arXiv:0902.1109v2 [gr-qc] 15 Jun 2009

Strongly hyperbolic Hamiltonian systems in numerical relativity: Formulation and symplectic integration

Ronny Richter

Mathematisches Institut, Universität Tübingen, Auf der Morgenstelle 10, 72076 Tübingen, Germany richter@na.uni-tuebingen.de

June 16, 2009

Abstract

We consider two strongly hyperbolic Hamiltonian formulations of general relativity and their numerical integration with a free and a partially constrained symplectic integrator. In those formulations we use hyperbolic drivers for the shift and in one case also for the densitized lapse. A system where the densitized lapse is an external field allows to enforce the momentum constraints in a holonomically constrained Hamiltonian system and to turn the Hamilton constraint function from a weak to a strong invariant.

These schemes are tested in a perturbed Minkowski and the Schwarzschild space-time. In those examples we find advantages of the strongly hyperbolic formulations over the ADM system presented in [28]. Furthermore we observe stabilizing effects of the partially constrained evolution in Schwarzschild space-time as long as the momentum constraints are enforced.

PACS numbers: 04.25.D-, 04.20.Fy

1 Introduction

Many of the recently developed schemes in numerical relativity are based on the BSSN system [29, 5]. One of the key features that distinguishes BSSN from e.g. the dynamical ADM equations is its strong hyperbolicity. Systems with that property are preferred, because the well-posedness of the Cauchy problem can be proven [25] and often they lead to numerical schemes with improved stability properties [13]. Using strongly hyperbolic systems stable evolutions of the black hole binary problem are possible since 2005 [26, 14, 4, 22, 12].

Here we are interested in numerical schemes that apply symplectic integrators for Hamiltonian systems. These integration methods respect the Hamiltonian structure in the discretization and have been essential for attaining favorable propagation properties in various areas of scientific computing (see, e.g., [21,

23, 27] and references). The problem there is that, in contrast to the dynamical ADM equations [3] which are just weakly hyperbolic, many strongly hyperbolic formulations known do not possess a Hamiltonian structure. Yet, there is one exception, namely the Hamiltonian generalized harmonic system that Brown proposed in [11].

In this article we present a second strongly hyperbolic Hamiltonian system, the fixed lapse system, and apply the free and constrained symplectic integrators introduced in [28] to these two systems. Other applications of symplectic integrators in numerical relativity are presented e.g. in [6, 7, 8, 10, 17].

We compare the properties of our schemes in numerical experiments with effectively 1+1-dimensional versions of Einstein’s equations. The purposes of these experiments are the following. At first we want to confirm the expectation that schemes based on the strongly hyperbolic systems lead to more stable results than schemes based on the (just weakly hyperbolic) ADM equations. Furthermore we want to recover the good propagation properties of nearly conserved quantities that we found in [28] with the new schemes here. Finally, the major question addressed is, for which systems and in which situations constrained evolution is beneficial in comparison with free evolution. In [28] we found better results for constrained integration of the ADM equations, but it is not clear whether this is still valid when the free evolution schemes are based on strongly hyperbolic systems.

We start our considerations in section 2 where we introduce the two Hamiltonian formulations and discuss their pros and cons. Brown’s Hamiltonian has the advantage that it deals with well-known gauge conditions, whereas for the fixed lapse system we can apply a numerical scheme that enforces the momentum constraints in a holonomically constrained Hamiltonian system.

In section 3 we describe the spatially discrete Hamiltonians and the symplectic integration methods used. In the free evolution schemes the integrator is the Störmer–Verlet method, a standard second order symplectic integrator (see [20, 21, 23]). There the Hamiltonian and momentum constraints are not taken into account and may drift off.

The problem of constraint growth is addressed by applying the RATTLE method, a constrained version of the Störmer-Verlet integrator. It is applicable to holonomically constrained Hamiltonian systems. For Brown’s Hamiltonian it can be used to enforce a combination of the momentum constraints and a set of new constraints that arise since the densitized lapse becomes a dynamical variable. For the fixed lapse system we can achieve even more, namely that the momentum constraints themselves are enforced. The mechanism behind is the same as for the ADM equations [28].

In section 4 we discuss the important aspects of the 1+1-dimensional implementation in detail and introduce the test examples with which we have done our numerical experiments: a perturbed Minkowski problem and Schwarzschild space-time in two different coordinate systems.

Section 5 compares four integration methods for a perturbed Minkowski problem. It turns out that in three of the four schemes one obtains similar behavior, only constrained evolution of the fixed lapse system leads to instabilities that presumably can be explained through an inappropriate choice of initial data.

In sections 6 and 7 we compare the free and the constrained symplectic schemes on the Schwarzschild space-time. Section 6 deals with Brown’s generalized harmonic system, showing that the results of both schemes are similar. In section 7 the fixed lapse system is considered. There it turns out that errors which arise at the boundaries in the free evolution are suppressed in the constrained scheme.

Our numerical experiments thus confirm this remarkable property of the constrained scheme that enforces the momentum constraints. But they also show that constrained evolution is not beneficial when applied to a constrained Hamiltonian system that does not enforce the momentum constraints.

We finish the article by showing how the fixed lapse Hamiltonian can be derived in appendix A.

2 Hamiltonian formulations of general relativity with dynamical shift and densitized lapse

As motivated in the introduction we are interested in Hamiltonian formulations of general relativity that provide strongly hyperbolic equations of motion. There is no unique way to find such a formulation. We follow the ideas proposed by Brown [11]. That is, we include hyperbolic drivers for the shift and the densitized lapse functions. Our approach differs in some details, and we summarize it in what follows.

The systems of interest are second order in space and first order in time. A definition of strong hyperbolicity for those systems is given e.g. in [19]. For strongly hyperbolic systems it can be proven that they possess a well-posed Cauchy problem [25, 13], they are hence preferred in numerical applications.

In the construction we start from the well-known Super-Hamiltonian [15, 16] (see also [2, 18]). There the position variables are provided by the 3-metric h_{ij} and the corresponding canonical momenta are denoted π^{ij} . They are related to the extrinsic curvature K_{ij} through π^{ij} = √ h ( K^l_lh^{ij} − K^{ij} ) . Here h is the determinant of the 3-metric h_{ij} . The Super-Hamiltonian takes the form

H_S = ∫ (αC + β^iC_i) d^3x (1)

with freely specifiable (external) functions α and β^i. The densitized lapse α is related to the lapse function N through α = N/ √ h, and β^i is the shift vector.

The functions C and C_i are given by C = π^{ij} π_{ij} − 1 2 π^i_iπ^j_j − hR , (2) where R is the Ricci scalar of the metric h_{ij} , and^1

C_i = −2h_{ij} D_kπ^{jk} . (3)

The equations C = 0 and C_i = 0 are the Hamiltonian and momentum constraints respectively.

1Notice that π^{jk} is a tensor density of weight +1.

2.1 Shift and densitized lapse as dynamical variables

According to [11] we can extend the phase space and use a modified Hamiltonian such that shift and densitized lapse become dynamical variables. Here we treat the shift as a momentum and the densitized lapse as a position.^2 We introduce their canonically conjugate variables γ_i and σ respectively. The canonical symplectic two-form for the extended phase-space of (h_{ij} , α, γ_i; π^{ij} , σ, β^i) is then dh_{ij} ∧ dπ^{ij} + dα ∧ dσ + dγ_i ∧ dβ^i. The interpretation of β^i as momentum variables may lead to complications if one wants to transform from the Hamiltonian equations of motion to an action with Euler-Lagrange equations. The 3+1 decomposition of the Einstein- Hilbert action explicitly depends on the shift. As an action it must not contain momentum variables, but only positions and their time derivatives. Yet, given a Hamiltonian it depends on its concrete form whether the shift can be expressed in terms of positions and their time derivatives. Hence, it may be impossible to perform the Legendre transformation to obtain an appropriate action.

Here we take the Hamiltonian formulation of the equations as fundamental and do not consider possible problems concerning the action and corresponding Euler-Lagrange equations further.

