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Self-Introduction

Astronomy Photographer of the Year (shortlist, 2017
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JUPITER AND ITS MOONS

Kevin Li (China), aged 14
Shenzhen, Guangdong Province, China, 4 April 2017

I took this photo when Jupiter was in a favourable opposition on
4 April, on the balcony of my home in Shenzhen, China. Jupiter is
one of my favourite planets, not only because of its changeable
cloud band and the Great Red Spot but also because of its

four famous moons. The buildings in front of my balcony were

a big challenge for this photograph. My parents were also ‘big
challenges’ for me, since | had to go to school the next day, so
they wanted me to go to bed early! The seeing was great, so |
used a Barlow 3X lens with a ZWO ASI120MM camera on my
Sky-Watcher BKP 150/750 telescope. The Sky-Watcher EQ3-D

MY PHOTOGRAPHER OF THE YEAR 2017

mount can't ‘go-to’, so | had to find Jupiter manually. Because |
used a monochrome camera, | used LRGB (luminance, red, green
and blue) filters in order to show colour. For processing, | used
AutoStakkert!2 to stack them. Then, | used Registax 6 to sharpen
the image. After that, | used Astra Image to combine the LRGB. |
also used it to wavelet sharpen and de-noise. | processed Jupiter
and its moons individually. Finally, | used Adobe Photoshop to
combine Jupiter and its moons. | love this photo because if you
look at the picture carefully, you can see that the Jupiter and i
moons are colourful!

Sky-Watcher 150 mm f/5 reflector telescope at 1/15, Barlow x3 lens,
Sky-Watcher EQ3-D mount, ZWO ASI120MM camera, stacked from
multiple exposures
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A
RAY CRATER LANGRENUS

Kevin Li (China), aged 14
Shenzhen, Guangdong Province, China, 1 Apnil 2017

| took this photo during a clear dusk on the balcony of my home
in Shenzhen, China. The Sun had gone down just about an hour
ago. | had 1o take the photo so early because the Moon was
about to be blocked by skyscrapers! So | prepared quickly and
started to take the picture at once. The Moon is the closest
celestial body to Earth. It is fantastic and mysterious! Although |
have observed it many times, | will never grow tired of it. Luckily,

ASTRONOMY PHOTOGRAPHER OF THE YEAR 2017

the seeing was fantastic at that time, so | tried to use Barlow

2X and Barlow 3X lenses together on my telescope for the first
time! | shot about 2,000 frames and used AutoStakkert!2 to align
them, and chose about 50% to stack. Then, | used Registax 6

to sharpen the image. After that, | used Astra Image to wavelet
sharpen and de-noise. In addition, Adobe Photoshop CS5 was
used to lift brightness. Because the focal length was large and
the seeing was good, the details of the Ray Crater Langrenus
‘seem very impressive. | will try to take a far more detailed picture
next time!

Sky-Watcher 150 mm 1/5 reflector telescope at 1/30, Sky-Watcher EQ3-D
mount ZWO ASI120MM camera, stacked from multiple exposures
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ABC for IMBHs

An important and rarely found class of black holes (BHS).




Observed Mass Ranges of Compact Objects
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ABC for TDEs

A star disrupted by a black hole (BH).




Intumve Simulation Animation

ssssssss pericenter: -0.060046 days

Iog T O(Densfry (g/ce))
-4, 1e+OO ?.2e-01
L. |

E. Steinberg & N. Stone, 2024



ABC for TDEs

Classical Model

1. Stellar scattered to SMBH (loss cone) e

mean binding _ szpeed~10"kms"
energy~10\c

2. Tidal stretching & compression

3. Pericenter radius < tidal radius — disruption ;;?

4. Near-parabolic = ~50% bound, ~50% unbound

o [ ] o o ° o ‘\
5. Quick circularization? & quick accretion? \

max binding
energy~10"%?

. . 5
6.L°¢MGCC°¢be &g—]‘EI=COHSt — L oc T 3\

-
- -

(timescale: months—years) 5

7. Multi-color BB disk? — (UV/soft X-ray) o

M. Rees, 1988



ABC for TDEs

Classical Model
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ABC for TDEs

Real Light Curves (Intuitive Impression)
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IMBH-TDES

A very new and interesting field.




