GLOBAL STRUCTURE OF THE CHOPTUIK SPACETIME

Banach Center, Warsaw, September 2, 2003

José M. Martín-García IMAFF, CSIC, Madrid

Introduction:

• Naked singularity in realistic gravitational collapse? Matter and initial conditions. • Penrose 1969: cosmic censorship conjecture: no. • Choptuik 1993: critical collapse: yes, with fine tuning. Mechanism:

Outline:

1. Possible structures for a self-similar spacetime. 2. Numerical construction of the Choptuik spacetime. 3. Interpretation of results.

1. Structure of spherical and self-similar spacetimes

1) Self-similarity: Scale invariance.

– Continous (CSS): Homothetic spacetime:

L_ξg_{ab} = −2g_{ab}.

– Discrete (DSS):

Φ_∗g_{ab} = e^{−2Δ}g_{ab}.

2) Spherical symmetry:

ds^2 = −α^2(t, r)dt^2 + 2β(t, r)dtdr + a^2(t, r)dr^2 + R^2(t, r)dΩ^2.

1)+2) Adapted coordinates:

ds^2 = e^{−2τ} [ A(τ, x)dτ^2 + 2B(τ, x)dτdx + C(τ, x)dx^2 + F^2(τ, x)dΩ^2 ] . CSS: Independence on τ, DSS: Periodicity Δ on τ.

Central singularity.

Dimensional analysis:

R(τ, x) ∼ e^{2τ}R̄(τ, x).

M(τ, x) ∼ e^{−τ}M̄(τ, x).

Self-similarity horizons (SSH): 1. Null geodesics 2. Invariance under self-similarity

Sketch of argument (C. Gundlach and JMM, Phys. Rev. D 2003)

1) Radial null geodesics:

ds^2 = 0 = Adτ^2 + 2Bdτdx + Cdx^2.

Two decoupled ODEs:

dx(τ) dτ = f_±[x(τ), τ].

2) SSH: dx = 0, equivalent to A = 0.

3) SSHs are attractors or repellers of null geodesics.

4) Coordinate change to x = 0 for the SSH and C = 0. Expand metric around x = 0:

ds^2 = e^{−2τ} [ 4qxdτ^2 + 2dτdx + f^2(τ)dΩ^2 ] + higher orders = −du dv + f^2(τ)v^{1/(1+q)}dΩ^2,

with u = x e2qτ /(1 + q), v = e−2(1+q)τ .

5) Curvature:

R_{22} =

1 + 2q 2(1 + q)^2 1 v^2

, R_{33} = R_{44} = 1 r^2

, R = 2 r^2 .

q > 0, Splash

−1 < q < 0, Regular Fan

Examples

2. Construction of the Choptuik spacetime

(JMM and C. Gundlach, Phys. Rev. D 2003) 2.1. Definition of the solution • System: Einstein + Klein-Gordon + spherical.

g^{ab} ∇_a ∇_b ϕ = 0, R_{ab} = 8πG ∇_a ϕ ∇_b ϕ.

• Scalar field: U = √ 2πG ∇_uϕ, V = √ 2πG ∇_vϕ, with ∇_ur = −r, ∇_vr = r.

• Spherical metric: Functions A, B, C, F . • DSS: A, B, C, F, U, V periodic in τ with period Δ. • Generic solutions are singular at the center and at the light cones. • Choptuik spacetime:

– Additional symmetry: A(τ + Δ/2, x) = A(τ, x), U(τ + Δ/2, x) = −U(τ, x). – Regularity at the center and the past light cone.

=⇒ Nonlinear boundary value problem on the past patch (eigenvalue Δ).

10

2.2. Solution on the past patch • Numerical methods:

– pseudospectral method (128 Fourier modes per function) – double shooting to a fitting point. Newton’s method.

• Gauge choice:

τ = − log(−t), x = r/(−t), ds^2 = −a^2f^2dτ^2 + a^2(dx − xdτ)^2 + x^2dΩ^2.

• Results: Δ = 3. 445 452 402(3).