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Spin memory effect for compact binaries in the post-Newtonian approximation
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P.O. Boz 9010, 6500 GL Nijmegen, The Netherlands

The spin memory effect is a recently predicted relativistic phenomenon in asymptotically flat
spacetimes that become nonradiative infinitely far in the past and future. Between these early
and late times, the magnetic-parity part of the time integral of the gravitational-wave strain can
undergo a nonzero change; this difference is the spin memory effect. Families of freely falling
observers around an isolated source can measure this effect, in principle, and fluxes of angular
momentum per unit solid angle (or changes in superspin charges) generate the effect. The spin
memory effect had not been computed explicitly for astrophysical sources of gravitational waves,
such as compact binaries. In this paper, we compute the spin memory in terms of a set of radiative
multipole moments of the gravitational-wave strain. The result of this calculation allows us to
establish the following results about the spin memory: (i) We find that the accumulation of the spin
memory behaves in a qualitatively different way from that of the displacement memory effect for
nonspinning, quasicircular compact binaries in the post-Newtonian approximation: the spin memory
undergoes a large secular growth over the duration of the inspiral, whereas for the displacement effect
this increase is small. (ii) The rate at which the spin memory grows is equivalent to a nonlinear,
but nonoscillatory and nonhereditary effect in the gravitational waveform that had been previously
calculated for nonspinning, quasicircular compact binaries. (iii) This rate of build-up of the spin
memory could potentially be detected by future gravitational-wave detectors by carefully combining

the measured waveforms from hundreds of gravitational-wave detections of compact binaries.

I. INTRODUCTION
A. Overview of the displacement memory effect

The displacement memory effect is a well studied prop-
erty of asymptotically flat spacetimes that limit to nonra-
diative solutions infinitely far in the past and future. The
effect is characterized by the gravitational-wave strain
undergoing a change between these early and late times.
Nearby freely falling observers can measure this effect
through their geodesic deviation. In principle, any iso-
lated source that radiates (effective) energy density in
massless (or gravitational) fields asymmetrically, or that
has a change in its supermomentum charges, can produce
the effect. It is of great interest to know whether astro-
physical sources that exist in our observable universe can
generate the effect with a sufficient amplitude so that it
might be detected by current or upcoming gravitational-
wave experiments.

Zel’dovich and Polnarev [1] made an important first
step in this direction when they computed, in linearized
gravity, the displacement memory arising from the scat-
tering of stars. Related calculations of the displace-
ment memory from gravitational bremsstrahlung were
performed soon after [2-4]. Turner also noted that neu-
trino emission from supernovae would be a source of
the displacement memory effect [5]. These early cal-
culations of the effect were all in the context of lin-
ear gravity. Christodoulou [6] found that the effec-
tive energy per solid angle radiated in gravitational
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waves could also be a source of the displacement mem-
ory, in principle. Wiseman and Will [7] calculated
this nonlinear displacement memory for compact bina-
ries, and Blanchet and Damour [8] computed the ef-
fect in the post-Newtonian-expanded, multipolar post-
Minkowski approximation (henceforth, the PN approxi-
mation, for short). They were able to confirm that com-
pact binaries do have a nontrivial memory effect. The
displacement memory effect has subsequently been com-
puted to a high order in the PN approximation [9] and
in numerical relativity simulations [10] (comparisons be-
tween numerical and analytical calculations of the dis-
placement memory are given in [11]).

With a range of astrophysical sources that generate the
displacement memory and with the improvement in the
sensitivity of current gravitational-wave detectors, ob-
serving the displacement memory is now an active goal
of gravitational-wave research. Initial strategies to detect
the displacement memory signal were proposed as long
as roughly thirty years ago [12, 13]. Pulsar timing ex-
periments have performed searches for the displacement
memory, though they have not yet found evidence for the
phenomenon [14, 15]. In addition, it will be possible to
use LIGO [16] (alone or in concert with Virgo [17] and
KAGRA [18]) to detect the accumulation of the displace-
ment memory by coherently combining on the order of
one-hundred memory signals from gravitational-wave de-
tections of binary black holes [19]. Future ground-based
gravitational-wave detectors will be able to observe the
displacement memory in even greater detail, and space-
based interferometers, such as the LISA mission [20],
would be capable of detecting the memory signal from
individual supermassive-binary-black-hole mergers [21].

The displacement memory also has an interesting
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connection to the symmetry group of asymptotically
flat spacetimes, the Bondi-Metzner-Sachs group [22-24].
This group has a similar structure to the Poincaré group,
in the sense that it is the semidirect product of an
abelian group with a group isomorphic to the proper,
orthochronous Lorentz group; however, rather than hav-
ing a four-dimensional group of translations, it has an
infinite-dimensional group of supertranslations (which in-
clude the four-dimensional group of ordinary transla-
tions). The additional supertranslations, roughly, can
be thought of as “angle-dependent” translations. The
displacement memory is related to the supertranslation
needed to reach a particular frame at late times from
a related frame at early times (see, e.g., [25, 26] for re-
cent descriptions of this property). Alternatively, it can
be thought of as the transformation needed to transform
a “preferred” Poincaré group at early times to a differ-
ent preferred Poincaré group at late times (e.g., [27]).
Finally, there is one additional interesting relationship
between the memory and asymptotic symmetries: the
changes in charges conjugate to the supertranslations,
the supermomentum charges, are also a source of the
displacement memory.

B. Summary of the spin memory

The history of the spin memory has unfolded following
a somewhat different path. Its discovery was inspired
(at least in part) by the work of Barnich and Troes-
saert [28, 29| (see also [30]). In these papers, they pro-
posed that the symmetry algebra of asymptotically flat
spacetimes be enlarged to incorporate all symmetry vec-
tor fields, including those that have analytic singulari-
ties. This extends the Lorentz part of the algebra to the
Virasoro algebra with vanishing central charge. The ad-
ditional generators were dubbed “super-rotations,” be-
cause they can be thought of as generalizations of the
Lorentz vector fields (very roughly, they are a certain
type of angle-dependent rotations and boosts).

Several years later, Pasterski et al. [31] observed that
there is a new memory effect that is related to the super-
rotation symmetry, though in a somewhat different way
from how the displacement memory and the supertrans-
lation symmetry are related (see also [26]). This new
memory was dubbed the “spin memory,” because it is
sourced by asymmetric changes in the (effective) angu-
lar momentum per unit solid angle radiated to null in-
finity in massless (and gravitational) fields, as well as
changes in the superspin charges (the magnetic-parity
part of the charges conjugate to the super-rotation vec-
tor fields). However, it has no relation to a spacetime
super-rotated from a specific early-time frame, because
such spacetimes are not asymptotically flat in the tradi-
tional sense (see, e.g., [32])

There are (at least) two idealized observational meth-
ods by which the spin memory can be measured: (i)
Construct a set of Bondi coordinates around an isolated

source and require that an observer follow an accelerat-
ing worldline of constant spatial Bondi coordinates. Have
this observer carry a Sagnac detector and have her mea-
sure the time-integrated change in the Sagnac effect be-
tween early and late times. The resulting change is the
spin memory [31]. (ii) Consider a family of freely falling
observers around an isolated source. Have them measure
their geodesic deviation from their neighboring observers
and allow them to compare their results with these other
observers around the source. From these measurements
they can extract the magnetic-parity portion of the sky
pattern of the time-integrated strain that defines the spin
memory [33]. Both (i) and (ii) are in fact nonlocal mea-
surements, because some nonlocal information is hidden
in the procedure to define Bondi coordinates.

There is, therefore, compelling theoretical evidence
that, in principle, the spin memory exists and is mea-
surable. However, there are neither any calculations of
the magnitude of the effect from astrophysical sources,
nor are there explicit strategies to detect the spin mem-
ory using current or future gravitational-wave detectors.
This paper is a first step towards addressing these gaps in
our understanding of the spin memory. Our focus will be
on compact binary systems in quasicircular orbits which,
given the recent detections of black-hole binaries by the
LIGO-Virgo Collaboration [34], are a particularly rele-
vant and promising source.

