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Hot Topics in Numerical Relativity:
Partial List

e Binary BHs: initial data & evolution

e Binary NSs: initial data & evolution

e Binary BH-NSs: initial data & evolution

e Rotating stars: radial instab. & collapse;
nonaxisym. instab. (dyn);

viscous evolution (secular)

e Collisionless clusters: radial instab. & collapse;
binary BHSs

e Scalar fields: evolution & collapse;
binary BHS

e Critical phenomena
e Cosmic censorhip

e GR MHD



Differentially Rotating
‘Hypermassive’ Stars

Baumgarte, Shapiro & Shibata (2000);
Morrison, Baumgarte & Shapiro (2004)
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e Example: ' = 2 polytrope; Q/Q¢ =~ 1_,_(;/;1)2

e Conclude: stable ‘hypermassive’ stars significantly
exceed the spherical TOV mass limit .
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Test For Dynamical Stability

e Conclusions:
e At least some hypermassive stars are

dynamically stable (e.g., B3 2 0.24 — bar).
e [ hey are secularly unstable to
J-redistribution via turbulent viscosity,
magnetic braking, neutrinos & /or GWs ;
— delayed collapse to BHSs;
— delayed GW burst.



Binary Neutron Star Merger

e Initial Data:
e Symmetry: helical Killing vector:

QE circular binaries;
e Field: conformal thin-sand., ¥;; = fi; ;
e Matter: integrated Euler egn;
e Spins: corotational (Baumgarte et al. 1997)
& irrotational (Bonazzola et. al. 1999;
Uryu & Eriguchi 2000; Taniguchi & Gourghoulon 2002).

e Evolution in 341 GRT:

e State-of-the-art: ' = 2 polytropes &
realistic nuclear EOS (shibata et al. 2003; 2005)

e Rest-mass ratios: 0.9 < Q) < 1;

e Key Finding: Mgyt ~ 2.5 —=2.7Mx (ADM)
— Miot > Mcrit: prompt collapse to BH;
— Miot < Mcrit: hypermassive remnant +
delayed collapse (~ 100 ms) & GW burst.

e G\WSs: hypermassive star emits quasi-
per. emission (f ~ 3 — 4 kHz) detectable
by Advanced LIGO; may constrain EOSs.



NS-NS Merger:
Formation of a Hypermassive NS

Rasio & Shapiro (1994), Zhuge et al. (1996): Newtonian
Faber & Rasio (2000): PN; Faber et al. 2004: CFGRT
Shibata et al. 2003; 2005*: GRT

*Model:
o Mapm = 2.7TMp, P = 2.11 ms, realistic EOS;
o [ >2.24 — triaxial ellipsoid — GVWVSs.



Black Hole EXxcision

e Basic Idea (Unrunh , as cited in Thornburg 1987)

e a nasty spacetime singularity resides inside the
BH event horizon, a region casually disconnected
from the BH exterior;

e by causality, one can do anything inside the
horizon that will produce a stable evolution outside;

— One can ‘excise’ a region inside the horizon
containing the singularity & replace it with
suitable b.c.'s at its outer surface

e Early Feasibility Studies:
e spherical scalar field collapse;
(Seidel & Suen 1992; Marsa & Choptuik 1996; Gomez et al. 1997),
e spherical collisionless gas collapse;
(Scheel, Shapiro & Teukolsky 1995, in Brans-Dicke theory)

e Single stationary BHs: standard 34+1 ADM .
(Anninos et al. 1995; BBH Grand Challenge 1998)



Black Hole Excision (cont.)

e Recent Work: Vacuum BH Spacetimes
e single BHs: 341 BSSN;
(Alcubierre & Briigmann 2001; Yo, Baumgarte & Shapiro 2002)
e single BHs: 341 hyperbolic formalism;
(Scheel et al. 2002; Calabrese et al. 2003; Tiglio et al. 2004)
e single BHs: 341 characteristic formalism;
(Gomez et al. 1998)

e binary BHs: 341 BSSN.
(Brandt et al. 2000, grazing collision; Briigmann et al. 2004, one orbit)

e Recent Work: GR Hydrodynamic Spacetimes
e perfect gases: 341 BSSN;
(Duez, Shapiro & Yo 2004; Baiotti et al. 2005)
e imperfect gases (shear viscosity): 3+1 BSSN;
(Duez et al. 2004)
e MHD plasmas: 34+1 BSSN.
(Duez et al. 2005; Shibata & Sekiguchi 2005)



Black Hole Excision (cont.)

e Recent Work: Scalar Wave Spacetimes
e binary BHs: generalized harmonic coords
(Pretorius 2005)



BH EXxcision in Action:
Collapse of Rapidly Rotating Stars

e Key Question: Fate vs. ¢ = J/M?
e original work: stellar collapse (axisym.)
(Nakamura 1981; Stark & Piran 1985: rigid rot. & stiff EOSSs)

e collisionless tori collapse (axisym.)
(Abrahams et al. 1995)

e Find: ‘cosmic censorship protection”
e g < 1: collapse to Kerr; q > 1. bounce

e Qualitative Explanation
e bounce: centrifugal force ~ grav force, i.e.