Yet, in [11] Brown gets the constraints

σ = 0 and γ_i = 0 (4)

as primary constraints from the Einstein-Hilbert action. Since for us the Hamiltonian formulation is fundamental we are not limited to this case. However, of course we are interested in an Hamiltonian that provides dynamical equations for h_{ij} and π^{ij} that are consistent with the equations of motion in general relativity. We will see that if (4) is satisfied then this requirement is automatically fulfilled with an appropriate extended Hamiltonian.

We define

H_g := ∫ d^3x ( Λ̂σ + Ω̂^iγ_i ) , (5)

where Λ̂, Ω̂^i are functions of the canonical variables that are linear in π^{ij} , σ, γ_i and in the first spatial derivatives ∂_kh_{ij} , ∂_iα, ∂_iβ^j , with coefficients that depend on h_{ij} , α and β^j .

Due to the structure of the gauge Hamiltonian H_g the canonical Hamiltonian equations of motion for h_{ij} and π^{ij} that correspond to the full Hamiltonian H_S + H_g are equivalent to the dynamical part of the ADM equations when the constraints (4) are satisfied. But the freedom in H_g can be used to introduce quite general hyperbolic drivers for α and β^i.

For concrete calculations we need to make one particular choice for the functions Λ̂ and Ω̂^i. The simulations that we discuss here are based on a generalized harmonic system. We set

Λ̂ = β^i∂_iα − α∂_iβ^i + 1 2 α^3σ (6) and Ω̂^i = −β^j ∂_j β^i − hα^2Γ^i_{jk}h^{jk} + hαh^{ij} D_j α − 1 2 hα^3h^{ij} γ_j . (7)

2The reasons for this choice are discussed in section 2.1.1 or in [28].

There are also other possible choices, and in [11] Brown discusses some of them.

The canonical Hamiltonian equations of motion, i.e. the generalized harmonic system, is now

ḣ_{ij} = 2απ_{ij} − απ^k_kh_{ij} + D_iβ_j + D_j β_i, (8a) π̇^{ij} = απ^k_kπ^{ij} − 2απ^i_kπ^{kj} + αhh^{ij} R − αhR^{ij} − π^{ik}D_kβ^j − π^{jk} D_kβ^i + hD^iD^j α − hh^{ij} D^kD_kα + hD_l(β^lπ^{ij} ) − 1 2 α^3hγ^iγ^j + 1 2 α^3hh^{ij} γ_kγ^k − 1 2 αhγ^j ∂^iα − 1 2 αhγ^i∂^j α − 1 4 α^2hh^{kl}γ^j ∂^ih_{kl} − 1 4 α^2hh^{kl}γ^i∂^j h_{kl} − 1 2 α^2h∂^iγ^j − 1 2 α^2h∂^j γ^i + αhh^{ij} γ^k∂_kα + 1 4 α^2hh^{jk}h^{lm}γ^i∂_kh_{lm} + 1 4 α^2hh^{ik}h^{lm}γ^j ∂_kh_{lm} + α^2hh^{ij} h^{kl}∂_kγ_l − 1 2 α^2hh^{il}h^{jm}γ^k∂_lh_{km} − 1 2 α^2hh^{il}h^{jm}γ^k∂_mh_{kl}, (8b) α̇ = α^3σ + β^i∂_iα − α∂_iβ^i, (8c) σ̇ = −C + β^i∂_iσ + 2σ∂_iβ^i + αhh^{il}∂_iγ_l − 3 2 ( α^2σ^2 − α^2hγ_iγ_j h^{ij} ) − αhh^{jk} h^{il}γ_l∂_ih_{jk} + αhγ_lh^{ij} h^{lk}∂_ih_{jk}, (8d) γ̇_i = C_i + 2σ∂_iα + α∂_iσ − γ_j ∂_iβ^j + γ_i∂_j β^j + β^j ∂_j γ_i, (8e) β̇^i = β^j ∂_j β^i − α^2hΓ^j_kh^{ik} + α^2hΓ^i_{jk} h^{jk} + α^3hh^{ij} γ_j − αhh^{ij} D_j α. (8f)

We see that (8a) is also one of the ADM equations, i.e. the dynamical behavior of h_{ij} is not changed. The equation (8b) for π^{ij} differs from the corresponding ADM equation, it involves additional terms. But these terms vanish when γ_i vanishes. Hence, in order to describe the dynamical behavior of π^{ij} correctly we need to require that γ_i = 0.

In (4) we not only have the constraint γ_i = 0, but also σ = 0. Yet, the equations of motion for the “physical” variables h_{ij} and π^{ij} already agree with the ADM equations when only γ_i = 0 is satisfied. One may hence conclude that σ does not need to vanish.

However, for σ ≠ 0 we find instabilities already when h_{ij} and π^{ij} are exact solutions of the ADM equations. In particular, when γ_i = 0 and the vector constraints are satisfied then equation (8e) implies

0 = 2σ∂_iα + α∂_iσ. (9)

It follows that σ(x, t) = c(t)/α^2(x, t). Then, if the scalar constraint is satisfied as well we obtain from (8c) and (8d) that c(t) = 2c_0 2 − c_0(t − t_0)

, where c_0 = c(t_0). (10)

Hence, we obtain stable results only when |c_0(t − t_0)| remains small. Therefore it is obvious that σ = 0 should be satisfied, too. The full set of constraints to be satisfied is thus

C = 0, C_i = 0, σ = 0, γ_i = 0. (11)

2.1.1 Constrained integration of the generalized harmonic system

In [28] we proposed a numerical integration scheme for the ADM equations that enforces the momentum constraints in a holonomically constrained Hamiltonian system and turns the Hamilton constraint function from a weak to strong invariant.

The main steps to achieve this were to interpret the shift as a momentum and to impose the holonomic constraints γ_i = 0 as well as an appropriate gauge condition. The obvious question is now whether an analogous scheme with similar properties can be constructed also for the generalized harmonic system (8).

Unfortunately this is not the case. For the ADM equations the momentum constraints could be enforced, because they were hidden constraints of γ_i = 0 (i.e. γ̇_i = C_i). Here we do not have this direct relation, but we have (8e) instead. Hence, when we enforce γ_i = 0 at each time then we only get

0 = C_i + 2σ∂_iα + α∂_iσ, (12)

i.e. only this combination of the momentum constraints and σ = 0 can be enforced. This might still be beneficial, but we cannot control the momentum constraints separately and we cannot expect that the Hamilton constraint function becomes a strong invariant.

Obviously the generalized harmonic system (8) here behaves differently than the ADM equations because of the terms that contain α and σ. These terms will virtually always appear when the densitized lapse is treated as a dynamical variable. Therefore we investigate in the next section a Hamiltonian system where α is an external field, and only β^i is subject to a dynamical gauge condition.

2.2 Hyperbolic shift driver with fixed densitized lapse

Since we cannot enforce the momentum constraints in a holonomically constrained Hamiltonian system when the densitized lapse function is a dynamical variable, we are interested in a Hamiltonian formulation where α is an external field. Thus, we consider the phase space of (h_{ij} , γ_i; π^{ij} , β^i) with symplectic two-form dh_{ij} ∧ dπ^{ij} + dγ_i ∧ dβ^i.

We define another gauge Hamiltonian

H_β = ∫ d^3xΩ̂^iγ_i, (13)

and need to find a function Ω̂^i such that the canonical Hamiltonian equations of motion that correspond to H_S + H_β become strongly hyperbolic.

It turns out that this requirement is very restrictive when α is an external field. We are able to construct an appropriate function:

Ω̂^i = −β^j ∂_j β^i − 4 7 α^2Γ^i_{jk}hh^{jk} + 6 7 α^2Γ^k_j hh^{ji} (14) + 2 7 αhh^{ij} D_j α + 2 7 α^3hh^{ij} γ_j , but every other possible choice for Ω̂^i that we investigated leads to a system with the same principal part as (15) (see appendix A).

