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Abstract

Impulsive gravitational waves are theoretical models of short but violent bursts of
gravitational radiation. They are commonly described by two distinct spacetime met-
rics, one of local Lipschitz regularity and the other one even distributional. These two
metrics are thought to be ‘physically equivalent’ since they can be formally related by
a ‘discontinuous coordinate transformation’. In this paper we provide a mathematical
analysis of this issue for the entire class of nonexpanding impulsive gravitational waves
propagating in a background spacetime of constant curvature. We devise a natural geo-
metric regularisation procedure to show that the notorious change of variables arises
as the distributional limit of a family of smooth coordinate transformations. In other
words, we establish that both spacetimes arise as distributional limits of a smooth
sandwich wave taken in different coordinate systems which are diffeomorphically
related.

Keywords Impulsive gravitational waves - Nonlinear distributional geometry -
Discontinuous coordinate transformation

B Roland Steinbauer
roland.steinbauer @univie.ac.at

Clemens Sdmann
clemens.saemann @maths.ox.ac.uk

Benedict Schinnerl
b.schinnerl @gmail.com

Robert Svarc

robert.svarc @mff.cuni.cz

Mathematical Institute, University of Oxford, Andrew Wiles Building, Radcliffe Observatory
Quarter, Woodstock Road, Oxford, UK

Faculty of Mathematics, University of Vienna, Oskar-Morgenstern-Platz 1, 1090 Vienna, Austria

Institute of Theoretical Physics, Faculty of Mathematics and Physics, Charles University,
V Holesovickach 2, 18000 Prague 8, Czech Republic

Published online: 24 April 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11005-024-01804-0&domain=pdf
http://orcid.org/0000-0001-8972-7502

58 Page2of31 C.Séamann et al.

Mathematics Subject Classification 83C15 - 83C35 - 46F30 - 83C10 - 34A36

1 Introduction

Impulsive gravitational waves are exact general relativistic spacetimes providing theo-
retic models of short but strong bursts of gravitational radiation. Originally introduced
by R. Penrose (e.g. [31]), they have since attracted the attention of researchers in
exact spacetimes (who have widely generalised the original class of solutions, see,
for example, [33]), of theoretical physicists (who have considered quantum scattering
and the memory effect in these geometries as well as their astrophysical applications,
see, for example, [4, 46]), and of mathematicians (who have used them as relevant
key-models in low regularity Lorentzian geometry). For a pedagogical introduction
of the various constructions and models as well as their physical properties, see [15,
Chapter 20].

Here we focus on a fundamental mathematical issue related to the fact that impulsive
gravitational waves are metrics of low regularity. Indeed, they are commonly described
by two ‘forms’ of the metric, one (locally Lipschitz-)continuous and the other one dis-
tributional. The ‘physical equivalence’ of these two descriptions has been established
in several families of these models in a formal way, leaving open some quite subtle
problems in low regularity Lorentzian geometry. In fact, both ‘forms’ of the metric are
connected via a ‘discontinuous coordinate transformation’ which reflects the Penrose
junction conditions used to vividly construct these spacetimes in the first place. This
‘scissors and paste’ approach [31] was recently generalised to the A # O-case [39].

In this work we completely solve these mathematical issues for the class of all
nonexpanding impulsive gravitational waves propagating on backgrounds of constant
curvature, i.e. Minkowski space and the (anti-)de Sitter universe. We do so by employ-
ing nonlinear distributional geometry, a method which is based on regularisation of
the rough metrics and which also brings to light new insights into the geometry and
the physics of these spacetimes. We build upon the (nonlinear) distributional analysis
of the geodesics in these spacetimes carried out in [43, 45]. Thereby, the current work
concludes this long-term research effort in a completely satisfactory way.

This article is organised in the following way. In the next section we recall the
relevant aspects of the class of solutions we are working with. In particular, we dis-
cuss explicitly the ‘discontinuous coordinate transformation’ thereby also fixing our
notations and conventions. We also outline how our results and methods are related
to previous works in the case A = 0 [20]. Then, in Sect. 3, we collect the neces-
sary results from the nonlinear distributional analysis of the geodesics in the class of
solutions at hand and fix our notation concerning nonlinear distributional geometry.
Next, in Sect. 4 we study a special class of null geodesics, namely the null generators
of (anti-)de Sitter space in a five-dimensional flat space with impulsive wave which
provides us with a natural geometric regularisation of the notorious transformation.
In Sect. 5 we analyse the regularised transformation and show that it is a generalised
diffeomorphism in the sense of nonlinear distributional geometry. We close with a
discussion of our results in Sect. 6.
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2 Nonexpanding impulsive waves with A

Here we describe the class of nonexpanding impulsive waves with an arbitrary value
of A. These geometries have come into focus with the landmark work of Hotta and
Tanaka [19], where in analogy with the classical Aichelburg—Sexl approach [3], the
Schwarzschild—(anti-)de Sitter solution is boosted to ultrarelativistic speed to obtain
a nonexpanding impulsive gravitational wave generated by a pair of null monopole
particles. For an overview of the many more such solutions that have been found since,
see, for example, [37, Section 2].

2.1 Metric representations and the ‘discontinuous transformation’

In conformally flat coordinates these solutions for any value of A take the distributional
form [35]
_ 2dndij —2dUdV + 2H(y, 7) U) dU*

ds? I -
[1+ LA —UV) P

, 2.0

where H is a real-valued function and § is the Dirac-distribution. Due to the occur-
rence of a distributional coefficient, (2.1) lies far beyond the Geroch—Traschen class
of metrics [12], which is defined by possessing Sobolev regularity WIL’CZ N L.
It is known to be the largest class which allows one in general to stably define
the curvature in distributions (see also [27, 50]). Nevertheless, due to its simple
structure the curvature of (2.1) can be computed explicitly to give the impulsive
Newman—Penrose components ¥4 = (1 + %Anﬁ)zH,nn(S(L{), and &y = (1 +

LAni) (1 + EAnYH pi + S AH — nH ) — TH. 7)) SQ).

The corresponding continuous form of the metric is given by [32, 35]

21dZ + uy(h y3dZ + h 35dZ)|* — 2 dudv
B [1+LA(ZZ —uv+u G) P2

ds?

, 2.2

where! G(Z, Z) =Zh z+ Zhgz — h, and h is a real-valued function. Finally, uy =
uy(m) = 0foru < 0and us(u) = u for u > 0 is the kink function. The metric
(2.2), possessing a Lipschitz continuous coefficient, is of local Lipschitz regularity,
which we denote by C%!. This is still beyond the reach of classical smooth Lorentzian
geometry, which roughly reaches down to C!-! at least as far as convexity and causality
is concerned [13, 24, 25, 29]. However, the Lipschitz property is decisive since it
prevents the most dramatic downfalls in causality theory which are known to occur
for Holder continuous metrics [6, 14, 17, 30, 44]. More specifically, in the context of
the initial value problem for the geodesic equation, the Lipschitz property guarantees
the existence of C!'!-solutions [26, 49] which, due to the special geometry of the
models at hand, are even (globally) unique [37].

! This choice of sign of G is in accordance with [36, 39, 43, 45], which are our main points of reference,
but different, for example, from [37].
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A very useful way of thinking about the above metrics is the following. Starting
with the conformally flat form of the constant curvature backgrounds,

2dndij — 2du dV

dsg = - (23)
[1+§A07—UV) P
we apply the transformation
fi 0 V4 fi 0
U—u. V= v orlU < D= orlU < 2.4)
v—l—h—i—uhvzh,z ford > 0 Z+uh 5 forld >0

to (2.3) separately for negative and positive values of I/ to formally obtain (2.2). The
corresponding distributional form (2.1) is formally derived by writing (2.4) in the form
of a ‘discontinuous coordinate transform’ using the Heaviside function ©, i.e.

U=u, V=v+Oh+uihzhz, n=Z+uih;. 2.5)

Then applying (2.5) to (2.2) and retaining all distributional terms one arrives at (2.1).

