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[1naH goknana

3axBaT 3BE3[ YEPHON Ablpon, Andpdy3unsa 3Be3q
B (0a30BOM MPOCTPAHCTBE W TEOPUA KOHYCa MOTEPb
B Ccllydae cjpepmnyeckon CUMMETPUN aapa ranakTukm

OpbuThkl 3B€34 B HECHEPNYECKOM Criy4ae: 0CODEHHOCTH
OBMXEHUSA B OCECUMMMETPUYHOM N TPEXOCHOM MNoTeHunane

PeweHne 3agayn o andpaysmm B OCECUMMMETPUYHOM
clnydyae; oTnn4na OT Knaccudeckon cdepudeckomn sagadm

Temnbl 3axBaTa 3BE3/ B pearibHbIX raJllakTukax



UepHble Ablpbl U KOHYC MOTEPb

HYépnaada apipa 3axBaThIBaeT UM pa3pyllaeT 3BE31bI, YIJIOBO MOMEHT
KOTOPBIX MeHbIIIe KPUTUIECKOI'O:
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Ob6aactek azoBoro npocrpancTBa L < Lo Ha3bIBAIOT "KOHYCOM IIOTEPH .
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(Bmech rp = 7y ( ) — paJnyc MPUIABHOTO Pa3pyIIeHUs).




HanonHeHne KoOHyca notepb

3BE3abl BHYTPU KOHYCa NOTEPb MCYE3al0T 3a OANH paauvarnbHbI nepuoa.

YT0 nponcxoauT Aarblie, 3aBUNCUT OT TOro, Kak 6bICTpO KOHYC NOoTepb NMOMOJIHAETCA.

PaccedaHue 3Be3q Aapyr Ha gpyre (napHas penakcaumsa) CTPEMUTCH U30TPONM3oBaTb
doyHKUMIO pacnpeneneHns 3Be3a No YyrinoBoMy MOMEHTY, a 3axBaT UX YEPHOW ObIpon
CO30a€T «CTOK» B 06r1iacTn manbIx yri.MoMm.
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OAHaKo BpemMs penakcaunn MoxeT 6bITb HAMHOro 6onbLle Bo3pacta BceneHHoOM

Penakcaums acppektmBHa Ha BpemeHax . ~

osontouma d.p. onucblBaeTcst opbutanbHO-yCpeaHEHHBIM YPpaBHEHNEM
dokkepa-Mnaxka (anddysun); koad-T anddysmm ~1/¢,

[1ns Ha4Yana paccMoTpuM cnyyan cpepuyeckon CUMMETPUmn



OBOMOLUMA pacnpeneneHns 3Besa

DBoJIONUA onuchiBaeTcda ypasHennem Pokkepa-Ilnanka
(B opbuTaabHO-yCPEeHEHHOI dopMe):
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R = To(E)?Z S [0..1] — MacCIITaOUPOBAHHBLIM KBaApaT MOMEHTa HUMIIYJIbCA:

L — MOMEHT mMOyIbCa YaCTHIIHI,
L.(F) — MOMeHT uMITyJibCa KpyroBoit opouTsl ¢ sHeprueit F.

D; n D;; — xkoadpdunuenTsl cHoca U Juddys3un, omnpenedeMble
IrpaBUTAIMOHHBIM pacCessHHeM Ha 3BE3/1aX.



[1Ba pexxnma 3BonoLmnm

3BE3abl BHYTPU KOHYCa NOTEPb MCYE3al0T 3a OANH paauvarnbHbI nepuoa.

YT0 nponcxoauT Aariblie, 3aBUCUT OT TOIO, Kak 6bICTpO KOHYC NOoTepb NMOMOJIHAETCA.

