PHYSICAL REVIEW D 103, 104026 (2021)

Brans-Dicke theory in Bondi-Sachs form: Asymptotically flat solutions,
asymptotic symmetries, and gravitational-wave memory effects

Shammi Tahura ,1 David A. Nichols ,1’* Alexander Saffer ,1 Leo C. Stein ,2 and Kent Yagi !
1Department of Physics, University of Virginia, P.O. Box 400714, 382 McCormick Road,
Charlottesville, Virginia 22904-4714, USA
2Depanment of Physics and Astronomy, The University of Mississippi, University, Mississippi 38677, USA

® (Received 27 July 2020; accepted 29 March 2021; published 14 May 2021)

Gravitational-wave memory effects are identified by their distinctive effects on families of freely falling
observers: after a burst of waves pass by their locations, memory effects can cause lasting relative
displacements of the observers. These effects are closely related to the infrared properties of gravity,
including its asymptotic symmetries and conserved quantities. In this paper, we investigate the connection
between memory effects, symmetries, and conserved quantities in Brans-Dicke theory. We compute the
field equations in Bondi coordinates, and we define a set of boundary conditions that represent
asymptotically flat solutions in this context. Next, we derive the asymptotic symmetry group of these
spacetimes, and we find that it is the same as the Bondi-Metzner-Sachs group in general relativity. Because
there is an additional polarization of gravitational waves in Brans-Dicke theory, we compute the memory
effects associated with this extra polarization (the so-called “breathing” mode). This breathing mode
produces a uniform expansion (or contraction) of a ring of freely falling observers. After these breathing
gravitational waves pass by the observers’ locations, there are two additional memory effects that depend
on their initial displacements and relative velocities. Neither of these additional memory effects seems to be
related to asymptotic symmetries or conserved quantities; rather, they are determined by the properties of
the nonradiative region before and after the bursts of the scalar field and the gravitational waves. We discuss
the properties of these regions necessary to support nontrivial breathing-mode-type memory effects.
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I. INTRODUCTION

Since the first detection of gravitational waves (GWs) in
2015 from the merger of a binary black hole [1], ten
additional mergers of compact objects were discovered
during the first two observing runs of LIGO and Virgo [2].
During the third observing runs of LIGO and Virgo,
compact-binary-merger candidates were announced at a
rate of roughly one per week [3]. These discoveries, and the
rapid announcement of GW candidates, have opened the
new field of GW astronomy. Along with the discoveries,
numerous tests of gravity with GWs have been performed
to determine the consistency of the observed gravitational
waves with the predictions of general relativity (see, e.g.,
[4-10]). Compact binary mergers opened a new parameter
space of general relativity (GR) to be tested (the region of
strong curvature and high GW luminosities) which was less
well probed by tests of general relativity in the Solar
System or with binary pulsars. In this parameter space,
there are some types of relativistic phenomena that are only
likely to be measured for strongly curved and highly
radiating systems. One such class of effects that has yet
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to be detected, but is under active investigation (see, e.g.,
[11-15]), is the class of gravitational-wave memory effects.

The best known GW memory effect (sometimes referred
to as the GW memory effect) is characterized by lasting
change in the GW strain after a burst of GWs pass by a GW
detector. One of the earliest explicit calculations of the GW
memory effect from gravitational scattering was performed
in Ref. [16] (see also [17,18]), though the possibility of a
nonvanishing GW strain at late times was discussed
previously (e.g., [19]). It was subsequently noted that
massless (or nearly massless) fields could also produce
the GW memory effect [20,21] including the nonlinear
effective stress energy of gravitational waves themselves
[22,23]. The GW memory effect has a distinctive obser-
vational signature, in that it causes a constant, enduring
displacement between nearby freely falling observers after
a burst of gravitational waves have passed. A number of
generalizations of the GW memory effect have been found
by considering asymptotic changes in bursts of other fields
(such as electromagnetism [24] or massless Yang-Mills
theory [25]) or in time integrals of the GW strain (e.g.,
[26,27]). Other GW memories have been found from
examining other kinds of lasting kinematical effects on
freely falling observers (such as lasting relative velocities

© 2021 American Physical Society
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[28,29], relative changes in proper time [30,31], relative
rotations of parallel transported tetrads [31]) or through
other types of measurement procedures [32,33]. Also
important in the discovery of new GW memory effects
was the understanding of how certain GW memories are
closely related to symmetries, conserved quantities, and
soft theorems (see, e.g., [34]).

For understanding the relationship between memory
effects and the asymptotic structure of spacetime, two
approaches have been taken to study asymptotic flatness: a
covariant conformal completion of spacetime [35,36] and
calculations in particular coordinate systems adapted to the
spacetime geometry by Bondi, van der Burg, and Metzner
[37] and Sachs [38] or Newman and Unti [39]. We will
focus on the Bondi-Sachs approach to asymptotic flatness.
In this approach, coordinates are chosen that are well suited
to the null hypersurfaces and the null geodesics of the
spacetime. Boundary conditions can then be imposed on
the metric to determine a reasonable notion of a spacetime
that becomes asymptotically Minkowskian as the light rays
travel an infinite distance from an isolated source. Although
spacetime can be cast in an asymptotically Minkowskian
form at large Bondi radius r, the asymptotic symmetry
group of this spacetime does not reduce to the Poincaré
group of flat spacetime; rather, it becomes the infinite-
dimensional Bondi-Metzner-Sachs (BMS) group [37,40].

The structure of the BMS group is in some ways similar
to the Poincaré group: it contains the Lorentz transforma-
tions, but rather than having an additional four spacetime
translations as the remaining group elements, it has an
infinite-dimensional commutative group called the super-
translations [40] (the usual Poincaré translations are a
normal finite subgroup of the supertranslations). It is
possible to associate charges conjugate to these asymptotic
symmetries (see, e.g., [41-44]). These charges are con-
served in the sense that the difference in the charges
between two times is equal to the flux of the quantity
between these two times. Associated with the Lorentz
symmetries are the six components of the relativistic
angular momentum [which can be divided into center-of-
mass (CM) and spin parts], and corresponding to the
supertranslations are conserved quantities called super-
momenta. Note that there also have been proposals to
extend the Lorentz part of the symmetry algebra to include
all conformal Killing vectors on the 2-sphere called super-
rotations [45-47] (see also [48]) or all smooth vector fields
on the 2-sphere [49,50] (sometimes called super-Lorentz
symmetries [51]). The additional charges of these extended
BMS algebras are the super CM and superspin charges [52]
or the super angular momentum [27].

The connection between asymptotic symmetries, con-
served quantities, and GW memory can now be more
clearly stated with the nomenclature now set. Changes in
the supermomentum charges, generated by both massive
particles and massless fields, induce a nonzero GW

memory effect; in addition, when the GW memory effect
is present, the final state of the system is supertranslated
from a certain canonical asymptotic rest frame for the
system (see, e.g., [52]). Changes in the super angular
momentum charges can induce two additional types of GW
memory effects called spin [26] and CM [27] memory.
These memory effects are not necessarily related to a
spacetime that has been superrotated or super-Lorentz
transformed from a certain canonical frame, since such
solutions often are not asymptotically flat in the usual
sense [51,53].

While GW memory effects and their analogues for other
matter fields have now been much more carefully studied in
a number of contexts, they have not been studied as
systematically in modified theories of gravity. Modified
theories can have additional GW polarizations [54-56],
which could allow for additional types of GW memory
effects (see, e.g., [57-60]). In addition, as far as we are
aware, there is not a standard definition of asymptotic
flatness in these theories, nor is the set of asymptotic
symmetries of these solutions clearly understood. It is not
obvious, a priori, that modified theories of gravity generi-
cally have the same asymptotic properties as in general
relativity, or that their memory effects would be related to
symmetries and conserved quantities as in general rela-
tivity. A main aim of this paper is to develop a better
understanding of these relationships in a relatively simple
modification of general relativity known as Brans-Dicke
theory [61].

Brans-Dicke theory is one example of a scalar-tensor
theory, i.e., a theory in which there is a scalar field that
couples to gravity nonminimally (see, e.g., the review [62]).
Scalar-tensor theories have appeared in the contexts of
string theory, inflation [63,64], and the accelerated expan-
sion of the Universe [65—67]. In this paper, we will focus on
Brans-Dicke theory, with a massless scalar field. It is
known from calculations in linearized gravity and post-
Newtonian (PN) theory, the scalar field generates an
additional polarization of gravitational waves sometimes
called a “breathing mode” [54,68,69] (it produces a trans-
verse uniform expansion and contraction of a ring of freely
falling test masses). It was also noted (from the 2PN
calculation in [57,58]) that the GW memory effect differs in
scalar-tensor theory from in general relativity.l It was also

'Specifically, the energy radiated from the dipole moment of
the scalar field gives rise to a formally 1.5PN-order effect in the
tensor gravitational waveform that would appear at Newtonian
order in the waveform for nonspinning compact binaries, which
are inspiraling because of the emission of dipole radiation. This is
analogous to how the energy radiated in gravitational waves gives
rise to a 2.5PN-order effect that appears at Newtonian order in the
waveform for nonspinning compact-binary sources in GR
[70,71]. Because stationary black holes in Brans-Dicke theory
do not support scalar fields [72,73], the compact binary can have
at most one black hole to have this new scalar-dipole-sourced
GW memory effect.
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shown in [58] that the scalar, breathing polarization of the
GWs does not have a nonlinear-type memory effect at 2PN
order. Finally, it was observed that there is a new type of
nonhereditary, nonlinear term in the tensor waveform
arising from the scalar field that took on an analogous
form to the nonhereditary and nonoscillatory term found in
[74] (and discussed in [71]), which was shown to be related
to the spin memory effect in [75]. Our calculations in
Brans-Dicke theory in Bondi-Sachs coordinates allow us to
compute the memory effects using the fully nonlinear field
equations. This will provide us with the framework to
understand the presence (and absence) of the memory
effects computed at 2PN order in [57,58] (though we leave
the explicit calculations for future work) and to determine
the relevant radiative and nonradiative data needed to
compute these effects.

