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Course format and outline

o Lecture 1: Introduction to star clusters and stellar dynamics

* Lectures 2 - 4: Collisionless and collisional stellar dynamics

o Lecture 5: Direct N-body and Monte Carlo method for evolving star clusters

o Lecture 6: Thermodynamics of stars clusters and simple star cluster models

o Lecture 7: Simulating realistic star clusters: important physical processes

* Lecture 8: Role of binaries in star clusters and energy generation: dynamics and heating
o | ectures 8-9: Observations and astrophysical importance of star clusters

e Lecture 10-11: Black holes in star clusters and formation of gravitational wave sources

o Lecture 12: Summary lecture with key takeaways + instructions on assignment
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Course format and outline

o Lecture 1: Introduction to star clusters and stellar dynamics

* Lectures 2 - 4: Collisionless and collisional stellar dynamics

o Lecture 4-5: Direct N-body and Monte Carlo method for evolving star clusters

o Lecture 6: Thermodynamics of stars clusters and simple star cluster models

o Lecture 7: Internal physical processes in star cluster evolution

* Lecture 8: External physical processes in star cluster evolution

o | ectures 8-9: Observations and astrophysical importance of star clusters

e Lecture 10-11: Black holes in star clusters and formation of gravitational wave sources

o Lecture 12: Summary lecture with key takeaways + instructions on assignment
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Internal physical processes that drive cluster evolution

e Gravitational Dynamics

e Mutual gravitational interactions among stars significantly modity
their initial orbits: 2-body relaxation

e Stellar and binary evolution

Stellar evolution

low- and medium-mass stars
(including the Sun)
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® Role of binaries: dynamics and cluster heating
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® Role of binaries: dynamics and cluster heating
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Reminder: How do star clusters form?

e Stars are bornin large clouds of molecular gas

e Molecular clouds are composed of hundreds of
solar masses of material — stars (almost) always
form in groups or clusters

Pillars of
Creation
within the
Eagle Nebula
Credit: JWST
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Reminder: Formation of stellar clusters

e Dense molecular clouds — cold 10° to 50° K (-263° C)

Ve Temperature
— Jeans (1902)

PHILOSOPHICAL TRANSACTIONS.

Density
I. The Stability of a Spherical Nebula.
Radius where thermal expansion energy = B L i G Finia Hewion St 1
. . . University of Cambridge.
gravitational potential energy

Communicated by Professor G, H. Darwin, F.R.S.

Received June 15,—Read June 20, 1901,  Revised February 28, 1902,

Gas Pressure = Gravitational Attraction

Density

Mass of the cloud where thermal energy = gravitational energy
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Reminder: Formation of stellar clusters

e As gas cools — pressure decreases — cloud becomes unstable to
gravitational collapse

Gas Pressure < Gravitational Attraction Gravitational collapse
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Reminder: Formation of stellar clusters

® Jeans mass decreases (as it decreases with increasing density) —
local regions of collapsing material themselves collapse —
fragmentation

Tem perature

My = pRj ~ E
\

Density

Higher density within Fragmentation of collapsing cloud into
collapsing cloud stars
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Video of star cluster formation

500 M,Gas Cloud - gas - cooling

D = 0.8 pc or 2.6 lyrs - gravity - fragmentation
- turbulence - sink particles

log(Col. Density [g/cm?])
Matthew Bate Matthew Bate

-1 0 1 University of Exeter University of Exeter

Bate (2019) Smoothed-particle

Videos available at: http://www.astro.ex.ac.uk/people/ hydrodynamics

.. simulation
mbate/Research/Cluster/clusterMetallicity2.html Credit: Matthew Bate
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Lifecycle of stars

e Gas cloud contracts under gravity. Temperatu re increases Stellar life is just an intermediary stage between
a gas cloud and a compact object

due to release of gravitational binding energy and

increasing density. -l r
e When the temperature is high enough ( ~ 10’ K) hydrogen g i :',.

fusion is ignited. The star is born (zero-age main N ,~ -

sequence) pee =

e When hydrogen is exhausted the star contracts further

Stellar evolution

until the temperature is high enough to ignite helium o ncioag e o
fusion ( ~ 10°K) = until a carbon or iron core is formed .~ . - @

sequence

(depends on initial mass and evolution) 3

hi gh mass star
nebula  p; gh mass stars

e Gravitational collapse leads to a formation of a white . . ' e
dwarf, black hole or a neutron star (depends on initial N

red supergiant supernova very high-mass star
not to scale iy
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Important definitions and physical processes in stars

Metallicity: Fraction of elements heavier than helium

Main sequence: Stars that burn hydrogen in their

core

Post-main sequence star: that has left he main
sequence and is no longer burning hydrogen in the

core Branch Star \
Stellar winds: |

e Photons in the atmosphere of a star transfer linear Heto

momentum to ions and unbind them O

- Particularly important for massive stars on the main sequence @

5) White Dwarf
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Important definitions and physical processes in stars

Metallicity: Fraction of elements heavier than helium X+Y+Z=1.0
Solar Values : X ~0.73, Y ~0.25, Z ~ 0.02

Cartoon of a Hertzsprung—Russell Diagram with Main Sequence Star Masses

e Main sequence: Stars that burn hydrogen in their core

. . (not accurate) ernerature
e Post-main sequence star: that has left he main J ) TR N S S I
10°F 5 | L
seguence and is no longer burning hydrogen in the 23 | . Ah:;g:lg;af;;‘:gg;;;‘igf;;;f};wtc;mm;
: and large radius.
core 1041
o Stellar winds: -
e Photons in the atmosphere of a star transfer linear A
momentum to ions and unbind them ? 100 -
- Particularly important for massive stars on the main sequence 3 o
. . 10 2L ' ’ i 0.21
- Also important for post-main sequence stars of all masses ; A low mass main sequence star | .
! has low lumlnosmy low surface t}cmpcmtule
| hnd small radius.
e Mass loss in final stages of evolution: e.g., AGB ejecta, 1o~ [vio- , . -
let | blue . white i yellow iorangci red
supernova explosion e TR M R G o o
WU 2004 Spectral Type
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What determines the evolution of a star?

e ZAMS mass is the most important property that determines the evolution and final
fate of a star