This transformation has first been given in [31] for plane waves and in [2, 41] for the
general pp-wave case, i.e. nonexpanding impulsive waves propagating in a Minkowski
background, hence A = 0 in the above metrics (2.2), (2.1). Clearly, a mathematically
sound treatment of the transformation (2.5) is a delicate matter, and it is the topic of
this paper to completely clarify the situation.

2.2 Results in the pp-wave case

A first rigorous result in this realm has been established in [21] in the special case of
impulsive pp-waves. There, nonlinear distributional geometry [16, Chapter 3] based
on algebras of generalised functions [7] has been employed to show the following: The
‘discontinuous coordinate change’ (2.5) relating the distributional Brinkmann form of
the metric, i.e. (2.1) with A = 0 to the continuous Rosen form, i.e. (2.2) with A =0
is the distributional limit of a generalised diffeomorphism, a concept to be detailed
below. Intuitively speaking this approach consists in viewing the impulsive wave as a
limiting case of a sandwich wave with an arbitrarily regularised wave profile, where the
two forms of the metric arise as its (distributional) limits taken in different coordinate
systems. This result rests on two pillars:

(A) Therealisation that a special family of null geodesics in the distributional form of
the metric precisely gives the coordinate lines of the coordinate system underly-
ing the continuous form of the metric [47]. In simpler words, the transformation
(2.5) is given by a special family of null geodesics.

(B) A fully nonlinear distributional analysis of the geodesics of the distributional
metric. This is even a prerequisite to make (mathematical) sense of item (A):
There is no valid solution concept for the geodesic equations of (2.1) with A =
0 in classical distribution theory. Hence, in [20, 47] nonlinear distributional
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geometry has been employed to show existence, uniqueness and completeness”

of geodesics.

Here we set out to apply an analogous strategy to deal with the more involved A # 0-
case. In fact, building on earlier results we provide the keystone of this approach: In
[43] a nonlinear distributional analysis of the geodesic equation, see item (B) above,
has been established. These results are in turn based on the formal analysis of the
geodesics in [36] and the fixed point techniques put forward in [45]. We will collect
the relevant statements in Sect. 3.3, below.

On the other hand, the geometric issue (A) has recently been resolved in [39] and
we will review the results relevant for the present work in Sect. 4.1, below.

In the nonlinear distributional analysis of the geodesics of [43, 45], it has, however,
turned out that a five-dimensional approach is much better suited than a direct approach
using the metric (2.1). Indeed since [36] all works relevant for us have used this five-
dimensional formalism and we close this section by briefly recalling it. The basic
idea is to describe an impulsive wave in (anti-)de Sitter space as a hyperboloid in a
five-dimensional flat space with impulsive wave [34, 35].

2.3 The five-dimensional formalism
One starts out with the five-dimensional impulsive pp-wave manifold

ds? = —2dUAV +dZ3 +dZ3 + odZ2 + H(Zy, Z3, Z4)8(U)dU?, (2.6)
with the constraint

UV + 73475 +0ZF =0d®, Q2.7

and parameters 0 = 1 = sign A and a = ,/%. The metric (2.6) with (2.7) thus
represents an impulsive wave with the impulse located on the null hypersurface U = 0,

23+ 75 +0Zi =0d’, (2.8)

corresponding to a nonexpanding 2-sphere for A > 0 and a hyperboloidal 2-surface
for A < 0.

Now, to relate (2.6), (2.7) to the four-dimensional distributional form (2.1) we may
use the transformation

U % 2y x .y 2
=— V=— ZotiZz=——=—+i= Zi=a|=-1 2.
U o g’ 2+iZs S Q—HQ, 4 G<Q ) (2.9)

2 Observe that—although not stressed in the original works—especially the completeness result is remark-
able, since it proves that the analytically ‘very singular’ distributional spacetime is nonsingular in view of
the standard definition [18].
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where we have used
Q=1+ L1A07-UV) =1+ SAG*+y* —2uY), (2.10)

and the associated real coordinates x, y with n = 1/+/2(x + iy). Finally, the profile
functions are related by

_2H 2H
1+ 1AnG 1+ SAG2+y2) ]

@2.11)

3 Nonlinear distributional analysis of the geodesics

In this section we collect the results from the nonlinear distributional analysis of
the geodesic equation in nonexpanding impulsive gravitational waves which we are
going to use in the course of our work, cf. item (B) above. To keep this manuscript
self-contained, we start with a very terse review of the main elements of nonlinear
distributional Lorentzian geometry.

3.1 Nonlinear distributional geometry

The theory we are going to summarise (for all details see [22, 23], [16, Section 3.2])
rests on J.F. Colombeau’s construction of (so-called special) algebras of generalised
functions [7]. These provide an extension of the linear theory of Schwartz distributions
to the nonlinear realm retaining maximal consistency with classical analysis. The basic
idea of the construction is regularisation of distributions via nets of smooth functions
combined with asymptotic estimates in terms of a regularisation parameter.

On a smooth (second countable and Hausdorff) manifold M denote by £(M) the
set of all nets of smooth functions (u¢)¢e(0,1=:7 Which in addition depend smoothly3
on ¢. The algebra of generalised functions on M is defined as the quotient G(M) :=
Em(M) /N (M) of moderate modulo negligible nets in £(M), which are defined via
the following asymptotic estimates

EMM) = {(ug)s € EM) : YK € MVYP € PAN : sup |Pus(p)| = 0(c™V)},
pek

N(M) = {(ug)e € EM(M) : VK @ M Vm : sug lug(p)| = O(™)}.
pe
Here P denotes the space of all linear differential operators on M and K € M means
that K is a compact subset of M. We write u = [(u).] for the elements of G(M) and
call (u.), arepresentative of the generalised function u. With sums, products, and the
Lie derivative defined componentwise (i.e. for fixed &) G(M) becomes a fine sheaf of
differential algebras.

3 Smooth dependence on the parameter renders the theory technically more pleasant but was not assumed
in earlier references, for details see [5, Section 1].
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The space of distributions D’(M) can be embedded into G(M) via sheaf homo-
morphisms ¢ that preserve the product of C>°(M)-functions. A coarser way of relating
generalised functions in G (M) to distributions is as follows: u € G(M) is called associ-
ated withv € G(M), written u ~ v, if uy, — v, — 0in D’(M). Moreover, w € D' (M)
is called associated with u if u &~ ((w). More generally, the space of generalised sec-
tions of avectorbundle E — M isdefinedas'g(M, E) = G(M)Qcoun'(M, E) =
Loy (I'(M, E*), G(M)). It is a fine sheaf of finitely generated and projective G-
modules. For generalised tensor fields of rank r, s we use the notation

Gi(M) = Lo (GY(M)”, Go(M)*; G(M)). (3.1

Observe that it is possible to insert generalised vector fields and one-forms into gen-
eralised tensors, which is not possible in the distributional setting, cf. [8, 28]. This in
turn allows one to work with generalised metrics much as in the smooth setting. Here
a generalised pseudo-Riemannian metric is a section g € gg (M) that is symmetric
with determinant det g invertible in G (equivalently | det(g.);;| > &™ for some m on
compact sets), and a well-defined index v (the index of g, equals v for & small). By
a ‘globalization Lemma’ in [25, Lemma 2.4, p. 6] any generalised metric g possesses
a representative (g;). such that each g, is a smooth metric globally on M. We call a
pair (M, g) consisting of a smooth manifold and a generalised pseudo-Riemannian
(Lorentzian) metric a generalised pseudo-Riemannian (Lorentzian) manifold, and a
generalised spacetime if, in addition to being Lorentzian, it can be time oriented by a
smooth vector field. This setting consistently extends the ‘maximal distributional’ one
of Geroch and Traschen, see [48, 50]. In particular, any generalised metric induces an
isomorphism between generalised vector fields and one-forms, and there is a unique
Levi—Civita connection V corresponding to g.