Computing the spin memory in full generality from
such sources would be challenging and would likely re-
quire the computational infrastructure of Cauchy nu-
merical relativity simulations combined with Cauchy-
characteristic extraction (e.g., [35-37]). We will not at-
tempt such a large undertaking in this paper. Instead, we
will derive an expression for the spin memory in terms of
a set of radiative multipole moments of the gravitational-
wave strain. Within the PN approximation, we can then
relate the radiative moments to a set of source moments
and thereby obtain quantitative values for the magnitude
of the growth of the spin memory from specific types of
astrophysical sources (in particular, compact binaries in
quasicircular orbits).

C. Methodology for computing memory effects

In the Bondi framework, the displacement memory can
be computed from one component of Einstein’s equations
(which turns out to contain equivalent information to the
flux law for the supermomentum charges). The contri-
butions to the displacement memory can be categorized
into three types: changes in the supermomentum charges
(the ordinary displacement memory in the nomenclature
of [38]), fluxes of the stress-energy tensor of matter fields
(the matter part of the null displacement memory), and
fluxes of the effective stress-energy of gravitational fields
(the nonlinear null displacement memory). These con-
tributions are defined in terms of quantities far from an
isolated source without reference to quantities in the in-



terior of the spacetime. The displacement memory ef-
fect is then the limiting change of the gravitational-wave
strain produced by these three contributions, between
the asymptotically nonradiative regions of the spacetime
infinitely far in the past and future.

The PN approximation takes a different approach to
defining the displacement memory effect. Because the
PN approach perturbatively relates the dynamics of a
source to its emitted gravitational waves via an asymp-
totic matching calculation, it cannot describe the com-
plete evolution of a compact binary; the errors in the per-
turbative expansion grow large when the binary’s separa-
tion is small. It is not possible to use the PN approxima-
tion until the binary settles into the asymptotically non-
radiative state in the future that is needed to define the
displacement memory effect. Instead a proxy for the dis-
placement memory is defined in PN theory by a specific
piece of the PN-expanded wave-zone metric perturbation
at a fixed time, which is not instantanecous (nonheredi-
tary) and nonlinear and resembles the retarded integral of
the effective energy density of the gravitational field (see,
e.g., [39]). Specifically, this contribution is the nonlinear
part of the null displacement memory, in the terminology
of [38]. It is also this piece of the metric that serves as
the displacement memory signal that can be detected by
gravitational-wave detectors (such as LIGO [19]) rather
than the formal asymptotic change in the gravitational-
wave strain.

In the Bondi framework, the spin memory has contri-
butions from three types of sources that are analogous
to those of the displacement memory: there is an ordi-
nary part from changes of the superspin charges, a mat-
ter part of the null spin memory from the flux of angular
momentum per solid angle in matter fields, and a non-
linear null spin memory from the flux of effective angular
momentum per solid angle in gravitational waves. In the
PN framework, the spin memory has not been computed,
and there is not yet an established definition of what the
spin memory observable is in this approximation. We
will define the spin memory in this context by its nonlin-
ear null part evaluated at a finite retarded time, rather
than infinitely far in the future (analogously to how the
displacement memory is defined in PN theory). The fea-
tures of this definition of the spin memory are described
next.

D. Summary of results

Our results are based on an expression for the
spherical-harmonic modes of the spin memory observ-
able that we compute in this paper in terms of the radia-
tive multipole moments of the gravitational-wave strain.
From this expression, we can determine the spin mem-
ory for nonspinning quasicircular compact binaries in the
PN approximation. For these systems, we will denote
the total mass of the binary by M and its orbital fre-
quency by w. We will form the dimensionless PN quantity

r = (Mw)?? (in geometric units in which G = ¢ = 1).
Our calculations show that the spin memory is contained
predominantly in the I = 3, m = 0 mode (for a coordinate
frame in which the binary has its orbital angular momen-
tum oriented along the z direction). This mode scales as
x~1/2; namely, it gradually accumulates over the long in-
spiral to have a quite significant effect.! One should con-
trast this with the displacement memory, which scales as
x (it grows most rapidly when the binary is most rela-
tivistic and has small contributions from the early stages
of the inspiral).

While this difference in scaling at low orbital frequen-
cies is indeed a curiosity, it is difficult to envision how
to observe this feature directly. The gradual accumu-
lation of the spin memory takes place over such a long
timescale that for any individual event, it is difficult to
envision a way to measure this effect. LIGO, for example,
is sensitive to just the late stages of the inspiral (and the
merger and ringdown) of stellar-mass compact binaries,
and it measures the strain, not its time integral. This
would seem to pose a challenge for detecting the spin
memory. However, we are able to show that the rate at
which the spin memory accumulates is equivalent to a
nonlinear, nonhereditary, and nonoscillatory component
of the gravitational waveform that had previously been
discovered at 2.5 PN order for nonspinning compact bi-
naries [40]. For this reason, we will subsequently call this
term the “spin memory mode.” This quantity is conceiv-
ably detectable, although its high PN order would make
it challenging to do so.

To estimate the spin memory mode’s detectability, we
use improvised (though nonrigorous) waveforms created
by inserting numerical-relativity gravitational-waveform
modes from the SXS waveform catalog [41] into the lead-
ing PN-order multipolar expression we derive for the spin
memory. For individual binary mergers, we find that the
signal-to-noise ratio (SNR) in the spin memory compo-
nent of the waveform is below the detection threshold.
However, by coherently combining the spin memory sig-
nals using a procedure similar to that described in [19],
we suspect that the effect could be measurable by future
ground-based detectors like the Einstein Telescope (see,

e.g., [42]).

E. Outline of this paper

We structure the remainder of our paper in the fol-
lowing way: In Sec. II, we describe the basic elements of

1 As we discuss in greater detail in Sec. IV C, this dependence of
the spin memory on frequency is in line with that of the radiated
angular momentum at leading Newtonian order. It will require
that we consider binaries that are formed at a finite distance in
the past (so that their orbital frequency never becomes zero).
All binaries in the observable universe fall into this class; in this
sense, it is neither a significant physical restriction nor an indi-
cation of a problematic feature of the spin memory effect.



the PN approximation and the Bondi framework. It is
here that we describe a way to incorporate a set of PN
radiative moments into a Bondi frame. As a warm up,
we show in Sec. I that we can use this PN-expanded
Bondi frame to correctly predict the multipolar expres-
sion for the PN computation of the displacement memory,
including the correct leading-order expression for the PN
displacement memory of compact binary systems. With
this result completed, we then turn to the calculation of
the nonlinear part of the null spin memory in Sec. IV.
We give both a general expression in terms of the ra-
diative moments of the gravitational-wave strain and a
leading-order result for compact binaries in this section.
We also show how the rate of accumulation of the spin
memory corresponds to the 2.5PN nonlinear, nonoscilla-
tory, and nonhereditary part of the gravitational wave-
form (the spin memory mode). In Sec. V, we estimate
the SNR of the spin memory mode in current and fu-
ture ground-based detectors. We sketch a procedure for
coherently adding spin memory signals to allow for the
detection of this phenomenon. In Sec. VI, we conclude.
Appendix A contains certain properties of the vector and
tensor spherical harmonics that appear in our calcula-
tions. As a check of our calculation of the spin memory,
we show in Appendix B that we recover the same expres-
sion for the flux of angular momentum flux expanded in
multipole moments of the gravitational-wave strain that
was derived in [43] using very different methods. Finally,
in Appendix C, we compare the spin memory mode in a
numerical simulation with our improvised, approximate
waveform model.

Throughout this paper, we use units in which G =
¢ = 1, although we will on occasion denote relative PN
errors with expressions of the form O(¢™™) where ¢ is the
speed of light and O(G™) for Newton’s constant G. Our
conventions for the metric and curvature tensors follow
those given in Wald [44].

II. ELEMENTS OF THE BONDI AND PN
FRAMEWORKS

In the two parts of this section, we introduce the min-
imal elements of the PN approximation and the Bondi
framework that we will need for this paper. More de-
tailed reviews of PN theory can be found, for example,
in [39]. The textbook by Stewart [45], for example, has
significantly more information about asymptotically flat
spacetimes, as does the recent review article [46].

A. PN approximation

Our focus will be primarily on the asymptotic gravita-
tional waveform within the PN approximation, and our
emphasis in this section, therefore, will largely fall on this
aspect of PN theory.