. . —25
o |t also sets the timescale of evolution of the star:  Tnuclear <M

- where M is expressed in solar masses, time is given in terms of solar lifetimes, which is ~ 10 billion yr

o Metallicity is the second most important factor that determines the evolution of
massive star

: : : . 0.85 i /i
e Important for mass loss through stellar winds: particularly for massive stars 1 oc £7°7 (Vinketal. 2021; Vink & de Koter 2005)

LOW TO AVERAGE w - ;R - -
< MRSS STAR = i ~ 10 b|”|on yr'
M ams S 8 Mg

- A
LARGE D" . . NEUTRON
MASS STAR ot A , STAR

8 Mgy S Myams S 20 M ~ 10 million yr

VERY LARGE E BLACIK
al HOLE

>
Mzams R 20Mg ~ 1 million yr
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Mass loss due to stellar winds

—5.5_— // ——
].OO | 1 } : /%/ :
90 m— — 5—6.0:— sK// ]
80 - — 3
70 | - (aM/at) ez
[r— B N —7 ; />K’ ;
2@ 60 — — 7ol |
) 50 . - —7.5: 11111111 Loy T Ly Lo ] l’i’l X ZOSS
E 40 —_ —— -3 -2 —1 g (2/22) 0 1 2
— — (Vink et al. 2021; Vink & de Koter 2005)
30 = 1z ~
<0 B o Mass loss due to stellar winds is still very uncertain:
y
10 — — Sensitive to the prescriptions that are used and
0 N T T T T T I R different assumptions
O 1 2 3 4

t [Myr] At solar metallicity, mass loss through stellar winds can

, be up to 60% of initial mass
Models from PARSEC stellar evolution code (Bressan+

2012; Tang+ 2014; Chen, Bressan+ 2015) Credit: Michela Mapell Typical globular cluster metallicities ~0.05 Z,
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Supernova explosion mechanism, natal kicks and remnant masses?

e Final evolution of black hole progenitors is uncertain:
e Supernova mechanism?
e Direct collapse
® For very massive stars: pair and pulsational instability
supernova?

e Strongly depends on progenitor mass/metallicity (Belczynski et
al. 2016)

e Natal kicks?

e Mechanism

e Velocity distribution

e Radial expansion during post main sequence evolution?

® More about this when will cover black holes and
gravitational wave sources in star clusters
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Supernova explosion mechanism, natal kicks and remnant masses?

e Final evolution of black hole progenitors is uncertain:

e Supernova mechanism? il I I :
* Direct collapse = :: :
 For very massive stars: pair and pulsational instability § i = )
supernova? " wf -

e Strongly depends on progenitor mass/metallicity (Belczynski et oo FH————————
al. 2016) 80‘_ £=10% 4 e PPSN/PSN: included (M10)

o Natal kicks? %@ 60-_ PPSN /PSN: not included (Ml)_—
e Mechanism g 40:‘ """"" _
e Velocity distribution *T / i
o

20 40 60 80 100 120 140
Initial (ZAMS) star mass [M_]

® More about this when will cover black holes and
gravitational wave sources in star clusters Belczynski et al. 2016
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Stellar evolution in a nutshell

’ STELLAR NURSERY N STELLAs’

NURSERY

. BLADK HDLE " ) .\
- . 2 .
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u" ":Q‘
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: - Credit: Thomas Tauris
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Stellar evolution and its impact on star cluster evolution

MZAMS 5 8 M@ MRSS STAR
LARGE ‘¢ - D gf_g;ﬁcm
8 M@ S MZAMS 5 20 M@ MASS STAR . . -
VERY LARGE > (3 ‘ . BLACK
MZAMS Z ZOMQ MASS STAR a

The fate of a star depends on its mass (size nat to scale)

Salpeter (1955)

. ] ] ] A = pure power law
Initial Mass Function (IMF) of Stars in the Universe
Kroupa (2001)
= Multiple power law
Low mass stars are much more abundant than high mass segments
stars Z Charbier (2003)
8) = Power law + log
— normal
e ~ 2 black holes for every 1000 stars
e ~ 5 neutron stars for every 1000 stars
>
log M
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Stellar evolution and its impact on star cluster evolution

N=800k objects, 95% binary fraction, Z=0.001, r,=1.53 pc

1x10° ~ , , I I I I I - 2 component initial mass function (Kroupa 2001)

Sampled between 0.08 M, — 150 M,
900000 -
800000 -
|
5 /00000 4' ~ N=800k objects, 95% binary fraction, Z=0.001, r,=1.53 pc
S 600000 |- - 1x10° - ! . . .
= \.
AN 950000 _
500000 F @ - |
T 900000 | -
400000 1 T — 850000 |+ -
300000 | ' ' | ' ' ' = 800000 [ -
0) 2000 4000 6000 8000 10000 12000 14000 16000 @
. S 750000 | \ -
Time [Myr] S
Models from MOCCA Survey 5 (Hypki et al. 2024) 700000 -
650000 S~ i
600000 |- ‘““waxEEquxuax‘ _
Cluster loses about 30% of its initial mass within ~100 550000 ! ! l |
Myr 0) 200 400 600 800 1000

lgnoring tidal field ~ 45 % mass lost due to stellar Time [Myr]

evolution after 10 Gyr.
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The viral theorem

e Systems evolve towards dynamical equilibrium:

 No overall expansion or contraction of the system, or other bulk motion, even though all particles are in
motion (on dynamical/crossing) timescale — “virial equilibrium®:

 Relates the kinetic and potential energies of a gravitationally bound system in equilibrium.

