one weak deflection ov ~ 2 GM/(bv_2) (perpendicular to v_z)

> Figure 1.5 A field star approaches

v_Z the subject star at speed v and im-
pact parameter b. We estimate the
resulting impulse to the subject star
by approximating the field star’s tra-
jectory as a straight line.

many weak deflections adding many randomly oriented vectors
A

6v
Av = 0vy + 0vg + dvs + ... K nov;

adding many randomly oriented vectors
(Av)? = dvi + 603 + dvs + ... = nov?

-l

i .
Sje: or A’U ~ néfU'
%s&h -~ OV X V/nov;




Are galaxy clusters thermalized?

Abell 1689

Reluster ~ | MPC
Rgalaxy ~ 30 kpc
Mgalaxy ~ Mmw
Noziaey ~ 1000
v ~ 1000 km/s

T~N (Rgab(/RcIuster):




Chandrasekhar’s dynamical friction formula (Chandrasekhar 1943a).

UM

M
doo i fwa)| B 9
Uy

YV _ 164262 Mm, In A [ /
dt O

e

.friction

.M>>m_a

.only slow field particles
.only mass density matters

f =1 for vys > o, faster objects weaker damping

tae ~ 1
f o~ (“TM)B for vy < o, stoke’s law

nov
n = ng,

O = 7TR2 (veSC,M/vM)‘L

V=VMm



consiler a mass, M, moving through a uniform sea of stars. Stars in the
walmaamdiplawdimn.'n:i,18

this results in an enhanced rogion of donsity bohind the mass, with a
drag force, F, known as dynamical friction

Dynamical Friction

interpretations
) wake

2) deflection
3) resonances




Linear Response
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Figure 8.2 A mass M travels from left to right at speed v),,, through a homogeneous
Maxwellian distribution of stars with one-dimensional dispersion ¢. Deflection of the stars
by the mass enhances the stellar density downstream, and the gravitational attraction of
this wake on M leads to dynamical friction. The contours show lines of equal stellar
density in a plane containing the mass M and the velocity vector vjyy; the velocities are
vy = o (left panel) and vys = 3o (right panel). The fractional overdensities shown are
0.1,0.2,...,0.9,1. The unit of length is chosen so that GM fe? = 1. The shaded circle has
unit radius and is centered at M. The overdensities are computed using equation (8.148),
which is based on linear response theory; for a nonlinear treatment see Mulder (1983).



0.1N

relax = lnN Cross-

two-body relaxation applications: ~ equal mass particles
|) globular clusters
core collapse, mass segregation, evaporation, ejection...
2) galactic centre stars
mass segregation, orbital changes...
3) planet formation: interactions between planetesimals/planets

1.17 M(r)

Leric = tCI’OSS) A
£ InA M 8:13)

Dynamical Friction: heavy particle surrounded by field particles
) sinking of BHs in a galaxy

2) formation and decay of BH binaries

3) galaxy mergers, decay of satellite galaxies



If a massive BH is off-centre in a galaxy,
how long to sink in?

dvm _ —16m2G%2Mm, In A [/ ) dv, vgf(va)} VTM; (8.3)
evolution of eccentricity?

e 1.17M('r)t (8.13)

fric — lnA M Crossy e

— “any 108 Mo black hole that is formed within ~ 10 kpc of the center of

a typical galaxy will spiral to the center within the age of the universe.
Thus massive black holes should normally be found at the center of the
galaxy, unless they are far out in the galactic halo.”

— what about 10A6 M_sun?

— what about Andromeda (1012 M_sun as a whole)?



LSS Andromeda
N\, Calaxy (M31)
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Andromeda + Milky Way: major merger
component stripping by tide
central BH merging?

1.17 M(r)

tfric - InA M tcross;

halo: 10712
disk: 107 |
bulge: 1079

BH: 076




Minor merger: LMC/SMC 1.17 M(r)

Leric = InA M tCI‘OSS)

200 -

200

& 150

s currently

- By LMC: r ~ 50 kpc
3 v ~ 300km/s

M~ 2x10'9 Msur

time {Cyr)

Figure 8.3 The decay of the orbits of the Magellanic Clouds around our Galaxy. The
upper curves show the radius of the Clouds from the Galactic center (thick line for the
Large Cloud and thin line for the Small Cloud), and the lower, dashod curve shows the
distance between the Large and Small Cloud. The Galaxy potential is that of a singular
isothermal sphore with circular speod v, = 220kms !, and the drag foree is computexd
using Chandrasckbar’s formuls (8.7). The initial conditions at £ = 0 are chosen 10 repro-
duce the observed distances and radial velocities of the Clouds and the kinematics of the
Magellanic Stream (Cardiner, Sawa, & Fujimoto 1994),



