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New structures in gravitational radiation

LyD1A BIERI

We investigate the Einstein vacuum equations as well as the
Einstein-null fluid equations describing neutrino radiation. We
find new structures in gravitational waves and memory for
asymptotically-flat spacetimes of slow decay. These structures do
not arise in spacetimes resulting from data that is stationary out-
side a compact set. Rather the more general situations exhibit
richer geometric-analytic interactions displaying the physics of
these more general systems. It has been known that for stronger
decay of the data, including data being stationary outside a com-
pact set, gravitational wave memory is finite and of electric parity
only. In this article, we investigate general spacetimes that are
asymptotically flat in a rough sense. That is, the decay of the
data to Minkowski space towards infinity is very slow. As a main
new feature, we prove that there exists diverging magnetic mem-
ory sourced by the magnetic part of the curvature tensor (a) in
the Einstein vacuum and (b) in the Einstein-null-fluid equations.
The magnetic memory occurs naturally in the Einstein vacuum
setting (a) of pure gravity. In case (b), in the ultimate class of so-
lutions, the magnetic memory contains also a curl term from the
energy-momentum tensor for neutrinos also diverging at the afore-
mentioned rate. The electric memory diverges too, it is generated
by the electric part of the curvature tensor and in the Einstein-
null-fluid situation also by the corresponding energy-momentum
component. In addition, we find a panorama of finer structures in
these manifolds. Some of these manifest themselves as additional
contributions to both electric and magnetic memory. Our theo-
rems hold for any type of matter or energy coupled to the Einstein
equations as long as the data decays slowly towards infinity and
other conditions are satisfied. The new results have a multitude of
applications ranging from mathematical general relativity to gravi-
tational wave astrophysics, detecting dark matter and other topics
in physics.
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1. Introduction
1.1. Overview and summary of results

We find a wealth of new structures in gravitational waves and memory (a
permanent change of the spacetime) for asymptotically-flat spacetimes of
slow decay. In particular, we investigate the Einstein vacuum and Einstein-
null-fluid equations describing neutrino radiation for sources whose distribu-
tion decays very slowly towards infinity. In particular, such sources are not
stationary outside a compact set. For the physical case, we may assume the
no-incoming radiation condition. We study the incoming radiation as well,
then relate this to the situation where there is no incoming radiation. The
new effects are expected to be seen in current and future gravitational wave
detectors.

First, we find growing magnetic memory within the realm of the Ein-
stein vacuum (EV) equations. The electric memory is growing too. Then
we show that all the new effects for the Einstein vacuum (EV) equations
are also present in the Einstein-null fluid (ENF) situations. Whereas the
magnetic memory is sourced by the corresponding magnetic component of
the curvature tensor, the electric memory is sourced by the corresponding
electric part of the curvature plus an integral term involving the shear. The
null fluid contributes to the diverging electric memory at highest rate. In the
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ultimate class of solutions, the magnetic memory contains a curl term from
the energy-momentum tensor for neutrinos also diverging at the aforemen-
tioned rate, and the integral of the shear term in the electric null memory
becomes unbounded.

The natural occurrence of magnetic memory in the EV and ENF setting
for slowly decaying data is a unique feature of these more general spacetimes.
If the decay of the data is stronger, which includes sources that are stationary
outside a compact set, then magnetic memory does not exist, and all the
memory effects (being of electric parity only) are finite.

Moreover, further interesting structures arise in our more general space-
times. They will be derived and explored in detail in sections and @of
this paper.

Our new findings, in particular the new gravitational wave memories can
be used to detect, identify and gain more information about sources.

If dark matter behaves like neutrinos or similar matter that is not sta-
tionary outside a compact set, then the new phenomena can be used to
detect dark matter via gravitational waves.

1.2. Spacetimes, gravitational radiation and memory

The physical laws of the universe take a geometric form in the Einstein
equations . They can be written as a system of second-order, hyperbolic,
nonlinear (i.e. quasilinear) partial differential equations. The dynamics of
the gravitational field are investigated via the Cauchy problem for physical
initial data. The resulting spacetimes are solutions of the Einstein equa-
tions, respectively Einstein-matter equations if matter or energy fields are
coupled to the original system. A long and interesting history of mathemat-
ical research has intertwined with the progress of General Relativity (GR).
In particular, the mathematical endeavors of the pioneering years of GR
culminated in Y. Choquet-Bruhat’s proof of well-posedness of the Einstein
equations [21] and her work with G. Geroch [24]. These results have been
generalized in many directions, and they form the foundations on which
global results have been based. See Choquet-Bruhat’s overview article for a
more detailed discussion of this subject [22].

Gravitational waves are radiated away in extreme events such as bi-
nary black hole mergers binary neutron star mergers or core-collapse su-
pernovae. Sources producing gravitational radiation are best described as
asymptotically-flat spacetimes.

Gravitational waves in GR are predicted to change the spacetime per-
manently. This phenomenon is called the memory effect, and was found
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by Ya. Zel’dovich and B. Polnarev in a linearized theory [45] and by D.
Christodoulou in the fully nonlinear setting [25]. There are two types of this
memory [12]. Namely, the present author and D. Garfinkle showed [12] that
the former by Zel’dovich and Polnarev, called ordinary memory, is related to
fields that do not go out to null infinity, whereas the latter by Christodoulou,
called null memory, is related to fields that do go out to null infinity.

For spacetimes decaying to Minkowski spacetime towards infinity at a
rate of r~! or faster, all these memories are finite and of electric parity only
[7]. This includes sources that are stationary outside a compact set.

In 2015, the first detection of gravitational waves from a binary black
hole merger in the two LIGO facilities [1] marked a major scientific break-
through. Another milestone followed in 2017 with LIGO and Virgo jointly
measuring waves generated in a neutron star binary merger [2| 13|. Many
more events have been observed since 2015. We live in midst of the begin-
ning of a new era where numerous gravitational wave detectors will reveal
information from regions of our universe, where telescopes cannot see.

P. Lasky, E. Thrane, Y. Levin, J. Blackman and Y. Chen suggest a way
to detect gravitational wave memory with LIGO in [35].

Whereas in detectors like LIGO gravitational memory will show as a
permanent displacement of test masses, detectors like NANOGrav will rec-
ognize a frequency change of pulsars’ pulses.

The aforementioned pioneering works on the two types of gravitational
wave memory [45] and [25] were followed by several contributions by other re-
searchers [17H20] 32 [391/40}[44]. More recently, there has been an increasing
number of authors contributing to the field [9H15] [30] 31} [35! [36] [38] [41H43].
See the previous works for more detailed references. The literature on mem-
ory has grown very large, so that it is not feasible any longer to explain all
aspects in a research article. Rather we concentrate on the references that
are relevant for the topics under investigation. Having said that, I recom-
mend to explore the many aspects of memory in GR and their analogues in
other theories. The aforementioned literature and references therein provide
a comprehensive guidance.

Garfinkle and the present author derived [13| the analogues of both
memories for the Maxwell equations. These were the first analogues outside
GR. The search for analogues of the memory effect in other theories has
become very popular. See for instance [38].

Most physical matter- or energy-fields coupled to the Einstein equations
contribute to the null memory [12]. In particular, we showed this together
with P.Chen and S.-T. Yau for the Einstein-Maxwell system, where a specific
component of the electromagnetic field increases the null memory [9], [10].
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In collaboration with Garfinkle we proved that there is a contribution to
the null memory from neutrino radiation |[11] as it occurs in a core-collapse
supernova or a binary neutron star merger.

In [7] the present author showed that for AF spacetimes approaching
Minkowski spacetime at a rate of 7! and faster, memory is of electric parity
only. An interesting and “unusual” example of stress-energy of an expanding
shell in linearized gravity was produced by G. Satishchandran and R. Wald
137] that gives rise to an ordinary magnetic memory.

The present author also showed [7] that AF spacetimes approaching
Minkowski spacetime at a rate of 0(7“_5) generate diverging electric memory.

It is interesting to point out the following: Whereas Satishchandran and
Wald [37] invoked a very special example of stress-energy to produce mag-
netic memory, we find magnetic memory even in the Einstein vacuum regime
(thus without any stress-energy present). We show that this new magnetic
memory occurs naturally for slowly decaying AF spacetimes.

In [36], based on Winicour’s work [43], T. Méadler and J. Winicour consid-
ered gravitational wave memory from different sources in a linearized setting.
They showed that the special case of homogeneous, source-free gravitational
waves coming in from past null infinity gives a magnetic memory, whereas all
the other sources considered in their paper produce electric memory only.
We can think of this as putting in magnetic memory by hand by placing
these incoming waves at past null infinity. The results in [43], [36] are con-
sistent with the results from the afore-mentioned literature showing that all
gravitational wave memory from systems decaying like r—! or faster are of
electric parity only. In these settings, the only way that magnetic memory
can occur is by having incoming radiation from past null infinity “carry it”
already. That is, it has to be in the initial data.

In the present article, we show that magnetic memory arises naturally for
systems that decay more slowly towards infinity. In particular, this includes
the settings without incoming radiation. Thus, it is not contained in the
initial data, but the evolution of the latter produce magnetic memory in the
outgoing radiation. The situations with incoming radiation are discussed
in detail in sections and of this paper. In the latter, we give the
full picture of incoming radiation, comprising gravitational waves of various
decay properties, and explain the implications of turning on and off this
incoming radiation. In this article, we prove that magnetic memory arises
naturally in all these situations with and in particular without incoming
radiation, thereby deriving new structures in gravitational waves and new
memory.
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Our results for the Einstein vacuum equations also hold for neutrino
radiation via the Einstein-null-fluid equations. A further result in the present
article is the derivation of a contribution to magnetic memory from neutrino
radiation through a curl term of its stress-energy tensor in the ultimate class
of spacetimes.

In GR, the dynamics of binary black holes, galaxies, generally of iso-
lated gravitating systems (thus non-cosmological scenarios) are described
by asymptotically-flat (AF) solutions of the Einstein vacuum equations, or
Einstein equations coupled to corresponding matter or energy. These have
been understood in detail (in the fully nonlinear regime) through the proofs
of global nonlinear stability of Minkowski space. In the latter, we let small
AF initial data (controlled via weighted Sobolev norms) evolve under the
EV equations to become globally AF spacetimes that are causally geodes-
cially complete (thus without any singularities). A semi-global result in the
asymptotically-hyperbolic case was obtained by H. Friedrich [33]. The first
complete global proof was accomplished by D. Christodoulou and S. Klainer-
man in [28]. N. Zipser generalized this result to the Einstein-Maxwell system
146], [47], and the present author in [4], [5] to the borderline case for the EV
equations assuming one less derivative and less fall-off by one power of r than
in [28] obtaining the borderline case in view of decay in power of r. Many
authors contributed proofs or partial results in various directions. We would
like to point out [34] for a more recent study of polyhomogeneous data.
Please, see the aforementioned literature for more references on this topic.
In this article, we concentrate on the works relevant to the problems under
investigation. The results [4} (5 [28]/46}[47], while providing insights into large
classes of important physical systems, they also establish a detailed descrip-
tion of null asymptotic behavior and gravitational radiation. The smallness
of the initial data was required to establish existence and uniqueness of solu-
tions. However, the main behavior along null hypersurfaces towards future
null infinity remains largely independent from the smallness assumptions.
To see this, one may first take a double-null foliation near scri. Next, con-
sider the portion of null infinity near spacelike infinity such that the past
of this portion intersected with the initial spacelike hypersurface lies within
the large data region. Then find that the asymptotic results still hold for
this portion of null infinity. This allows us to gain insights into large data
behavior, including black holes.

In this article, we first present the framework as well as a summary of
our results, then proceed to the major setting and equations. In section
we derive the new effects for the EV equations and in section @ for the
Einstein-null fluid equations describing neutrino radiation. A comprehensive
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derivation of further new structures is provided. We conclude in partwith
an outlook together with applications of the new phenomena.