Next, to speak of geodesics one uses the space of generalised curves G[J, M]
taking values in M, defined on an interval J. It is again a quotient of moderate modulo
negligible nets (y.). of smooth curves, where we call a net moderate (negligible) if
(¥ o v¢)e 1s moderate (negligible) for all smooth ¢ : M — R. In addition, (y;), is
supposed to be c-bounded, which means that y, (K) is contained in a compact subset of
M for ¢ small and all compact sets K € J. Observe that no distributional counterpart
of such a space exists and it has long been realised that regularisation is a possible
remedy, cf. [28].

The induced covariant derivative of a generalised vector field § = [(&;),] € gé (M)
on a generalised curve y = [(y:).] € G[J, M] is defined componentwise (i.e. by the
classical formulae for fixed ¢) and gives again a generalised vector field £” on y. In
particular, a geodesic in a generalised spacetime is a curve y € G[J, M] satisfying
y” = 0. Equivalently, the usual local formula holds, i.e.

d>yk VY
pk Yele ] —0, 3.2
[( da2 +; i dx dk)s (3-2)
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where Ff‘j = [(Fgf.‘/)g] denotes the Christoffel symbols of the generalised metric g =
[(ge)e]. Finally we say that a generalised spacetime (M, g) is geodesically complete
if every geodesic y can be defined on R [42, Definition 2.1, p. 240].

3.2 Impulsive waves as generalised spacetimes and the geodesic equation

In this section we introduce the generalised metric form of nonexpanding impulsive
waves for arbitrary values of A, using the five-dimensional formalism of Sect. 2.3.
Indeed, starting with the metric (2.6) we replace the Dirac-delta with a generic regular-
isation: Choose any smooth function p on R with unit integral and support in [—1, 1]
and for ¢ € (0, 1] set §.(x) := (1/¢) p(x/e). Such a net (§,), is called a model delta
net and we use it to define the regularised pseudo-Riemannian manifold (M = R, g,)
with line element

ds? = dZ3 +dZ2 4+ 0dZ3 — 2dUAV + H(Z2, Z3, Z4)5.(U)dU? . (3.3)

Hence, (M, g¢) is a smooth sandwich wave which is flat space outside the wave zone
given by |U| < ¢. The regularised impulsive wave spacetime of our interest (M, g;)
is now given by the (anti-)de Sitter hyperboloid (2.7) embedded in (M, ge).

To obtain an impulsive wave metric in gg (RS), we use a model delta function, that
is an element D € G(R) that has a model delta net as a representative, D = [(§¢)¢]-
Next we consider the five-dimensional generalised impulsive pp-wave manifold (M =
R>, g) with

ds? = dZ3 +dZ3 + 0dZ2 — 2dUdV + H(Za, Z3, Z4)D(U)dU? . (3.4)

One easily checks that this defines a generalised metric with representative (3.3). At
this point we specify the (A)dS hyperboloid M in (M, g) as usual, explicitly by

M :={(U,V,Zr,Z3,Z4) € M : F(U,V, Z>, Z3, Z4s) =0}, where

(3.5)
FU,V,Zy, 23, Z4) = =2UV + Z5 + Z3 + 0 27 — 0a*.

Note that M is a (classical) smooth hypersurface. Finally, we restrict the metric g
(again componentwise, that is for fixed ¢) to M to obtain the generalised spacetime
(M, g) which we take as our model of nonexpanding impulsive waves propagating in

a(n anti-)de Sitter universe.
To derive the geodesic equations in (M, g) we use the fact that in nonlinear
generalised functions all classical formulae hold for fixed €. So, we derive the M-

geodesics from the condition that their M -acceleration is normal to M, @TT =
—0g(T,VrN)N/g(N, N). Here V is the generalised Levi-Civita connection of
(M, %), and T and N denote the geodesic tangent and the (non-normalised) normal
vector to M defined via its representative N = g?’g d F, respectively. In this way we
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arrive at the geodesic equations for y = (U, V, Z)):
.. 1
U=—|e+=-U*G— UHDU
2 oa? UZHD
.. 1 .. . . 1 V4+4HDU
V- HDU*—6"MH,2,DU =~ e+ -0U>G—U(HDU) +
2 ’ 2 6a?2 —U2HD’
(3.6)
>Ga2 U2HD’
Zy
ca? —U?HD "’

.1 . 1
Z,-—EHJDUZ (e+2U2G U(HDU
. o 2 1 P .
Z4— S HaDU = —|e+ U G-U(HDU)

Here e = |y| = %1, 0 for which it is natural to be fixed independently of & and we
have used the usual convention for spatial coordinates, i.e. Z, for p =2, 3,4 and Z;

for i = 2, 3. Moreover, we used the abbreviation G =267 pHy,—H.

3.3 Existence and uniqueness of geodesics

Next we briefly indicate how one proves unique solvability of the initial value problem
for differential equations like (3.6) in generalised functions. This is basically done in
three steps:

(1) One proves existence of a so-called solution candidate, in our case a net of smooth
functions y; = (U, Ve, Zpe) : J — M depending smoothly on the parameter &
and solving the corresponding equation componentwise, i.e. for fixed (small) €. In
our case this means y, solves

UG, — U, (H38: U)
<e+ )aaZ UZHS,
.1 Ve + H 8, U,
Ve 7—H(S U2 —6P1H )8 Zge U = — (e + = UZG; Ue (H 8¢ Ue) ”+ £t
oa? UH(SF
S 3.7
Zi ——H 8. U = UG, — U, (H8: U) e
e <+ ) oa? — U2HS,

Gao— T Has U2 = (et 026, -0 (H 8. Ue)
£ 2 4 0eUg P e Ye & e Ue 02

where we (again) have suppressed the parameter A as well as the dependencies on
the variables. However, note that always

8e = 8:(Uc(W), 8, = 8,(U:(V)),

Ge =Go(Ues(M), Zpe(W)), H=H(Zpe()), andH p=H ,(Z4:()). (3.8)

Observe that a solution candidate (). actually is comprised of geodesics y; of
the regularised spacetime (M, g.), cf. (3.3).

(2) One shows existence of a generalised solution by establishing c-boundedness and
moderateness of the solution candidate, i.e. y := [(y:)e] € G[J, M].

(3) To show uniqueness in G, one solves a negligibly perturbed version of the
equations—in our case (3.7), with negligible nets added at the right hand side
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of every equation—and shows that the corresponding net of solution (y;), only
differs negligibly from (yg)e, i.e. [(Ve)e] = [(¥Ye)e]. Observe that this amounts to
an additional stability statement for the solutions of the regularised equation.

With this let us turn to initial conditions for solutions of the system (3.6) appropriate
for our purpose, see also Fig. 1. Consider a geodesic y~ = (U™, V™, Z) of the
background (anti-)de Sitter universe without impulsive wave but reaching U = 0 and
assume that we have chosen an affine parameter such that U~ (0) = 0 and U=(0) = 1.
Further, since we will only be interested in null geodesics, we have that y ~ is null, i.e.
e = 0. Now we conveniently prescribe initial data at the affine parameter value A = 0,

y 0 =©,V%2), yO=01V2), (3.9)
where the constants satisfy the constraints
ZN?+(ZD* +0(ZN? =0a®, 2929+ 2370 +062929 -VvP =0, (3.10)
and the normalisation
2V ZD+ 2D+ oz =e=0. (3.11)

We will refer to ¥y~ as seed geodesics and start to think of it as geodesics in the
impulsive wave spacetime (2.6), (2.7) ‘in front’ of the impulse, that is for U~ < 0.
Also, y ~ isa geodesic in the regularised spacetime (3.3), (2.7) ‘infront’ of the sandwich
wave, that is for U~ < —e. We will denote the affine parameter time when y ~ enters
this regularisation wave region by o, i.e.