Minor mergers

Holmberg effect:

perhaps more pole-on/
retrograde satellites;
but likely a weak effect

WalkerAet al ’96
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Dynamical Friction (numerical simulations)

sinking path of a (dense)

“ . v—— ' ‘ ' prograde satellite
A ‘I ' (Walker et al *95)
é | ’ e -
; \ i S
.l :
e e T o :
e $697) o taye both tangential and
...... vertical motions
: d N damped
7 | 3 W\
f ‘ | l' l . f E - -. ‘\ | I |
i | 3 |/
- :. /.'.'
Pbetpor s gn- s 1.65 0 19Gyr [ n e o 108 Mg (8.12)
Moot T INAGM T InA \5kpc/) 200kms—! M ‘




Nuclear star cluster in the MW

0.3pc

a central cluster
mass ~ 10 Msun
size ~ |Ipc
dark objects!?
prograde
¢

Fig. 12. Modelling the nuclear cluster assuming that all the mass is
contained 1n the black hole and that the velocities are isotropic. The
number density profile of the kinematical sample was assumed to be
a single power law of the radius. Open circles are velocity disper-
sions computed using fixed radial bins; blue points are absolute values
of the measured velocities. Straight lines show model predictions for
M= 3,4,9) X 10° My, " Schodel et al ‘99



Two merging galaxies, each containing a BH

® single BH orbital decay by dynamical friction

e 1.17M(7‘)t
fric — ImA M Cross )

® bound binary BH hardens by dynamical friction

.becomes bound
.binary dynamical friction

® when v ~ 0, too hard; shrinks by scattering stars

ab%(aib) — —14.3%&5



Shrinking of massive binaries by scattering stars

mean-free-path argument gives

ap (L) = —14.3%2q, BT eq. (7.179)

timescales for binary orbit shrinking

Lehrink A el
shrink ~~ 14.3Gpay

@a b=1 pc
galactic bulge, p ~ 10° My /(1kpc)®, tenrink ~ 3 Gyrs

Nuclear star cluster, p ~ 10° My /(1pc)?, tenrink ~ 3000 yrs

evolution of eccentricity!?
high-velocity stars!?
stellar cusp!?



R/R| [years]

TIME SCALE,

Binary BH: problem reaching below Ipc

10"

O
10

$| +
10

— The “final parsec problem”

® when low-] stars exhausted — empty loss cone
® hang-up at ~ |Ipc
® if can reach ~ 0.01pc, gravitational wave
® do binary blackholes merge or not?
— growth of BHs, GR detection....

Stall?.
4 Loss Cone
Depletion

¥
7 Other
s Processes

Dynamical
Friction

10 | 100 10400

RADIUS, R [parsec)



Tidal Phenomenon

when impact velocity V < o, static tide
when impact velocity V' > o, tidal shock



Static tide (equilibrium tide)

Applications:

Earth-Moon tide
Roche Lobe overflow of binaries
tidal capture of stars
tidal disruption of a star by a BH
tidal disruption of a binary by a BH
. hyper-velocity stars
. galactic center S-stars
tidal disruption of a satellite galaxy
. tidal stream
. tidal tail




height of tidal bulge

L M, R\
h~R M, (3)
Ms, R hand-waving derivation
e M S
- EMiNs conter = s >
- x> !
X 0 Noon
{on surtace)

e - -

tidal disruption when
g h~R

cenviriugal force
= gravtational Sorce dee o Moon

— 8- producing e equivalently, when
p = MJ/R?
~ ps — Mp/b3



I o Ti d al d i S ru Pti O n Of a Sta r by a B H Contours of the rest-mass density on the orbital plane

during the disruption. The arrow points to the BH. Time
advances from left to right, top to bottom. All figures are
to the same scale of 40 R per side. (Ayal et al "00)

tidal disruption when ; o ’ A
p — Ms/R3 ~ pp= MP/b3

take b = Rsch ~ Mp - I \ X

. more massive BHs are fluffier, \ | \ | \ | |

. to tidally disrupt a human,
Mgy < 108 Msun

Keplerian: all orbits return to
same point after one period; |-

. to tidally disrupt a white dwarf, D family tidal filament

MgH < 10%Msun



Tidal disruption of a star near a BH

prediction: 10-* star/yr/galaxy (dep. on loss cone dynamics)
~ half bound, ~ half unbound

bound gas will hit itself to form an accretion disk
accreting to BH with Eddington Luminosity

As star disrupts, stellar gas is at different depths in thoLag% ? Jggoenlggg‘:\é?ﬁllt

D)

\)und half of star

& &

I

Tidal Disruption Events
(TDE)




