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GWOSC (2025)

LIGO, Virgo, and KAGRA (LVK) detectors

LIGO Hanford LIGO Livingston Virgo
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KAGRA

Images: LIGO, Virgo, KAGRA Noise curves circa 2025



LVK detections of binary black holes (BBHs) 
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O1+O2: 
10 events

O3a: 
45 events

O3b: 
35 events

O4a: 
128 events

O4b: 
161 events
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Figure 2. The distribution of the primary mass of the BBH population (left), and the mass ratio distribution (right). The solid lines show
the median merger-rate density for each model, with the shaded bands depicting the 90% credible regions. The solid black lines show the
90% credible bounds for the strongly-parameterized model from GWTC-4.0. The hatched grey areas behind the dot-dashed lines—in this and
all subsequent figures—correspond to regions at the edges of the parameter space with < 1% of BBH parameter estimation samples equally
weighted across all detections. This is intended as a heuristic proxy for parts of parameter space where the models may not be actively
constrained by the data, and where modeling and prior choices may become particularly important. See Sec. 3 for more details.

BBH mergers have m1 → (8, 15) M↑ with the Default BBH
(PixelPop) model. Both models observe a clear drop in den-
sity on both sides of the peak. With the Default BBH model,
we find a break in the power law at mbreak = 37.5+10.9

↓7.8 M↑,
where the slope changes from ω1 = 1.5+1.0

↓1.4 to ω2 = 5.4+1.4
↓1.6.

This implies ω2 > ω1 at 99.6% credibility, consistently
with (Abac et al. 2025a). However, it is possible that such
steepening is dependent on our assumptions about the maxi-
mum mass (Mould et al. 2026).

Earlier analyses reported hints of additional peaks at m1 ↔

20 M↑ and 60 M↑ when using weakly-parameterized mod-
els (e.g. Tiwari & Fairhurst 2021; Edelman et al. 2023; Ti-
wari 2024; Magaña Hernandez & Palmese 2024; Abac et al.
2025a; Gennari et al. 2025; Pierra & Papadopoulos 2026).
We do not find evidence for either of them in GWTC-5.0
based on the PixelPop primary-mass distribution. Recent
works suggest the presence of a subpopulation of mergers
with rapidly-spinning BHs, peaking around 16 M↑ (Plunkett
et al. 2026; Farah et al. 2026; Tong et al. 2025a; also see
Sec. 8). More targeted joint models of spins and masses
might be able to tease out such substructure.

4.4.2. Mass Ratio Distribution

We find that the global BBH mass-ratio distribution is

consistent with a peak at q = 1. The right subplot of Fig. 2
shows the mass-ratio distribution of the BBH population, tak-
ing a (m1, q)-PixelPop analysis as our weakly-parameterized
model. This is in-line with the results from GWTC-4.0: al-
though the B-Splinemodel highlighted in Abac et al. (2025a)
(App. C) finds evidence for a peak in the global distribu-
tion at q ↗ 0.8, other flexible models explored there find
that the distribution is consistent with a peak at q = 1 sug-
gesting some degree of model dependence. When the mass-
ratio distribution is fit with a power law, p(q) ↘ qεq , we find
εq = 1.0+0.8

↓0.7. This is a somewhat flatter distribution than the

value of εq = 1.2+1.2
↓1.0 from GWTC-4.0, but still statistically

consistent with it.

4.4.3. Spin Distribution

We first consider the individual spin magnitudes (ϑ1, ϑ2)
and tilts (cos ϖ1, cos ϖ2).1 Figure 3 shows their distributions
inferred using the Default BBH model, and the (ϑ, cos ϖ)-
PixelPop model. The former models both ϑ1 and ϑ2 as in-
dependently and identically distributed Gaussians truncated
over the range of [0, 1]. The spin tilts, cos ϖ1 and cos ϖ2, are
assumed to be non-independently distributed as a mixture
model consisting of an isotropic and a non-isotropic com-
ponent (see App. B.4). The (ϑ, cos ϖ)-PixelPop model treats
both component spins and spin tilts as independent and iden-
tically distributed draws from the same underlying distribu-
tion.

Both models infer BBH spin distributions that are consis-
tent with our GWTC-4.0 inference in Abac et al. (2025a).
The spin tilt distribution is broad, with the possibility of a
peak in cos ϖ between [0, 0.5] or a broader plateau (right
panel, Fig. 3). We find that 54+6

↓4% (57+5
↓5%) of BHs are

aligned at some degree – i.e., cos ϖ > 0 with – the orbital
angular momentum when using Default BBH (PixelPop).
The spin-magnitude distribution, on the other hand, peaks at
small values but with a tail extending beyond ϑ ↔ 0.8 (left
panel, Fig. 3). Using the Default BBH (PixelPop) model, we
infer that 80+4

↓5% (73+4
↓4%) of BHs have ϑ ≃ 0.5.

When modeling the component spin-magnitudes sepa-
rately and allowing for correlations between them using

1 Following Abac et al. (2025a), we define tilts at a fixed reference frequency,
which is typically 20 Hz but differs for some events. Yet, tilts remain con-
stant over the inspiral to leading order (Apostolatos et al. 1994) and we
have checked that the reference point does not impact our conclusions.

LVK BBH population properties
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Prior to LVK detections, BH merger rate and mass 
distribution unknown; now pinned down to a factor of ~2

LVK, GWTC-5 Pop. (2026)

Now much more confident about what will be measured and 
what we can learn about GR with BBH mergers from 
individual events and populations!