2. Main structures and main results

The Einstein equations coupled to the stress-energy tensor of a general phys-
ical field are

1
(1) G = RMV_EQIWR = 8n1y, ,

for u, v = 0,1, 2,3 and setting the constants G = ¢ = 1, where G is Newton’s
gravitational constant, ¢ the speed of light. We solve the equations for the
unknown metric g,,. In 1) G, denotes the Einstein tensor, R, is the
Ricci curvature tensor, R the scalar curvature tensor, 7),, is the energy-
momentum tensor. The Einstein equations have to be complemented
with the corresponding equations for the field on the right hand side of .

We denote the solution spacetimes by (M, g). These are 4-dimensional
manifolds with a Lorentzian metric g solving the system of equations.

In this paper, Greek letters «, 3,7, - denote spacetime indices, Latin
letters a,b,c,--- spatial indices, and capital Latin letters A, B,C,--- in-
dices on a two-dimensional spacelike surface diffeomorphic to S2. When
using a time foliation of the 4-dimensional manifold into time ¢ and 3-
dimensional spacelike hypersurfaces, we may refer to the 0-component as
the t-component. For the larger part of our article we use a null foliation of
the spacetime, that is introduced in section 3]

The twice contracted Bianchi identities yield

(2) D'Gy =0

This implies that

(3) D', =0
Consider the Einstein vacuum equations

(4) Ru =0.

Consider the Einstein-null-fluid equations describing neutrino radiation

in GR

(5) R, = 81T, .
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As the T}, for the null fluid is traceless, the Einstein equations for a null
fluid reduce to .

The components of the energy-momentum tensor are given in section[6.1]

Let L denote an outgoing and L an incoming null vectorfield. They will
be further specified in section

Contract the contravariant tensor T#” with the metric to obtain the co-

variant tensor 7},,. Thus it is 711 = %T@.

We investigate

e the Einstein vacuum equations for large data consistent with
[41[5], and

e the Einstein-null-fluid equations describing neutrino radiation
in GR for data of the same general type together with a neutrino dis-
tribution that decays slowly towards infinity, in particular it is not
stationary outside a compact set.

Gravitational Wave Memory: Electric Parity, Magnetic Parity.
The Weyl tensor W,g,s is decomposed into its electric and magnetic
parts, which are defined by

(6) Eab = Watbt
(7) Hyp = %EefaWefbt

Here €, is the spatial volume element and is related to the spacetime volume
element by €. = €1ape- The electric part of the Weyl tensor is the crucial
ingredient in the equation governing the distance between two objects in
free fall. In particular, their spatial separation Azx® is

d*Az® a A b

A memory effect caused by the electric part of the curvature tensor is
called electric parity memory (i.e. electric memory); if it is caused by
the magnetic part of the curvature tensor, then it is called magnetic par-
ity memory (i.e. magnetic memory). For asymptotically-flat (AF) systems
with O(r~!) decay towards infinity there is only electric parity memory,
magnetic parity memory does not exist |7|. However, in AF spacetimes of
slower decay, we show in this article that magnetic memory occurs naturally.
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Moreover, the overall memory is growing and new structures arise that are
not present in the former systems. These phenomena hold for the Einstein
vacuum equations as well as for the Einstein equations coupled to other
fields that decay slowly towards infinity and obey other corresponding
properties. In particular, they hold for the Einstein-null-fluid equations de-
scribing neutrino radiation for a neutrino distribution obeying the slow
fall-off rates.

We use the notation introduced in [28] by D. Christodoulou and S. Klain-
erman. The spacetimes investigated in our article were treated by the present
author in [4] 5], where they obey smallness assumptions. In this article,
we study large data. We emphasize that the main behavior along null hy-
persurfaces towards future null infinity remains largely independent from
the smallness assumptions.

We are going to consider classes of asymptotically-flat initial data yield-
ing corresponding classes of spacetimes. Let us first give the following defi-
nition.

Definition 1. (Christodoulou-Klainerman (CK), [28]) We define a strongly
asymptotically flat initial data set in the sense of [28] and in the following
denoted by (CK) initial data set, to be an initial data set (H, g, k), where g
and k are sufficiently smooth and there exists a coordinate system (', 22, x3)
defined in a meighborhood of infinity such that, as r = (Z?Zl(xi)Q)é — 00,
gij and k;j are:

2M _3
9) g; = 1+ 7) dij + o4 (r72)
(10) ki = o3 (r:),

where M denotes the mass.

In [28], the authors control weighted Sobolev norms of appropriate en-
ergies. This induces the above class of initial data.

Definition 2. (Bieri (B), [4], [5]) We define an asymptotically flat initial
data set to be a (B) initial data set, if it is an asymptotically flat initial data
set (Ho, g,k), where g and k are sufficiently smooth and for which there

exists a coordinate system (x',x%,x3) in a neighborhood of infinity such that
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with r = (33, (21)2)2 — oo, it is:
(11) Gj = 0y + o3 (r3)

3

(12) kij = o02(rz).

In [4], [5], other weighted Sobolev norms of appropriate energies are
controlled, yielding the most general class of spacetimes for which nonlinear
stability has been proven.

As a consequence from imposing less conditions on the data in [4], [5],
the spacetime curvature is not in L>°(M), as opposed to [28]. In [4], [5], only
one derivative of the curvature (Ricci) lies in L?(H).

Definition 3. (A) We define an asymptotically flat initial data set to
be an (A) initial data set, if it is an asymptotically flat initial data set
(Ho, g, k), where g and k are sufficiently smooth and for which there exists
a coordinate system (x', 22, x3) in a neighborhood of infinity such that with

r= (33 (29)2)2 — oo, it is:

(13) gj = 6y + O3 (r )
(14) kij = O (r 2).

Note the difference between definitions |2| and |3} Namely, that little o
from the former is replaced by big O in the latter.

We introduce the following notation

e (CKvac) Spacetimes are solutions of the Einstein vacuum equations
resulting from initial data as given in definition |1| with large data.

e (Mvac) Spacetimes are solutions of the Einstein vacuum equations
resulting from initial data where in deﬁnitionthe mass term % is replaced
by a term being homogeneous of degree —1, the remainder of the metric g;;
decays like r~1=€ and ki; like r~27¢ towards infinity, with large data.

e (Bvac) Spacetimes are solutions of the Einstein vacuum equations
resulting from initial data as given in definition 2| with large data.

e (Avac) Spacetimes are solutions of the Einstein vacuum equations
resulting from initial data as given in definition 3| with large data.

e (B-Tneutrinos) Spacetimes are solutions of the Einstein-null-fluid
equations describing neutrino radiation for initial data as given in defini-
tion and the corresponding energy-momentum tensor, which is falling off
at slow rates (specified in section@, large data. In particular, such sources
are not stationary outside a compact set.
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e (A-Tneutrinos) Spacetimes are solutions of the Einstein-null-fluid
equations describing neutrino radiation for initial data as given in defini-
tion and the corresponding energy-momentum tensor, which is falling off
at slow rates (specified in section@), large data. In particular, such sources
are not stationary outside a compact set.

Stability Theorems: It is important to emphasize that for data as in
deﬁnition under a smallness condition, the present author established [4],
15] a global existence and decay theorem for the Einstein vacuum equations
. When the smallness condition is relaxed and we allow for large data,
then recall from the end of section that there exists a complete domain
of dependence of the complement of a sufficiently large compact subset of
the initial hypersurface. That is, we have a solution spacetime with a por-
tion of future null infinity corresponding to all values of the retarded time
u not greater than a fixed constant. This provides the solid foundation to
investigate the asymptotic behavior at future null infinity for large data,
that is for (Bvac) spacetimes. In particular, it allows us to prove theorems
on the nature of gravitational radiation for (Bvac) spacetimes. Naturally,
our investigations will extend to (B-Tneutrinos) spacetimes. Note that for
data of type (B) the total energy is finite but the total angular momentum
diverges. If we make the class of initial data even larger to be represented
by the type (A) as in deﬁnition then for this class (A) the total energy is
no longer finite. However, for type (A) data no existence theorem is known
for a development which includes a portion of future null infinity. Therefore,
the study of (Avac) and (A-Tneutrinos) spacetimes will lead to conjectures
furnished with supporting evidence. In contrast, for data yielding (CKvac)
and (Mvac) spacetimes, not only the total energy but also the total angular
momentum is finite.

In the following, we will often use the abbreviations: IR for “incoming
radiation”, NIR for “no incoming radiation”, and NIRC for “no incoming
radiation condition”.

We state our results for the Einstein vacuum equations and for the
Einstein-null-fluid equations describing neutrino radiation in GR. Inves-
tigating the properties of gravitational radiation for very general spacetimes,
we show:
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For the Einstein vacuum equations (4):

(1) (Bvac) spacetimes: Initial data as given in definition |2| for large
data lead to the following types of memory effects at future null
infinity 7T:

(a) the electric memory effect growing at rate \/m derived by
the present author in [7], which is sourced by the corresponding electric
part of the curvature growing at the same rate and a finite contribution
from the shear (the news tensor) of the outgoing radiation;

(b) a new magnetic memory effect growing at rate \/m ,
sourced by the corresponding magnetic part of the curvature growing
at the same rate.

(2) Initial data as in definition |2| for large data lead to the following
types of memory effects at past null infinity 7—:

(a) an electric memory growing at rate \/@ , which is sourced
by the corresponding electric part of the curvature growing at the same
rate and a finite contribution from the shear of the incoming radiation;

(b) a magnetic memory growing at rate \/@ , which is sourced
by the corresponding magnetic part of the curvature growing at the
same rate.

(3) If we impose the no incoming radiation condition at past null
infinity Z~, then both effects (2)(a) and (2)(b) at Z~ disappear,
that is the corresponding limits in the relevant equations are zero.
These spacetimes, obeying the no incoming radiation condition, form
a subclass of the spacetimes generated by the past evolution of large
initial data as in [4][5] (without any smallness assumptions). We find
that data with and without the NIRC at Z— obey the same energy
conditions.

(4) Conjecture: For (Avac) spacetimes, all the above results hold with

the difference that the null memory may not be bounded anymore in
(Avac).

For the Einstein-null-fluid equations describing neutrino ra-
diation in GR:

(5) (B-Tneutrinos) Spacetimes feature the following types of memory
effects at future null infinity Z+:

(a) an electric memory effect growing at rate \/m sourced by

the corresponding electric part of the curvature and the Ty component
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of the energy-momentum tensor, each growing at the same rate, and
a finite contribution from the shear ;

(b) a new magnetic memory effect growing at rate \/\u_|,
sourced by the corresponding magnetic part of the curvature growing
at the same rate.

(6) Conjecture: (A-Tneutrinos) Spacetimes produce memories like in
(5(a)-(b)) but none of them are bounded anymore. In addition, a new
integral of a curl of T term, growing like \/m contributes to to the
magnetic memory.

For both systems: EV as well as ENF equations :

(7) In all the spacetimes (Bvac), (B-Tneutrinos) finer structures in
the curvature as well as shear terms appear in both electric and mag-
netic memory. Whereas the ones related to curvature contribute at
diverging and finite levels, the new structures in the shear expressions
yield additional finite memories.

(8) Conjecture: In the spacetimes (Avac), (A-Tneutrinos), similar as
described in the previous point, finer structures arise.

The results for the (B-Tneutrinos) spacetimes and the conjectures for
(A-Tneutrinos) spacetimes hold for any Einstein-matter system with
an energy-momentum tensor behaving correspondingly. Necessary
yet not sufficient: the latter obeys slow decay laws. In particular, such sources
are not stationary outside a compact set.

The main results of this article are given in theorems [4] as well as
and the investigations of this paper lead us to state conjectures 5] and[12]

Sources: non-stationary versus stationary outside a compact
set: In [1I] Garfinkle and the present author investigated neutrino radi-
ation in GR via the Einstein-null fluid equations for sources in spacetimes
falling off like @ As a consequence the stress-energy of these sources enjoys
a fast decay behavior. In particular, this includes sources that are station-
ary outside a compact set. We found that all the memories are finite, and
that the neutrinos contribute to the null memory by a finite amount. No
magnetic memory is present. The new situation investigated in the current
article is not stationary outside a compact set but enjoys very slow decay
towards infinity. This very fact causes not only diverging memories but also
new structures to play more dominant roles. The emergence of magnetic
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memory is a most striking feature of the more general sources. It is missing
completely for sources of stronger decay. In this article, we derive magnetic
memory for Einstein-null-fluid systems describing neutrino distributions of
slow decay as in (B-Tneutrinos) spacetimes, and we conjecture correspond-
ing structures for (A-Tneutrinos) spacetimes. As a side result, we show as
well that spacetimes solving equations and that are falling off at the
order O(r~1) without any assumptions on the leading order decay do not
produce any magnetic memory.

