
TDE Disk Assembly:  
Connecting Disruption to Accretion / Light Curve

Jane Lixin Dai

Assistant Professor / Carlsberg Fellow,  
Center for Transient Astrophysics  

/ DARK Cosmology Center,  
Niels Bohr Institute



Phinney 89, 
Evans & Kochaneck 89, 
Lodato+ 09,  
Guillochon+ 13

Rees 1988

� t�5/3

Timescale~1yr

Disruption

Fallback rate

PS 10-jh: Gezari+12

Radiation

Circularization: 
Stellar debris loses 
orbital energy & 
assembles a disk

Accretion

Jet



Modern developments on TDE circularization physics by: 

Pau Amaro-Seoane, Clement Bonnerot,  Roseanne Cheng,  Paolo Coppi,  
Jane Dai,  Andres Escala,  James Guillochon, Kimitake Hayasaki,  Yan-Fei 
Jiang,  Chris Kochanek,  Julian Krolik, Giuseppe Lodato,  Avi Loeb,  
Jonathan McKinney, Cole Miller,  Tsvi Piran,  Enrico Ramirez-Ruiz,  Elena 
Rossi,  Stephan Rossworg, Hotaka Shiokawa, Nick Stone, and many others

TDE circularization processes

Rees 1988



Outlines

★What mechanism drives the circularization of stellar 
debris? 

★Which parameters determine how fast the 
circularization process is? 

★How does the circularization efficiency affect what 
we can observe from TDEs, such as the light curve, 
luminosity, rates?



Challenges in understanding circularization 
physics through hydrodynamical simulations

Size of the orbit: 
r ~ thousands of Rg 

~ 1014 cm for M6

Rees 1988

Thickness of the stream: 

H ∝ r1/4

Kochanek 1994
Guillochon+ 2014

Coughlin 2016

Thickness at pericenter 
Hp ~ R⊙◉☉ ~ 1011cm



To reduce the dynamical range…

Simulate a star disrupted by an 
intermediate mass black hole:

Simulate a star disrupted 
on a bound orbit:

Guillochon+ 14 Shiokawa+ 15 Bonnerot+ 16, 17Hayasaki+ 13, 16



Stellar debris circularization mechanism

Schematics from Shiokawa+ 15

1. Nozzle Shock: strong 
squeezing within the debris 
stream when passing 
through the pericenter 

Ft Ft Ft

Guillochon+ 14

~ 10% of dissipation for M3 

~1% of dissipation for M6



Stellar debris circularization mechanism

Schematics from Shiokawa+ 15

II. Stream-stream collision: 
self-collision of the debris 
stream due to GR apsidal 
precession

BH

Shocks



Circularization from stream-stream collisions

Bonnerot+ 16

Also: Shiokawa+15,
Hayasaki+ 16,

Jiang+ 16



Stellar debris circularization mechanism

I. Nozzle shock at pericenter: less efficient 
mechanism 

II. Stream-stream collision due to GR apsidal 
precession: more efficient mechanism 

• Role of magnetic fields?

• Shearing between layers within the stream due to apsidal 
precession?



Which parameters determine the efficiency of 
circularization in a TDE: semi-analytical calculation

penetration parameter
𝜷 ~ RT/Rp

BH

ɸ

Dai, McKinney, Miller, 2015

GR apsidal precession angle:

Most bound debris:

black hole mass



Energy loss in stream-stream collision

Dai, McKinney, Miller, 2015

collision angle: 
generally larger 
with more apsidal 
precession

collision velocity:
higher if stream 
collision happens 
closer



The stream-stream collision radius

Dai, McKinney, Miller, 2015

𝜷 = 1
𝜷 = 2

𝜷 = 4
𝜷 = 8

𝜷 = 16

To increase the 
circularization 
efficiency: 
• 𝜷 (penetration 

parameter):↑ 
• MBH: ↑



Parameters affecting circularization efficiency

faster circularization: more compact star

RT / Rg  ∝ MBH-2/3  ρ★-1/3 



Lense-Thirring effect around a spinning BH: 
delaying debris circularization

The Astrophysical Journal Letters, 775:L9 (6pp), 2013 September 20 Dai, Escala, & Coppi

Figure 3. Snapshots of the tidal stream of a ∼0.3 M⊙ lower main-sequence star disrupted in an eccentric orbit with e = 0.9, i = 45◦ (red dots) or e = 0.99, i = 45◦

(blue dots) around a Kerr black hole of M = 107 M⊙ and S̃ = 0.5. The zoomed-in snapshot at t = 5T shows how the tidal stream misses itself due to orbital plane
precession. The black dot there represents the MBH, and the green line shows the distance of closest approach d.
(A color version of this figure is available in the online journal.)