Scalar-tensor theories are frequently studied in two
different conformal frames, called the Jordan and
Einstein frames, respectively. In this paper, we find that
the Einstein frame is more convenient for determining the
asymptotic boundary conditions on the scalar field and
metric, because the field equations have the same form as
the Finstein-Klein-Gordon equations for a massless scalar
field. The statement of stress-energy conservation is more
complicated in the Einstein frame, however, because the
stress-energy tensor of all matter fields besides the scalar
field is no longer divergence-free, but equals a nontrivial
right-hand side involving gradients of the scalar field.
Consequently, test particles follow accelerated curves in
the Einstein frame (with an acceleration related to the
gradients of the scalar field in this frame) rather than
following the geodesics of the Einstein-frame metric. In the
Jordan frame, the modified Einstein equations are more
complicated than in the FEinstein frame, but the stress-
energy tensor of all matter fields besides the scalar field is
divergence-free, and thus test particles follow the geodesics
of the Jordan-frame metric. It is therefore much simpler to
compute the response of a gravitational-wave detector to
any impinging gravitational waves in the Jordan frame.
Flanagan [76] has argued that all classical physical pre-
dictions (such as gravitational-wave memory effects) are
conformal-frame invariants. This allows us to compute the
memory effects in the Jordan frame, in which the compu-
tation is simpler, but to obtain a result that is independent of
the choice of conformal frame (after properly identifying
any potentially different conventions between the frames,
as discussed further in [76]).

The rest of the paper is organized as follows: In Sec. II,
we describe the conditions we use to define asymptotic
flatness in Brans-Dicke theory by examining the theory in
both Einstein and Jordan frames [77]. This includes
deriving the field equations of the theory in Bondi-Sachs
coordinates. In Sec. III, we compute the asymptotic
symmetries that preserve our definition of asymptotic
flatness in the previous part. We describe how the functions

in the metric must transform to maintain the Bondi gauge
conditions and the asymptotically flat boundary conditions.
In Sec. IV, we describe how the memory effects can be
measured through geodesic deviation and how the changes
in the charges related to (extended) BMS symmetries
constrain the different GW memory effects in Brans-
Dicke theory. We discuss our results and some future
directions in Sec. V.

Throughout this paper, we use units in which ¢ = 1, and
we use the conventions for the metric and curvature tensors
given in [78]. Greek indices (u,v,a,...) represent four-
dimensional spacetime indices, and uppercase Latin indices
(A,B,C,...) represent indices on the 2-sphere. Indices
with a circumflex diacritic (e.g., &) represent those of an
orthonormal tetrad.

While we were completing this work, there appeared a
closely related work [79] investigating asymptotically flat
solutions and GW memory effects in scalar-tensor theories.
Our work and that of [79] agree on the boundary conditions
used to define asymptotically flat solutions in Brans-Dicke
theory and the leading-order symmetry vectors that pre-
serve these conditions and our gauge choices (though not
subleading corrections to extend these symmetries into the
spacetime). Our works differ in the choices of gauges, the
classes of spacetimes in which we compute memory
effects, and the procedures by which we compute the
scalar-type memory effect. We will comment in more detail
on the similarities and differences between our works at a
few points throughout the text.

I1I. BONDI-SACHS FRAMEWORK

In this section, we impose the Bondi-Sachs coordinate
conditions in Brans-Dicke theory, and we solve the field
equations in both the Einstein and the Jordan frames. We
begin with the Einstein frame, where it is easier to identify a
set of asymptotic boundary conditions that can be imposed
on the scalar field and on the metric that we use to define an
asymptotically flat solution in Brans-Dicke theory. We next
perform conformal transformation to the Jordan frame (in
which the stress-energy tensor of all other matter fields
besides the scalar field is divergence-free), and we find the
corresponding boundary conditions on the scalar field and
metric. We then solve the field equations of Brans-Dicke
theory in this frame. Our notation and conventions for the
Bondi-Sachs framework will parallel the ones used in
Ref. [80], which treats general relativity.

A. Einstein frame

We begin by investigating Brans-Dicke theory in the
Einstein frame. The action in the Einstein frame in the
absence of additional matter fields is given by [81]

5= [ [———gﬂ“ o)), @
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where § is the metric in the Einstein frame, R is the Ricci
scalar, and ® is a real scalar field. We also use units where
the gravitational constant in the Einstein frame G satisfies
Gr=1. We use ﬁ” to denote the covariant derivative
compatible with g,,. Varying the action with respect to the
metric and the scalar field leads to the following equations
of motion for the theory:

. S T (@
€ =Ry 3R 82Ty =0, (2.2a)
V,Vi®d = 0. (2.2b)
The quantity T;(,f) is the stress-energy tensor for the scalar

field, which is given by

. - 1 - -

T =V, oV, - g, [5 gl”’V/,d)V,,d)] . (2.2¢)
The field equations, therefore, have the same form as in the
Einstein-Klein-Gordon theory for a real scalar field @, so
their solutions will also have the same form as in the
Einstein-Klein-Gordon theory in general relativity. We will
review the solutions of these equations in Bondi coordi-
nates next.

1. Bondi gauge and field equations

First, we introduce Bondi-Sachs coordinates x* =
(i1, 7, ¥*). The quantity i is the retarded time, 7 is an areal
coordinate (and J; is a null vector field), and # are
coordinates on the 2-sphere (with A = 1, 2) [37,80]. The
conditions that define Bondi gauge are given by [37,80]

Gia = Grr = 0, det[gag] = Fq(x9).  (2.3)
The function ¢ is the determinant of a metric on the 2-
sphere, q,5(x¢), which is restricted to be independent of 7
and 7. The Bondi gauge conditions fix four of the ten
functions in the metric, leaving six free functions. It is
conventional to write these six degrees of freedom as
follows:

V .. ~
Gud¥d¥ = —— e di* — 2e* didF
r
+ Phyg(dit — UAdi) (dx® — UBdii).  (2.4)

The functions V, ﬁ, UA, and h 4p here depend on all four
Bondi coordinates & = (i, 7, ¥).

The modified Einstein equations (2.2a) and the scalar-
field equation (2.2b) satisfy an interesting hierarchy in
Bondi coordinates [37,80], which we will now further

elaborate. The functions V, 3, and U* satisfy the so-called
“hypersurface equations.” The equations were given this
name because they do not involve derivatives with respect
to i, which in turn allows the functions V, ﬁ, and U to be
determined on surfaces of constant # in terms of the 2-
metric A4, the scalar field ®, and “functions of integra-
tion” (i.e., functions of 7 and £ that will be constrained by
iii and @A components of the modified Einstein equa-
tions). The concrete form of the hypersurface equations can
be obtained from substituting the metric (2.4) into the field
equations in Eq. (2.2a), using the definition of the stress-
energy tensor in Eq. (2.2c), and considering the appropriate
components of the modified Einstein equations. The 77
component yields the equation

0.5 — %EAC;EBD@EAB@;ECD = 2770,®0,®,  (2.5a)
where 748 is the inverse of /1,5. Once j3 is determined in
terms of & 4p (and its inverse), @, and their derivatives, then
it is also possible to use the 7A components of the field

equations to solve for U* in terms of the same quantities
from the following equation:

0[P e 0, UP] — 270, <l2 DAE>
r

+ PhBCDy0she — 167720;D0,® =0,  (2.5b)
where D, is the covariant derivative compatible with the 2-
metric /1,5. Finally, from the trace of the AB components of
the field equations, it is then possible to solve for V in terms
of the same data:

L e -
2672(9,V) = G = - DA[0,(F 0]

+ 2k B[DyDyp — (D4B)(Dyp)]
+ % Pe P hap(0;04)(0;0°) - 82h*P 0, ®0p® = 0.
(2.5¢)

Here % is the Ricci scalar of 2-metric /145. The remaining
two independent components of the modified Einstein
equations are called the evolution equations, and they arise
from the trace-free (with respect to h,p) part of & ap- It s
convenient to write this expression using a complex
polarization dyad composed of m* = &* /" (which sat-

isfies 1V ,ii = 0) and " (the complex conjugate of 7itt).
The evolution is given by mAmBE 48 = 0, which can be
written in terms of the metric functions as
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naAmB{fafmaﬁﬁAB)] = L0V (Oan)] ~ 207 DaDe? + e B[0P0

1 S~ - - - - . o -
- Ef4€_2ﬁhAChBD(anc)(anD) +5 (87hap)(DcUC) + PUC D (97hyp)

POy ) e (BETE — DEGC) sﬂezﬁaAcpchp} o,

We will discuss the evolution equations in more detail in
Sec. II B on the Jordan frame.

In vacuum general relativity, once the metric functions
f, U*, and V are determined on a hypersurface of
constant i, they can be used in the evolution equation
for the 2-metric A, to evolve hyp to the next hyper-
surface; the hypersurface equations can then be solved
again in an iterative process. In Brans-Dicke theory,
however, one must jointly evolve the evolution equation
for h,p with the scalar field equation to obtain the data
hp and @ needed to solve the hypersurface equations.
For convenience, we give the scalar wave equation (2.2b)
when written in terms of the Bondi metric functions
below:

20;0;® + D, (U40;®) + 0;(UAD ,®)

L trp,0 - 20,0 + 0.V0.0 + 70,0.0)

~u|

(€2 "B (2D 4Dy ® + DD @) + V(8;®)] = 0.

\.\1)|,_

(2.5e)

Aside from the additional complication that the scalar-
wave equation and evolution equation for /1,5 must be
solved as a coupled system, the form and the hierarchy of
the modified Einstein and scalar field equations in the
Einstein frame is similar to that of the Einstein equations
in vacuum general relativity.

2. Conditions for asymptotic flatness

We next study the asymptotic behavior of the metric
and the scalar field at large Bondi radius r. Because Vv, /;’,
and U? are determined by /1,5 and ®, we must posit
boundary conditions on /i, and ®; we can then deduce
the remaining conditions on the metric from the hyper-
surface equations (2.5a)—(2.5¢) up to functions of inte-
gration. There are well-established definitions for
asymptotic flatness for the Einstein equations [37,38].
For the scalar field, we will assume that it satisfies the
following scaling as 7 — oo:

o, (7,
(d. 7. ) = b + 21T

+O0(F2), (2.6)

~

(2.5d)

where @ is a constant.”

In GR, the action for a massless scalar field (and hence
the stress-energy tensor and equations of motion) is
independent of the value of @ in Eq. (2.6). Thus, there
is no loss of generality by requiring that the constant value
of the scalar field is zero. The boundary condition on the
massless scalar field as r goes to infinity can then be given
by “Sommerfeld’s radiation condition”: lim,_ r® is
finite. In Brans-Dicke theory, the constant value of the
scalar field is related to the asymptotic value of Newton’s
constant G. Setting @, to zero, therefore, does have a
physical effect in Brans-Dicke theory (note, however, that
the precise value of the constant does not affect the stress-
energy tensor for the scalar field, nor does it affect the
equation of motion for the scalar field in vacaum). We thus
require a nonzero @, in Eq. (2.6), and we do not employ
Sommerfeld’s radiation condition to write the limit of the
scalar field as r goes to infinity.