Turbo-velocity stars: under some circumstances

gravity of the inner stream pull the star core foreword,
while that of the outward stream pull it backward,
more mass loss in the inner stream

may kick it out of bound orbit

same physics as the binary star dissolution (one e]ected)

Faber et al ’05 e

Guillichon et al ‘I |
Manukian et al ‘13
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LSST: TDE Factory

Survey Years of Operation Depth Cadence Area  Visibility Detections
m days months| |yr total reported

PTF 2009 - 2012 21.0 i 2000 7 2.5 10 1
PS1 MDS 2010 - 2013 23.5 3 70 5 1.5 4 1
WPTF 2013 — 2014 21.0 1 500 7 0.5 1 N/A
DES 2013 - 2017 25.0 b 30 5 5 25 N/A
ZTF 2017 — 2020 21.0 <1 2500 7 2.5 7 N/A
LSST 2021 - 2030 245 5 20,000 12 4005 40,055 N/A

Expect tens of thousands of TDEs in LSST transient
alerts, with ~1000 bright enough for spectroscopic

follow-up (g < 22 mag)! _a

from Gezari slides




ll. Tidal Disruption of stellar binary

letters to nature

Natare 331,657 - 689 (25 Febouary 1988 x donc 10 1038733165720

Hyper-velocity and tidal stars from binaries disrupted by a massive Galactic
black hole

J G HLLS
WMOWICH OWEBCA L6 ASMOA NIONY La0C00Yy Lot ABMOd. Now Woaco, LUSA

A close but pewtonian encounter between a tightly bound binary and a2 106 MO black hole causes one binary

componcnt to become bound to the black hole and the other to be ejected at up to 4000 km™ ! The discovery of even
one such hyper-velocity star coming from the Galactic centre would be nearly definitive ev ldencc for a muuhe black
hole. The new companion of the black hole has a high orbital velocity which
tidal dissipation. The gravitational energy released by the orbit shrinkage of
its total puclear epergy release,

The Hills’ mechanism

Voo ~ +/VoUb

alternative: ejection of a star by binary black hole



lkm x | Myr =1 pc

Brown et al '05
3 M_sun object @ 100kpc, 700km/s;
escape velocity ~ 300km/s

HVS travel times span 60 - 240 Myr
~ 2 dozens found;
nearly all disk O and B stars are in binaries,



Tidal Disruption of stellar binary by a BH
— hyper-velocity stars!?
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Fig. 3.— LEFT: Minimum rest-frame wolocity vs. Galactocentric distance R for stars in our HVS survey (Brown
et al. 2008). 14 unbound HVSs (solid stars) have velocities and distances excoeding the Kenyon et al. (2008) escape
vedocity model (long dashed line). 4 possible HVSs (dots) are In excess of the Xue ot al, (2008) escape velocity model
(dashed line). 8 possibly bound HVSs (open ctrcles) are also indicated. Errorbars show the span of physically passible
distance if the HVSs are BHB stars. Isochrones of travel time from the Galactic center (dodted lines) are calculated
using the potential model of Kemyon et al, (2008), sssuming the observed minimum rest frame velocity v, s & the full
space motion of the stars.

Brown ’08 (first discovery ’05)



What kind of stellar binary?
where is the remaining star?

Voo ~ +/VoUp

Voo = 700 km/s;  vg ~ 10000 km/s; — v, ~ 50 ki /s

binary separation ~ | AU — how are they formed!?
disrupted @ ~ 50AU from BH — how do they get so close?

remaining star: — where is it!
periapsis: !
semi-major axis: ! ~5000AU



Galactic Centre S-stars: "= "1 600AU;0.0 1 pc

.dozens of O/B stars 0.01-0.1pc from BH
MBH ~ 4XIO6 Msun
Msear ~ 10 Msun (age < 10 Myrs)

. tidal disruption of binaries:

if ap ~ AU
d ~ 50AU g
remaining star a ~ 100*d ~ 0.02pc,

but periaps!? diffusion required (but GR)

. why binaries reaching 50AU? (e ~ 1-10%)
. disk eccentric instability?

