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   Repeating TDEs   vs.     QPEs
ASASSN-14ko (Payne+21)

Optical/UV/X-ray

TDE-like flares


Period: Months-years

GSN 069 (Miniutti+19)

Soft X-ray only

Unlike any known AGN variability


Period: Hours-Day

[See further discussion in Guolo+24]

ΔT ≈ 9 hrΔT ≈ 114 d
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Over the course of one week…
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Two Flavors of Stellar Destruction

BH

!! ≈ 1	au

'⋆

Tidal Disruption Event
(TDE)

BH

Scattering dominated:

'⋆

Gravitational Wave (GW) dominated:

Stellar EMRI

Extreme Mass 
Ratio Inspiral

GWs

“Plunges”

See:

Dai & Blandford (2013)

Linial & Sari (2017,2023)

Linial & Metzger (2023)
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• 6 confirmed systems to date  
(+2 candidates) 

• (Quasi)-Periodic: ~2.5-20 hr


• Duty cycle ~ 10-30%


• Peak luminosities  
 




• 


 

L𝐩𝐞𝐚𝐤 ≈ 𝟏𝟎𝟒𝟐 𝐞𝐫𝐠 𝐬−𝟏

𝑘𝐵𝑇p𝑘 ≈ 150 − 200 eV

M∙ ≈ few × 105 − few × 106 M⊙

[Miniutti et al., Nature, 2019 
Giustini et al., A&A, 2019 
Arcodia et al., Nature, 2021 
Chakraborty et al., ApJL, 2021]

Miniutti+23a
GSN 069

~9 hr

Normalized 
to peak

Normalized to  
quiescence

Phase folded 
lightcurve

Corresponding 
spectra
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Phase
0.9 1.11

Energy (keV)
10.5

0.4-0.5 keV
0.8-1.9 keV

0.2-0.3 keV

[GSN-069: Miniutti+19]

Quasi-Periodic Eruptions
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𝑻𝐬𝐡𝐨𝐫𝐭 𝑻𝐥𝐨𝐧𝐠 𝑻𝐬𝐡𝐨𝐫𝐭 𝑻𝐥𝐨𝐧𝐠

Quasi-Periodicity -  
Regular vs. Irregular
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[Miniutti+23]

[Arcodia 2022]

~10% timing diff
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Erratic flares

G
S

N
-069

G
S

N
-069

eR
O

-Q
P

E
2

eR
O

-Q
P

E
2Δ

𝑇 
(k

s)

9.0

8.6

Alternating long/short pattern

eRO-QPE1

~5-10%  
alternation



Proposed Interpretations

1. Disk instabilities 

[Miniutti+21, Arcodia+21, Raj&Nixon 21,  

Pan+22, Kaur+22, Sniegowska+22]


2. Lensing by a massive companion 

[Ingram+22]


3. Clumpy debris stream 

[Nixon & Coughlin 22]


4. Mass Transferring Companion(s) “EMRI”


1. Compact companion (White Dwarf, He core) 

[King 20,22,23, Zhao+22, Chen+22, Wang+22, Xian+22]


2. Low-mass Main-Sequence star 

[Metzger+22, Krolik & Linial 22, Linial & Sari 23, Lu & Quataert 23] 6
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Over the course of one week…



QPEs from Star-Disk Collisions 
[Linial & Metzger 2023]
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• Accretion disk + Main-Sequence stellar-EMRI

• Star-Disk collisions produce flares

• Disk produces quiescent emission

• Flare timing changes with precession

• TDE-QPE association

[See also Xian et al. (2022), Sukova et al. (2022), 
Franchini et al. (2023), Tagawa et al. (2023)]

𝑟 0(
1 +

𝑒)

𝑟 𝑝
=

𝑟 0(
1 −

𝑒)

h

𝑣𝑘

SMBH

𝑅diff

𝑚̇

 , 𝐿QPE 𝑘B𝑇obs

𝜏 ≈ 𝑐/𝑣ej

LQ , kBTQ



Flare Timing
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𝑃orb = 𝑻𝐬𝐡𝐨𝐫𝐭 + 𝑻𝐥𝐨𝐧𝐠 = 2⟨𝑇⟩ ≈ 5 − 18 hr