Similarly, we adopt the same expansion of the 2-metric
hap as F — oo as in GR:

5 (5 =C
- ~ Eaplil, X
hap = qap(%€) + #

+0(72%).  (2.7)

The determinant condition of the Bondi gauge requires that
g*Bé,5 = 0. It is then convenient to define a covariant
derivative operator compatible with ¢g,5, which will be
denoted by 0,. In addition, it is also helpful to raise (or
lower) capital Latin indices on 2-spheres of constant # and
7 with the 2-metric ¢g*? (or g,p).

Next, we assume the functions ﬁ UA, V, and ﬁAB have
the following limits as 7 approaches inﬁnity3:

*With the expansion of /2,5 in Eq. (2.7) and with a polynomial
expansion of 3, U4, and V in 7! consistent with Eq. (2.8), one
can prove from the 7! piece of Eq. (2.5¢) that @, is independent
of i; from the 72 piece of Eq. (2.5¢), one can show that ®, is
independent of 4.

*We assume that it is possible to impose these conditions at all
retarded times u. Given the structure of the Bondi-Sachs
equations as described in Sec. IT A 1, these conditions can be
imposed on an initial hypersurface u = const, but they will not
necessarily be preserved under evolution to future hypersurfaces.
It is possible to construct coordinate transformations that re-
impose the conditions Eq. (2.8) after evolution (see, e.g., [82,83]
for more details).
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\%4
lim—- =1,

F—oo 1

lim § = lim 04 = 0,

r—00 F—o0

FILI?OEAB = 4AB-
(2.8)

The metric thus reduces to Minkowski spacetime in inertial
Bondi coordinates in this limit. Hou and Zhu independently
proposed similar conditions in [79]. Imposing these con-
ditions and radially integrating the hypersurface equations
in Egs. (2.5a)—(2.5¢) further, we then arrive at the solutions®

~ 1 1 .
b= T ABE g — ﬁnd)% + O(F3), (2.9a)
- 1
UA = ——~2635AB —+ 0( 3 10g r) (29b)
7
V =7F-2M+ O(#") (2.9¢)

The function M (ii, #) is called the Bondi mass aspect and
is one of the functions of integration that arises from
integrating the hypersurface equations.

B. Jordan frame

Having determined the asymptotic falloff conditions in
the Einstein frame, we now consider the asymptotic
properties of the solutions in the Jordan frame, in which
it is more straightforward to understand the response of a
detector to the gravitational waves emitted from an isolated
system (because test particles follow geodesics of the
Jordan-frame metric). A solution in the Jordan frame can
be found from one in the Einstein frame by performing a
conformal transformation [84]

1

=G> (2.10)

gﬂv:/l

where

20 + 3

A=exp(®/Q), n "

Q=

(2.11)

The scalar field is called A in this frame, and w is the Brans-
Dicke parameter. In the limits in which @ — o0 and A
becomes nondynamical, general relativity is recovered. The
Brans-Dicke action in the Jordan frame is given by [61]

*Note that in the expression for U in Eq. (2.9b), the remainder
contains a term of order 7 log 7 The coefficient of the term that
scales as 7 log 7 is proportional to dzD*%, where we have
denoted the 72 part of Ji4p that is trace-free with respect to the
metric g% by D,p. The order 1/7 part of the Einstein equa-
tion (2.5d) imposes that D,y satisfies 9;D45 = 0 (i.e., that it is
nondynamical, as the analogous quantity in general relativity is).
This will not be true of the analogous function in the Jordan
frame, as we discuss in Sec. II B.

p o (8,0)(9,1)
— A /ol Z_p_ g KAV
/dxv 9[1671: 162”7 s

where R is the Ricci scalar of the Jordan-frame metric g, .
The field equations are given by

(2.12)

1
G, = E(Ser,w +V,V,1-g,04), (2.13a)
dr=o0, (2.13b)
where G,, is the Einstein tensor, [ = ¢**V,V, is the

covariant wave operator, and

7Y = <v IV, 0 — gﬂyv Y z) (2.13c)

87

is the stress-energy tensor of the scalar field. It is also
convenient to define a tensor £,, b

1
£ =G, —= 8T +V,V,4—g,04),

- (2.14)

which vanishes when the equations of motion are satisfied.

1. Bondi gauge and asymptotic boundary conditions

We would now like to compute a metric in Bondi-Sachs
coordinates in the Jordan frame that is consistent with our
definition of asymptotic flatness in the Einstein frame. The
transformation in Eq. (2.11) implies that 4 admits an
expansion in 1/7, in which the leading-order term is
constant: i.e.,

A, 7, #4) = exp (%) <1 +%%> +0(72), (2.15)

The conformal transformation of the metric in Eq. (2.10)
preserves the Bondi gauge conditions ¢,, = g,4 = 0, but
the determinant condition becomes det[g,5] = #A2q(x).
Consequently, the final condition of the Bondi gauge will
not be satisfied in general (i.e., 7 is not an areal radius in
the Jordan frame). It is possible to work in a set of
coordinates that do not impose the determinant condition
in Bondi gauge (as was done in [79]); however, when 1 is
positive (as it is expected to be far from an isolated source,
since A is related to the gravitational constant [54]), it is also
possible to redefine the radial coordinate so as to make it an
areal coordinate. The transformation that effects this
change is

U= o r=7il"

Viy'

where we have introduced the notation 4q = exp(®,/Q).
The retarded time i is rescaled by 4y so that the metric

A _ FA

12, XA = 7,

(2.16)
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coefficient —g,, becomes one as r — 0. In the coordinates
(u, r,x*), the metric takes the Bondi form,

1%
GudXdx" = —— e’ du* — 2e*Pdudr
r

+ PP hyg(dx® — UAdu) (dx® — UBdu),
(2.17)

where V, B, U4, and h,p are functions of coordinates
x* = (u,r,x*). The metric satisfies all the Bondi gauge
conditions

(2.18)

9rA = Grr = 0’ det[.gAB] = r4Q(xC)'

By performing the conformal and coordinate transfor-
mation on the solutions of the field equations in the
Einstein frame [Egs. (2.92)-(2.9c)], we find that the

functions 3, U4, and V should have the following forms:

1 @,

__ 1 -2 2.1
B 2r§2\/i_0+0(r ), (2.19a)
1
UA = W (35c"B — 3 ®@,) + O(r>logr), (2.19b)

V= <1 —|—a’§l>r+0(ro). (2.19¢)

Interestingly, in the limit as r goes to infinity, V/r goes as
1+ 0,®D,/Q (i.e., when @, is dynamical, the leading-order
Minkowski part of the metric is expressed in noniner-
tial coordinates when the Bondi gauge conditions are
imposed). This occurs because the component of the
Ricci tensor, R, scales as 1 /r when 0, ®, is nonvanishing,
as we discuss in more detail below and in Sec. IV. In
addition, f# scales as O(r~!) instead of O(r?), as in the
Einstein frame (or in general relativity). Based on these
considerations, we expect that the metric functions will
have the following scaling with r in the Jordan frame:
p=00"), V=0(r), UA=0(r2). (2.20)
We explicitly verify this by solving the field equations in
the next part.

2. Asymptotically flat solutions

The Bondi-Sachs field equations for Brans-Dicke theory
in the Jordan frame have a similar hierarchy as in
the Einstein frame. The trace-free part of h,p satisfies an
evolution equation, and the scalar field satisfies the curved-
space wave equation (also an evolution equation). The
remaining metric functions 3, U4, and V can be solved
from hypersurface equations on surfaces of constant u in
terms of h,p, 4, and functions of integration known as

the Bondi mass aspect and angular momentum aspect.
The mass and angular momentum aspects satisfy the
conservation equations. The full expressions for these
equations are rather lengthy, though we give the expres-
sions for the scalar wave equation and the hypersurface
equations in Appendix. Thus, we will focus on determining
the metric functions and the evolution equations satisfied
by these functions when these quantities are expanded in a
series in 1/r.

As in the Einstein frame, it is necessary to assume an
expansion of the 2-metric /45 and the scalar field A as series
in 1/r, and the expansions of the remaining quantities will
follow from the field equations and boundary conditions in
Eq. (2.20). For the scalar field, we have

A (”; x*) + Ao (u, x*) n Ay (u, x*)

’,2 }"3

Mu,r,xd) =y +

+0(r ™). (2.21)
The constant 4, is related to the gravitational constant,” and
A1 is the leading-order nonconstant part of the scalar field,
which is closely connected to the additional polarization of
the gravitational waves in Brans-Dicke theory. That 4 in
Eq. (2.21) has a similar expansion in 1/r as ® in Eq. (2.6)
follows from the relation between A and @ in Eq. (2.11).
For the 2-metric, we take the expansion to be

CAB(”»XC) dAB(uvxC)
) s

hap = QAB(XC

eap (1. )

3 +0(r ™).

(2.22a)

The determinant condition in Bondi gauge fixes the part
of d,p and e4p that is proportional to ¢,p. Thus, we write
them as

1
dyp = Dyp + ZCFGCFGqAB» (2.22b)

1
eap = Exp + 3 cr6D % qap, (2.22¢)

where ¢, 5, D4p, and E,p are trace-free with respect to g, .
The tensor c,p(u, x*) is closely related to the shear of
outgoing null geodesics at large r, and is thus also related to
the gravitational waves.

We now substitute the expansion of A and hup in
Egs. (2.21) and (2.22a) into the field equations, solve
order by order in r~!, and compute the metric functions

>The relation between the gravitational constant and the scalar
field in Brans-Dicke theory is given by G(1) = ‘;ﬁ:ﬁ% . If one
assumes the experimentally measured value of G at infinity to be
1, Ay can be written in terms of the Brans-Dicke parameter @ as

— 342w
AO T 42w
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and their corresponding evolution equations. We begin
with the curved-space, scalar wave equation in Eq. (2.13b).
The explicit forms, in Bondi coordinates, of Eq. (2.13b) and
the hypersurface equations in Eq. (2.13a) are given in
Appendix. We find that the assumption of A, = const is
consistent with these field equations; at O(r~2), the wave
equation reduces to the expression 9,(9,4,) = 0, which
implies that 9,4, = N ;) (u, x*) is an arbitrary function. An
analogous equation arises for the evolution of the tensor
cap, Which leads to 0,¢c,p being unconstrained (and equal
to an arbitrary symmetric, trace-free tensor that gets called
the Bondi news tensor, which is defined below). To obtain
higher-order terms in the wave equation, we need to first
solve for some functions in the Bondi metric.

