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Abstract. It has recently been demonstrated (Class. Quantum Grav. 31, 085010,
2014) that the conformally invariant wave equation on a Minkowski background can
be solved with a fully pseudospectral numerical method. In particular, it is possible
to include spacelike infinity into the numerical domain, which is appropriately repre-
sented as a cylinder, and highly accurate numerical solutions can be obtained with
a moderate number of gridpoints. In this paper, we generalise these considerations
to the spherically-symmetric wave equation on a Schwarzschild background. In the
Minkowski case, a logarithmic singularity at the future boundary is present at leading
order, which can easily be removed to obtain completely regular solutions. An impor-
tant new feature of the Schwarzschild background is that the corresponding solutions
develop logarithmic singularities at infinitely many orders. This behaviour seems to be
characteristic for massive space-times. In this sense this work is indicative of properties
of the solutions of the Einstein equations near spatial infinity. The use of fully pseu-
dospectral methods allows us to still obtain very accurate numerical solutions, and the
convergence properties of the spectral approximations reveal details about the singular
nature of the solutions on spacelike and null infinity. These results seem to be impos-
sible to achieve with other current numerical methods. Moreover, we describe how to
impose conditions on the asymptotic behaviour of initial data so that the leading-order
logarithmic terms are avoided, which further improves the numerical accuracy.
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1. Introduction

The study of the role of conformal structures in the large scale behaviour of solutions
to the Einstein equations has a long tradition in general relativity, and was initiated
by Roger Penrose’s pioneering work in the 1960s [22, 23]. Of course, conformal
transformations were already applied in differential geometry much earlier, probably for
the first time by Hermann Weyl in 1918 [24]. Nowadays, it is well known that conformal
infinity is crucial for a rigorous description of gravitational waves. Most importantly,
the Einstein equations themselves can be reformulated in terms of quantities that
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characterise the conformal structure and are regular even at “infinity”, which leads
to Helmut Friedrich’s conformal field equations [7], [§]. Yet another, further refined
reformulation of the field equations, which avoids certain mathematical difficulties at
spacelike infinity i°, is again due to Friedrich: the generalised conformal field equations
[9]. An important ingredient is a novel representation of i as a cylinder I that connects
past and future null infinity #*. In this way, the behaviour of fields near spacelike
infinity can be appropriately resolved. For comprehensive overviews of conformal
methods and detailed references, we refer the interested reader to [5] and [18].

In order to understand basic properties of fields near i°, and, in particular, to
study how they can be reconstructed numerically, it is most appropriate to adopt the
formulation in which i° is blown up to the above-mentioned cylinder. However, instead of
solving the rather complicated full system of the (generalised) conformal field equations,
we consider the conformally invariant wave equation

VT~ =0 (1

for a scalar function f as a toy model, where ¢ is a fixed metric and R the corresponding
scalar curvature. While this equation is much simpler, it has a similar structure of
characteristics, and it is assumed to already mirror important features and potential
numerical difficulties of the full problem. In the case of a Minkowski background, and
under the assumption of spherical symmetry, this problem was successfully solved in [6]
with a fully pseudospectral scheme, which means that spectral expansions are used with
respect to space and time. The main result was that highly accurate solutions close to
machine accuracy can be obtained and that one observes spectral convergence, i.e. the
error decays exponentially with the numerical resolution.

In this paper, as the next logical step, we extend these results to a less trivial
spacetime: we consider the spherically-symmetric wave equation on a Schwarzschild
background. Again our main interest is in an appropriate description of the behaviour
near spacelike infinity. This implies, in particular, that we first have to identify suitable
coordinates that are sufficiently well-behaved near the cylinder /. In the Minkowski
case, initial data subject to a regularity condition (namely asymptotically conformally
static data for which the initial time derivative vanishes at the cylinder) have a regular
time development, since this condition achieves that a logarithmic singularity that
could appear at highest order is removed. In contrast to that we will observe that
certain logarithmic singularities (at infinitely many orders) are generally present for a
Schwarzschild background. Hence it is important to study what impact this has on our
numerical considerations.

We will solve the Schwarzschild wave equation with the same fully pseudospectral
method that we also used in the Minkowski case. This scheme is based on Marcus
Ansorg’s approach to solving elliptic problems with pseudospectral methods [I], and
it was first generalised to time-evolution problems in [I5]. For a number of further
applications of this method, we refer the reader to [2, 14, 17, 19]. We will not go into
numerical details in this paper, since the method is extensively discussed in the previous
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references. However, we briefly summarise the main idea of the method, which consists
in the following steps:

(i) We map the physical domain to one (or several) unit square(s) by introducing
spectral coordinates (o, 7) € [0,1] x [0, 1] such that the surface on which initial
data are given corresponds to 7 = 0. For the present application, one unit square
turns out to be sufficient.

(ii)) We enforce the initial conditions by expressing the unknown function f(o,7) in
terms of another unknown fo(c,7) via f(0,7) = fo(o) + 7f1(0) + 72 f2(0, 7).

(iii) We choose spectral resolutions n, and n, in spatial and temporal directions and
approximate the new unknown f5 in terms of Chebyshev polynomials 7; in the form
no—1mn,—1
falo,r) = )0 ) eyTi(20 — 1)Tj(27 — 1), (2)
=0 j=0
(iv) We obtain an algebraic system of equations by requiring that the relevant
differential equations (and boundary or regularity conditions, where applicable)
are satisfied at a set of collocation points. For our purposes, a suitable choice are
Gauss-Lobatto nodes (0;,7;), i =0,...,n, — 1, j =0,...,n, — 1, defined by

These have the advantage that gridpoints lie at all four boundaries o, 7 = 0, 1.

(v) Starting from some initial guess, we solve this system iteratively with the Newton-
Raphson method. In the present case of a linear wave equation, we can simply
choose the trivial solution fo = 0. For nonlinear equations, however, one usually
needs to provide an initial guess sufficiently close to the solution, in order to
guarantee convergence.

This paper is organised as follows. In Sec. 2| we introduce coordinates that
are suitable for a discussion of the wave equation near spacelike infinity. In these
coordinates, we first reconstruct a simple test solution numerically, which is regular
everywhere. Then we show that general solutions suffer from logarithmic singularities
at I, where the sets I and .# " approach each other. We also show that the development
of initial data that are chosen subject to certain regularity conditions avoids the leading-
order singularities, and we study how the logarithmic terms at different orders influence
the numerical accuracy. Afterwards, in Sec. [3, we include the event horizon into the
numerical domain. To this end, we show how a coordinate singularity of the previous
coordinates, which prevents access to the horizon, can be removed, and we numerically
solve the wave equation in the modified coordinates. Finally, in Sec. [d] we summarise
and discuss our results.
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2. Numerical studies near spacelike infinity