. tidal disruption of single star:
d ~ 2AU ~ IOO Rschwarz



lll. Tidal Disruption of dwarf galaxy

Tidal Streams

astrophysical implications:
tidal stripping
dwarf galaxies incorporated

into halos,

shape of galactic potential?

remnant core!

stellar tidal stream (NGC5907)



flattened omega Cen: the most massive GC

FrTTT * rrerTTTr

© Time = 0.00 Gyr

© [ 1 |
; IR S S SN S S P S ey
e LT O RS I T L i w |- Time = 0.44 Gyr -+ ime = 0,88 Gyr -
rmetal poor: ~14Gyrs | 18 ; t
‘metal rich: ~ 10 Gyrs | st 3 !
16 - ' j';‘ 1185 |
8. + 1
] x O F . .
19 o o “
, 181 H i .
::‘ 19.5 1 T 1
: o[ 1 phase mixing:
20 Sedebndnintebhadsistebeimdesiadiendmedh AW WA vawe o 's"
20 - -8 -4 0 4 8 -8 e 0 4 8
208 x (kpc) . t-,é‘r. ¢)
|deta & Makino *04"
21
22
o - shells, 90% mass shed; initial orbit?

0 0.5 1 1.6 209 1 11 12 13 14

no more dark matter halo!?
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Tidal disruption of Sgr. dwarf galaxy

:
!
§

e Wadiviprm)
J ¢
~ LeoTy & e

™ 1)

gt prcerran




Artist conception
leading and trailing streams

Sun

Milky Way disk
e Direction of motion
Trading tidal L ,'g‘)

debirn

Milky Way:
riaxial Dark Halo

Law et al ‘05
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Why are tidal features long and thin?
Comet P/Shoemaker-Levy 9 (1983e) « May 19894

tidal tail?
tidal stream?

Consider a spherical potential.
An initial spread in action .J; and angle 6;.

where A(); is the change in orbital frequencies due to A.

0, = ¢4, AQ; = G A
_0’H _
A; = Hi5- A or Al =D -AJ.

The matrix D is symmetric and have eigenvalues \;.

The spread in 6; depends on A; and the original AJ;.



Keplerian potential (spherical)

2

3
T,.:Tw:“f\/l—ezzmr (;—M (3.31)

slight differences in initial positions & velocities

2 out of 3 frequencies zero
only stretching in phi-direction - tidal stream/filaments

filament necessarily along orbital trajectory!?
all return to same point (but at different times)



Tidal features in:

Keplerian potential:
Spherical potential:
Axis-symmetric potential:
Triaxial potential:



wouimnmiauuvi \vavuwv)

Pal 5:a tidally disrupting GC

.internal dispersion ~ 2km/s

. tidal stream narrow

.velocity gradient along stream useful
.orbit not aligned with tidal feature (ve=220km/s)

‘I L L L} L} l LJ L LJ L l -

4° - I

2*'r 7| distance uncertain: GAIA

cpnfusion with fore/background:
‘ GAIA
o - _| can also use to detect dark
structure
_2-:? = —

l ’ ' A . l ' 'S A ' l

235° 230° D05
Right Ascension (J2000) Odenkirchen et al ’09



Ways to reconstruct galactic potential using streams:

N-body

assume stream =V
retract backward
entropy based
action-based



Tidal shock when tidal force acts for a time << Tayn
opposite from the static tide picture

\'
< b >
Tidal shock (impulse approximation) “1
2G M,
GM b GM,x Ave [ oy (7o b O)
AfUN bQPXVX%N bQ‘I} ﬁ
Y
Static Tide (equilibrium tide) / stretch
X
Axr=h~R ]\J\ZD (%)3 squeeze



Tidal shock energy gain (kinetic energy)

2G2M2 4G2M2Ms
apE 2 Mal(@l +u5). = 324 (),

AE =

Equilibrium tide energy gain (potential energy)
2 2 2
B~ ()~ 5 (3) ()

2 2
G"M,Ms o o (V2R
V2pe G M b2

Y

Y

2 2
C;2]%§§iV[J{(: tdy11:>
V<b

thOSS



V2P = 47Gp (BT §2.8)
Force solver F = —-V® (BT §2.9)

Softening
Tree Codes N2 vs N InN

Particle-Mesh Codes
Spherical Harmonics Codes

Orbit integration £ = F, & =v (BT §3.4)

Sympletic
Adaptive timestep
Regularization

N-body modelling (BT §4.7)
how to construct initial conditions



Force calculation:
what is softening useful for? how large should it be”
why use tree code”? why is it so efficient? (NA2 vs. NInN)
what is particle-mesh code? spherical-harmonics code?
which is best for the following environments:

universe, galaxy, globular cluster, planetary dynamics

orbit integrator:

how big should the time step be”

how does leap-frog work”? advantages”

what is symplectic? advantages”

how to construct higher order integrators (memory load)?
what is implicit/explicit integrator? advantages?

what is regularization”? advantages?



Numerical Techniques for N-body dynamics

Star Cluster Dynamics (p. 70-p.1 |5)
http://isima.ucsc.edu/presentations/lectures/Heggie.pdf

Orbit integrations
http://isima.ucsc.edu/presentations/lectures/Tremaine2.pdf