1. General aspects of PN theory

The gravitational waveform in the PN approximation
is encoded within a symmetric, trace-free and transverse
tensor h};T We are using the notation that the Latin in-
dices 7 and j refer to spatial indices in inertial Minkowski
coordinates. The transverse-traceless metric perturba-
tion is a function of two sets of radiative multipole mo-
ments, which are often called the mass and current mo-
ments. We will expand hiTjT in sets of second-rank, “pure-
spin” tensor harmonics of electric and magnetic parity.
The definitions of these harmonics and their relationship
to the spin-weighted spherical harmonics are given in Ap-
pendix A (related definitions and relations of pure-spin
vector and third-rank tensor harmonics are also given
therein).

The waveform can be written as

1
W5 =1 3 W@ Vi (T +0(1 /%),
:

]
m,l>2

(2.1)
where Uy, (u) are the radiative mass moments and Vi, (u)
are the radiative current moments. The coordinate
u =t — r is the retarded time. Expressions for the ten-
sor harmonics TZ-(f)’lm and ﬂ(f)’lm can be obtained from
Eq. (A2) after applying an appropriate transformation to
Cartesian coordinates from spherical polar coordinates.
The function hLT is real, whereas the second-rank, pure-
spin tensor harmonics and the radiative mass and current
moments are all complex quantities. Because the tensor
harmonics satisfy the complex-conjugate relationships

)

—(e),lm
T3

_ mm(e),l—m 7(b),lm
-y 7

o (b),l—m
- (71)mTij ’

(2.2)
the radiative mass and current moments must have a
similar relation

Ulm = (_]—)mUlfmm Vim = (_1)m‘/lim’ (23)

to ensure that hLT is real.
The moments Up,, (u) and Vj,, (u) can also be related
to the spin-weighted spherical-harmonic expansion of the
complex waveform
h=hy—ihy, (2.4)
where hy and hy are the real-valued gravitational-wave
polarizations. They are defined by projecting the strain
hiiT onto vectors in an orthonormal spatial dyad in the
direction orthogonal to the propagation of the gravita-
tional waves (see the end of Appendix A for details).
The relevant relationship is

h=" Tum ()2 Yim, (2.5)
lm

where
1

Pim, = —=Uim, — Vi) -
l T\/Q(l im)



This expression can also be inverted to solve for the ra-
diative mass and current moments in terms of the modes
him. The result is

r

V2
Vim =z‘%[hlm — (=1 i)

which will be wuseful for relating analytical- and
numerical-relativity quantities in Appendix C.

Finally, the radiative moments can be related to a set
of source multipole moments (in practice, this is done
through an intermediate set of canonical moments; see,
e.g., [39] for details). At leading order in the PN expan-
sion, the radiative multipoles are equal to [ derivatives of
the source multipoles Ij,,, and Jy,:

Ui i 4+ (=1) "™y p] (2.7a)

(2.7b)

Um = I +0(G),  Vin=J0+0(G). (28)
We use O(G) to mean there is a relative (not an absolute)
error of order G. We will employ the relations (2.8) in
the next part to express the radiative multipoles in terms
of the total mass, symmetric mass ratio, and orbital fre-
quency of a compact binary. With the expression for the
spin memory in terms of the radiative multipole moments
given in Sec. IV and the expressions (2.8), one can com-
pute the spin memory for any source of one’s choosing at
leading PN order. We will focus on nonspinning compact
binary sources in quasicircular orbits in this paper.

2. PN theory for compact binaries in quasicircular orbits

Consider a nonspinning, quasicircular compact binary
in a coordinate system with the orbital angular momen-
tum aligned along the z axis. In the PN approximation,
the leading-order gravitational waveform is determined
by the | =2, m = 2 mode Uz 2, [39]. In terms of the PN
parameter z = (Mw)?/3, where w is the orbital frequency
and M is the total mass of the binary, it is given by

Uz = —8\/?7%@ expliz~*/?/(16n)] + O(c™?), (2.9)

We have defined the symmetric mass ratio, n =
mlmg/MQ, where my and moy are the masses of the two
components of the binary. The errors of O(c™?) are again
relative errors, and they arise in both the amplitude and
the phase. The time derivative of the mode can be com-
puted via the chain rule

g dUlm
Ui =
! dx

i (2.10)

The quantity & also has a PN expansion which is given
by
—L 64n o s
= = — O
aEjdr ~sm” o)

i (2.11)

where L is the GW luminosity. Combining these results,
we find that

. 2
Us,2 = 1604/ gnxsm expliz =% /(16n)] + O(c2).
(2.12)
We will use both Egs. (2.9) and (2.12) in our calculation
of the PN-expanded spin memory.

B. Bondi framework

The Bondi framework uses a set of coordinates
(u,r,04), with A = 1,2. The coordinates have the fol-
lowing interpretations: w is a retarded time, r is an affine
parameter along outgoing null rays, and 64 are arbitrary
coordinates on the 2-sphere. A set of boundary condi-
tions are imposed upon the components of the metric, so
that it can be written in the form

ds?> = — (1 — 2mr—Ydu?® + 2dudr + DPCypdo*du
+72(hap + 77 'Cap)do*do® + ..., (2.13)

where the ellipsis denotes higher-order terms in the series
in 1/r. The expression hap is the metric on a round 2-
sphere, D, is the covariant derivative compatible with
hag, Cap(u,09) is the shear tensor, and m(u,#4) is the
Bondi mass aspect. The tensor C4p is symmetric and
trace-free. In Bondi gauge,

Nap = 8.Cap (2.14)

is the news tensor, which vanishes in stationary space-
times. The Einstein equations prescribe the evolution of
m and a higher-order term in the metric N4 (u,64). Ad-
ditionally, the evolution of C4p is set via Eq. (2.14), but
the news can be chosen freely.

Let us expand C4p in tensor harmonics

Cap =3 (CloyamTsE™ + CoyamTHE™) .

im

(2.15)

The tensor Cyp contains information about the
gravitational-wave strain; thus, one might expect there
to be some relationship between it and the strain h};-T in
the PN approach, in a regime in which both expansions
are valid. The easiest way to find the relationship is to
compare the leading-order part of the Riemann tensors in
a series in 1/r in the linearized approximation. In terms
of the strain hiTjT7 the coordinate components of the Rie-
mann (or, equivalently at this order, Weyl) tensor are
given by

Ry =—3H5 +00/%),  (216)
(see, e.g., [47]), whereas for the Bondi framework, the
leading-order components are given by

1 .
RuauB = —ECAB +0(1/r%) (2.17)



(see, e.g., [26]). Consider now the projection of the Rie-
mann tensor into the orthogonal basis vectors that are
orthogonal to the propagation direction of the gravita-
tional waves, € = 5‘;,

1

=3, &= 04 (2.18)

N

After transforming between the Bondi and inertial
Minkowski coordinates, we are then able to relate the
coefficients C'c) ;mm, and C(y) i, to the radiative multipole
moments Uy, and V},,. They satisfy the relationship

Cieyim = Uim Civyim = Vim - (2.19)
By fixing the constants of integration, we can construct
a Bondi frame in which

Ceyim = Uim Ciwyim = Vim - (2.20)
In such a frame, we can then use the Bondi approach
in the regime of validity of the PN approximation, which
will allow us to compute the displacement and spin mem-

ories in this context.

III. MULTIPOLAR EXPANSION OF THE
DISPLACEMENT MEMORY WITHIN THE
BONDI FRAMEWORK

We first derive a general expression for the displace-
ment memory in terms of a set of radiative multipole
moments; we then specialize the expression for nonspin-
ning compact binaries in quasicircular orbits in the PN
approximation.

A. Displacement memory in terms of radiative
multipole moments

In the Bondi framework, the total memory can be com-
puted from the expression

DA® = 8Am + / du(32w1* Ty + NapNAB), (3.1)

where the limits of integration are formally u — +oo
(see, e.g., [26]). In Eq. (3.1), we have defined several
quantities: the operator D = D?(D? + 2), the field A®
which is related to the change in the electric-parity part
of the shear tensor in the Bondi framework
ACyp = %(2DADB — hapD?*)AD, (3.2)
and the energy per unit solid angle in matter fields, T,
which scales as r~2. Note that the quantity ACsp is
strictly electric parity for most astrophysical sources of
gravitational waves (see, e.g., [48]), while the tensor Cap

generically has electric- and magnetic-parity parts [see
Eq. (4.1)].