GW sources and the “Planck luminosity”
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Luminosity (Planck units): c
5

G
⇡ 3.6⇥ 1052W
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Image Credit: NASA

10-52
Solar system 

(Mercury & Sun)

Image Credit: M. Kramer

10-27 Galactic 
(binary pulsars)

Extragalactic 
(binary black holes) 

Radiate ~0.01Mc2 in ~10GM/c3Image Credit: LIGO
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Nonlinear dynamics important 
even in the wave zone for BBHs!



Outline
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1. Computing memory effects in the Bondi-Sachs framework 

2. Measuring memory with GW detectors 

3. Detection prospects of GW memory effects  

4. Generalizations of GW memory: “Higher” memory effects 

5. Detection prospects of higher memory effects 



Bondi coordinates            
u: retarded time 
r: areal radius

(u, r, ✓A)
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Bondi+ (1962), Sachs (1962) 

1. Bondi-Sachs framework

hAB: metric on S2

Bondi-Sachs coordinates
   : coordinates on 2-sphere✓A

<latexit sha1_base64="M3OuYLe2MiOA2iksvBRLWUa6cxc=">AAACWXicbZFdSyMxFIYz48fW6u529dKbg0VQxDJTFtebBa03XirYKnTaksmcsaGZD5IzQhnmT3ohLPtX9mLTseDngYSX5z2HJG/CXElDnvfHcVdW19a/NDaam1tfv31v/dgemKzQAvsiU5m+C7lBJVPskySFd7lGnoQKb8PZxcK/fUBtZJbe0DzHUcLvUxlLwcmiSSsPEk5TE5cQmXEXfsPxAHBcdoMQiVcQFRYeQ/ctg0jDEW hrTSflea+CgyigqTXH57a5b/eoOHyBvRr2alhNWm2v49UFH4W/FG22rKtJ6zGIMlEkmJJQ3Jih7+U0KrkmKRRWzaAwmHMx4/c4tDLlCZpRWSdTwb4lEcSZtislqOnriZInxsyT0HbWObz3FvAzb1hQfDoqZZoXhKl4PiguFFAGi5ghkhoFqbkVXGhp7wpiyjUXZD+jaUPw3z/5oxh0O/5J5+T6Z/ust4yjwXbZHjtgPvvFztglu2J9JtgT++esOevOX9dxG27zudV1ljM77E25O/8B5ZGuDA==</latexit>

ds2 = →Ve2ωdu2 → 2e2ωdudr + r2hAB(dω
A → UAdu)(dωB → UBdu)

Bondi-Sachs metric
Penrose (1963)

u
<latexit sha1_base64="E3bDsP/IUkwbdvQWAMkWf/FTQfk=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCUVAsYCC2OR6ENqQ+W4TmvVcSL7BlSFfgoLAwix8iVs/A1umgFajmTp6Jx7dY+PHwuuwXG+rcLK6tr6RnGztLW9s7tnl/dbOkoUZU0aiUh1fKKZ4JI1gYNgnVgxEvqCtf3x9cxvPzCleSTvYBIzLyRDyQNOCRipb5d7IYGRDtIejBiQ+8tp3644VScDXiZuTiooR6Nvf/UGEU1CJoEKonXXdWLwUqKAU8GmpV6iWUzomAxZ11BJQqa9NIs+xcdGGeAgUuZJwJn6eyMlodaT0DeTWdBFbyb+53UTCC68lMs4ASbp/FCQCAwRnvWAB1wxCmJiCKGKm6yYjogiFExbJVOCu/jlZdKqVd2zau32tFK/yusookN0hE6Qi85RHd2gBmoiih7RM3pFb9aT9WK9Wx/z0YKV7xygP7A+fwCqA5RE</latexit>

✓A

Bondi gauge conditions

    is a null vector field and angular 
coords held fixed along integral curves  
2-metric determinant r & u independent 
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det(hAB) = q(ωC)
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grr = grA = 0
<latexit sha1_base64="oC5UzWPQxIUs9WiE3eWlYnQAhEQ=">AAAB/HicbVDNSsNAGPxS/2r9i/boJVgETyURqR6LXjxWsLXQhLDZbtqlm03Y3Qgh1Ffx4kERrz6IN9/GTZqDtg4sDDPftzs7QcKoVLb9bdTW1jc2t+rbjZ3dvf0D8/BoIONUYNLHMYvFMECSMMpJX1HFyDARBEUBIw/B7KbwHx6JkDTm9ypLiBehCachxUhpyTebboTUVIa5myChKGK+mPtmy27bJaxV4lSkBRV6vvnljmOcRoQrzJCUI8dOlJcXF2JG5g03lSRBeIYmZKQpRxGRXl6Gn1unWhlbYSz04coq1d8bOYqkzKJAT5ZRl71C/M8bpSq88nLKk1QRjhcPhSmzVGwVTVhjKghWLNMEYUF1VgtPkUBY6b4augRn+curZHDedjrtzt1Fq3td1VGHYziBM3DgErpwCz3oA4YMnuEV3own48V4Nz4WozWj2mnCHxifP5YPlWU=</latexit>

ωr



Metric expanded in 1/r, “on shell”
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Asymptotically flat spacetimes
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V = 1+
2m

r
+ O(r→2)

