone any merger (Fig. 6 ). First, the merger products have 

larger radii than those of ordinary stars (by almost a factor of 2–3), 

indicating that the merger products are not in thermal equilibrium. 

Second, the core hydrogen fraction can be enhanced by 30 per cent 

compared to that of the original star before merger. Equi v alently, 

the core helium fraction can be lower by a similar amount. Lastly, 

the merged stars tend to be differentially rotating at 0.1–0.5 of the 

critical rotational velocity. All of these properties are qualitatively 

very similar to those of partially disrupted stars (Ryu et al. 2020c , 

2023b ). We note that magnetic fields, if included, can be significantly 

enhanced in merger products (e.g. Schneider et al. 2019 , 2020 ). 

Given the peculiarity of the merger products, we investigate their 

long-term evolution using MESA. We create a non-rotating zero- 

age MS star with the same metallicity as the original 10 M » star 

(i.e. Z = 0.006). Then we relax the star until its entropy, mass 

and chemical composition distribution match those of the merger 

product. This is achieved by iteratively modifying the normal stellar 

model o v er 1000 steps under the condition that the internal structure 

satisfies the stellar structure equations (see details of the method 

in Appendix B of Paxton et al. 2018 ). Then we evolve the relaxed 

star using the wind and o v ershoot prescriptions adopted to create 

the original 10 M » star. In this analysis, we ignore rotation. Fig. 

10 shows the evolution of two models (Models 7. a 4 b 1/2 Ç180 i 30 

and 22. a 6 b 1/2 Ç180 i 30) for the next 5–6 Myr since merger, and 

that of the ordinary star with mass of 18 . 5 M », in a Hertzsprung–

Russell diagram. The core helium fraction for the merger products is 

al w ays higher than that of the ordinary star at similar locations in the 

diagram. The evolutionary tracks of the merger products are generally 

located abo v e the track of the ordinary star, implying that the merger 

products are hotter and more luminous at an y giv en stellar age. This 

is qualitatively consistent with previous work on MS stellar mergers 

(e.g. collisions between middle-age MS stars with similar masses, 

Glebbeek et al. 2013 ). Ho we ver, their temperature and luminosity 

are not significantly larger, at most by a factor of 1.3. 

We should note that it would be important to include rotation 

in this analysis given rotation-induced mixing (Meynet & Maeder 

1997 ). Although the total angular momentum of the merger products 

is smaller than the critical value, the merger products can still lose 

mass due to spin depending on the angular momentum distribution 

inside the star (Heger, Langer & Woosley 2000 ). If the core with mass 

M core retains an angular momentum larger than that at the innermost 

stable circular orbit, j > GM core /c c 2 × 10 6 ( M core / 2 M ») cm 
2 s 21 

(Podsiadlowski et al. 2004 ), by the time the core collapses, the merger 

products can become progenitors of hypernovae and long-duration 

gamma ray bursts. All of this implies that the evolutionary tracks, 

when the spin is taken into account, could be different from the tracks 

shown abo v e and hav e unique astrophysical implications. Giv en such 

potential effects on the evolution, we will examine the impact of 

rotation on the long-term evolution of merger products with proper 

modelling of rotation and resulting mass loss in future work. 

4.3 Encounters with different masses 

In this study, we consider two stars of the same mass in the three- 

body interactions, and the mass ratio of the stars to the BH is fixed 

at 0.5. Ho we ver , in realistic cluster en vironments, the masses of the 

two stars are not necessarily the same. Also, the star-BH mass ratio 

would be variable. None the less, many of our findings can still 

apply to this type of three-body encounter with varying masses. If 

the impact parameter b is less than a , interactions would still possibly 

become violent, independently of the mass ratio. In addition, whether 

outcomes are mergers between two stars or disruption of a star(s) 

by the BH would be primarily determined by which two objects 

meet. The final outcome types, their properties, and their formation 

frequency would depend on the mass of the incoming star and its 

mass ratio to the binary mass, like other encounter parameters. For 

example, if a smaller intruder can play a role as a catalyst for violent 

interactions (e.g. mergers, Gaburov, Lombardi & Portegies Zwart 

2010 ), stellar mergers, TDEs, and star-BH collisions would be more 

frequent. Ho we ver, if the incoming mass is too small compared to 

the masses of both binary members, the immediate impact of close 

encounters (e.g. dissociation of the binary) would be relatively small. 