Next, integrating the rr, rA, and the trace of the AB
components of the modified Einstein equations presented
in Appendix, we find

L1/l . we-1, 3k
= —_-—— - — —_— —12 A
== P (32 et gt

+0(r3),

1 32
UA = —— | 0petF ——2L
27'2( F¢ /10

(2.23a)

A
—/1—;6/*/11 +UA(1+3logr) + 6LA} +0(r™),
0

(2.23b)

V= <1 +8le)r—2M+ o(r ™), (2.23c)

0

respectively. Here M (u,x*) is a function of integration.
While an analogous quantity is defined to be the Bondi
mass aspect in the Einstein frame or in GR, here we find it
convenient to define a slightly different quantity to be the
mass aspect (which is defined shortly below). The second
function of integration, the angular-momentum aspect L4,
can be obtained from the expression

r—00

1
LA(M,)CA) = —8 lim (r4e_2ﬁhA38,UB

v
_r(’iBCAB—i—r 2 1+3UA10gr>. (224)
0

The integration procedure allows for a term proportional to
logr/r® in UA. The term U4 is given by

(2.25)

2 1
Z/{A = —gaB(DAB +2_10/11CAB).

We will only consider solutions with /4 = 0 in this paper
for reasons which we discuss below Eq. (2.30).

We can now return to the scalar wave equation to solve
for the higher-order terms. The O(r~3) and O(r~*) parts of
the scalar wave equation determine that 1, and A5 evolve via
the equations

1
6u/12 = _EDz/Ilv (2263)
Duls = ——— 0, () + =My -~ (B? +2)2
ut3 — 2/10 u\*112 2 1 4 2

1

1 1
8/10 /11D2/11 + ZCABaAEjB/I] + §/116A63CAB

+ %6BCABGAAI. (226]3)
To simplify the notation slightly, we have introduced
the quantity P?> = 3,0* to denote the Laplacian on the
2-sphere.
The evolution equations for 2,45 come from the trace-free
part of the AB components of the field equations

1

Eap — _gABgCDgCD =0.

5 (2.27)

Because we have already imposed the field equation
h®PEp = 0 to determine V, the term proportional to g,z
in Eq. (2.27) does not contribute. As a practical computa-
tional matter, it can be more convenient to contract Eq. (2.27)
into a complex polarization dyad m* = §*,m* (and its com-
plex conjugate) where m* satisfies m"Vﬂu = 01[80,85,86] (a
similar procedure was performed in the Einstein frame).
Then the 2 degrees of freedom in the evolution equation can
be recast in terms of a single complex equation

mAmBEAB =0. (228)
The O(r°) part of Eq. (2.28) reduces to the equation
proportional to 9,(9,c45) = 0. This implies that

8ucAB :NAB’ (229)
where N 45 is an arbitrary symmetric trace-free tensor, called
the news tensor. In GR, spacetimes with a vanishing news
tensor contain no gravitational waves [41]. The O(r~!) terms
of Eq. (2.28) lead to the equation

2.30

0, (DAB + 1/11CAB> =0.
By taking 0, of Eq. (2.25) and §,, of Eq. (2.30), then one can
see that one must have 9,44 = 0. Thus the choice U4 = 0
made above will not affect the dynamics of D ,p, but it does
impose a constraint on the allowed initial data for the quantity
Dyg + A1cap/(240). The O(r7%) part of Eq. (2.28) is a
significantly more complicated expression, which we give
below:
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1 1 1 1 1 1
OuEap = 2DAB T3 capM —9pLs) +3 5 qasdcLC + 1 cap¢Nep + 5 0 <6AaB - §CIABD2> (c*Peep)
1 1 1
+ 6 [6(3<C§)6DCC1)) - EQA86E<C§6DCCD):| + §€C(ACB)C(€DE6E6FCDF) 412 (420D ap — A1cap) 0y

1 1
12/12 (360 + 7) <6A1163/11 - EqABacﬂléC/h)

1 1
12&2 (3(1) + 2)11 (636A — EQABD )Al

1 1 1 ) 32 1 1
4/1 004 — CIABD o +—— 127 capPA + o5 872 Nap — 20 M Nyp — 3—/10/11%3
1 1 1 1
_6_/10 <6C/116(BCA)C _ECIABacCCDaD;{l) 12/106 M0ccCap +24/101192CAB- (2.31)

We use this expression to understand the properties of the
angular momentum aspect L, in nonradiative regions of
spacetime in Sec. I'V.

To complete our treatment of the field equations, we must
consider the conservation equations in &, and &£,4. These
equations result in conservation equations for the mass and
angular-momentum aspects. The equation for the mass
aspect comes from the O(r~2) part of £, and it is given by

1 1
auM = —gNABNAB + _6A63NAB

1
-3+2w)— 4/12 (0,4 ) + 4—/108“})211, (2.32a)
where we have defined
M (u, x*) = M(u, x*) — 4/12/1 10,41 (2.32b)

1
_3814LA = 6AM - —6E(6E6FCAF - 6A6FCEF)

L p -

L (2 + 30)8,4, 0,01 + =

4/12

To summarize, the structure of the Einstein equations is
very much like the Bondi-Sachs formalism for general
relativity [80] (though with an additional massless field).
There are unconstrained functions N,z = 0,c4p and
N(; = 0,4, that determine the evolution of the different
functions in the expansion of the metric and scalar
fields. Then initial data must be given for 4;, 4,, 43, M,
L,, csp, and E,p. Initial data also must be given for
D,p, but because we did not allow log terms in our
expansion, these initial data are not independent of that
of 1; and cup. Our field equations have a slightly
different form than those given in [79], because of the
different gauge conditions that we use (note also that

1 1 1
+ _aA(CEFNEF) - §6C<CCFNAF) + 2

to be the Bondi mass aspect in the Jordan frame. With
this definition of M the average of the right-hand side of
Eq. (2.32a) over the 2-sphere is a nonpositive number:
i.e., the average value of M is a strictly decreasing
quantity. This makes M more closely analogous to the
Bondi mass aspect in general relativity, in which the
average value of the mass aspect gives rise to the well-
known Bondi mass-loss formula [37]. Note that M would
not necessarily satisfy this property, because 1;0,4; =
0,(23/2) is not necessarily a decreasing quantity. The
calculations of symplectic fluxes and charges in Sec. IV
would suggest one might also include the D%, term in
the definition of the mass aspect, though we do not do
that above.

Finally, from the O(r=2) part of &£,, the angular
momentum aspect satisfies a conservation equation of
the form

cEF (0, Ngr)

M 1
pp 5 (4 + 0)0,0,A +-—

/1 8 (CABaBlll —ﬂléBcAB).

(2.33)

[79] did not compute the evolution equations for E,p
or A3).

III. ASYMPTOTIC SYMMETRIES

We now turn to computing the infinitesimal vector fields

E that preserve the Bondi gauge conditions and the
asymptotic form of the metric and the scalar field in
Brans-Dicke theory. Our treatment parallels that given in
[46] for general relativity. The scalar field is Lie dragged

along the generators of these asymptotic symmetries Zj: so it
transforms as 4 — A + L:4 (where we use L; to denote the

Lie derivative along E). To preserve the Bondi gauge
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conditions, the following components of the metric must be
left invariant when the metric is Lie dragged along &:

Legrr =0, Legra =0, QABE.»:QAB =0. (3.1)

The four differential equations in Eq. (3.1) constrain the

four components of c_f Because these conditions rely only
upon the Bondi gauge and not the underlying theory, we
can expand the solution in Eq. (4.7) of [46] using our
solutions for 3, UA, and hy,p in the Jordan frame of Brans-
Dicke theory, which were computed in Sec. II. The results
are that

&= flu,x"), (3.2a)
e Lo, v b2 ona,f - (cABog0, s
5704 7904 = 304
420, /058 + j—lDZ f> +0(r ), (3.2b)
0

1 1 1
éA = YA<M, XA) - ;(’)Af + —2 (CABan + —/116Af>

111 1
+ F |:3DA363f - TC
s 2

A
o SRR 1222

CBcaAf—f APogf
Ao

(@ — 3)6Af] +0(r ). (3.2¢)

The functions of integration f(u,x*) and Y (u, x*) come
from radially integrating Eq. (3.1).

To maintain the asymptotic falloff conditions that we
have determined, we require that the remaining metric
components transform as follows:

Eéjgur = 0(}"—1),
Legap = O(r),

‘C(fguA = O(ro)’

LG = o(r%). (3.3)
Note that in GR L.g,, = O(r7'); however, because in
Brans-Dicke theory in the Jordan frame g,, is given by
Guu = =1 + 0,41/ + O(r71), we allow a change in g,, at
O(r°) (which occurs from the change in 9,4,). To express
the conditions that we use to constrain E and the change in
the metric coefficients, it is convenient to expand L;g,, in a
series in r as

S o,

n

where n can be an integer and the coefficients l,(ﬁ,) in the

expansion are functions of u and x*. Then one can show
from lfi) = 0 that Y# is independent of u, and from lfg =0
that it is a conformal Killing vector on a 2-sphere: i.e.,

04Yp +05Y4 = ywqus, (3.5)

where y = 3, Y. The coefficient 153) = 0 restricts f to be
given by

f:%ul//+a(x*‘). (3.6)

The functions f and Y“ have the same form as in
general relativity. Thus, the different falloff conditions of
components of the metric in Brans-Dicke theory do not
alter the symmetries of the spacetime. The interpretation
of Y2 and a will, therefore, be the same as in GR: the
globally defined Y# span a six-parameter algebra iso-
morphic to the proper, isochronous Lorentz algebra (and
the locally defined Y4 will be the infinite-dimensional
group of superrotation symmetries [45]) and a span the
infinite-dimensional commutative algebra of supertrans-

lations [37,40]. How the asymptotic Killing vectors E are
extended into the interior of the spacetime from future
null infinity is different in GR from in Brans-Dicke
theory in the Jordan frame. This will lead to the functions
in the metric transforming differently between the two
theories.