2.1. Coordinates and the conformally invariant wave equation

In order to investigate and numerically solve the conformally invariant wave equation
near spacelike infinity, we first need to choose suitable coordinates that are sufficiently
well-behaved in the sense that they allow us to construct accurate numerical solutions.
Ideally, one could envision coordinates that cover the entire exterior of the black
hole — and probably even further regions of the maximally extended Schwarzschild
solution. The well-known standard compactification and its variations simply shrink
the Kruskal-Szekeres coordinates by mapping the corresponding null coordinates to a
finite domain, see, e.g., [I1}, 12, 21]. The resulting metrics, however, are typically not
conformally related to another metric with desirable geometric properties, in particular
near infinity, and at least some degree of regularity of the metric will be lost at the
conformal boundary. A promising new family of coordinate systems that achieves an
analytic conformal compactification has been constructed in [13] with particular view
on suitability for numerical computations. While i is still treated as a point in these
coordinates, it is possible to blow it up to the cylinder I with an additional coordinate
transformation. Unfortunately, even though these coordinates behave better near null
infinity (as shown in a direct comparison with standard compactifications in [13]), they
turn out not to be optimal for our treatment of spacelike infinity. The problem is that
the metric contains terms that behave like €2 In € near the cylinder, which is assumed to
be located at ¢ = 0. This is only a weak logarithmic singularity with bounded function
values and derivatives, but second derivatives blow up as e — 0. Since spectral methods
are very sensitive to this type of irregularity, these coordinates are not a good choice for
our purposes. As a consequence, we have to be satisfied with choosing other coordinates
that cover only a certain portion of the exterior vacuum region, but are suitable for our
numerical computations. However, since our main interest lies in the behaviour near
the cylinder, this appears to be an acceptable restriction.

We first consider coordinates that were introduced by Friedrich [10]. These are
adapted to one family of radial null geodesics (instead of both families, as in the Kruskal-
Szekeres coordinates), and a conformal metric is chosen according to the conformal
cn—gaug. Starting from the Schwarzschild metric § in isotropic coordinates (%, 7, 6, ¢),

g= L Qdfz— <1+m)4(df2+f2d02) (4)
I+ o7
with do? := d#? 4 sin? § d¢?, we compactify the radial coordinate 7 and rescale the time

coordinate ¢ by setting
m 2t
r=-—, t=—. 5
2r m (%)

2 The cn-gauge reduces the degree of freedom of choosing a conformal spacetime by imposing that
orthonormal frames are transported in a certain way along conformal geodesics, see [9, [10] for details.
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With the additional transformation

P ds s%(1 —s)
t= — =p(1— h F(s) = — 6
| s reeli=n whee F(s) = G (6
we finally arrive at coordinates (7,p,0,®) such that p is a null coordinate and in
which spacelike infinity is blown up. Note that the integral in the above coordinate

transformation can be evaluated to give

T 1—p
t=— — —4In(l —7) — 81 7
pr+ T — (1 —7)— 8l 2, 7)

but this explicit form is not needed in the following. The metric can now be written as

g = ©72¢g in terms of the conformal metric

1—7
2

g= gA dpdr — A2 — (1 —7)A]dp* — do?, (8)
p

where

. 3
P I o )i o)
(1=7)2F(p)  (1—p)(1+1)3
and with the conformal factor
2r
0= m(1+r)?

We consider the new coordinates in the intervals 0 < p < ppax < 1 and 0 < 7 < 1. The

(10)

restriction of p to values below a maximum py,. is necessary, because the transformation
(6) introduces a coordinate singularity at p = 1, due to F(1) = 0. This is also clear
from the explicit relation . As a consequence, the conformal metric is singular
at p = 1, where A diverges, see @ Since the event horizon of the Schwarzschild black
hole is located at 7 = m/2, corresponding to r = 1, i.e. p = 1/(1 — 7) > 1, the region
that can be described with these coordinates does not extend to the horizon. Instead,
the coordinates cover a domain as indicated in the standard Penrose diagram in Fig. [1}
The boundaries of our p-7 domain have the following correspondence to regions of the
extended Schwarzschild spacetime:

(i) 7=10,0 < p < pmax: The initial slice on which we prescribe the data f and f ..

(il) p = pmax, 0 < 7 < 1: This boundary, like all curves p = constant, is an outgoing
null geodesic and a characteristic of the corresponding wave equation. Hence no
information can enter our domain through this boundary, so that no boundary
conditions are required there. This is particularly convenient for our numerical
computations as we avoid to impose “artificial boundary conditions”, as is done so
often in numerical simulations, even though this is physically rather inappropriate,
since usually no information about the unknown functions is available at such
boundaries that would justify to impose any particular conditions there. The exact
location of the left boundary of the triangular region in Fig. [I|depends on the choice
of Prax-

(i) 7=1,0 < p < pmax: (A part of) Schwarzschild future null infinity # .
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=
Pmax 1

Figure 1. Illustration of the domain covered by the coordinates p and 7.

(iv) p = 0, 0 < 7 < 1: The (future half of) the cylinder representation of spacelike
infinity.
(v) p=0,7=1: The “critical set” I't.

We are now in a position to formulate the conformally invariant wave equation in
terms of the p-7 coordinates. From a physical point of view, the equation is initially
valid for finite values of the original Schwarzschild coordinates £ and 7. In terms of our
compactified coordinates, we extend this domain by imposing the same equation also at
the conformal boundaries p = 0 and 7 = 1. Note that, while standard hyperbolic
PDE theory guaranties existence of unique solutions in the original, “physical” set
0 <7< 1,0 < p < pmax, €xistence on the extended set is not immediately clear
(due to the particular degeneracy of the equation at the boundaries, in particular,
at ). This gap, however, is closed with our numerical investigations, which provide
(numerical approximations to) solutions with a certain degree of smoothness on the
extended domain.

In order to formulate the wave equation , we first compute the Ricci scalar in
these coordinates, which turns out to be R = —24r/(1 +r)* = —12m©. With this we
obtain the wave equation for a function f = f(r, p),

1—2r 4rA
— —TQ(I_T)A f,T—me:O. (11)

The metric ¢ in is real analytic when p # 0. This property guarantees that

(1 _T)[Q_ (1 _T)A] f,TT+2pf,Tp_2 1

(11)) is hyperbolic on the physical part of the computational domain. The theory
of hyperbolic equations then implies that the initial value problem based on the
hypersurface 7 = constant is well posed for initial data on 0 < p < ppax Which are
sufficiently regular.

The equation also makes sense for p = 0 but it loses hyperbolicity there. Therefore,
we need to discuss this location separately. The discussion is significantly simplified by
the fact that p = 0 is a total characteristic of the equation. This can be seen as follows.

If we consider in the limit p — 0, i.e. at the cylinder, then it reduces
to the intrinsic equation (1 — 72)f,, — 27f, = 0. This immediately implies that
f+(7,0) = ¢/(1 — 72) for some integration constant c¢. Hence the solution f generally
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diverges at I (p =0, 7 = 1), where I and .# approach each other, unless we choose
initial data with

f+(r=0,p=0)=0, (12)

for which ¢ = 0 follows. This is exactly the same situation as for the conformally
invariant wave equation on a Minkowski background [6]. As in the Minkowski case,
we will exclusively consider initial data subject to this regularity condition. Note,
however, that we will later observe an interesting difference to the situation with a
Minkowski background: while initial data subject to this regularity condition guarantee
a regular solution in the Minkowski case, the solutions to the Schwarzschild wave
equation generally still contain higher-order logarithmic singularities at I*. This will
be revealed by a more detailed study of the behaviour of f near the cylinder in Sec.
below.

