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(EXTREME) TIDAL DISRUPTION EVENTS

AS PROBES OF NUCLEAR STAR CLUSTER
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Star-disc interaction
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Star-disc orbital elements
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Two-body Hamiltonian

Carthesian coordinates: Delaunay variables:

1 + 2 n 2

H = 5(V%+V%+v2)— G (mo + my) I = _Q (m;Lzml)
Jﬁ+%+@

L = NVG(my + my)a
G=LVI1 - ¢é?

H =Gcosi

= Q0 ~
I
D e =
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Model

e Black hole
MBH ~ 103 — IOSM@

e Accretion flow
Xq o r
Ry ~ 10*R, ~ 0.1 pc

e ‘Outer’ cluster
n(r) = no(r/m)~"*
r =~ 10pc
no ~ 10® — 10%pc™3

i
i
olack hole | accretion
|
i

symmetry

e ‘Inner’ cluster...
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Kozai—Lidov mechanism

evolution of a hiearchical triple system my > m; > m»
Lidov 1961: Earth > Moon > satellite
Kozai 1962: Sun > Jupiter > asteroid

secular evolution of the orbital elements e, i and w

‘averaging’ technique of the Hamiltonian perturbation theory
allows to get rid of ‘fast’ variable (mean anomaly)

integrals of motion: a, C; = V1 — €2 cosi and Vj

motion of a star in the gravitational field of the central mass
and an axisymmetric perturbation (ring, torus, disc...)
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Kozal equations

Newtonian framework

Tk V1 — €2 Pl —5¢%sini cosi sin w cos w

TK\/I——eZ% = 5e(1 — e?)sin? i sinw cos w

Tk V1 — €2 c;_c;) = 2(1 — &%) + 5(¢* — sin” i) sin* w
s (G e
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Vi = const., perturbation potential for a disc

- eSinNwW —s
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Damping effect of the relativistic pericentre advance

e Characteristic timescales:

1a(l — é?
_lai-&)

vs. T
"3 R,

4 Mpy (Ry\>
T _BH(d)P

:3Md a

e Kozal oscillations are suppressed for

2 6 —
Mgu\* (Ra\"" (Ruin) "
a<amn ¥\ &) \®R )
g g

... prominent effect in case of extreme relativistic TDE (Karas & Subr, 2007, A8A)

NEB-21: Corfu, 1-4 September 2025 — p. 10 -



Damping effect of the relativistic pericentre advance

without GR

—— eSinNW —

with GR

e COsS W = NEB-21: Corfu, 1-4 September 2025 — p. 11 -



Effect of an extended star cluster

Stellar cusp in the sphere of influence of the central black hole
e Bahcall & Wolf (1976): p(r) oc r=7/4

e (Galactic centre:

~ 1.2 x10° My pc™>
p(r) (O.4pc) o PC
(1.4 r < 0.4pc
a =
\ 2.0 r 2 0.4pc
( re a<?2
V.(r) oc <
\ In(r) a=2
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Tidal disruptions

enhanced tidal disruptions due to the eccentricity oscillations

supply of gas for accretion discs; food for black holes

1/3 -2/3 -1/3
M M M, R,
R, = BH R. = 47 BH ) R,
M 106 M., M, Ro

%k

characteristic radius of the stellar cluster ~ 10°R, =
extreme eccentricities needed

¥ (Rmin): fraction of stars from an ensemble with given (initial)
distribution of orbital elements D¢(a, e, i, w) that pass the
centre within R;,.
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Fractional probabilities

1 C2
ﬁ(lena a) = _de1f fdw O(emax — €min)Ds(a, Cy, e, w)

amax 1- C2
¢(Rm1n) f fdclf fdw O(emax — €min)Ds(a, C1, e, w

where
Di(a) = delf def dw Ds(a,Cq, e, w)
emln = IIllI’l/CZ

€max = €max(a, C1, e, W)
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Analytical estimates

4 €

V1 — €2

: _ 1/4 . oy 1
Ds(a,i,e,w) = Dypa ""ecosi =~ Dya

e /w central potential:

T (Rmin) ~ 1ORmin/ Amax
F1(Ruin; @) = 2Rmin/a — R}, /a”

min

e /W Kozai:

7 (Rmin) = %O \/2Rmin/ Umax
ﬂ (Rmin; CZ) ~ 2 \/2Rmin/ a
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F, (R, a)

Exemplary model

mass-sigma relation: o ~ 20 (Mg /10* M) kms™!