IMBH-TDES

IMBH-TDE Candidate: 3XMM J215022.4-055108
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D. Lin et al. 2017



IMBH-TDESs

IMBH-TDE Candidate: 3XMM J215022.4-055108
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» No spectroscopic confirmation
J. Chen & R. Shen 2018
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IMBH-TDESs

Einstein Probe: X-ray Time-domain Telescope

> WXT (0.5-4 keV)

- FOV: 3600 degrees

- Orbit: 600km (5800s/orbit)

- 3 pointings/orbit, ~1200s each

« ~1/2 sky covered in 3 orbits (~ 5 hr)
- ~Bks exposure/sky region/day

> FXT (0.3-10 keV)

« 2 telecsopes
- Similar to eROSITA

credit: Jingwei Hu



IMBH-TDES

EP240222a: A Confirmed IMBH-TDE

Galaxy: 2MASX

> Real time captured

.- > Multi-wavelength observed

EP240222a

2 0 ”
). &: 7\ ' OPTICAL (z-band) OPTICAL (g-band)
-
. - o
B C »)

> Spectroscopic confirmed
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C. Jin et al. arXiv: 2501.09580



IMBH-TDES

EP240222a: A Confirmed IMBH-TDE

OPTICAL HOST

EP240222a

OPTICAL (u-band)

Galaxy: 2MASX
J11320214+2700207
-

OPTICAL (g;band)

EFe (keV cm—2s71)

=

May 2020--May 2022 Feb 2023--Jan 2024

1 1 1 <= 1

T T T T — 1 T T T T T L] T
A combined eROSITA B i 10-11 | E
€ ®
10k - o , - _I_u ____.'_\. 1 | r
4 @ o lj\t’
104k T Tﬁ T T | ) L ] E l \i
T TTﬁ, oo ‘. o
105 4 F - 5w b 4 ]
[ ~ ]
10-6 1 1 1 1 1 1 1 1 X 2x10°2 1 1 L 1 1 1 1 T
0.2 0.4 0.6 1.0 20 3.0 02 04 06 1.0 2.0 3.0 60340 60380 60420 60460 60
Energy (keV) Energy (keV) Date (M)D)
31 Al .05 AL 2% 05 A3 a2 AN 09 Al
2020'057_0'2-0' 1‘2()?-'\-’01-)_017-'01 2023'01 7_013'06 7_013'09 1013‘11 7_()'2.”"03 7_024‘01 10?.““'0
T T T T T T T T T T T
10-11 (€ B 7 I
¥ °& -
w" L 2O
10-12 b "-__‘_h_'

t, =60374 + 28
y =-12x03

1 1
May 2023--Nov 2023

“ |

I

D 4Bl

~ 1
13 .

10713 F

h D

=

Q

o

Im

jo)]

—

L]

hE

=3

5

3

w

o107

(o)

g

o

o

T 1

<

+I-+-H*Iz\

t,=60404.7 + 0.4
y = —-0.11%0.04

1 1 1 ]
59000 59200 59400 59600

1 1 1
60200 60300 60400

Date (M]D)

1 1
60000 60100

1 1
60500 60600

3x10%

2%10% —~

-1

10

Ly (erg

6% 104

1043

10% —
—

vL,(erg s~

C. Jin et al. arXiv: 2501.09580




IMBH-TDESs

Why IMBH?

> Host (dwarf galaxy / globular cluster) Luminosity —> BH Mass

» X-ray SED Fitting
- Blackbody temerature ~160eV

* Inner disk temerature ~200eV

> Similar to XMMJ2150 (IMBH-TDE candidate)

> Long Rise (year timescale) —> Inefficient Circularization —> IMBH

C. Jin et al. arXiv: 2501.09580



IMBH-TDESs

EP240222a: What Can We Learn From Light Curves?

» X-ray Emission

- Slow rising stage (~ 3 years)
 Turning point (slow rise —> fast rise)
- Plateau stage

- Decline stage
> Optical Emission

* Follow X-ray light curves

« 200 times fainter than X-ray

X-ray Flux (erg s~tcm™2)

Optical Flux(u/y)
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- Delayed & slower decline compared to X-rays

> New Model Required!
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C. Jin et al. arXiv: 2501.09580




EP240222a Model

Inefficient circularization,
delayed stream-disk interaction

and reprocessing.