For our choice of initial data subject to , the solution f satisfies f, = 0 on the
entire cylinder p = 0, and we will impose this equation thereﬂ For an interpretation of
this condition, we can reformulate it in terms of the original Schwarzschild coordinates
t and 7, with respect to which it becomes Ji — 0 as 7 — oo for finite t. If f has
an expansion f(£,7) = ¥o(t) + ¥y (f)r~" + a(t)r=2 + ..., then this condition implies
19 = constant, i.e. it enforces that f has a unique limit at spacelike infinity irrespective
of the spacelike slice along which it is approached.

Note that, at 7 = p = 0, the condition f, = 0 is identically satisfied for our initial
data. Instead, we can impose f,, = 0 at this particular point, which immediately
follows from the other condition by differentiation.

Furthermore, exactly as in the Minkowski case [0], it turns out that numerical
stability requires to also choose another condition than f, = 0 at the special point
p=0,7 =1, 1e at I (provided that we decide to include .#* into the numerical
domain). The reason why an extra condition is required is the following. At 7 = 1,
the wave equation implies the intrinsic equation pf,, — f - = 0 for sufficiently smooth
solutions. It follows that f, = cp there for some constant c. Due to the intrinsic nature
of the equation at 7 = 1, the problem at 7 = 1 is decoupled from the problem at 7 < 1, so
that this constant is completely undetermined from the numerical point of view. Hence
the pseudospectral method cannot converge to a well-defined solution. However, if we
provide an alternative condition that fixes ¢, then the numerical method will converge.
The required extra condition, of course, must be a consequence of the wave equation
— certainly we cannot choose just any condition. Similarly to the Minkowski situation,
the extra condition is obtained by differentiating the wave equation with respect to
the radial coordinate p. At p = 0, this gives (1 +7)f,., + 2f,, +4f = 0. Since
f(7,0) =: fo = constant on the cylinder, this is an intrinsic equation for the mixed

3 Note that the cylinder I is a characteristic surface. Consequently, from the analytical point of view,
boundary conditions are not required at I and we could impose the wave equation itself. However,
since the wave equation reduces to an intrinsic equation there, which, for our choice of initial data, is
equivalent to f . = 0, we can still choose to impose this condition as a numerical boundary condition
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derivative ¢(7) := f,,(7,0). The solution can be expressed in terms of the values f,
and go := ¢(0) = f,,(0,0),
9o + 2o
=—==—2f. 13
()= B2 o, (13)

Hence we know the values of f., everywhere on the cylinder. At the particular point
I, we can prescribe the correct value for this mixed derivative (which is identical with
the above-mentioned constant ¢, which is therefore fixed), i.e. we can use the boundary
condition f,,(1,0) = (go —6f0)/4, where fy and go can be read off from the initial data.
In summary, at p = 0, i.e. at the cylinder, we impose the following boundary conditions:

f,TT =0, T =0,
1
at p=10: feo=7l00=6f0),  T=1, (14)
fr=0, otherwise.

Above we have mentioned how the condition f, = 0 translates into the Schwarzschild
coordinates t, 7. A similar interpretation of the extra condition at 7 = 1 would
be interesting, but may be difficult to obtain, as this would require to consider the
simultaneous limit # — 0o, ¢ — oo, where the limit is performed in exactly such a way
that the special point It is approached.

Finally, another boundary of our numerical domain is p = pupac. As mentioned
above, no boundary condition is required there as this is a characteristic of the wave
equation. Instead, we just impose the wave equation itself.

2.2. A simple test solution

In order to find out whether the fully pseudospectral scheme can be applied to the
Schwarzschild wave equation, we first try to numerically reproduce a simple exact
solution. This can be obtained by looking for time-independent solutions with respect
to the original isotropic Schwarzschild coordinates (¢,7). In these coordinates, the
conformally invariant wave equation for a function f = f(7) reads

K# — m{) f,,:} . = 0. (15)

This equation can be readily integrated to obtain

2r —m

f(7) =cln 2f+m+d (16)

with two integration constants ¢ and d. The corresponding solution f in our compactified
coordinates (7, p) is obtained from f via f = ©7! | since (in four spacetime dimensions)

the conformally invariant wave equation has the conformal weight —1. Hence we get
1 2 1—
f(77p)zu(cln1+r+d), ’I":p(]_—7'> (17)

2r r

In this form, the solution has a nontrivial dependence on the compactified time

coordinate 7.
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Figure 2. Convergence plot for the numerical reconstruction of the test solution .
The numerical error is shown as a function of the spectral resolutions, where the same
resolutions in spatial and time directions have been chosen, n, = n.

For regularity at the cylinder we have to choose d = 0. Moreover, without loss of
generality (given that we study a linear equation), we can choose ¢ = 2/m to finally
obtain

(1+7)?2 1-7r

= 1

as an exact solution that is regular in the entire domain 0 < p < ppay, 0 < 7 < 1.

(18)

Now we try to reconstruct this solution from the corresponding initial data f(0, p)
and f,(0,p), which can be read off from . In particular, we are interested in
the numerical error, which we compute as the largest absolute difference between the
numerical approximation and the exact solution, max |fuumerical — fexact|. Here, the
maximum is approximated by comparing the solutions at 100 x 100 equidistant points,
where the numerical values are obtained via Chebyshev interpolation. The results are
displayed in Fig. 2| where the error is shown for different spectral resolutions and for
different choices of the coordinate range specified by the value of pn... We observe
that, for each choice of pn.., the error as a function of the resolution approximately
follows a straight line until saturation is reached close to machine accuracy (about 16
figures for our double-precision code). A straight line in a logarithmic plot corresponds
to an exponentially decaying error, i.e. to spectral convergence. This is exactly what
is typically expected for (pseudo)spectral methods, provided the solution is sufficiently
well-behaved. If we compare the curves that are obtained for different values of ppax,
then clearly higher resolutions are required to achieve the same error for a larger ppax.
Nevertheless, for sufficient resolutions, the errors reach the same order of magnitude of
about 107 to 107!2, corresponding to about 11 to 12 significant figures in the numerical
solutions. It was to be expected that a larger value of p,.« requires a higher resolution,
since the function f then needs to be represented on a larger domain. However, an
even more important reason for the requirement of higher resolutions is that larger ppax
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bring the numerical domain closer to the singularity of the term In(1 — r) appearing
in the exact solution ((18)). Since the solution has steep gradients near the boundary
P = Pmax, more Chebyshev polynomials are naturally required to represent the function
accurately. Nevertheless, we can still reach an accuracy close to machine accuracy for
just a moderate number of collocation points, even if the domain is relatively close to the
coordinate singularity at p = 1. Note that we could even further improve the numerical
performance by appropriately stretching our coordinates in a vicinity of p = 1, which
effectively places more collocation points near the boundary. This is described in detail
in [20]. For our purposes, however, this is not really necessary. Firstly, we are mainly
interested in a vicinity of spacelike infinity, so there is no need to choose py.x very close
to 1. Secondly, the singularity at p = 1 is a coordinate singularity without any physical
meaning. Later we will modify our coordinates in order to remove that singularity, and
hence there is no reason to study the wave equation close to a singularity that can be
removed.

In summary, we find that we can solve the conformally invariant wave equations
with the fully pseudospectral scheme. We observe spectral convergence and obtain
highly accurate solutions close to machine accuracy. This is possible since our test
solution is well-behaved in the entire numerical domain. In the next subsection,
however, we will see that general solutions usually develop logarithmic singularities at
the point I". Indeed, our exact solution and multiples of it may well be the only
solutions without such singularities. Hence it is important to understand the general
behaviour of solutions near i° and to test to what extent the numerical method works
in those cases.