U () = —¢. (3.12)

Observe that «; — 0 from below as ¢ — 0. Finally, we come to setting up the data
for the solution candidate y; of the system (3.6) by

Velae) =y (ae), Yelae) =y (ae), (3.13)

i.e. as the data the seed geodesic assumes at .. We will frequently refer to these data
(3.13) as initial data constructed from the seed geodesic y ~ with data (3.9).

The central result on the solvability of the geodesic equations for the generalised
spacetime (3.4), (3.5) now is the following, cf. [43, Thms. 3.6, 3.7].

Theorem 3.1 (Global existence and uniqueness). The geodesic equation (3.6) with
initial data (3.13) (constructed from the seed geodesic y~ with data (3.9)) possesses
a global unique solution y = (U, V, Z,) = [(ve)e] € GIR, M].

3.4 Associated geodesics

Here we recall the associated geodesics of the solutions [(y:).] of Theorem 3.1 which
were given in [43, Sec. V] based on the explicit calculations in [45, Sec. 5, Appendix
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AU

e 0 8. A

Fig. 1 The U-component of the seed geodesic y ~ is depicted in black until it reaches the regularisation
sandwich at parameter time A = o, i.e. U™ (0g) = —e. While in the background spacetime it would
continue as the dotted red line to U = 0 at A = 0, in the regularised spacetime it continues as a solution
ye of (3.7) with data (3.13) (depicted in green). Theorem 3.1 guarantees that y. (for & small) leaves the
regularisation sandwich at A = S, and continues as a background geodesic (colour figure online)

B], see also [36, Egs. (38), (39)] for a formal approach. These are calculated as the
(distributional) limits of the representatives y. = (Us, Ve, Z)¢) of the solutions of
Theorem 3.1.

Now to formulate a precise result we first establish a notation for the limiting
geodesics. Clearly in front of the impulse, that is for A < 0 corresponding to U, < 0,
ye will converge to the seed geodesic y ~. Similarly, behind the impulse, that is for
A > 0 corresponding to U, > 0, y, will also converge to a geodesic y* of the
background (A)dS space. Here y* = (U™, VT, Z) is specified by the values of y,
and y, upon leaving the regularisation zone: Indeed, it is shown in the course of the
proof of Theorem 3.1 (cf. [43, eq. (34) and below]) that there is a parameter value
Be > Osuchthat U, (8.) = ¢ and that 8, N\  Ofore — 0, c.f.[45, Lem. A2]. Moreover,
the corresponding values of y,(8:) and y.(B¢) converge (cf. [45, Prop. 5.3]). More
precisely, we have

Ve(Be) = (Ue(Be), Ve(Be), Zpe(Be)) — (0, B+ VO, Z0),
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Ve(Be) = (Ue(Be), Ve(Be) Zpe(Be)) > (1,C+ VO, A, + 7)), (3.14)

where V9, Zg, Vo, Zg are the corresponding seed data (3.9), and

1 0

0 z
A = 3 H;(Z)) +

i
oa?

(H(Z?) - 574 Z?,H,q(zﬁ’))> )

1 0., Z4 0 0 0
Ag = 3 (aH,4(zr)+M(H(Zr)—a"quH,q(zr)) ,

1
B = EH(Z?,), (3.15)

1 0,2 0,2 02, 1 02 1 0 0,)2
C = §<H,2(Zr) + H3(Z,) +0H4(Z;)" + U—azH(Zr) —— (SPqZpH,q(Z,)>

1 1 .
-5 (51"1 Z0H 420 — H(Z?)) vo 4+ 567 Hp(z0)2).

Now we explicitly fix the limiting geodesic behind the wave ¥ by prescribing the
data

yT(0)=(0.B+V% 2%, and yT0)=(1.C+V° A,+2Z)), (3.16)
and denote the corresponding global limiting geodesic by

y~(), A=0

vy =WU,V,Z)R) = yt), A>0.

(3.17)

Then we have by [43, Thm. 5.2] and [45, Thm. 5.1], respectively, the following con-
vergence result.

Theorem 3.2 (Associated geodesics). The solution y = (U, V,Z,) = [(Ve)el of
Theorem 3.1 is associated with the limiting geodesic y of (3.17). Moreover, we have
U1Uand Z, =y Z).

Recall that, for example, V = [(V;)s] & V means that lim,_, fR Ve(x)p(x)dx =
(v, @) for all test functions ¢ € D(R) (and (., .) denotes the distributional action).
Similarly, U = [(U.)s] ~ U (k € N) means that U, — U in CX(R), i.e. uniformly
on all compact subsets of R up to derivatives of order k. Note that the convergences
given by Theorem 3.2 are optimal in the light of V and Z p» being discontinuous across
A = 0,1i.e. the limiting geodesics being refracted geodesics of the background suffering
ajump in the V -position and V -velocity as well as in the Z ,-velocity, cf. [45, Section
51

Note that the limiting geodesics y of (3.17) can be interpreted as the geodesics
of the distributional spacetime (2.6), (2.7). Keep in mind, however, that (3.17) does
not solve the (formal) geodesic equations of the distributional spacetime (see [45, Eq.
(2.6)], [36, Eq. (28)]) by the lack of a consistent solution concept. Indeed, the low
regularity of y does not allow one to insert it into these equations.
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Finally, we will mainly be interested in the null case where we can give a more
transparent form of y, cf. [39, Eq. (29)] due to the fact that the null geodesics of the
(A)dS background are just straight lines, cf. [36, Sec. 4]

A

)= VO+VOL+OMB+Cry | . (3.18)
Z0 4+ 20+ Aphy

4 The null geodesic generators and the transformation

In this section we turn to issue (A) of Sect. 2.2 which has been resolved in the A #
0-case in [39]. Briefly, the main result is that the null geodesic generators of the
(A)dS hyperboloid give rise to the notorious transformation (2.5). We will combine
this insight with the results of Sect. 3 to derive a geometric regularisation of the
transformation.

4.1 The null geodesic generators and the ‘discontinuous transformation’

To begin with, we relate the limiting null geodesics of (3.18) to the null geodesic
generators of the (A)dS hyperboloid. The latter are most conveniently found using the
conformally flat coordinates of the (A)dS background (2.3) to be (cf. [39, Eq. (18),
191"

Us(\) a?r/(1 = B
VE( ¥
v = | L | = o , @1
Y& Yo
where A A
a:1+5(%+%>, p=—-2V 42)

This family of null geodesics is parameterised by three real constants fixing the posi-
tions at the parameter value f = A = 0, i.e. ny 0) = (0, Vo, x0, y0)-

Next we write the null generators (4.1) in the five-dimensional representation of
Sect. 2.3 but still parameterised by the 4D-data (Vy, xo, yo) (cf. [39, Eq. (26)])

4 Where we have already set ¢ = 1, see item (3) in [39, Subsec. IIL.B].
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UE () A/(1 — B
v /(L=
yar () = Z5n | = L—p* X0 . 4.3)
Z»f()») o Yo
2 —a/(1 —ﬁ)\))
ZE(0) a(

Observe from the first line that U8 (L) = 1. Now we use the geodesics (4.3) for A < 0
as seed for the global limiting null gepdesics (3.18), that is, according to (2.9), we set
the eight constants Vo, Zg, VO and Zg of (3.9) to

V 2
o2 N 0 22:a<——1>,
o o o o 44)
VOZ—EVO, Zg:—éxo, Zg:—éyo, Zg=—2aé,
o o o o

which relates them to the three parameters 1y, x¢, yo. Now we obtain the global lim-
iting geodesic (3.18) with seed given by the null geodesic generator of the (A)dS
hyperboloid with data (Vy, xo, yo) as

A
ysp[Vo, x0, yol) = | VO+ VoA +@0WB +Cay |, (4.5)
Z0 4+ Z0h 4+ Aphy

where we have to substitute (4.4) into (3.15). Finally, we express these geodesics in
the 4D coordinates (U, V, x, y) of (2.1) (cf. [39, Eq. (40)]) as

