
 SELF-GRAVITATING TORI AROUND BLACK 
HOLES AND THEIR INSTABILITIES

NIKOLAOS STERGIOULAS

DEPARTMENT OF PHYSICS
ARISTOTLE UNIVERSITY OF THESSALONIKI

      Warsaw,  Feb. 22, 2013



Plan of Talk
Motivation

• Equilibrium models of self-gravitating tori around black holes
• Non-axisymmetric instabilities
• Runaway instability
• Prospects

Collaborators:
O. Korobkin (Stockholm), E. Abdikamalov (Caltech), 
E. Schnetter (Perimeter Institute), B. Zink (Tuebingen)
S. Rosswog (Stockholm), C. Ott (Caltech)
Publications:
1) Stergioulas, IJMPD (2011)
2) Stergioulas, JPCS (2011)
3) Korobkin, Abdikamalov, Schnetter, Stergioulas, Zink, PRD (2011)
4) Korobkin, Abdikamalov, Schnetter, Stergioulas, Zink, Rosswog, Ott, MNRAS Letter (2013)
5) Mewes, Montero, Stergioulas, Galeazzi, Font, ASSP (2015)



Importance of Tori for GRBs
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Torus with mass
~0.01 – 0.2 MBH

Short GRBs

In both models:
need long 
torus lifetime!

BH rotation 
powered:
strong E/M fields
particle acceleration
B-ray emission

→ GRB

Long GRBs

Accretion-powered:
hyperaccretion rates
neutrino cooling
neutrino pair annihilation
electron pair annihilation
B-ray emission

→ GRB



Neglecting Self-gravity

Abramowicz, Jaroszynski, Sikora (1978)
 
AJS disks: analytic solutions with simple rotational profile of
constant specific angular momentum lGconst. in a given Kerr
background metric.



Axisymmetric Runaway Instability
(Abramowicz, Calvani, Nobili, 1983)

Onset of instability depends on 
several factors:

Stabilizing factors:
Rotation law (diHerent from lGconst.) 
Large black hole angular momentum

Destabilizing factors:
LS EOS vs. NG3 Polytrope
Self-gravity



Nonaxisymmetric Instabilities

Without self-gravity  (Papaloizou-Pringle 1984) :

P- modes due to corotation resonance near the 
pressure maximum 
- becomes weaker as self-gravity increases 
- needs a certain range of rotational profiles.

With self-gravity: (Goodman & Narayan 1988)
I- modes: elliptic or other deformations
  - need moderate degrees of self-gravity

J- modes: essentially the Jeans instability 
when self-gravity is dominant.

 



Self-consistent Equilibrium Models

Assuming a stationary and axisymmetric spacetime, the metric can
be written as

ds
2
=−λ2dt2+ e2α(dr2+ r2dθ 2)+ (B λ−1)2 r2sin2θ (dφ−ωdt )2

with boundary conditions on the horizon:

The Euler equation takes the form:

where W is the e#ective potential, l is the specific angular 
momentum and $ is angular velocity.
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Field Equations
The field equations for 3 of the 4 metric functions can be
written as elliptic-type equations:

(the equation for % is an ODE).
Numerical method: iterative method using Green's functions
(Nishida & Eriguchi, 1994)
Here: radial grid compactification to the range [0,1]            
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Equilibrium Properties

Spacetime:

Black hole:

Torus:
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Representative Model

 NS (2011)



EHective Potential



Metric Functions



Sequence of Models with Cusp



Sequence of Models with Cusp



EHective Potential

Models with cusp are still limited by l<4M
BH

, as in the

case when self-gravity is neglected.



3D Multi-block CACTUS/CARPET Code



Numerical Grid and Initial Data



Oscillations of Neutron Stars

Main oscillation modes:

 



Mode Analysis

DiHerent modes are extracted by Fourier-analyzing the density
evolution at concentric rings in the equatorial plane

From slope of &
m
(t) vs. t, extract parameter

which yields the mode pattern speed

From slope of ln|D
m
| vs. t, extract growth rate parameter:



Model A: mG1 Papaloizou-Pringle Instability



Model A: mG2 Intermediate Instability



mG1: Spiral Motion of the BH



Additional Models

Model A: mG1 PP-mode
mG2 I-mode

Model B: mG1 PP-mode
mG2 I-mode

Model C: mG1 PP-mode
mG2, 3, 4 I-mode

 



Detectability of GWs

   (see also Kenta, Shibata, Montero, Font, 2011 for GWs 
from mG1 PP instability)



Runaway Instability



Simulations



Runaway Instability



Runaway Instability



Conclusions
Nonaxisymmetric instabilities
➔ All models exhibit nonaxisymmetric instabilities.
➔ Unstable mG1 modes are PP-modes.
➔ Unstable m>1 modes are I-modes.
● Potential source of GWs.
Runaway instability
➔ It exists also in full GR, at least under the most favourable 
 condition of lGconst.
Prospects:

➔ Investigate the role of nonaxisymmetric instabilities in 
 nonlinear saturation of the runaway instability.

➔ Investigate tilted accretion disks (in preparation).
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