The canonical Hamiltonian equations of motion that we derive from H_S +H_β using (14) are now

ḣ_{ij} = 2απ_{ij} − απ^k_kh_{ij} + D_iβ_j + D_j β_i, (15a) π̇^{ij} = 2απ^i_kπ^{jk} − απ^{ij} π^k_k + αhR^{ij} − αhh^{ij} R (15b) + π^{jk} D_kβ^i + π^{ik}D_kβ^j − π^{ij} D_kβ^k − β^kD_kπ^{ij} − hD^iD^j α + hh^{ij} D^kD_kα + α 7 ( 4αhΓ^k_{lm}(h^{il}h^{jm} − h^{ij} h^{lm})γ_k − 3αhΓ^l_m(h^{im}γ^j + h^{jm}γ^i − 2h^{ij} γ^m) − 2α^2hγ^iγ^j + 2α^2hh^{ij} γ^kγ_k + 2αhD^iγ^j + 2αhD^j γ^i − 6αhh^{ij} D_kγ^k + 3hγ^j D^iα + 3hγ^iD^j α − 10hh^{ij} γ_kD^kα ) , γ̇_i = C_i − γ_j ∂_iβ^j + γ_i∂_j β^j + β^j ∂_j γ_i, (15c)

β̇^i = −β^j ∂_j β^i + 2 7 ( 3α^2Γ^j_k hh^{ik} − 2α^2Γ^i_{jk} hh^{jk} + 2α^3hγ^i + αhD^iα ) . (15d)

In what follows we denote these equations the fixed lapse system. Again (15a) is one of the ADM equations and (15b) becomes an ADM equation when γ_i = 0.

We also see from (15c) that the momentum constraints vanish when γ_i vanishes identically. Therefore, in contrast to the generalized harmonic system (8) we can enforce the momentum constraints in a holonomically constrained system. Since the dynamical behavior of h_{ij} and π^{ij} is then equivalent to the ADM equations, we also get that the Hamilton constraint function becomes a strong invariant [2]:

(∂_t − β^iD_i)C = 0. (16)

Even if this property does not extend to the space discretization, it is an extra bonus for this momentum-constrained formulation.

In the numerical examples we will use 1+1 dimensional simplifications of the two formulations (8) and (15).

3 Discrete Hamiltonian and numerical integration methods

To apply numerical methods one approximates the continuous functions h_{ij} , γ_i, α, π^{ij} , β^i and σ through objects with finitely many degrees of freedom.^3 We collect the finite number of unknowns in four vectors q, p, γ and β. For the discretized system (8) q and p correspond to the discretizations of (h_{ij} , α) and (π^{ij} , σ) respectively, whereas for the system (15) these vectors correspond to the discretizations of h_{ij} and π^{ij} respectively. The ordering in q, p, γ and β is chosen such that components corresponding to the same grid point are ordered consecutively.

For both considered systems the full Hamiltonian (H_S + H_g respectively H_S +H_β) consists of terms that are either quadratic in the momentum variables (π^{ij} , σ, β^i) or independent of them. Any reasonable discretization of the full

3We use finite differences and piecewise constant functions, as described in section 4.1.

Hamiltonian will hence assume the form^4

H(q, p) = 1 2 p^T S(q)p + U(q, γ) + β^T D(q)p + 1 2 β^T E(q, γ)β, (17)

where S(q), D(q) and E(q, γ) are matrices of the appropriate dimensions.

The canonical equations of motion for this discrete Hamiltonian are

q̇ = S(q)p + D(q)^T β, (18a) γ̇ = E(q, γ)β + D(q)p, (18b)

ṗ = − 1 2 p^T ∇_qS(q)p − ∇_qU(q, γ) − β^T ∇_qD(q)p − 1 2 β^T ∇_qE(q, γ)β, (18c)

β̇ = − 1 2 β^T ∇_γ E(q, γ)β − ∇_γ U(q, γ). (18d)

In section 3.1 we introduce a free symplectic method that integrates (18) numerically and in section 3.2 a constrained scheme is presented. The latter additionally requires the following constraints

γ = 0, g(q) = 0. (19)

The equation g(q) = 0 is a gauge condition and fixes β. It must be chosen such that the following matrix is invertible (see also [28, 21])

A(q) := ∇_qg(q)^T D(q)^T . (20)

Time differentiation of g(q) = 0 and using (18a) for q̇ gives

∇_qg(q)^T S(q)p + A(q)β = 0, (21)

which shows that indeed β is determined by the gauge condition, when A(q) is invertible.

A candidate for the choice of the function g is a discretization of the Dirac gauge, ∂_j (h^{1/3}h^{ij} ) = 0 [16, 9]. With this choice, A(q) is a discretized secondorder elliptic differential operator. In section 4.1 we discuss other gauge conditions with a similar structure for a simplified system.

3.1 The Störmer-Verlet method

A standard symplectic integrator for Hamiltonian systems is the Störmer–Verlet scheme (see, e.g., [20]). When applied to (18), a step from values (q^n, γ^n, p^n, β^n) at time t^n to values (q^{n+1}, γ^{n+1}, p^{n+1}, β^{n+1}) at time t^{n+1} = t^n + Δt reads as follows:

p^{n+1/2} = p^n − Δt 2 (1 2 (p^{n+1/2})^T ∇_qS(q^n)p^{n+1/2} + ∇_qU(q^n, γ^n) (22)

+ (β^{n+1/2})^T ∇_qD(q^n)p^{n+1/2} + 1 2 (β^{n+1/2})^T ∇_qE(q^n, γ^n)β^{n+1/2} )

β^{n+1/2} = β^n − Δt 2 ( ∇_γ U(q^n, γ^n) + 1 2 (β^{n+1/2})^T ∇_γ E(q^n, γ^n)β^{n+1/2} ) (23)

4For the fixed lapse system (15) we ignore the dependence on the discrete densitized lapse in the notation.

q^{n+1} = q^n + Δt 2 (( S(q^{n+1}) + S(q^n) ) p^{n+1/2} (24) + ( D(q^{n+1})^T + D(q^n)^T ) β^{n+1/2} )

γ^{n+1} = γ^n + Δt 2 (( E(q^{n+1}, γ^{n+1}) + E(q^n, γ^n) ) β^{n+1/2} (25) + ( D(q^{n+1}) + D(q^n) ) p^{n+1/2} )

p^{n+1} = p^{n+1/2} − Δt 2 ( 1 2 (p^{n+1/2})^T ∇_qS(q^{n+1})p^{n+1/2} + ∇_qU(q^{n+1}, γ^{n+1})

+ (β^{n+1/2})^T ∇_qD(q^{n+1})p^{n+1/2} (26) + 1 2 (β^{n+1/2})^T ∇_qE(q^{n+1}, γ^{n+1})β^{n+1/2} )

β^{n+1} = β^{n+1/2} − Δt 2 (1 2 (∇_γ U(q^{n+1}, γ^{n+1}) (27) + 1 2 (β^{n+1/2})^T ∇_γ E(q^{n+1}, γ^{n+1})β^{n+1/2} ) .

In this system the computationally most expensive terms are subsumed in the expressions ∇_qU and ∇_γ U. There is only one evaluation per step of those terms.

The system (22)-(27) can be decomposed into three substeps, the first two, ((22),(23)) and ((24),(25)) being implicit in (p^{n+1/2}, β^{n+1/2}) and (q^{n+1}, γ^{n+1}), respectively. They are solved by fixed-point iteration, which is local at every grid point. The last substep ((26),(27)) is explicit.

With that method the constraints are not explicitly taken into account. Yet, since in the continuous equations of motion the constraints are satisfied for all times as long as they are satisfied for the initial data, one may expect that the constraint violations in the discrete case remain small.

3.2 The RATTLE method

The RATTLE method ([1], [21, Section VII.1], [23, Chapter 7]) is an extension of the Störmer–Verlet method to holonomically constrained systems. It is symplectic and time-reversible, of second order accuracy, and enforces both the holonomic and the derived hidden constraints in the numerical solution. When applied to (18),(19), a step of the RATTLE method consists of the following equations, which form a nonlinear system for q^{n+1}, γ^{n+1}, p^{n+1} and β^{n+1}.