3. Setting

In this section, we set up the stage to derive the new effects.

The covariant differentiation on the spacetime M is written as D or V,
and the one on a spacelike hypersurface H is V or V. It is clear from the
context, what V refers to.

Let t be the maximal time function and u the optical function as in
14l [5]. The former foliates the spacetime into spacelike hypersurfaces Hy,
the latter into outgoing null hypersurfaces C,. Moreover, we denote the
intersection between these hypersurfaces by S, := H; N C,. The surfaces
St are diffeomorphic to the sphere S 2 and we will refer to 01, 6> given on St
as the spherical variables. We also introduce u := —u + 2r with r = r(¢,u)
being defined by 47r? expressing the surface area of S .

Naturally, we denote by C,, the incoming null hypersurfaces. Define
7_:=+1+u? and 71 := /1 + u?. We work with a null frame e1, es, €3, eq4,
where {es}, A =1,2 is a local frame field for S;,,, and e3 = L,eq = L are
a null pair. In particular we have g(e4,e3) = —2. We define the tensor of
projection from the tangent space of M to that of S, by

1
" = g™ + 5(626’5 + ehel)

Further, let T" be the future-directed unit normal to H;, and N the outward
unit normal to S;, in H;. Then we see that the outgoing null vector field
eqs =T + N, and the incoming null vector field e3 =T — N. Operators on
the surfaces S, will be denoted with a slash. Thus, ¥ describes covariant
differentiation on S; ,,, the divergence and curl operators for tensors ¢ on S ,,
are given as dibta,..q, = WBtAlmAkB and cyrl ta,..a, = EBCWBtAl-nAkC,
respectively. Moreover, for a p-covariant tensor field ¢ tangent to S, Dyt and
D3t are the projections to S of the Lie derivatives L4t, respectively Lst.



New structures in gravitational radiation 545

We decompose the second fundamental form £;; of H; into

(15) kny = 0

(16 kan = e€a
(17) kap = mnaB .
Define

(18) Oap = <VAN, 63).

Definition 4. We define the null components of the Weyl curvature W as
follows:

(19) Q,uz/ (W) = H,up HVU WP’YU‘S eg eg
1

(20) B, (W) = ST Whes e§ ] ¢
1

(21) p W) = | Waps § €} €f
1 * a B v 6

(22) o (W) = 1 Wapys €3 €y e3 €4
1

(23) B,u (W) = 5 H,up Wpa’y5 GZ eg ei

(24) ap (W) = ILZILT Wyos €] € .

Thus the following holds, where capital indices take the values 1, 2:

(25) Wasps = aap

(26) Wagza = 205,

(27) Wsgzg = 4p

(28) Wigzs = 4o

(29) Waaza = 204

(30) Wasps = «aap

with
a, S-tangent, symmetric, traceless tensors
B, B S-tangent 1-forms
p, 0 . scalars .

Whenever we work with the Einstein vacuum equations, the Riemannian
curvature tensor R,g,s is identically the Weyl curvature tensor Weog.s.



546 Lydia Bieri

Let us introduce the shears Y, X to be the traceless parts of the second
fundamental forms with respect to the null vectorfields L and L generating
the corresponding outgoing, respectively incoming null hypersurfaces ( “light
cones”). Let X,Y be arbitrary tangent vectors to S, at a point in this
surface. Then the second fundamental forms are defined to be

X(XvY) :g<vXL>Y) K(X7Y) :g(VXL,Y).

We denote the trace of these tensors by try, respectively ¢ry. Complement-
ing the above, the Ricci rotation coefficients of the null frame are:

xap = g(Daes,ep)
Xup = 9(Daes,ep)
4 = %Q(Dses, ea)
Ca = %9(D3€4,€A)
o = %9(D463, ea)
v o= %9(D464, e3)

v = %9(17363, e4)
€A = %9(&464763)

Here, ( is the torsion-one-form.

Next, we introduce a useful concept and notation that we will use exten-
sively later in this paper. The signature s is defined to be the difference of
the number of contractions with e4 minus the number of contractions with
e3. Then we introduce the following.

Definition 5. Let W be an arbitrary Weyl tensor and let & be any of its
null components. Let D& and D & denote the projections to St of D3
and D&, respectively. Define the following Si.-tangent tensors:

3—s

2
3+s

2

53 = wgf +
54 = E4f +

trx§

trx& .
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For the Einstein vacuum equations we find that the energy radiated away
per unit angle in a given direction is F'/4m with

+o0
(31) F()=1 / | E(u,) [2 du

and = denoting the corresponding limit of the shear.
For the Einstein-null fluid equations describing spacetimes with neutri-

nos we find that the energy radiated away per unit angle in a given direction
is Frr/4m with

(u,”) * + 27 Ts3(u, )) du .

w
a2
3
Il
N |
I
+
8
[1]

In the special class of (A-Tneutrinos) spacetimes we find that the angular
momentum radiated away caused by the matter is

+o0o .
(33) Ar(s) = 47r/ (cyrl T)343(u, Ddu .

—0o0

Hereby, 733 and (cyirl T) ; 4 denote corresponding limits generated by the
stress-energy tensor of matter, that is the null fluid describing the neutrino
distribution.

The details will be derived in the following sections.

4. General spacetimes
4.1. Overview

Let us have a closer look at (Bvac) spacetimes. That is, we have data as
in 4], 5] but the data is not required to be small. Thus, we allow for large
data. First, we recall structures from [4], [5]. There, it is shown that in the
global future development of the initial data, the following terms have a
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decay behavior at infinity that is given by

(34) a = 0@ 'Y
(35) B = O(@? 7'__%)
(36) p, 0, a, B = o0 (T_é)

(37) X o= olm2)
(38) X = O (7’_17'__5)
(39 x-Tx = 067

(40) ¢ = o (7“_3)

(41) ( = o (r—z)

(42) K — % = o0 (r_g)

(43) try = % + lot
(44) trx = —% + lot.

with K the Gauss curvature of the surfaces S; ,. Further, we have

o = O 'r?)
o= 0 ')
e = o(r_%)
y = 0(7“_%)

The mass aspect function p and its conjugate p are defined as

1
(45) w = K+ Z”X”X —dip¢
1
(46) po= K+ Z”X”X + dip ¢
Moreover, it is proven in |4|, |5 that the mass aspect function p =

O(r=3). We use propagation equations to prove this result, thereby the lead-
ing order terms cancel.
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4.2. Structures

We consider the propagation equations

(47) d%)% +irxyx = «
(48) Pyttt = 2wk — gtk + VB¢ +CEC
(49) d%X +irxx = —%”’Xf( + W@Q + §®£
(50) ng = —«
(51) d%trx—i— %trxtrx = 2p+2di/i)£—§<-x+2|£|2
= —2u+2[¢]
(52) DyCHtrx( = —@—2X~C+2Y7w+%trx§+)2‘§
(563) Dstry + %trxtrx =  2wtrx + 2dip¢— XX
+2[¢1* + 2p
= —2uwtry — 2u + 2|¢|?
(64) trx + rx)? = P

where w is another Ricci coefficient at the order of §.
Let K be the Gauss curvature of S ,. The Gauss equation reads

X" X=—p

N |

1
(55) K+ ZtTX“X —

The shears y and x obey the equations

(56) dipx = @—1—&-(—!—%(?7157“&—257“&() = B+lot.
GT) by = 6%+ (Vi +imx)

Recall that ( is the torsion-one-form.
The Hodge system for ¢ on Sy, is

(58) dip{ = —p—p+X-X
1

2

DO

(59) afrl¢ = o—=xA

[>=<>
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where p is given in , K in .
The shears are related to each other by the equation

0 . 1 .
(60) 50X = Ztrx X + Lot
Also, it is
0 1
1 —X = = l.o.t.
(61) X gat+lo

Note that yields (60)), and yields (61).

4.3. Limits at null infinity

Limits at null infinity Z7: Next, we are going to describe a very inter-
esting phenomenon revealing the dynamical and non-dynamical parts of the
geometric components.

As a result of the proof in [4] 5], several quantities, which are defined
locally on the surface S;,, do not attain corresponding limits on a given
null hypersurface C, as t — co. However, the difference of their values at
corresponding points on .S, and S,,, does tend to a limit. In particular, let us
look at x that is defined locally on S} ,. Recall . Even though 2% does
not have a limit as » — oo on a given (), the difference at corresponding
points on S, in Cy and on 5, in Cy, does have a limit. In particular, these
points being joined by an integral curve of es, the said difference attains the
limit

(62) /1: Dy du

The part of x with slow decay of order o(r_%) is non-dynamical, that is, it
does not evolve with u. We see that this part does not tend to any limit
at null infinity Z*. Similarly, the components of the curvature that are not
peeling have leading order terms that are non-dynamical (and do not attain
corresponding limits at Z1). Taking off these pieces gives us the dynamical
parts of these (non-peeling) curvature components.

Notation: In (Bvac) and (B-Tneutrinos) spacetimes, we denote the part
of ¥ with decay o(r~2) and which is non-dynamical (i.e. which does not
evolve with u) by [r~2]. Denote the leading order dynamical part of { (i.e.

which evolves with u) by {r_Qng}. More generally, for any of the non-
peeling curvature components and any of the Ricci coefficients which have
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a leading order non-dynamical part, let [-] denote the leading order non-
dynamical part (thus not evolving in u) of this component; and let {-} denote
its leading order dynamical part (thus evolving in u).

The corresponding notation will be used for (Avac) and (A-Tneutrinos)
spacetimes, with the difference that the non-dynamical part of y is of order
O(r_% ), and more generally for the other quantities the non-dynamical parts
will be of corresponding order O(-) rather than o(-).

Dynamical versus non-dynamical: Given the previous argument together
with the proof in [4], [5], the following is a consequence of equations —
for both small as well as large data:

(63) X = [ Lot
(64) X = {7“_17'__%}+[r_%]+l.o.t.

Further, by the proof in [4], |5] and the smallness conditions therein
for the es-derivative of p, respectively o:

(65) / rosf? < ce
H

(66) / ro3]? < ce
H
it is a consequence that

p3 = O(T_?)T_%) , 03 = O(T_3T_%)

[N

Thus, ps, respectively, o3 cannot have any terms of the order r~27_2. In
particular, the curvature components p and ¢ have the following structures,

where we use the notation from above:

67) p = AT 4 3 4 3P 0w
and
68) o = [+t 4 3P 0t

with w denoting ror 7_ and o > 0,0 < 8 < % We emphasize that —
are consequences of the smallness assumption on the initial data and the
proof in [4], [5]. For large data, there are more terms present which feature
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a large variety of decay, possibly including terms in p, respectively o, of the
order r~27-% with a > 0. Nevertheless, the highest order terms will behave
in the same ways.

A direct consequence of the results of [4][5] is the following

Theorem 1. For the spacetimes of types (Bvac) and (B-Tneutrinos), the
normalized curvature components ra(W), r?8 (W) have limits on C, as
t — oo:

lim ra(W) = Aw (u,-), lim T2E(W> = By (u,) ,

C,,t—00 C, t—00

where the limits are on S? and depend on u. These limits satisfy
Aw ()] < CQ+ )™ By (u) < C(1+[u)) 72

Moreover, the following limit exists

1
(69) —— lim rx= lim rjp=Z2(u,-)

2 Cyt—oo — C, t—o0

Further, it follows from , respectively from that

0= 1
(70) 90 = —74w
(71) B = —2dih=

Conjecture 1. For the spacetimes of types (Avac) and (A-Tneutrinos),
the corresponding statements of theorem hold. Moreover, (@)— hold.