Kzzlm-v.2 2K+ U =0 K=—-FE N
l2 l 1

M=Zml-
U:_ZGmimj / K+U-=E U=2F i=1

i Y
o) What will be the evolution of the system when it loses mass
V2 = AM < 0 or kinetic energy AK < 0?
M AM | | AK .
R =R|[1 — Rincreasing! R =R|1-2 — R decreasing!
2 M U
[ GM
— AK
2R VZ=V> <1 + 2A7M) —  V decreasing! VZ=Vy> <1 ~ ) —  Vincreasing!
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Stellar evolution and its impact on star cluster evolution

N=800k objects, 95% binary fraction, Z=0.001, r,=1.53 pc

— Stellar evolution mass loss is adiabatic
§® 110 | | l I I | | I |
= 100 i[ - Iy M.
g 90 - — = — If no primordial mass segregation
= 80 _ r; M,
3=
° 70} -
S 60 JJ: - N=800k objects, 95% binary fraction, Z=0.001, r,=1.53 pc
® 50 - A
§ 40 Jr -
> 30+ - .
n — 3. P
c 20 - é -
S 10F —~ 7 3
= 0 I T | I I | | I % 3 1
50 100 150 200 250 300 350 400 450 500 O _
Time [Myr] a 2.5 1
S
Models from MOCCA Survey 5 (Hypki et al. 2024) E
- T
L
1.5 | .
Half-mass radius expands in response to mass loss 1
from the system 0 200 400 600 800 10

Time [Myr]
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Stellar evolution and its impact on star cluster evolution

Mass [Mqa)]

N=800k objects, 95% binary fraction, Z=0.001, r,=1.53 pc

1x106 ' ' , ' Stellar evolution mass loss is adiabatic
950000 L - e M.
900000 |- _ Py If no primordial mass segregation
| Fi
850000 [+ - /
800000 _ ) N=800k objects, 95% binary fraction, Z=0.001, r,=1.53 pc
750000 |-\ _
4
/700000 -
650000 - - !3! 35 - — —
B -
600000 [ = _
— = 3 —— 1
550000 * | ' ' | — o
O 200 400 600 3800 1000 = —
Time [Myr] % 2.5 1
Models from MOCCA Survey 5 (Hypki et al. 2024) E
T 2 T
I ‘:'.
1.5} 1
Half-mass radius expands in response to mass loss 1
from the system 0 200 400 600 800 10

Time [Myr]
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Stellar evolution and its impact on star cluster evolution

N=800k objects, 95% binary fraction, Z=0.001, r,=1.53 pc

‘® 110 I I I | | I | l I
=, 100 li —~ More about this when will cover black
g 00 - holes in star clusters
= 80 |~ -
z 70 |- =
= 60 JJ: - N=800k objects, 95% binary fraction, Z=0.001, r,=1.53 pc
® 50 - 4
g 40 I _
> 30+ - a5
7p) ". o . - — —
2 20p 1 2 -
S 10F - " B
= 0 I R | 1 I | | I % 3 — 1
50 100 150 200 250 300 350 400 450 500 O _
Time [Myr] a 2.5 1
©
Models from MOCCA-Database Survey 5 (Hypki et al. 2024) E
= 2
T
. . 1.5} 1
Half-mass radius expands in response to mass loss
from the system 1
0 200 400 600 800 100
Time [Myr]
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Binary stars

Spectral Type
Y TL M KGFA B O

+
i

]

\.. I J I I /I I l
W/ P P /

Spectral Type
Y TL M K B O

Close Binary Fraction CBF (%)
(a< 10au)

Herbig Ae/Be

b
o
o

ME = B+T+Q+...
S+B+T+Q+...

(00
o

T+Q+...

THF = ——
S+B+T+Q+...

N F (@)
o o o

Multiplicity & Triple/High-order Fractions (%)
o

0.1

Primary Mass M. (M,,)

10

100-10,000 au)

20

Wide Binary Fraction WBF (%)
(a

FFJV'
40:' Taurus _|_+

-
—+ Orion
_ - —1+— Nebula
SR S Cluster |
0.1 1 10

Primary Mass M, (M.,)

Offner et al. 2023: https://arxiv.org/abs/2203.10066

Star Cluster Dynamics and Evolution - Mirek Giersz & Abbas Askar

Geoplanet Doctoral School - PhD Lecture Course

23rd April, 2024


https://arxiv.org/abs/2203.10066

Formation of binaries

(a) Filament Fragmentation (b) Core Fragmentation (c) Disk Fragmentation (d) Capture

7 ® ©

At ~ 0.5 Myr 0.2 Myr 0.1 Myr
AL ~ 0.01 - 0.25 pc 0.01 -0.1 pc 10 - 500 au

]

B5-Cond1 :
B5-IRS1 e r

: —

10,000 au Ej 100 au

0
c
)

2
©
-
)
@

Q

o

Simulations

10,000 au

Matthew Bate

Offner et al. 2023: https://arxiv.org/abs/2203.10066 | - | N o ¥ - University of Exeter
Smoothed-particle

Bate (2018) h.ydrtlad)./namics
simulation

Credit: Matthew Bate
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Binary evolution

e Depends strongly on

e |nitial masses, separation and eccentricity of a binary system

o All the complexities of single stellar evolution

e Wind mass loss, supernova and natal kick can change orbital parameters

e Mass transfer

e Wind mass transfer
e Roche lobe overflow

e Common envelope

e Tidal evolution
e Magnetic breaking

o All processes are difficult to model

Credits: ESO/
Calcada/M.

Kornmesser/
S.E. de Mink
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Binary orbital properties

T rbital properti | |
BN Orbita prope ties Orbit as tunction
/ . Binaries follow Kepler laws of frue anomaly
'/ 5 \\ a(l—e?
| e r(6) = ( ) o
\ | | 1+ e cosb
\\ \ // Ovbl'\'a\ 3 1/2
eriod P=2n ¢
\\\\\\\\ L /-"-// v G (m1 + mg)
: En
In the reduced particle + CoM frame orde I — 1 102 G my my
2 r
\ Angular momentum
Semi-minor axis b 0 =true _
[ anomaly L = M \/G (ml + mQ) a

Focus

Periapsis

Semi-majoraxisa Jp=(1-e€e)a

Eccentricity:

reduced mass: My Mo | 2F L7
H = (

° \ 13 G? (mq + mo)?

mi + mz)

Binary Orbital Properties Cheat Sheet: Credit : Michela Mapelli
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Binary orbital properties

e Gravitational tides:
Orbital properties

Orbit as function

/ | . Binaries follow Kepler laws ot true anomaly
7 / \ a (1 . 62)
/ - r(0) = re
/ | . \ | / 1+ e cost
. R - \ -/ Orbital
\\\ \I_/

q3 1/2
period P =2 ( ))