To solve for A®, we must invert the operator D. This
operator has a nontrivial kernel (the [ = 0 and [ = 1
spherical harmonics), and its inverse is not defined on
these elements of the kernel. However, if we define a
projector P (the exact expression for which is not partic-
ularly important) that removes these first two harmonics
and apply it to the right-hand side of Eq. (3.1), then we
can solve for A®. The result is

AD =D 'P [SAm + / du(327r*Tyy + NapNAB) |

(3.3)
In the PN approximation, only the nonlinear memory is
typically computed. Thus, we will treat the contribution
of just the last term,

uf
AD =D P / duNpNAE . (3.4)

As is also common in the PN approximation, we trun-
cate the integral at a finite retarded time uy, rather than
taking the formal limit as u — co. We will now compute
the multipole moments of Eq. (3.4), which are given by

[ —2)! us >
A(I)l'm - M/CFQ/ dUNABNAB}/lmv (35)

where [ > 2.
Before we expand the news tensor in radiative multi-
poles, it will be useful to introduce some notation for the

integral of three spin-weighted spherical harmonics over
S?,

/dQQ(s/Yl/m’)(s”}/l”'m”)(s}/lm) . (36)
These integrals have been performed in several different
sources, with nearly as many different conventions for
the definitions and normalizations of the spin-weighted
spherical harmonics. We use a notation most similar to
that in [49] for these integrals, but we use the conventions
for the spin-weighted spherical harmonics in [50] (which
we give in Appendix A for completeness). These inte-
grals are only nonzero when s = s’ + s, m = m/ + m”,
and [ is in the range A = {max(|l’ = "|,|m’ +m”|,|s' +
"), .. U1 —=1,1"4+1"}. The integral can be expressed
in terms of Clebsch-Gordon coefficients, and we will de-
note it as

/d2Q(S/)/—l/m/)(S// l//m//)(S/+S//.)7lm/+m//) E
Ci(s' U',m!;s" 1" m"), (3.7)
where we have defined

L (@ 1)(207 +1)
! g/ /AT "y — -1 I+1"+1 (
Ci(s',U',m'; "1, m") = (-1) 2+ 1)

X <ll78l;l”73”|l, S/ + S//><l/,m/;l//7m//|l7m/ + m//> .

(3.8)



We have used a bra-ket notation for the Clebsch-Gordon
coefficients. Two useful properties of the coefficients
Ci(s,U,m'; "1, m") that we will frequently use are

CZ(S/, l/, m/; 5//’ l”, m//) :(71)l+l’+l"

! g/ /., noqn "
x Ci(=s",U',m';—=s", 1", m"),

(3.9a)
CZ(S/ U ml:s" 1" m//) :(_1)l+l’+l"
% C[(S/,ll, - /; S//7 1" _m//) ’
(3.9b)

where we have restricted to integer spin weights s’ and
s

We can then express Eq. (3.5) in terms of the radia-
tive moments Uy, and Vi, by substituting Egs. (2.15)
and (2.20) into Eq. (3.4) and by using Eqgs. (A2), (A10),
and (3.9). We find that the moments A®;,, can be writ-
ten as

1(1-2)
AD,, == C(=2,',m";2,1", m"
l 2(l+2)' l( s by TS 4, am)
1,1 m! m’
uf ! " . .
x/ du{2i[1 — (=)0 Vi
—o0
+ [1 + (_1)l+l,+l//](Ul/m/Ul//m// —|— ‘./l’m"./l"m”)} .
(3.10)
The expression above requires that [,1’,1” > 2. Only

terms with [ € A are nonzero. In addition, just the terms
in the sum with m’+m” = m contribute. The expression
in Eq. (3.10) involves an infinite double sum over the
moments, but in the PN expansion, only a very small
number contribute at the leading order.

B. Displacement memory for compact binaries in
the PN approximation

When computing the displacement memory for non-
spinning compact binaries, it is convenient to choose a
coordinate system in which the orbital angular momen-
tum of the binary lies along the z axis. Favata [9], for
example, has shown that the m = 0 modes of the mem-
ory observable A®;y are the only modes that enter at the
leading PN order and that are nonoscillatory (the modes
of A®;,, with m # 0 introduce oscillatory corrections
to the waveform that begin at a relative 2.5PN order).
Thus, we will specialize to the m = 0 modes of Ad,,.

For simplicity, we just compute the leading-order mem-
ory effect, which is encoded in the A®y, and Ay
modes (not surprisingly, it is only Usz o that is needed)
so that A® is given by

AP L 180V5Ys o + Y v du|Us 5|?
—W( 2,0 + 4,0) /_Oo U| 272|
+0(c™?), (3.11)

where uy is the retarded time at which the integral is
truncated. Computing the memory reduces to a ques-
tion of how to evaluate the integral in Eq. (3.11). Fa-
vata [9] showed that one way to do this is to transform
the integral with respect to u to one with respect to x
by dividing by &. Substituting Eq. (2.12) into (3.11) and
using Eq. (2.11), we find that

Ad = VT

1890M77xf(180fY2 0+ Yio)+0(c?).

(3.12)

The quantity s is given by x evaluated at ug. Next, we
reconstruct ACyg from A® to find

25 (60v3TL*0 + 740 + 0(c7?).

(3.13)
Thus, the strain h = hy —ihy is given just by h4 to this
order and has the form

5
Alap = 5z M

N
hipem = 315V Mn:z:f(60\[ 2Y2,0 + —2Ya0) + O(c™ %)
(3.14)

From this, we recover the expression for the memory

R = %&Mnxf sin? 0(17 4 cos?0) + O(c2), (3.15)
which was first computed in [7] (though which differs by
a known factor of two [40]). We take this result as an in-
dication that we can correctly incorporate leading-order
results in the PN approximation into a specific Bondi
frame. This ability will be necessary to compute the
leading-order part of the spin memory in the next sec-
tion.

IV. MULTIPOLAR EXPANSION OF THE SPIN
MEMORY WITHIN THE BONDI FRAMEWORK

We begin this section by deriving an expression for the
nonlinear null spin memory in terms of a set of radiative
multipole moments. We next compute the spin memory
in the PN approximation for nonspinning, quasicircular
compact binaries, and we conclude this section by articu-
lating the relationship between the rate of accumulation
of the spin memory and 2.5PN nonhereditary, nonoscil-
latory, and nonlinear term in the gravitational waveform.
The steps involved in the calculation of the spin mem-
ory are quite similar to those in the computation of the
memory in the previous section.

A. Spin memory in terms of radiative moments

The shear tensor C'4p can be written as a sum of two
terms
1
5(2DADB - hABDz)‘I) + Ec(ADB)DC\II .

Cap = (4.1)



The functions ® and ¥ are smooth functions of the coor-
dinates (u, #). The spin memory observable was defined
to be

AY = / du¥ (4.2)

where the limits of the integrand are u — 4oo (see,
e.g., [26]).