5. Incoming and outgoing radiation

In section [5] we investigate spacetimes of type (Bvac) as well as (Avac).
The outgoing radiation is dominated by X and the incoming radiation
by X.
The energy in form of incoming gravitational waves is defined at past
null infinity. In |27], Demetrios Christodoulou replaced this notion by an
integral over advanced time of

1
2 = —|x|?
(72 e:= 2%l

In [27] D. Christodoulou proved the formation of a closed trapped surface
and eventually a black hole by the focussing of gravitational waves. The
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incoming radiation has to be large enough in order to form a black hole.
This data obeys a specific hierarchy. In particular, the energy e is of the
order e = O(r—2u~1).

Back to our question:

In the spacetimes (Bvac) and (B-Tneutrinos), it follows that the deriva-
tive D 4x takes a well-defined and finite limit at Z%, whereas § does not.
Moreover, note that neither p nor o have finite limits at Z*. The correspond-
ing statements are conjectured for spacetimes (Avac) and (A-Tneutrinos).

Consider the EV equations for (Bvac) and (Avac) spacetimes. The
following will yield important pieces required for the proofs of the theorems
and in (Bvac) spacetimes and provide evidence for the corresponding
conjectures[4 and [5]in (Avac) spacetimes.

We introduce the notation p3 := Dsp + %tr&p. In the Bianchi equation

for  3p

3 . 1.
(73)  Pap + Strxp = —dibB - Sxa + (= QB + %8
we focus on the higher order terms,
1
ps = — dipf — =—x-a +lot
~ ) AH
o=ty _op-id)
A short computation shows that
, g . . 1 19
p3 = — dipf — 8_(X.X) + Ztrx]x] + Lo.t.
~—~—— U

_1
:O(T_3T_ 2) :O(TigT:%) :O(T73T:1)

Thus it is

9 . . . 1. .
(74) pat o0 %) = —dibB+ jtrx|x* = O( %)

Similarly, we denote o3 = D 50 + %trza. Consider the Bianchi equation

o3 = —cdrlﬁ—%f(- atef—-20B—-27p

Clearly, the lower order terms decay to zero when approaching null infinity.
Then the main part of the Bianchi equation reads

1
o3 = —cfrl B — 5)2 *a+lo.t.
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A short computation yields

o3+ S-(XAR) = el g = O %)
ou = -

Recall that for o the same rules apply as for p above, and for y A x the
orders of each term are at the level of x - ¥ above. B

In order to prove the next propositions in this subsection, we will con-
centrate on equation , respectively , for ps, and the corresponding
equation for o3. The implications for gravitational waves from the equa-
tion for ps will be derived in section and from the equation for o3 in
section

We will multiply by 3 and take the limit on C, as t — oo. First,
we see that for each of the leading order terms on the right hand side this
limit exists separately. The same holds for the leading order terms on the
left hand side under the smallness assumptions of |4} [5]. However, for
large data, there are additional terms at leading (respectively high) order
on the left hand side, that do not tend to a limit at Z™, but that cancel. Only
the large data case will be considered later. Nevertheless, it is interesting to
compare the small with the large data situations, find out what structures
are common in both and what are typical structures for large data only. The
following analyzes these two situations separately.

5.0.1. A smallness assumption. In [4][5] it is proven that under the
smallness assumptions and on the initial data in the hypersurface
Hj the same inequalities continue to hold on each H; throughout the space-
times constructed as global solutions to the EV equations . A consequence
_1 _1
of the proof and the smallness is that p3 = O(r~37_2), 03 = O(r—37_2) and
thus ps as well as o3 take the corresponding limits at future null infinity.
Moreover, the structures for p and for o emerge under the smallness
conditions.

From this and the structures of the involved terms for small data, it
follows that %()2 - X) takes its limit as well. In fact, %()% - X), respectively
I, %()2 -X) du, behave much better than expected at this point. Namely,

. . 9 /n o~ _
for data as in [4] 5], we prove in theoremthat [, (X %) du=0(r?).

Bounding | %(}2 - X) du:

Theorem 2. For spacetimes constructed in [4, [3]] the following holds:

/U%(X.X) du=0(r3) .
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Proof of Theorem ‘ Consider equation . Next, we use (65), which
is a smallness assumption fI‘OHll 14, 5]. A consequence of and the proof
in [4][5] is that p3 = O(r~37_?2). On the other hand, equation (60) implies
that x has a structure as given in . Within the spacetimes proven to be
stable in [4,[5], the shear ¥ features the structures from . It follows that

[ 2(x-%) du=0O(r?).

5.0.2. No assumption, large data. No smallness assumption, large
data: What happens to these structures if one does not assume any small-
ness of the data? From now on, the data will be large. The following holds for
spacetimes of type (Bvac) and is conjectured for spacetimes of type (Avac).
We consider the Bianchi equation . Still holds, and the leading order
terms on the right hand side are not affected. Whereas under the smallness
assumption , the terms p3 as well as %()2 - X) take a well-defined limit at
I+ when multiplied with 3, this is not the case anymore if we allow general

data. For large data many more terms of order P37 2 exist in p3 as well as

in 8%()2 - X) and terms of order r~27-17% with o > 1. For the latter, note
that the known structures for %()2 “X) (see ,) require a > 3 and
enforce this via equation (74) on p3. The corresponding statement holds for
8%()2 A X) and o3 via the Bianchi equation for the latter.

Summarizing the above, we find that for large data the following quan-
tities enjoy the structures

(1) p o= I+ I O 4 )
+O(r3w™)

and

(16) o = [+ i+ S 4 0 4
+O(r_3w_7)

with w denoting r or 7_ and v > 0, 0 < 8 < %, o> %, as well as

) = {7‘7%7'__0[} +{r 3} 4+ 00 3w™)
) = {r‘gT__a} +{r 3} 4+ 00 3w™)

(77) X
(78) (X A

~~

[o> |22

Note that the second term on the right hand side of is dynamical, thus
depends on u. The same holds for the second term on the right hand side

of .
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From the specific structures given above of the involved derivatives of
p,o and X, x we derive

ps—{r72r21 70} = [+ {3 Y ot
:;;% =ps

= pr+ptlot
= p1tppt P+ O0(r3w™177)

J

-~~~

l.o.t.
o3 —{r7ar7 = 4+ T o
I;g% :;;B
= o01+og+lot.
2
Lot.
o :
8_(2 : )A() — {7"_57':1*04} = lot. = d + O(T_gw_l_,y)
TR a g )
l.o.t.
9 :
(9u<f< X) - {rm:r2i7% = Lot = 9/ + O(T_Sw_l_V),
Lot.

whereby we introduce the new notation PL,08,01,03 and pf, af, d, g
2
From these we can immediately conclude prop081t10n. 1|and prov1de sup-
porting evidence for conjecture [2]

Proposition 1. In (Bvac) spacetimes the following holds:

L(PS—{r_ZT__l—a}> du = /up; du + /upﬁ du + {r=3)

+O(T_3w_7)

/u<03—{7“_37__1—0‘}> du = /uaé du + /ua'/j du + {r=3}

+O(7‘73w77)
/u%(*‘i) — I ) du = 06w
/u(g(f(/\z) _{T_%T__l—a}> du = {3+ 0@ 3w
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where w denotes r or 7— and v >0, 0< 8 < %, a > % In particular, it is
/ _ -3 / _ -3
/Pfdu = {r}, /deu—{r I
u u
/d' du = {r 73}, /g' du = {r—3} .
u u

Conjecture 2. The statements ofproposition hold for (Avac) spacetimes
correspondingly.

Notation: There may be cancellations in p’; +d" and in o’y 4 g". We de-
note the remaining sum as py + d, respectively oy + g, where p; denotes the
corresponding terms from p3, and oy denotes the corresponding terms from
o3, correspondingly d relates to 8%()2 -X) and g to %()2 A X)-

As a consequence of equation all the higher order terms on the left
hand side of 1} that do not attain a well-defined limit at Z*, cancel. In
particular, we find

0 _1 B
(79) Pt 5-(X-X) = {37 2y + 3 Y Lot

= pitpptpptdt O(r 3wt

with 0 < 8 < %, where there are more structures in “l.o.t.” with both con-
tributions p; from ps as well as d from 8%()2 - X), which we shall investigate
in the subsection
Using proposition it follows that on the right hand side of , all the
quantities of the resulting higher orders, namely p: and pg, (and that are
2
not absorbed in “l.o.t.”) stem from p3. This will have direct consequences
in formula (87).
In a similar way, we conclude from the Bianchi equation for o3 above
that
o . . . _g -1 g
(80) o3 + %(X AR) = {rPr 2 4 {0 A 4 1ot
= o1togtortgt O(r3w™17)

To investigate the deeper structures of the this equation and its limit at ZT,
including the lower order terms, will be the subject of subsection

Again, we use proposition to conclude that on the right hand side of
, all the quantities of the resulting higher orders, namely o1 and og,
and that are not absorbed in “l.o.t.”) stem from 3. This will have direct
consequences in formula
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Proposition 2. In (Bvac) spacetimes, the following holds for the domain
of dependence of the complement of a sufficiently large compact subset of
the initial hypersurface. The quantities r3p1, r3p5,r301,r305 have limits on
any null hypersurface C, as t — oo. Namely, ’

li 3 ) L . li 3 .
Cu,ltl“ (T pg) = RE (U, ) s Cu,ltl“ (T pﬁ) = ’Rﬁ(u, )
li 3 L L . li 3 .
Cu,ltm (r O'E) = S5 (u,-) letm (r*og) = Sg(u, )

where R%(u,-),RB(u,-),S (u,-),Sp(u,-) are well defined on R x S?, and

1
2

satisfy
Ry(uo)| < COtu)™ R (u, )] < C (L+ Ju)) ™7
S ()] < C+u) 185 ()] < € (Lt [ul) 7
for0 < B < %

Moreover, r3pf, rgaf, r3d, r3g attain well-defined limits on any null
hypersurface Cy as t — oo. These limits depend on u.

We denote by | | the pointwise norms on S? with respect to the standard
metric.

Conjecture 3. The statements of pmposz’tion@ hold for (Avac) spacetimes
correspondingly.

Proof of Proposition @ The proof of propositionalso provides evidence
for conjecture

For (Bvac) spacetimes the existence of a complete domain of dependence
of the complement of a sufficiently large compact subset of the initial hy-
persurface is guaranteed by the main theorem in [4] [5] together with the
content of the last part of section

Then proposition follows immediately from the calculations leading up
to proposition

Now, consider the limit at ZT of the left hand side of . It follows
from and proposition that

(u,-) + Rp(u, ) +lot.

1
2

. 9 . .

Cyt—o0
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The ilntegral with respect to u of the leading order term emerges as
O(r*?’TjE). This and related questions will be investigated next in subsec-

tion
Similarly, it follows from and propositionthat

) o ,. .
(82) oJim (o5 + 5. (XA X)) = Si(u,) + Ss(u,-) + Loit.

Agaiq, the integral with respect to u of the leading order term emerges as
O(T_STjE). This and related questions will be investigated in subsection|5.2

Remarks:
on [ (% %) duaswellasin [, & (X A %) du the terms of order O(r—3)
in general are not independent of .
e Note that for AF systems with fall-off towards infinity of O(r~1!), the
product (X - ), respectively (X A X), decays in |u|. Namely, it is (X - X) =
O(r—372%), respectively (X A X) = O(r—*7-), with o > 0.

5.1. Future null infinity and electric memory

Recall that we consider large data. Let us investigate (Bvac) and (Avac)
spacetimes. The following arguments and computations will prove theorem
and provide evidence for conjecture 4} Parts of the emerging structures
and results will also be used to establish theore and conjecture

Above we found that the left hand side of (74) is of order O(r=37_?).
We introduce the following notation for the corresponding limit of the left

hand side of :

: 9 .. .
(83) P = Cul,ltrgoo rd (p3+ %(X ' K))
(84) P = /773 du

Note that P is defined on S? x R up to an additive function Cp on S? (thus
the latter is independent of u). Later, when taking the integral fj—;o Ps du,
the term Cp will cancel.