EP240222a Model

0. Disruption: Two Free Parameters

> Stellar Parameters
« Stellar mass (M,,)
« Stellar radius (Ry): M,-R, relation

« Polytropic index (y): depend on M,

> Orbital Parameter
- Penetration factor (B): Ri/R,

> Black Hole Parameters
 Black hole mass (Mgy): ~7.7 % 10* M,
- Black hole spin (ay): ~0.98

J. Guillochon & E. Ramirez-Ruiz 2013



EP240222a Model

Recall: Previous IMBH-TDE Model

437’"”1 T LA | 1 LI RS | ’ T—1—§ & : 13 (]
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J. Chen & R. Shen 2018



EP240222a Model

Timescales

3
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J. Chen, L. Dou, & R. Shen 2022 W. Li et al. arXiv: 2512.02147



EP240222a Model

Timescales

a;
tr = 9
b= T\ "G Mg

Y

N13M1/2 3/2 m. ' days x {1 ’

Be Careful !
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W. Li et al. arXiv: 2512.02147




EP240222a Model

Recall: Previous IMBH-TDE Model
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J. Chen & R. Shen 2018



EP240222a Model

1. Initial Stage: Inefficient Circularization

Outflow
Tail Stream
\ /f 2,4 Orbit Main Stream

y W

Tail-Main Interaction
Faint UV/Optical

Self-Intersection, Faint UV/Optical

Inflow

Low Energy & Angular Momentum \)

1, Orbit Main Stream

Nozzle Shock
Faint UV/Optical
Faint X-ray ?

W. Li et al. arXiv: 2512.02147



EP240222a Model

1. Initial Stage:

Outflow

Tail Stream
\ / 2,4 Orbit Main Stream

Inefficient Circularization

> Dissipation channels (inefficient for IMBHSs!)

 nozzle shock

1,2

€nog ™ 2 2R 9.3 %107 BM,; Pm2? <« 1
C

« self-intersection of the main stream

Tsil-Main [iiferactiori Self-Intersection, Faint UV/Optical €aul ™ AEy ~ 4.6 x 10~% 62,32M4/37“_2m3/3 <1
Faint UV/Optical o 5 E, 0 B ¥
15 Orbit Main Stream . R . .
» tail stream-main stream interaction
. (t) N AFE,, N be(t)tbeo
Inflow o N Ec N Ms(t)Ec
Low Energy & Angular Momentum ; 7 1—n1 1
~43x107% (—) "1 - [ — (n —1)(1+ eo)
tm te
Nozzle Shock ~13 13 [B B < Ba
Faint UV/Optical X My Pmy® x { ﬁ’l 3> By <1

W. Li et al. arXiv: 2512.02147

Faint X-ray ?

