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Tidal Disruption Events

- Transient feeding of black hole
Star on parabolic orbit gets close to BH, pericenter~tidal radius

Star is tidally disrupted around pericenter of orbit, debris from elongated stream
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Tidal Disruption Events

- Transient feeding of black hole

Star on parabolic orbit gets close to BH, pericenter~tidal radius
Star is tidally disrupted around pericenter of orbit, debris from elongated stream
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Tidal Disruption Events

- Transient feeding of black hole

Star on parabolic orbit gets close to BH, pericenter~tidal radius
Star is tidally disrupted around pericenter of orbit, debris from elongated stream
Bound part of the debris fallback to BH at rate >~ Eddington rate

Quiescent black hole is activated, likely super-Eddington accretion
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Tidal Disruption Events

- Transient feeding of black hole

Star on parabolic orbit gets close to BH, pericenter~tidal radius
Star is tidally disrupted around pericenter of orbit, debris from elongated stream
Bound part of the debris fallback to BH at rate >~ Eddington rate

Quiescent black hole is activated, likely super-Eddington accretion
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Tidal Disruption Events

- Transient feeding of black hole

Star on parabolic orbit gets close to BH, pericenter~tidal radius
Star is tidally disrupted around pericenter of orbit, debris from elongated stream
Bound part of the debris fallback to BH at rate >~ Eddington rate

Quiescent black hole is activated, likely super-Eddington accretion
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Tidal Disruption Events

- Transient feeding of black hole

Star on parabolic orbit gets close to BH, pericenter~tidal radius
Star is tidally disrupted around pericenter of orbit, debris from elongated stream
Bound part of the debris fallback to BH at rate >~ Eddington rate

Quiescent black hole is activated, likely super-Eddington accretion
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Tidal Disruption Events

- Transient feeding of black hole

Star on parabolic orbit gets close to BH, pericenter~tidal radius
Star is tidally disrupted around pericenter of orbit, debris from elongated stream
Bound part of the debris fallback to BH at rate >~ Eddington rate

Quiescent black hole is activated, likely super-Eddington accretion
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Tidal Disruption Events

- Transient feeding of black hole

Star on parabolic orbit gets close to BH, pericenter~tidal radius
Star is tidally disrupted around pericenter of orbit, debris from elongated stream
Bound part of the debris fallback to BH at rate >~ Eddington rate

Quiescent black hole is activated, likely super-Eddington accretion
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Tidal Disruption Events

- Transient feeding of black hole

Star on parabolic orbit gets close to BH, pericenter~tidal radius
Star is tidally disrupted around pericenter of orbit, debris from elongated stream
Bound part of the debris fallback to BH at rate >~ Eddington rate

Quiescent black hole is activated, likely super-Eddington accretion
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Tidal Disruption Events

- Transient feeding of black hole

Star on parabolic orbit gets close to BH, pericenter~tidal radius
Star is tidally disrupted around pericenter of orbit, debris from elongated stream
Bound part of the debris fallback to BH at rate >~ Eddington rate

Quiescent black hole is activated, likely super-Eddington accretion
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Tidal Disruption Events

- Transient feeding of black hole

Star on parabolic orbit gets close to BH, pericenter~tidal radius
Star is tidally disrupted around pericenter of orbit, debris from elongated stream
Bound part of the debris fallback to BH at rate >~ Eddington rate

Quiescent black hole is activated, likely super-Eddington accretion
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Tidal Disruption Events

A Fast-evolving Field!

LSST Projection

Bl Radio Bl UV/Optical/IR mmw X-Ray ---- (van Velzen+2011)
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Multi-band Emitters
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Multi-band Emitters
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At first, we thought they're in (soft) X-ray, kgT.; ~ kg ~ 100eV | — |
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Then we found LOTs of them in optical, many lacks X-ray counterpart




Multi-band Emitters
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~ 100eV

870R 5o MEaq 10°Mg
Then we found LOTs of them in optical, many lacks X-ray counterpart

At first, we thought they're in (soft) X-ray, kzT.; ~ kg
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At first, we thought they're in (soft) X-ray, kzT.; ~ kg

Multi-band Emitters

Then we found LOTs of them in optical, many lacks X-ray counterpart
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Multi-band Emitters
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3GMgyuM
~ 100eV

8RR o MEqq 10°Mg
Then we found LOTs of them in optical, many lacks X-ray counterpart