U
yapVo, x0. yol@U) = | Vo+ OO H + Uy 3(H )+ (HL)?) |, 46
xé+L{+Hfj

where the profile function and its derivatives are explicitly related by, see (2.11)°

x({ i 1 i i jo—1
= (on’x + yo'H’y> 2 @)

i _ nqgi i
H,j _ZH,] _H O‘aaz )
Here H' and ' as well as the corresponding derivatives denote the respective values
at the instant of interaction of the geodesics with the impulse, i.e. at the parameter
value Y = A = 0. So, we, for example, have H‘] =H; (ZO) Also the constants A,
B, and C can explicitly be written in terms of H, cf. [39 Eqs (33)-(35)]

J

A =H.
/ ’J+2c7aa2

1 1.
G, Ay=—G, B=-H,
oaa a

5 Here we use the relations A = 3a/a2 and (x())2 + (yo)2 = 40a2(a —1).
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L | | .
€ =3(()*+HY) + 55+ O +1G). (48

20aa?

where G and the conformal factor take the form

o

QEHi—oni —yoHi and Q= ———— .
" Y 1—Br+ 26,

(4.9)

The key observation at this point is that the limiting geodesics (4.6) exactly match
the transformation (2.5). More precisely (cf. [39, Sec. IV]), we may employ (4.6)
to transform the coordinates (1, v, Z) = (u, v, X, Y) in which the metric is contin-
uous (cf. (2.2)) to the coordinates (U, V,n) = (U, V, x, y) in which the metric is
distributional (cf. (2.1)) via

u

u . . . u
’ v v O H +ug 5 ((H ) + (H)?) v
— v, X, u) = . =
X Y4AD X + M+H1X X
Y ) y
Y + M+'HTY
(4.10)

We have hence formally recovered the ‘discontinuous transformation’ from a special
family of global limiting null geodesics, which can be interpreted as the geodesics of
the distributional spacetime (2.6), (2.7), cf. the penultimate paragraph of Sect. 3.4.

Moreover, the behaviour of these geodesics can be vividly depicted, see Fig. 2 (cf.
[39, Fig. 2], and [40, Fig. 6]) in a way that directly generalises Penrose’s original
illustration for the A = O-case in [31, Fig. 2]: The null geodesic generators of (A)dS
starting in the ‘lower half” (A)dS™ (i.e. for U = A < 0) due to their interaction with
the wave impulse do not continue as unbroken null generators into (A)dS™ (indicated
by the dashed line in the upper left parts). Rather they jump at {U = A = 0}, cf. the
®-term in (4.6) (hence in (4.10)) but also get refracted, cf. the A4 -terms, to become
the appropriate null generators of (A)dS™.

The upshot is that these ‘broken geodesic generators’ basically are the coordinate
lines of the coordinate system in which the metric becomes continuous, i.e. (2.2). But
we do not only have these limiting geodesics at hand but also the generalised geodesics
of Theorem 3.1. This will allow us to geometrically regularise the transformation,
which we will explicitly do next.

4.2 The geometrically regularised transformation

Using the ideas laid out above, we now give the explicit form of the transformation
in nonlinear generalised functions. To begin with, note that we only have carried out
the nonlinear distributional analysis of the geodesics in the 5D-form.® Therefore, we
split up the transformation in the following way: starting from the ‘continuous’ 4 D-

6 As explained in [38, p. 3], the geodesic equations in the 4 D-form are even wilder and a direct approach
seems to be out of reach.
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Fig.2 The null geodesic generators of (A)dS and their interaction with the impulsive wave

coordinates (u, v, Z) = (u, v, X, Y) of (2.2) we first use the transformation (2.9)’
to go to the 5D-coordinates (U, V, Z,). Then we use the regularised geodesics to
transform

U, V,Zy) > To(U,V, Zp) = vEpIV, ZI(U) =t (Ug, Ve, Zpe),  (4.11)

where8 [()/SSD[V, Z,])¢] are the generalised solutions of the geodesic equations pro-
vided by Theorem 3.1 with data constructed from the seed geodesic ysgD of (4.3),i.e.
the null generator with data (V, Z,,, Vv, Zp) asin (4.4), but now derived from (v, X, Y)
instead of (Vy, xo, yo). We will specify this data explicitly below but first we turn to
the final part of the transformation. For this we use the inverse of (2.9), i.e.

_ _ 2
U=90, V=V, x=Q7Z, y=9Z3, with Q=——o,
Zs+a

4.12)
componentwise (that is for fixed ¢), to go from the 5 D-coordinates U, Ve, Z pe)todD
coordinates (Us, Ve, X¢, V), Which provide a regularisation of the 4 D ‘distributional’
system. That is, overall the transformation we are going to employ takes the form

Z (2.9) v T, Ue (4.12) Z]//{E
X — 74 —  YsplV,Z,1(U) = Ve — x;
Y Zp Zpg Ye
(4.13)

7 Observe that (2.9) literally transforms the conformally flat coordinates (U4, V), n) to the 5SD-coordinates.
But here we transform data ‘in front’ of the wave, where (U/, V, n) are trivially related to (u, v, Z), cf. (2.4)
and so in (2.9) we have to replace (U, V, n) with (u, v, Z).

8 We here write the regularisation parameter as a superscript rather than as a subscript to make the notation
more appealing.
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This is the sensible geometric regularisation of the ‘discontinuous transformation’
(4.10), which we have been aiming for.

Since the first and the third maps in the overall transformation (4.13) are (classical
smooth) diffeomorphismes, it is sufficient to restrict our nonlinear distributional analysis
of the transformation to T;. Therefore, we do not need to take into account that the data
(V,Z,, v, Zp) of (4.3) is derived from the 4D-data (v, X, Y) (according to (4.4)).
We only have to observe the special form of the null geodesic generators ysgD. In fact,
we have

ySgD(O) =(0,V,Z,) and consequently )}SgD(O) = <1, —BV, —BZ;i, —B(Z4 + a)) , (4.14)

where B = —(A/6) QV,and Q2 = (2a)/(Z4 + a).

Let us now derive the explicit form of T,. According to (4.13) we set
T.(U,V,Zp) = yiplV, Z,1(U), (4.15)
where &/, solves (3.7) with data
vsp(U = —&) = y§p(—e) and y5,(U = —¢) = p§p(—¢), (4.16)

i.e. data constructed from the null geodesic generator ysgD with data (4.14) as seed.
Since these data essentially reduce to the four parameters (V, Z,), we will refer to
ngD[V’ Zp] as the global geodesics with data (V, Z ). Using (4.14) we find

yEp(—e) = ( —e, (1+Be)V, (1 +B)Zi, (1 + Be)Zy + ﬁea), and  (4.17)

P (—e) = (1, _BV, —BZi, —ﬂ(Z4+a)>. (4.18)

Now we may write y<, [V, Z,1(U) = (Us, Vi, Zp)[V, Z,1(U) by using (3.7) as

U s
YsplV. Zpl(U) = vsplV. Zpl(=e) + V5plV, Zpl(—e) (U + &) +// VaplV. Zpl(r)drds.

(4.19)
To do so, explicitly we use the following abbreviations for the terms appearing on the
r.h.s. of (3.7)

1 e ~ x d - - -
Aelr)i= 5 U2(r) Ge(r) — Us(r) = (H(Zpg () 8¢ (Te () Te (r)) with (4.20)
Ge(r) := 871 H p(Zuwe (1) 8¢(Ue (1) Zge(r) + H(Zwe () 84(Ue () U (r) (4.21)
Ne(r) =0 a? = U2(r) H(Zpe(r)) 86 (U (r)) . (4.22)
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With this we find

UelV. Zp)(U) = / / 2 Er; J.(r) drds , (4.23)

—& —¢&

U s
VelV, Z,1(U) = (1 —ﬂU)V—i—% //H(Zpe)(r)ag(ﬁg(r)) f]f(r) drds

—& —¢&

U s
+ / / 8P4 H p(Zue (1) 8 (U (1)) Zge () Us () drds  (4.24)

—& —¢&

f / o (7 + (2 ) (0000) 02 rds.