2.3. General behaviour near spacelike infinity

Next we consider the case of general initial data at 7 = 0, which usually give rise to
solutions that are less regular than our explicit example solution (18]).

In order to analyse the behaviour near the cylinder, we expand the solution f in a
Taylor series about p = 0 with 7-dependent coefficients,

f(m.p) = ¢o(1) + ¢1(T)p+ da(7) 0 + ds(T)p" + ... (19)

Plugging this form of f into the wave equation , we obtain a sequence of ordinary
differential equations for the functions ¢, ¢1, ... The first four of these will be discussed
and solved in the following. If we abbreviate the left hand side of with W, so that
the wave equation can be written as W = 0, we obtain at the cylinder, i.e. in the limit
p—0,

lim W = (1= 7%)gy — 276 =0, (20)
p—

where a dot denotes differentiation with respect to 7. The general solution
1—7

147 (21)

¢0(T) = Co"‘Cl 111
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with integration constants ¢y and ¢; diverges at 7 = 1, which, at p = 0, corresponds
to the point IT. However, since ¢(0) = —2c¢;, we can achieve that the singular term
vanishes, if we choose initial data with

f#(0,0) = o(0) =0 (22)
so that ¢; = 0. This is exactly the same condition for the initial data that we discussed
earlier [cf. (12)], and which is required for bounded function values at /. Hence we can
eliminate the leading-order singularity at /™ with an appropriate choice of initial data.
Unlike the corresponding Minkowski case, where this was the only singular term at I,
we will find weaker logarithmic singularities at higher orders in the Schwarzschild case.

Assuming that initial data with ¢; = 0 have been chosen, we next examine the
equation for ¢;. This is obtained from

lim 2V — (1 =721 + 2(1 — 7))y + 4co(1 —7) =0, (23)

p—0 P
which has the general solution

2¢co + ¢
= -2 - ) 24
¢1(7) CoT 117 +c3 (24)
Since this function is regular for all 0 < 7 < 1, no further singularities are introduced
at this orderH
Once ¢ is chosen as in , the next equation becomes
%% 1—7)(7*"+3m3+ 312 -7+ 2)

_ . :
/l)g%ﬁ = (1 =7%)p2 +2(2 — 7)p2 — 8co 1+ 7)3

(1-7)? _
—Sa t desg(1—7) = 0. (25)

The general solution to this equation again contains a logarithmic term,

1—7 2 8(260 + CQ)T CyT
= 4(2¢o — In(1 — Sl VAR —
92(7) = 4(2¢0 = cs) (1 + 7‘) a(l-7)+ (1+7)2 (1+7)2
N 2 [co(27% + 673 + 672 + 847 + 36) + 6o (1 + 27) — 3c3(73 + 272 + 107 + 4)]
3(147)2

In(1+7)+

+c5

1—17
1+7

2
= 4(2co — c3) ( ) In(1 — 7) + regular terms. (26)
Here, the singular term is proportional to (1 —7)%In(1 —7), i.e. ¢3 and b are bounded,
but ¢o diverges as 7 — 1. This corresponds to a divergence of the fourth derivative
f.rrpp at IT. However, it is again possible to choose suitable initial data for which this
term does not appear. Since (f,+ frp)|r=p=0 = $1(0) +¢1(0) = ¢35 — 2cy, we can achieve

4 Note that is generally still singular at 7 = —1. If we want to consider the solution on a larger
time interval that includes 7 = —1, then further restrictions need to be imposed on the initial data in
order to remove singularities. For example, initial data with (2f + f ;,)|r=p=0 = 2co + c2 = 0 lead to a
solution with regular ¢;, since the 1/(1 + 7)-term in then disappears. In the following, however,
we will restrict ourselves to domains with 7 > 0.



Fully pseudospectral solution of the conformally invariant wave equation I1. 12

that the coefficient 2cy — c3 of the singular term vanishes by choosing initial data subject
to the additional regularity condition

(ot fol] __ =0 (27)

Finally, we consider one further order, assuming that initial data are chosen such

that singularities in all previous orders have been eliminated. The equation that results

from lim, ,o(W/p*) = 0 is rather lengthy and we do not give it explicitly, but we observe
that the general solution has the form

1—7

8
¢3(7’) = 5(600 + 562 +3C5) (1 s

3
) In(1 — 7) + regular terms. (28)

This time we find a logarithmic term proportional to (1—7)3In(1—7), which corresponds
to a singularity in the sixth derivative f ,,,---. Once again it is possible to choose initial
data for which the coefficient of the singular term vanishes. Here this can be achieved
with data subject to

(3fpp +14f, —36f) o =0. (29)

These considerations illustrate that logarithmic terms are present in the solution
near I, but they can be eliminated step-by-step by choosing initial data subject to
more and more regularity conditions at 7 = p = 0.

For some general remarks on a systematic treatment of the singular behaviour
of ¢,(7), we refer to . In particular, we observe that, if all singularities
up to the order n — 1 have been eliminated, then the singular term at order n is
proportional to (1 — 7)"In(1 — 7). In other words, the trend observed here for the
explicitly calculated ¢-functions continues in the same way at higher orders. The
calculations in the appendix also show that the singularities are related to the non-
vanishing mass m of the Schwarzschild spacetime, and all singularities in ¢y, ¢, ...
disappear in the limit m — 0, leaving only a (possible) singularity in ¢y (depending on
the initial data).

2.4. Numerical studies in the general case

How do we numerically solve the conformally invariant wave equation in situations where
the logarithmic singularities from the previous subsection are present? In cases where
the exact structure of a singularity is known, one can try to reformulate the problem
entirely in terms of regular quantities. An example is the computation of rotating disks
of dust, as discussed, e.g., in [3] or [I6]. The mass density of these disks behaves like
a square root near the rim of the disk, so that it has unbounded derivatives. However,
one can simply write the mass density as a square root times another function, where
this other function turns out to be regular. Hence it is possible to reformulate the field
equations using this regular function, and, consequently, one can again obtain highly
accurate numerical solutions.
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As a second example for removing singularities, we point to the numerical
construction of five-dimensional black strings with pseudospectral methods in [I7].
While the physical relevance of these configurations is rather questionable, they are
certainly mathematically very interesting. It turns out that some of the unknown
functions contain logarithmic terms of the form x'In™y, where x is one of the
coordinates and [,m > 0 are constants. With a coordinate transformation y =
xrexp(l — 1/n), x; = constant, these logarithmic terms (and therefore the metric
potentials) become C* (even though not analytic) functions of the new coordinate
71, which is sufficient for highly accurate numerics.

In our case, unfortunately, both of the above regularisation procedures seem not to
be applicable, as they require an exact knowledge of the structure of the singular terms.
Since the calculations in the previous subsection only reveal the behaviour of f and its
derivatives as I is approached along the cylinder p = 0, and not along any other curve,
it is not clear if f can be written as a combination of singular terms and one or more
regular functions. Another difference between our situation and the above examples,
where time-independent equilibrium configurations are studied, is that we have to solve
a time-evolution problem. Even if f could be expressed in terms of regular functions
and well-defined singular terms, we would then also need to decompose the initial data
into parts that could be used as initial data for those regular functions and parts that
give rise to the singular terms. Since the initial data can be chosen as arbitrary, regular
functions at 7 = 0, it is not clear how the individual components could be extracted. (If
the above hypothesis is true, according to which the only entirely regular solutions in
our domain 0 <7 <1 and 0 < p < ppax may be the test solution and its multiples,
then the “regular portion” of the initial data may correspond to initial data for this
solution. But this was only a conjecture.)