1. First half-step for the momentum variables:

p^{n+1/2} = p^n − Δt 2 ( 1 2 (p^{n+1/2})^T ∇_qS(q^n)p^{n+1/2} + ∇_qU(q^n, γ^n)

+ (β^{n+1/2})^T ∇_qE(q^n, γ^n)β^{n+1/2} (28a)

+ (β^{n+1/2})^T ∇_qD(q^n)p^{n+1/2} + ∇_qg(q^n)λ^{n,+} )

β^{n+1/2} = β^n − Δt 2 ( (β^{n+1/2})^T ∇_γ E(q^n, γ^n)β^{n+1/2}

+ ∇_γ U(q^n, γ^n) + μ^{n,+} ) (28b)

2. Full step for the position variables:

q^{n+1} = q^n + Δt 2 (( S(q^{n+1}) + S(q^n) ) p^{n+1/2} (29a) + ( D(q^{n+1})^T + D(q^n)^T ) β^{n+1/2} )

γ^{n+1} = γ^n + Δt 2 (( E(q^{n+1}, γ^{n+1}) + E(q^n, γ^n) ) β^{n+1/2} (29b) + ( D(q^{n+1}) + D(q^n) ) p^{n+1/2} ) (γ^n = 0)

3. Position constraints:

g(q^{n+1}) = 0 (30a) γ^{n+1} = 0 (30b)

4. Second half-step for the momentum variables:

p^{n+1} = p^{n+1/2} − Δt 2 ( 1 2 (p^{n+1/2})^T ∇_qS(q^{n+1})p^{n+1/2} + ∇_qU(q^{n+1}, γ^{n+1})

+ (β^{n+1/2})^T ∇_qE(q^{n+1}, γ^{n+1})β^{n+1/2} (31a)

+ (β^{n+1/2})^T ∇_qD(q^{n+1})p^{n+1/2} + ∇_qg(q^{n+1})λ^{n+1,−} )

β^{n+1} = β^{n+1/2} − Δt 2 ( (β^{n+1/2})^T ∇_γ E(q^{n+1}, γ^{n+1})β^{n+1/2}

+ ∇_γ U(q^{n+1}, γ^{n+1}) + μ^{n+1,−} ) (31b)

5. Momentum constraints:

∇_qg(q^{n+1})^T S(q^{n+1})p^{n+1} + A(q^{n+1})β^{n+1} = 0 (32a)

D(q^{n+1})p^{n+1} = 0 . (32b)

In the last equation (32b) we used the fact that for our Hamiltonian the matrix E(q, γ) vanishes when γ = 0.

Equations (28)–(30) determine q^{n+1}, and the system (31),(32) determines p^{n+1}. The equations can be solved by an iterative procedure that requires only the solution of linear systems with the matrices A(q^n) and A(q^{n+1}) and their transposes. This procedure is described in [28], and we do not discuss it here.

4 1+1 dimensional test cases

In this article we are interested in the numerical properties of the discretized systems (8) and (15). Our numerical experiments are based on a simplified model that arises in certain highly symmetric space-times. Essentially we assume that the 3-metric is diagonal, depends only on the coordinate x^1 and has just two independent components, h_{33} = ζh_{22}. The details are described in [28].

We distinguish between two essentially 1+1 dimensional classes of solutions of Einstein’s equations, namely the spherically symmetric space-times where ζ := sin^2 x^2 and a second class where ζ ≡ 1. The latter includes a perturbed Minkowski geometry.

It is then natural to define

h̃ := 1 2 ( h_{22} + ζ^{−1}h_{33} ) , π̃ := π^{22} + ζπ^{33}, (33)

and it turns out that π̃ is indeed the canonical momentum corresponding to h̃.

In the spherically symmetric case we now consider the equatorial hypersurface, i.e., x^2 = π/2 and ζ = 1. Using the new variables h̃ and π̃ one can derive 1+1 dimensional counterparts for the Hamiltonians H_S , H_g and H_β . The “1+1-dimensional Super-Hamiltonian” becomes

H^1_S = ∫ dx [ α ( 1 2 π^{11}π^{11}h_{11}h_{11} − π^{11}π̃h_{11}h̃ )

− α ( 1 2 ∂h̃∂h̃ − 2h̃∂^2h̃ + h̃∂h̃∂ log(h_{11}) + 2ξh_{11}h̃ )

+ 2π^{11}h_{11}∂β + π^{11}β∂h_{11} + π̃β∂h̃ ] , (34)

and the 1+1-dimensional gauge Hamiltonians are

H^1_g = ∫ dx [ 2α^2h̃γ∂h̃ + αh̃^2γ∂α − 1 2 α^3h̃^2γ^2 − βγ∂β (35) + βσ∂α − ασ∂β + 1 2 α^3σ^2 ] , H^1_β = ∫ dx [ 12 7 α^2h̃γ∂h̃ + 2 7 α^2h̃^2γ∂ log h_{11} + 2 7 αh̃^2γ∂α (36) − 2 7 α^3h̃^2γ^2 − βγ∂β ] . Here we have ξ = 1 in the spherically symmetric case and ξ = 0 if ζ ≡ 1.

These Hamiltonians have a similar structure as their 3+1-dimensional counterparts (1) and (5),(13), their discretization will therefore be of the form (17).

4.1 Space Discretization in the 1+1 dimensional setting

The spatial discretization of the Hamiltonians (34), (35) and (36) is done similarly as in [28]. We use piecewise constants functions to approximate h_{11}, h̃, α, γ, π^{11}, π̃, σ and β, where β and γ are discretized on a staggered grid. Yet, for the discrete spatial derivatives we use a modified approach.

We distinguish between four types of terms. The first three types contain only one (first or second) derivative, they are discretizations of terms of the form f^1f^2∂f^3 or f^1f^2∂^2f^3, with functions f^1, f^2 and f^3. The fourth type contains a product of first derivatives, it is the discrete counterpart of f^1∂f^2∂f^3.

1. In the first type of terms the discrete counterpart of the functions f^i are defined on the same grid. An example is the term 2αh̃∂^2h̃ in (34). For these terms we approximate the derivative with centered second order finite differences as in [28]:

∂f^3(x_i) → (D_0f^3)_i = (f^3_{i+1} − f^3_{i−1})/2Δx, ∂^2f^3(x_i) → (D_+D_−f^3)_i = (f^3_{i+1} − 2f^3_i + f^3_{i−1})/Δx^2. (37)

2. In the second type of terms the discrete function f^3 is defined on the staggered grid and f^1, f^2 on the non staggered grid. An example is the term 2π^{11}h_{11}∂β in (34). In this term we discretize the derivative using one-sided finite differences

(f^1f^2∂f^3)(x_i) → f^1_i f^2_i (D_−f^3)_i = f^1_i f^2_i (f^3_i − f^3_{i−1})/Δx. (38)

Since f^3 is defined on the staggered grid this formula is second order accurate at the grid points of the non staggered grid.

3. For the third type of terms the discrete functions f^1 and f^3 are defined on the non staggered grid and f^2 on the staggered grid. An example is the term π^{11}β∂h_{11} in (34). For this term we average the function f^1 and use one-sided finite differences for the derivative of f^3:

(f^1f^2∂f^3)(x_i) → ( f^1_i + f^1_{i+1} ) f^2_i (D_+f^3)_i/2 = = ( f^1_i + f^1_{i+1} ) f^2_i (f^3_{i+1} − f^3_i )/2Δx. (39)

Again, since f^2 is defined on the staggered grid this formula is second order accurate at the grid points of the staggered grid.

4. Finally, the fourth type of terms deals with discretizations of f^1∂f^2∂f^3, where the functions f^i are defined on the same grid. An example is the term α∂h̃∂h̃ in (34). There we use a combination of one-sided finite differences

(f^1∂f^2∂f^3)(x_i) → f^1_i ((D_−f^2)_i(D_−f^3)_i + (D_+f^2)_i(D_+f^3)_i)/2. (40)

Again this formula is second order accurate.

There are two reasons to change the discretization of spatial derivatives. At first, in [28] we observed instabilities with periodic boundary conditions and an even number of grid points.

We can explain these instabilities as follows. When we discretize using centered finite differences, i.e. f^1∂f^2∂f^3(x_i) → f^1_i (D_0f^2)_i(D_0f^3)_i, then the derivative of the resulting Hamiltonian with respect to f^3_i contains a term f^1_i (D^2_0 f^2)_i (see also e.g. [13] for the definition of D_0, D_+ and D_−). This is a centered finite difference formula with an extended stencil (D^2_0 discretization). If we linearize the corresponding equations and check the well-posedness of the result using the techniques proposed in [13] we find instabilities when the number of grid points is even. This is not the case when we discretize the spatial derivatives using (40).