—& —¢&

U s
Zig[V,Z,,](U):(l—,BU)ZmL% /[H,i(z,,a(r))sg(ﬁs(r)) 173(r) drds

U o (4.25)
—_/_/ 2@23 Zie(r) drds,
U
ZelV, zp](U>—<1—ﬁU)——a+ /fhu Zpe (1)) 8 (Ue () U(r) drds
U - (4.26)
—// B:(r) Zae(r) drds .
J SN ™

Finally, we observe that the ‘data parts’ of the above equations in fully explicit form

read

(1—BUV = (1+é vu) % 4.27)
3 Z4+a ’ ’
a
(1 - BU)Z; =( +§ 7 VU) Zi (4.28)
2a
(1—/3U)——a=Z4+a(1+—VU)—a. (4.29)
o 3
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5 Analysis of the regularised transformation

In this section we finally establish that the geometrically regularised transformation
(T:). is a representative of a generalised diffeomorphism T = [(T;)¢] in the sense
of nonlinear distributional geometry and thus give a precise mathematical meaning to
the physical equivalence of the distributional and the continuous form of the metric.

The main issue here is of course the subtle interplay between the image of 7, and
the domain of the inverse. In particular, we have to make sure that the intersection of
all images N;~o im7, contains an open set, which can act as the domain of the inverse.
More precisely, we use the following definition.

Definition 5.1 (Generalised diffeomorphism) Let @ C R” be open. We call T €
g[2, R"] a generalised diffeomorphism if there exists > 0 such that

() There exists a representative (7). of T such that ;: 2 — 7,(§2) =: Q. is a
diffeomorphism for all ¢ < n and there exists 2 C R” open with Q C ﬂs <n Q.

(ii) The inverses (f. )¢ are moderate and c-bounded, i.e. (t; D, € G[Q,R"] and
there exists 21 € R” open, Q] C ﬂsin t;l(fZ).

(i) SettingT~! := [(t;!]5)¢], the compositions ToT ~! and T o T'|g, are elements
of G(2, R") respectively G(21, R"). (It is then clear that T o T~! = idg and
T oT|g, =idg,).

This definition, of course, extends the smooth theory, cf. [1, Supplement 2.5A] for
a version ‘quantifying’ the neighbourhoods in the classical inverse function theorem.

We will show that T is a generalised diffeomorphism and we will split up this task
in two subsections.

5.1 T as a generalised function

To begin with, we have to establish that the regularised transformation T, gives rise
to a c-bounded generalised function on R, more precisely that [(7¢).] € GIR>, R7).
Recall that by (4.15) we have T, (U, V, Z,) = ysgD[V, Z,](U) and that so far we
have only considered ys, as a function of U. Indeed, Theorem 3.1 guarantees that
[(V;D)a] € G[R, R’], but now we have to additionally deal with the dependence of
YsplV.Zpl(U)on V and Z,,.

We first establish an appropriate ‘uniformity of domains’ of y<,, in (V, Z,). To
this end we have to delve into the fixed point argument of [43, Sec. III A] that leads to
the construction of a local solution candidate for the geodesic equation. Recall from
there or observe from (3.6) that the V-equation decouples from the system and can
simply be integrated after the rest of the system has been solved. So, we only have
to consider the existence statement [43, Prop. 3.2] which guarantees a local solution
for small ¢ of a model system which neglects the V-equation. There the existence of
unique solutions is established on the interval [cg, @z + n] when ¢ < g, where &g
and n have to satisfy the explicit bounds given in equations [43, (29), (30)] and the
unnumbered equation on top of p. 9, respectively. These are explicit bounds in terms
of the coefficient functions of the system (local L°°-norms of H and D H, as well as
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the L'-norm of p and p’) and the seed data. The latter in our case simplifies to the
Z p-components of

Vi) =0.V. 2y, 750 = (1. =V, —BZ. —B(Zs+@), (.1

cf. (4.14). By inspection it becomes obvious that these estimates can be maintained if
the seed data (there x° and x°) vary in a neighbourhood (here of Z) and that hence
n and &g can be chosen uniformly on compact neighbourhoods of Z,,. Observing that
for . +n > P, the solution again reduces to a background geodesic and using a
simple exhaustion argument as in [10, Prop. 4.3] we obtain the following result.

Lemma 5.2 (Uniform domains). Given any compact set K in R* there is go(K)
such that vy, [V, Z )] is the unique globally defined geodesic of (4.15) for all data
(V,Z,) € K and for all ¢ < g9(K).

Next we deal with the c-boundedness of VSSD [V, Z,]. Observe that c-boundedness
as a function of U is already provided by Theorem 3.1, essentially proved in [45,
Prop. 4.1 and Appendix A]. We now have to see that y< ), is also uniformly bounded
if we vary V and Z, in a compact set. This, however, can also be accomplished by
an inspection. For the Z,-components we have to again look into the fixed point
argument, more precisely to [45, Appendix A]. The constant C, of [45, (A.6)] that
bounds the solutions again depends on the coefficient functions of the system and the
seed data. It clearly can be chosen uniform on compact neighbourhoods of the data,
that is of Z, as the U-speed (there %) in our case is anyways fixed to 1. So, we obtain
uniform boundedness of l_]g, and Z pe ON compact subsets, as well as of the derivatives
U, =y U,, and Z pe = Ou Z pe- Finally, for the V-component we have to inspect the
boundedness result in [45, Prop. 4.1(iii)]. Again it is easily seen that the constants in
[45, (4.1)] vary uniformly if (V, Z,) vary in a compact set. In total we have established
the following ‘uniformity of bounds’ result.

Lemma 5.3 (Uniform bounds). The global geodesics ys,,[V, Zp] of (4.15) are uni-

Jormly bounded on compact subsets of R for € small enough. In addition, such bounds
also apply to dy Ue, and y Z pe.

The final task in this subsection is to establish moderateness. We first derive a
number of asymptotic estimates which we will also need later on.

Lemma 5.4 Denoting by V any of the derivatives dy and dz,, we have in the regular-
isation strip —& <r < B, and (V, Zp) varying in a compact set

) 1 1
Ne) = 0(), Go) =0(=), Ar)=0(2), (5:2)
& &
VN, = O()VU, + O(e)VZpe, (5.3)
- 1~
VG(r) = 0(8—2)VU8 + O(E)vz,,g , (5.4)
VA, = o(é)vﬁg + o(é)wz,,g +VU)+O0MVZpe.  (55)
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Proof The estimates (5.2) follow direct from the definitions (4.20)—(4.22) observing
the boundedness results of Lemma 5.3. Similarly, we obtain

VN (r) = =20, VU H8:~U:DHV Z ;8. ~U2H5. VU, = O(1)VU40(e)VZ e ,

(5.6)
where we have omitted to write out the arguments of H, J, and the components of
YsplV. Zp] explicitly. The result on VG, simply follows in a similar vein. Finally, to
derive the estimate on A, first observe that

d - 1
d _ 1 _ 1 _ B B

Vo (Hb:Ue) = 0(8—2)VU8 + o(g)(vz,,g +VU)+O0WVZpe. (5.8
r

Now the result again follows along the same lines. O

The next step is to apply Lemma 5.4 to obtain estimates on the first order derivatives
of U, U,, Zpg, and Zpg. More precisely, we have.