— ) - G (m1 + mo
T In the reduced particle + CoM frame Fheray E = ! 1 v G m;
e -Tidal force is: proportional to mass of | SN Anaular momentum T
the primary inversely proportional to A anomaly L= /G (m1+ms)a
distance cubed  dF = (%) dr = 22" gy PR S A by S

e -Tidal force circularizes orbits and o
Eccentricity:

reduced mass: 2E L2

TU My My e = ,|1- 5 G2 (my + my)?
o constant of angular momentum p= (1 + my) N\ 1M

synchronizes rotation

o Minimum energy state
Binary Orbital Properties Cheat Sheet: Credit : Michela Mapelli
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Mass transfer in binary systems

e Stars close enough to each other will have large gravitational

influence
e Orbital parameters of a binary respond to mass transfer

e Roche Lobe

e equipotential surface of gravitational force in a two body system

e Material that crosses the Roche lobe can be transferred to the othe star,

into orbit in thesystem, or ejected

Roche lobe of Roche lobe of
smallerstar  largerstar ___

\ A \ .
/'/ \ /
/ N\ /
/ \ /
\ ‘.I

—— —

Mass can flow from either star to the other

Inner Lagrangian point Mass can flow from the enlarged star to
across the inner Lagrangian point

the other across the inner Lagrangian point

Both stars share the same outer atmosphere

Overcontact binary: Both stars overfill their Roche
lobes.

Credit: Reed L. Liddle

Detached binary: Neither star fills its Roche lobe. Semi-detached binary: One star fills its Roche lobe. Contact binary: Both stars fill their Roche lobes.
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Mass transfer in binary systems

e Mass Transfer depends on

e Distance between stars

10 -
e Mass fraction of the stars
e Dynamics of the binary system 8 - M, greater than M.
Stars far apart B
e Evolutionary stage of the star &
g - M, less than M,:
e Mass transfer affects: : a \ tors far apart
G
i 2 4-
e Separation 2 M= M,
e Mass ratio Stars close together
2_
* Eccentricity Y
I
e Examples of different types of close binaries: Y - T T T 'H'; A RLL )
e Massive binaries (O and B stars) M /M,

e X-ray binaries (Star with a neutron star or black hole

companion Credit: Reed L. Liddle

e Novae (Star with a white dwarf companion)
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Common envelope evolution

If mass transfer becomes unstable (e.g. both stars fill Roche lobe),
COMMON ENVELOPE (CE) phase = Two stars, one envelope ° PrOpOSEd d> d pathway

to explain close binary
systems (Paczynski
1976)

The first one evolves out ® Binary components

of MS expands and start
mass transfer onto the second

too close
The two cores spiral in till T
they merge becoming e Uncertainties:
/ a single star o
o Efficiency of removal of
envelope

Mass transfer becomes S
unstable: CE phase can merge if initially

Two massive stars initially
underfilling Roche lobe

The energy released
during the spiral in » Final separation of binary
removes the envelope:
Drag by the envelope The two cores form a hew components
leads the two cores to tighter binary o -
spiral in e Short living state: difficult
Credit : Michela Mapelli to observe

Star Cluster Dynamics and Evolution - Mirek Giersz & Abbas Askar Geoplanet Doctoral School - PhD Lecture Course 23rd April, 2024



Treating stellar/binary evolution in star clusters

® Binary evolution is modelled using population synthesis codes (also known as synthetic stellar evolution

codes):

simplified models of stellar evolution (fitting formula to full stellar evolution tracks from codes like MESA, PARSEC)

include treatment of binary evolution processes (analytical/semi-analytical prescriptions for important stellar/binary

evolution processes).
Tides, mass transfer, common envelope evolution!

include prescriptions for supernova explosions, remnant masses and natal kicks

o -SSE/BSE (Hurley et al 2000; 2002): startrack (Belczynski 2008; 2010; 2016), binary_C (lzzard), MOBSE

(Giacobbo & Mapelli 2018) Seba, COMPAS, biseps,

o Other codes: SEVN (based on PARSEC tracks), MSE (Hamers et al.) for evolution of triples and quadruples

¢ Advantages:

Fast and useful to see how a population of stars/binaries will evolve: explore initial parameter space

Can be coupled with dynamical codes for star cluster evolution like NBODY6, MOCCA, PeTar etc
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Recap: Counteracting core collapse with binaries

e (Core collapse is a runaway process — would lead to an infinite core
density and a null core radius — an energy source is needed to
counteract core collapse

e 2 ways to counteract core collapse:

* removing potential energy |U| from the core without removing much kinetic
energy 1

- Mass loss by stellar winds and supernovae — remove mass without changing K of other stars

e By injecting fresh kinetic energy into the core E <0

S
® Binary Heating/Burning: Binaries act as an energy source: their internal o

energy can be exchanged with other stars
e Binaries can be primordial or can form in 3-body encounters |
® Heating via binary-single encounters can prevent or delay core collapse. 3«

e |nteractions will process binaries via encounters which can change

membership and binary properties o
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Binaries as energy sources

e Binaries can exchange their internal energy with other stars

e Internal energy: total energy of the binary - kinetic energy of the center-of-mass 3 oo

E 1 2 Gm1m2 U= T “ - »é«r : ’
int — EIMV T " n, _|_m2 - - >

- randyv are the relative separation to velocity

E; . < 0 if the binary is bound

Gmym,

. E.

int

can also be interpreted as the energy of a mass u orbiting in the potential

r

e For a bound binary, the orbit around the orbit of the reduced mass is elliptical with semi-
major axis (a). Thus, the energy integral of motion is:

Gm1m2 . - :
E. = — — g Eb where £, is the binding energy of the binary

Iint
2d
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Binaries as energy sources

Gm1m2 . - :
E. = — - — Eb where E, is the binding energy of the binary

Iint
2a

e Simple derivation of the above:

K=—mV}+-m,V3 =

myny 12 the speed Vin the relative orbit is given
2 (my + my) by V2 = G (my +m,)[(2/r) = (1/a)]

vis-viva equation

U — J‘rOO Gn:;mz d’,« — _ Gm;mz
Gm,m, Gmm,
EtOt:K_l_U:_ :_Eb Eb:
2d 2a

e total energy: the larger the orbit (a T), the less negative, and hence larger E, , T

e Binding energy: larger the orbit (a T), smaller the E,
tighter the binary (a 1), larger the E,
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Binaries as energy sources

e The internal energy of the binary can be exchanged with stars in a cluster

through close encounters
Eim‘ — = — = Eb b= )
2a a

e 3-pbody encounters

e aninteraction between a binary and a single star, the single star can either:

- extract energy from the binary

- or lose a fraction of its kinetic energy, which is converted into internal energy of the binary

e |f the star extracts E.

int

from the binary, its final kinetic energy (Kf)is higher than the
initial kinetic energy (K;)

* More precisely: K, of the center-of-mass of the single star and of the binary is higher
than their K,

e As aresult of the encounter, the interacting star and the binary acquire recoil velocity
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Binaries as energy sources

e The internal energy of the binary can be exchanged with stars in a cluster

through close encounters
Eim‘ — = — = Eb b= )
2a a

e 3-pbody encounters

e aninteraction between a binary and a single star, the single star can either:

- extract energy from the binary

- or lose a fraction of its kinetic energy, which is converted into internal energy of the binary

e |f the star extracts E.

int

from the binary, its final kinetic energy (Kf)is higher than the
initial kinetic energy (K;)

* More precisely: K, of the center-of-mass of the single star and of the binary is higher
than their K,

e As aresult of the encounter, the interacting star and the binary acquire recoil velocity
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3-body encounters: flyby resulting in binary hardening

e An interaction between a single star and a binary: the single star
Gmym,

extracts E, from the binary Ey=-——=-E, O
a < .
e E. 1, becomes more negative and E, increases 1 : A
e the binary becomes more bound (a |)
Gmm, Gmm,
F,=—12s 12 a, < a.
b 2af > 2ai f l ;
)/ — ©

Credit: Michela Mapelli
Lecture notes on Collisional Dynamics
http://web.pd.astro.it/mapelli/
2014colldyn3.pdf

e Single star gains kinetic energy

e Binary system loses energy and becomes more bound!
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3-body encounters: flyby resulting in binary hardening

mlleO m3:1M® mlleQ V020= Gciw
m, =1 Mg b=10 AU Final Integration Time = 10.68 yr m, = 1 M, m; =1 Mg
a=1AU Voo = 10 km/s E, =—0.46 AE=242E- 14 L — 070 AU Ve = 17.3 km/s
e=0 D =25 Xa [AU] e = 0.44
Binary | — s
phase iS —— Single Star 3 -
randomly 15
sampled
between 0 ] -
and 2z« 5 _
S s <G g sy
PR ~
: c
% N
-15 —]10 —XS[au] 0 5 o

Simulations carried out using the TSUNAMI code (Trani et al. 2022, 2023; Hellstrom et al. 2022) o

TSUNAMI is a "few-body" (N-body problem for a few objects) code: planetary systems, multiple star systems, and especially for
encounters between a single star and a multiple star system.
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3-body encounters: flyby resulting in binary hardening

m; =1 Mg m; = 1 Mg m; =1 M Vgo= chlw
m, =1 Mg b=10 AU Final Integration Time = 11.01 yr m, = 1 M, m; =1 Mg
a=0.5 AU Voo = 7 km/s E_ =—-0.98 AE =5.5E — 13 L — 033 AU v, = 24.93 km/s
e =0 D =50 X% a [AU] e = 0.59
— Star 1
—— Binary Star 1 =1 Rl 2
15 - Binary Star 2 — Star 3
—— Single Star 3
10 A
10 ~
3 S 5 -
0 s
”””””””” 0
o s O
,,,,,,,,,, e
—10 & . . . .
—-30 —-20 —-10 0 10
xla 25 20 15 10 s 0 ; 0

X [au]

Simulations carried out using the TSUNAMI code (Trani et al. 2022, 2023; Hellstrom et al. 2022)
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3-body encounters: resonant flyby

— — GM
m; = 1 Mg m; = 1 Mg m, =1 M p2 = -
m, =1 M b=3AU Final Integration Time = 15.41 yr m, = 1 M, m; =1 Mg
a=05AU Voo = O km/s E,,=-099 AE=9.5E — 14 047 AU v = 8.60 km/s
e=0 D =50 X% a [AU] e =0.68
—— Binary Star 1 41— star1
2.5 - Binary Star 2 Sy, 2 - Star 2
= ool — singestars | — s
> . 5]
—4 -
—5.0 - | | | | | | | |
~15  -10 -5 0 5 10 15 20 —h 10 - Y el 0 - 20
X [au]

Simulations carried out using the TSUNAMI code (Trani et al. 2022, 2023; Hellstrom et al. 2022)
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3-body encounters: exchange

e Another way for a binary to transfer internal energy to field stars and to increase its

binding energy E, is via exchange encounter

® Exchange interactions: single star replaces one of the binary components (m, or m, is

replaced by m,) - More likely when m; > m, or my; > m,

— ' * Gmm Gmm
1.0} —e—o Eb — # > #
P.E. [ : 2a 2a

6 .
I | | 1 q
al q :20
+ _ :
2}
L 2 ¢ /

-2 -1 0 1 2 Credit: Michela Mapelli
Log (M3/M1) Lecture notes on Collisional Dynamics

F1G. 4. The exchange probability (the fraction of the post-encounter
binaries containing the original impacting star as one of its stellar

components). .
Hills & Fullerton (1980)
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3-body encounters: exchange

e Another way for a binary to transfer internal energy to field stars and to increase its

binding energy E, is via exchange encounter

® Exchange interactions: single star replaces one of the binary components (m, or m, is

replaced by m,) - More likely when m; > m, or my; > m,

Eb _ Gmm; S Gmm,
2a 2a

I Exchange Encounters I

P EE N

1 m—>
® These close encounters can change binary membership Q Q

2

e |Importantin the context of forming close binary systems
Credit: Michela Mapelli

Lecture notes on Collisional Dynamics

e.g, X-ray binaries, gravitational wave sources
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3-body encounters: exchange

m,; promptly exchanged with m,

mlleO m3:1M® m3:1M® V020= Gciw
m, =1 Mg b=5AU Final Integration Time = 7.11 yr m, = 1 M, m; =1 Mg
a=05AU Voo = 10 km/s E =-096 AE=3.8E- 14 L — 045 AU v, = 13.7 km/s
e =0 D =50 x a [AU] e =018
107 [— Binary Star 1 5 - :E::;
Binary Star 2 —— Star 3
81 — Single Star 3
6_
6_
4_
4_
0 - 0
~2 - 2
—4 - 4
_6— : : : : : T
_15 ~10 _s 0 5 —-15 —-10 —5X Al 0 5