characteristic radius of the star cluster: R, = GMgy /0

Rd = Rh , 004Rh <ac< O4Rh

Md — OOlMBHa MC — MBH? M* — M@a R* :R@

L L D L I B L N R L L R

102 E .
10'3:-
10'4:-

I I — 10-53I II4I II5 I6I II7I II8

0.01 0.1 1 10 10 10 10 10 10

ll/Rd MBH/MO
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In the Galactic centre

molecular torus (ring):

My = 0.1Mpgy
Ry = 1.6pc

star cluster:

p(r) «
M.(1.6pc) = Mgy

7‘_1'75

3x 1074
100

F(Ry)
N

&

&

(clockwise) stellar disc:

My = 0.01 Mgy
Rin = 0.03pc
Rowt = 0.3pc
Y(r) o r?
star cluster:
p(r) o 714
MC(O4PC) = OZMBH
F(R) =~ 2% 1073
N =~ 100
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EMRI vs. TDE vs. QPE

EMRI + TDE = QPE: Periodic X-Ray Flares from Star-Disk Collisions in Galactic
Nuclei

THE ASTROPHYSICAL JOURNAL, 957:34 (19pp), 2023 November 1 T

Figure 1. Schematic view of our model. A star orbits an SMBH that is accreting matter through a thin disk of scale height / at a rate s. Due to the inclined orbital
plane, the star impacts the disk twice per orbit, carving a hole through the disk and ejecting an optically thick cloud of material expanding above and below the disk
plane. As the ejecta expands and cools, photons begin to diffuse out, and the light curve peaks once the optical depth drops below ¢ /vy, where ve; ~ v is the ejecta
velocity imparted by the colliding star. The inner regions of the disk dominate the soft quiescent emission seen between the collision-powered flares.

THE ASTROPHYSICAL JOURNAL, 983:40 (26pp), 2025 April 10 Vurm, Linial, & Metzger

g —

(1) Star — disk crossing, t ~ seconds
(2) Cloud emission, t ~ hours ~/N~

T LT TP

.
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EMRI vs. TDE vs. QPOut

Pasham et al., Sci. Adv. 10, eadj8898 (2024) 27 March 2024
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Bart Ripperda'*'®"7, Vojtéch Witzany'®, Ben Shappee'*, Erin Kara', Assaf Horesh'®,
Fig. 2. Summary of ASASSN-20qc’s timing analysis. (A) ASASSN-20qc’s ODR versus | - Sjoert van Velzen?®, Itai Sfaradi'®, David Kaplan?', Noam Burger'®??, Tara Murphy?>%4,
1.00-keV:(outflow) and 02310 0.55-keV/ (cantintum) ba“dfs' Alower ODRvalueimplies38|  Ronald Remillard’, James F. Steiner®*, Thomas Wevers?®, Riccardo Arcodia’, Johannes Buchner?’,
rated by 8.5 days (B) Lomb-Scargle Per{odogram‘(LSP) o the ODRA. The str‘onges_t sign Andrea Merloni”, Adam Malyali”, Andy Fabian”, Michael Fausnaugh’, Tansu Daylan”,
alarm probabilities as per (6). The noise in the periodogram is consistent with white witl Di Altami 30 A P 14 Elizabeth C. F 5,6,31
consistent with white noise” section). (C) Global (trials-accounted) false alarm probabil lego amirane”, Anna Fayne. -, Elizabe - Ferraran
Is and Methods, “ODR timi lysis” ion). The global statistical signifi f t L - . . . .
fisiand Methods,"ODR timing analysls"section). Theglobal statitical signifcance Binaries containing a compact object orbiting a supermassive black hole are thought to be precursors of gravita-

tional wave events, but their identification has been extremely challenging. Here, we report quasi-periodic vari-
ability inx-ray absorption, which we interpret as quasi-periodic outflows (QPOuts) from a previously low-luminosity
active galactic nucleus after an outburst, likely caused by a stellar tidal disruption. We rule out several models
based on observed properties and instead show using general relativistic magnetohydrodynamic simulations
that QPOuts, separated by roughly 8.3 days, can be explained with an intermediate-mass black hole secondary on
a mildly eccentric orbit at a mean distance of about 100 gravitational radii from the primary. Our work suggests
that QPOuts could be a new way to identify intermediate/extreme-mass ratio binary candidates.
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EMRI vs. TDE

THE ASTROPHYSICAL JOURNAL, 909:62 (19pp), 2021 March 1 https: //doi.org/10.3847/1538-4357 /abd9c6
© 2021. The American Astronomical Society. All rights reserved.
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Figure 5. NACO L'-band continuum images (upper row) and SINFONI Doppler-shifted Bry line maps (lower row) displaying the immediate environment of Sgr A"
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EMRI vs. TDE