<latexit sha1_base64="GQmjiO4Il9BwRLeZyrB1B0QcBjw=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHqwpIUqW6Eoht3VrAPaGKZTCft0MkkzEyEErJw46+4caGIWz/CnX/jNM1CWw9cOJxzL/fe40WMSmVZ38bS8srq2npho7i5tb2za+7tt2UYC0xaOGSh6HpIEkY5aSmqGOlGgqDAY6Tjja+mfueBCElDfqcmEXEDNOTUpxgpLfXNkhMgNZJ+4nhEIXgBbyriPjmppccw7Ztlq2plgIvEzkkZ5Gj2zS9nEOI4IFxhhqTs2Vak3AQJRTEjadGJJYkQHqMh6WnKUUCkm2RPpPBIKwPoh0IXVzBTf08kKJByEni6Mzt53puK/3m9WPnnbkJ5FCvC8WyRHzOoQjhNBA6oIFixiSYIC6pvhXiEBMJK51bUIdjzLy+Sdq1q16v129Ny4zKPowBK4BBUgA3OQANcgyZoAQwewTN4BW/Gk/FivBsfs9YlI585AH9gfP4A4m2W9w==</latexit>

ω = O(r→2)
<latexit sha1_base64="m2YbyWkxhxzVn560sqpyy4E1J+o="></latexit>

U
A = → 1

2r2
DBC

AB → 2

3r3
N

A +
1

16r3
D

A
C
2 +

1

2r3
C
AB

D
C
CBC + O(r→4)

<latexit sha1_base64="9+GaK/ul3WGOfsk+FlpbXGEXwCM="></latexit>

hAB = [1+ O(r→2)]qAB +
1

r
CAB +

1

r3
EAB + O(r→4)

CAB(u, ✓
C): shear tensor m(u, ✓A)

NA(u, ✓
B)

: Bondi mass aspect

NAB = @uCAB: Bondi news

Bondi metric functions: radiative data & “charges”

: first “higher” aspect (quadrupole)

: angular momentum aspect
<latexit sha1_base64="LAvvwPVgE95S/D8yJ6S2a4MIglA=">AAACDnicbVDLSgMxFM3UV62vqks3wVKoIGVGpLqsLYLLCvYBnVoyaaYNzTxI7ghlmC9w46+4caGIW9fu/BvTaRfaeiDkcM693HuPEwquwDS/jczK6tr6RnYzt7W9s7uX3z9oqSCSlDVpIALZcYhigvusCRwE64SSEc8RrO2M61O//cCk4oF/B5OQ9Twy9LnLKQEt9fNF2yMwUm6c/pQIfN2Pr2oJLkWnNowYkPv6SdLPF8yymQIvE2tOCmiORj//ZQ8CGnnMByqIUl3LDKEXEwmcCpbk7EixkNAxGbKupj7xmOrF6TkJLmplgN1A6ucDTtXfHTHxlJp4jq5Ml1/0puJ/XjcC97IXcz+MgPl0NsiNBIYAT7PBAy4ZBTHRhFDJ9a6YjogkFHSCOR2CtXjyMmmdla1KuXJ7XqjW5nFk0RE6RiVkoQtURTeogZqIokf0jF7Rm/FkvBjvxsesNGPMew7RHxifP0BOm5k=</latexit>

EAB(u, ωC)

DA : covariant derivative of qAB qAB : Round 2-sphere metric
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Dynamical Einstein equations in vacuum
“Conservation-law”-type Einstein equations (w/ G & c)

NAB can be of order 10-1.5 c for BBH mergers 
Ylm moments of conservation laws related to Bondi-
Metzner-Sachs (BMS) charges

<latexit sha1_base64="jWbZEo1NswGM6ATqT00jD6tgfAE="></latexit>

ṁc2 =
c5

G

(
→ 1

8c2
NABN

AB +
1

4c
DADBN

AB

)

<latexit sha1_base64="Xs8NEMPHNjl25ImhU04PBFTTSws="></latexit>

ṄA = DAmc2 +
c4

4G
(DBDADCC

BC → D2DBCAB)

“Higher” evolution-type Einstein equations (quadrupole)
<latexit sha1_base64="dj0Xni0hDMJqsUE1u4OmMnMKC/c="></latexit>

ĖAB =

c

2
mCAB +

1

3
D→ANB↑ +

c3

4G

(
1

c
NCDC

CDCAB + CA
CD[BD

DCC]D

)

<latexit sha1_base64="0/kmg/ko3uABzJYiFtIOnVNNpno="></latexit>

+
c4

4G

(
3

c
DBN

BCCCA +
1

c
NBCDBCCA

)
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Asymptotic (BMS) symmetries

Symmetry (u=0):

↵(✓A), supertranslation; YA, Lorentz

Penrose (1963)

u0 = u+ ↵(✓A), ↵(✓A) =
X

`m

↵`mY`m(✓
A)

u<latexit sha1_base64="E3bDsP/IUkwbdvQWAMkWf/FTQfk=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCUVAsYCC2OR6ENqQ+W4TmvVcSL7BlSFfgoLAwix8iVs/A1umgFajmTp6Jx7dY+PHwuuwXG+rcLK6tr6RnGztLW9s7tnl/dbOkoUZU0aiUh1fKKZ4JI1gYNgnVgxEvqCtf3x9cxvPzCleSTvYBIzLyRDyQNOCRipb5d7IYGRDtIejBiQ+8tp3644VScDXiZuTiooR6Nvf/UGEU1CJoEKonXXdWLwUqKAU8GmpV6iWUzomAxZ11BJQqa9NIs+xcdGGeAgUuZJwJn6eyMlodaT0DeTWdBFbyb+53UTCC68lMs4ASbp/FCQCAwRnvWAB1wxCmJiCKGKm6yYjogiFExbJVOCu/jlZdKqVd2zau32tFK/yusookN0hE6Qi85RHd2gBmoiih7RM3pFb9aT9WK9Wx/z0YKV7xygP7A+fwCqA5RE</latexit>