The quantity AX is determined by changes in the flux
of angular momentum per unit solid angle in gravita-
tional waves and matter and changes in the curl of a
quantity AN4 that is a generalization of the spin of the
system (the superspin charges). The relationship is

D?*DAY, =8¢*B D5 AN + 64712 / due*B DT, A+

/ due*P Dp (3N DcCBC — 3C 15 Do NBC

~ NP9DpCac + CP°DpNac), (4.3)
where T}, 4 is the angular momentum per unit solid angle
in matter fields, which scales with r as r~2. We will focus
on just the vacuum, null part of the spin memory, which
is just the last two lines of Eq. (4.3), because of the close

J
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411+ 1) (1 +2)! l,,l,,;m,,

AZlm =
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analogy to computing just the null, vacuum part of the
displacement memory in Sec. III. In doing so, we will
again make use of the operator P that projects out the
!l =0 and [ = 1 spherical harmonics. The nonlinear, null,
spin memory can be calculated from

D?*DAY. =P / due*PDp(CPCDpNac — NBCDpCac

+3NapDcCBC —3C 5DeNPC) . (4.4)

For computing this spin memory, it will be useful to
expand AY in scalar spherical harmonics so as to obtain
the moments AY;,. Integrating by parts, one can then
express the right-hand side as the moments of a vector
field with respect to the magnetic-parity vector harmon-
ics.? Because Csp and N4p are symmetric trace-free
tensors, then the terms CBDgNac and NBCDgCac
only involve the symmetric trace-free part of Dg N 4¢ and
DpC4sc. By writing C'4p in terms of the multipole mo-
ments U, and Vj,,,, expanding its derivatives, and using
some of the relations in Appendix A, we can reduce the
angular integral to the product of three spin-weighted
spherical harmonics, as in Eq. (3.7). Taking these facts
into account, we find

0" —2)(" + 3)

uf . T . . .
X Cl(_27ZI7m/; 3vlll7m//)] / du{l[l - (_1)l+l + ](Ul/m’Ul”m” - Ul/m’Ul”m” + V/m’ U"'m! — ‘/l’nL’ l”nb”)
—00

— 1+ (=) U Virmer + Vi Upransr — Ut Virr = Vi Ui )}

The expression above requires [,1’,1"” > 2. As with the
displacement memory, only terms with [ € A are nonzero
and only those with m’ +m/’ = m contribute to the sum.

The [ = 1 moments of the right-hand side of Eq. (4.4)
[without the projector, or similarly for Eq. (4.5)] con-
tain information about the angular momentum radiated,
which was derived in [43] through angular-momentum
balance in the center-of-mass frame of a PN source. As a
check of our expression for the spin memory, we show in
Appendix B that we can derive the expression for the flux

2 Strictly speaking, the extended BMS algebra of Barnich and
Troessaert is spanned by a Virasoro basis rather than one of
smooth vector fields. However, more recent work of Campiglia
and Laddha [51, 52] suggested that the generalized BMS group
that contains all smooth diffeomorphisms of the 2-sphere rather
than just the Lorentz symmetries could be an equally valid ex-
tension of the BMS group. It is following Campiglia and Lad-
dha that we compute the multipole moments of AY for the spin
memory with respect to the smooth magnetic-parity vector har-
monics.

(4.5)

(

of angular momentum in terms of the radiative multipole
moments of the gravitational wave strain given in [43].
Next, we turn to the spin memory of compact binaries.

B. Spin memory for compact binaries in the PN
approximation

The expression (4.5) greatly simplifies in the PN ap-
proximation for nonspinning, quasicircular binaries. We
will consider the same set up as in Sec. III B: a binary
with orbital angular momentum in the z direction. At
leading order in the PN approximation, the relevant mul-
tipoles will be just U2 and Us,_o (plus their complex
conjugates). Arguments similar to those in Sec. IIIB
suggest that the m = 0 modes of ¥, will be the leading-
order effect, whereas all the m # 0 modes will be rela-
tive 2.5PN corrections. The relevant moment of the spin
memory will be just the I = 3, m = 0 mode, whereas all
other modes will be higher-PN quantities. Thus, AY is



given by
uS (U o U + c s .
/77 3,0 2,2U2.2

where () denotes the imaginary part. We will eval-
uate this integral by transforming to the coordinate z.
However, we will now assume that as u — —oo, x ap-
proaches a small, but nonzero value x_., (namely, the
binary formed at a finite separation in the past). We
then find that AXj3 o takes the form

1 _ _
AY = mﬁnM2(xfl/2 — 2T P)Wap+0(c7?). (A7)

The u integral of the magnetic-parity part of C4p asso-
ciated with the spin memory takes the form

3 _ _
ec(aDpyDEAY =1/ %ﬁMQ(QTf V2T AT
+0(c™?) (4.8)
Thus, we can infer that the contribution of the spin mem-

ory to the u integral of the strain enters into the cross
component

v anm 1 /3T _ _
/ duh’; = %WMz(xfl/Q*x—iéQ)—ﬂ%,o

+0(c™?).

— 00

(4.9)

We have labeled this contribution by “smm” for reasons
that we will describe in Sec. IV D. Inserting the explicit
expression for the spin-weighted spherical harmonic we
find that

— 00

Un 3 o —1/2 ~1/2y . 2
/ duhi™ =—M n(xf - ) sin“ 0 cos 0
oo 8r

+0(c™?). (4.10)
Note that if x_., were allowed to go to zero (having an
infinitely separated binary), the spin memory observable
would diverge in the infinite past; however, we argue in
the next part that such a limit is not a physically reason-
ble one in this context.

C. Discussion of the frequency dependence of the
spin memory

The frequency dependence of the spin memory effect
might initially appear somewhat problematic, because it
scales with a negative power of frequency and would di-
verge if the frequency goes to zero (i.e., if the compo-
nents of the binary are separated by an infinite distance).
Simply having a quantity scale with a negative power of
frequency is not necessarily an issue; it might indicate
that there is a well-defined physical reason for the quan-
tity to be infinite in the limit of infinite separation. For

example, the leading-order gravitational-wave phase for
compact binaries scales as x7°/2 [see Eq. (2.9)], but this
simply reflects the fact that a binary must undergo an
infinite number of cycles (over an infinitely long time) to
inspiral from an infinitely distant separation. Given the
finite age of the universe, the binaries of observational rel-
evance are those that are formed at a finite separation,
undergo a finite number of cycles, and merge within a
Hubble time. The conclusion to draw from this exam-
ple is not to abandon the gravitational-wave phase as a
physical observable, but rather to restrict the use of this
observable to systems for which it is a finite quantity
(namely, binaries formed at a finite separation).

The angular momentum of a binary is another exam-
ple of such a quantity. In the Newtonian limit, it is given
by nM?\/r/M ~ x~'/2; therefore, it formally diverges
for a binary with its components at an infinite separa-
tion. Because it has been proven in the PN approxima-
tion that the angular momentum carried by the gravita-
tional waves is equivalent to the change in the angular
momentum of the binary (i.e., that the balance equa-
tions hold; see, e.g., [53]), then it follows that the radi-
ated angular momentum will be equal at leading order to
the change in the Newtonian angular momentum as the
binary’s separation decreases. Thus, the leading-order
change in angular momentum from an inspiraling binary
system is another example of a quantity that is well de-
fined physically, but which should be restricted to the
class of systems for which it is finite.

The spin memory is roughly the “higher multipole mo-
ments of the change in the radiated angular momentum”
for compact binaries. In fact, the same combination of
the multipole moments that enter into the leading-order
spin memory effect also appear in the leading change in
the radiated angular momentum. This, in turn, gives the
spin memory the same time and frequency dependencies
as the change in angular momentum have. Therefore, it
seems natural to treat the spin memory with the same set
of physical constraints that one would for the change an-
gular momentum: namely, that one should not consider
the spin memory in the limit a binary with an infinite
separation of its components. In addition, because any
actual compact binary in our Universe has a finite initial
separation and a limited change in frequencies, this is not
a significant physical restriction on the class of solutions
that we consider.

D. Relation to nonhereditary, nonoscillatory
contributions to compact-binary waveforms

In [40], the polarizations of the gravitational waveform
were computed for compact binaries in quasicircular or-
bits at 2.5PN order. At this order, a new contribution
to the cross polarization of the waveform was discovered
that was nonlinear, nonoscillatory, but also not heredi-
tary (in the sense that it does not involve an integral over
the multipole moments over all retarded times up to the



given time; rather, it depends on the value of the mo-
ments at that given retarded time). It appeared in the
radiative current octopole moment as a result of a nonlin-
ear interaction between the mass quadrupole moments of
the source and also the mass quadupole and spin dipole.
The interpretation of this term was not completely un-
derstood. For example, whether this term would give rise
to a constant offset between early and late times had not
been known (see the discussion in [9] for more details).?
By differentiating Eq. (4.10) with respect to u, we find
that
psmm 12M772 1‘7/2
x or
which is precisely the expression given in [40], after ac-
counting for the relative minus sign in our conventions
for the gravitational-wave polarizations. It will also be
useful to express this quantity in terms of the radiative
mass quadrupole moments Us 5. The result of this is

sin®f@cos + O(c™?),

(4.11)

hs><mm = W;S(UQ,QI.]Q’Q) Sil’l2 fcosb.
Because this part of hy is intimately connected to the
spin memory, we will call A3*™ the “spin memory mode”
(and which is why we have labeled it with the abbrevia-
tion “smm”).