M J?
2 2p3
rR2 "~ M2E;
R
hence Mb ~ q° .

e Complexities: soft EOSs, diff. rot. & disks
e recent work: stellar collapse (axisym. & 3+1)
(e.g., Shibata 2002; 2004; Duez et al. 2004; Baiotti et al. 2005)
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GR Hydro With Viscosity: Collapse
& Disk Formation in Hypermassive Stars

Duez, Liu, Shapiro & Stephens (2004)

e Stress-Energy Tensor for GR Navier-Stokes Eqgns:

ab __ ab ab
T — Tideal T Tvisc , Where
TS, = -2 n o®— ¢ oP®.
visc U S
shear bulk

set n «x P, (=0.
e Timescale Hierarchy: tyjsc > tqyn
scaling :  [n1,t1] — [n2,t2 = t1(m/n2)] -
e Viscous Heating: pgT'(ds/dr) = 2no®o

limiting cases:

tcool > tyisc (no cooling) ,
tcool K tyise (rapid cooling) .
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GR MHD: Motivation

B-fields play a crucial role in determining the evo-
lution of many relativistic objects:

e B-fields are present in most astrophysical
plasmas;

e In any highly conducting plasma, the
frozen-in B-field can be amplified appre-
Ciably by gas compression or shear.

M Even if the initial seed B-field is weak it
can grow to:

(1) influence significantly the gas dy-
namical flow via MHD stresses acting
on the matter;

(2) affect the spacetime geometry di-
rectly via E&M energy-momentum
source terms in the Einstein field
equations.
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Astrophysical Scenarios Involving
Relativistic, Dynamical Spacetimes
Where MHD May Be Decisive

e Merger of Binary Neutron Stars
magnetic braking 4+ viscous damping of
differential rotation in hypermassive NS
remnants on Alfvén timescales.

—— delayed collapse & GW burst?
mass l0ss?

e Rotating Core Collapse in Supernovae
collapse-induced differential rotation will
wind-up a frozen-in B-field.

—— delayed collapse of hypermassive NS?
magnetic jet? enhanced bounce shock?
‘magnetar’?
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Astrophysical Scenarios (cont)

e Gamma-ray Burst Sources (GRBs)
GRB models: 'collapsars’ (long-soft);
NS-NS or NS-BH mergers (short-hard).

——  extraction of disk or BH rotational
energy via strong B-fields?
jets? bursts? polarization?

e Supermassive Star Collapse
possible origin of supermassive BHs
in early universe.

—— does magnetic braking or viscosity
enforce uniform rotation, driving
the star to relativistic radial instability?

e R-Mode Instability
possible NS spin-down mechanism.

—  suppressed by B-fields?
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GR Maxwell + MHD Fluid Eqgns

Duez, Liu, Shapiro & Stephens (2005a,b);
Shibata & Sekiguchi (2005); Anton et al. (2005)

e Evolution Equations

Va(T§2 4 +T25) = 0, (energy — mom conserv.)
Va(pou?) 0, (rest —mass conserv.)
8,5(71/QBZ) ak[yl/Q(v'LBk —v*B"] . (induction)

e Implementation: conservative HRSC scheme

U+ V- -F =8,

where

P = (pg, P,v*,BY), (“primitive” variables)
UP) = (p7,5;, BY, “conserved’’ variables)
F(P) = ..., (flux variables)
S(P) = ..., (source variables) .

e no derivs of primitive variables in U & F :

e no artificial viscosity is necessary;

e magnetic induction via constrained transport:
0;(v1/2B%) = 0 guaranteed .
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GR MHD in 341: Metric Eqgns

e Constraint Equations

R+ K? — K K"
D;(K' — 4 K)

167 (pfiuid + pem), (Ham)
SW(S}luid + Sém)' (mom)

e Evolution Equations

O i
Ot K

oy

1

= ... — 87‘(‘04[5%?” — E’Yq;j(sem — pem)] -

e E & M Source Terms

47Tpem
A S

47752-63m

47TS€m

1
E(EkEk + BkBk), (energy density)
e B' B, (energy flux)
1
~E;E; — B;B;j + ij(EkE’*C + B.B¥), (stress)

1
E(EkEk + B.B¥). (trace)
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Stabilizing the Field Solver

e Adopt BSSN Scheme

’7@] = 6_4¢’}/Z'j, where €4¢ = ’y1/3 ,
~ ~ 1._
Ajj Kij = 3K

— ;)'/jkl“—‘zjk — j;)'/’l,] .