AL? — cpenHee m3MeHeHHe MOMEHTa 1
3a OJUH OPOUTAJILHBIN IEePHOJI.
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AL? > L? — nonHbIil KOHYC TIOTEPh 0.2

(pexnm 3aBUCUT OT SHEPIN 3BE3bI, 0
T.€. paguyca eé opbuThl)




The concept of empty/full loss cone

Empty LC:
stars barely have
B | ‘ i | time to enter LC
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Full LC:

stars may enter
and exit LC many
times during one

rad




Empty/full loss cone regimes
In spherical galaxies

Distribution function of stars in angular momentum is a solution to
Fokker-Planck (diffusion) equation with a “sink” at loss cone boundary

The global quasi-stationary solution at given E has a logarithmic profile:
N(L?) = N, + A*log(L)

In the empty loss cone regime, N(L
the capture rate is dominated
by the slope of N(L), i.e. limited
by the diffusion coefficient

T
loss cone boundary

In the full loss cone regime,
capture rate is simply the size
of loss cone divided by T4

Stars close to BH are in empty
regime, outer parts of the galaxy
may be in full loss cone regime




Non-spherical nuclear star clusters

Supermassive black hole M,,
Stellar cusp (for example, a power law density profile p ~r=7)

Total gravitational potential (non-spherical):
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Consider motion inside radius of influence r,, = GM,,/c?
=> dominant contribution to potential is from SMBH

=> orbits are perturbed Keplerian ellipses

which precess due to torques from stellar potential

Orbital time T, ,4 << precession time T, ~ r;,s/C



Types of orbits in non-spherical star cluster
around a supermassive black hole

long-axis
tube

.03

.02

Triaxial
cluster:

1 L) ] ] L)

1
]

1
)

.03
Ay

FH é-) }Q._O%'_ODZ.Ol

—04_@

-0. 054

pyramid

short-axis

saucer

04 0.02 0
-0.02

T =0.

0

Axisymmetric
cluster




Motion in a near-keplerian potential
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e “Slow” timescale — precession period due to distributed mass

M,
1 rec — Trad—-
" M, (r)

e “Fast” timescale — radial period T;,q =

The separation of fast and slow timescales allows for the existence of
an additional integral of motion H = §_ . @, ().

In both axisymmetric and (weakly) triaxial cases the motion is completely integrable.
Integrals of motion: E (total energy), H (secular hamiltonian), L5 (z-component

of angular momentum) in axisymmetric case / another integral in triaxial case.



Evolution of angular momentum of an orbit
INn a non-spherical nuclear star cluster

Three integrals of motion: total energy E, secular hamiltonian H, and a third integral W
which is reduced to z-component of angular momentum L, in axisymmetric systems.
Total angular momentum squared, L2, is not conserved but experiences oscillations
between R, and R, with characteristic period ~ T .., and amplitude ~ €.
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“Extended loss region”
INn a non-spherical nuclear star cluster

The region of phase space (E, H, W) occupied by orbits for which

the squared angular momentum L2 may drop below the capture boundary L2.
is called “extended loss region”

* For axisymmetric systems, the condition of being in the extended loss region

is Ly <L, and (L% <€ (i.e. only a fraction ~ € of orbits with z-component

of angular momentum below capture boundary may actually be captured).

» For triaxial systems, all pyramid orbits are centrophilic (i.e. may attain
arbitrary low values of angular momentum), their fraction in the total

population is ~ €.

*) relativistic effects change this conclusion for most tightly-bound orbits



Difference between spherical, axisymmetric
and triaxial nuclear star clusters

Spherical Axisymmetric Triaxial

Fraction of stars with
o X

I—2min <X= I—2. x X8 x 8

Fraction of time that
such a star has L2 < X 1 VX X
(i.e. capture probability)

Survival time of such

stars (assuming they are Trad >~Tprec may be longer
captured immediately (101-5 yr) (>105-6 yr) than 1010 yr
after reaching L <R_, ;)
\ (timescales for Milky Way nucleus)
but that may not be true >
in the presence of relaxation fraction of stars in the loss region .
increases

timescale for draining the loss region



Non-spherical galaxies:
the effects of two-body relaxation

For the axisymmetric case, the size of the loss region is quite small and
the draining time is typically shorter than the age of a galaxy =>
need to consider two-body relaxation and repopulation of loss region