In [9], there is also a general expression for the term
™ in terms of the source multipole moments. By inte-
grating the expression (4.6) by parts, differentiating the
resulting expression, and using the relationships between
the radiative and source multipole moments in Eq. (2.8)
we can recover the expression quadratic in the source
mass quadrupole moments in Eq. (5.6) of [9]. How-
ever, there is an additional contribution to that expres-
sion involving the interaction of the spin dipole and mass
quadrupole, which is not included in the u derivative of
the spin memory. It is interesting to note that this addi-
tional term does not contribute for the compact binaries
that are the focus of this paper.

(4.12)

V. PROSPECTS FOR DETECTION OF THE
SPIN MEMORY MODE

We primarily focus on the detectability of the spin
memory mode by ground-based gravitational-wave de-
tectors; however, we will also comment on detecting the

3 Recent work by Madler and Winicour [48] suggests that a dis-
placement memory effect with a magnetic-parity sky pattern only
arises as a result of incoming gravitational waves from past null
infinity; it would, therefore, be primordial in origin. However,
PN theory specifically assumes stationarity in the past so as to
eliminate incoming radiation from past null infinity; therefore,
one would generally expect that this contribution to the cross
polarization—which has a magnetic-parity sky pattern—would
be identically zero at early and late times. Thus, while this ar-
gues against the nonhereditary, nonoscillatory term as resulting
in a constant offset between early and late times, it does not
explain what its origin and interpretation might be.
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spin memory from other sources and by different types
of detectors.

A. Compact binaries with ground-based detectors

We first describe how we compute the approximate
spin memory mode using the SXS:BBH:0305 waveform
from the SXS waveform catalog [41]. We next describe
how we compute the SNR for such waveforms. Finally,
we sketch how it could be possible to coherently combine
multiple subthreshold observations of the spin memory
mode to make a detection of the effect from multiple
compact-binary mergers.

1. Construction of an approximate spin memory mode

Although the spin memory accumulates over a long
timescale during the inspiral of a binary, it does not seem
possible to measure this aspect of it with ground-based
interferometers; rather, it will be the rate of change of the
spin memory near the binary’s merger that will generate
a signal that can be measured by such detectors. This
part of the binary’s evolution, however, is not treated
accurately by the PN approximation. Numerical relativ-
ity is capable of simulating this portion of the waveform,
in principle, using Cauchy-characteristic extraction; how-
ever, such waveforms are not publicly available and those
without it are known to not represent the relevant modes
accurately (see, e.g., the technical caveats in [41]). Thus,
a method to estimate the spin memory mode will be nec-
essary to determine whether it is observable or not.

To do this, we will use the expression for the leading-
order spin memory mode in Eq. (4.12), but we will sub-
stitute in the Us o and Uz 2 modes from the simula-
tion SXS:BBH:0305. The resulting spin memory mode is
shown in Appendix C, where it is directly compared with
the corresponding mode from numerical relativity simu-
lations. The spirit of this approach is similar to that
of [21], in which the displacement memory is computed
from an expression of the form

pmem

1
T 384nr

sin? 0(17 + cos? 9)/du|Ug72|2, (5.1)

for radiative multipoles U; 5 that were chosen to fit the
numerical-relativity waveform modes. When we compute
the SNR for the displacement memory modes in the next
part of this section, we will use the expression (5.1), with
the Ug,g mode from the numerical simulation.

2. SNR calculations from individual compact-binary
coalescences

To estimate the circumstances in which the spin mem-
ory mode will be detectable, we perform calculations of



TABLE I. SNR of dominant (I = 2, m = 2) mode, displace-
ment memory mode (I = 2,4, m = 0), and spin memory
mode (I = 3, m = 0) in advanced LIGO in the zero-detuning,
high-power configuration and in the Einstein Telescope in the
ET-B design. The source is a compact binary with the masses,
spins, luminosity distance, and inclination of the GW150914
event; however, the sky location, reference phase, and polar-
ization are chosen to be maximal for the respective modes
(see the text for more detail). Just one digit of accuracy is
given.

Mode SNR in LIGO SNR in ET
1=2,m=2 ~1x10> ~5x10°
1=2,4,m=0 ~1 ~ 30
=3, m=0 ~ 0.03 ~1

the SNR. The square of the SNR is defined by

R
’)2’4/0 IS0y

where S,,(f) is the noise power-spectral density of the
detector and h(f) is the Fourier transform of the detector
response

(5.2)

h(t) = Fyhy + Fxh, (5.3)

where F, and Fx are the antenna response patterns
of the detectors to the plus and cross polarizations of
the waveform. We will compute the SNR in the zero-
detuning, high-power configuration of advanced LIGO
and the ET-B design of the Einstein Telescope. Fits of
the power-spectral densities of these two detectors are
given in [54] and [55], respectively.

For the waveforms, we consider signals comprised of
just the dominant, quadrupole mode (I = 2, m = 2),
the displacement memory mode (I = 2,4, m = 0), and
the spin memory mode (I = 3, m = 0). In the SNR
calculation for advanced LIGO, the | = 2, m = 2 mode
comes from the simulation SXS:BBH:0305, which was the
simulation used in the paper [56] with the most likely
parameters of the GW150914 event. The waveform in
the SXS catalog has the mass and distance normalized
out of the waveform; therefore, we scale it by the most
likely luminosity distance (Dy = 410Mpc) and the to-
tal source-frame mass of the binary (65M) at a redshift
of z = 0.09. Similarly to [19], we also assume that the
inclination of the binary is given by 6 ~ 77 /9, which is
consistent with the posteriors for the GW150914 event.
This inclination angle gives rise to a nearly maximal spin
memory signal for this event and a strong (though not
maximal) displacement memory signal and dominant,
quarupole signal. For the sky position, polarization, and
phase at coalescence, we choose these values to maximize
the SNR for the respective types of signals. In the SNR
calculation for the Einstein Telescope, we use the | = 2,
m = 2 mode from the PhenomC waveform model [57],
because this model covers lower gravitational-wave fre-
quencies that are not captured in the numerical relativity
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simulation.* The parameters of the PhenomC waveform
are chosen to be the same as those for the numerical
waveform.

Our results are summarized in Table I. For individual
binary mergers, the spin memory mode will be too small
to detect even for the Einstein Telescope. However, it is
of interest to note that the displacement memory mode
can have a significant SNR for GW150914-like events in
ET-B.

3. Stacking multiple subthreshold spin-memory-mode
observations

Because detecting the spin memory from individual bi-
nary mergers is unlikely, trying to coherently combine
multiple subthreshold spin-memory-mode observations is
the more promising route towards detection. Coherent
addition of the signals allows for the evidence to grow
with the number of detections N as v/N [19]. The strat-
egy for detecting the spin memory would run similarly
to that elaborated in [19] for the displacement memory
modes, but there is one additional subtlety for which we
must account.

To coherently add the displacement memory modes,
one must determine the sign of the strain signal in the
detector that is associated with the displacement mem-
ory. The sky pattern of the memory produces a strictly
nonnegative strain, h**™; therefore, the sign in the de-
tector’s response arises solely from the polarization angle
1 in the detector’s antenna response function (i.e., the
sign of the memory is determined just by the sign of the
antenna response function). However, it is not possible
to determine the polarization angle and the sign of the
antenna response function from a measurement of the
leading | = 2, m = 2 modes of the waveform, because
there is a degeneracy between the reference phase (phase
at coalescence) and the polarization under the shift

(60 4") = (e +7/2,0 +7/2).. (5.4)
A shift of ¢ by 7/2 changes the sign of the antenna re-
sponse function and thence the displacement memory sig-
nal in the detector. Fortunately, this degeneracy can
be broken using higher-order, spin-weighted spherical-
harmonic modes of the gravitational waveform. Specifi-
cally, when the SNR in the combination of higher-order

4 Although it is necessary to use a waveform model that includes
frequencies lower than those contained in the numerical relativ-
ity waveforms to accurately compute the SNR from the | = 2,
m = 2 waveform in ET-B, we have checked that the SNR of the
displacement memory and spin memory modes are nearly identi-
cal when computed with the numerical relativity waveform and
the PhenomC waveform. For these memory modes, the contri-
bution to the SNR from times earlier than the starting time of
the numerical relativity waveform is negligible.



modes

Ah = Thim($e, 13 8) = him (¢t D) (—2Yim)  (5.5)
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is sufficiently high, it is possible to determine the sign of
the detector’s antenna response function [note that the
term 6 in Eq. (5.5) is used to indicate that the spherical-
harmonic modes depend on other parameters that are
not changed, and also note that we use the convention
of [19] in which quantities like the phase at coalescence
and the antenna response pattern are also included in the
quantity hyy, in Eq. (5.5)].