Simulations carried out using the TSUNAMI code
(Trani et al. 2022, 2023; Hellstrom et al. 2022)
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3-body encounters: exchange

m, promptly exchanged with m,

m; =1 Mg m; = 1 Mg m; =1 M Vgo= chlw
m, =1 M b=5AU Final Integration Time = 8.89 yr m; = 1 Mg m, = 1 Mg
a=0.5AU Voo = 8 km/s E =-098 AE=13E—-13 L — 037 AU v, = 21.08 km/s
e=0 D =50 X a [AU] e =0.68
16 —— Star 1l
—— Binary Star 1 Star 2
10.0 7 Binary Star 2 g] — Star3
—— Single Star 3
7.5 - 6
5.0 - *
é 227 BTTTT I, 27
0.0 - g .
—2 4
~2.5 -
_4—
~5.0 - i
u T u T T u u ) =15 -10 —15 0 5 10 15
~15 ~10 -5 0 5 10 15 x [au]
X [au]

Simulations carried out using the TSUNAMI code
(Trani et al. 2022, 2023; Hellstrom et al. 2022)
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3-body encounters: unequal mass ratio

m, promptly exchanged with m,

mlleO m3:1M® mlleQ V020= Gciw
m, = 0.5 Mg b=3AU Final Integration Time = 23.7 yr m; = 1 Mg m, = 0.5 Mg
a=05AU Voo =9 km/s E_ =-024 AE=137E- 14 L~ 0.8 AU v, =32 km/s
e =0 D =50 x a [AU] e = 0.30
601 — Binary Star 1 — zt::;
Binary Star 2 50 — Star3
—— Single Star 3
50 -
. 40 -
30 - 30 A
é; 20 - :§ 20 7
10 - o
0 <A
_10-
_30 20 10 0 10 20 . . . . .
x [au] -20 -10 . 0 10 20

Simulations carried out using the TSUNAMI code
(Trani et al. 2022, 2023; Hellstrom et al. 2022)
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3-body encounters: resonant exchange

Fewbody can be
downloaded from:

https://sourceforge.net/
projects/fewbody/files/

Exchange during binary-single interaction Credit: Aaron Geller & Fewbody code (Fregeau et al. 2004)
https://www.youtube.com/watch?v=hA4BpXK5hec
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3-body encounters: collision

During the chaotic phase of

three-body evolution, two of
the three bodies sometimes
approach very close to each

other.

At this time, their speeds
increase to values which are
much higher than the
average speed.

In astrophysical systems, the
bodies have finite sizes
which means that in close
approaches the two bodies
may collide.

Collision during binary-single interaction Credit: Aaron Geller & Fewbody code (Fregeau et al. 2004)
https://www.youtube.com/watch?v=qCQhP2syAXk https://faculty.wcas.northwestern.edu/aaron-geller/visuals.html
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3-body encounters: flyby resulting in binary softening

e The internal energy of the binary can be exchanged with stars in a cluster

through close encounters Gm,m,

2a

Gmym
d

e 3-body encounters

e aninteraction between a binary and a single star, the single star can either:

- extract energy from the binary

- or lose a fraction of its kinetic energy, which is converted into internal energy of the
binary

o |f the star transfers kinetic energy to the binary, its final kinetic energy (Kf> will be

ower than the initial kinetic energy(K;)

* More precisely: K, of the center-of-mass of the single star and of the binary is lower
than their K;
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3-body encounters: flyby resulting in binary softening

e Aninteraction between a single star and a binary: the single star gives
Gmym,

its kinetic energy to the binary E,, = = —E, O

2a
e E. T, becomes less negative and E, decreases | : A

e the binary becomes less bound (a T)

— r ; . :1 — :
’ > > i Q

Credit: Michela Mapelli
Lecture notes on Collisional Dynamics

e Single star loses kinetic energy
 Binary system gains energy and becomes less!

e (Can also resultin to ionization of the binary: binary becoming unbound
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3-body encounters: flyby resulting in binary softening

m; = 1 Mg m; =1 Mg Final Integration Time = 70 yr
m, = 1 Mg e, = 1.25 E,, =0.171 AE = 1.66E — 14
4=13 AU vy, = 30 km/s

e =10 D =50 X% a [AU]

G<m1 ~+ mz)
vorb - Apin

- 20 -
A f— Binary Star 1
50 - B.lnary Star 2
—— Single Star 3
5 07 -20 -
5,
> =20
_40 a3
—40
_60 -
—60
—-150 —100 —50 0 50
X [au]

G
ml =1 M@ Vgo = C]lw
IIl2 =1 M@ m3 =1 MQ
a=1509 AU v = 15.6 km/s
e =0.84
— Star 1l
Star 2
—— Star 3
~150 ~100 _50 : "

X [au]

Simulations carried out using the TSUNAMI code (Trani et al. 2020; 2022, 2023; Hellstrom et al. 2022)

Star Cluster Dynamics and Evolution - Mirek Giersz & Abbas Askar Geoplanet Doctoral School - PhD Lecture Course

23rd April, 2024



3-body encounters: binary dissolution/ionization

2 2
3 \ ) — 3
Credit: Michela Mapelli

1 Lecture notes on Collisional Dynamics

e Asingle star can ionize the binary only if its v__ (when it is far from the binary, thus
unperturbed by the binary) exceeds the critical velocity (Hut & Bahcall 1983)

Gmlmz(ml + m, + m3)
YV =
¢ \ m3(m1 + mz)a

e This critical velocity was derived by imposing that the K of the reduced particle of the 3-

body system is equal to E;; 1 oms(my+my) 5 Gmym,
— VC p—
2 (ml +m2+m3) 2a
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3-body encounters: binary dissolution/ionization

m,; = 0.5 Mg m; =1 Mg Final Integration Time = 20 yr Gm1m2<m1 + m, + mg)
a=1AU vy, = 30 km/s m3(m1 + mz)a
e =0 D =30xa [AU]
G+ V.~ 29.8 km/s
vorb - Apin
104 — Starl
Star 2
: —— Star 3
— Binary Star 1
10 Binary Star 2 0
—— Single Star 3
0
_ -10
T —10
-20 -20
—-30
-30
_ 210 - 5'3 0 - l2 0 - i 0 (I) 1IO 210 BIO 4IO | ' T l l T l T l '
X [au] -30 —20 —-10 0 10 20 30 40

X [au]

Simulations carried out using the TSUNAMI code (Trani et al. 2020; 2022, 2023; Hellstrom et al. 2022)
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Outcome of 3-body interactions: will a binary gain or lose binding energy?