Moreover, when the discretizations (37) and (40) are used then we can (for periodic boundary conditions) perform partial integrations also in the discrete Hamiltonian, because 1 2 ∑ i f_i ((D_+g)_i(D_+h)_i + (D_−g)_i(D_−h)_i) = (41) = − ∑ i f_ig_i(D_+D_−h)_i − 1 2 ∑ i g_i ((D_+f)_i(D_+h)_i + (D_−f)_i(D_−h)_i) .

Boundary conditions and discrete gauge conditions. Concerning the treatment of boundary conditions we proceed analogously as in [28]. We apply periodic boundary conditions for the perturbed Minkowski problem and Dirichlet boundary conditions in the Schwarzschild space-time. The discrete boundary conditions are treated using ghost zones.

As in [28] the gauge conditions for the RATTLE scheme are derived from continuous gauge conditions of the form

g(h_{11}, h̃, α) = 0. (42)

When we are interested in the generalized harmonic system (corresponding to H^1_S + H^1_g ) then we choose g(h_{11}, h̃, α) = ∂ ( h_{11}h̃^{−2} exp(2Mξ(R − 1)) ) , (43)

where ξ = 1 in the spherically symmetric case and ξ = 0 when ζ ≡ 1. When we perform calculations with the fixed lapse system (corresponding to H^1_S + H^1_β ) then we set g(h_{11}, h̃, α) = ∂ ( αh_{11}h̃^6 ) . (44)

The reason for this choice is clearly that the analytic solutions for which we test the schemes (see section 4.2) satisfy those gauge conditions.

For the generalized harmonic system in the spherically symmetric case (ξ = 1) we see that the gauge condition depends on the mass parameter M. Hence, if we did not know the analytical solutions then it was not possible to apply this gauge condition. However, in principle one can also apply other gauge conditions, e.g. Dirac gauge [16, 9], in the RATTLE method, but the results are then not compareable to the results of the free evolution scheme, because one needs to use different initial data (those that satisfy the gauge condition).

4.2 Test scenarios

In sections 5–7 we perform numerical experiments with the Störmer-Verlet and the RATTLE method. There we check how well the numerical schemes reproduce a perturbed Minkowski space-time and the Schwarzschild space-time in two different coordinate systems. The analytical solutions are the following.

4.2.1 A perturbed Minkowski metric

The Minkowski metric describes a flat space-time, the analytical solution is (with x = x^1, y = x^2, z = x^3)

ds^2 = −dt^2 + dx^2 + dy^2 + dz^2. (45)

It is easy to check that for t = const. slicing this solution really is in the class of solutions with ζ ≡ 1 and thus the numerical schemes we described are applicable.

Here we perturb the Minkowski initial data such that

h_{11} = 1 + ε_{11}, h̃ = 1 + ε̃, α = 1 + ε_α, γ = ε_γ (46) and π^{11} = δ^{11}, π̃ = δ̃, σ = δ_σ, β = δ_β . (47) In the numerical examples we will choose the perturbations ε, δ to be Gaussian functions of width 1/20 and height 10^{−6}. To avoid problems with boundaries we apply periodic boundary conditions.

4.2.2 Schwarzschild space-time In the numerical experiments that deal with the Schwarzschild space-time we consider two different coordinate systems. They are chosen such that we get solutions of the equations of motion for the Hamiltonians H^1_S + H^1_g and H^1_S + H^1_β respectively. We denote these coordinate systems “radially harmonic” and “fixed lapse coordinates” respectively.

Radially harmonic coordinates. From the Schwarzschild space-time in standard coordinates (t, r, θ, ϕ) we come to the radially harmonic coordinates via the coordinate transformation

R(r) = 1 + 1 2M log ( r r − 2M ) , r(R) = 2M 1 − exp(2M(1 − R))

. (48)

That is, R ∈ (1, ∞) and R = ∞ is the horizon, whereas R = 1 is spatial infinity.

The 4-metric in the new coordinate system is ds^2 = −e^{2M(1−R)}dt^2 + e^{2M(1−R)}r^4dR^2 + r^2dΩ^2, (49) where dΩ^2 is the volume element of the sphere and r = r(R). From the 4-metric we read off the following expressions

h_{11} = r^4e^{2M(1−R)}, h̃ = r^2, α = r^{−4}, π^{11} = 0, π̃ = 0, β = 0. (50) This solution satisfies the canonical Hamiltonian equations of motion that correspond to H^1_S + H^1_g and the gauge condition (43) for ξ = 1.

Fixed lapse coordinates. The fixed lapse coordinates for the Schwarzschild space-time are obtained from the standard Schwarzschild coordinates (t, r, θ, ϕ) via the coordinate transformation R(r) = ( r 2M )_{11}

, r(R) = 2MR^{1/11}. (51)

The 4-metric in the new coordinate system is

ds^2 = ( 1 − R^{−1/11} ) dt^2 +

4M^2 121R^{20/11} ( 1 − R^{−1/11} ) dR^2 + 4M^2R^{2/11}dΩ^2 (52)

and we get

h_{11} =

4M^2 121R^{20/11} ( 1 − R^{−1/11} ) , π^{11} = 0,

h̃ = 4M^2R^{2/11}, π̃ = 0, (53)

α = 11(2M)^{−3}R^{8/11} ( 1 − R^{−1/11} ) , β = 0.

Figure 1: Perturbed Minkowski space-time: The maximum norm of Hamilton and momentum constraints, C and C_1 respectively. Left: Results of the Störmer-Verlet method. Right: Results of the RATTLE method.

This solution satisfies the canonical Hamiltonian equations of motion that correspond to H^1_S + H^1_β and the gauge condition (44) for ξ = 1.

5 A perturbed Minkowski problem: comparison of the four schemes

In this section we compare the results of the four numerical schemes that we obtain when we combine the 1+1 dimensional generalized harmonic system (corresponding to H^1_S + H^1_g) and the fixed lapse system (corresponding to H^1_S + H^1_β) with the Störmer-Verlet and the RATTLE integrator.

Simulation data. We apply the schemes to the perturbed Minkowski problem described in section 4.2.1. The perturbations are Gaussian functions of width 1/20 and height ϵ = 10^{−6}.

When we apply the RATTLE scheme then we set ε_γ = 0. The justification for this choice is that in the constrained scheme the equation γ = 0 is enforced for each time step and for the initial data it is always easy to satisfy it.

Moreover, we set ε_α = 0 for the fixed lapse system, because there α is an external field and we assume that the correct function is given in advance.

In the simulations we use 50 grid points and the size of the time step is a quarter of the spatial grid spacing, Δt = Δx/4.

Simulation results. We see in figure 1 that the results for both systems of equations are similar when the free integration scheme using Störmer-Verlet is applied. Moreover the RATTLE scheme applied to the 1+1 dimensional generalized harmonic system also provides similar results.

In those cases the evolution is stable at least until t = 1000 and we do not see growing constraints or errors. In particular the Hamilton and momentum constraint functions stay at almost the same size of about 2 · 10^{−4}–2 · 10^{−3}. However, these functions do not vanish.

The RATTLE scheme applied to the 1+1 dimensional fixed lapse system behaves differently. By construction it is clear that the momentum constraints become small. They are the hidden constraints of γ = 0 and in our implementation of the RATTLE scheme they are enforced with an accuracy of at least 10^{−10}. However, at some point the evolution cannot be continued in this scheme, because the algorithm to solve the nonlinear system does not converge within 10^4 iteration steps. The problem there is to satisfy γ = 0, i.e. (30b).

Discussion of results. The results that we get for this example indicate that strong hyperbolicity of the equations of motion is still essential when we use symplectic integrators for Hamiltonian systems.