All these subtleties for detecting the displacement
memory mode would still apply to the spin memory
mode; however, there is now one additional issue: the
spin memory mode changes sign under a change in the
inclination angle ¢« — m —¢. Therefore, to coherently add
the spin memory signals, we would also need to measure
the inclination with sufficient accuracy to determine the
sign of the sky pattern of the spin memory mode. Given
the very high SNR of GW150914-like events in planned
third-generation detectors like the Finstein Telescope, it
is likely that this will be possible. In addition, given the
comparable SNRs of the spin memory mode in the Ein-
stein Telescope and the displacement memory mode in
advanced LIGO, it is plausible that on the order of one-
hundred binary-black-hole mergers will need to be added
coherently to detect the spin memory. However, a more
detailed investigation into the number of sources and the
best measurement procedures needed to detect the spin
memory mode is beyond the scope of this paper. It will
be left for future work.

B. Discussion of other types of sources and
detectors

Because the spin memory is defined to be the
change in the magnetic-parity part of the time-integrated
gravitational-wave strain, it would make for a more com-
pelling detection if there were a detector (and source)
that could directly access this observable. There is, in
principle, an experiment that could measure this quan-
tity directly: pulsar timing arrays. The residuals de-
pend upon the difference of the time integral of the
gravitational-wave strain at Earth and at the pulsars in
the timing array (see, e.g., [58]). For a gravitational-wave
event within the galaxy, such as a galactic supernova, the
pulsars could surround the source of waves. If so, they
can directly extract the magnetic-parity part of the sky
pattern of the gravitational-wave strain. Given the infre-
quency of such supernovae and the uncertainties about
the amount of angular momentum radiated in gravita-
tional waves or neutrinos from such events, it is difficult
to quantify the prospect of detecting such an effect. But
if there were a detection of displacement memory by pul-
sar timing arrays, it would be of interest to search for
any coincident spin memory effects as well.
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The spin memory mode from individual, resolvable su-
permassive black-hole binaries is a potential source for
space-based gravitational-wave interferometers, like the
LISA mission [20]. Given the uncertainties on the rates
of such mergers and the SNR of the loudest events in
the LISA band, it is more difficult to get a quantitative
estimate of the number of events needed to detect the
spin memory mode with the LISA detector. However,
it might be of interest to explore this in more detail in
future work.

VI. CONCLUSIONS

In this paper, we computed the spin memory effect
within the Bondi framework in terms of a multipolar ex-
pansion of the gravitational-wave strain. This allowed
us to relate the radiative multipoles to source multi-
poles via the PN approximation and compute the spin
memory from specific sources of gravitational waves. We
focused on nonspinning, quasicircular compact binaries,
and we found that the spin memory has some interest-
ing differences from the displacement memory. Because
the displacement memory grows like z = (Mw)?/3, it is
largest around the time of the binary’s merger. The spin
memory, however, grows like z~/2 for compact binaries.
Thus, it has a significant contribution from the early in-
spiral, as well as a contribution from around the time of
merger.

While it may seem surprising that a nonlinear gravi-
tational effect like the spin memory would have a large
gradual accumulation as the binary inspirals from the
weak-field regime to the strong-field one, this behavior is
similar to that of the total angular momentum radiated
by a quasicircular compact binary. The Newtonian angu-
lar momentum for such a binary also scales with the PN
parameter z as /2. Because any astrophysical binary
will have its components be separated by a finite distance,
its total radiated angular momentum or its spin memory
effect will be finite quantites (i.e., the PN parameter at
the time of its formation will be some nonzero, but small
quantity).

The rate of change of how the spin memory accumu-
lates (what we called the spin memory mode) turns out
to be identical to a 2.5PN-order effect in the cross polar-
ization of a gravitational waveform for nonspinning com-
pact binaries. In addition to giving a concrete interpre-
tation to this unusual nonlinear, but nonhereditary and
nonoscillatory effect, it also provides an avenue by which
the spin memory could be observed in gravitational-wave
detectors. Because of the spin memory’s relationship to
the extended BMS symmetry, this would be a promising
method by which we can learn, observationally, about the
appropriate boundary conditions and asymptotic symme-
tries of isolated gravitational systems.

We therefore estimated the signal-to-noise ratio of the
spin memory mode in advanced LIGO at its design sensi-
tivity and the planned detector, the Einstein Telescope.



For individual binary mergers, detecting the spin mem-
ory mode seems unlikely, even for the Einstein Telescope.
Instead, if one were to coherently combine measurements
of the spin memory mode from hundreds of gravitational-
wave observations of binary-black-hole mergers in the
FEinstein Telescope, the prospects for observing the effect
look better. Additional work to refine the strategy for
coherently combining measurements of the spin memory
mode will be needed in the future.

Other directions for future work are as follows: First,
it would be of interest to study the detectability of the
spin memory for pulsar timing arrays and space-based
gravitational-wave detectors in greater detail. Second, it
would be useful to compute higher-order PN corrections
to the spin memory effect for compact binaries so as to
model the effect from the last few orbits and merger of
compact objects more precisely. Third, it would also be
important to compute the effect in numerical relativity
simulations of compact binaries and supernovae.
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Appendix A: Conventions for pure-spin tensor
harmonics and relations to spin-weighted spherical
harmonics

The pure-spin vector and tensor harmonics are con-
structed by applying the covariant derivative D4 that is
compatible with the 2-sphere metric hap to the scalar
spherical harmonics Y}, (which are normalized with the
Condon-Shortley phase convention). The definitions of
the vector harmonics that we use are

1

T DAY, Ala

A Wy (Ala)
m 1

TV = A DP Vi, (Alb)

10+1)

13

where we require that [ > 1. The second-rank tensor

harmonics T\ 4" and T4 we will define as

1 (20— 2)
pledtm _ = 2T 2 oD, Dy — hagD?)Y; A2
B 5 (l+2)!( ADp — hapD*)Yy,, (A2a)
byam _ [2(1—2)! c
TAB = (l T 2)' EC(Al)B)l) Yim , (A2b)

which are nonzero for I > 2. The highest-rank harmonics
we will need are the third-rank tensor harmonics, which
we define by

(1—3)!

TShe" =2 0T 3)!(DADBDCYlm)STF, (A3a)
(b),km [=3)! D STF A
TABC’ =2 (l + 3); (DAGDBDCD }/lm) ) ( Sb)

where these harmonics are nonzero if [ > 3.

The pure spin harmonics are complete for smooth vec-
tor, second-rank, and third-rank symmetric, trace-free
tensor fields, and they satisfy the orthogonality relation-
ships

/ POT TR 1 =018 (Ada)

/ dQQTlgb).,lmT(Zl)’l,m/ — 501 (A4b)

/d2QT£‘e)’lmT(2),zfm' =0, (A4c)
for the vector harmonics,

/dQQTxg’lmT(gfl,m/ =0110m'm (Aba)

/ QT " T =001 | (A5b)

/ 2Ty " TRE,, . =0, (Abc)
for the second-rank tensor harmonics, and

/ POTRE TAES ) =0018mm | (A6a)

/ POTRE TR =601 (A6b)

[ eariras, —o. (AGe)

for the third-rank tensor harmonics.

Finally, we give relationships between the pure-spin
harmonics and the spin-weighted spherical harmonics,
which we define by

—~

I—s)!

st =
! [+ s)!