✓A
<latexit sha1_base64="pRlb/X1XBpFfR0jIMB11lIMHkeg="></latexit>

~⇣ = ↵(✓A)~@u + YA~@A

Bondi-Metzner-Sachs (BMS) algebra 
Bondi, van der Burg, Metzner (1962), Sachs (1962)

Supertranslations Supermomentum
Lorentz Relativistic angular momentum

Supertranslation Charges

GWs change charges, but change in charges 
equals their flux
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Memory effect from charge & flux in vacuum
“Electric & magnetic parity” decomposition of CAB

<latexit sha1_base64="LFWY5+S+eWOlCmuAH7YdFzLJKDQ="></latexit>

CAB = D→ADB↑!+ ωC→BDA↑D
C”

<latexit sha1_base64="NQhp9UwZpqMEwu3LI4UpXopKTqI=">AAACHHicbVC7SgNBFJ2NrxhfUUubi0GwCrtRoo2QV2EZwTwgm4TZyWwyZPbBzKwQlnyIjb9iY6GIjYXg3zjZpNDEAwOHc87lzj1OyJlUpvltpNbWNza30tuZnd29/YPs4VFTBpEgtEECHoi2gyXlzKcNxRSn7VBQ7Dmctpxxdea3HqiQLPDv1SSkXQ8PfeYygpWW+tkL28NqJN241itDrVeBaj8uV6ZwA7YrMAGrAEmCYA41sOsjBtN+NmfmzQSwSqwFyaEF6v3spz0ISORRXxGOpexYZqi6MRaKEU6nGTuSNMRkjIe0o6mPPSq7cXLcFM60MgA3EPr5ChL190SMPSknnqOTySnL3kz8z+tEyr3uxswPI0V9Ml/kRhxUALOmYMAEJYpPNMFEMP1XICOsS1G6z4wuwVo+eZU0C3mrmC/eXeZKlUUdaXSCTtE5stAVKqFbVEcNRNAjekav6M14Ml6Md+NjHk0Zi5lj9AfG1w90FZ8e</latexit>

DADBCAB =
1

2
D!

Supermomentum 
“charge” term GW “flux” term

<latexit sha1_base64="hNaLPTYrW1chrxq9KhERU/5OMGI="></latexit>

D!” = 8!m+

∫ u

u0

NABN
ABdu→

GW memory

                       removes the         spherical harmonics 
(Bondi 4-momentum loss)  
For         get constraints on the change in the shear ΔCAB 

<latexit sha1_base64="fIxs+sP1Ti5f6qr7sAX1QrX8GK8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7AckoWy2k3bpZjfuboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmKLSp5FL1IqKBMwFtwwyHXqqAJBGHbjS+nfndJ1CaSfFgJimECRkKFjNKjJX8ADjHAYdH7PWrNbfuzoFXiVeQGirQ6le/goGkWQLCUE609j03NWFOlGGUw7QSZBpSQsdkCL6lgiSgw3x+8hSfWWWAY6lsCYPn6u+JnCRaT5LIdibEjPSyNxP/8/zMxNdhzkSaGRB0sSjOODYSz/7HA6aAGj6xhFDF7K2Yjogi1NiUKjYEb/nlVdK5qHuNeuP+sta8KeIooxN0is6Rh65QE92hFmojiiR6Rq/ozTHOi/PufCxaS04xc4z+wPn8AUQckJs=</latexit>

ω → 1
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ω > 1
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D = D2(D2 + 2)

CAB related to the strain measured by LIGO via

GR predicts a lasting strain after a burst of waves!  
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r(h+ → ih→) = CAB(e
AB
+ → ieAB→ )
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r!h+ = eAB+ DADB!”



Sources of GW memory in vacuum
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Ex. NSs/BHs  
scattering or BBH Kicks

Zeldovich & Polnarev (1974)

Ex: BBH mergers
Christodoulou (1992) 

Blanchet & Damour (1992)

Image Credit: SXS

“Change in charge” “Hard” flux 
of GWs
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2. Caveat on detecting GW memory

For binary black holes, the nonlinear GW flux term is the 
dominant contribution to ΔCAB and it has a distinct frequency, 
time, polarization and sky pattern from the “main” signal. 
The GW memory signal (the nonoscillatory, nonlinear term) will 
be used as the proxy for detection of memory with LIGO/Virgo 
in the detection forecasts.

Detectors like LIGO/Virgo measure a finite frequency range; 
the zero-frequency ΔCAB is not accessible to LIGO. 
When ΔCAB ≠ 0, there is a GW memory signal, hmem(u), 
computed from the conservation law that gives rise to ΔCAB, 
which has frequencies LIGO can measure.

<latexit sha1_base64="phIhXC9F0BKUh7jOQvxyNeii1VU="></latexit>
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u0

NABN
ABdu→
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Memory effect from BBH mergers

“Newtonian” expectations

Wiseman & Will (1991), Favata (2009)

m1 m2

◆
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a

⇥ sin2 ◆(17+ cos2 ◆)
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+ post-Newtonian 
corrections

�h+ =
G

c4
1

48r
�

✓
Gm1m2

a

◆
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r

Numerical Relativity (NR)

Mitman+, (2020)

Memory computed via NR and 
via flux term in supermomentum 
conservation agree well

Inspiral Merger/
Ringdown

Time



GW memory for GW150914
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Complete waveform

Waveform, no memory GW memory waveform
Test: Determine if waveform 
with memory is consistent 
with the GW data 
Forecast: Use additional 
signal-to-noise (S/N) in 
memory waveform as a proxy



3. Prospects for measuring GW memory
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BBH GW 
detections  
O3a

Nichols, (unpublished)

Signal to noise (ratio) (S/N or SNR); 𝜎 of a detection
h(f): Fourier transform of h(t)  
Sn(f): LIGO noise spectrum

<latexit sha1_base64="JvPdX/7QCkUtnd3xED7fICeHtSI="></latexit>

SNR2 = 4

∫ fhigh

flow

|h(f)|2

Sn(f)
df



Detecting memory in populations with LIGO
4

d = 410Mpc and fixed component masses (m1 = 36M�,
m2 = 29M�), but random values of inclination, polari-
sation, and sky position.