At first, we thought they're in (soft) X-ray, kgT.; ~ kg
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Multi-band Emitters
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At first, we thought they're in (soft) X-ray, kzT.; ~ kg ~ 100eV | — -
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Then we found LOTs of them in optical, many lacks X-ray counterpart
Multi-band emission source, X-ray to optical ratio show diverse evolution
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Multi-band Emitters
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Then we found LOTs of them in optical, many lacks X-ray counterpart
Multi-band emission source, X-ray to optical ratio show diverse evolution
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At first, we thought they're in (soft) X-ray, kzT.; ~ kg

Then we found LOTs of t
Multi-band emission sou

XRT 0.3--1.5 keV (count/s)

Multi-band Emitters

Sub-day scale X-ray variability

1.6 |

1.2

0.4

0.0lll“

0.8

S PPN PP [ EPUPI S EPUPUI (SRR R
-14 -12 -10 -8 -6 -4 -2 O 2
Days since MJD 59923

(Yao et al 2024)

3GMBHM

1/4 i 1/4

8ToR

~ 100eV ,
i5Co MEgqq

nem in optical, many lacks X-ray counterpart
rce, X-ray to optical ratio show diverse evolution

MBH

105M,,

—1/4

Diverse X-ray light curve in multi-band sources

?‘. SWJ2058

L) L] I Ll L] L) L ] L) LJ L) I

1047 “ )
_10% \b" : Sw J1644
D AT2022cmc i
EP 1045 €
L .
% 1044
- AT2024kmq
N B
g 1043 :
~ _.
4
1042 AT2018fykt. y !
o ?
AT20200cnv f :
104 -
| T2021chby™
1072 1071 100

Rest-frame years since discovery

(Ho et al 2025)



Multi-band Emitters
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At first, we thought they're in (soft) X-ray, kzT.; ~ kg 3 ~ 100eV
Then we found LOTs of them in optical, many lacks X-ray counterpart
Multi-band emission source, X-ray to optical ratio show diverse evolution
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Multi-band Emitters
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~ 100eV

8RR o MEqq 10°Mg,
Then we found LOTs of them in optical, many lacks X-ray counterpart

Multi-band emission source, X-ray to optical ratio show diverse evolution

Late time radio emission are detected ~40% of TDEs

At first, we thought they're in (soft) X-ray, kzT.; ~ kg
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Multi-band Emitters
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Then we found LOTs of them in optical, many lacks X-ray counterpart
Multi-band emission source, X-ray to optical ratio show diverse evolution

Late time radio emission are detected ~40% of TDEs
Even high energy neutrinos and UHECRs
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TDEs as Accretion Systems

« Timescale 1-3 years,
e Mgy ~ 10°73M
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TDEs as Accretion Systems

« Timescale 1-3 years,
e Mgy ~ 10°73M
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TDEs as Accretion Systems

o Super-Eddington feeding -> super-Eddington accretion (?)
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TDEs as Accretion Systems

e (Usually) X-ray spectra is shallower than
typical AGN system -> multi-color disk BB ?
thermal Compton?
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Interesting questions that are missed in this talk

e Frequent late-time radio detection

-> mass ejection is common is TDEs (how & when?)

-> jets are rare -> for those jetted events (what disk look like when they launch jet?)
-> simulation find hard to form magnetized disk (missing physics? )

e TDE are classified by emission lines
-> line formation and evolution (need good radiation transfer modeling)
-> star’s population and dynamics -> formation channel and host galactic
environment (also exciting as Rubin and Roman finding higher z events)

e Peculiar events e.g. off-center TDEs, featureless TDEs, FBOTs (?)

e Partial disruptions and repeating transients



Initially, BHs are fed by the-highly eccentric, asymmetric debris stream

But in late time, most TDEs form-disks

(Coughlin 2023

stellar disruptions orggrtial disruption also see e.g. Guillochon &
Ramirez-Ruiz 2013, CoUdglin & Nixon2015, Coughlin et al 2016,
Bonnerot et al 2016, Ryu 8%&l.2020+, Nixon & Coughlin 2022,
Spaulding & Chang 2022, Li#gt al 2024, Abolmasov et al 2025 ...
and many more ey
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Most TDEs form Disks
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By modeling late-time UV and disk evolution,
potentially we can constrain BH mass and spin

(Piro & Mockler 2025)

B l 1 I I I I I I I 1 1 1 ] I I I I I 1 1

llllll

44 , M, - 1043
42 [ = =

i 1 2

i v 4 2

42

40 _I | | | I 1 | | | | | ] | | | | | | | l— %10

B | | | | I I | I | | | | | | I | | | | l_ g
44 = My, =108M,, M.=M, 7

i s 0= _
4e - . | : a v 7 10"

i v -
40 —I ] I | | | | | | | 1 | | I | | l—

0 2 4 6 8

Time (yrs)