Taking the limit of (r3 ) on C, as t — oo, each term on the right
hand side takes a well-defined limit. This yields

(85) Ps = —dib B+ 2|2
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Consider in connection with proposition |2| from which it follows
that

(86) Ps = R%(U, )+ Rp(u,-) + Lo.t.

For the next step, we shall take into account the deeper structures of the

lower order terms in (86) as well.
Now, we look at the details for P in .

Proposition 3. For (Bvac) spacetimes, P has the following structure for
0<,3<% and v > 0,

87 P = {5 4 () {(Fw))y + {7 + Op
~ v ——
=Po1 =Ppy—3 D

where F(u,-) < C. Again {-} means terms of order given inside the brackets.
And Cp is an additive function on S? introduced above.

Proof of Proposition[3} Proposition [2] yields directly that

(88) /R;(u,-) du = {777}
and

(89) / Rp(u,-) du = {7}

From together with propositionit follows that

P = /R;(u,-) du + /Rg(u,-) du + l.o.t.

Thus, the first term on the right hand side of is given by and the
second term on the right hand side of is given by . As these quanti-

ties are rooted in p3, we denote ({Tjg} + {TE}) by P,,. Thus, the terms of
order O(7%) with 0 < a < % originate from the integral of the corresponding
limits of the ps part.

In order to analyze the third term on the right hand side of , we
recall proposition Taking the corresponding limits in and it turns
out that {F(u,-)} depends on u but does not decay in u. That is, F(u,-)
comprises the corresponding components of the integral in w originating
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from the limits lime, t—00(r®py), respectively lime, 100 (r3d) of the terms
pf, respectively d in lb Therefore, F(u,-) has pieces that are sourced by
p3 and pieces that are sourced by %()2 - X), we denote the former by P,,
and the latter by —%D.

Similarly, for the fourth term on the right hand side of (87), recall propo-
sition |1| and take the corresponding limits in and (84). We find that
{r~7} is sourced by terms that are rooted in p3 as well as in %(f( “X). As
{7~7} decay in u, they will not contribute to the effects to be studied.

Finally, Cp in is the said constant that will cancel later.

This proves proposition

Using the structures of proposition |3|and its proof, we write

(90) P(“?) = Ppl(uv') + ,Ppg(uy‘) —%D(u,) + CP + l.o.t.

We emphasize that P,, as well as D depend on wu.
Next, we define

0

. L . 2 A

(91> Chiz = Cul,ltIEoo (7‘ 8uX)
(92) Chi = /Chig du

For these spacetimes it follows from (56) that holds, namely
B =-2dip=

and from that

(93) Chis = —E

Using and in gives

(94) P3 = —2dipdip Chiz + 2|Z|?

Integrating |i with respect to u gives

+o00
(95) (P~ —PH) —/ 212 du = dipdip (Chi~ — Chi™)

—0o0
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Recall and and write

_ _ |
(P, —PS) + (P, —P)) — 5(D — D™

“+o0o
—/ =12 du
—00

(96) = dipdip (Chi~ — Chi™)

First we see that the last term on the left hand side (— fj;o IZ)? du) is
finite, in fact it is borderline within the solutions of [4} [5]. Thus, it is finite
for (Bvac) spacetimes. However, it may not be bounded for general (Avac)
spacetimes. We see that (P~ — PT), respectively dip dipy (Chi~ — Chi™) are
infinite for (Bvac) as well as (Avac) spacetimes. To see this, we recall the
concept of limits at null infinity Z* introduced in section Now, fix a
point on the sphere S? at fixed ug and consider P (ug). Next, take P(u) at the
corresponding point for some value of u # ug. Keep ug fixed and let u tend
to 400, respectively to —oo. Then the difference P(u) — P(up) is no longer
finite, but it grows with |u|+% for (Bvac) as well as (Avac) spacetimes. A
corresponding argument holds for Chi(u) — C'hi(ug). The extra term (D~ —
D7) is finite. Note that for any asymptotically flat system of decay O(r~1)
towards infinity, D decays in |u| for large |u| fast enough, and x as well as x
take limits at ZT such that the product of their limits vanishes as |u| — oc.
Therefore, in those systems one has D™ = Dt = (.
It follows that there exists a function ® such that

(97) dip (Chi~ — Chit) = V& + X
difp difp (Chi~ — Chi™) Ad
= (P-P) —(P-P)*
(98) —2(F — F)

where X = ¥V for a function ¥ whose Laplacian AW = erl dip (Chi~ —
Chit). However, in order to reveal the new structures more clearly, in this
section, we put the contribution from W to zero. In section [5.2] we treat the
most general case with WL\I! # (0 to obtain the complete general result and
the full set of equations —. Note that D. Christodoulou showed
in [25] that for spacetimes as studied by Christodoulou and Klainerman in
128| there is no contribution from the cyrl equation. The same holds for
any AF system that decays towards infinity like O(r~!) as shown by the
present author in [7]. Thus, the works [25] and [7] prove that there is no
magnetic memory for those systems. We will see in equations — in
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the system (114)-(116) that the magnetic memory occurs naturally in the
(Bvac) and (Avac) spacetimes.
In our present setting, using the above structures, we have

(99) dip (Chi~ — Chit) = V&
dip dip (Chi~ — Chi™) A®
= (Ppl - ﬁpl)_ - (Ppl - 7301)+

+(PPQ - PPQ)_ - (PP2 - PPQ)+
(100) —9(F — F)
1 1 _

—i(D — D) + §(D —D)*

Hodge theory provides the solution on S2.

The resulting difference Chi~ — Chi™ is related to the permanent change
of the distance of nearby geodesics, manifesting itself in a permanent dis-
placement of test masses in a gravitational wave detector like LIGO. In
particular, Chi~ — Chi™ multiplied by a factor including the initial dis-
tance of the test masses encodes the displacement of test masses given by
the ordinary and the null memory effects. See details in [25] and [7].

The memory given by equations — (that is -) is of elec-
tric parity. It consists of the finite null memory generated by the radiated
energy F' (finite for (Bvac), unbounded for (Avac) spacetimes) and the infi-
nite ordinary memory due to the part (P —P)~ — (P — P)*, in particular
(Ppy () — Py, (w) — (Py, (uo) — Pp, (ug)) for fixed ug and u tending to +oo,
respectively to —oo, is growing like |u|+%. This memory is due to the gravi-
tational waves radiating. Finite memory is added by (P,, — P,,)” — (P,, —
Pp,) T as well as —3(D — D)~ + 3(D — D)*.

This proves the following theorem.

Theorem 3. The following holds for (Bvac) spacetimes.
If YU =0, then (Chi~ — Chi™) is determined by equation on S?
where ® is the solution with vanishing mean of (100)).

The above gives the details on the finer structures of the divergent mem-
ory derived in [7].

Conjecture 4. The statement of theorem [3| holds correspondingly for
(Avac) spacetimes.
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5.2. Future null infinity and magnetic memory

In this section, we treat the most general case with WL\IJ # 0.

We observe, that in these general spacetimes of very slow decay of the
data towards infinity, the quantities (x - X) as well as (x A x) play a more
dominant role than for systems falling off like O(r—1). In particular, due to
the non-vanishing of the corresponding limits for large |u|, they impact Z+.

In section we derived the electric memory with its various charac-
teristics. How about magnetic memory? We know that the latter does not
occur in AF systems falling off like O(r~1), [25], [7]. The answer for more
general situations is very different.

In what follows, we are going to prove that magnetic memory exists
in spacetimes (Bvac) and is conjectured for (Avac) (shown in this section
and we are going to prove that magnetic memory exists in spacetimes
(B-Tneutrinos) and is conjectured for (A-Tneutrinos) (shown in section [6).
Thereby we are going to derive the precise structures. This magnetic mem-
ory grows with \/m . It arises naturally in the realm of the Einstein vacuum
equations as well as for the Einstein-null-fluid equations describing neutrino
radiation. It consists of various parts with interesting characteristics. As a
most striking feature, (A-Tneutrinos) solutions exhibit an additional contri-
bution due to a curl term of the stress-energy tensor.

Next, we are going to derive the magnetic memory effects for (Bvac)
spacetimes and provide evidence for (Avac) spacetimes. In particular, the
following arguments and computations will prove theorem [4] and provide
evidence for conjecture

Recall from above that 03 = D0 + %tr&a. Consider the Bianchi equa-
tion

o3 = —cz/irlﬁ—%f(- ate B-20B-267p

As we saw previously, the lower order terms decay to zero when approaching
null infinity. Then the main part of the Bianchi equation reads

1
(101) o3 = —cfrl B — 5)2 *a+lo.t.
and a short computation yields

(102) o3 + %()ZAX) = —cyirlé = O(T_?’T:%>

Recall the structures derived in propositions|1|and [2|for (Bvac) spacetimes
and the conjectures [2[ and [3|for (Avac) spacetimes. The emerging behavior
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in the present settings are in contrast to those in spacetimes with faster
decay, namely systems with g, — 1, = O(r™1).

The following new results hold for (Bvac) spacetimes and are conjectured
for (Avac) spacetimes:

The highest order terms on the lelft hand side of cancel, and the
remaining terms are of order O(r~37_?). Multiply the left hand side of (102

by 73 and and take the limit on each C, for ¢ — oo denoting this limit by
Q3. Then introduce Q to be its integral with respect to u.

. o . .
(103) Q = lim r¥(os+ 5 (XAK)
(104) Q = /Qg du

Q is defined on S? x R up to an additive function Cg on S? (thus the latter
is independent of u). Later, when taking the integral fj_;o Q3 du, the term
Co will cancel.

Take the limit of (73 (102)) on C,, as t — oo to obtain

(105) Q3 = —crl B
Consider together with proposition to conclude

(106) Q3 = Si(u, )+ Ss(u,-)+lo.t.

3

In a first step, we singled out the leading structures in S:(u,-) and Sg(u, -)
2

on the left hand side of (106), whereas in the next step we will investigate

the lower order terms as well.
Next, we shall investigate the deeper structures of Q in lj

Proposition 4. For (Bvac) spacetimes, Q has the following structure for
0<B<% and v > 0,

(107) Q@ = {7 + P+ {(Fu)} + {7} + Co
E O Fe)y
~9., —9,,-1c

where F(u,-) < C. Again {-} means terms of order given inside the brackets.
And Cg is an additive function on S? not depending on w.
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Proof of Proposition ‘ Proposition yields directly that
(108) /S;(u,-) du = {r_°
u
and
(109) /sﬁ(u, ) du = {77}

Then the following is a consequence of (106) and proposition

/S; du—i—/Sg ) du + l.o.t.

Therefore, the first term on the right hand side of (107) is given by .
and the second term on the right hand side of (107 - is given by (109). We
have shown how these quantities are rooted in 3. On the right hand 51de of

107) denote ({7’ 2} 4+ {°}) by Qo, to express this Connectlon with og.
In other words, the terms of order O(7%) with 0 < a < 1 5 originate from the
integral of the limits of the corresponding o3 parts.

Next, we investigate the third term on the right hand side of (107). For
this purpose, recall proposition [1| Take the limits in and (104). We
conclude that {F(u, -)} depends on u but does not decay in u. More precisely,
the integral in u of the corresponding limits lime, 400 (70 ), respectively
lime, t—500(r3g) of the terms oy, respectively g in (80) make up F(u,-). We
denote by Q,, the parts of F(u,-) that are in this way rooted in o3 and by
—2G the parts rooted in %(X AX)-

Likewise, for the fourth term on the right hand side of (107), recall
propositionand take the corresponding limits in and 1} It follows
that {7_"} is sourced by terms that originate in o3 as well as by terms that
originate in 2 (X A %). As {7~} decay in u, they will not contribute to the
effects to be studied.

Finally, Cg in (107) is the said constant that will cancel later.
This proves proposition
Utilizing the new structures of proposition [4[and proof, we write

(110) Q) = Oy () + Qo (u,?) —%G(u,-) + Co + lLot.