𝑒 ≈ 0.1

𝑇2 − 𝑇1

⟨𝑇⟩
= 𝐹(𝑒, 𝐼, 𝜛)~𝑂(𝑒)

Light travel time


(Observer angle dependent)

𝛿𝑡lt ≤
2𝑎
𝑐

≈ 5% ⟨𝑇⟩

* See dynamical formation

[Miniutti 2023]
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𝑟 𝑝
=
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𝑻short

𝑻long

h
h

𝑻𝐬𝐡𝐨𝐫𝐭 𝑻𝐥𝐨𝐧𝐠 𝑻𝐬𝐡𝐨𝐫𝐭 𝑻𝐥𝐨𝐧𝐠



Star Disk Collisions
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Effective cross section ~  
Gravitational focusing negligible 

𝜋𝑅2
⋆

(𝑣𝑘 ≫ 𝑐𝑠, 𝑣⋆
esc)

𝑅⋆

𝑣𝑘 ≈ 0.1c  𝑀1/3
●,6 𝑇

−1/3
(5 hr)

Eej,0 ≈ Mejv2
k

𝑀ej ≈ Σ𝑑 ⋅ 𝜋𝑅2
⋆ ≈ 10−(6−7) M⊙ 𝑅2

1  𝛼−1
−1  𝑚̇−1

−1𝑇(5 hr)

h Assume radiation dominated, thin disk 
α ≈ 10−2 − 10−1 , ·M/ ·MEdd ≈ 10−2 − 10−1

(* Possibly larger due to ablated debris!)
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  


         

𝑡diff ≈ 𝑡dyn 𝜏peak ≈
𝑐
𝑣𝑘

= 10

𝜏(𝑡) ≈
𝜅es𝑀ej

4𝜋(𝑣𝑘𝑡)2
𝒕𝐩𝐞𝐚𝐤 ≈

𝜿𝐞𝐬𝑴𝐞𝐣

𝟒𝝅𝒗𝒌𝒄
≈ 𝟎 . 𝟑 𝐡𝐫

𝑳𝐩𝐞𝐚𝐤 ≈ 𝑳𝐄𝐝𝐝 ( 𝑹⋆

𝒂 ) ≈ 𝟏𝟎𝟒𝟐 𝐞𝐫𝐠 /𝐬

Radiation escape condition Internal energy degraded 
by adiabatic expansion 

𝑃𝑉 𝛾 = const

𝑅peak ≈ 𝑣𝑘𝑡peak~1012 cm

𝐸int(𝑡) ≈ 𝑀ej𝑣2
𝑘

𝑉0

(𝑣𝑘𝑡)3

𝛾−1

𝑅

Temperature: 
Photon starved ejecta - 
Comptonized free-free


~Thermal Wien-tail of  
kT~100eV

*

* Nayakshin et al. (2004) use  - resulting in flares dimmer by 2 orders of mag.τ ≈ 1
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Star Disk Collisions - Numerical Calculation 
Vurm, Linial, Metzger (2024)

Monte-Carlo 

Rad. Transport Calculation



QPE-TDE association

• Gradual X-ray decay preceding QPE 
appearance 
(seen in GSN-069, eRO-QPE3, AT2019vcb,  
+1 candidate) 

• QPE hosts generally consistent with TDE hosts 
	 	 [Wevers+22,24, Gilbert+24]
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GSN-069:

2019: 
QPEs!

2014
2010

Do TDEs trigger the onset of QPEs?

[Miniutti et al. 2019]

[Shu et al. 2018] 
[Sheng et al. 2021]

[Arcodia et al. 2024]

eRO3
* TDE? Surprisingly slow decay? See [Linial&Metzger 24b]

*
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GWs

𝑇GW ≈ 106 yr
h

“EMRI  +  TDE   =   QPE”
𝑟 ≳

𝑟 tid
al

ℛTDE ≈ 10−5 − 10−4 yr−1 gal−1

* QPE-TDE association

* Delay time between TDE and QPE (settle to thin disc)

* Typically high inclination

* Reproduces QPE periodicity ( )

* Delayed onset due to disk spreading and/or  evolution

rdisc ≈ 2rtidal ·Md

[Linial & Metzger 23]
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The Case of AT 2019qiz   (see Matt’s talk)

Optical TDE flare…

… late-time TDE disk…

…X-ray QPEs!