Thermally unstable late-time disks can undergo episodical
outbursts, while prevailing Maxwell stress can stabilize disk




Most TDEs form Disks

(Mummery et al 2024) (Piro & Mockler 2025)
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Super-Eddington Disk Models X-to-optical Ratio

(Dai et al 2018)

Optical

(Guolo et al 2023) (Parkinson et al 2025)
logy(r/7y) = 2.0 — 1D
109} » : 2D
A '_ 1016
¥ | —
1072 ) 2 ‘3&
g '
$ {
4 14
102 ' . 10
+#ﬁt | 1
l
10-3!} -+- ASASSN-14li (Lp/Lx = 2) f . 1
-4- AT2018zr (Lgs/Ly = 110) '0'6* — 1012 ’
-4~ AT2019azh (Lgs/Lx = 890) gt N |
Nl AT20202z50 (Lgp/Ly > 740) sr n
10_1014 1015 1016 1017 T
v [Hz] S 1010 |
n logo(r/7Ty) = 2.8
0 co . .
z 107 8,106 multi-D photon transport is
9 f important
© 1071
-c .
g 101 —
€ 1072
S
= q 0
»3? 1073} Dai et al. 2018 10
—— 5-22° —— 45-67"
—— 22-44° —— 68-87"
-4 ) . . L '
10707 1075 1078 1077 1010

v [HZ]

b
Rest-frame wavelength [A]

(See also: Thomsen et al 2022, Qiao et al 2025 )




From Debris Stream to Super-Eddington Disk

shocks? varying (quasi steady-state) wind+disk

' 2
Stellar Debris Fallback reprocessing layer
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From Debris Stream to Super-Eddington Disk

Having most UVO(IR) data

4. ............................................. >
Having most X-ray, radio data >
Discovery, often 1-2 filters
4. ................... } 4. ........................................... >
shocks? varying (quasi steady-state) wind+disk
° 2
. DebrisFallback  "eProcessing layer?
Rismption  EEEHL €ormennnans » Early dissipation
Luminosity ‘ ---------------------- > Il HSk Formation
vL (erg s™1) @ rnrnnanns »  Disk Evolution QPE phase?
10% “Relic” disk
(thermally stable?)
1043
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Early Dissipation Processes

Shock from compressed star
Nozzle shock

Debris recombination
Stream self-intersection
Stream-disk shock

Bound debris fallback to black hole

BH



Early Dissipation Processes

Shock from compressed star
Nozzle shock

Debris recombination
Stream self-intersection
Stream-disk shock

“Nozzle shock”

Vertical compression of cold

debris stream at peri-center
(e.g. Kochanek 1994, Guillochon et al

2014, Andalman et al 2020, Bonnerot & | —_—
Lu 2022, Steinberg & Stone 2022,, BH
Price et al 2024... )




Early Dissipation Processes

Shock from compressed star
Nozzle shock

Debris recombination “Stream self-intersection”
Stream self-intersection

Stream-disk shock Apsidal precession leads to debris stream self-

intersection after peri center passage

(e.g. Dai et al 2015, Piran et al 2015, Shiokawa et al 2015,
Jiang et al 2016, Lu & Bonnerot 2020, Huang at al 2022,
Andalman et al 2022...)

BH spin will introduce vertical offset
(e.g. Guillochon & Ramirez-Ruiz 2015/

Hayasaki et al 2016, Jiang et al 2016, Lo N

BH

Jankoviet et al 2023)
Bound debris fallback to black hole

(Huang et al 2023)



Early Dissipation Processes

Shock from compressed star
Nozzle shock

Debris recombination “Stream self-intersection”
Stream self-intersection Apsidal precession is sensitive to BH mass
Stream-disk shock B et e e e e e e e R R R A A R R AR R RN RN AR RN AN A EEA RN EEEEEEMAEEEEEEEEEEEEEEs |
e —
| 2-3
U < 107,
(Weaker precession, Mgy < 10°°M ) -(_?t_r_c_)_n_gf_r_P_r_gcz_e.s_ii?.n Mgy ~ 10°75M )
e ‘ .-
R BH /



Early Dissipation Processes

Shock from compressed star
Nozzle shock

Debris recombination “Stream self-intersection”
Stream self-intersection Apsidal precession is sensitive to BH mass
Stream_dlSk ShOCk I. ............................................................................................................... I
—_—
~ 10%73r
g < 107,
(Weaker precession, Mgy S 106'5M®) (Strongerprecessmn Mgy ~ 106'5_8M® )
BH /
>
“Apocenter shock” “Stream-stream collision”
Piran et al 2015, Shiokawa et al 2015, Ryu Dai et al 2015, Jiang et al 2016, Bonnerot et al 2021,
et al 2023, Price et al 2024... Andalman et al 2020, Meza et al 2025...