We emphasize that Q,, and G depend on w. This is very different from
AF systems of the order O(r~1), where it is always X A x = O(r~37-%) with
a > 0. In the latter situations, the quantities x as well as X take limits at "
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such that the wedge product of their limits vanishes as |u| — oo. Therefore

G =G"=0.

Remark: From the above it follows that ¢ may have terms of the order
O(r=3). The latter is impossible for AF systems of stronger decay such
as (CKvac) or (Mvac) spacetimes. In those stronger situations one has
o =0(r37-%) with a > 0. However, note also that in those systems it
emerges naturally that p = O(r=3).

Next, consider |i and employ again the relations between y, x and
B as well as the corresponding limits and to find

(111) Qs = —2 cyrl dip Chis
Integrating with respect to u yields
(112) (Q~ — Q") = erldip (Chi~ — Chit)

Using (110) we have
(113)

(Q,, — Q1) + (9, —9F) — %(G_ —GT) = cfrl dip (Chi~ — Chi™)

We have derived new structures. We observe the following important fact
for (Q~ — Q7), respectively cyrl dipp (Chi~ — Chi™) for (Bvac) as well as
(Avac) spacetimes: Recall the concept of limits at null infinity Z* introduced
in section Fix a point on the sphere S? at fixed 1. Then consider Q(uyg).
Next, take Q(u) at the corresponding point for some value of u # ug. Keep
ug fixed and let u tend to 400, respectively to —oo. Then the difference
O(u) — Q(up) is not finite, but it grows with |u|*z for (Bvac) as well as
(Avac) spacetimes. A corresponding argument holds for C'hi(u) — C'hi(uy).
Recall from that we collected the diverging terms in Q,,. In , we
see that (Q, — QF ) is finite and (G~ — G™) is finite.

Besides emphasizing all these new structures, special importance belongs
to the new result that for fixed wuy the difference Q(u) — Q(up) grows like
lulz as |u| = .

At this point, recall the system - . In this section, we are con-
sidering the general case where WL\II # 0. In particular, instead of 1@} we
have together with the new equation with non-trivial right hand
side. More precisely, there exist functions ® and ¥ such that dip (Chi~ —
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Chit) =YV &+ YV+U. Let Z := di(Chi~ — Chit). Note that then the fol-
lowing holds:

dipZ = A® , crlZ = AV .
We obtain the new system
(114) dib (Chi~ —Chit) = Vo+V 0
cirl dipp (Chi~ — Chit) = AW
(115) = (-9 - (Q-9°

dip dip (Chi~ — Chi™) = A®
= (P-P) - (P-P)*
(116) —2(F — F)

That is, we have the following system on S2, that is solved by Hodge theory.

(117) dib (Chi~ — Chit) = Yo +Viw
cirl dipy (Chi~ — Chit) = AW
= (Qo, — 90)” —(Qo, — Qo))"
Qo = Qo)™ = (Qo, — Qo)™
(118) —%(G—G)_+%(G—é)+
dip dip (Chi~ — Chi™) = A®
= (Ppl - 75;)1)_ - (Ppl - 75/)1)+
+(Pp, = Pp,) ™ = (Ppy = Pp,) "
(119) —2(F - F)
1 _

—%(D - D) + 5(D — D)t

For (Bvac) spacetimes the following holds, and is further conjectured for
(Avac) spacetimes. We conclude that there is the new magnetic memory
effect growing with |u|% sourced by Q and finite contributions from both Q
and G. Moreover, Q has further diverging terms at lower order. In addition,
we have the electric memory, previously established. This electric part
is growing with |u|% sourced by P, and finite contributions from P, D and
from F' (the latter may be unbounded for (Avac)).

The right hand side of , respectively , being non-zero, is a
direct consequence from the more general data considered here. Thus, the
magnetic memory occurs naturally in (Bvac) spacetimes and is conjectured
for (Avac) spacetimes. The fact of cyrl di (Chi~— — Chit) being non-trivial
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allows for the magnetic structures to appear in gravitational radiation and
to enter the permanent changes of the spacetime.

It follows that gravitational radiation in AF spacetimes of types (Bvac)
generates the growing memories derived in sections and The corre-
sponding statement is conjectured for (Avac) spacetimes.

We have proven the following theorem.

Theorem 4. The following holds for (Bvac) spacetimes.
(Chi~ — Chi™) is determined by equation on S? where ¥ solves

and ® solves .

Conjecture 5. The statement of theorem |4| holds correspondingly for
(Avac) spacetimes.

It is important to emphasize that for (CKvac) or (Mvac) spacetimes
magnetic memory does not occur.

The present situation of spacetimes with slow decay provides a more
general framework in which o as well as (Y A x) feature terms that are not
present in (CKvac) nor (Mvac) spacetimes.

The magnetic memory together with the new structures emerge natu-
rally for the more general spacetimes.

5.3. Past null infinity and memories

Similarly to [4], [5] for the future development of the initial data therein, we
can perform the extension towards the past to obtain the following decay
behavior at infinity:

(120) a = 0@ tr?)
(121) B = O@?2r?)
(122) poa, B = o(r:)
(123) X = O 'r?)
(124) % o (r 2)
(125) try — trx O (r?)
(126) ¢ = o(r2)
(127) (¢ = o (r_%)
(128) K-L = o

=<
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Further, we have

0 = O@r 'r.?)
qo= 00 lr?)
€ 0(7”_%)
y = o(r*%)
Equation yields
0 1
12 —X = = .0.t.
(129) 8_X 5 + Lot
and equation yields
o . 1,
(130) B—QK = _ZtTXX + l.o.t.

We have the following limits at Z—.

1
(131) —— lim rx = lim rm = X(u)

2 Gy t——00 Cy,t——00 -

The normalized curvature components rc, r?3 have limits on Cy as
t — —o0:

lim ra = A(u,-), lim r°8=B(u-) ,

Cy,t——00 Cy,t——00
where the limits are on S? and depend on w. These limits satisfy
A < CO+u)? B ()] < O (1+|u)) ™2,

Then, we define

0
132 Xiy = i 2%
(132) o= lim (%)
(133) Xi = /Xi4 du

Note that Xi is defined on S? x R up to an additive function on S2
independent of u. Later, when taking the integral fj;o Xi4 du that additive
function will cancel.
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From it follows that

(134) B = 2dib¥
Equation (129) yields
0 1
1 Iy 2a
(135) ou 4

and equation (130) gives
(136) Xiy = =%

Consider the Bianchi equation

(137) D + gtrxp = diﬁ)ﬁ—%za + €8+ 2¢B

Denote py := D ,p + %trxp and write

1
(138) ps = dipf — §X a +lot
O ™) _op-3r%)
A short computation gives
. 9, . 1 .
pr = dipB - ——(X-X%) — ~trx|R/
—— ou 4
3 T 1
=0(r=31,.7%) :O(rfgn:%) =0(r=31;")
Thus
9 o . : Lo ~3_~3
(139) prto-(X-X) = dipf— JtrxlX° = 007, ?)
We introduce the following notation for the corresponding limit of the
left hand side of (139):
(140) P o Jm (pa+5-(X-X)
(141) P o= /734 du
u
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Investigating the structures of P yields for 0 < § < % and v > 0,

(142) P = {r*} + Y+ {Fw)} + {777} + Cp
. ~ > h/—/
:Ppl :sz_%D

where F(u,-) < C. And Cp is an additive function on S? not depending on
u. Later, when taking the integral fj;o P4 du, the term Cp will cancel. It
follows that the terms of order O(r¢) with 0 < o < 1 originate from the
integral of the limits of the ps part. We denote this part by P,,. In ,
F(u,-) comprises the pieces of the integral sourced by the limits of the
terms of order O(r—3) in (139). It has components sourced by p4 as well as
by %()Z - X), we denote the former by P,, and the latter by D. Thus we
have

1
(143) P =P, + P, ~3 D + Cp + lodt.

It also follows that P,, as well as D are depending on u.
Multiply equation lb by r® and take the limit on C, as t — —oo to
obtain

(144) Py = —2dipdip Xis + 2|3
We obtain
+00
(145) dip dip (Xit — Xi7) = —(PT —P7) +/ 1%|%du

That is, there exists a function ® on S? such that

(146) dip(Xit —Xi7) = Vo+X
dipdip (Xit — Xi7) = AP
= (P =Pp) = (Pp, = Pp.)
400 1
(147) +/_OO 13| du — 5(D+ - D)

with X = V¥ for a function ¥ whose Laplacian AW = cyfrl dip (Xit —
Xi~). However, similarly as in section we want to first explain the
new structures for electric memory more clearly by putting the contribution
from W to zero for the moment. Then we treat the most general case where
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WL\II # 0 to obtain the complete general result and the full set of equations
(159 (150).

For (Bvac) spacetimes, in (147) the integral f_Jr:Oo |¥|2du is finite, in fact
it is borderline in view of how ¥ decays in u. The data from [4][5] guarantees
this term to be finite, that is borderline. Relaxing this data will compel this
integral to diverge. The latter happens for (Avac) spacetimes. Other than
for the null memory, the behavior of the remaining terms in holds for
both (Bvac) as well as (Avac) spacetimes.

We see that incoming radiation causes an electric memory effect growing
like \/@ due to P,, (ordinary memory). The memory has a finite contribu-
tion from fj';o |¥|?du (null memory). Moreover, it has a finite contribution
from the second term as well as the last term on the right hand side of lb
As long as radiation comes in, this memory keeps growing at the rate ﬁ
This comprises the electric gravitational memory effect at Z~.

We have proven the following theorem.

Theorem 5. The following holds for (Bvac) spacetimes.
If VU =0, then (Xit — Xi™) is determined by equation ‘ on S?
where ® is the solution with vanishing mean of .

Conjecture 6. The statement of theorem Eo’] holds correspondingly for
(Avac) spacetimes.

If we “turn off” the incoming radiation, then in particular ¥ = 0, and
each limit in equation is identically zero. Therefore, under the no
incoming radiation condition, there is no memory at Z—.

Comparing this to future null infinity Z*, we find that the gravitational
wave memory effect at Z is always there, as long as we have outgoing radi-
ation; whereas only for incoming gravitational waves we find a counterpart
at Z~. The latter disappears for systems without incoming radiation. Thus,
the same initial data always creates an outgoing memory at Z.

Let us also investigate the magnetic counterpart at Z—. Now, we treat
the most general case with WL\I/ # 0.

Denote 04 = D 0 + %trxa. Next, we consider the Bianchi equation

X*Q_E*ﬁ_zg*ﬁ

N —

oy = —cirl B+
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The lower order terms decay to zero as we approach null infinity, thus we
focus on the relevant part of the equation:

1
(148) oy = —crl B+ §X a4+ lLo.t.
and compute
a A A _3 _l
(149) 04—%@/\)() = —afrl B = O(r °7.?)

Next, introduce the following notation for the corresponding limit of the left

hand side of :

) o, .
(150) Qs = C’l,%flin—oo r3 (04 — 8—@()( A X))
(151) Q = /Q4 du

Investigating the structures of Q yields for 0 < § < % and v > 0,

(152)  Q = {r*} + {7} + {Fw)} + {777} + Co
N ~ ~———
:Qm :Qo2_%G

where F(u,-) < C. And Cg is an additive function on S? not depending
on u. Later, when taking the integral fj;o Q4 du, the term Cg will cancel.
It follows that the terms of order O(7{) with 0 < a < % originate from the
integral of the limits of the o4 part. We denote this part by Q,,. In ,
F(u,-) comprises the pieces of the integral originating from the limits of the
terms of order O(r~3) in (149). It has components sourced by o4 as well as
by 8%()2 A X), we denote the former by Q,, and the latter by G. Thus we
have

1
(153) Q = Q, + 9, — ) G + Cg + loit.
It also follows that Q,, as well as G are depending on w.
Multiply equation ll by r® and take the limit on C, as t — —oo to

obtain

(154) Q4 = —calrl B
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That is

(155) Qy = 2 cyrl dip Xiy

We compute

(156) cfrl dip (Xit — Xi™) = (QF - Q")
That is
(157) cridip (Xi* — Xi7) = (@, ~ ;) ~ (Qf, — ©5) — 5(CT — ")

These results hold for (Bvac) spacetimes and are conjectured for (Avac)
spacetimes.