> Self-intersection —> inflow & outflow

> Timescale: t_fb




EP240222a Model

2. Slow-Rising Stage
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EP240222a Model

2. Slow-Rising Stage: SSC-Feeding Precursor Disk
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\
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\ [ ] [ ] [ ] [ ] [ ]
5 > Dissipation continue, dominated by SSC
Feeding Precursor Disk‘\
\\

~~~~~~~ (a succession of self-crossings)
> Inflow & outflow continue
> Precursor disk forms —> early X-rays

> Timescale: years

W. Li et al. arXiv: 2512.02147



EP240222a Model

Basic Equations for Accretion Disk: Slow-Rising Stage

dMq(t) _

dt

M (1)

Msup(t)_ .acc(t) i
E@)|.
w HSUp(I)Ms(I)E{:_EO.

Macc(t) = Md(t)/tacc,early

Lbol (t ) it 77misM acc (t )C2

Key equation: mass supply rate

Early accretion timescale

can be longer than late time

MRI not fully developed —> smaller alpha

low accretion rate —> tinner disk

H\™
lacc == E Q' “Idync

Misaligned disk
Nretro < Mmis < Talign

W. Li et al. arXiv: 2512.02147




EP240222a Model

SSC Model with Correction

» Assumption: thin main stream 3/2
p. . B (Ol AEy 1 _ Eigeal(?) Eigea (?) 4
> Here: thick main stream 1deal \" ) |— tn, €2 E, E,

> Free parameter eta_self(t) (can >1) to account for difference

4U_| I 1 I 1 I 1 I I I I I I I I I 1 I I I
E wp /v, = 0.06

‘I‘IlIIII|IIII|IIII|IIII|IIII—

-100 -80 -60 -40) -20 0
.’L’/Rt

C. Bonnerot et al. 2017 J. Chen & R. Shen 2021




EP240222a Model

Basic Equations for Accretion Disk: Slow-Rising Stage

dMq(t) _

dt

M (1)

Msup(t)_ .acc(t) i
E@)|.
w HSUp(I)Ms(I)E{:_EO.

Macc(t) = Md(t)/tacc,early

Lbol (t ) it 77misM acc (t )C2

Key equation: mass supply rate

Early accretion timescale

can be longer than late time

MRI not fully developed —> smaller alpha

low accretion rate —> tinner disk

H\™
lacc == E Q' “Idync

Misaligned disk
Nretro < Mmis < Talign

W. Li et al. arXiv: 2512.02147




EP240222a Model
Basic Equations for Accretion Disk: Slow-Rising Stage

E()
c: EO

sup () =~ Tlsup ()M )

W. Li et al. arXiv: 2512.02147



EP240222a Model

Basic Equations for Accretion Disk: Slow-Rising Stage

. E®) Eigeal(?)
Mo () > Noup ()M (1 ~ Nself(?)Nsup (2 )M (1
o) = MoupOM(0) 7 - = Tt O OM(O) =
Eigeal(?)
o nselfnsupMs(f ) ELE— E{]

W. Li et al. arXiv: 2512.02147



EP240222a Model

3. Fast-Rising Stage
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EP240222a Model

3. Fast-Rising Stage: Stream Disk Interactlon

Tail Stream
~y ~ -
y
~ B

Tail-Main Interaction: = ~o Mam Stream

Faint UV/Optical Disk Mass 11 Momentum flux matChlng
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Stream-Disk Interaction
Strong UV/Optical ?

Massive disk —> sharp X-ray rise
Potential strong UV/optical flares
Disk aligned with the BH’s spin
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Timescale: < t_fb or t_fb
W. Li et al. arXiv: 2512.02147
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Basic Equations for Accretion Disk: Fast-Rising Stage

dM(t) 77 ‘ Mo (s > Mass supply dominated by main stream
dt sup(?) ace(?) (stream-disk interaction)
M.(t) > Late accretion timescale (shorter)

Msup(t) ~ ts + Mg, (7) > Accretion rate >> Eddington rate

SN > Lumonosity is “throttled” —> L_bol ~ L_edd
Moo (t) = My (t)/tacciate - outflow & advection

> Accretion efficiency = eta_align

[1 +In (Macc(r)/MEdd)] LEdd) Macc(t) Z MEdd

Lbol(t) e

(Mace(t)/Mgaq) Lidd, Mac () S Mgad
W. Li et al. arXiv: 2512.02147
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4. Plateau Stage
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4. Plateau Stage: Super-Eddington Accretion

60200 60300 60400 60500 60600
. / ; 2 . S~
tb =60374 £ 28 41011 Tail Stream

—JM y =-12x0.3 - Stream-Disk Interactio
t F nt UV/Optical
BH Spin Axl

b
-~
—
—

®._410°12

Heavy Disk

---------------------------------- Super-Eddington Accretion

"""""""""" Strong X-ray

- —13
10 Outflow Optical Thin Funnel Reprocessing Layer
Weak Optical
'023--Jan 4024 ~ Feb 20p4--Jul 2024

1 1 1 1 n=14

y =—0.11+0.04

S T— *_,_. > L_bol ~ L_Edd (outflow & advection)
> Polar funnel —> line of sight to X-rays

SR +++ +>] to = 604047 + 0.4 4, > Massive disk —> super—Eddington

i > Weak optical (reprocessed X-rays)

2023995233272 (50033 (50190 5103 > Timescale: t_acc,late

W. Li et al. arXiv: 2512.02147
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Unified Model for TDEs