For this case, if a merger occurs between two unequal-mass stars, the 

internal structure of the merger product and its long-term evolution 

could be significantly different from what we found for equal-mass 

collisions, which would probably result in the strongest mixing (see 

Glebbeek et al. 2013 ). On the other hand, if the incoming star is 

D
o

w
n

lo
a

d
e

d
 fro

m
 h

ttp
s
://a

c
a

d
e

m
ic

.o
u

p
.c

o
m

/m
n

ra
s
/a

rtic
le

/5
2

7
/2

/2
7

3
4

/7
3

0
4

4
1

5
 b

y
 g

u
e

s
t o

n
 2

1
 N

o
v
e

m
b

e
r 2

0
2

3



Hydrodynamics of 3-body encounters 2747 

MNRAS 527, 2734–2749 (2024) 

much more massive than the mass of the star in the binary, then the 

encounters would be ef fecti vely a two-body problem between the 

incoming star and the BH. 

4.4 Runaway star and black holes 

We showed that this type of three-body encounters can create single 

stars ejected at velocities of 120 –240 km s 21 , much greater than the 

typical escape speed of globular clusters (‘runaway stars’ Blaauw 

1961 ; Stone 1979 ; Sana et al. 2022 ), as well as single BHs also 

ejected at high velocities of 63 –115 km s 21 . In particular, some of the 

rapidly moving BHs had undergone a TDE and became surrounded 

by an accretion disc, meaning they are emitting radiation while 

being ejected. If the lifetime of the accretion disc around them is 

sufficiently long, those could be observed as rapidly moving runaway 

BHs outside clusters. 

4.5 Encounter rate in globular clusters 

F ollowing P aper 2 and P aper 3 , we first make an order-of-magnitude 

estimate for the differential rate of a BH-star binary encountering 

a single star per single star as d R / d N s c n&v rel . Here, n is the 

binary number density near the cluster centre, v rel the relative velocity 

between the binary and the single star, and & the encounter cross- 

section. We adopt the estimate for d R / d N s made in Paper 3 , 

d R 

d N s 
c 4 × 10 214 yr 21 

(

f b 

10 25 

)(

n s 

10 5 pc 23 

)(

M • + M æ 

20 M »

)

×

(

a 

100 R »

)(

Ã

15 km s 21 

)21 

, (2) 

where we express n as n c f b n s , f b is the non-interacting star–

BH binary fraction c 10 24 –10 25 (Morscher et al. 2015 ), n s gives 

the number density of stellar-mass objects, and Ã is the velocity 

dispersion. Because the number of single stars in the core of size 

r c c 1 pc is N s c 4 Ãr 3 c n s / 3 c 4 × 10 5 , the rate of strong three-body 

encounters per globular cluster is, 

R c 2 × 10 28 yr 21 

(

r c 

1 pc 

)3 (
f b 

10 25 

)(

n s 

10 5 pc 23 

)2 (
M • + M æ 

20 M »

)

×

(

a 

100 R »

)(

Ã

15 km s 21 

)21 

. (3) 

Assuming c 150 globular clusters in the Milky Way (Harris 2010 ), 

R c 3 × 10 26 per year per galaxy. Note that we estimate encounter 

rates for stars with mass M æ , not necessarily the massive stars 

considered in our simulation. Ho we ver, due to the relatively large 

number density and long lifetime of low-mass stars, encounters 

involving less massive stars will be more frequent (see §2 in Ryu 

et al. 2023a for a detailed discussion on relative encounter rates). 

As noted in Paper 3 , a more precise estimate of R requires a more 

careful consideration of cluster evolution history. 