Before we compute the transformation of the metric
functions, it is necessary to determine how the functions 4,
and 4, in the expansion of the scalar field transform as they

are Lie dragged along E We denote this transformation as
8¢A1 and 8z4,, and they can be computed from the O(r™")
and O(r™2) of LA, respectively. The result is

1
Ochy = 5/11’# + Y4041 + fO,A, (3.7)

1
65/12 = /121// - E/I]sz - 6Cf6C/11 + YDaD/lz + fauﬂz.
(3.8)

Next, we can compute how the functions c,5, D45, M, and

L, transform when Lie dragged along E given in Eq. (3.2).
We denote these quantities d:c4p and similarly for the other

three functions. The term d:c4p can be obtained directly

from the appropriate coefficients and components of l,(,'Z>,

but other terms also require removing the transformation of
combinations of 6;4; and 6zcp that appear at the same
order in the metric. The expressions used to compute these
quantities are given below:

i)

5§CAB = lyp, (393)

5531 3

(1) _
5 uu
M= o 2/12

5:(10,4)|.  (3.9b)
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6:Dpp = 11(101; - %QAB@:(CCDCCD)» (3.9¢)
OcLa = _1154:‘1) S(capdcc”®)
2 127
L - st
+ Lz‘(s.f(/Il()‘jA/ll)- (3.9d)

62

Thus, we can compute 6:M and 6;c4p from the relevant
l,(ﬁ,) and 6z4; to be

—28,08f + qapP*f.
(3.10a)

1
0ccap = Lycap + [Nap — FVcCas

1
0Ly = fO,Lg+ LyLy + Lay + %

1 1
- gaA( BcaBacf) (6D6CCAD

1 1
+ 5 BN agdcf - 12/12
1
221 +30,4,)0
T 12 —; (24 + 2)0af — 247,
for 6;L 4. In deriving the expression for 5:M, we used the

properties B*y = =2y and B*Y*4 = —Y*. To derive ;L ,,
we also used the identities in [46]

2CC(A68)6Cf — qapcPcOpf — cagP’f =0, (3.11a)
26CCC(A63)f + 26(ACB>C6Cf
—26CCA36Cf—2qA36Cf6DCCD =0. (311b)

The expressions in Eq. (3.10) will be useful for under-
standing the properties of metric in nonradiative regions,
which we discuss in Sec. IV soon hereafter. The GR limit of
our expressions agrees with the equivalent results in [47]
after taking into account differences in conventions. Our
results are similar to those in [79], but not identical, because
of the different gauge conditions that we use.

Before concluding this part, we note that because the
scalar field appears in the metric, we can check whether the
transformation of the metric is consistent with requiring

that the scalar field is Lie dragged along E We can obtain
0z from 2/1015,;1), and we find that it agrees with Eq. (3.7).

We can also obtain 6:(0,4,) from —,101532 , and we find that
it is equivalent to 0,(6¢4,), as it should be.

1
CCDaAW+6DABa Y- MéAf+

[capdo0P f + Ay (0 +4)0,4 (10,4 +

A
C B
——0,4(1,0.0 f)+12/1 N,g0°f —

3 1
SeM = fO M+ —Mw + YA M + —cABaAaBy/

| | |
500 05N + 4NA36A63f—'—W+H<’§Aw6A/11

1
+ L D200 A 0,0,

3.10b
42 22 (3.100)

Then with the expression for §sc,p, it is possible to
compute the remaining two terms for 5:D,p and 6:L,.
They are given by

A 1
0eDyp = LyDyp + T <6A53 - ECIABDz)f

1
——fau(/lchB),

3.10

for 5§DAB and

(6C6cf63CAB - CABaBacéCf)

5
0408 cpc)0Cf — 3 CABan - 6636Af6CcBC T cBCNpcOAf

64042 + (@ — 1)27]04w

2423

(aBaA £382, + 3050,4,05 1), (3.10d)

We can also explicitly compute the quantities 5§(c CaB)
and 8;(dzc*?) from Lie dragging the metric. The relevant
expressions for computing this are

- 4 24
Se(cMBeyg) = 16157 + = (3 = 0)8:(41)? = 2= 845,
2 Zo
(3.12a)
5.38c. ) — 20 4 L
5(6 CAB) = 2luA +ﬂ_6§(6A/11) (312b)
0
Not surprisingly, we find that
Se(c*Bepp) = 6:c*epp + ABSecap, (3.13a)
55(636’143) = 63(6§CAB), (313b)

as the latter relation was proven in GR in [46]. For
completeness, we give the expressions for these terms here

5:(0 Beap) = 2fNagc?

+ 2CBCYA6ACBC —

+ capcPy

4¢B3,05f,  (3.14a)

1 1
55(63%3) = =0, (Bz +2)f - ) capd®y + SydPcyp

2
+£Y6CCAC +6B<fNAB) (314b)
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It does not seem possible to verify these types of relation-
ships with all of the terms that appear in Eq. (3.9). Thus, for
example, for the term 6;(c4p3cc5¢), we assumed it can be
written as the sum of ;¢80 and cyp6:00c5¢

IV. GRAVITATIONAL-WAVE MEMORY EFFECTS

Gravitational-wave memory effects are commonly
defined for bursts of gravitational waves of finite duration
between two nonradiative regions before and after the
burst; they are also defined for sources of gravitational
waves that become asymptotically nonradiative in the
limits as u — +oo at large Bondi radius r. In either case,
discussing GW memory effects requires a notion of a
nonradiative region of spacetime. In this section, we first
describe the properties of nonradiative regions in Brans-
Dicke theory, we then discuss the measurement of GW
memory effects through geodesic deviation, and we finally
discuss how the conservation equations constrain the GW
memory effects (thereby allowing them to be computed
approximately).

A. Nonradiative and stationary regions

1. Nonradiative regions

For general relativity, it is typical to consider regions of
vanishing Bondi news N, and vanishing stress-energy
tensor. In the context of Brans-Dicke theory, we will instead
consider regions where N,z = 0, 9,4, = 0, and any other
stress energy from matter fields vanishes. These two
equations imply that 4; and c,z must be independent of
u. Integrating Egs. (2.26), (2.25), (2.32a), and (2.33), we
can then show that 1,, D,p, M, L,, and A5 are given by

|

1
6

1

<6A63 — 5 qaD’

2
=1 (000

1
Ez(411; — _6(AL( )) =+ 2C1A36CL 4+ = M
©)~
1

(5A63 ) g48D

N
6

1
32

0
6<A(c](3)>C6Dc 1

)

e

12 o

1
4 g <6A63 C]ABD2> /120)
3w+ 7

1204

+

(6A/1 WIS

1
0 _ - 2()
) (=gt -

QABa (CbcaECﬁ))
) —
1
0
0N dcc) — =

243w
12(29)

QABacl 66/1 >

(4.1a)
(4.1b)

Ay =— (4.1c)

(4.1d)

(4.1e)

24,10 4

)

AB

LA — —gaAM(O

2323080

+12

aAéB DB) + L

J(xF),  (4.1f)

2

A
37 162

1
—— (P> +2)p)” +3 { 5 (P2 +2)4”

lAB

0
5 C(504052,"

04 L op20

+ MO PG

I
- Zﬂﬁo)aAchAB

ot chf‘OﬁaA,l(lo)} + ﬂgo) (x).

In a nonradiative region, E,5 has the form

Eaxp = w?EQ) +ub)) + ED)(xC),  (4.2a)

(2)

where the coefficients £, and Eglg are given by

1
54 04)c0° (P70 £ W),

) (4.2b)

1 0 0
AB + 8€ (AC;))C(EDEéEéFCE)I).;

;)

)

L 0.0

0 0
1220 1 /1(1 )DZC/(AZ;

247,

( ) 6C/1<10)

0 0
Cpe +——qapd°c (D%‘GC/I(I )

124

),1()

64

/1 0 <6A63 ) q45D?

(4.2¢)

(4.2d)
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This expression will simplify considerably in some more
restrictive classes of nonradiative solutions that we discuss
next.

2. Stationary regions and the canonical frame

In general relativity, there are frames for stationary
regions in which the Bondi metric functions are indepen-
dent of u. We next discuss how the metric functions and
scalar field in nonradiative regions in Brans-Dicke theory
[given in Eq. (4.1)] simplify when there exist such frames
in the Jordan frame. To discuss this, it is useful to recall that
a vector field, such as L,, on the 2-sphere can be
decomposed into divergence- and curl-free parts as follows:

Ly = d,p + €,450%0. (4.3)
Similarly, a symmetric trace-free tensor such as c,p can be
decomposed as [19,87]

1
CAB = <6A63 - EqABé(:éC) @ + €C(A63)6C\P. (44)

The terms without the antisymmetric tensor €45 in the last
two equations are often called the “electric (parity)” part
and the terms with e, are called the “magnetic (par-
ity)” part.

If we require that the scalar field is also independent of u
in these regions, then the expression for 1, in Eq. (4.1c)
requires that D?1, = 0, or namely 4, is constant. The
expression for L, in Eq. (4.1f) shows that the magnetic part

of Cgo;’ W, vanishes (see, e.g., [52]). Together with the fact

that /150) is constant, it also follows from Eq. (4.1f) that

MO = MO is a constant. Because c,p is an electric-
parity tensor field, then it can be set to zero by performing a

supertranslation with « = ©®/2 [see Eq. (3.10a)]. With
cap =0 as well as /150) and M© being constant, then
by requiring A5 is independent of time Eq. (4.1g) gives the

following condition on Ago):

(D2 4+ 2)A) = 2Mm 00, (4.5)

This nonhomogeneous linear elliptic equation can be

written as the sum of the particular solution /lgo) =

M(O)/I(lo) and a linear combination of the solutions to the
homogeneous equation

®2+2)" =o. (4.6)
The solution of the homogeneous equation is a super-

position of # = 1 spherical harmonics. Finally, with these
conditions on the metric functions, this greatly simplifies

the form of E,p in Eq. (4.2a). That Ago) and M© are

constants and that cgg vanishes cause the coefficient in

Eq. (4.2b) to vanish; similarly, the lengthy expression in
Eq. (4.2¢) reduces to the following much simpler equation:

0)

1 0
OuLY == qu0°LY = 0.

)2 (4.7)

To have smooth solutions quo), then it must be a super-
position of the six electric-parity and magnetic-parity
¢ =1 vector spherical harmonics. The electric part of
LEP can be set to zero by performing a translation with

a=x/[MO —/1(10) /(42¢)]. The magnetic part could be
chosen to align with a particular axis by performing a
rotation if desired.