Optical

L. Dai et al. 2018 E. Qiao et al. 2025
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Basic Equations for Accretion Disk: Plateau Stage

dMq(t)
dt

Msup(t)‘_Macc(t)

My ()| =~ Mp(2)

Macc (t) — Md (t)/tacc,late

[1 +In (Macc(r)/MEdd)] LEdd) Macc(t) Z, MEdd
(Macc(t)/MEdd) LEdda Macc(t) 5 MEdd

W. Li et al. arXiv: 2512.02147

Lbol (t) =
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5. Decline Stage
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5. Decline Stage: Sub-Eddington Accretion

60200 60300 60400 60500 60600
1 1

7 I t,=60374+28 } o1 TelSueam
Z| . y =-12x03 Stream-Disk Interaction
t e i . Faint UV/Optical
It i -’
--------------------------- 41013 Outflow Optica)l(::::liFunnel Reprocessing Layer
2023--Jan 2024  Feb 20p4--Jul 2024 @ S~
i L GABAT 2 0.4 o > Delayed & slower optical decline —> reprocess
+ y =—-0.11%0.
+ } "B#h “_ *t > Disk mass depletes —> sub-Eddington acc
— = |
_________________________________________________ i » Outflow ceases
i > Optically thin layer (not yet reached)
33 0n 137 003 00100 oy > Timescale: years
Date

W. Li et al. arXiv: 2512.02147
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Basic Equations for Accretion Disk: Decline Stage

dMq(t)
dt

Msup(t)‘_Macc(t)

My ()| =~ Mp(2)

Macc (t) — Md (t)/tacc,late

[1 +In (Macc(r)/MEdd)] LEdd) Macc(t) Z, MEdd
(Macc(t)/MEdd) LEdda Macc(t) 5 MEdd

W. Li et al. arXiv: 2512.02147

Lbol (t) =
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Fitting

W. Li et al. arXiv: 2512.02147



I EP240222a Model

Free Parameters

. Stellar Mass, log,,(M./My): [-1.097,0.477].
Penetration Factor, log,,(3): [-0.301,0.477].

¢ EfﬁCiency Factor, log 10(77) = 10g 10(nselfnsup77mis): [_67 1]

Early Accretion Timescale, 10g;,(facc early /taync): [0, 9].
Late Accretion Timescale, log; (facc late /Zaync): [0,4].
Critical Time, 7. — 19 € [950,1300] days.

Time Offset, 1y < [0,1000] days.

N o v kW N

W. Li et al. arXiv: 2512.02147
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Fitting Results (X-rays)

EP240222a Light Curve (0.516-4.130 keV) MCMC Fit
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W. Li et al. arXiv: 2512.02147
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Slow Rise (years)

Luminosity (0.516-4.130 keV) [erg/s]

EP240222a Light Curve (0.516-4.130 keV) MCMC Fit
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Fast Rise (<t_fb or t_fb)

EP240222a Light Curve (0.516-4.130 keV) MCMC Fit

Luminosity (0.516-4.130 keV) [erg/s]
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Model with Median Params
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EP240222a Model

M
Plateau Loa®) =~ |[1+In| — o __ Lgag

Mgadtaccjate /  tacclate

EP240222a Light Curve (0.516-4.130 keV) MCMC Fit
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Decline
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Luminosity (0.516-4.130 keV) [erg/s]
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Decline: Power Law

EP240222a Light Curve (0.516-4.130 keV) MCMC Fit

—— Model with Median Params
== Point-wise Median Model
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Discussion




EP240222a Model

M(t)E(t)+Mgp,(t) [Eo— En(1)]
K, (1)

Early-stage g-band Luminosity (self-intersection efficiency Rsei(t) = 1)

Early optical: Lgeay® ~
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M ()E(t) + Mg, (t) [Eo— Eg (2)]
K, (1)

Early-stage g-band Luminosity (self-intersection efficiency neeir(t) = 0.01)

Early optical: Lgeay® ~
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Ansky (most extreme QPE) from

- IMBH-TDE?

« Post-main sequence star SMBH-TDE
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EP240222a.

-ar Away in the Upper Left (draft)
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W. Li et al. arXiv: 2512.02147
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WD-IMBH-TDEs: Fast Rise (~t_fb)

> Dissipation channels ( efficient for WD-IMBH-TDESs!)

« nozzle shock
1,2

Uzmx —
€nop = = 9.3 x 1070 BM 2Bm2l <« 1

« self-intersection of the main stream
AE,

C

~ 4.6 x 107 €282 M, *r>m?2/®

€self =

« tail stream-main stream interaction
AEtm -~ be(t)tbeO
E. —  Mt)E,
¢ ¢ 1-n -1
—nl]_ (_) ] (n—1)(1+ ep)

~ 4.3 x107% (—)
tm it

o
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81, 62 pg <1

~ H - -1 ~ (H/R)d a \ 3/2 3/2  —1/2