In [28] we discussed tests of the same problem. There we used discretized ADM equation in the evolution and got rapidly growing high frequency errors. This is not the case here, and at least for three schemes all other desireable properties that the symplectic integration of the ADM equations showed (in particular the conservation of the harmonic energies) are still valid. This behavior was expected in the beginning, because the initial value problem of strongly hyperbolic systems is well-posed whereas it may be ill-posed for systems that are only weakly hyperbolic (the ADM equations are weakly hyperbolic but not strongly hyperbolic) [19, 13].

Now, out of the four schemes that we investigated there are three that provide the expected results. From the fourth scheme, the constrained integration of the fixed lapse system, we see that to obtain favorable results it is not sufficient to start from a strongly hyperbolic system.

From a computational point of view we find that the reason for the problems in that scheme is basically that the momentum constraints cannot be enforced with the required accuracy, because the algorithm to solve the nonlinear system (28)–(30) does not converge.

The solution of this scheme itself points to the interpretation that singularities occur during the evolution. In particular we observe large gradients in π̃ and β. It is evident that these problems are not purely numerical, since we get quite similar results when we take a smaller time step, Δt = Δx/8 and also with higher resolutions, N = 100 and N = 200.

It is not clear whether this is a problem of the coordinate system or of the underlying solution. The algorithm that we apply projects onto the (momentum) constrained hypersurface in each time step, and in particular in the first one. As the constraints are quite large for the considered initial data the result of this projection can be that the problem is no longer Minkowski with a small perturbation, but a solution that develops a physical singularity after some time. However, when we start from initial data with smaller constraints, e.g. by taking the height of the Gaussian perturbations as ϵ = 10^{−7}, we can evolve to later times.

Since the fourth scheme provides better results when we start from initial data with small constraints one may expect that constrained integration is feasible when the initial data are chosen appropriately. This is supported by the calculations presented in section 7 where we find that it can be even beneficial to use this scheme.

Figure 2: Schwarzschild space-time: The maximum norm of the Hamilton and momentum constraints, C and C_1 respectively, in the generalized harmonic evolution system. Left: Results of the free evolution scheme. Right: Results of the constrained evolution scheme.

6 Schwarzschild space-time: free vs. constrained generalized harmonic evolution

Here we discuss the Störmer-Verlet and the RATTLE scheme for the 1+1 dimensional generalized harmonic system (corresponding to H^1_S +H^1_g). We apply these schemes to the Schwarzschild space-time in radially harmonic coordinates (see section 4.2.2). The mass parameter is chosen to be M = 1 and the boundaries are at R_l = 2 and R_r = 3.

Simulation results. In figure 2 we see that for both, free and constrained evolution the Hamilton and momentum constraints are growing exponentially. The same behavior can be observed for the error of the functions themselves. At some point the evolution breaks down.

This happens almost at the same time for both integration methods. But one can evolve to later times if one uses a finer grid. Moreover, with better resolution errors become quadratically smaller.

Discussion of results. For the generalized harmonic system in the Schwarzschild space-time the results of both schemes are qualitatively similar. This is in contrast to [28] where we observed that for the Schwarzschild space-time constrained symplectic evolution of ADM equations leads to better results than free evolution.

Yet, the difference there was that in the constrained evolution we were able to enforce the momentum constraints. Here we can only enforce a combination of the momentum constraints and σ ≡ 0. Hence, the boundary condition can lead to violations of the momentum constraints.

Again the results here are better than with the ADM evolution presented in [28]. There we found that the evolution breaks down at t ≈ 20 for the constrained scheme and at t ≈ 3 in the free evolution. Here we can evolve until t ≈ 40 with both schemes. Moreover, in contrast to the free evolution using the ADM equations, errors are smaller in a fine grid and we can evolve longer than in a coarse grid.

Figure 3: Schwarzschild space-time: The maximum norm of the Hamilton and momentum constraints, C and C_1 respectively, in the fixed lapse evolution system. Left: Results of the free evolution scheme. Right: Results of the constrained evolution scheme.

Figure 4: Schwarzschild space-time: The maximum of the error of h_{11}, in the fixed lapse evolution system. Left: Results of the free evolution scheme. Right: Results of the constrained evolution scheme.

7 Schwarzschild space-time: free vs. constrained evolution with fixed densitized lapse

Finally we compare the Störmer-Verlet and the RATTLE scheme for the fixed lapse system (corresponding to H^1_S + H^1_β ). We apply these schemes to the Schwarzschild space-time in fixed lapse coordinates (see section 4.2.2). Again the mass parameter is chosen to be M = 1 and the boundaries are at R_l = 2 and R_r = 3.

Simulation results. We see from figures 3 and 4 that with the free evolution scheme we obtain in the beginning (until t ≈ 40) similar results as with the generalized harmonic system (see section 6). In particular constraints and errors are growing exponentially and become quadratically smaller when the resolution is increased.

At later times errors are still growing exponentially, but it may happen that they are bigger when a better resolution is used and that we can evolve to later times in a coarser grid.

In the constrained scheme we find that at least until t = 200 the Hamilton constraint stays almost at the same size. For the errors of the functions themselves one finds at most linear growth. The momentum constraints are of course very small by construction.

Discussion of results. Here, as in [28] where we investigate the ADM system, we find better results when we apply the constrained RATTLE scheme.

In the free evolution we observe exponentially growing errors and instabilities. Presumably the reason for these problems are the naive Dirichlet boundary conditions that lead to constraint violations.

But in the RATTLE scheme there is no sign of growing constraints and moreover the errors of the functions themselves increase very slowly. Thus, for the systems and examples investigated so far constrained symplectic evolution of systems with boundaries leads to better results when the momentum constraints are enforced. It will be interesting to see whether this observation can be made in higher dimension, too.

In 1+1 dimensions, as there are no gravitational waves possible, we only need to worry about the boundary conditions to respect the constraints. In the constrained RATTLE scheme this is only partially ensured, it is in particular surprising that there are no increasing violations of the Hamilton constraints.

8 Conclusion

This article deals with symplectic numerical integration of strongly hyperbolic Hamiltonian formulations of general relativity. We discussed two appropriate Hamiltonians that are constructed by introducing hyperbolic drivers for the shift and in one system also for the densitized lapse. These are the fixed lapse system and a generalized harmonic system derived by Brown [11], respectively.

For both systems we performed numerical experiments using a free (Störmer- Verlet) and a constrained symplectic integrator (RATTLE). The free evolution schemes lead to similar results for both systems. In contrast to the ADM evolution [28] we do not see rapidly growing high frequency errors. Also the good propagation properties of nearly conserved quantities that were found for some situations in the ADM evolution are recovered here. We thus conclude that it is indeed better to apply free symplectic integrators with strongly hyperbolic Hamiltonian systems.

With the constrained schemes the situation is different. When we apply the RATTLE method with the generalized harmonic system then we always got results that are very similar to the free evolution schemes. Since constrained integration requires much more computational resources than free evolution we thus conclude that constrained integration is not practicable with the generalized harmonic system.

Concerning constrained integration with the fixed lapse system we have shown one example where we observe instabilities in the evolution, but also one example where this scheme is much more stable than the others.

In the former case we argued that the problems occur due to constraint violations in the initial data. At the moment we cannot be certain that this is really the case, but the results can be interpreted in that way. We move this question to future investigations.

Yet, if the constraint violations in the initial data are indeed the reason for the problems then this RATTLE scheme is an interesting option to deal with the constraints for situations with appropriate initial data. This statement is supported by the results of that scheme for the fixed lapse and the ADM system (see [28]) with spherically symmetric solutions. There we observe stabilizing effects in the constrained evolution schemes. Since we do not find these effects when we apply the RATTLE method with the generalized harmonic system we suppose that our constrained evolution scheme has advantages when the momentum constraints are enforced in the equations of motion and the initial data satisfy the constraints.^5 It will be interesting to see whether this conjecture can be supported by analytical studies of the underlying elliptic-hyperbolic system of equations or by further numerical investigations.

Another question to address in the future is the gauge choice. The systems that we consider here are quite restrictive for that matter. In particular in the fixed lapse system the requirement of strong hyperbolicity already fixed the Hamiltonian completely. This forced us to use special coordinates in the test examples, a factor that is clearly not satisfactory. One question is thus whether appropriate Hamiltonians exist that allow e.g. general Bona-Massó slicings.