As in general relativity, this class of stationary regions in
Brans-Dicke theory admit a “canonical” frame, in which
M and 4, are constant, ¢,z =0, and L, is composed of
¢ = 1 magnetic-parity vector harmonics. Furthermore, the
scalar-field function 4, is also constant, and the function 4,
is equal to the constant M4, plus a superposition of [ = 1
spherical harmonics. For bursts of gravitational and scalar
radiation, there can be transitions between such stationary
regions where the initial stationary region is in the
canonical frame, but the final stationary region is super-
translated from its canonical frame, so that c,p is nonzero.
This nonzero c,p at late times is, in essence, the GW
memory effect (see, e.g., [30]); thus, transitions between
these stationary regions provide a sufficiently general arena
in which to study certain types of GW memory effects in
general relativity (these transitions were called BMS
vacuum transitions in [30]). Note that these types of
transitions also do not allow “ordinary” memory [88], so
they do not admit memory effects of full generality (see,
e.g., [89]).

However, in Brans-Dicke theory, because 4; must be a
constant in both stationary regions in the canonical frames,
such a transition would significantly restrict the types of
possible memory effects that could occur. For the memory
effects related to the scalar radiation (discussed in greater
detail in the next part) such a transition would only allow
these scalar-type memory effects to have a uniform sky
pattern. As a result, considering only these types of
transitions between these frames will not be sufficiently
general to explore the full range of possible memory effects
in Brans-Dicke theory. A slight generalization would be to
consider transitions between stationary regions in which
one of the regions is both boosted and supertranslated from
the canonical frame. However, this still seems to be a
somewhat restrictive scenario, as it does not seem to admit
solutions that are superpositions of boosted massive bodies
with a scalar charge. As a result, we will next focus on a
slightly more general set of frames that is still somewhat
simpler than the nonradiative regions without restrictions.
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3. Nonradiative regions with vanishing
magnetic-parity shear

For a slightly more general set of solutions, though
which lack the full generality of the nonradiative regions,
we will consider regions of spacetime with vanishing stress
energy (not including the scalar field), N,p, 0,4,, and ¥
(the magnetic-parity part of the shear). As the stationary
regions, it will again be possible to set c,5 =0 by a
supertranslation to produce a “semicanonical”’ frame;
however, the mass-aspect and scalar-field functions AM(©)

and /1(10) will no longer be constants, and will remain
arbitrary functions of x* as in Eq. (4.1) in this frame. This
will imply that 4, depends linearly on u as in Eq. (4.1c),
D,p will vanish in this semicanonical frame, and the
electric part of L, will depend linearly on u, whereas
the part independent of u will contain both electric and
magnetic parts. Thus, transitions between nonradiative
regions of this type should be sufficiently general to capture
both the usual tensor-type and the scalar-type memory
effects, which will be discussed in greater detail below.
This was also the scenario considered by [79].

B. Geodesic deviation and GW memory effects

GW memory effects are frequently described by their
effects on families of nearby freely falling observers at
large distances r from a source of gravitational waves

[16,90,91]. The deviation vector X between a geodesic with
tangent # and a nearby geodesic satisfies the equation of
geodesic deviation

u'V,(uPV 3 X*) = =Ry, s u’ X710°, (4.8)
to linear order in the deviation vector X*. It is then useful to
expand the vector X* in terms of an orthonormal triad e
with ey = 0 that is parallel transported along the geo-
desic with tangent u®. If u® is denoted by ef, then ef =
{ef. ¢} forms an orthonormal tetrad. It is also convenient

to introduce a dual triad e{)‘, with e?‘ eé = 5{ The vector can

then be written in the form X* = X;(T)e?, where 7 is the
proper time along the geodesic worldline. The equation of
geodesic deviation then reduces to the expression

X' = —Rg;5'X, (4.9)

where the dot denotes d/dr. Given a set of tetrad
coefficients X!, = X'(zy) and X} = X'(z,) that represent
the initial separation and relative velocity of the nearby
geodesics, it is possible to solve for the change in the final
values of the tetrad coefficients of the separation vector,
which we denote by

AX' = X(z)) — X! (zg). (4.10)

We then expand this vector in a series to linear order in the
Riemann tensor as

+ AX

AX' = AX )

" (4.11)

where the value AXEO) is identical to the expected result in
flat spacetime

AX{y) = (75 = 70)X0. (4.12)
The correction AX% 0 to the deviation vector to linear order
in the Riemann tensor is given by [33]

AX])) = —X] / Y de / “dv'Ryso
70 70

—X{;/" dr/rdr///rdr”R()}ﬁ;. (4.13)
70 70 7

Note that in the triple integral, the limits of integration on
the innermost integral run from 7’ to 7.

To compute AX' associated with a burst of gravitational
waves at large distances r from a source of GWs (and
thereby compute the GW memory effects), it will be
necessary to compute the leading 1/r parts of the

Riemann tensor components Rg; o', the geodesic with
tangent u“, the infinitesimal element of proper time dz,
and the orthonormal triad ¢%. In Bondi coordinates, with V
given by Eq. (2.23c), a vector i = ¢; that is tangent to a
timelike geodesic to leading order in 1/r is given by

- - l . >
i=0,—=M40,+0(r™). (4.14a)

24
The retarded time u is the proper time 7z along the geodesic

at this order. A useful triad is given by

(4.14b)

&

- 1. \= »
8u—<1+2—/10/11>3r+0(r ),

L1
2 =—6€1+0(r™?), (4.14c¢)
,
where €; is an orthonormal dyad associated with the metric
q4p- The nonzero tetrad components of the Riemann tensor
at O(r~!) are given by

1. 1 . ~
Rozos = =3, 6n+ 5, 0aph + 00 . (4.15)
Note that if the Riemann tensor is decomposed into its
Weyl and Ricci parts, the relevant nonzero components are
given by
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1

Coiop = ~5-Can+ 00, (4.16a)
1. 5
Ryg =4 + O(F ) (416b)
/10}’
It then follows that the Ricci scalar, R, satisfies

R=0(r72).

Putting these results together, we find that the O(r°) part
of AX' is the same as the flat-space result in Eq. (4.12), and
the O(r~!) part is given by

1 1 ;
ax) = 5 (Ac;“@ - %A/Ilém)Xg

1 1 .
- (Acm _%AAKSAB)X(I)}

1 1 .
+ ZA [uc;‘g(u) - /l—ou/ll(u)é;ag} x5

Au 1 .
t [CAB(“O) - %’11(”0)51@4 Xg

U 1 . A
—2—2 (AC;”} —A—OA/II(SM)Xg. (4.17)

We have defined Au = u ¢ — Uo,

ACAB—/Wd”CAB’ and  AA, —/ufdu/h; (4.18)

0 Uy

in the third line of Eq. (4.17), the A of the quantity in
square brackets means to take the difference of the
quantity within the brackets at u =u; and u = u.
Equation (4.17) contains (in addition to initial and
final data) six memory effects, which we will now
discuss in greater detail (or in the language of [33,92]
six persistent observables, three of which are memory
effects).

The first two collections of effects, Acj;; and ACj 3,
have the same type of effect on nearby freely falling
observers as GW memory effects in GR: namely, they
produce a shearing (transverse to the propagation direc-
tion of the gravitational waves) of an initially circular
congruence of geodesics after a burst of GWs pass. The
tensor Acj;p was the first type of GW memory effect
identified in calculations, and it produces a lasting change
in the deviation vector between initially comoving
observers. When Acj; is nonvanishing, then the tensor

ACj , will be the sum of a term that grows with u after
the burst passes and a term AC/%O}? that is independent of
u. For observers with an initial relative velocity, this will
cause AXE;)

with u after the GWs pass (this effect is also sometimes
called the “subleading displacement memory”). The

to have a shearing part that grows linearly

electric- and magnetic-parity parts of the tensor AC;OZ}

are closely related to the spin and center-of-mass GW
memory effects that were more recently identified. The
tensor Acj 5 was frequently described as being of electric
parity, but it was shown that there are sources of stress
energy that can produce a magnetic-parity Acjp
[87,89,93].

The second two terms, A4; and AA;, are memory
effects related to the passage of the scalar field. These
effects cause an initially circular congruence of geo-
desics to undergo a relative uniform expansion (or
contraction) in the direction transverse to the propaga-
tion direction of the scalar radiation.® Thus, for initially
comoving observers, a nonzero Al; would cause a

uniform, transverse change in AX%U. When Al is

nonvanishing, then AA; would also be a sum of a
term that grows with u after the burst of scalar field and

a term AA(I0> that is independent of wu; thus, the
(1)

deviation vector AX Al would have an expanding (or

contracting) part that grows linearly with u for observers
with an initial relative velocity. The scalar-field memory
effect Al; had been discussed in the context of post-
Newtonian theory in [57] or in gravitational collapse in

[59,60], for example. The quantity AAEO) is the scalar-
field analog of the CM memory, and it seems to have
not been discussed previously.

We turn in the next part of this section to how the
different memory scalars and tensors—Ac; g, ACj 3, Ady,
and AA;—are constrained (or not constrained) by the
asymptotic field equations of Brans-Dicke theory and
the properties of the nonradiative regions before and after
the passages of the gravitational waves and the radiative
scalar field.

C. Constraints on GW memory effects from fluxes
of conserved quantities

Memory effects were defined in [33] to be the subset
of the persistent observables that are associated with
symmetries and conserved quantities at spacetime

Ot is possible to define a suitably adapted Newman-Penrose
tetrad [94] with [, = V,u and with a complex dyad chosen
to have only its 2-sphere indices nonvanishing and to be
normalized to one: mym* = 1. The spin coefficient p =
—m*m*V,1, then can be expanded at large Bondi radius r in
this tetrad as

+0(r3).

1 1 A
pP = —ijvaBVAM:*'F ! (419)
r

ro 2gr*

As p is one of the “optical scalars” and its real part corresponds to
the expansion of a congruence to which [/ is tangent, this
provides a second geometrical viewpoint on how A; causes a
type of expansion at large r.
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boundaries, such as null infinity. A commonly used
procedure for computing these conserved quantities
related to symmetries is due to Wald and Zoupas [44],
who computed the “conserved” quantities associated with
BMS symmetries at null infinity in vacuum general
relativity. The word “conserved” is used in quotes,
because these quantities (also called ‘“‘charges”) are not
constant along cross sections (or “cuts”) of null infinity,
but change so that the difference of the charges between
the cuts is equal to the flux of the charge integrated
over the region of null infinity between the cuts. The
flux had been computed previously by Ashtekar and
Streubel [42], and it is consistent with the result in [44].
In Bondi coordinates and in general relativity, the change
in the charges, AQ;, can be concisely expressed by the
expression

AQ; = - du PQN*85.c,5,  (4.20)

327G

(3.10a) and d’Q =
\/qdx"dx* is the two-dimensional volume element asso-
ciated with the metric g45 (see, e.g., [52]). The charge is
given by the Komar formula [95], with an additional
prescription needed to make the charge integrable in
radiative regions.