Hence it appears to be impossible to eliminate the logarithmic terms from our
solution via coordinate transformations or reformulations of the unknown function.
Instead, we will try to solve the equation without reformulations and thereby test
how the presence or absence of the leading-order singularities influences the numerical
accuracy. However, we will only allow initial data subject to the regularity condition
, for which the highest-order singularity in ¢q is eliminated. This ensures that at
least function values, even though not derivatives, are bounded.

In the following, we choose ppax = 0.5 and consider the family of initial data given
by
PED (o). = (a5, (30)

which depends on two parameters «, 5 € R. These parameters allow us to control which

T=0: f=

of the leading-order singularities will be present in the evolution of these data. Since
f-(0,0) = 0 holds for all values of @ and 3, the leading singularity in ¢q is removed —
as required. We also obtain (f, + fr,)|r=p=0 = . Hence the parameter o controls the
next-order logarithmic singularity in ¢o, cf. : for a = 0 there is no singularity in ¢,,
whereas ¢ diverges at 7 = 1 for a # 0. In the latter case, the magnitude of o determines
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Figure 3. Convergence plot for the family of initial data for several values of the
parameters « and 8. Note the double-logarithmic scale.

how large the coefficient of the logarithmic term is, i.e. how “strong” the singularity
is. Finally, this family of initial data satisfies (3f,, + 14f, — 36f)|,=p=0 = —205.
Comparing with , we see that we can eliminate the next-order logarithmic singularity
by choosing 8 = 0.

Numerical experiments show that the fully-pseudospectral scheme also converges
in these cases. Note that, in order to determine the accuracy of the resulting solutions,
we have to find a different measure than before, since no exact solution is available for
these examples. To this end, we compare the function value f(1, pmax) as obtained for
some resolution with the corresponding value obtained for the highest resolution that we
choose as n, = n, = 42. Since our numerical method effectively couples all gridpoints,
any small error at one point usually spoils the accuracy at all other points. Hence the
investigation of the behaviour at just one point is already a good measure for the overall
accuracy.ﬂ It turns out that the curves in the resulting convergence plot are not straight
lines as in the case of the above test solution, if we choose a logarithmic scale as in
Fig. . However, if we use a log-log plot instead, we again (roughly) obtain straight
lines. This is shown in Fig. [3] Based on this observation, we conclude that the error
does not decay exponentially, but proportional to a (negative) power of the resolution,
i.e. we have algebraic convergence rather than the previous spectral convergence. This
is exactly what one expects for pseudospectral methods if the solution is only C* with
some finite k rather than C* or analytic [4].

In the following, we have a closer look at the examples illustrated in Fig. |3 First
we consider the case § = 1 and choose several non-zero values for a. The results can

> Of course, we have to choose a point where the function value is not fixed by initial or boundary
conditions. In our example, the values at 7 = 0 are given in form of the initial values, while the values
at p = 0 are constant for our boundary condition f -(7,0) = 0, so that f is effectively known at p =0
as well. This explains our choice of the point (7 = 1, p = pmax), which ensures that we look at function
values as far away as possible from the region where f is trivially known.
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then be compared with the case a« = 0. The corresponding curves in Fig. [3| clearly show
that the singularity in ¢2 has a strong influence on the numerical accuracy. Without
that singularity (i.e. for a = 0), the final error is below 10~!''. However, even for the
small value o = 0.01, the final error is already about two orders of magnitude larger.
If we further increase «, then the singularity becomes stronger and the accuracy is
further reduced. Finally, we consider the case « = § = 0, in which the next logarithmic
term, namely the singularity in ¢3, is removed as well. Compared to the simulations
with o = 0, § = 1, we gain about one further order of accuracy, and the error for
the largest considered resolution is around 1072, This improvement is smaller than
the one achieved by going from o = 0.01 to @« = 0 (in the case § = 1). Hence
we conclude that the singularity in ¢3 is already of sufficiently high order to have
only a relatively small influence on the result. Nevertheless, the convergence curve
corresponding to a« = = 0 is also a straight line in the log-log plot, which illustrates
that the pseudospectral methods still clearly notice the fact that the solution has a
limited regularity.

In summary, we see that the numerical accuracy very much depends on our choice
of initial data. If we want highly accurate results, we can restrict ourselves to data
satisfying the first two, or even the first three regularity conditions (rather than only
the first), thus leaving logarithmic singularities only at high orders. Nevertheless, even
for our most inaccurate example (obtained for « = 5, 5 = 1), the final error of about
1077 is still better than what some other numerical methods typically achieve. We could
also just choose a larger spectral resolution, which would further reduce the error, but
this would somehow be against the spirit of pseudospectral methods, where one wants
to obtain very good results for a moderate number of gridpoints.

Finally, we want to verify that the observed algebraic convergence for the solutions
with the above initial data is indeed caused by the logarithmic singularities at .#*
and does not result from some other unpleasant feature of the particular solutions. For
that purpose, we solve the same initial value problems from Fig. [3| again, but this time
on the smaller domain 0 < p < pyax, 0 < 7 < 0.9, which does not contain the upper
boundary 7 = 1. Since the solutions should be well-behaved in the entire new domain,
we should find better convergence properties. This is what we indeed observe in Fig. [4]
where the errors approximately follow straight lines in a logarithmic plot (rather than
the previously used double-logarithmic scale). Moreover, the convergence curves for
the different parameter choices overlap, and we find comparable errors for all examples.
Saturation with final errors of about 107'* close to machine-accuracy is reached with
between 25 and 30 gridpoints in spatial and time directions. This shows that we can
restore all the nice features that pseudospectral methods usually have, if we exclude the
logarithmic singularities from our computational domain.
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Figure 4. Convergence plots for the same examples as in Fig. [3] but this time on the
smaller time interval 0 < 7 < 0.9.

3. Including the event horizon

3.1. On three modifications of the compactified coordinates

In the previous discussion our attention was focused on an accurate description of the
cylinder at spacelike infinity and on solving the conformally invariant wave equation in a
neighbourhood of this cylinder. However, we have already seen that our coordinates do
not allow us to include the event horizon into our considerations, due to the coordinate
singularity at p = 1, which prevents access from the horizon at » = 1 (which is formally
located at p = 1/(1 — 7) > 1). This singularity is introduced with the coordinate
transformation @, since, for points close to the horizon, we have » < 1 and p > 1, such
that the integration interval r < s < p in @ then contains the point s = 1 at which
1/F(s) is singular. In the following we will — in several steps — construct alternative
coordinates which are suitable for solving the wave equation in a domain that contains
both the cylinder and the event horizon.

