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Outline

High energy processes 1in Galactic Nuclel

Formation channels and rates

TAKEAWAY - Stars on tight orbits around SMBHs are ubiquitous
Manifestations of a stellar-EMRI near an SMBH

TAKEAWAY - Some observed galactic nuclel transients may be
powered by such stellar EMRIs




What dynamical processes
govern these phenomena?

What are their multi-

messenger signatures®

How can we harness their
observations to study SMBHS,
galactic nuclei, accretion...?




(Galactic Nuclei:
Millions of stars & one Supermassive Black Hole

Supermassive Black Hole
Mgy ~ 10° — 10° M,

Radius of Influence:
R, ~ O(1) X pc
M (r < r,) =2 Mgy

Stars & Stellar remnants
N, ~ MBH/<m*> ~ 10°77




Two Flavors of Stellar Destruction

Scattering dominated:

Extreme Mass
Ratio Inspiral

Tidal Disruption Event
(TDE)

“Plunges”

See:
Dai & Blandford (2013)

Linial & Sari (2017,2023)
Linial & Metzger (2023,2024a,b)
Linial & Quataert (2024b)




The Loss Cone Problem in GGalactic Nuclei

Critical radius (e.g., tidal disruption): r,
ry S he = J S4/2GM,r

Spherical symmetry: J conserved
Angular Momentum Relaxation

Stochastic, 2-body scattering [Cohn & Kulsrud 78]

Resonant interaction [Rauch & Tremaine 96’]
(coherence time — long apsidal/nodal precession)

Full vs. Empty Loss Cone (Rapid vs. Slow J Relaxation)

Additional Processes:

Non-spherical potential due to stellar cluster:

Orbits torqued to low J “collisionlessly”
[Tremaine & Magorrian 99°, Vasiliev & Merritt 13’, Kaur & Stone 24’]

Dissipation due to GWs, ogas drag [Bar-Or & Alexander 15’] Adapted From Merritt (2()13)

Direct collisions [Rose, Linial et al. 22’, Balberg & Yasur 24’]

Mass segregation [Linial & Sari 22’, Rom & Sari 24’]




Diffusion in Integrals of Motion e.g., 2-body relaxatio

OE , 81 5’
(Orbit-Averaged) Fokker-Planck Equation
af _
“Collisions”
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E, J Current densities:
Advection (drift) + diffusion

Dg, Dy, Dpp, Dyj, Dpy, Dy - 1st/2nd order Diffusion coefficients

In the context of galactic nuclei:
|[Cohn & Kulsrud (1978), Magorrian & Tremaine (1999), Hopman & Alexander (2005), Merritt (2013),
Bar-Or & Alexander (2016), Vasiliev (2019), Broggi et al. (2022),...]
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Blnary Stars: Hills’ Mechanism
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Linial & Sar1 2023]

EMRIs vs. rpTDESs Sart & Fragione 2010
2a

‘Bar-Or & Alexander (2016)]
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The “dbl” TDE (AT 2022dbl) [See lair’s talk]
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[Linial & Sari1 2022]

Rates of TDEs/Inspirals Sart & Pragione 2019

3

c
Rrpp R GZ\; (log A/log(JC/JlC)) ~ 107%) yrlgal~!
BH

o, — Bulge vel. dispersion
N..] — Suppression due
to direct collisions

£ Large uncertainties on #

: “Wet EMRIs” ]

Tow(a 2 r) = 10° yr

N ~F X T 2 O(1) gal_l Observational manifestations
x,r, ~ FLEMRI X {gw ~

of stellar EMRI ata = r, ?

Linial+17,23]




In Milky Way

Pericenter of S4714 ~ 320 Rg
Tidal radius of 1 M ~ 19 Rg




Manifestations of stellar-EMRI at a >

£ Inspiral a — 2r,

£ Roche lobe overflow

High velocity :
¢ collisions w/ star/sBH |

Interaction w/ BH

accretlon ﬂow
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Power Low-luminosity

AGN?

[L1n1al & Sar1 17, Ola]eck+25 Yao+25]

Unstable i Runaway mass transfer,
“Clrcular TDE”

[Linial & Sarl 23, Lu & Quataert 23, L1n1al & Quataert 24Db]

[Rose, Linial et al. 23, Rom+26 (in prep.)]
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Repeated energetic
flares, QPES‘7
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Quasi-Periodic X-Ray Eruptions (aka QPESs)

* ~11 confirmed sources (+2/3?) o

eRO-QPE1
_|mEE cRO-QPE2
. . - eRO-QPE3
* (Quasl)-Period: 2.5 hr - few days

eRO-QPEA4

10" F B <RO-QPE5

B

B GSN 069

tdur

* Duty cycle ~ 10-30%

RXJ1301

B AT 2019qiz

* Peak luminosities 1o / = i:sizmpj
L, ~ 10" % ergs™! £ e g,
~ J2344
pk g O .
.o 10 10 [Arcodia et al. 2021]
k BT .~ 150 — 200 eV Baldini+26 . m
p
~ eRO-QPE1 N}S hr
* My =~ few X 10° — few x 10° 7, 10°