(Steinberg & Stone 2022) (Huang et al in prep)



Early Dissipation Processes

Shock from compressed star
Nozzle shock

Debris recombination
Stream self-intersection
Stream-disk shock

(Steinberg & Stone 2022)

“Stream-Disk Shock”

The debris stream pierces through the circularizing disk, until small-

scale instabilities dissolves the stream near circularization radius

(e.g. Andalman et al 2020, Steinberg & Stone 2022, Curd et al 2023, Huang et al
2024...)



Transition to Super-Eddington Disk

Low Angular Momentum Accretion Flow
Viralized Spherical Structure? (Stubble & Quateart 2016, Metzger 2022, Price et al 2024...)
Zero-Bernouii Number Accretion Flow? (Coughlin et al 2014, Wu et al 2018, Eyles2022 et al...)

t=2.3day t=2.5day t=4.8day

t=6.8day

t=15.5day

(Huang et al in prep)



Apparent Magnitude

Pre-peak color evolution / precursors

AT2019azh (Faris et al 2024)
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AT2023lli (Huang et al 2024)
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Pre-peak color evolution / precursors

Red “Precursor” AT2024kmq (Ho et al 2025)

Likely high mass black hole: My ~ 10°M
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Pre-peak color evolution / precursors

“Optical bump” e ee et ee et ee e ee e e e ee e e ee e i
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Luminosity

Pre-peak color evolution / precursors
“Optical bump”

Time

log, ,[luminosity (erg s™)]
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Pre-peak color evolution / precursors

“Optical bump” e ee et ee et ee e ee e e e ee e e ee e i
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Pre-peak color evolution / precursors
Early (Pre-peak) X-ray AT2022dsh (Malyali et al 2023)

With a relatively early radio flare

Pre-peak Lx~1.0e43erg/s, “faint and fast” Optical-UV LC
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Pre-peak color evolution / precursors

Early (pre/near-peak) X-ray: simulation
AT2018hyz, sim: polar outflow
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* for this particular source:

Increasing radio: Cendes+ 2025
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Possible UHECR: Piran+ 2023

(Huang et al in prep)

Generated with OTTER
(Franz et al 2025)

Multi-group 3D
simulations
(changed luminosity
normalization)

X-ray != Disk

Simulations also find in
early time before disk disk
form, shocks + varying
photosphere are sufficient
to produce X-ray
variabilities



Summary: Decoding TDE Evolution

Unique BH Feeding in TDEs Disk Dominated Emission

® Precursors -> direct diagnostic of GR precession (apsidal
& Lense-Thirring)

® Disruption processes -> further constrain BH mass,
possibly break degeneracy of spin and mass.

® Pre-peak color evolution -> reprocess layer formation
(pre-peak cooling or invariable/heating -> slow/rapid
build optical-depth build up) -> mechanisms to damp
eccentricity and form disk?

® Develop disk spectral and light curve model -> BH
mass and possibly spin

® Combine with radio that tracks mass ejection ->
mass budget in TDE (how much accreted/ejected?)
disk mass and angular momentum content

® For jetted TDE, what is disk structure when the jet
is launched?

® Combine with other transients (e.g. episodical
outburst from unstable disk, QPEs) -> disk size,

Stellar Debris Fallback surface density, stress tensor (viscosity), B field
. . y y
Disruption to BH €nnrneennns » Early dissipation
Luminosity A > TETTET TP TP R, = Disk Formation
vL (erg s71) @i » Disk Evolution QPE phase?
10 1 "Relic” disk
(thermally stable?)
1043 |
1042 |
1041
\ 4
........................... >
Disruption (months- year) (Weeks, discovery) (1-2 years, main UVO, X) (>1-2 years, radio, dust echo)

Time since disruption (not to scale)

(multi-messenger)



Summary: Decoding TDE Evolution

Unique BH Feeding in TDEs Disk Dominated Emission

® Develop disk spectral and light curve model -> BH
mass and possibly spin

® Combine with radio that tracks mass ejection ->
mass budget in TDE (how much accreted/ejected?)
disk mass and angular momentum content

® For jetted TDE, what is disk structure when the jet
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Summary: Decoding TDE Evolution

Unique BH Feeding in TDEs Disk Dominated Emission
@ o . >
® Precursors -> direct diagnostic of GR precession (apsidal ® Develop disk spectral and light curve model -> BH
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An example question