In this regard, we know that even an e ∼ 0.99 orbit will lead
to fallback rate and tidal stream orbits that are qualitatively
different from the e = 1 case, as we show in this Letter.

2. Even for the parabolic case, the star can be disrupted close
to the MBH, at a few gravitational radii Rg = GM/c2

(where G is the gravitational constant, and c is the speed of
light). If the dimensionless TD radius

R̃T = RT /Rg ∝ M−2/3ρ̄−1/3
⋆ , (2)

where ρ̄⋆ is the mean stellar density, approaches the order of
unity, GR effects become significant. The parameter space
for relativistic TDEs is important: a white dwarf can only be
disrupted by IMBHs within ∼10 Rg; the TD by higher mass
black holes with masses of ∼107–108 M⊙ and even rapidly
spinning ones of 109 M⊙ (Kesden 2012a), if happens, must
be relativistic, unless the star is a giant with an extended
envelope.

If a star is disrupted in a bound orbit at R̃T < 10, the behavior
of the debris orbits, the debris circularization mechanism, and
the accretion and radiation physics could all be different from
the standard scenario. Rasio et al. (2005), Kesden (2012a,
2012b), and Haas et al. (2012) calculated some features of
stars disrupted in GR parabolic orbits. Hayasaki et al. (2013)
carried out hydrodynamical simulations of a star disrupted in
a bound orbit, using a pseudo-Newtonian potential which is a
good approximation to the Schwarzschild potential for e ∼ 1.
In this Letter, we study the disruption of a star in a bound

orbit by a supermassive black hole (SMBH), and extend the
previous work by using a suite of particle simulations in the full
Kerr metric. Our simulation does not include hydrodynamical
effects, but can explore more parameter space due to the fast
computation time. In Section 2, we introduce our code and the
setup of the problem. In Section 3, we examine the importance
of bound stellar orbits and GR during the initial phase of the
tidal debris orbits. In the last section, we summarize the results
and speculate on the observational consequences.

2. METHODOLOGY

For all the results in this Letter, we simulated the debris
orbits of a lower main-sequence star with mass ∼0.3 M⊙ when
disrupted by a 107 M⊙ MBH. Using Equation (2), R̃T ∼ 7.1 Rg ,
which is in the strong relativity regime. We sampled the star with
106 identical mass particles, drawn from a density distribution
calculated from the Lane–Emden equation with a polytropic
index of γ = 5/3.

We assume that all the star particles move as a single unit
with the center of the mass before disruption. There is no closed
eccentric orbit in GR, but the stellar orbit can be approximated
by an ellipse with apsidal and nodal precession. The eccentricity
can be defined by e = (Ra − Rp)/(Ra + Rp), where Ra is
the apocenter distance. After disruption, each debris particle
travels on its own geodesic calculated using the position and
momentum of the particle at disruption. The effects of tidal
compression before disruption and self-gravity are ignored in

3

Dai, Escala, Coppi, 2013

Proposed: Kochanek 1994
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Lense-Thirring effect around a spinning BH: 
delaying debris circularization

Guillochon & Ramirez-Ruiz 2015

Also: Hayasaki + 2017

And Pau’s talk!

Require spin 𝑎 < 0.2 to 
avoid delay due to 

Lense-Thirring effect



Parameters affecting circularization efficiency

To achieve faster circularization: 

• more compact star
• larger penetration parameter 𝜷 
• larger MBH 
• smaller black hole spin



How does circularization efficiency affect 
the TDE observables?

Question: Did efficient circularization happen in the observed TDEs?

“I find it irrational to become attached to one 
theory. I prefer to let different ideas compete like 

horses in a race and watch which one wins.”  
Martin Rees, “We are all star dusts”



Maybe some optical TDE flares are powered by stream-stream collision? 
(Piran+ 15, Jiang+16) 
• The energy released through stream-stream collisions is much less than the 

energy released through accretion.
• Where does the accretion power go?