1

Use two-dimensional Fokker-Planck models
in the space of integrals of motion (H, L,)

to compute steady-state solution for distrib. °#7
fnc. and evaluate the capture rate

H . .
( stationary flux lines
in the phase space

Most of captures occur from saucer orbits >
Effectively the capture boundary is larger  o0a4-
than in the spherical case, but only in the
empty loss cone regime

saucers tubes

loss region boundary
0!2 0.I4 OIB




Axisymmetric galaxies:
equivalent spherical-case approximation

Capture rate is always ~f(L,)/T .4, but how is f(L,) related to the average f?

rad?

In the full loss-cone regime, f(L,)~f., so there is no difference with spherical case

av’

In the opposite (empty) regime, f(L,) « f_ , and the overall profile of f(L)

av’
is close to logarithmic for large L;

the slope of the profile is determined ' stafidnary distr.fhc. profile -

by diffusion coefficient which is NG for the empty loss cone case
the same as in spherical case, [ L2capt
but the size of the loss region is larger.

L2eff
Stationary flux depends on the size

of the loss region only logarithmically:

Jav

axisymmetric problem ——
111( 1/Leff) - equivalent spherical

Fcapt =

the equivalent L.r. size L 4 ~ 10-2
instead of 106 | | | | L




Capture rates for realistic galaxies

...are in the range ~10-°>—10-* yr-! per galaxy, decreasing with black hole mass

In the axisymmetric case the capture rates are few times higher

For the most massive black holes draining time is longer than galaxy age

1073 |

10

. M M, /yr

- M, M, /yr
107 | ) :
PR -
-. S|
.' ’ ;
10_4_.‘/_@_‘ v . ‘v v v'_
/_.——“D‘ L] * .A hd ‘A. "
[ © v
3] L ] v
o] @,:D‘Era' v
- Y e & ° oo ]
1 ." Q‘A
(o] t[om A
o ‘OO A A "
Oa A
10° | : ° a -
o] © o A
- o DE] A
o] W'
107 7 Py Py "|10D.
10 10 10 10 10




3akrr4yeHune

B Hecdepunyecknx ranaktmdeckux sgpax yrrnoson MOMeEHT 3BE3a L
N3MEHSAETCH He TONbKO 3a CYET NapHOM penakcaumn, HO U 3a CYET
perynsipHon rnpewueccumn B noTeHumane, cosgasaemMom Apyrumm 3s€3gamu.

OTO ynpoulaeT 3axBaT YEPHOWN ObIPON 3BE3M C MarbiM YyrnoBbIM MOMEHTOM L.:
pacLUMpeHHbI KOHYC noTepb Ana 38é3a ¢ L2 . <L 2,, He Tonbko L2<L2,

Bpems xun3HK1 3B€34 B pacLLUMpPeHHOM KOoHyce noTtepb T i, 0Obl4HO ropasno
MEHbLUE BO3pacTa ranakTukm B OCECUMMETPUYHOM Crlyyae, U cpaBHUMO Nnbo
BosbLUe HEro B TPEXOCHOM cny4ae.

Ha BpemeHax T » T4, TEMN 3axBaTa 3B€3[ onpeaenaeTca no-npexHemy
napHoOW penakcaunemn, Ho nNpm 3ToM 3PP EKTUBHBIN «pa3mMep» obnacTtu
notepb bonbLle, YeM B cpepu4eckom crny4ae.

CTaumoHapHbIM TeMn 3axBaTa B OCECUMMETPUYHOM Crly4ae Nno CpaBHEHMUIO CO
chepnyeckum MoXeT BbITb B HECKONBLKO pas Bbllle, HO TOSbKO ASS pexnma
NyCTOro KoOHyca notepb. TUNnUYHble 3HaYEHNA HAaXoOATCA B Anana3oHe

10-5— 10-* coObITWI B rog Ha ranakTuky.