0°Yim,

(AT7a)

—~

(A7)



where the operators 0 and 9 act on a function f of spin
weight s by

O0f = —sin®0(0p + icscO)(fsin™°6), (A8a)
Of = —sin™* (0 — icsch)(fsin® ). (A8D)
The relationships for the vector harmonics are
T = Yima = Yiia),  (A99)
V2
T — (Vi + 1 Yimia) (A9b)
V2
For the second-rank tensor harmonics they are
e m 1 _ _
Tf\;’l =—(2Yimmamp + 2Yimmamp),  (AlOa)
V2
m i o
Tf\b)’l =— —(2Yimmamp — 2Yiymamp), (AlOb)

V2

and for the third-rank tensor harmonics they are

e),lm 1
% =7

(—3Yimmampme — 3Yimmampme) ,

(Alla)
pOdm T
BC = — ﬁ(_g ImMmaAampme + 3Yimmampme) .
(Allb)

In the above expressions, the vector m4 has the form
ma0d = Oy + icsc 004 in spherical polar coordinates,
and M4 is its complex conjugate (independent of the co-
ordinate chart). With these definitions, it can then be
easily shown that our convention for the gravitational-
wave polarizations is defined by

h = hy —ihy = Capmim?, (A12)

where C'4 g is the strain tensor in the Bondi formalism.

Appendix B: Flux of angular momentum

In this appendix, we compute the flux of angular mo-
mentum. It is given by the [ = 1, m = 0, £1 moments
of the right-hand side of Eq. (4.4) when properly nor-
malized and with the integral with respect to u removed.
The expression is

dJ1.m 1
dl& = 20(CP°DgNac — NPCDpCac
+ 3NABDCcBC — 3CABDCNBC)€ADDDY/1,m .

(B1)

When written in terms of the radiative multipole mo-
ments, the angular momentum flux has the form very
similar to that shown in Eq. (4.5), but because this ex-
pression is specialized to the [ = 1 moments now, only
terms in which |I’ —1”| < 1 and |m'+m"| < 1 contribute
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to the sum. As a result there are several significant sim-
plifications that occur. The most important of which is
that the contribution from the set of terms begin multi-
plied by [1—(—1)"*+"] turn out to be zero and only those
being multiplied by [1 + (—1)"+""] contribute. As a re-
sult, the only contributions to the angular momentum
flux come from the moments with I’ = [, and the double
sum reduces to a single sum over multipoles. After some
computation, we find that

dJ
e 64w \/7 Z (O Ut + Vi Virmr )

(B2a)
dJy +1 /
_ U / l/ + m/ 1
du 647r Z \/ ) m +1)
X (Ul'm’ Ul’m’il + Vvl’m’vvl'm’il) 3 (B2b)

where, as usual, I’ > 2. Because the flux of angular
momentum is real, then the m = +1 multipoles satisfy
the relationship

dJi 1 dJi,—1
= - B
du du (B3)

Next, we would like to relate these multipole moments
to the expression in inertial Minkowski coordinates given

n [43]. The way to do this is described in [26]. First,
define the vectors
n; = (sin 6 cos ¢, sin O sin ¢, cos ) , eiA = D%n,;,
(B4)

and then write the [ = 1, magnetic-parity vector harmon-
ics as

GABDBYI,WL = wi{rne?nﬂ (B5)

1, 1,
for some antisymmetric tensors w ]m = wm’? From the

expressions for the vector harmonics, the coefficients take
the form

1 /3 -
wf% =—5\ wip =0, 11’20 =0, (B6a)
- - i /3 1 /3
WlJﬂ =0 Wi,4+1 = 9\ or 1i1—i2 o
(B6b)

The multipole moments of the angular momentum flux
are related to the inertial-Minkowski-coordinate compo-
nents of the flux by

dJim 1 4 dJy
— == . B
du 2“1 gy (B7)
With the relationship
dJ; 1 dJ
= - (BS)

du 29 gy



one can combine the results of Egs. (B2), (B6), and (B7)
to solve for the inertial Minkowski components of the flux

d‘]l i / (] ’
%:6472[\/([ —m)(I' +m’ +1)

U,m’
X (Ul’m’Ul’m’+1 + ‘Z/m’w/m’—&-l)
Vw1 —m 4 1)

X (Ul’m/Ul’m/fl + %’m’%’m/fl)] ’ (Bga)
dJ, 1
Yy I — (I / 1
o " m,[\/( m)(l+m' + 1)

X (ﬁl"m’Ul”m’-i-l + ‘_/l’m"-/l/m’-‘rl)

VU +m)U —m' +1)

X (Ul’m’Ul’m’—l + V’m"./l’m’—l)] ) (ng)
dj. i L .

= — /m/ /m/ /m/ /m/ . B

Ju 397 2 m (Ul U, + Virm' Vi ) ( 9C)

These expressions agree with those in Eq. (4.23) of [43].
While the individual terms in the sum are not necessarily
real, it can be shown that the total sum is, in fact, real.

Appendix C: Comparison with spin memory mode
in numerical simulations

6| — NR 1=3, m=0 mode ]

+ 5| === Analytical expression 3
‘S

— 4 E -
X

£ 3k ]
g

xn 2F 3

1 ]

0 T ) R

-0.8 -0.6 -04 -0.2 0.0
Time (s)
FIG. 1. Spin memory mode in a numerical relativity simula-

tion (solid red curve) and that computed from the analytical
expression involving the [ = 2, m = +2 modes (black dashed
curve). The waveform is scaled to have parameters like that
of the GW150914 event, which are described in greater detail
in the text.

As a brief exercise in relating analytical and numerical-
relativity predictions, we compare the spin memory mode
from the simulation SXS:BBH:0305 from the SXS wave-
form catalog [41] with the analytical result that is given
in Eq. (4.12). We also compare the u integral of (4.12)
and the numerical [ = 3, m = 0 mode. It is not a strict

15 i T T T T -’_ C
=z —— NR I=3, m=0 mode l:
I
= fpe— Analytical expression !
= 10} -
1
X
=
X 0.5 B
g
g
7
0.0 A A A A A
-0.8 -0.6 -04 -0.2 0.0
Time (s)
FIG. 2. The spin memory effect computed directly from a

numerical relativity simulation and the analytical expression
containing the | = 2, m = £2 by integrating the curves in
Fig. 1 numerically.

analytical comparison in the sense that we use the [ = 2,
m = +2 modes from the numerical simulation in our ana-
lytical expression for the spin memory modes; instead, it
can be thought of as a consistency check of the numerical
modes with the analytical expectations for these modes.

One might be concerned that this is a fruitless exercise,
because one of the major caveats noted in [41] is that the
m = 0 modes are not captured well by the extrapolation
method used to compute the waveforms at future null
infinity. For the displacement memory mode (I =2, m =
0), the waveform computed from Eq. (5.1) and the | = 2,
m = 0 mode from the simulation show large discrepancies
between the two (not even qualitative similarities).

Interestingly, the spin memory modes are much more
similar. For illustrative purposes, we rescale the numer-
ical waveforms to have the same total mass, luminosity
distance, and inclination as GW150914 (as detailed in
Sec. V). The result of this comparison is shown in Fig. 1.
The solid red curve is the numerical-relativity waveform,
and the dashed black curve is the result calculated using
the numerical I = 2, m = £2 modes and the analyti-
cal expression (4.12). The peak of the magnitude of the
Il =2, m = 2 mode is chosen to be the time t = 0 in
Figs. 1 and 2. The agreement between the two methods
is remarkably good, especially considering how poor it is
for the displacement memory mode. We speculate that it
might occur because of the nonhereditary nature of the
spin memory mode or because of the higher PN order of
the effect. It would be interesting to investigate this in
greater detail.

To temper any overexuberance about the strength of
the agreement, we also show the spin memory in Fig. 2,
which was computed by integrating the two curves in
Fig. 1 numerically. We chose the constants of integra-
tion so that both curves went to zero at the earliest time
depicted in the figure. Even though the peak of the
numerical-relativity curve in Fig. 1 is noticeably larger



than that of the analytical curve, the analytical curve
has a larger spin memory effect than the numerical one
does. This occurs because the numerical curve hovers
more closely to zero than the analytical curve does; as a
result, the analytical expression is able to capture more
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of the gradual accumulation of the spin memory. And al-
though the differences between the curves in Figs. 1 and 2
are larger in the latter than the former, the qualitative
agreement in both is rather impressive.
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