(Wevers+22, from host galaxy scaling relations)

; A
\ |
[Miniutti et al., Nature, 2019

1 [
Giustini et al., A&A, 2019 H I L W il H | L.I lll i i 1

Count rate (counts s
o
_>

Arcodia et al., Nature, 2021 . 59,082 59,084 59,086 59,088 59,090 59,002
Chakraborty et al., ApJL, 2021] M




“Hysteresis”

C o
Lightcurve and spectral evolution "
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N Models

Accretion Disk
Instabilities

o Acoretion Powered”

Thermo-viscous Tearing of
instability misaligned disk
Miniutti+21 Raj+21a,b
Arcodia+21
Pan+22.,23
Kaur+22
Sniegowska+22

Middleton+25

(Lense-Thirring Precessing outflow)

a4

TDE + Clumpy
stream

Coughlin+15,20
Nixon+22

N Sources

SMBH + Orbiter

Dual AGN +

self lensing

Ingram+21

Tidal stripping
of companion

Zialamea+10
King 20,22
Zhao+22
Wang+22
Metzger+21
Krolik+Linial 22
Linial+Sari 23
Lu+23

— “Shoclk Powered”

Orbiter + Disk
Interaction

Xi1an+21
Linial+Metzger 23
Franchini+23
Tagawa+23
Linial+Metzger 24a,b
Vurm,Linial+ 25
Huang, Jiang,IL 25
Lam+25

Linial+25




ZTF19acnskyy (“Ansky”)
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Period evolution of repeating transients in galactic nuclei

Itai Linial ©** and Eliot Quataert >

Some proposed ideas:

* Orbital evolution due to mass transfer

* Velocity kicks due to tidal interaction at pericenter

[see also Linial & Quataert 24a]

—— (1) Constant P
- == (2) Long-term oscillation

1 == (3) P + short-term oscillation

(4) Hierarchical oscillations
¢ Data

P=+(1.7£0.02) X 107

-5 0 5 10 15 20 25
Epoch

30

[Chakraborty,..., 1L+26, under review]

trec

o $(0-90.1)

dur

trec [h]

£ Longer Baseline would determine

* Geometrical modulation of timing due to apsidal precession

¢ periodic modulation vs. P ~ const

T |
102



Count rate [s71] Count rate [s71] Count rate [s71]

Count rate [s71]
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EMRI+Disk: Flares from Streams of Ablated Stellar Debris

Linial, Metzger & rida
Quataert 202 5 stretching

4__,)

~ T
= Ablated Stellar
o \ material
WALLSSLOW: 4“,/
’ | EMLSSLON:
Star/DLsk + Shock Heated

Stream/Dlsk 2 f

\

I Dlsk Material

stream—disk

Accretion disk + Main-Sequence stellar-EMRI
Stream-Disk collisions produce bright flares
Disk produces quiescent emission

Flare duration set by stream geometry
TDE-QPE association

Flare timing changes with precession




Ablation from Star-Disk Collisions

* Limited QPE lifetime?

* Disk fed by stellar material?
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See also:
Liu+15]
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Evolution of Ablated Debris (Linial+25)

: : : Hill’'s Equations (1878)
EJec‘Fa f.lllS Hill sphere Outside Hill Sphere: # =302z 1 2005
within < 0.1 P, Dominated by TIDES .~ 1"
Y= — oL ,

. 2
z2=—5z.




Flare Duration Set by Collision Duration

Stream-Disk Collision Time
Atg,.. & 2C/v, = 0.1 P,

y/rH

102 |
—~ Po®
Las
101 —
g Not a :
=
< 10°+¢
H
XMMSLA1
107!

10! 102
[Linial+25] P, (hr)




Stream-Disk Collision [Linial+25]

rad |

g Radits Tyg ® €,0(pvilagy) ™ ~ (100 — 200 eV /kg)e 2

—— 5 —
5f g 5tdiffz($£/vk



Star/Stream/Disk Interaction (Yao+26 in prep., inc. Linial) .

a/ry=15; Pop ~ 31 hrs 1e43
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Star Disk Collisions - Numerical Calculation
Vurm, Linial, Metzger (2025)
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Flare + Disk Emission

Escaping spectra (including disk)
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Star-Disk Collision Simulations:
Huang, Jiang & Linial (2025)
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(Pre 2024:) Tentative e
QPE-TDE association

Chandra

2010

Gradual X-ray decay of quiescence prior to

onset of QPE flares
(seen 1n GSN-069, eRO-QPES3 + two candidates)

0.3-2 keV flux (10" erg s cm?)

0.5

QPLE hosts generally consistent with TDE hosts oL ¢ [Miniutti+22] L

[Wevers+22] e e
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Rrpe ~ 107> = 107% yr~! gal ™!

