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What is the gravitational-wave memory?
example: nonlinear memory from binary black-hole mergers

total signal
(oscillatory + memory)

oscillatory waves
(no memory)

The memory slowly builds up during
] the inspiral, grows rapidly during the
merger, and saturates to its final value
§ during the ringdown.
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Why is this called OmemoryQO?
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The linear and nonlinear memory:
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Understanding the memory:
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Understanding the memory:
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Understanding the memory:
the linear memory effect
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Understanding the memory:
the linear memory effect
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Understanding the memory:
the nonlinear memory U'+4;751A16216%VWha%D2.0=+ 5%\%8&.J1
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Understanding the memory:
the nonlinear memory U'+4;751A16216%VWha%D2.0=+ 5%\%8&.J1
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Understanding the memory:
the nonlinear memory U'+4;751A16216%VWha%D2.0=+ 5%\%8&.J1
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Understanding the memory:
the nonlinear memory: inspiralling binaries
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Nonlinear memory for inspiralling binaries:
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Nonlinear memory for inspiralling binaries:
BES("%0#506$"()#810',90%":" *0/#$G0

v IHI%07 ;4. F%=;4=6214F%00;03%Q;7,J.0%\%Q;22%]Wh%
v'%sHI%;07:;4.2F%=;4=62.4F%0107:;00;03(%Zi%]"W.%

v %"H1%;07:;4.2F%,==,054;=F%0107:;00;03(%Zi%]hh%
{%J,43,4N4;03A1—0EEW:;OO;OEF%,k6.29J.77(%Zi%]"WLF%Vh"%%
v'%J,43,4N4;03A1-0F%.2;30,A97:;07F%,k6.2H1220%&Pq; 77-,3%Vhh%

v %=46A,%A,5,=5.L;2;5K%,7>J1.5,7%<14%!"g1%\%!"#$ (PHIZAZOMWT: 7o'V {3069
v'%,7>J.5,7%1<%4,=1;29;0A6=,A%tlIZ%&1::2,4%7+;u%.0A%J,J 14K (%Zi%]’

v'%:627.4%>J;03%756A;,7N7, 4S1BWAWF &/ 1B/e,0 %\%!,/;0%VHTHYGEY,5
2]n"FRAA, 7%\e60,5%VhXF%Z. A TABERPE%[,40,, %Vh F%Q.03%hsf82%
14816J.0;.0 %,5%n2%

V1. 7TEK%, 5?%F%" #$ %A,5,=5.L;2;5K%/;.%=1JL;0.>107%1<%J62>:2,%,/,05
Ug,,%.271%J.5+,J.>=.2%.7:,=57%1<%JD14R&V0OE 2 F%2; 7F%Q.2A?Y %



nonlinear memory from circular binaries:
3PN h,, modes and polarization

2nMax

1 > p
hyx = H,. + O (ﬁ) , whereH, , = Z;r“szi__'fJ.

n=0

KFLMOH7%2130C"(30NOC

(0,mem) 1
H = ags%e so(17 4+ ¢),

(0.5, mem)
H =0,
o) _ o [ 354241 62050 , 4195 , L}GGT 037 “ .}
+ %6 | 72064384  1032192°©  Gss12s @ T 7 192°©

3 H
H{l .5,mem) : \\ l\
- "
fy(2imem) 9 3968 456 539 75601 0 7169749
= s c —_—_

* ©| 9364 “ %nzz 913 08 © " 15925243° 18579 456

13220477 Y‘ 25115 \_ 07 , 5179 , 44765 , 3395 ) ,
7 73% 147456 36864© T 1a7as6© T 737280 ) 1|
Q ) ‘
t\““ “\w "’—— 21504( — 4n)sg (509 + 472¢3 + 39¢c5)
L\\‘H‘mpm) 2 { 69549016726 181 6094001938489 , 1416964616993 , 2455732667 ,

+ Coy — C
16 146017820672  23073008910336 ©  153%2005940224 © ~ 78479622 144 ©
9979199 s 1355497856557 348572 3769402979 20572\ N 31566573919 y
— o =aCe — — — c
2491416576 © | 149824733 184 9216 1682022912 9216 ) © T 10041577728°°

788261497 302431 31_ (5319395 24019355 , 4438085 , 3393935 4 7835 S)I?Q

1

3567255552 © T 9437 184°© 28311552 99090432 b~ 3145728 o 7077888 - 03304 ©
(1433545 752315 , 129185 , 389095 , 9065 )n’"}

63700992 | 15925248°© T 2359206© T 1179648 T 131072©



nonlinear memory from eccentric binaries
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Spin-orbit corrections to nonlinear memory ( inspiral ):
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Merger/ ringdown memory ( honspinning ):
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Merger/ ringdown memory ( honspinning ):
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Detectability of memory: 10
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Detectability: aLIGO (preliminary)
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Detectability: future ground-based (preliminary)
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Detectability: future ground-based (preliminary)
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Detectability: stacking multip
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FIG. 3: Evolution of the cumulative signal-to-noise  SIN
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!S/N" = 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!S/N" = 0 are shown with blue crosses.
In both.panels, the horizontal dashed and solid lines show
'SIN,, =3 and 5 respectively.
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Detectability: OorphanO memory,

Z=1,:22F%4.0, F%BEK6]N %

%

= Z,J14K%=1J:10,05%1<%+;3+9

<4,k6,0=K%L6475%=162A%L,% 1005+ 0/n

1"#3$%L.0A?%%

FIG. 3: Strain amplitude spectral density. The dashed curves
represent the noise in three di! erent detectors: Advanced
LIGO (black) and three dedicated high-frequency detectors
(colored). For each dedicated detector, we plot the amplitude
spectral density for a sine-Gaussian burst in the middle of
the observing band (colored dotted peaks). The peak height
is tuned so that the oscillatory burst can be observed with a
signal-to-noise ratio !S/N " = 5. The solid colored lines shows
the amplitude spectral density when we include the memory
calculated with our Pducial value of !. The memory bursts
produce large signals in Advanced LIGO, with 'S/N " ranging
from 300 to 10°.
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Spin memory:
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where



Summary:
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