???

What if inefficient circularization?

• Onset of accretion: delayed

• Accretion rate: orders of magnitude lower 
than the fallback rate → the observed 
luminosities of optically selected TDEs seem 
to be limited by Eddington luminosity

• Light curve: longer timescale, evolve slower 
→observed: light curve timescale is 
consistent with the fallback timescale ~ 1 yr

Shiokawa+ 2015



What if efficient circularization?

• The accretion follows the fallback rate:  L∝t -5/3 (need the rising part of 

the light curve to constrain the index)

• More energy lost / more radiation produced in each stream-stream 
collision (imprints on the early light curve)

Burrows+ 11, Bloom+ 11, Levan+ 11, Zauderer+11

Levan+ 11



What if efficient circularization?

• The accretion / light curve follows the fallback rate:  L∝t -5/3 (more 

convincing when we observe early light curve)

• Smaller stream-stream collision radius, higher collision speed and more 
radiation from circularization. (imprints on the early light curve)

- Modulation in the early light curve, or pre-cursor of the main light 
curve due to circularization?

- If very efficient circularization, stream-stream collision happens 
within the photosphere of the accretion disk / outflow, then it is 
very hard to tell which is from which. (Dai, McKinney, Miller 2015)



What if efficient circularization?

• The accretion rate is super-Eddington 
for M6 & M7 black holes.

• We should study  TDEs with a realistic 
disk model.

Phinney 89, 
Evans & Kochaneck 89, 
Lodato+ 09,  
Guillochon+ 13

Theory: Begelman 78, Abramowicz+ 88
Simulations: Ohsuga+05,10, Sadowski+15, 16, 
Jiang+ 14, McKinney, Dai & Avara 15, …
See Mitch’s talk and Ramesh’s talk!



GRRMHD Simulations of TDE super-Eddington Disk

• Realistic initial conditions for an 
assembled TDE super-Eddington 
disk (assuming efficient circularization as in 

Dai+ 15)

• 3D General-Relativistic 
Radiation Magneto 
Hydrodynamics code: HARMRAD

• Thick accretion disk

• Relativistic jet

• Optically thick, fast outflow
Dai & McKinney, in prep



Viewing angle from the disk: 
TDE Optical / X-ray Dichotomy

UV / Optical:
(e.g. PTF 09 ge)

Non-thermal X-ray from Jet:
(e.g.  Swift J1644)

- Unification model:                                                   
AGN, WLQs, GRBs, ULXs

- Less radiation flux from lower viewing 
angle

- Ratio of X-ray / optical power 
proportional to the Eddington ratio 
(Auchettl+ 16)

- X-ray TDEs: signatures of outflows

Thermal X-ray,  UV / optical
(e.g.  ASASSN 14-li)

Dai & McKinney, in prep

Roth+ 15

color bar: radiation 
temperature in Log10



Evidence for super-Eddington Accretion?

• Jetted TDEs such as Swift J1644:
- need a thick disk to produce powerful jet (magnetically or radiatively)
- thick disk geometry inferred from X-ray reverberation studies (Kara+ 17)

• Non-jetted TDEs: 
- ASASSN 14-li 

Kara, Miller, Reynolds, Dai, 2016 Van Velzen+ 16

LX-bol ~ 3⨉1044 erg/s
T~7.7⨉105 K

Miller+ 15

Loptical-bol ~ 1044 erg/s
T~3.5⨉104 K

Holoien+ 16



Evidence for super-Eddington Accretion?

Optical / NUV
3.5⨉104 K

X-ray
7.7⨉105 K

What does the EUV part of the spectra look like? 
Are we missing a significant chunk of the luminosity? 
If plateau: L ~ 1045 erg/s ≈ 2LEdd (for 106.5 M⊙◉☉ BH) or 8LEdd (for 106 M⊙◉☉ BH)



TDE Circularization
★ Stellar tidal debris circularization: stream-stream collision 

★ Parameters that increases the circularization efficiency: 
larger black hole mass, smaller black hole spin, more 
compact star, larger penetration parameter 

★How does the circularization efficiency affect what we can 
observe from TDEs, such as the light curve, luminosity, 
rates?

A. Inefficient circularization: How do we explain that the light curve 
seems to follow the fallback rate? 

B. Efficient circularization: Are we seeing signatures of super-Eddington 
accretion?