For each binary we calculate three (expectation val-
ues of) signal-to-noise ratios. Firstly, we calculate the
oscillatory signal-to-noise ratio, hS/N

cbc
i. Secondly, we

calculate the  -degeneracy-breaking signal-to-noise ratio,
hS/N

�hi (see Eqn. (1)). We include `  3 modes that
are key to resolving  . Measurement of hS/N

�hi > 0
is, in and of itself, interesting as it is evidence of higher-
order modes. We calculate that a single detection of a
GW150914-like event at design sensitivity will produce
an hS/N

�hi & 5 detection, suggesting this e↵ect can be
detected well before design sensitivity [see also 21–23].
Thirdly, we calculate the memory signal-to-noise ratio
hS/Ni. We only retain confident oscillatory detections,
hS/N

cbc
i � 12 [24].

The cumulative hS/N
tot

i is shown in Fig. 3. In the top
panel, the solid curves represent the expectation value
while the shaded region is the one-sigma uncertainty. The
blue curve sums the memory contributions from all bina-
ries. This is unrealistic as it includes binaries where we
cannot measure the polarisation, and therefore do not
know the memory sign. The red curve adds the mem-
ory contribution only from binaries where we are confi-
dent the memory sign is correct. That is, we only add
the memory contribution for signals with hS/N

�hi > 2,
implying we are & 95% confident that  is accurately
measured, and the sign of the memory is correct. We
have verified through simulations3 that we recover the
correct sign of the memory 95% of the time for signals
with hS/N

�hi = 2. Binaries that fail this cut are added
with memory hS/Ni = 0.

The bottom panel of Fig. 3 shows 20 Monte Carlo reali-
sations, highlighting the stochasticity of hS/N

tot
i growth,

and the contribution of the second cut. We highlight one
realisation in red, and show with blue crosses binaries
with hS/N

�hi < 2, and therefore have zero memory con-
tribution.

Figure 3 shows that one can expect an hS/N
tot

i = 3 (5)
detection of memory after ⇠ 35 (90) GW150914-like de-
tections with aLIGO at design sensitivity, although this
could happen with as few as ⇠ 20 (75).

In Fig. 4 we plot the cumulative Bayes factor of the
memory signal as a function of the number of events.
As with Fig. 3, we plot in blue the cumulative memory
signal from all the binaries, and in red we only add the
memory contribution from signals where we are confident

3
We perform a Monte Carlo study with GW150914-like binary

mergers at a distance such that
⌦
S/N�h

↵
= 2 with aLIGO sen-

sitivity. We compute the maximum likelihood using templates

with the correct sign of the memory, and with the opposite sign,

finding that the larger likelihood gives the correct sign of the

memory for 95% of binaries.
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FIG. 3: Evolution of the cumulative signal-to-noise
⌦
S/Ntot

↵

as a function of the number of binary black hole mergers. All
binaries have the same distance and mass as the maximum
likelihood parameters of GW150914, but have random distri-
butions of inclination, polarisation and sky position. In the
top panel, the solid curves represent the expectation value
and the shaded region is the one-sigma uncertainties. The
blue curve sums the memory signal-to-noise contribution from
all binaries, and the red curve assigns memory hS/Ni = 0 for
those binaries where the polarisation angle, and hence the
sign of the memory cannot be determined. The bottom panel
shows 20 individual realisations of the red curve in the top
panel. One particular realisation is highlighted in red; the
binaries assigned hS/Ni = 0 are shown with blue crosses.
In both panels, the horizontal dashed and solid lines show⌦
S/Ntot

↵
= 3 and 5 respectively.

that the sign of the memory signal is correct. Again, the
thick curves show the mean value and the shaded region is
the one-sigma uncertainties. As before we highlight the
stochastic nature of the growth of this signal by show-
ing 10 individual realisations. The results of Fig. 4 are
consistent with that of Fig. 3: one is likely to be confi-
dent of a detection of memory after ⇠ 35 events when
(lnBF)

tot
& 8

Repeating the simulations presented in Figs. 3 and 4,
but assuming that events are distributed uniformly in
volume, we find that the time to detection changes by
less than a few percent. This is because the growth of
hS/Ni

tot
is dominated by a relatively small number of

loud events.

Lasky+ (2016)

S/N of memory in population: 

hS/Ntoti ⇠
p
n

17

hS/Ntoti =
 

nX

i=1

hS/N�hii2
!1/2
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Population consists of 
GW150914-like events 
Make multiple realizations 
of this population 
Only count events with 
measurable higher 
harmonics of the GWs

HM 
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Simulate multiple realizations of a BBH population consistent 
with O1-O3a LIGO BBHs; take median and 1-sigma error 
Number of BBH detections required is a few times 103!