t“‘“‘(ﬁ)d“ tdyn“”’( 0.2 ) (g5) 8 m days W. Li et al. arXiv: 2512.02147
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Jetted WD-IMBH-TDE Candidate
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Critical Moment Check

» Momentum flux matching

Nsﬂeam > Stream-—disk interaction
~ ~ -

y > Runaway circularization

Tail-Main Interaction ay Main Stream

Faint UV/Optical Disk Mass 11

Ns§*‘~ X-ray 11 ] H .
~o \/EMs(tcrit) (E) ~ Md(tcrit)
d,early

Stream-Disk Interaction
Strong UV/Optical ?

3
(Ii ) Caarly ~ ts,N(tcrit)Lbol(tcrit)
car —
R d,early ’ 2\/iﬂ-Umis]Ws(tcrit)c2
log ;o (facc early /tayn c) posterior to [3.5,6.1]

W. Li et al. arXiv: 2512.02147
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Summary & Take Away Massage

> EP240222a is the first IMBH-TDE captured in real-time with multi-
wavelength observations and spectroscopic confirmation.

» We reveals inefficient circularization, delayed stream-disk interaction
and reprocessing in EP240222a.

» Our results indicate EP240222a was the disruption of a main-
sequence star (M_star = 0.4 M_sun; 8 = 1.0).

> MS-IMBH-TDE (optical, X-rays): slow rise and/or quasi plateau.

> WD-IMBH-TDE (optical, X-rays): fast rise.

W. Li et al. arXiv: 2512.02147
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EP240222a Model

Summary & Take Away Massage

> EP240222a is the first IMBH-TDE captured in real-time with multi-
wavelength observations and spectroscopic confirmation.

» We reveals inefficient circularization, delayed stream-disk interaction
and reprocessing in EP240222a.

» Our results indicate EP240222a was the disruption of a main-
sequence star (M_star = 0.4 M_sun; 8 = 1.0).

> MS-IMBH-TDE (optical, X-rays): slow rise and/or quasi plateau.

> WD-IMBH-TDE (optical, X-rays): fast rise.

W. Li et al. arXiv: 2512.02147
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IMBH-TDESs

Using TDE to Find
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EP240222a Model

Spectrum: Not as broad as typical TDE (1e4 km/s)
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> z = 0.03251
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- AGN x

> Kinematics?
« SMBH-TDE x?
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> Electron Scattering?

&y ©° SMBH-TDE v?
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C. Jin et al. arXiv: 2501.09580
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Early X-ray SED Fitting

Powerlaw

Blackbody

Diskbb

Counts s~1 kev~1

Ratio

C. Jin et al. arXiv: 2501.09580



keV? (Photons cm™2 s~ 1 kev~1)

Ratio

Ratio

EP240222a Model

X-ray SED

T
A 4 [EP240222a

S SV : wammare | >Harder than typical termal TDE

o ~sy_1*+ IMBH-TDE
""" .| »>Different from AGN

| »Outflow signature @ 1keV
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C. Jin et al. arXiv: 2501.09580
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BH Mass vs Inner Disk Temerature

A 300 :
thermal TDEs
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C. Jin et al. arXiv: 2501.09580 credit: J. Wang
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EP240222a Model

BH Mass & Spin (Sixiang Wen)

---- tdediscspec
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|+ spectrum shape
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« spectrum shape

» Multi-epoch —> better

C. Jin et al. arXiv: 2501.09580
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Reprocessing Model

= Model (reprocessed)
- Model (injected)
= N|CER1
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Circularization Timescale
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Other Possibilities?
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EP240222a Model

R_eff >> R_star? In Fact R_eff Should ~R_p

log(p) at 1.25 days
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Self-Intersection Induce Outflow
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Two Steps Model
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Optical Emission Model
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Unified Model

Bighter than black body assumption in UV
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Unified Model

E. Qiao et al. 2025



I Unified Model

Two blackbody fitting to the spectra
t=8d
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Optical vs X-ray

Cumulative Number
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