5  C O N C L U S I O N S  

Multibody dynamical interactions, a fundamental mechanism re- 

sponsible for the evolution of star clusters, have been studied mostly 

using N- body simulations, even though non-hydrodynamical effects 

are essential for determining outcomes and their observables. Contin- 

uing our efforts to bring our understanding of three-body interactions 

beyond the point-particle approximation, we have investigated the 

outcomes of three-body encounters between a 20 M » BH–10 M »

star circular binary and a 10 M » star, using a suite of hydrodynamical 

simulations with the moving-mesh code AREPO, for a wide range 

of encounter parameters. 

The results of our simulations are summarized in the following: 

(i) Three-body encounters between BH-star binaries and single 

stars can produce five different outcomes: stellar disruption, merger, 

orbit perturbation, member exchange, and triple formation. Al- 

though, in principle, the essence of these outcomes can be identified 

with the point particle approximation assuming finite sizes of 

the mass points, we obtained the properties of the outcomes and 

their observables in detail, which cannot be studied with N- body 

simulations alone; see Section 3.1 for detailed properties of them, 

such as their plausible formation configurations. 

(ii) The phase angle and the impact parameter play the most 

important roles in determining the outcomes, similarly to the three- 

body interactions between star-BH binaries and single BHs studied 

in Paper 3 . The phase angle determines which two objects first 

meet; if two stars meet first, one likely outcome is a stellar merger, 

whereas if the incoming star and the BH interact closely first, the 

star is destroyed in a tidal disruption event or a collision with the 

BH. The impact parameter sets the zeroth-order boundary between 

violent, star-destroying events ( b < 1) and non-violent events ( b > 

1). Ho we ver, e ven for b < 1, the outcomes can vary depending on the 

phase angle. The probability of having disruptive events is further 

enhanced when the encounter is in a prograde direction in which the 

encounter cross section is large because of smaller relative velocities. 

(iii) The accretion rate produced in stellar disruptions is mostly 

super-Eddington and displays various shapes, depending on the con- 

figuration at disruption (e.g. single full disruption, partial disruption, 

collision, or multiple disruptions; see Fig. 3 ). Accretion time-scales 

are generally a few to ten days, comparable to the duration of fast 

blue optical transients. 

(iv) The merger products are hotter and larger than an ordinary star 

of the same mass at a similar age, and are rotating at 30–50 per cent 

of the critical value . Those stars stay hotter and brighter than the 

ordinary star for the next 5–6 Myr until they become red supergiants. 

We considered similar encounter parameters in this study as those 

in Paper 3 . The only difference is the type of the incoming object: 

a star in this study and a BH in Paper 3 , while the masses of 

the incoming object and the parameters of the original binary are 

the same. None the less, the two types of three-body encounters 

produce substantially different types of final outcomes and proper- 

ties. Importantly, the stellar mergers found in the present study can 

have important implications for the subsequent long-term evolution 

of binaries consisting of a merger product formed dynamically in 

clusters (see Fig. 10 ). Although our simulations co v er a wide range 

of encounter parameters, the entire parameter space of the three- 

body interactions remains vast. None the less, our investigation has 

identified key outcomes such as tidal disruption events and stellar 

mer gers, leaving lar ger or more focused parametric studies for future 

explorations. In addition, we will investigate the impact of magnetic 

fields and background gas on the outcomes and their observables in 

our future work. 
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A PP EN DI X  A :  DISC  PROPERTIES  

We provide the profiles of the aspect ratio ( top-left ), the ratio of 

the azimuthal velocity to the Keplerian velocity ( top-right ), density 

( bottom-left ), and temperature ( bottom-right ) of discs produced 

during dynamical interactions in Fig. A1 . 
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Figure A1. Profiles of the structure of the discs measured at the end of our simulations: (top-left) the aspect ratio, defined as the ratio of the density scale height 

to the cylindrical radius r , (top-right) the ratio of the mass-weighted average of the azimuthal velocity along the midplane within the scale height to the Keplerian 

velocity v kep , (bottom-left) the average density along the midplane within the scale height, and (bottom-right) the mass-weighted average of the temperature 

along the midplane within the scale height. 
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