Only in a statistical sense

. . Gm1m2 | 9)
e Hard blnary' 24 > E<m>0 binding energy higher than the average kinetic energy of a star in the cluster
: G
o Soft bina ry. n;mz < %<m>52 binding energy lower than the average kinetic energy of a star in the cluster

o All types of interactions can occur, but on average, hard binaries (those bound more tightly
than the average binding energy in the cluster) give away more energy than they absorb,
and become ever more tightly bound (binary hardening/shrinking)

e Soft binaries more likely to absorb energy and become more loosely bound or unbound
(binary disruption/ionization)
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Evolution of the binary population in a cluster

_I IIIH"l | I“““| I T I o | III_I 1T 1T IR IR I 1T T | IIIIIIII IR r1r1r11
150 |- - o }
I L I i 150 _ ] - _
I _ i . ]
” : - 5 ST '
£ - - Destruction due to T | Destruction due tc
10T - stellar evolutio | - encounters
_ — n e — | | =
ST “. |
: i - 2 I - - i
e B - e, — : ] -
) ) | |
o) B m L0 B | : ]
5 50 [ — E 50 | . —
- - | |
Z. - —— T = 0 Gyr . d - | —— T = 0 Gyr i i
i i} i i —-—-T =1 Gyr |
I : : l :
O l IIIIIII| ] IIIIIII| ] IIIIIII| l IIIIIII| l IIIIIII| l IIIIIII| -I L1118 O : ””“II : II”I“I : IIIIIII| : ”””II : ”I““I : III:Hl__I L
1 10 100 1000 10* 105 b 100 100 1000 ~10%10°

Period [days] Period [days]

Credit: Holger Baumgardt
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Some more simulated 3-body encounters

— Binary Star 1 —— Binary Star 1
20 1 Binary Star 2 60 Binary Star 2
- Slngle Star 3 40 4 S S|ng|e Star 3 P 40 4 —— Binary Star 1 ,,(\"I("
77 : Binary Star 2 /((((o
20 - /,_,(-" ) 209 —— Sjngle Star 3 I(((((f“
/‘/‘/' 0 - <
S 0 1 - 'QQ’\"“MNu,
© N/ S
= & o —20 A
> 20 A ‘7__7 L
>
~h— —40 -
_40 -
_60 .
_60 -
_80 -
_80 ] I I I I I I
: : . . . | —150 —100 -50 0 50 100
_20 - —150 —100 -50 0 50 100 x [au]
xlau] Prompt flyby leading to softening
—30 7] —— Binary Star 1
—— Binary Star 1 i Binary Star 2
15 - Binary Star 2 6 201 — Single Star 3
.. —— Single Star 3 —— Binary Star 1
......... i Binary Star 2
—40 A o1 T~ e o (- Single Star 3 15
2 -
5_
= 10
10 0 10 3 = 0
_ BN = e
x [au] 5] B
_5— ,
Resonant exchange -
_10_
-10 -5 0 5 10
—~15 4 x [au]
1o 5 10 50 Resonant interaction
X [au]

resulting in binary
hardening/exchange

-10 =5 0 5 10

Simulations carried out using the TSUNAMI code (Trani et al. 2020; 2022, 2023; Hellstrom et al. 2022)
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Cross section for 3-body encounters

e Compared to single stars, binaries have a geometric

on!
larger cross section! @ ) Sy
2

_ 2 _

e The difference is even larger if we take a more realistic definition of cross section for 3-body
encounters

> = zb?

max

e p_ . isSthe maximum impact parameter for a non-zero energy exchange between star and
binary
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Cross section for 3-body encounters

> = zb?

max
e p . isthe maximum impact parameter for a non-zero energy exchange between star and

binary

e Gravitational focussing

e |n the 2-body frame: binary is significantly more massive than a single — the trajectory of the single is

deflected by the binary when it approaches pericenter (p)

 The relationship between impact parameter (b) and effective pericenter (p) //

J
can be derived the conservation of energy and angular momentum @
\\‘\‘\
Gm 2 : Gm V2
p = 2T 1 + (GOO ) b2 — 1 if : s> 1p~p2—2 Credit: Alice Quillen Notes on
Voo T V&b 2Gmy Hyperbolic Encounters: https://

astro.pas.rochester.edu/
mr = my + m, + ms ~aquillen/ast233/lectures/
lecture2.pdf
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Cross section for 3-body encounters and interaction rate

b... can be expressed in terms of the pericenter distance to obtain a useful expression for
the 3-body cross section

2Gm See: Michela Mapelli
=1 ( T) D Lecture notes on Collisional Dynamics
p2 max http://web.pd.astro.it/mapelli/
o0 2014colldyn3.pdf

e For astrong encounter, the cross section can be found setting the pericenter distance to for
example: the binary semi-major axis  y — 5,1

Va
. . R=UN _ %
® [nteraction rate can be computed from the cross-section — - — &V
myna where n is the local density of stars
R =27G
vOO
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Interaction rate and timescale for 3-body encounters

Interaction rate for strong encounters depends on:

on the semi-major axis of the binary (wider binaries have a larger cross R = 22G Mynd
section) Voo

on the total mass of the interacting objects (more massive objects interact

more)

on the local density: denser environments have higher interaction rates ‘

on the local velocity field: systems with smaller velocity dispersion have higher
interaction rate (v ~ o)