In a first step, we can try to modify the transformation equation r = p(1—7). This
part of the coordinate transformation achieves the blow up of i, and the important
point is that both p = 0 (i°) and 7 = 1 (#T) correspond to r = 0, i.e. to an infinite
value of the radial isotropic Schwarzschild coordinate 7 = m/(2r), cf. (f]). A modified
transformation equation should still have this property, but at the same time avoid that
p-values greater than 1 are required. This could be achieved by replacing @ with the
following transformation,

p _ 2(1 —
t:/r %, 7":'01(1_—[):), where F(s):H. (31)
With the new formula for 7, the boundaries p = 0 and 7 = 1 still correspond to r = 0, but
p = 1 does now imply » = 1. Hence the resulting coordinates cover the horizon, which
will be located at p = 1. It is easy to check that the corresponding metric is regular
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Figure 5. Radial null geodesics in the three p-7 coordinate systems defined via the
coordinate transformations [panel (a)], (34) [panel (b)] and [panel (c), shown
for the parameter choice d = 3|.

for p < 1, but not invertible at the horizon p = 1. Moreover, radial null geodesics
are irregular near the horizon: while one family of null geodesics is simply given by
p = constant, the geodesics in the other family all accumulate at the point p =7 =1,
see Fig. a). This is similar to the behaviour of null geodesics in advanced or retarded
Eddington-Finkelstein coordinates, in which one class of geodesics is well-behaved, but
the other class only approaches the horizon asymptotically. In our compactified picture,
this asymptotic approach is mapped to the finite coordinate value 7 = 1.

In order to improve our coordinates, we can choose a new time coordinate adapted
to the behaviour of geodesics near the accumulation point. From the normalisation
condition gab‘%%—f = 0 for null geodesics, one can derive that the geodesics near the
point p = 7 = 1 are approximately given by 7 &~ 1 — ¢y/1 — p, ¢ = constant. Based on
this observation, we introduce a new time coordinate 7’ via

T=1-(1-7)/1-p. (32)

If we only do this coordinate change, then geodesics in the resulting coordinate system
would no longer be accumulated at a single point, but they would have an infinite slope
at the horizon. This is caused by the term /1 — p in the coordinate transformation.
We can solve this problem by also changing our p-coordinate via

pr=1-+/1-p, (33)

which is still defined in the interval [0,1]. If we combine our earlier transformation
with the subsequent transformations , , then we can express the complete
transformation as follows (where we skip the primes),
t:/p@p) ds, r:M7 I (34)
- F(s) w+p(l—71) 2—p
with the same function F'(s) as before. The resulting geodesics are now regular and
reach the horizon at a finite slope, see Fig. (b) However, these coordinates still have

an unpleasant feature: the behaviour of the geodesics close to the initial surface 7 = 0
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Figure 6. Sketch of the domain that is covered by the coordinates introduced in .
Note that the exact form of the lower boundary depends on the parameter d. (The
picture shows how this curve would approximately look like for d = 2, provided that
the Penrose diagram is constructed by compactifying the Kruskal null coordinates with
arctan-functions.)

shows that this surface is not everywhere spacelike. In fact, it turns out that 7 = 0
is spacelike only for p < 0.735947731 ... In order to prescribe initial data for the wave
equation, we therefore either have to choose a different, spacelike surface or find yet
another coordinate system in which 7 = 0 is spacelike.

We choose the latter approach and include an additional term in the coordinate
transformation , which we replace with

7:1—(1—7’)\/1Tp[1+d<1—\/E)], (35)

where d is a parameter. This allows us to control the shape of the 7/-coordinate lines
at one further order. If we again combine this with the previous transformations (and
drop the primes), then we can write down the complete transformation as follows,
t:/p(2 g ds, T:—p(l_T) , W= L=p : (36)
. F(s) w+p(l—7) (2= p)(1+dp)
which differs from by an additional term in the definition of w. Obviously, our new
coordinates contain the previous ones as the special case d = 0. However, if we restrict

ourselves to parameter values d > 1/2, then the initial surface 7 = 0 is spacelike as
required, see the example in Fig. (c)

If we consider the new coordinates in the domain 0 < p <1 and 0 < 7 < 1, then
we describe a part of the Schwarzschild spacetime as shown in Fig. [6] Similarly to our
earlier coordinates, the boundary p = 0 corresponds to the cylinder i°, and .#* is located
at 7 = 1. Now we also cover the event horizon H, which is at the boundary p = 1.
Note that, in our earlier coordinates, the initial Cauchy surface 7 = 0 corresponded to a
vanishing isotropic Schwarzschild time, ¢ = 0, cf. @ or . For the present coordinates,
however, 7 = 0 is a different hypersurface, parts of which can have positive values of
t and other parts negative. Therefore, the lower boundary of the relevant domain in
Fig. |§| is no longer a straight line (as in the corresponding picture in Fig. [1]), and we
effectively solve initial value problems with data on a different hypersurface.
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3.2. The conformally invariant wave equation

We express the Schwarzschild metric in terms of our (new) coordinates 7 and p as defined
in . The result is the following conformal metric,

B [(1 —w+ p(l — 7B - 2W] dp? — do?, (37)

2
g="2Bdpdr +
p

where w was defined in (36)), and the quantities B and W are the following abbreviations,

. 20-p)F(r)  _ 2(1-r) 1+p2-p)\’
B"<1—7>2F<p[2—p1>‘[w+p<1—7>]2<2—p>2<1—p>( Iy ) (38)

dw pll+d+d(1—p)?
Wi =w—-p—=
TP T T @ R dpp?

The conformal factor is the same as before, given in ((10)).

(39)

Using this new form of the conformal metric, we can again formulate the conformally
invariant wave equation. The result is

(1=7)[2W = (1 = D)w+ p(1 = T)PB| frr + 200 1,

+2 {(1 —7)[w+p(l —7)|B (wi : 72"2 +p(1 — T)) — W} fr
4rw’B

Similarly to our previous considerations, we can again derive boundary conditions
for regular solutions from the wave equation. In the limit p — 0, the wave equation
again becomes an intrinsic equation whose solutions blow up for 7 — 1, unless we
restrict ourselves to solutions that are constant on ", which is guaranteed if we impose
the same regularity condition on our initial data as before, namely,

f+(0,0) = 0. (41)

This is what we will do in the following. Similarly, one could repeat the entire earlier
discussion of logarithmic singularities at higher orders and impose further conditions
to avoid these. However, here it is better to choose a numerical domain that does not
contain .#*. The reason is that, in the current setting with a domain that includes
the event horizon H, we do not only have to cope with logarithmic singularities at
IT™ (p =0, 7 = 0), but also with a physical singularity at future timelike infinity ¢+
(p = 7 =1). (Recall that the curvature singularity of the Schwarzschild solution,
indicated by the upper wiggly line in Fig. [6] touches the point i* in the compactified
picture.) Hence there is no hope that solutions to the wave equation will be regular at
it if the underlying spacetime is not. Consequently, we will only solve the problem in
a smaller domain that excludes this singularity. To this end, we restrict the coordinates
to a rectangular domain of the form

0<p<1l, 0<7<Tmax <l (42)
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With this choice, we obtain the solution in a region that contains both the cylinder °
(at p = 0) and the horizon H (at p = 0), but not &+ (at 7 = 1). As a consequence,
the logarithmic singularities at I are not relevant for our discussion as this point is
excluded from our domain too. (As we have seen before, the logarithmic singularities
are too mild to cause problems in domains away from I*, cf. Fig. ) The singularity
at i*, on the other hand, could be strong enough to influence the numerical accuracy
if Thax 18 too close to 1. Hence we will need to investigate what values of 7., lead to
acceptable results.