* [ J [ J
QPE'TDE assoclation The relative rates of TDEs and stellar EMRIs are such

* Delay time between TDE and QPE (settle to cold disk) that a significant fraction ~1%-10% of TDE flares
should host a QPE, depending in the details on the EMRI

* [ ] [ ] ¢ [ ]

Delayed onset due to disk spreading and/or M, evolution rate and number of TDE flares a given EMRI can survive
® Typically hlgh inclination (Section 3.3). Within large theoretical and observational
uncertainties, the occurrence rate of EMRI-TDE

* Reproduces QPE periodicity (7. & 27:4.)

ENRI + TDE. = QPE Perodic X-Ray Plaves from Str-Dik Cllionsin Galctc  [I,injia] & Metzger 23}
' Itai Linial' ® and Brian D. Metzger™”
E—




The Case of AT 2019qiz
April 2024 (Nicholl+24)

AT 2019qi1z (detected 09/19/19) Late time disk-like emission
I TR T A A I N | a Y e e e
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, Rest-frame days from first fallback
Rest-frame Days Since Peak

* Typical optical TDE light curve + spectra
* Nearby TDE (z = 0.0151, ~ 65 Mpc)

* Typical late time UV/optical plateau, characteristic of radiatively efficient time-evolving disk
[Mummery+21]}




Followup observations for studying TDE disks...
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Extent of TDE disk
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QPE Detection in Late Time TDEs

Previously - X-ray surveys - eROSITA
Now - dedicated X-ray followup of TDEs

semi—major AXLS




TDEs Hosting QPEs:

Posterior distribution of QPE/TDE fraction (q) ;' —— ———
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QPEs/RNTs as probes

Aug. 2020

L [See e.g., Xian+21, Zhou+24a,b,Pan+24]

o
Loy}
%—

e
N

Long Baseline Flare Timing: + # i ; % ‘L %
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- Disfavors eccentric ~0.99 orbiter [King 20]

[Arcodia+ (inc. IL) 1n review]

,7 ¥ - Distavors low-e IMBH with mypy > 500 M, [Franchini+23] 3
j ¢ Additional unexplained high-amplitude modulation, 7 = 10°d ¢
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Delayed Radio Flares
in TDEs

See talks by Kate, Adelle, Andy




Delayed Radio Flares

are Ubiquitous

Early (r $ 100d) Radio Flares: >30%
Powerful Relativistic Jets: <1% (1ntrinsic)

@ Y

Delayed (¢ > 10°d) Radio Flares: ~40%

Jet,
Sec. 5.2.2
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Non;'ellatw:is’ilc ou‘ilﬂow, ¥ o, ~ 10731071 M,
clayed laune At ~ few x 102 — 103d

Promptly launched relativistic "'" ’
= jet, viewed off-axis, brightens |

as T < 1/6 j
P~ i robs gV atsumoto+23]

s
- -

_‘ radiatively 1netficient regime
P M> Mgy , M<0.01 Mgy,

> 4 » . > o o .
=22 e R ioeBe o g

>y . - - 2 . g S - >y .
D2 ey Tot S rem e iy s P R e B A Yol D 3.0 AR ey L

[Alexander+25, Goodwin & Mummery 26] |

launching outflows in high M
state

R4 5 T e L2

[Piro+25,Wu+25] -

g
- Most flares too dim, slow S 10- :
- . = L
¢ - May explain some sources? 2 o5 ;
£ (e.g., AT 2018hyz 1 5 | _
‘y(-ggéum.w.“--¥ ?Cend@S+24f¢ g oer -
. 8 |
Delayed launching of z |
ce e E 02 _
relativistic jets goz:
0.0 '

=

—
Accretion rate at launch (Eddington units, |10g19)

Teboul+23, Lu+24] 4




Accretion State Transition Outflows

Super-Eddington outflows [J1ang+19]
GRMHD + Radiation

v/c
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- If launched from r & 1o, most energy expected
inv, ~02—-04c (e.g.,Jiang+19)
; * Observed range of velocities 0.01 — 0.2 ¢
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Circular TDEs (Linial & Quataert 24b)

Orbit shrink tor - ~ r, : Roche Lobe Overflow , UNSTABLE mass transfer [e.g., Linial & Sar1 23]
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M, : runaway Disk viscous o il g .
evolution
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Circular TDEs - Unique Observable Predictions

Inner radiative disk

Soft X-rays
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EMRI+TDE=QPE:

Summary

Stellar EMRIs, on mildly eccentric orbits, commonly occur around SMBHs
through GW inspiral of tightly bound stars following binary breakup by Hills
Mechanism

During the long GW inspiral of the stellar EMRI, the tidal disruption of a
second star produces an accretion disk with which the EMRI interacts.

The disk 1s evolving in time, fed by the fallback of the bound stellar debris and
possibly by the stellar ablation

Interactions between the disk and the stellar EMRI produces flares with similar
properties to the observed QPEs

These 1nteractions may be dominated by interaction of ablated stellar material
and the disk

Further study will constrain EMRI formation channels, with implications to
milli-Hz GW sources and SMBH feeding habits

The possibility of an IMBH instead of a stellar-EMRI may be tested by
exploring secular period evolution of QPEs

Delayed radio flares may naturally arise from star-disk interaction. Future
detection of radio flares following QPEs may further constrain theoretical
uncertainties