Grant, Nichols (2023)



8

0 5 10 15 20 25 30
Time from current catalog [yr] at O4a sensitivity

0 2 4 6 8 10
Time from current catalog [yr] at O5a sensitivity

0 1000 2000 3000 4000 5000 6000

Number of GW observations

100

68
%

h
al

f-
w

id
th

on
A

joint (N � 2,748)

memory only (N � 1,981)

1� away from zero

current N0 = 152

FIG. 3. Evolution of the 68% half-width on A as a function of the number of total GW observations. Yellow shows the projection
for future O4a-like observations using the 68% half-widths on µ! and ω! from the joint analysis on the current catalog of events,
while blue shows the projection based on the 68% half-widths from that of the memory-only analysis. The thick line for each of
the two curves represents the median across many pseudo-catalog realizations, while the bands show the central 68% spread.
The vertical dotted line shows the current number of events analyzed: 152. The horizontal dashed line shows the point at
which the 68% half-width on A is constrained to be less than 1. The vertical dot-dashed lines show the number of observations
required for the median 68% half-width to cross 1, i.e., to constrain A away from zero. The top axes show the observing time
required to hit the number of GW observations shown based on the O4a and O5a rates of 180 and 500 events per year [116].

where

sµ → !µ0

√
N0
N

, (4.2a)

sω2 → !ω
2
0

N0
N

(4.2b)

for !µ0 and !ω
2
0 the 68% half-widths computed from the

current µ! and ω
2
! posteriors. From these, we can then

draw hyperposterior samples for this pseudo-catalog via

µ!,r ↑ N (µ̂r, sµ) , (4.3a)
ω

2
!,r ↑ InvGamma (ε, ϑ) (4.3b)

for

ε → 2 + ω̂
4
r

s
2
ω2

, (4.4a)

ϑ → ω̂
2
r(ε ↓ 1). (4.4b)

The inverse-gamma distribution used to represent ω
2
!,r

is constructed in this way so that it corresponds to a
scaled inverse-ϖ2 distribution whose expectation value
and standard deviation match ω̂

2
r and sω2 . With each

µ!,r and ω
2
!,r sample, we now draw a value for Ar, i.e., the

pseudo-catalog realization of A, as Ar ↑ N (µ!,r, ω!,r).
And, finally, across all of the Ar draws, we can measure a
68% half-width !Ar to understand how our uncertainty
on A changes as we observe more and more GW events.
By repeating this over many pseudo-catalog realizations,
we can obtain an ensemble of possible future realizations
of !A as a function of the total GW catalog size N .

In Fig. 3 we show the results of conducting this analysis
for !µ0 and !ω0 taken from the joint analysis (yellow),
and also the less-meaningful memory-only analysis (blue).
In slight disagreement with Refs. [42–46], we find that
we need O(2,500) events to constrain the 68% half-width
on the memory enhancement factor to be away from 0.
Based on the horizontal axes on the top of the figure
which show the time required to reach the number of
observations shown on the lower horizontal axis for the
event rates of 180 and 500 per year for O4a and O5a [116],
this means that we may be able to observe memory by
the end of the O5 observing run, since this is expected to
have an observing window of ↑3 years, though the end of
the O6 observing run is likely a more realistic timescale.

Memory detection and hierarchical inference

19

Suppose htot = hosc + A hmem with A normally distributed 
Constrain mean & std. dev. of A to be 1 & 0, respectively

Mitman, Isi, Farr (2026)
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4. Higher GW Memory Effects

Mass aspect evolution predicts offset in electric part of CAB, 
but offset in magnetic shear not predicted for BBHs. 
Do the evolution of higher Bondi aspects constrain CAB?

“Electric/Magnetic” decomposition of CAB

The angular momentum aspect evolution constrains both 
electric and magnetic parts of the time integral of CAB 
Magnetic part (“2D curl”) is “spin memory” Pasterski+ (2015) 
Electric part (“2D divergence”) is “center of mass (CM) 
memory”; more subtle because CAB has an offset Nichols (2018)

Angular momentum aspect and time integrals of CAB

<latexit sha1_base64="zHqkfbl5aHYqBXB914gS7UKT+nA="></latexit>

CAB = D→ADB↑!+ ωC→BDA↑D
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Spin memory sources in vacuum
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FIG. 1. Illustration of the BH binary initial configuration.

boost parameter γ, the magnitude of the dimension-
less spin χi = Si/M2

i (where in all of our simulations
χ1 = χ2 = χ), the initial separation d, the impact param-
eter b = L/P and the orientation of the spins measured
by the angle θ relative to the coordinate axis connecting
the initial BH positions (see Fig. 1). For both sequences,
we fix the boost parameter γ = 1.52, corresponding to
P/M = 0.374, the dimensionless spin χ = 0.621 and the
initial separation d = 58.2 M . The two sequences differ
in the impact parameter; b = 3.34 M for the s-sequence
(scattering) and b = 3.25 M for the m-sequence (merging
binaries). We carried out a total of twenty simulations for
selected values of the angle θ in the range [0◦, 360◦]. For
comparison, we also present results from two nonspin-
ning, equal-mass binaries with the same rest mass, boost
and impact parameters. Radiated energy and angular
momenta, and (for the merger cases) final horizon prop-
erties are summarized in Table I (some of these quantities
have not yet been introduced, but they will be defined
later on in the paper).

B. Computational grid and uncertainties

We have evolved all binary configurations on a numer-
ical grid consisting of ten nested refinement levels, three
levels with one component centered on the coordinate
origin and seven levels with two components each, cen-
tered on either BH. Using the notation of Sec. II E of
Ref. [14], the exact grid setup in units of M (rounded to
three significant digits) is given by

{(258, 184, 92)

×(13.8, 6.90, 3.45, 1.73, 0.863, 0.431, 0.216), h} .