[Nicholl+24]
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log𝑟𝑝

Circ
ular O

rbits

𝑟𝑝 = 𝑟tidal

𝑟𝑝 = 𝑅𝑠

𝑎
=

𝑟 h

TDEs

Eccentric orbits:
𝑇𝐽

rlx < 𝑇𝐸
rlx

𝑎 ∝ 𝐸−1

𝑟𝑝 ∝ 𝐽2

~0.1 au

~1 au

~2 pc𝑟𝑝

2𝑎

Stellar 
EMRIs/Inspiral

Binary splitting

1 − e ≃ (m⋆/MBH)1/3

~100 au

𝑇𝐸
𝐺𝑊 ≈ 𝑇𝐽

rlx

Phase Space Trajectories
[Linial & Sari 2023]

[Sari & Fragione 2019]

[Miller (2005)]

[Bar-Or & Alexander (2016)]
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rbits

𝑟𝑝 = 𝑟tidal

𝑟𝑝 = 𝑅𝑠

𝑎
=

𝑟 h

TDEs

Eccentric orbits:
𝑇𝐽

rlx < 𝑇𝐸
rlx

𝑎 ∝ 𝐸−1

𝑟𝑝 ∝ 𝐽2

~0.1 au

~1 au

~2 pc𝑟𝑝

2𝑎

Stellar 
Inspirals

𝑁 BW
(𝑟)

∝ 𝑟5
/4

Binary 
splitting

~100 au

𝑇𝐽
𝐺𝑊 ≈ 𝑇𝐸

rlx

ℛTDE ≈
σ3

h

GMBH
(log(Jc/Jlc)/log Λ) ≈ 10−4−5 yr−1gal−1  N⋆, rt

≈ ℛEMRI × TGW
≈ 0.1 − 10 galaxy−1

ℛHills
EMRI ≈ ℛTDE × fb ≈ 10−5−6 ( fb

0.1 ) yr−1 gal−1

Phase Space Trajectories
[Linial & Sari 2022]

[Sari & Fragione 2019]

• What fraction of TDEs are 
followed by QPEs?


• Can stellar EMRIs “survive” 
multiple TDEs? 17

fQPE ≳ ℛEMRI × τQPE ≈ 10−4 gal−1 ( τQPE

10 yr )
[See also Evans,…Rossi et al. 23]
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QPEs are Rare
4 eROSITA QPEs

Per-Galaxy abundance:


 







Per-Galaxy Formation Rate


dQPE ≈ 100 Mpc

Ngal( < dQPE, MBH ≈ 106 M⊙) ≈ 104

[Arcodia+24b]

fQPE ≈
𝒪(1) QPEs

Ngal(d)
≈ 10−4

ℛQPE ≈ fQPE/τlife ≈ 10−(5−6) yr−1 ( τlife

10 yr )
−1

fQPE ≈ 10−5 − 10−4
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Additional Topics

Long term evolution of Repeating Nuclear Transients

* Linial&Quataert 24a , Arcodia, Linial et al. 24, Pasham+24

Lifetime of QPEs

* Linial&Metzger 23, 24a , Yao+24

Mass transfer from stellar-EMRIs

* Linial&Sari 17, 23 , Linial&Quataert 24b

Repeating TDEs vs. QPEs

* Linial&Quataert 24a, Makrygianni+24
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log𝑎

log𝑟𝑝

𝑟𝑝 = 𝑟tidal

𝑟𝑝 = 𝑅𝑠

𝑎
=

𝑟 h

𝑎 ∝ 𝐸−1

𝑟𝑝 ∝ 𝐽2

~0.1 au

~1 au

~2 pc𝑟𝑝

2𝑎

~100 au

QPEs vs. rpTDEs
[Linial & Sari 2023]

[Sari & Fragione 2019]

[Miller (2005)]

[Bar-Or & Alexander (2016)]

 Origin of repeating/
 partial TDEs

( )100 d ≲ Porb ≲ 10 yr
  Origin of stellar-EMRIs

(QPE progenitors)
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The “dbl” TDE (AT 2022dbl)   [See Iair’s talk]