Besides i°, the wave equation also becomes an intrinsic equation on the horizon.
This equation can be integrated to show that the following linear combination of first-
order derivatives is constant on the horizon,

H: [1—2d(1—7)|f,—2(1+d)f, = constant. (43)

For our numerical purposes, however, this is not important, as we just impose the
wave equation itself at p = 1 (which is a characteristic boundary, so that no additional
conditions are required there).

3.3. Numerical studies

We intend to test how accurately the conformally invariant wave equation can be solved
with the fully pseudospectral method. Note that in our new coordinates, we cannot try
to reconstruct the test solution , as this diverges at the horizon, i.e. for r — 1, and
for which even initial data at 7 = 0 would be irregular. Instead we have to choose some
regular initial data. As an example, consider the following data,

T=0: f = COS(QIO): fﬂ' = Sin(ﬂ)? (44)

which satisfy the regularity condition . In order to test how close we can come to
the singularity at 7 = 1, we solve the corresponding initial value problem on different
domains, obtained by choosing different values for 7,,... To measure the numerical
accuracy, we compare the function values f(7max,1) as obtained for various spectral
resolutions to the value obtained for the highest resolution of 42 x 42. The resulting
convergence plot is shown in Fig. m

For 1. = 0.5,0.6,0.7,0.8, we observe spectral convergence and highly accurate
solutions with error saturation below 107'3. The errors in all these examples are
comparable, i.e. the particular value of 7,,, has no big influence on the accuracy as
long as the numerical domain is sufficiently far away from i*. For 7. = 0.9, however,
there is a considerable loss of accuracy, compared to the previous examples: the error
is about two orders of magnitude larger. Nevertheless, the smallest error as obtained
for the highest resolution is below 107!, so that we still have very accurate results.
With further increasing 7. to 0.95 we loose two further orders of magnitude, and for
Tmax = 0.99 the final error is as large as 2 x 1075, This shows that, as expected, our
numerical scheme depends quite sensitively on the proximity to the singularity. However,
unless we are really close to 7 = 1, very accurate solutions are found.
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4. Discussion

We have studied the conformally invariant wave equation on a Schwarzschild spacetime
with particular consideration of an appropriate treatment of spacelike infinity ¥ as a
cylinder I. This problem can be regarded as a toy model for the general behaviour of
more complicated equations (e.g., the spin-2 system or the full Einstein equations) and
their solutions near the cylinder. In particular, our present studies extend the previous
discussions of the Minkowski wave equation in [6] to a nontrivial background metric.
Our approach should be compared to the “standard” way of solving problems on
compactified spacetimes, where data are given on a hyperboloidal or characteristic initial
slice. The data are then chosen somewhat arbitrarily such that everything extends
smoothly to future null infinity. However, in this way, the connection to spacelike
infinity is completely lost, and there is no way to say anything about past null infinity.
We found that we can numerically solve the conformally invariant wave equation
for the Schwarzschild spacetime with the fully pseudospectral scheme that we also used
in the Minkowski case. Moreover, for sufficiently regular solutions, we observe the same
numerical properties: we achieve highly accurate solutions close to machine accuracy
with a moderate number of gridpoints, and the error decreases exponentially with the
spectral resolution, i.e. we have spectral convergence. However, as opposed to the
Minkowski case, the solutions are generally not regular if future null infinity . is part of
the numerical domain. Indeed, in the present Schwarzschild case, the solutions generally
develop logarithmic singularities at I™, where I and .#* approach each other. As a
consequence, the numerical convergence is only algebraic in those cases. Nevertheless,
the numerical approximations turn out to be still very accurate. The analysis of the
behaviour of solutions along the cylinder shows that logarithmic singularities can appear
at It in derivatives of every order. These singularities can be eliminated order by order
as discussed in the appendix which has the consequence that the solution can be made C*
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at I™ for arbitrary natural number k by imposing sufficiently many conditions at I°. The
interesting feature of the fully pseudospectral method is that the finite differentiability
is directly reflected in the convergence behaviour of the solution. In this way, we have
a direct way of controlling the smoothness on null infinity by imposing conditions at
I° on the initial data. In this sense the influence of logarithmic singularities on the
convergence properties of our numerical method is actually something very positive. In
this way, the numerical simulations can be used to analyse the degree of regularity of
the solution for any given set of initial data. No other numerical method may be able
to provide this useful information.

Overall, we see that the fully pseudospectral scheme is very well-suited for treating
the conformally invariant wave equation on a Schwarzschild background, even in the
presence of logarithmic singularities. Hence we have found yet another application for
which this method works very well, and we can expect that more complicated equations
and more general problems can be successfully studied with the same approach in the
future.

Another important object of further analysis would be to generalise the present
considerations to numerical domains that include (a part of) past null infinity. As
discussed in the construction of coordinates in Sec. 2.1} our p-7 coordinates only cover
the “future half” of the Schwarzschild spacetime. Moreover, coordinates based on the
Kruskal extension introduce singularities at the cylinder. Hence the currently available
coordinate systems are either irregular or do not cover past null infinity, and it would
first be necessary to identify new types of well-behaved coordinates.

Appendix A. A general recursion formula for the expansion at spacelike
infinity

In Sec. we have explicitly derived how the solution f(7,p) behaves near spacelike
infinity in the first four orders in p, described by the functions ¢o(7), ..., ¢3(7). Here we
give a recursion for ¢, (7), which allows to study properties of the expansion in greater
generality.

In order to obtain the desired formula, we multiply the wave equation with
(1 — p)[1 + p(1 — 7)]°, which leads to an equation in which each derivative of f is
multiplied by a polynomial in p (with 7-dependent coefficients). Plugging the expansion
into this equation and comparing coefficients of different p-powers, we obtain a
recursion formula. A certain complication is introduced by the fact that the coefficient
polynomials in the reformulated wave equation are of up to seventh degree, which mixes
quite a number of different functions ¢,,. Nevertheless, the somewhat involved formula
that one obtains has a simple structure,

(1=7")¢n +2(n = 1)y = R, (A.1)

where R, depends on the six previous ¢-functions ¢,_1, ..., ¢,_¢. Hence, even just to
start the iteration, we need more ¢-functions than we have computed above.
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For completeness, we give the full expression for R,,, which reads
Ry = (1= 7)(% 457 = 9)dus +2[r% + (50— 9)7 + 6 — 4nldy — 4(1 = 7)1 )
— (1= 7)((1=7)(72 = 197 + 5)du s — 2127° + (100 — 37)7 + 17 = 5nld
47 +2)gn2) = (1= 1) (= 7(1 = 7)(r* = 267 + 26),
+ 2[(10n — 46)7% + (55 — 10n)7 — 8]dp_s + 12¢¢n_3>
—(1—1) ((1 721372 — 97 — 5) s + 2(1 — 7)[5(n — 5)7% + 67 + 18 — 5ndhn_s
437 = 2)gn ) — (1= 7)2((1L = 7)%(27% + 37 — )
+2(1—7)[(n — 6)7% + (3n — 18)7 + 22 — An]d,_s — 4¢n_5)
— (1= 7)((2r = Ddums — 2(n = s ).