® Interaction timescale for 3-body encounters

O

t3b o 2rGmrna
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Energy exchanges in 3-body interactions

o Hills (1983) defined the post-encounter energy parameter

m; + m, <AE19> : : : C
5 — 5 < AEb > is the average blndlng energy variation per encounter
3 b

e From numerical simulations, it has been shown that:;

e £depends strongly on impact parameter (a factor of >200 between b=0 and b=20a)
e £depends slightly on binary eccentricity (é~2ife=0, £~ 6 if e = 0.99)

e £dependson binary massratio(E~2itm,=m,, &~ 4ifm/m, =10 - 30)

e Averaging over impact parameters: £ =0.2 — 1

my  Gmm,

(AE,) = ¢

m+m, 2a
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Hardening rate in 3-body encounters

e Rate of change of binding energy for a hard binary mpna
R =2nG .
dE dN m dN
— L = (AE))— = ¢ > E,— anN is the rate of encounters o
di I di +m, ° dt dt L3 =
my -+ myp 3b ™ 22Gmpna
dE, (m) 2rnG (ml + mz) na
— = N E, (m) is the average mass of stars and
1 o (m)n is the local mass density of stars: p
e \ b Gmm,
—b — ﬂszﬁmlmz ’ 2a
dt o

® Binary hardening rate depends on the binary mass and the local cluster properties (density and
velocity dispersion)

® Hardening is constant in time if cluster properties are not changing
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Hardening rate in 3-body encounters

e Expressing in terms of E, (and assuming no exchanges) % = 2662 mm,
O
d (1 2 dE
Z (=)= b = 27GEL
dt \ a Gm;m, dt o

e The time average evolution of the semi-major axis of a hard binary

d
) P T L.
dt o

e Rate of binary hardening depends on the square of the semi-major axis

e The smaller the a, the more difficult is for the binary to shrink further (because cross section
becomes smaller).

e Timescale for a binary to harden by 3-body encounters: _faj__1 ol
a 2nGE p a

I, =
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Formation of binary systems

® (Can be primordial

e We know from observations that binary fraction is high
in the field (~40-50%)

¢ Dynamically formed in 3-body interactions ® Q O>

- Need high local stellar density (e.g., during core-collapse) Credit: Michela Mapell

e Tidal captures
(Fabian, Pringle & Rees 1975; Press & Teukolsky 1977)

2m1 1/3
I"t— 1”'2 m_2

e Stars have to pass close to each other: energy dissipation
oroduces bound star

e Requires high stellar density (e.g., during core-collapse)
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Formation of binary systems

— Star 1 4
20 - Star 2 m] — 1 M@ a = 475 AU
- Star 3
— e = (.98
O_ m2 1 M@
S
= — Star 1
> 20 =
—20 1 Star 2
10 1 —— Star 3
—40 - 0 -
=)
© —10 -
-50 —-25 0 25 50 75 100 125 > —20 -
X [au]
_30 -
_40 )
-50 -25 0 25 50 75 100 125
X [au]
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Formation of binary systems

e Dynamically formed in 3-body interactions

3
[
<

©

a=3.21 AU
m; = 1 M e = (.88

m; =1 M,
) 60 - —— Star 1l
IIl2 — 1 MQ 60 - —— Star 1 Star 2
Star 2 40 - — Star 3
m3 — 1 M@ 20 —— Star 3
— = 20 A1
> 20 =
5, >
>
0 01
—20 —20 A
_40 1 I I I I 1 I 1 1 I
—150 —-100 -50 0 50 —150 —100 —-50 0 50
X [au] X [au]
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Binary - Binary interactions

Resonance

holds, but higher level of Decay
complexity

Resonant

Everything we learned still Hierarchical Q e
-
~— Flyby

Flyby i ‘Democratic’
i quadruple

' !
' i
I Hierarchical | i
Lo Resonance | i
] ' . : :
i /\ | i Capture : :
: Y ‘f) i E E
5 \Q/ | .
i i

Pre encounter Resonant | o |

I < /\. Capture ,", o
. e / |

. Binary-binary

-
|
I
I
I

s,

— ',, Resonant
| Exchange
.’
[onisation ,'
-
Prompt
Exchange
* 7 / D .
9.
> . N
P \ Hierarchical Triple

from Heggie & Hut (2003)
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Summary: Internal heating from binaries

a.< a;
Gm1 mgf ’Gm1 iy

® Binary Interactions (3-body interactions) BV )
. Gmim — O
o For abound binary system: B =-———— =—E O,
a
Gmlmg Gm1m2
e Binary shrinking/hardening: A
. . . . ' -
e Single star extracts internal energy of the binary (stars final \/./
kinetic energy is higher than initial) - Flyby Gmlm”fmZGmlmQ

E, =

e Binary softening or lonization: —_—
Q- @

- Single star transfers kinetic to the binary

0 Exchange interaction: Credit: Michela Mapelli

Lecture notes on Collisional Dynamics

- Single star can replace one of the binary companions

Heggie/Hill's (1975) Law: In 3-body encounters hard Gmm, 1 5 Gm1m2 < l<m>62
binaries become harder and soft binaries tend to become oy, > 5<m>6 2a 2
softer Hard Binaries Soft Binaries
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Summary: counteracting core collapse

An external energy source (K, ) is

Relaxation Core contraction need to counteract core collapse

Decrease in kinetic ¢ 3'b0dy encounters: Energy

and potential energy

K| L> U] extracted from binaries |U| and

Evaporation of
fastest stars to halo

ﬁ

INncreases K

e Mass loss by stellar winds also
decreases |U|

Further contraction

e Binaries harden by further

Binaries inject
energy to the core,
K| T|U| {
halting collapse

r Evaporation1
pt g, IKIY
L Contraction

encounters and provide an
energy source for the core.

e |fabinaryis ejected or merged,
the core can re-collapse until a
new binary is formed.
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Key takeaways

e Stellar/binary evolution has important consequences for cluster evolution

e Significant mass loss from the fast evolution (~10-100 Myr) of massive stars

- Influences the structure of the cluster and its radius

e Binary evolution is important: influences separation/semi-major axis of binaries and their fraction

- Many uncertainties in physical processes

e Binaries can generate energy by exchanging their binding energy with cluster stars

e Binaries generate energy in the cluster which is then dissipated via relaxation:
e Main source of energy in the cluster

 Encounters with stars or other binaries can lead to a variety of different outcomes

- Can lead to the formation of close binary systems, gravitational wave sources (more in future lectures)
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