The formalism for computing conserved quantities out-
lined in [44] can be applied to a large class of gravitational
theories that can be derived from a Lagrangian, such as
Brans-Dicke theory. In the Einstein frame, the action has
the form of the Einstein-Klein-Gordon theory. Wald and
Zoupas noted in [44] that having a minimally coupled
scalar field causes stress-energy terms to be added to the
flux, but will otherwise not greatly change the charges.
However, they posited that r® has a finite limit to null
infinity, which would require that ®; = 0. We checked
whether having a constant @ that is nonzero would alter
the flux, and because this nonzero @ is constant, and we
found that it did not. Wald and Zoupas also mentioned in
[44] that a conformally coupled scalar field, such as in
Brans-Dicke theory in the Jordan frame, would also only
add terms to the flux. However, they did not specify
whether the kinetic term for the scalar field must have
the canonical form (as in the Einstein frame), which it does
not in the Jordan frame. Consequently, we computed the
flux of the charges associated with a BMS symmetry in the
Jordan frame in Bondi coordinates. We found that the
integral of the flux over a region of future null infinity is
given by

where zcyp is given in Eq.

o
AQ: = 3. du d’Q [NAB55CAB
4
L0t e ] (4.21)
(%0)*

Note that by combining Eqgs. (2.2c) and (2.11), expanding A
as in Eq. (2.21), and using Eq. (3.7), then we find that the
term (3 + 2w)9,45:4/ (167) in Eq. (4.21) is the O(r~2) part

of /lng)f”- Thus, the result is consistent with the expect-
ations of Wald and Zoupas for a conformally coupled scalar
field, despite the noncanonical form of the kinetic term for 4
(and the flux is then conformally invariant as required
in [44]).

1. Displacement memory and electric-parity
part of Acup

For computing the GW memory effect connected
with the electric-parity part of Acj 5, we should specialize
the flux expression for a supertranslation vector field
E = a(xA)éu. Restricting Egs. (3.10a) and (3.7) to a
supertranslation, and integrating by parts for terms involv-
ing 0, (there are no boundary terms on the 2-sphere), we
can show that the expression in Eq. (4.21) can be written as

AQ, = Yo gy N ,zNAB —20,0,NAB
@~ " 30x
6+ 4w
+—— (9,4 ] 422
AL (0uh1) (4.22)

It will next be useful to make a few definitions and to relate
some of the quantities in Eq. (4.22) to quantities that we
have computed earlier in the paper.

The term proportional to 8,35 N4? depends only on the
electric part of Nyp (and thus the electric part of Acyp,
when the integral with respect to u is performed). With the
definition of c,p in Eq. (4.4) and of the news tensor in
Eq. (2.29), we can write the term 8,05N*2 as

20,0; N2 = P?(D? +2)0,0. (4.23)
With the equation for the Bondi mass aspect (2.32a), it is
possible to show that the supertranslation charge (i.e., the
supermomentum) needed to satisfy Eq. (4.22) is given by

/ aﬂsza</vl ——D2,11) (4.24)

Note that when a = 1, this corresponds to a time trans-
lation, and the associated conserved charge is the energy.
Solutions of physical interest have non-negative energy.
Because D?1, vanishes when integrated over the 2-sphere,
this implies that the integral of M over S must be non-
negative, or the 2-sphere integral of M must be greater than
or equal to the same integral of -1 v 410,4,. Finally, it will be

helpful to define a times the change in the energy radiated
by the gravitational waves and the scalar field 1 as
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4
Y gy Qa {NABNAB 4ot (8,412

Ay = >
@ = 308 (%0)?

(4.25)
Then Eq. (4.22) can be written as
) 5 32z
d*Qab*(b* +2)A0 = A—(AS(Q) + AQ(G)). (4.26)
0

The supertranslations a are allowed to be any smooth
function on the 2-sphere. By choosing for a an appro-
priate basis of functions that span this space of smooth
functions on S2 (e.g., spherical harmonics), it is then
possible to use Eq. (4.26) to determine the coefficients of
A® expanded in these basis functions in terms of the
expansion coefficients of the energy flux and the change
in the supermomentum charges. In other words, suppos-
ing that the energy flux A&, is known for some given
radiative data N,z and 0,4,, and that the early- and late-
time nonradiative data through AM and A4, are also
known, then it is possible to determine the corresponding
electric-parity memory effect in Ac,p. The computation
of this memory effect is not substantially different from
in general relativity; the main difference is that it is
necessary to provide both radiative (J,4;) and non-
radiative (AZ;) data for the scalar field, in addition to
the radiative (N,5) and nonradiative (AM) gravitational
data. We will use this procedure to calculate the memory
effect from compact binaries in Brans-Dicke theory in
future work.

The two types of sources of GW memory in Eq. (4.26)—
ie., A€, and AQ(,—are often called “null” and “ordi-
nary” memory, respectively, in general relativity [88]. The
word “null” refers to the fact that it is sourced by massless
fields (including gravitational waves), and the word “ordi-
nary” refers to the fact that it is sourced by ordinary massive
particles (and fields). The specific components of the
spacetime curvature and matter stress-energy tensor
responsible for producing the ordinary and null memory
are distinct and distinguishable in GR. How to classify the
contributions of a scalar field to the ordinary and null
memory is not as immediately obvious in Brans-Dicke
theory as it is in GR, because (i) massive objects can have
“scalar charges” (nontrivial stationary scalar field configu-
rations of the massless scalar) in Brans-Dicke theory, and
(ii) the radiative and the static parts of the scalar field both
appear at leading order in 1/r. While in GR all terms
involving the scalar field would be treated as null memory,
in Brans-Dicke theory, we will consider one part of the
scalar field to contribute to the null memory and another
part to contribute to the ordinary memory. Specifically,
because the term quadratic in 9,4, in the energy flux A&,
has the form of a flux of energy per solid angle, we will
consider it to be null memory. The term proportional to

D?AJ, enters in the charge AQ 4 and is linear in 4;, so we
treat it as a source of ordinary memory for the shearing GW
memory Acy 3.7

Because the right-hand side of (4.26) is determined by
the changes in M and A4, (for the term AQ,)) and the
change in the flux of tensor and scalar waves (for the term
AE (@))> then we can solve for A® in Eq. (4.26) in terms of a
sum of these two contributions. We will then write this
solution for the total potential as a sum of two terms

AO = A@(n) + A(")(O), (427)
which correspond to the solutions for the null and ordinary
parts, separately. This splitting will be useful in discussing
the CM memory effect in the next part.

Last, note that no constraints on the magnetic-parity part
of Ac,p are found from supermomentum conservation.
Thus, it would be classified as a persistent observable rather
than a memory effect in the language of [33].

2. Subleading displacement memory and AC,p

In the BMS group, there are also symmetries para-
metrized by the vector field on the 2-sphere, Y’ A This vector
field is required to be a conformal Killing vector on the 2-
sphere from Eq. (3.5); the space of such vector fields that
are globally defined form a six-dimensional algebra, which
is isomorphic to the Lorentz algebra of (3 + 1)-dimensional
Minkowski spacetime. There have also been proposals to
consider extensions of the BMS algebra that enlarge the
symmetry algebra by including either all the conformal
Killing vectors on the 2-sphere that have complex-analytic
singularities [45,46] or all smooth vector fields on the 2-
sphere [49,50]. When the Wald-Zoupas prescription was
applied to these extended BMS algebras, it was found that
there needed to be an additional term to the flux (or the
change in the charges) to maintain that the difference in the
charges was equal to the flux [52]. For the smooth vector
fields, it was shown that this related term could be absorbed
into the definition of the charges [51]. This new term was
closely related to a new type of GW memory effect called
GW spin memory [26]. There was also a second type of
new GW memory related to these extended symmetries

"There is a second possibility that one might have considered
the change in P?Al; to be a scalar GW memory that is
constrained at the same time as the tensor-type memory through
the flux A&, and the change in the integral of « times the mass
aspect M. However, this is not a viable option, because to specify
the properties of the initial and final nonradiative states, one has
to specify the nonradiative value of the scalar field 4, (analo-
gously to how one has to specify the value of the mass aspect M.
Thus, there is no freedom to constrain the value of 4; through the
memory equation (4.26). This does have the noteworthy conse-
quence that to determine the tensor-type memory A®, one needs
to know the scalar memory A/, to be able to compute the term
AD?), that enters into the ordinary memory AQ (g)
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called GW CM memory [27]. These two new memory
effects are related to the electric- and magnetic-parity parts
of the subleading displacement memory in AC,z. We now
discuss the computation of these effects in Brans-Dicke
theory.

u
AQ(y) — 32 d dZQYA{EaA |:2aBacNBC—NchBC
2 3

+ NBcaACBC - 263(CAcNBC) + @+

(%)

where AF (y) is the additional term needed to relate the
change in the charges to the flux integral. It is given by

A
AF =¢ f,; d*QY*e,p0PD(D? + 2)AT,  (4.29)

where we introduced the notation of [75] for the u integral

of ¥
AY = /du‘P,

and where W determines the magnetic-parity part of c4p
in Eq. (4.4)% The GW spin memory effect is related to
the quantity AY, which determines the magnetic-parity
part of AC,p. In the absence of magnetic-parity dis-
placement memory Acup, the spin memory will be
independent of u, and given by just the magnetic-parity
part of ACES%.

Let us now make a few additional definitions. Note that
in Eq. (4.28), there is a term that is linear in the news tensor
N,p, such as the term that gives rise to the displacement
memory; however, the term in (4.28) is multiplied by u.
When this term is integrated over u, the resulting quantity
has dimensions or strain multiplied by time, as the GW spin
memory. It was argued in [27] that a quantity related to this
term is responsible for a new type of GW memory called
GW CM memory. Specifically, consider the quantity
defined by u times the u integral of 0,0, with the part
of 0,0 responsible for the ordinary memory A®,); i.e

(4.30)

AK = / duud, (© — Oy). (4.31)

Then the integral of the term in square brackets in
Eq. (4.21) can be written in the form

$The modification to the charge defined in [51] is similar to the
quantity AF y), but instead of AZ, a term proportional to u'¥ was
used instead.

First, we write the change in the charges associated with

an extended BMS algebra element E =YyA 5A for a smooth
vector field Y2. Starting from Eq. (4.21) and integrating by
parts to simplify the expression, we find

6+ 4w
(A0)?