Our standard resolution is h = M/223, but for conver-
gence testing we have also evolved one merger case us-
ing a coarser resolution hc = M/195 and finer resolution
hf = M/250. GWs have been extracted on a a set of six
concentric spheres of coordinate radii Rex = 57.5M to
86.3M in steps of 5.76M .
The convergence analysis for the recoil velocity is

shown in Fig. 2. Here we define a time-dependent kick as
the quotient of the radiated momentum and the final BH
mass: vkick = −Prad(t)/Mfin. The figure demonstrates

Mergers Scatters

Average Max. Dev. Average Max. Dev.

Erad/M 0.295 2.3% 0.252 2.2%

Ephys/M 0.265 2.6% 0.222 2.1%

Jrad/J 0.643 2.6% 0.580 1.2%

Jphys 0.605 5.2% 0.531 0.7%

Mirr/M 0.607 0.3% — —

jfin 0.869 3.2% — —

jQNM 0.890 4.4% — —

jAH 0.889 2.2% — —

TABLE I. Initial and final parameters for the two sequences of
binary models. Note that in all cases the estimated uncertain-
ties in these quantities (not shown) from numerical truncation
error or finite extraction radius is larger than the intrinsic
variation within each sequence, including the two nonspin-
ning comparison cases. Therefore, rather than list the values
for all the separate cases, here we just list the average value,
and the maximum deviation relative to the average. Note
that for merger cases we only have apparent horizon informa-
tion from roughly half the simulations, and so corresponding
averages and deviations for the mass Mirr and spin jAH only
include those.
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FIG. 2. Convergence test for the recoil velocity vkick(t) ≡

Prad(t)/Mfin. The convergence factor Q2 = 1.459 corresponds
to second-order convergence.

second-order convergence. Richardson extrapolation re-
veals a relative uncertainty of the numerical kick velocity
obtained with medium resolution of about 9%.

A second main source of error is inherited from the use
of finite extraction radii. We study the resulting error by
analyzing vkick(t) extracted for the high-resolution simu-
lation of the test model at six different radii in Fig. 3. For
this purpose we have first aligned the velocity functions
in time to compensate for differences in the propagation

Ex. Unbound spinning 
objects

Pasterski+ (2015) 
Ex: BBH mergers

Nichols (2017)

21

Charge term Flux term for 
GWs

Integrating will lead to a change in the time integral of shear

<latexit sha1_base64="UHHhG6TS0tQWI1qvvl8hAFgZAtM="></latexit>
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Spin memory effect: Non-spinning binaries
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Flux term is the leading PN contribution, which is proportional 
to the flux of orbital (not spin!) angular momentum Nichols (2017)   
Appears in shear at 2.5PN order (previously computed) Arun+ (2005) 

Flux part of the spin 
memory is larger than 
the “charge”, which also  
won’t produce an offset 
in integrated shear 
Shear has distinctive, 
functional dependence in 
time, freq., polarization 
& sky pattern
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FIG. 4. Contribution from the fluxes and the charges to the real part of the (2, 0) mode (top row) and the imaginary part of
the (3, 0) mode (bottom row) of ⊋2ω̄. Each column corresponds to the contribution from terms appearing in that moment of
the news, e.g., the first column shows terms that appear in the balance law for the zeroth moment of the news. Certain panels
are scaled by certain factors to make the comparison of each term more straightforward. For the second moment of the news,
we show the sum of the F2,n fluxes, for n → {0, 1}, since the individual fluxes are notably small.

tory contribution to these terms which would otherwise
look like derivatives of step functions [52, 53].9

Finally, in Fig. 4 we show how the nonradiative fluxes
and the charges contribute to these modes. As is shown,
the main observation is that beyond the curves that
correspond to the displacement and the spin memories,
which exhibit dominant contributions from the fluxes, the
remaining curves are dominated by contributions from
the charges. This is expected because of the following
heuristic argument.

First, note that the total signal in Fig. 4 is predom-
inantly non-oscillatory, for both the electric and mag-
netic parts of the shear. Flux contributions, similarly,
seem to mostly be non-oscillatory, whereas charge con-
tributions appear to mostly be oscillatory. By comparing
Eqs. (3.25), (3.26), and (3.27), it is apparent that (up to
angular operators) the contribution to the shear from the
order n charge can be written as the sum of the order n+1
charge and flux contributions (for a similar discussion,

9 We thank David Nichols for bringing this observation to our at-
tention.

see Ref. [54]). Except for the case when these two contri-
butions sum to the total (mostly non-oscillatory) signal,
they are therefore summing to a piece which is mostly
oscillatory. As such, the mostly oscillatory charge contri-
bution of order n + 1 must be dominant over the order
n + 1 flux contribution, and this pattern should persist
for all of the higher memory e!ects.