We also want to start to investigate examples in higher dimensions. We discussed that the free symplectic integrators are implicit, but that this implicitness is very mild such that symplectic integration does not need more computational resources than standard explicit methods. However, symplectic integrators should be applied to Hamiltonian systems. We expect that the right hand sides of discrete systems with that property will be more complicated than non Hamiltonian ones. But the size of the difference is not yet known.

Acknowledgment

I would like to thank C. Lubich, J. M. Martín-García and D. Brown for helpful suggestions and hints. This work was supported by the DFG grant SFB/Transregio 7 “Gravitational Wave Astronomy”.

A Derivation of the fixed lapse Hamiltonian

In this article we dealt with two strongly hyperbolic Hamiltonian formulations of general relativity, namely the generalized harmonic system (8) and the fixed lapse system (15). The former is similar to the generalized harmonic system derived in [11]. Here we discuss the derivation of the latter.

As explained in section 2.2, for this system the densitized lapse is an external field and the shift becomes a momentum variable. The canonical symplectic two-form for the phase-space of (h_{ij} , γ_i; π^{ij} , β^i) is then dh_{ij} ∧ dπ^{ij} + dγ_i ∧ dβ^i.

Furthermore we assume the following form of the Hamiltonian

H = H_S + ∫ d^3x Ω̂^iγ_i, (54)

5The momentum constraints are enforced in the RATTLE scheme for the ADM equations and the fixed lapse system, but not for the generalized harmonic system.

with a function Ω̂^i that needs to be chosen appropriately.

To obtain this function we naturally start from the ansatz that Brown proposed in [11]. Yet, here we are interested in the principal part of the resulting equations of motion only and omit all terms that do not contribute there.^6 Hence, we start with Ω̂^i = −β^j ∂_j β^i − C_2hα^2Γ^i_{jk} h^{jk} − C_3hα^2Γ^j_k h^{ik} (55)

+ C_5hαh^{ij} D_j α − C_6hα^3h^{ij} γ_j ,

where C_2, C_3, C_5 and C_6 are constant parameters.

Having this ansatz for Ω̂^i we can derive the equations of motion that correspond to the Hamiltonian (54) and their principal part. We obtain ḣ_{ij} β̇i π̇^{ij} γ̇_i ∼= A^{klm}_{ij} ∂_m A^{′m}_{ijk} ∂_m C_{ijkl} C^{′k}_{ij} Ãiklm∂_m Āim_k ∂_m C̃i_{kl} C̄ik D^{ijklmn}∂_m∂_n D^{′ijmn}_k ∂_m∂_n G^{ijm}_{kl} ∂_m G^{′ijkm}∂_m D̃klmn_i ∂_m∂_n D̄mn_{ki} ∂_m∂_n G̃m_{ikl}∂_m Ḡkm_i ∂_m h_{kl} β^k π^{kl} γ_k where the symbol ∼= is used to denote equality up to lower order terms and for the non vanishing coefficients in this principal part we get A^{klm}_{ij} = δ^k_i δ^l_j β^m, A^{′m}_{ijk} = δ^m_i h_{jk} + δ^m_j h_{ik}, Ã^{iklm} = C_2α^2hh^{ik}h^{lm} − 1 2 (C_2 − C_3 + C_5) α^2hh^{im}h^{kl}, Ā^{im}_k = δ^i_kβ^m, C_{ijkl} = 2αh_{ik}h_{jl} − αh_{ij} h_{kl}, C̄^{ik} = 2C_6α^3hh^{ik}, D^{ijklmn} = 1 2 αh ( h^{ij} (2h^{ln}h^{km} − 3h^{mn}h^{kl}), − h^{kn}h^{im}h^{jl} − h^{ln}h^{ik}h^{jm} + h^{mn}h^{ik}h^{jl} + 2h^{kl}h^{im}h^{jn} ) , G^{ijm}_{kl} = δ^i_kδ^j_l β^m, G^{′ijkm} = − 1 2 α^2h ( C_2(h^{im}h^{jk} + h^{jm}h^{ik} ) − (C_2 − C_3 + C_5)h^{ij} h^{km} ) , G̃^m_{ikl} = −2h_{ik}δ^m_l , Ḡ^{km}_i = δ^k_i β^m. (56)

The remaining coefficients C^′, C̃, D^′, D̃ and D̄ vanish.

Now, according to [19] this second order in space evolution system is strongly hyperbolic if the second order principal symbol

P = A^{klm}_{ij} n_m A^{′m}_{ijk} n_m C_{ijkl} C^{′k}_{ij} Ãiklmn_m Āim_k n_m C̃i_{kl} C̄ik D^{ijklmn}n_mn_n D^{′ijmn}_k n_mn_n G^{ijm}_{kl} n_m G^{′ijkm}n_m D̃klmn_i n_mn_n D̄mn_{ki} n_mn_n G̃m_{ikl}n_m Ḡkm_i n_m . (57)

6In [11] the terms that do not contribute to the principal part are needed in order to ensure that Ω̂^i becomes a covariant vector under spatial diffeomorphisms and a scalar density of weight +2 under time reparametrizations.

has real eigenvalues for all unit vectors n^i and is diagonalizable in a regular way. Therefore the aim is now to choose the parameters C_2, . . . , C_6 such that P becomes diagonalizable.

The difference in comparison to the analysis of other formulations, like e.g. NOR [25], is that we do not get strong hyperbolicity for a whole range of parameters. Instead we can derive nonlinear relations that the parameters need to satisfy. That is, only on a lower dimensional subset of the parameter space we obtain appropriate formulations. It is then very helpful if one has an algorithm to derive these relations. We apply the following one.

A.1 Diagonalizability of a parameterized matrix

Starting from a matrix P that depends on parameters C_i we want to choose the parameters such that P is diagonalizable. The idea to find appropriate parameters is to adapt the algorithm for the calculation of the Jordan decomposition of a matrix.

The first step is to calculate the eigenvalues of P, i.e. to find the roots of det(P − λ I). When P has a general form already this step might fail, because the analytical expressions for the eigenvalues are needed and for quasilinear systems the components of P depend on the fields. Moreover, the degree of the polynomial det(P − λ I) can become big and one obtains long expressions soon. However, for our problem we indeed get analytical expressions for the eigenvalues.

Now, the multiplicity of the eigenvalues of P can be one or bigger than one. For the former eigenvalues nothing needs to be done, but for the latter it may happen that there are less eigenvectors than the multiplicity of the eigenvalue. In this case we proceed as follows.

Let λ_1 be an eigenvalue of multiplicity two or more. We calculate the kernels K_1 = ker(P − λ_1 I) and K_2 = ker(P − λ_1 I)^2. If K_1 = K_2 then the geometric multiplicity of λ_1 is the same as its algebraic multiplicity and nothing needs to be done. But if there are vectors in K_2 that are not in K_1 then the set of eigenvectors of λ_1 is not complete. That is, we need to restrict the possible choices of the parameters C_i.

To derive the corresponding equations we pick some vector x ∈ K_2 \ K_1 and calculate y = (P − λ_1 I)x. The vector y depends on the parameters and we probably can choose them such that y = 0. This leads to the desired relations. Of course these relations must not depend on the fields. It may happen that we cannot choose the parameters appropriately. In this case we don’t get a strongly hyperbolic formulation.

Finally we use the derived relations to reduce the number of parameters in P and eventually repeat the procedure if there are still eigenvalues for which the geometric multiplicity is smaller than the algebraic one.

A.2 The fixed lapse system

Now, to analyse the diagonalizability of P (defined in (57)) with the algorithm described in the previous section A.1 it is helpful to introduce an orthonormal basis {n^i, v^i, w^i}. When we expand the tensor indices in h_{ij} , π^{ij} , β^i and γ_i into this basis, denoting e.g. h_{vv} = h_{ij} v^iv^j , then P decomposes into three blocks.

The first block, P_1, corresponds to the subsystem of the components h_{vw} and π^{vw}. Its eigenvalues are β^n ± α √ h and it has a complete set of eigenvectors for each choice of the parameters C_2, . . . , C_6.