(0uh1) ] +%6A(CBCNBC)

(0ud10441 — ﬂléAau/ll)} + AF (y) (4.28)
AC(y) = o dEQY4,D* (D% +2)AK.  (4.32)
" 64rn

Finally, define the remaining terms in Eq. (4.28) to be

AT y) = du d*QY*4 [6 A(cgeNEC)

64
+ 2N BC6 A C BC —
Ao +6 40 + 6
(40)?
which are the moments of the change in the super angular

momentum with respect to the vector field Y4. With these
definitions, Eq. (4.28) reduces to the expression

468(CACNBC)

(8410541 — 410,02 )} (4.33)

Using the evolution equation for the Bondi mass aspect
(2.33), we can show that the definition of the charge needed
to satisfy Eq. (4.28) is given by

4o
T

1
Q(y) dZQYA |:—M6A (M - 7})2& > - 3LA

42

1 -1
+3—25A(CBCCBC) 4/106A<3/12+ 2 (31)2>

4.35
4/10 ( )

1

(CABa Ay — 4,0 CAB):|
Next, it is useful to consider decomposing the vector field
Y4 into gradient and curl parts via the expression

YA = 04 B(xC) + e*Bdgy(x©) (4.36)

(for smooth functions f and y) and to treat the case of
divergence- and curl-free vector fields Y# separately. This
will allow us to isolate the GW spin and CM memory
effects.

CM memory and electric-parity YA. Let us first special-
ize to Y4 = &*f. The term AF (y) vanishes for vector fields
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Y4 of this type. After integrating by parts, this means that
we can determine the CM memory through the equation

/ QPP (D? +2)AK = 6;‘—” (AT )+ AQyp).  (4.37)
0

In the above equation, we have defined P* = (D?)?, and
we have let AQ(; and AJ 4 given in Egs. (4.35) and
(4.33) be the change in the charges and in a part of the flux
associated with the vector field Y4 = . The procedure
for computing the CM memory works similarly to that for
computing the standard GW memory described by the
potential A®: (i) first pick a basis of functions for the
smooth function 8 on S? to determine the coefficients of
AXC expanded in this basis (perhaps most usefully, spherical
harmonics); (ii) then provide radiative (and some non-
radiative) data in the functions A;, cup, and their u
derivatives to evaluate the basis-function coefficients of
the flux term A7 ); (iii) next specify the nonradiative data
in M, Ly, cap, 41, and 4, to evaluate the coefficients of the
change in the charges AQ); (iv) finally, solve for the
relevant coefficients of AXC by acting on it with the elliptic
operator P*(D? +2) and performing the integral. Some
interesting differences from the standard GW memory are
that the flux term involves ¢4z and A, in addition to 9,4,
and N,p, and the charge involves c,p, Ly, and 4, in
addition to 4; and M.

Spin memory and magnetic-parity Y. Next we shall
discuss vector fields given by Y4 = e¢42d,y. In this case, it
is the term AC(y) that vanishes, and one can solve for the
spin memory through the equation

64rn
/ d*Qyb*(P* 4 2)AT = " (AT +AQ))-

(4.38)

The prescription used to determine the coefficients of the
potential AX when expanded in a basis of functions on §>
works nearly identically to that for the expansion of A/ for
the spin memory. The main difference is that fewer non-
radiative data are needed to determine the spin memory.
Specifically, because the quantities d,4, and 0,.M enter
into the charge as gradients, then these terms will vanish for
a magnetic-parity vector field of the form Y4 = ¢48d,y.
Thus, computing the spin memory does not require knowl-
edge of the functions 4, and M.

D. Summary and discussion

To summarize, in asymptotically flat general relativity in
Bondi coordinates, there are four types of memory effects
that are encoded in the electric- and magnetic-parity parts
of the tensors Ac,p and AC,p. All four memory effects can
be measured through geodesic deviation, and they produce
a type of shearing of a family of deviation vectors pointing
from some fiducial timelike worldline far from a source of

gravitational waves. The memory effects encoded in Acyp
are related to the dependence of the final deviation vector
on the initial deviation vector; the memory effects encap-
sulated in AC,p are connected to the dependence of the
final deviation on the initial relative velocity of the
deviation vector. Three of the four memory effects were
constrained by conservation laws for charges associated
with the (extended) BMS algebra. Specifically, the electric-
parity part of Ac,p is constrained through the statement of
supermomentum conservation associated with the super-
translation symmetries of the BMS group. The electric- and
magnetic-parity parts of AC,p were determined through the
conservation of super angular momentum conjugate to the
super-Lorentz symmetries of the extended BMS algebra.
The magnetic-parity part of Ac,p does not seem to have
any conservation equation that constrains its value (and
thus might be classified as just a persistent observable).

In our treatment of asymptotically flat solutions of
Brans-Dicke theory in Bondi coordinates, we observed
that there were a total of six types of memory effects: the
four that exist in general relativity, and two more that are
related to the leading-order dynamical part of the scalar
field, 4;. The two new memory effects also could be
measured through geodesic deviation, though they would
produce an expansion (or contraction) of the family of
deviation vectors pointing orthogonally away from a given
worldline (a so-called “breathing” mode). The memory
effect A4, was related to the amplitude of this effect which
depends on the initial deviation vector, and the effect in
AA, corresponded to the scale of the effect depending on
the initial relative velocity of the nearby worldlines. The
quantities A4; and AA; were not constrained by any
conservation laws associated with conserved quantities
in asymptotically flat spacetimes in Brans-Dicke theory
(so they would also just be persistent observables). Rather,
because the symmetries of asymptotically flat solutions of
Brans-Dicke theory are the same as those of general
relativity, the same three types of memory effects are
constrained by the fluxes of conserved quantities as in
general relativity. Because the definition of the flux and
charges includes additional radiative and nonradiative data
(namely, 0,4;, 4,, and 1,), the precise expressions used for
computing the memory effects and the data necessary to
compute these effects differ in Brans-Dicke theory from the
expressions used in general relativity.

V. CONCLUSIONS

In this paper, we investigated asymptotically flat sol-
utions of Brans-Dicke theory in Bondi-Sachs coordinates.
We solved the field equations of this theory, and we found
that they have a similar structure to the Bondi-Sachs form
of the FEinstein equations in general relativity. The expan-
sions of the metric and the Ricci tensor in series in 1/r (r
being the areal radius) have somewhat different forms from
the equivalent quantities in general relativity. Specifically,
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the Ricci tensor in Bondi coordinates scales as 1/r, which
allows for a scalar (or breathing-mode) gravitational-wave
polarization not present in general relativity; other coef-
ficients in the metric also fall off more slowly with 1/r in
Brans-Dicke theory than in general relativity to accom-
modate this additional GW polarization. Interestingly, this
different “peeling” property of the Ricci tensor does not
affect the asymptotic symmetry group in Brans-Dicke
theory, which remains the Bondi-Metzner-Sachs group
(though the way in which these symmetries are extended
into the interior of the spacetime in Brans-Dicke theory
differs from the related extension in general relativity). We
also computed the properties of nonradiative and stationary
regions of spacetime in Brans-Dicke theory, which is
important for computing and understanding GW memory
effects.

We found six types of memory effects generated after a
burst of the scalar field and tensorial gravitational waves
pass by an observer’s location. Four of these effects are also
present in GR: namely, they are the electric- and magnetic-
parity parts of displacement and subleading displacement
memories. These effects produce the familiar, lasting
shearing of a ring of freely falling test masses, with the
displacement part depending on the initial separation of the
test masses, and the subleading displacement part depend-
ing on the initial relative velocity of the masses (the
electric- and magnetic-parity parts refer to the parity
properties of the sky pattern of the memory effect over
the anticelestial sphere). The amplitude of the memory
effects in Brans-Dicke and in GR will differ, because in
Brans-Dicke theory, there are additional contributions from
the fluxes of energy and angular momentum per solid angle
from the scalar field. The two additional GW memory
effects in Brans-Dicke theory are related to the breathing-
mode polarization of the gravitational waves, and they
could also be classified into leading and subleading
displacement terms. These memory effects cause a ring
of freely falling test masses to have an enduring, uniform
expansion (or contraction) of a circular congruence of
geodesics transverse to GW propagation. The leading part
that depends upon the initial displacement of the masses
had been previously considered, but the subleading part,
which depends on the initial relative velocity of the masses
appears not to have been. The latter can be thought of as the
scalar analog of the center-of-mass memory effect.

Half of these memory effects are constrained by fluxes of
conserved quantities associated with the extended BMS
group (these are the electric-parity displacement memory,
the spin memory, and the center-of mass memory). The
other half (the magnetic-parity displacement memory and
both breathing-mode memory effects) are not, and would
be described as being persistent observables in the nomen-
clature of [33,92]. For all the memory effects, but

particularly for the persistent-observable types, understand-
ing the properties of the nonradiative regions before and
after the burst of the scalar field and gravitational waves is
important for understanding the set of possible memory
effects. For example, in general relativity, stationary-to-
stationary transitions in which the two stationary regions
differ by only a supertranslation allow for a wide range of
possible electric-parity displacement memory effects; how-
ever, in Brans-Dicke theory, such transitions would only
allow for scalar-type memory effects with a constant sky
pattern. More general types of nonradiative regions at early
and late times are necessary to have fewer trivial memory
effects.

Let us conclude with a few comments on future
applications and directions for our work. It would be
interesting to explore the post-Newtonian limit of our
results for compact binary systems, so as to make contact
with some existing results computed by Lang [57,58].
Another potential direction is to explore a broader set of
modified gravity theories. We note that our formalism can
easily be extended to more general massless scalar-tensor
theories, such as those proposed by Damour and Esposito-
Farese [81,96]. It would be interesting to understand
whether there are similar relationships between symmetries
and memory effects in theories where additional polar-
izations are present, such as the scalar-vector-tensor the-
ories [97]. (A generic theory of gravity can have up to six
polarizations, and there would typically be additional GW
memory effects associated with all such polarizations.)
Other viable theories of gravity such as the higher curvature
theories [62] (e.g., dynamical Chern-Simon gravity [98]
and Einstein-dilaton-Gauss-Bonnet gravity [99,100]) and
massive scalar-tensor theories would also be useful to
explore.
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APPENDIX: FIELD EQUATIONS IN
JORDAN FRAME

In this appendix, we present scalar wave equation and
the hypersurface equations in the Jordan frame. The rr, rA,
and the trace of the AB components of the modified
Einstein equations in Eq. (2.13a) give
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