~

e Evolve: "%], A2]7 o, K, & [

e Further Stabilize & Improve Accuracy

(Yoneda & Shinkai 2001, 2002; Yo, Baumgarte & Shapiro 2002; ...

8t¢ — —I— CH]_ATOAH
Oij = -+ caaATay;H
8t}iz] — CH3ATOéAz'jH )
U e?
O=H = S/Z]DiDjeqb — gR
5¢ . ed?
C i x € 2 5
o
L
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Adopted Gauge Conditions

Alcubierre et al. 2001; Duez, Shapiro & Yo 2004; ...

e Hyperbolic shift driver:
026" = by (adT" — bty ') |

—  drives &;* — 0, (=~ minimial distortion) .

e Hyperbolic lapse driver:
Orox aA
875.4 —al(aatK
+az (O + e *Pa(K — Kgrive)]) |

Kyrive =0, Kggs(a,B"), or K(texcis) -
— ensures o > 0 and horizon penetration;
— drives 01K — 0 & K — Kqyijve;

— systems which settle into equilibrium ap-
pear stationary in the adopted coordinates.
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Collapse of A Magnetized
Hypermassive NS

Duez, Liu, Shapiro, Shibata & Stephens (2005): axisymmetry

e Initial Seed B Field

e [opology: purely poloQidaI

e Strength: C = max [%] =25x103

e B-field Amplification:
o Winding: 74 = R/vy
o VIRL: mRrr ~ Pe < T4 (Balbus & Hawley 1991)

e Computational Challenge

e \Wavelength: Apmrr = 2mvy4/2 ~ R/10
e Resolution Requirement: A S Ayri/10

—  To follow collapse, the evolution time
must exceed t4 ~ 75F:. ~ 3000M.

——  To resolve the fastest growing MRI mode,
we require N2 zones with N 2 400.
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Evolution at Different Resolutions
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e Resolutions: N = 250, 300, 400, 500.

e B-Amplification: B* = radial poloidal (MRI)
BY = toroidal (winding) .
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Initial & Final Profiles:
Rest-Mass Density and Poloidal B-Field
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e End State:
A rotating BH (M/M ~ 0.9, J,/M? ~ 0.8)
surrounded by a hot, torus (Mo /M ~ 0.1), with
a collimated B field along the rotation axis.
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Central Engine For Short-Hard GRBs?

Shibata, Duez, Liu, Shapiro, & Stephens (2005)*

e GRBS: 2 Classes (BATSE, swift, HETE, Chandra, HST)
e Long-Soft GRBs:

e 7T~ 2 — 1000 sec;

e in star-forming regions (spirals);

e associated with SNs;

e massive star collapse: ‘collapsars’ 7
e Short-Hard GRBs:

e 7~ 10 ms —2 secC;

e in low star-form. regions (ellipticals);

e SN associations excluded;

e BNSs = HMNSs*? BBHNS?

e EXxciting Implications for LIGO!
e Coincidence Detection:

e GW burst + GRB:
e reasonable event rate.

e Simulations in Full GR: Required & Underway!
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Binary BH-NSs

Baumgarte, Skoge & Shapiro (2004);
Taniguchi et al. (2005); Faber et al. (2005)

e Initial Data:

e Symmetry: helical Killing vector
(quasiequilibrium circular binaries);

e Field: conformal thin-sandwich;

e Matter: integrated Euler egn for
polytropic EOS;

o Conformally-Related Background 7;; :
Kerr-Schild or isotropic (;; = fi;) BH;

e NS spin: corotational or irrotational;

e Current Implementation: Mys/Mpy < 1 .

e 3+ 1 Evolution:
e Case: corotating binary, isotropic BH
e \Method: conformally flat GRT & SPH

23



BH-NS Initial Density Profile
Near Roche Limit

Kerr—Schild (Corotation) Isotropic (Corotation)

e Input:
NS is a [ = 2 polytrope near Roche limit;
MNS/RNS = 0.042, MNS/MBH =0.1;

e Contours:
Lines of constant Inh — C — d4 (Newtonian),
where Cbeff = CDNS — MBH/TBH — %(Q X X)z.

e Comparison: (invariants)

Qks ~ Qjso (R QKep); ngx ~ p{;‘(?x (< Pgnoax)-
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Tidal Disruption & Mass Transfer

%/ Mgy

e Input:
NS is a [ = 2 polytrope at Roche limit > ISCOQO,;
MNS/RNS = 0.042, MNS/MBH = 0.1 ,

e Dynamical Behavior:
NS tidal disruption: dMps/dt > Mys/tGw -
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Tidal Disruption

& Mass Transfer
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e Input:

NS is a I = 3 polytrope at Roche limit > ISCO;
MNS/RNS = 0.042, MNS/MBH = 0.1 ,

e Dynamical behavior:
NS tidal disruption: dMps/dt > Mys/tGw -
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