The second block, P_2, comes from the subsystem of the components h_{nn}, h_{vv}, h_{ww}, π^{nn}, π^{vv} , π^{ww}, β^n and γ_n. Its eigenvalues are β^n ± α √ h with multiplicity one and β^n, β^n ± α √ h(1 + C_2 + C_3 − C_5) with multiplicity two. For a general choice of the parameters it turns out that P_2 is not diagonalizable.

We first consider the eigenvalue λ_1 = β^n. If we apply the algorithm described in section A.1 then we find that diagonalizability of P_2 implies

C_6 = − 1 8 ( 9C^2_2 + 10C_2C_3 + C^2_3 − 10C_2C_5 − 2C_3C_5 + C^2_5 ) . (58)

Then, replacing C_6 in P_2 using (58) and applying the same steps as before for λ_2 = β^n − α √ h(1 + C_2 + C_3 − C_5) we get

C_2 = 1 9 (4 − C_3 + C_5) . (59)

Here we assume that the parameters are chosen such that there are no additional degeneracies of eigenvalues. In particular we must choose C_2 + C_3 − C_5 ≠ −1 and C_2 + C_3 − C_5 ≠ 0. Furthermore, the reality condition on the eigenvalues implies C_2 + C_3 − C_5 ≥ −1. Now, choosing C_2 and C_6 in this way P_2 is diagonalizable with real eigenvalues.

What remains is to analyse the third block of P , namely P_3. It comes from the subsystem of h_{nv} , h_{nw}, π^{nv}, π^{nw}, β^v , β^w, γ_v and γ_w.^7 When we use (58) and (59) to remove C_2 and C_6 from P_3 then we obtain the eigenvalues β^n ± 1/3α √ h(4 − C_3 + C_5), both with multiplicity four. The algorithm of section A.1 applied with any of these eigenvalues then leads to

C_3 = − 8 7 + C_5. (60)

Hence, altogether we get

C_2 = 4 7 , C_3 = − 8 7 + C_5, C_6 = 2 7 . (61)

If these relations are satisfied then the eigenvalues of P are automatically real. Hence, we have a strongly hyperbolic system and for C_5 = 2/7 we obtain the fixed lapse system (15).

Since P only depends on the difference C_3 − C_5 and not on the sum of these parameters it is clear that other strongly hyperbolic formulations that are derived from the ansatz (55) have the same principal part. There might be an exception when the parameters are chosen such that some eigenvalues coincide (e.g. when C_2 + C_3 − C_5 = 0). However, for our purposes it was sufficient to find a single strongly hyperbolic Hamiltonian system, and here we were able to derive one.

The calculations described above were performed using Mathematica [30] and the open-source package xTensor for abstract tensor calculations developed by J. M. Martín-García [24].

7The first and third block do not appear for the simplified Hamiltonian H^1_S + H^1_β , because the corresponding system is just 1+1 dimensional.

References

[1] H. C. Andersen. Rattle: A ‘velocity’ version of the shake algorithm for molecular dynamics calculations. J. Comput. Phys., 52:24–34, 1983.

[2] A. Anderson and J. York Jr. Hamiltonian time evolution for general relativity. Phys. Rev. Lett., 81(6):1154–1157, August 1998.

[3] R. Arnowitt, S. Deser, and C. Misner. The dynamics of general relativity.

In L. Witten, editor, Gravitation: An Introduction to Current Research, pages 227–265. Wiley, New York, U.S.A., 1962.

[4] J. G. Baker, J. Centrella, Dae-Il Choi, M. Koppitz and J. van Meter.

Gravitational wave extraction from an inspiraling configuration of merging black holes. Physical Review Letters, 96:111102, 2006

[5] T. W. Baumgarte and S. L. Shapiro. Numerical integration of Einstein’s field equations. Phys. Rev. D, 59:024007, 1998.

[6] B. K. Berger, D. Garfinkle, and E. Strasser. New algorithm for mixmaster dynamics. Class. Quantum Grav., 14:L29–L36, 1997.

[7] B. K. Berger and V. Moncrief. Numerical investigation of cosmological singularities. Phys. Rev. D, 48(10):4676–4687, Nov 1993.

[8] S. Blanco, A. Costa, and O. A. Rosso. Chaos in classical cosmology (ii).

General Relativity and Gravitation, 27:1295–1307, 1995.

[9] S. Bonazzola at al. Constrained scheme for the einstein equations based on the dirac gauge and spherical coordinates. Phys. Rev. D, 70(10):104007, Nov 2004, arXiv:gr-qc/0307082.

[10] D. Brown. The midpoint rule as a variational–symplectic integrator in hamiltonian systems. Physical Review D, 73:024001, 2006.

[11] J. D. Brown. Strongly Hyperbolic Extensions of the ADM Hamiltonian.

arXiv:0803.0334, 2008

[12] B. Brügmann, J. A. Gonzalez, M. Hannam, S. Husa, U. Sperhake, W. Tichy. Calibration of Moving Puncture Simulations. Phys. Rev. D, 77:024027, 2008.

[13] G. Calabrese, I. Hinder, and S. Husa. Numerical stability for finite difference approximations of Einstein’s equations. J. Comput. Phys., 218(2):607–634, 2006, arXiv:gr-qc/0503056.

[14] M. Campanelli, C. O. Lousto, P. Marronetti and Y. Zlochower. Accurate Evolutions of Orbiting Black-Hole Binaries Without Excision. Physical Review Letters, 96:111101, 2006

[15] P. Dirac. The theory of gravitation in hamiltonian form. Proc. Roy. Soc.

Lond., A 246:333, 1958.

[16] P. Dirac. Fixation of coordinates in the hamiltonian theory of gravitation.

Phys. Rev., 114:924, 1959.

[17] R. Gambini and J. Pullin. Consistent Discrete Space-Time. In A.

Ashtekar, editor, 100 YEARS OF RELATIVITY – Space-Time Structure: Einstein and Beyond. World Scientific, 2005.

[18] E. Gourgoulhon. 3+1 Formalism and Bases of Numerical Relativity. 2007, arXiv:gr-qc/0703035.

[19] C. Gundlach and J. M. Martin-Garcia. Hyperbolicity of second-order in space systems of evolution equations. Class. Quant. Grav., 23:S387, 2006, arXiv:gr-qc/0506037.

[20] E. Hairer, C. Lubich, and G. Wanner. Geometric numerical integration illustrated by the Störmer–Verlet method. Acta Numerica, 12:399–450, 2003.

[21] E. Hairer, C. Lubich, and G. Wanner. Geometric numerical integration.

Structure-preserving algorithms for ordinary differential equations. 2nd ed. Springer Series in Computational Mathematics 31. Berlin: Springer., 2006.

[22] F. Herrmann, I. Hinder, D. Shoemaker and P. Laguna. Unequal mass binary black hole plunges and gravitational recoil. Class. Quantum Grav., 24:S33–S42

[23] B. Leimkuhler and S. Reich. Simulating Hamiltonian Dynamics. Cambridge Monographs on Applied and Computational Mathematics 14. Cambridge: Cambridge University Press. 2004.

[24] J. M. Martín-García. xAct: tensor computer algebra.

http://metric.iem.csic.es/Martin-Garcia/xAct/

[25] G. Nagy, O. E. Ortiz and O. A. Reula. Strongly hyperbolic second order Einstein’s evolution equations. Phys. Rev. D, 70:044012, 2004, arXiv:gr-qc/0402123.

[26] F. Pretorius. Evolution of binary black hole spacetimes. Phys. Rev. Lett., 95:121101, 2005.

[27] J. M. Sanz-Serna and M. P. Calvo. Numerical Hamiltonian Problems.

Chapman & Hall, London, 1994.

[28] R. Richter and C. Lubich. Free and constrained symplectic integrators for numerical general relativity. Class. Quant. Grav., 25:225018, 2008, arXiv:0807.0734.

[29] M. Shibata and T. Nakamura. Evolution of three-dimensional gravitational waves: Harmonic slicing case. Phys. Rev. D, 52:5428, 1995.

[30] S. Wolfram. Mathematica: A system for Doing Mathematics by Computer.

Addison-Wesley, 2000.