The second-order equation (A.1)) for ¢, can, in principle, be solved with two integrations
by rewriting it as

(32 (122w
(1=7)

Obviously, two new integration constants will be introduced at each order n.

If we assume that an appropriate choice of the integration constants (corresponding
to a suitable subset of initial data) has eliminated all singularities up to the order n—1,
then R, will be a regular function of 7. If we further assume that this regular function
has an expansion

Ru(t)=co+tc(l—7)+ec(1—7)2+..., (A.3)

near 7 = 1, then the differential equation can be explicitly solved for ¢, (7). We observe
that the contribution of the term ci(1 — 7)* is regular as long as k > n — 1. For
k=0,1,...,n—1, however, the results contain terms that behave like (1 —7)"In(1 —7)
near 7 = 1. Consequently, we expect weaker and weaker logarithmic singularities at
infinitely many orders.

This does not explicitly show how we have to restrict the initial data in order to
eliminate the logarithmic singularities up to a given order, since that would require an
explicit knowledge of the solution including the relevant integration constants. But it
illustrates the structure of the singular terms, and it provides a systematic approach to
computing ¢-functions up to arbitrary orders.

Finally, it is interesting to see how the singular behaviour results from the non-
vanishing mass m of the background Schwarzschild spacetime. Since the mass is
absorbed into the definition of the coordinates 7 and p, this is not directly possible with
the previous equations. However, we can re-derive the wave equation in coordinates
that leave m in the metric and equations. To this end, we replace with r = 1/(27),
t = 2t and change the definition of F(s) from @ to F(s) = s*(1 — ms)/(1 + ms)®.
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We can then perform a similar analysis of the resulting wave equation. In particular, it
turns out that the differential equation (A.1)) needs to be replaced with

(1 =73, +2(n — 1), = mR,, (A.4)

where R, is a slightly modified version of the previous function R,. Most importantly,
we observe that the equation has a factor m on the right-hand side. Aslong as m # 0, the
above analysis applies, which reveals singularities at infinitely many orders. However,
for m = 0, the right-hand side vanishes so that the equations for the different ¢-functions
decouple. We can even solve them explicitly to obtain that

1—17
dpl =0
Co + 0n<1+7_), n

1— n
cn+dn( T) , n >0
1471

Gn(T) = (A.5)

with integration constants c¢,, d,. FEvidently, the corresponding expansion has a
singularity only at the lowest order — exactly what we know about the Minkowski
situation — while singular terms at all other orders disappear.

Acknowledgments

We would like to thank Chris Stevens for commenting on the manuscript, and JF would
like to thank the Department of Mathematics at the University of Oslo for hospitality.
Part of this research was supported by the European Research Council through the

FP7-IDEAS-ERC Starting Grant scheme, project 278011 STUCCOFIELDS. Moreover,
we thank the anonymous referees for their valuable constructive comments.

References

[1] Ansorg, M., Kleinwéchter, A., and Meinel, R., Highly accurate calculation of rotating neutron
stars, Astron. Astrophys. 381, L49 (2002)

[2] Ansorg, M. and Hennig, J., The interior of axisymmetric and stationary black holes: numerical
and analytical studies, J. Phys.: Conf. Ser. 314, 012017 (2011)

[3] Ansorg, M. and Meinel, R., Differentially rotating disks of dust, Gen. Relativ. Gravit. 32, 1365
(2000)

[4] Boyd, J. P., Chebyshev and Fourier spectral methods, (Dover publications, Mineola, 2001)

[5] Frauendiener, J., Conformal infinity, Living Rev. Relativity 7, 1 (2004)

[6] Frauendiener, J. and Hennig, J., Fully pseudospectral solution of the conformally invariant wave
equation near the cylinder at spacelike infinity, Class. Quantum Grav. 31, 085010 (2014)

[7] Friedrich, H., Cauchy problems for the conformal vacuum field equations in general relativity,
Commun. Math. Phys. 91, 445 (1983)

[8] Friedrich, H., On the existence of n-geodesically complete or future complete solutions of Einstein’s
field equations with smooth asymptotic structure, Commun. Math. Phys. 107, 587 (1986)

[9] Friedrich, H., Gravitational fields near space-like and null infinity, J. Geom. Phys. 24, 83 (1998)

[10] Friedrich, H., Smoothness at null infinity and the structure of initial data in The Einstein equations

and the large scale behavior of gravitational fields, edited by Chrusciel, P. and Friedrich, H.
(Springer, Basel, 2004)



Fully pseudospectral solution of the conformally invariant wave equation I1. 25

11]
12]
13]
[14]
[15]
16]
17)
18]
19]
20]
21]
22]
23]

[24]

Frolov, V. P. and Novikov, I. D., Black hole physics, (Kluwer Academic Publishers, Dordrecht-
Boston-London, 1998)

Griffiths, J. B. and Podolsky, J., Exact space-times in Einstein’s general relativity, (Cambridge
University Press, Cambridge, 2009)

Halacek, J. and Ledvinka, T., The analytic conformal compactification of the Schwarzschild
spacetime, Class. and Quantum Grav. 31, 015007 (2014)

Hennig, J., Fully pseudospectral time evolution and its application to 1 + 1 dimensional physical
problems, J. Comput. Phys. 235, 322 (2013)

Hennig, J. and Ansorg, M., A fully pseudospectral scheme for solving singular hyperbolic equations
on conformally compactified space-times, J. Hyperbolic Differ. Equ. 6, 161 (2009)

Hennig, J., Neugebauer, G., and Ansorg, M., Thermodynamic description of inelastic collisions in
general relativity, Astrophys. J. 663, 450 (2007)

Kalisch, M. and Ansorg, M., Pseudo-spectral construction of non-uniform black string solutions in
five and siz spacetime dimensions, Class. Quantum Grav. 33, 215005 (2016)

Kroon, J. A. V., Conformal methods in general relativity, Cambridge University Press (Cambridge,
2016)

Macedo, R. P. and Ansorg, M., Azisymmetric fully spectral code for hyperbolic equations,
J. Comput. Phys. 276, 357 (2014)

Meinel, R., Ansorg, M., Kleinwéchter, A., Neugebauer, G., and Petroff, D., Relativistic figures of
equilibrium, (Cambridge University Press, Cambridge, 2008)

Misner, C. W., Thorne, K. S., and Wheeler, J. A, Gravitation, (W. H. Freeman and Company,
New York, 2002)

Penrose, R., The light cone at infinity, in Relativistic theories of gravitation, edited by Infeld, L.
(Pergamon Press, Oxford, 1964)

Penrose, R., Zero rest-mass fields including gravitation: asymptotic behaviour, Proc. Roy. Soc.
London A 284, 159 (1965)

Weyl, H., Reine Infinitesimalgeometrie, Math. Zeitschrift 2, 384 (1918)



	1 Introduction
	2 Numerical studies near spacelike infinity
	2.1 Coordinates and the conformally invariant wave equation
	2.2 A simple test solution
	2.3 General behaviour near spacelike infinity
	2.4 Numerical studies in the general case

	3 Including the event horizon
	3.1 On three modifications of the compactified coordinates
	3.2 The conformally invariant wave equation
	3.3 Numerical studies

	4 Discussion
	Appendix A A general recursion formula for the expansion at spacelike infinity