Similar to the situation at future null infinity Z+ we have a Hodge system
at past null infinity Z~. Let Z := dip (XiT — Xi™). Then the following holds:

divZ = A® |  cirlZ = AV .

Again, Hodge theory provides the solution to the following system.

(158) dib(Xit —Xi™) = Yo+YV 0
cfrl dip (Xit — Xi™) = AU
(159) = (-9t -(2-9)"
dipdip (Xit — Xi7) = Ad
= —-(P-P)"+(P-P)"
(160) +2(Fp — Fp)

where F'p is defined to be
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That is
(161) dip(Xit —Xi7) = V&+V 0
cfrl dip (Xit — Xi™) = AU
= (Qo, = Q)" —(Qo, — Q0,)”
+(Qo, — Qo) — (Qo, — Qo)™
(162) —l(G—C_})JUr%(G—(_})‘
dipdip (Xit — Xi7) = AP
= —(Ps 7}1) + (Ps 7?01)
~(Poy = Poy) " + (Po, = Po,)~
(163) +2(Fp — Fp)
_i(D — D)™ + %(D — D)~

We conclude that there is electric memory growing with \g[é sourced by
P and finite contribution from Fp. (Again, the latter may not be bounded
for (Avac) spacetimes.) And there is also magnetic memory growing with
|g|é sourced by Q.

We have proven the following theorem.

Theorem 6. The following holds for (Bvac) spacetimes.
(X1t — Xi™) is determined by equation ‘ on S? where U solves

and ® solves .

Conjecture 7. The statement of theorem @ holds correspondingly for
(Avac) spacetimes.

Incoming radiation can include gravitational waves from other non-
cosmological sources or they can be of primordial nature originating in the
early universe.

Under the NIRC all memories at Z~ vanish.

5.4. Gravitational radiation and memory

We collect the gravitational wave memory effects derived above for (Bvac)
spacetimes and conjectured for (Avac) spacetimes.

At future null infinity Z* the electric and magnetic memories are de-
termined by the following system, where the notation is as introduced in



New structures in gravitational radiation 77

sections and

dip (Chi~ —Chit) = Yo+V 0
cfrl dip (Chi~ — Chit) = AV
Q-9 - (@-9)7
AD
= (P-P) —(P-P)*F
—2(F - F)

difp difp (Chi~ — Chi™)

At past null infinity Z~ the electric and magnetic memories are determined
by the following system, where the notation is as introduced in section

dib(Xit —Xi™) = Yo+Viw
cyfrl dip (Xit — Xi7) AV
= (2-9"-(Q-9°

dipdip (Xit — Xi7) = AP
= —(P-P)"+(P-P)”
—I—Q(FP—FP)

We recall the important structures , (110), (143), (153).

The memory at future null infinity Z* is caused by outgoing radiation
sourced by =, P, and Q. The memory at past null infinity Z~ is caused by
incoming radiation sourced by ¥, P, and Q.

Under the NIRC all memories at Z~ vanish. The memories at Z always
occur.

6. Einstein-null-fluid equations for neutrinos

Non-isotropic distribution of neutrinos source the radiation. In this section,
we investigate spacetimes of the types (B-Tneutrinos) and (A-Tneutrinos).
We shall prove new results for (B-Tneutrinos) spacetimes and provide evi-
dence for new conjectures in (A-Tneutrinos) spacetimes. They describe neu-
trino distributions with slow decay towards infinity. In particular, they are
not stationary outside a compact set. The neutrinos are modeled by a null
fluid coupled to the Einstein equations . Based on these results, we will
compute new structures in the gravitational radiation from these sources
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and derive the new effects for these spacetimes.

We recall the Einstein-null-fluid equations describing neutrinos

R, = 8w T, .

6.1. Results and setting

Our new results, described in the previous sections, emerge from the Einstein
vacuum equations . In this section, we couple the Einstein equations to
a source.

A possible source for this radiation and the new memory effects are
neutrinos moving non-isotropically throughout large regions. In particular,
such a source is not stationary outside a compact set, but its distribution
may linger with a slow decay over huge regions for a long time.

Neutrinos move at almost the speed of light and have a very small mass.
Together with A. Tolish, D. Garfinkle, and R. Wald we showed in [16] that
massive particles create ordinary memory whereas null particles create null
memory; and that ordinary memory due to massive particles with large
velocities can mimic the null memory in the limit. Therefore, describing
neutrinos through a null fluid coupled to the Einstein equations yields a good
model for astrophysical sources. With D. Garfinkle in [11] we introduced this
model and derived the null memory effect from neutrino radiation for sources
in spacetimes falling off like @ As a consequence, the stress-energy of these
sources enjoys a fast decay behavior. Whereas the latter do not yield any
magnetic memory, the question remained open for sources that are falling
off more slowly.

The following investigations yield magnetic memory for Einstein-
null-fluid systems describing neutrino distributions of slow decay as in (B-
Tneutrinos) as well as (A-Tneutrinos) spacetimes. Along with that (so to
say for free) comes the proof that the equations for spacetimes that are
falling off at the order O(r~!) without any assumption on the leading order
decaying term, do not produce any magnetic memory.

In the following, we are going to prove for (B-Tneutrinos) spacetimes
and provide evidence for (A-Tneutrinos) spacetimes, that non-isotropic
neutrino distributions falling off at slow rates (specified in theorem |7| and
conjecture [8) generate
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(a) a new magnetic memory effect growing at rate /|ul, sourced by
the corresponding magnetic part of the curvature growing at the same
rate.

(b) an electric memory effect growing at rate \/m sourced by the
corresponding electric part of the curvature and the Try component of
the energy-momentum tensor, each growing at the same rate, and a
finite contribution from the shear;

Conjecture: (A-Tneutrinos) spacetimes in addition

(c) cause a new magnetic-type memory via an integral of a curl of T
term, growing like \/|u|. None of the memories are bounded for these
spacetimes.

Note that the electric memory due to sources that are studied in [11], is
finite. We emphasize that sources which are stationary outside a compact
set do not produce any magnetic memory.

We describe the neutrinos as a null fluid in the Einstein equations ,
that is , represented via its energy-momentum tensor given by

(164) T = NKMK"Y

with K being a null vector and N' = N (61,02, 7,7_) a positive scalar func-
tion depending on 7, 7_, and the spherical variables 6;,65. When coupled
to the Einstein equations in the most general settings, as discussed in the
previous sections, the energy-momentum tensor T#” obeys those loose decay
laws. We do not impose any symmetry nor other restrictions. Thus, we do
not have stationarity outside a compact set, but instead a distribution of
neutrinos decaying very slowly towards infinity. This distribution is very non-
homogeneous and non-isotropic. In particular, the function N approaches
the following structure towards spacelike infinity, that is for r — oo:

(165) N =O0(r~2r7z)

This follows in a straightforward manner by using 1) with TEL ) and the
fact that divL = tryx + l.o.t.

Comparing the situation investigated here to the case of [11], here we find
that the neutrino flow is more general, but that it obeys a slow convergence
to the dominating behavior of the null part 75,

Contract the contravariant tensor TH” with the metric to obtain the
covariant tensor 7),,. Thus it is T’ LL — %T LL-
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Theorem 7. Consider (B-Tneutrinos) spacetimes solving (5)

Lydia Bieri

. The com-

ponents of the energy-momentum tensor have the following decay behavior:

Moreover, it is

TLL
TAL

DrTar
DpTap
DpTag

Conjecture 8. Consider (A-Tneutrinos) spacetimes solving (5)). The
components of the energy-momentum tensor have the following decay behav-

wor:

Moreover, it is

TLL
TAL

DrTar
DpTag
DpTag
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It will be crucial that in (A-Tneutrinos) spacetimes DpT4; features
a term of order O(r~37_?2), whereas in (B-Tneutrinos) spacetimes this is
o(r=37_2).
Proof of Theoremand Supporting Evidence for Conjecture The
decay behavior of the components of the energy-momentum tensor follows
from the physical model together with the mathematical implications of the

Einstein equations for the very general spacetimes.
We have

Viea = —CaL
ViL = —2Caea

From the decay behavior of ( (given above) in the relevant spacetimes we
deduce the decay along L of the vectorfields e 4, respectively L.
The behavior of the components of the energy-momentum tensor are a

consequence of (168)) and (5) together with (165) as well as the specific decay
properties of the vectorfields e4 and L along L.

6.2. Bianchi equations and structure equations

In this section, we give the equations for our discussion of the Einstein-null-
fluid system.
The second fundamental form k satisfies the equations

(166) trk = 0
1
(167) (CUT[ k)ij = H(W)ij+§€ile0l

The null Codazzi and conjugate null Codazzi equations are

(169)  dib% = %G+ (Firx+Ciry) = B+ ATy

(170) dipx = X-C—F%(Wtrx—gtrx)—kﬁ—i—éleAL.
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The propagation equations for try and ¢ry along the outgoing null hyper-
surface C,, read

dtr& 1 9
(171) i —?rxtrx — 2+ 2 q

dtr 1 —~
(172) X = ()~ R - 4n T

The Gauss equation for the Einstein-null-fluid case takes the form
1 1.
(173) K= —ZtT’XtTX—i— §X'X_p(W)_27TTLL-

Using the Gauss equation 1} the mass aspect function p from 1' and
the conjugate mass aspect function p from 1D become

(174) po= —dibC+
(175) M = dZ/i)C + —)A( : X - p(W) - 27TTLL-

The propagation equation along C,, for 7 is

I L
D+ §t7“X77 —7mTLL0a = 504( )+ 7TLLdAB
1_ . - 2
+5V @e - ¢TIV 2P+ (a7 Y a)@e + e

+§59 — 07— (C— ¢ 'V ¢)Re.

The propagation equations for y and 7 in the N direction within H; read

. 1 1 . . 1.
(176) VX = —5trxi = (G0 + )X — (&C — 5V &C
1
—§a(W) — myaB1LL
. 1 . 1 3. . .
(177) YNi = —§t7’077 + (26 — §tr><)n + 55){ + eR( — eXe

1 . 1 1
—|—§Y7 ®e + Za(W) — ZQ(W).
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The Bianchi equations for J) 5p as well as ) 50 are

(178) Py + strxp = —~dipf—gka + (e~ QO + 268
+3(D3R34 — DyRs3)

(179) PDgo + ;trxo = —afrl f - %X*g+ €8 —20"3 —2£"5
+%( pR3y — D,,R3“)e””34

6.3. New memory effects from these sources
6.3.1. Behavior along C, and limits at ZT.
Theorem 8. For (B-Tneutrinos) spacetimes, the normalized curvature

components ra (W), 7“2@ (W), and normalized energy-momentum component
12Ty have limits on C,, ast — oco. They are

lim ra (W) = Aw(u,-), lim  728(W) = By (u,-)
Cu,t—o0 Cut—oo —

lim 7“2T33 = 7},3(’&,-),

Cy,t—o0

where the limits are on S? and depend on w. Moreover, these limits satisfy

C (1 + [ul) /2 1By (u, )| < C(1+ |u])~*/?
C(1+ |ul)"=.

[Aw (u, )] <
73))3 (U’7 ) S
These are direct consequences from the results in [4][5] but allowing for
large data (see introduction of the present article) together with theorem
above for theorem [8]and conjecture 8| from above for conjecture[9]

Conjecture 9. For (A-Tneutrinos) spacetimes, the normalized curva-
ture components ra (W), 28 (W), and normalized energy-momentum com-
ponents 12Ty3,13T)y3, 7"3TAB_,7'4T44 as well as the derivatives D15 have
limits on Cy ast — oo. They are

lim ra(W) = Aw (u,-), lim %8 (W) = By (u,-)
Cy,t—00 Cyt—oo —
lim T2T33 = 733 (u7 ) )

Cy,t—o0
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and
lim 7‘3T43 = 7:13 (u, ) ;
Cu,t—o0
lim 7’3TAB = TaB (U; ) )
Cy t—o0
lim ’)“4T44 = 7?14 (u, ) 5
Cy t—o0
li 3V Tsg = T58)* (u,-
Cﬂggoor YPVEY: (V aTs58)" (u,),

where the limits are on S? and depend on w. Moreover, these limits satisfy

Aw ()] < CQ+u)™? By ()] <O+ [u)) ™
Tas(u,r) < C(1+u))72
(V 4T58)" (u,)) < C(14u))7>.