V. DISCUSSION

In this work we provide straightforward expressions for
the first three moments of the news (that is, the displace-
ment, drift, and ballistic memories) in terms of charges
and radiative and non-radiative fluxes as well as the first
numerical calculation of these terms in the context of
a binary black hole merger. Besides providing a hier-
archy for these terms in terms of how much they con-
tribute to the various memory e!ects, we also explore
how much the morphology of these contributions match
“derivatives of step functions”, which is what they should
resemble if one assumes that they predominantly source
non-oscillatory memory e!ects. In particular, we find

Grant & Mitman (2024)



Planned GW detectors on Earth (3G)
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5. Detecting spin memory with ET and CE
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Einstein Telescope

Nichols, (unpublished)
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25Detection possible in O(1 year) with O(104) events!
Siddhant, Grant & Nichols (in prep)
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Computing CM Memory
Compute DANA and use equation for the mass aspect:

<latexit sha1_base64="2uoinP4E1BLaXBh2BSH3ZU9bNt4="></latexit>

D2D!” = D2

∫
NABN

ABdu (Displacement memory from before)

(New flux and charge terms, which when integrated produce 
an offset in the time integral of shear)

GW memory signal from CM memory looks qualitatively the 
same as the spin memory, but is ~1/2 the magnitude.

Dominant non-oscillatory contribution comes from the 
charge term (“stationary-to-stationary” approximation):

<latexit sha1_base64="iA7o7vZuoVA6S/PmRPPzu/GZPt4="></latexit>

DAṄA = →3

2
ωu(m(ω=0)D

2!mem)

<latexit sha1_base64="KPXpLdSG8eLcWTcZe5RejWcXby0="></latexit>

→2DA
(
4ṄA + 3DBN

BCCCA + NBCDBCCA

)
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27Detection also possible in O(1 year) with O(104) events!
Siddhant, Grant & Nichols (in prep)



Yet higher memory effects
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Next higher memory comes from the “quadrupole” aspect 
Grant and Nichols (2022); also called “ballistic memory” Grant (2024) 
PN calculations: displacement, spin, CM and ballistic flux 
terms all contribute to the nonlinear radiative multipoles in 
the known 3.5PN waveform (also charge contributions) 
Siddhant, Grant, Nichols (2024) 

(Displacement and CM memory signals from before)

(New charge and “pseudo-flux” terms for ballistic memory)

<latexit sha1_base64="FUXnhXdkFQDAw3TlOjKzCASLbis="></latexit>

D2!” = D
∫
NABN

ABdu→ 2(D2+ 2)DA
(
3DBN

BCCCA+ NBCDBCCA

)

<latexit sha1_base64="S0hjhywdgU/Feag8acZVXUgTKpk=">AAACIXicbVBLS8NAEN74rPVV9ehlsQj1YElEao99HTxJBfuAJobNdtMu3TzY3Qgl5K948a948aBIb+KfcZP2oK0Dw3x8M8PM9zkho0Lq+pe2tr6xubWd28nv7u0fHBaOjrsiiDgmHRywgPcdJAijPulIKhnph5wgz2Gk50yaab/3RLiggf8gpyGxPDTyqUsxkoqyC1XTQ3Is3BhewpZdV9mAZoi4pIjZERyU7uy42Upg8zEtF2mtNxILJnahqJf1LOAqMBagCBbRtgszcxjgyCO+xAwJMTD0UFpxegozkuTNSJAQ4QkakYGCPvKIsOJMYQLPFTOEbsBV+hJm7O+NGHlCTD1HTWZ6lnsp+V9vEEm3asXUDyNJfDw/5EYMygCmdsEh5QRLNlUAYU7VrxCPEUdYKlPzygRjWfIq6F6VjUq5cn9drDUWduTAKTgDJWCAG1ADt6ANOgCDZ/AK3sGH9qK9aZ/abD66pi12TsCf0L5/AHsGoUE=</latexit>

→DADBωu[(NCDC
CD)CAB]

(New flux term for ballistic memory)

Electric-parity part from

<latexit sha1_base64="sL5kRFGfE5EppRQ3pCe42fM8XDc="></latexit>

+24DADBËAB +
3

2
DADBDωu[!(→C)AB → ”CAB]



Ballistic Memory
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Forecasts of ballistic memory in progress 
Have computed charge, but not flux or pseudo-flux terms 
Charge part is small:
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<latexit sha1_base64="Mem2YivpW0S/PXDAKWeF2HfujRY="></latexit>

(D2 + 6)DADBEAB = →2

3
[2DADBDC(NACBC)→ D2DB(NCCBC)]

<latexit sha1_base64="S5PfHjQaxr2iLQgAgJQk3wfv1mM=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KolK9Vj04rGC/YAklM120i7d7MbdjVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpZxp47rfzsrq2vrGZmmrvL2zu7dfOThsa5kpCi0quVTdiGjgTEDLMMOhmyogScShE41up37nCZRmUjyYcQphQgaCxYwSYyU/AM5xMIBHfNGrVN2aOwNeJl5BqqhAs1f5CvqSZgkIQznR2vfc1IQ5UYZRDpNykGlICR2RAfiWCpKADvPZyRN8apU+jqWyJQyeqb8ncpJoPU4i25kQM9SL3lT8z/MzE1+HORNpZkDQ+aI449hIPP0f95kCavjYEkIVs7diOiSKUGNTKtsQvMWXl0n7vObVa/X7y2rjpoijhI7RCTpDHrpCDXSHmqiFKJLoGb2iN8c4L8678zFvXXGKmSP0B87nDz98kJg=</latexit>

ω → 3

Siddhant, Grant & Nichols (in prep)

Will need to go 
beyond current 
approximation to 
compute the flux 
terms 



6. Conclusions
GW memory from BBH mergers is an observational 
signature of conservation laws in asymptotic flatness 
LIGO (A+) can detect it in a population of mergers

30

Two generalizations of memory effects related to angular 
momentum evolution: spin and CM memory 
Spin memory and CM are measurable by CE in populations

A new hierarchy of potentially measurable memory effects 
related to higher Bondi evolution equations.  
Initial calculations suggest beyond CE, but more work needed