Lemma 5.5 (Asymptotic estimates on the first order derivatives). We have in the reg-
ularisation strip —e <r < B¢ and for (V, Z,) varying in a compact set

e = 02, dy(Ue, Zpe) = 0(2), dyZpe = O(1), (5.9)
02,Us = 0(e), 0z,(Ue. Zpe) = O(1), 0z,Zps = O(1/e),  (5.10)

as well as
oy N, = 0(82), 9z,Ne = O(g), dvA,=0(), dz,A, =0(/e). (5.11)

Proof Since here the dy - and dz,-derivatives will part ways, we introduce the follow-
ing notation: First we do not distinguish between the individual dz,’s (p = 1,2, 3)
and simply write 97.2 Moreover, we will write V = (V;, V2) = (dy, dz) and also
use the notation V4 (A =1, 2).

We aim for a Gronwall estimate using the integral representation of the respective
components of the geodesics (4.23), (4.25), and (4.26). However, we will do so in a

nested way starting with V U,,VU,,andVZ pe» whileleaving V Z pe for later treatment.
Setting

Wi 1= max (IVaOel, IVaUel, 194 Zpel) (5.12)
we obtain from (4.23) and from (5.3), (5.5)

Be Be
_ 1 -
VAT, | = //(0(5) Wy + 0()VaZpel). (5.13)

—& —¢€

9 In what follows we will estimate the Z-derivatives of the data-term in (4.25) simply by O(1), ignoring
the fact that 9z, Z ;. actually gives a term of the form O(1)3;;.
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IVAUe| = /(0(%) Ua+ 0@)IVaZpel). (5.14)

Similarly, using (4.25), (4.26) we obtain by a lengthy calculation

B fe
_ 1 B
10y Zpe| = 0(s)+//(0(g) xp1+0(s)|avz,,g|), (5.15)
b ‘
1027 pe| = 0(1)+f/ (0<g> U+ 0922yl ). (5.16)
Summing up we therefore have
o .
v, = 0(8)—}-/(0(;)\%+O(8)|8VZPS|>, (5.17)
oo '
v, = 0(1)+f (0(;)\1’2—}- 0(8)|822,,8|>, (5.18)

and a first appeal to the Gronwall inequality gives

2 2
U, = 0(s) (1+/|3V2p6|), and W, = 0(1)+0(a)/|azépe|. (5.19)

—& —&

Next we turn to Vépg for which we find, again from (4.25), (4.26), and (5.3), (5.5)

b, b, b
2 1 = =
10y Zpe| = /0(?2)‘1" +/0<1>|avzpa| - 0<1)+/0<1>|avzps|, (5.20)
b, b, b
1027 0] = O(1) + o(i)w + [ 0()92Z,| = 0(1)+ 032 Zel, (5.21)
ZLpel = o2 2 ZLpel = e ZLpel s .

where in both lines the second equality follows from (5.19). Now a second appeal to
the Gronwall inequality hence leaves us with

. . 1
0y Zpel = O(1), and 07Zpe| = 0(2), (5.22)
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which already gives the claim on vZ pe- Also, it allows us to improve the estimates
(5.19) on W4 to

W, =0(), and ¥, =0(), (5.23)

which upon inserting into (5.13)—(5.16) gives the claims on d U, 9 ﬁg, and 9 Z,. Finally,
we insert these estimates into (5.3) and (5.5) to obtain (5.11). O

Lemma 5.6 (Asymptotic estimates on the higher order derivatives). Denoting by V
any of the derivatives dy and 0z, we have in the regularisation strip —¢ <r < B¢
and (V, Zp) varying in a compact set that for any n there is N such that

V" Ue, Ue, Zpe, Zpe) = O(e™N). (5.24)

Proof We proceed by induction. Clearly Lemma 5.5 provides the basis of induction.
So, assume that we have V" (U,, U,, Zpe, Zpg) = 0(e™M) for some M. We again
aim for a nested Gronwall argument for the highest order derivatives. Staring with Up,
and U,, we find using the integral representation (4.23)

:BS /BS
_ A _

v, = /0(82)v"+1(ﬁ) +/0(1)V"+1U8+0(8_N), (5.25)
—& ¢ —&
b, b,

n+l1 - n+1 AS 1 n+1 7 —N
vy, = [ 0@V (V) + o(g)v U.+06e"N), (526
&

—& —&

where we have only retained the highest order terms explicitly and estimated all lower
order terms by some large inverse power of . Next we deal with the term V"+1Z e
for which we find from (4.25), and (4.26)

Be
Vi Z,, = /(OG) (V"0 + 9O+ V2, ) + O(SW"“(%)) (5.27)
:0(5*“’),

simply collecting all lower order terms in the final O (e~N)-estimate. Observe that the
(critical) term involving 8§, (Uy) does not produce any (high) inverse powers of ¢ in the

highest order terms V" *1(U,, U, Z,¢).

Now we set ¥ = max(|V*t10,|, |v*T! l;]£|, |V"+1Z ,¢]) and obtain by collecting
the above estimates

B,
v = / (0(a)v"+1(%) + o(é)w) +0@E™), (5.28)

&
—&
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and so by a first application of Gronwall’s inequality

U = O(sz)v"“(N )+ oM. (5.29)

&

Next we use the integral representations to obtain the following estimate on the (n+1)-
st derivative of the fraction A, /N,

VrH»l(%) _ O( )Vn+1U +0( )(vn+lﬁs+vn+lzm>+0(1)Vr1+12p£+0(€—N)

e
:_/o(é)v”“(ip) + OV Z, + 06N, (5.30)

where we have used the estimates (5.28), (5.29). So, another appeal to Gronwall’s
inequality yields

A .
v"“(f) = 0V Zy + 0N, (5.31)
£

Inserting this back into the W-estimate (5.29), we find
W = 0E)V™ Zpe + 0(N). (5.32)

Finally, we turn to the term V”+12 pe» for which we find again from the integral
representation (4.25), and (4.26) (cf. (5.27))

,Sé.
Vn+1z*p£ _ /(0<8L2>(Vn+108+Vn+l[7£+vn+12ps>_,’_O(I)VnJrl(%))_,’_O(st)

€
—&

b
= [ OV Z,e + 0(™Y), (5.33)

—€

where we haye used (5.32) as well as (5.31). So, a final appeal to Gronwall’s estimate
gives V"“Zpg = 0(eN), and, upon inserting into (5.32), ¥ = O(¢~N), which is
the claim. O

Now we finally obtain moderateness of the transformation. Indeed, we have the
following more specific result.

Proposition 5.7 (Moderateness of the transformation). The net of transformations
(Te)e is moderate and hence [(T;).] is an element ofg[RS, RA].

Proof Recall that we only have to argue inside the regularised wave zone —e <
Us < B since outside of it Ysp, coincides with classical smooth solutions (depending
smoothly on ¢). The c-boundedness (in this strip) was established in Lemma 5.3
and the moderateness estimates for dy ys D[V Z,](.) are due to Theorem 3.1. The
moderateness estimates for the V- and Z,-derivatives of U, and Z pe» as well as their
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mixed V-Z,-derivatives, have been established in Lemma 5.6. The mixed U-V-Z,-
derivatives follow suit by iteratively using the differential equation.'”

Finally, since the V-equation is decoupled from the system and VIV, Z pl() is
obtained simply by integration of the other components its moderateness is a con-
sequence of moderateness of V4 p) (and the well-definedness of the respective
operations in G[R", R™]). ]

5.2 T as generalised diffeomorphism

We will now set out to show that the transformation (4.15), i.e.
U, V., Zp) = [T, V, Z,) = [¥ipllV, Z,)U) € GIR,R’],  (5.34)

with its components given explicitly by (4.23)—(4.26) gives rise to a locally invertible
generalised function T = [(7;).] on some open set containing the impulsive surface.
Hence, we will call it a generalised diffeomorphism or generalised coordinate trans-
formation. To do so we will extend the results of the A = 0-case of [20] and, in
particular, its more mathematically structured presentation in [10]. In fact, inspired by
[10] we will decompose the transformation in a convenient way by splitting 7 into a
‘singular’ and a ‘convergent’ part.