Theorem 9. For (B-Tneutrinos) spacetimes, on each null hypersurface C,,
the limit of rX exists as t — oo, in particular

1
—— lim rY=Z(u,-
2 C, t—oo X ( ’ )
with limit 2 being a symmetric traceless 2-covariant tensor on S? depending
on u and satisfying

(1

= (u,-)

e <C (1)1,

Moreover, we have

B! 1
(180) 5 = —pAw
(181) Chis = -Z
(182) B = —2dih=

Proof: Concerning the latter limits: 1! follows from (170]) as T'47, decays
faster along C,, than the leading order terms. (181) follows from (176), and
(180) from (177). Hereby, we use theorem [7]for (B-Tneutrinos) spacetimes.

In a similar way, the following conjecture follows using statements for
(A-Tneutrinos) spacetimes.

Conjecture 10. For (A-Tneutrinos) spacetimes, the corresponding state-
ments of theorem@ hold.
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Theorem 10. (A-Tneutrinos) spacetimes. Consider spacetimes with initial
data where g —n = O(r~2). In this case, if the solution is well-behaved, the
following holds. At future null infinity I, it is

(183) —2efrl dip= = cifrl B + 4w (cyfrl T);43
(184) —2dipdip=Z = dipB

Proof: To prove this theorem, we consider equation 1) for x

dipx = X-C+ 3 (Wtrx Ctrx) + B +4nTaL

Take the cyrl of this equation, multiply with 73 and take the limit on C,
as t — 0o to obtain equation (183)). Similarly, take the dib of (170)) multiply
with r3 and take the limit on C, as t — oo, which yields equation Qi

Remark: The fact that the energy—momentum tensor component T4y, in
- produces a curl contrlbutlon in is unique to the spacetimes
with a metric decaying like O(r~ =) towards mﬁmty, thus for (A Tneutrinos)
spacetimes. If we assume just a little more decay such as o(r~ 2 ), as for (B-
Tneutrinos) spacetimes, then the curl of T decays faster and the limiting
equation 1} reduces to

(185) —2cyrl dipZ = cyrl B

Note that the divergence on S of the same component Ty, is of lower order
and therefore there is no T-term in - In fact, equations (184) and (185 -
have been known to hold for sources that are stationary out81de a compact
set. We point out that they do hold as well for the more general decay as
n (B-Tneutrinos). However, for the most general class of spacetimes (A-
Tneutrinos) with a metric decaying like O(r~2) towards infinity, the curl
contribution of 7" kicks in.

6.3.2. Growing electric memory. Next, we are going to derive the de-
tailed structures of the electric memory in (B-Tneutrinos) as well as (A-
Tneutrinos) spacetimes. The only difference in radiation between the two
is that in the former case the null memory from the shear is finite, but in
the latter case unbounded. The ensuing investigations prove theoremand
provide evidence for conjecture
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Consider the Bianchi equation (178) for the electric component p of the
curvature. Focussing on the highest order terms, we write

3 1
(186) PDsp + §t7°x,o =  —dipp— §)Zg —27DyT33 + l.o.t.
We take into account that
1
_ZD4R33 = —27D4T33

and the leading order term in the latter is given by
=2r(PN) = F2utryN .
Therefore we have

—27wDyT33 = +2xntrxTs3 + l.o.t.

Thus we write 1’ as

J . . . 1 .
(187)  ps+ %(X X)) = —dipf+ Z—ltrx|x|2 + 2mtrxTss + L.o.t.

—

= O(r371_72)
Taking the limit of 1i after multiplying the equation with r3 yields
(188) Ps = —dip B+ 2|Z|* + 47733

Now, similar to the situation investigated in section we integrate equa-

tion (188) with respect to u, using (184), to obtain
400
(189) dipdipy (Chi~ — Chi™) = (P~ —P™) —/ (IE* + 27 T33) du

Recall . In particular, there exists a function ® on S? such that

(190) dip (Chi~ — Chit) = V&®+ X
dip dip (Chi~ — Chi™) = A®
= P-P) —(P-P)"
(191) ~2(Fr — Fr)

with X = V¥ for a function ¥ whose Laplacian AW = eyfrl dip (Chi~ —
Chi™). Similarly as in section in order to reveal the new structures more
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clearly, we first put the contribution from W to zero. In section we treat
the most general case with WL\II # 0 to obtain the complete general result
and the full set of equations —. In equations — in the sys-
tem — the magnetic memory occurs naturally with corresponding
contributions from the stress-energy tensor.

We find the same structures for P as in 1@} In addition to the be-
havior already found and described in section for the Einstein vacuum
equations, we deduce from (189) and theorem [§ that the null memory due
to the integral of the null limit 733 of the neutrino distribution grows like
v/Ju|. This behavior is very different from our results in [11] as in [L1] the
corresponding contribution from neutrino radiation is finite.

We have proven the following theorem.

Theorem 11. The following holds for (B-Tneutrinos) spacetimes.
If V20 =0, then (Chi~ — Chi') is determined by equation (190) on
S? where ® is the solution with vanishing mean of :

Conjecture 11. The statement of theorem holds correspondingly for
(A-Tneutrinos) spacetimes.

6.3.3. Rotation: growing magnetic memory. Next, we investigate the
most general case with WL\II 2 0. In this section, we establish the magnetic
memory. Thereby, the ultimate class of solutions exhibits extra structures
generating a qualitatively completley new type of this memory. We investi-
gate the following for (A-Tneutrinos) spacetimes. The (B-Tneutrinos) space-
times do not feature the memory sourced by the curl of 7', but they do
feature all the other memory components. The following arguments prove
theorem and provide evidence for conjecture

Consider the Bianchi equation for the magnetic component o of
the curvature. Focussing on the highest order terms, we have

(192) Pso+ gtrxa = —afrl B — %f(*g + A7 (eyrl T)za, + loo-t.
A short computation yields
(193) o3 + %()Q ANX) = —cirl B+ 4n(cyrl T)zq, + lo.t.

= OG5

In the following, the null limit of r3(cyrl T)34, on C, as t — oo is denoted
as

(efrt T)say = (VW aT3B)" = (W T34)") -
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Next, multiply equation (193) by r3 and take the limit on C, as t — 0o to
get

Q3 = —cifrl B+ 4r(cyfrl T) ;43
Using (183) gives
(194) Q3 = 2 cyrl dip=E + 8r(eyrl T),,

Similar to the situation investigated in section we integrate equation
(194) with respect to u to obtain

+00
(195) cyfrl dip (Chi~ — Chi™) = (@~ — Q) + 47?/ (caprl T);43 du

We find the structures of Q to be as in (110). In (195) we show that there is
a new contribution to the magnetic null memory due to the integral of the
null limit (cq/irl T) ; 4 of the general neutrino distribution. The last term in
195) is infinite. More precisely, fix ug, then the integral f,fo (cdrl T) ; 4 du

diverges like /[u| as |u| — oo. This is very different to the situation we
derived in [11|, where there is no magnetic memory, because the relevant
components of the energy-momentum tensor decay too fast to produce a
limit. In [11], all the memory is of electric parity only, there is no magnetic
memory.

Equation (195) shows that the new magnetic memory is due to (Q~ —
Q1) and fj;o (cybrl T);i43 du.

Recall the quantities and introduced in section

Now, the new equations for neutrino sources and lb yield the
system

(196) dib (Chi~ —Chit) = Vo+V 0
cirl dipp (Chi~ — Chi™) = AV
= (Q-9 - (2-9°
(197) +(Ar — Ar)
dip dipp (Chi~ — Chi™) Ad
= (P-P) —(P-P)*
(198) —2(Fr — Fr)

with the structures for P and (110) for Q. This system is solved by
Hodge theory on the sphere S2.
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Equations — describe the full picture of gravitational wave
memory in the general spacetimes. In addition to the effects for the Ein-
stein vacuum equations , that is the electric memory sourced by P and
F, as well as the magnetic memory sourced by Q; for the equations de-
scribing general neutrino distributions, there is a growing contribution from
the integral of 733 to the electric part and a growing contribution from the
integral of (cyirl T) ; 4, O the magnetic memory.

These prove the following theoremand provide evidence for conjec-
ture

Theorem 12. [In (B-Tneutrinos) spacetimes, (Chi~ — Chi™") is determined

by equation on S? where ® solves ‘ and ¥ solves 1 but with

A7 as well as At being identically zero.

Conjecture 12. In (A-Tneutrinos) spacetimes, (Chi~ — Chi™) is deter-

mined by equation on S% where ® solves ‘ and ¥V solves .

7. Conclusions

We have derived new structures in gravitational waves and gravitational
wave memories. Thereby, new memory effects of various types have emerged.

The most enthralling new property is the growing magnetic memory.
Such an effect does not exist (not even in finite form) in systems with a
decay like O(r—1).

(Bvac) and (Avac) spacetimes exhibit a magnetic memory growing with
\/m . Thus, it is interesting to point out that magnetic memory arises natu-
rally in these spacetimes in pure gravity. The electric memory in these space-
times diverges as well at the same rate. The null part of the electric memory
is due to shear being finite for (Bvac) and unbounded for (Avac). A good
source for the new phenomena is provided by the non-isotropic dynamics of
neutrinos, that are not stationary outside a compact set but whose distribu-
tion decays very slowly towards infinity. We describe these neutrino systems
by coupling the Einstein equations to a null fluid, yielding spacetimes of
the types (B-Tneutrinos) as well as (A-Tneutrinos). Investigating these, we
prove that the aforementioned memories exist also in the Einstein-null-fluid
system for neutrinos. In addition, the neutrinos cause two new, growing ef-
fects. One is the electric null memory sourced by the 733 component of the
energy-momentum tensor diverging at the highest rate. This is in contrast
with systems that fall off like O(r~1), as in [11], where the contribution is
finite. The other effect from neutrinos is of completely different nature and
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new even from a qualitative point of view, it appears for (A-Tneutrinos)
spacetimes: the magnetic memory is powered by a new component sourced
by the curl of T" and diverging at the highest rate.

Besides the leading effects, we show that there is a panorama of finer
structures. First, we see that the leading order, growing components as well
as all the remaining growing components in the limits P and Q originate
from the corresponding curvature parts. On top of that, they also produce
finite memories. Second, the components of P and Q sourced by X - X, re-
spectively x A X, generate finite memories too. We re-emphasize that these
properties are Enique to spacetimes with slow fall-off.

To study physical situations of matter distributions, we require the no
incoming radiation condition at past null infinity Z—. Then we let the initial
data evolve under the coupled Einstein-matter equations. Outgoing radia-
tion of these systems produces the memories at future null infinity Z+. We
also find that data as in [4] [5] extended towards the past, produces the
corresponding effects at past null infinity Z—. Assuming the no incoming
radiation condition switches off the latter.

Our new gravitational wave memories can be used to detect, identify
and gain more information about sources. In principle, they should be seen
in present and future gravitational wave detectors.

The new results bring many applications. If dark matter behaves like
neutrinos or similar matter that is non-isotropic and non-stationary outside
a compact set, but decays very slowly, then the new phenomena can be
used to detect dark matter via gravitational waves. Certain applications as
well as the possibility to see these effects in gravitational wave detectors are
discussed in [8].

The results for the (B-Tneutrinos) spacetimes and (A-Tneutrinos) space-
times hold for any Einstein-matter system with an energy-momentum tensor
of a source that is non-isotropic and obeys specific decay laws.

The dynamics of compact objects in General Relativity leave charac-
teristic footprints in the universe. By investigating sources that are not
stationary outside a compact set but decay slowly, a new landscape has
appeared. These more general dynamics carry further structures that show
in gravitational radiation.
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