[Makrygianni+24 
 (submitted)]

𝑃bound ≈ 𝜏⋆
𝑎𝑏

𝑅⋆ ( 𝑀●
𝑚⋆ )

1/2

𝑎𝑏

[Adapted from J. Guillochon]

22dbl — 
binary with ab ≈ 9 R⋆
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Circular TDEs   (Linial & Quataert 24b)
Orbit shrink to    :   Roche Lobe Overflow , UNSTABLE mass transfer   [e.g., Linial & Sari 23]r → ∼ rt

 : runaway·M⋆ Disk viscous 
 evolution

Mass loss from L2 
[Linial & Sari 17]

𝑅𝐿1

𝑅⋆

𝑅𝐿2

L2

Final 
disruption

Radiative thin disk 
∼ 10−2 − 100 ·MEdd

Super-Eddington 
Thick disk + outflow ( )vw ∼ 0.1 c

Extended photosphere 
rph ≈ Rg ( ·MBH/ ·MEdd)

Viscous evolution 
Radiative phase

·M⋆ ≈
M⋆

tdyn ( R⋆ − RL1

R⋆ )
3
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Precursor: 
~Years

Blue, Optical/UV, 



~2-3 weeks
Lbol ≫ LEdd

Postcursor: 
~Year

Circular TDEs - Unique Observable Predictions

Inner radiative disk 
Soft X-rays

Extended super-Eddington outflow

• TDEs in AGN

• Luminous Fast Blue Optical Transients 

(LFBOTs)

• Connection to jetted TDEs
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Complex timing patterns - disk precession 
[Franchini et al. (2023)]

[Franchini et al. (2023)]

QPE timing probes BH spin

Lense-Thirr
ing
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eRO-QPE1[Pasham+24,Chakraborty+24]
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Recurrence Time Evolution - [Arcodia, Linial+24]

Nodal precession + disc drag



27

Other Repeating Nuclear Transients
• ASASSN-14ko - 115 days O
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[Payne et al. (2021)]

Measured "̇ ≈ −2.7×10!"
"
"̇ ~100	yr

[Payne et al. (2023)]

→ ·P < 0Not a QPE:

(Detected in optical, Period ~100 day >> few hours)


Repeating partial-TDE candidate?
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!!"# ≈ 115 days
# ≈ 0.99

' 1
+ #

≈ 2
00
	au

.$ ≈ .%&'()

Partial TDE Interpretation &
Pdot - Linial & Quataert 23

!!" !⋆

• /0 ≈ *!"#
+$%%,&

≈ 0.02	1⊙

• Origin of Pdot?
• GWs
• Mass transfer
• Light travel (precession)
• Hydrodynamic disk drag (AGN disk)

See also discussion in. [Liu+23, 
Cufari+22]

MBH ≈ 107 M⊙
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Apsidal Precession + Disk Drag

[Linial & Quataert (2023)] [Payne et al. (2023)]

Residuals from quadratic fit



30Flares outshine 
quiescent disk

“UV-QPEs” - Linial & Metzger (2024)

Disc emission

Flare F
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D
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X-ray & UV QPEs in Parameter Space
High Eddington Ratio Low Eddington Ratio

UV Flares to be hosted by Long period, Low-mass SMBHs



Ablation from Star-Disk Collisions

32
𝑅⋆

δm
m⋆

∝
pram

p⋆

[Yao+24]

Shock stalls where pram ≈ p⋆(δm)

[See Liu+15, Lu&Quataert+23]
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Coupled Star-Disk Evolution

[Linial & Metzger (2024b)]

𝑅⋆

δm⋆
δEth

* Disk is fed by stellar ablation

* Thermal instability limit cycles


* Outbursts with periodicity ~ 


* Star is destroyed after 

τcyc ≈ 1 − 10 yr
τdest ∼ few × 101 − 103 yr



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 is 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


• 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


• UV flares may be seen around low-mass SMBH sources, with detection 
prospects with future UV missions like ULTRASAT and UVEX
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EMRI+TDE=QPE:

UV QPEs:

Star-Disk Coevolution:

 in repeating TDEs·P