THE ASTROPHYSICAL JOURNAL, 909:62 (19pp), 2021 March 1 https: //doi.org/10.3847 /1538-4357 /abd9c6
© 2021. The American Astronomical Society. All rights reserved.
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EMRI vs. TDE

Millihertz oscillations near the innermost orbit of a
supermassive black hole

Megan Masterson &, Erin Kara, Christos Panagiotou, William N. Alston, Joheen Chakraborty, Kevin

Burdge, Claudio Ricci, Sibasish Laha, lair Arcavi, Riccardo Arcodia, S. Bradley Cenko, Andrew C. Fabian,

Javier A. Garcia, Margherita Giustini, Adam Ingram, Peter Kosec, Michael Loewenstein, Eileen T. Meyer,

Giovanni Miniutti, Ciro Pinto, Ronald A. Remillard, Dev R. Sadaula, Onic |. Shuvo, Benny Trakhtenbrot &

Jingyi Wang

Nature 638, 370-375 (2025) | Cite this article
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Thank you!
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Discussion slides — Eccentric mergers

AGN as potential factories for eccentric Nature | Vol 603 | 10 March 2022 | 237
black hole mergers

https://doi.org/10.1038/s41586-021-04333-1 J. Samsing'™, I. Bartos?, D. J. D'Orazio', Z. Haiman?®, B. Kocsis*®, N. W. C. Leigh®’, B. Liu’,
M. E. Pessah' & H. Tagawa®

Received: 8 October 2020

Eccentric merger

\

Fig.1|Illustration ofaneccentric LIGO-Virgo source forminginan AGN scatterings with the single-black-hole population. Top, outcome of a [50 M,
disk.Bottom, AGN disk (nottoscale) withits central supermassive black hole 80 M ] binary blackholeinteracting withanincoming [70 M_] black hole, which
and apopulation of smaller orbiting black holes. These smaller black holes resultsina[80M,, 70 M] binary black hole merger during the interaction, with
occasionally pairup to form binary black holes, which oftenundergo aneccentricityofabout0.5in LIGO-Virgo.
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Case of subgiant star stripped to its helium core

THE ASTROPHYSICAL JOURNAL LETTERS, 987:L11 (10pp), 2025 July 1 Olejak et al.

1. 'Hills mechanism 2. GW circularization_& orbital decay

Initial -
binary

- &

Hypervelocity star o

3. Stable'mass transfer

P~1-3 day : ' | . P<1day Agx

Figure 1. Cartoon representation of four relevant evolutionary stages of the system. Top left panel: the initial binary star system enters the Hill sphere of an SMBH
and is disrupted. One star becomes gravitationally bound to the SMBH in an eccentric orbit, while the other is ejected from the Galactic nucleus, becoming a
hypervelocity star. Top right panel: the orbit of the star bound to the SMBH gradually shrinks and circularizes owing to the strong emission of GWs. Bottom left
panel: as the orbit continues to tighten, a subgiant star fills its Roche lobe, initiating a phase of long, stable mass transfer onto the SMBH. Bottom right panel: the star
is eventually stripped of its hydrogen envelope during the mass transfer process. The system continues to shrink owing to GW emission, eventually entering the
LISA frequency band as a detectable GW source. NEB-21: Corfu, 1-4 September 2025 — p. 25 -
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Evolution of tidal debris

https://doi.org/10.3847/1538-4357 /abb3cd
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Tidal Disruptions of Main-sequence Stars. II. Simulation Methodology and Stellar Mass
Dependence of the Character of Full Tidal Disruptions
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Figure 11. Evolution, as the stellar debris move away from the SMBH, of mass enclosed in the computational domain M., relative to its initial mass M., — ¢, for full
(the left panel, r,/r, = 2.5) and partial (the right panel, r,/r, = 2.0) TDE simulations (M, = 1, Mgy = 10°) with different resolutions. The red dashed line represents

the standard resolution of 24 cells per R,.
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Example: S2-star

Classification:
e O9 main-sequence star

® M* ~ ISM@
e age < 10Myr

6 "- 323~ |
Kinematics: ' siTa psi;
o P=158yr
e a=25x10"R,
o ¢=0.87
o | =-4773°

Puzzle: Too young to be there
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Kozal resonance mechanism
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semi-major axis [1O4Rg]

eccentricity

Temporal evolution
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