To begin with, fix an open, relatively compact set W C R, which will be specified
further later, and observe that by Proposition 5.7 (T;) is moderate and c-bounded and
therefore indeed T := [(T;).] € G[W, R"]. We decompose the Vg-component into
the initial data term V, and the integral term, which we label as A, so that we may
write

Ve =V, +he. (5.35)

To be precise, we have

Ve =(1-pU)V,

=
™

! U s ) - .
=5 //H(zps)(r)ag(ug(r)) UZ(r) drds

—& —¢&

4 / / 579 H (Zue (1)) 8 (Ue (1)) Zge (r) Us (r) drds

—& —¢

Ag
// = E}’; Vg( )+H( ps(r)) 88 (Ug(r)) Us(r)) drds .

—& —¢&

10 Observe that it was precisely the tricky point in the proofs above that one cannot use the differential
equation beyond the integral representation when estimating the V-Z,-derivatives.
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Note that while s, does not converge, we have that iy, = O(1), cf. the proof of
Proposition 4.1 in [45] and in particular equations (4.3) and (4.4). At this point we
define the converging sequence s, (U, V, Z) := (U,, Ve, Zies Zag).

We will use [9, Prop. 3.16 and Thm. 3.59] in order to establish injectivity of 7, and
therefore, we need to find the asymptotic behaviour of DT, and Ds,.. More specifically,
we need to estimate the behaviour of their determinant and all principal minors. The
Jacobian of s, is

1 0 0 0
A 2 2A 2
37Z 4a+a Ve l+ 55 Z::-aUV 0 3 (Z4+u)2UV
Dsg =] A A + B,
?—Zﬁ’_avzi 3Z+aUZ 1+ 3Z4+aUV 3(2 +a)2UVZ
%aV %aU 0 1
(5.36)

where B is a matrix with all entries O (¢), as we will see in Lemma 5.9 below. For the
following we denote

a

1
< 1. 5.37
3a + Zy ) ( )

— 8

Q:={U,V,2)eR>:

Lemma 5.8 There is ¢g > O such that on any closed rectangular subset of Q2 and for
all ¢ < g, ¢ is injective.

Proof For ¢ small enough we only have to consider the matrix Ds, — B. Condition
(5.36) guarantees that all principal minors are bounded below by a fixed positive
constant on all of Q. Thus, [11, Thm. 4] gives the claimed injectivity. O

Outside the regularisation strip {o; < U < f,} the transformation defaults to a
smooth coordinate transform independent of ¢ and hence possesses all the properties
needed in the following arguments. Thus, we may restrict ourselves to the regulari-
sation zone and there U, = O(¢) holds. As for Ty, being able to decompose its V
component into V. + h lets us more easily compute its Jacobian. First, we focus on
the regularisation strip {o, < U < B;}:

Lemma 5.9 (Asymptotics estimates for V,). We have in the regularisation strip —e <
r < Be and (V, Z)) varying in a compact set

Ve=0(), dvVe = O(1), dvhe = O(e), dz,h. = O(1).  (5.38)
Proof The asymptotics of V, have already been noted in Proposition 5.7. We estimate
the V-component: As &, consists of three integrals, we split up the calculation, writing
he = %I 1 + I — I5. Then using the above we obtain that

U s - - — = - — — B - — B =~
av i =/ / DH(Zpe)dv Zpe8 (Ue)UZ + H(Zpe)8" (Ue)dy Ue U7 + H(Zpe)8' (Ue)2Ue 9y Ue
—& J—¢

//0(1)0(8)0( )0(1)+0(1)0( )0(82)0(1)+0(1)0<1)0(1)0(8)
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[ o) e

Similarly, we obtain that
oyl = / / =0(g). (5.39)
—& —&

For the last term we need to be more careful. First we calculate

s 3VA8 Ve + H(Zps)S(Us)Ua)
oy Iz =
—¢ Ne¢
" Ag (3V Vs + DH(Zps)BVZpsse(L_/a)[/s + H(Zps)(sé([/s)avl-_/s[/e + H(Zps)ss([/s)avgs)
Ne

Ag (‘_/s + H(ZPE)SF(UE)UE)aVNS
N2

[T o) o (om0 [ [ oty

Consequently, we get that dyh, = O(¢) and so dy V. = O(1) as the V-derivative of
the initial conditions for the V-component is O (1). O

At this point we observe that

DT, =
1 0 0 0
A 2 2A A 2
4> d V 1+TZ4+HUV 0 _?—(Z4ia)2UV
A A A
4 4+avz L742UZ; 1+3Z4+auv S UVZ
Sav SaU 0 1
0 0 0 0
duhe 0 dz,he 37,k .
WwZe 0 0 o | TP
wZse 0 O 1
0 0 0 0
duhe O dzhe dz,he - 3
= Ds, + wZ. 0 0 o | +B=Dse+I.+B,
wZse 0 0 1

where the qu are the Zq ¢ without the initial conditions, B comes from B in (5.36) and
the additional dy h.-, 0y Zye-, 07 , Z4¢-terms are all O (¢) by Lemma 5.9. Furthermore,

the (1, 2)-entry of B, which is dy U, is even 0(82) (by Lemma 5.9), which is essential
in what follows. Thus, when calculating all the principal minors of DT, we need to
observe that
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limit

(U, V,n); D'-metric (2.1) (Ue, Ve, me)
(13) .-
(4.12)
(U.V, Z,) . . S
(2.5) 5D-Di-metric  ——o B3 T @ vz,
(2.6) with (2.7) | with (27) (4.11)
/2.9), in front//’/(ﬂl.lzs)

(u,v,Z); C%'-metric (2.2) -~

Fig.3 Schematics of the transformations and regularisations employed in this work

1. the factor 3y h,, which is O (%), is always multiplied by an O (g?)-term,

2. the factors 9y qu, which are O (1), are always multiplied by an O (¢)-term, and

3. the factors 8zph€, which are O(1) by Lemma 5.9, are always multiplied by an
O (¢e)-term.

Thus, all the principal minors are of the form 1 + O(e), and hence, in particular,
|det(DT,)| > &V for some N e N. Consequently, (T;l)g is moderate, and from
T;l o T, = id we conclude that Ts’1 is c-bounded (on the image of T;).

In conclusion, this gives that T = [(T:).)] is a generalised diffeomorphism. We
are, however, interested in the overall transformation (4.13), i.e. the precomposition
of T with (2.9) and the postcomposition with (4.12). Since they both are (classical)
smooth diffeomorphisms on their respective domains, we only need to observe that

such a composition clearly is a generalised diffeomorphism. So in total we have:

Theorem 5.10 The discontinuous coordinate transform (4.13) is a generalised diffeo-
morphism.

6 Discussion

In this work we have studied the notorious discontinuous coordinate transformation
(2.5) relating the distributional and the continuous metric commonly used to describe
nonexpanding impulsive gravitational waves propagating in (anti-)de Sitter space.
Already in [39] it was shown that this transformation is geometrically given by the null
generators of the (A)dS hyperboloid in a 5 D-description, which jump and are refracted
due to the wave impulse. Here we have put this formal analysis on firm mathematical
grounds using the nonlinear distributional analysis of the geodesics in these geometries
provided in [44, 45]. More precisely, we have established that a careful geometric
regularisation of the transformation leads to a generalised diffeomorphism in the sense
of nonlinear distributional geometry. In this way we have also generalised the analysis
of the far simpler A = 0-case of [21]. We have schematically displayed our procedure
in Fig. 3.

Physically speaking, our approach consists in viewing the impulsive wave as a
limiting case of a sandwich wave, where we have used the 5 D-formalism to define at
a sensible regularisation of the spacetime, i.e. as the (A)dS hyperboloid in a 5D flat
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sandwich wave. From this point of view, the two forms of the impulsive metric arise
as the (distributional) limits of this sandwich wave in different coordinate systems,
once in the 4 D-‘continuous system’ (u, v, Z), where the metric is (2.2) and the 4D-
‘distributional system’ (U, V, ), where the metric is (2.1).
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