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Linear memory
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Gravitational-wave bursts with memory
and experimental prospects

Vladimir B. Braginsky* & Kip S. Thornet

* Physics Faculty, Moscow State University, Moscow, USSR
T Theoretical Astrophysics, California Institute of Technology,
Pasadena, California 91125, USA
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Linear memory
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Non-linear memory

i +00 F
63(&ﬁ)=f |o|2dt |- AP,

—

Nonlinear part Linear part

Christodoulou
PRL 67, 1486 (1991)

total energy carried by GW along a
given direction per solid angle




Memory and soft theorem

MEMORY
EFFECT

THE i) Weinberg - photon O(})
TRIAD ii) Weinberg — graviton O(L)

iii) Cachazo & Strominger — graviton (1)

Soft Factors

N\

Memories Symmetries
(global) (asymptotic)
i) Liénard-Wiechert / Bieri & Garfinkle i) e-charge large U(1)
' ii) Zeldovich & Polnarev / Christodoulou i) p# supertranslations
S O F T I DENTITY A SY’ h[l’) T OT I C iii) Pasterski, Strominger, & Zhiboedov iii) Jrv superrotations
THEOREM SYMMETRY

S. Weinberg Phys. Rev. 140, B516 (1965)
A. Strominger, arXiv:1703.05448

memory = ‘linear part’ + ‘nonlinear part’
linear part’: changement of charge distribution (ejection of charge to spatial infinity)

‘nonlinear part’: charge flux at null infinity
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EOBNR waveform model for GW memory

 GW memory mainly happens at merger for BBH
* PN approximation is not valid for merger stage

" Merger ' Ringdown
5 / 7T

* We need a REAL waveform model for GW memory

Inspiral
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NR results on memory before 2021
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Calculate GW memory accurately

I}

ﬁ% A

- ;:;'T'THT} i
ol

Null infinity: mathematical
word of radiation region

Balance relation at null infinity
S =3 4+ 0°03, U§ = —35°, ¥ =—5°

PN approximation - adiabatic approximation (otherwise exact)

Weak field + h=h"+h"™
slow velocity B s ™

h'™(t) = f[h"(2)]
X. Liu, X. He, and Z. Cao, Phys. Rev. D 103, 043005 (2021)
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NR results on memory after 2021
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Memory on detector

h=R(FT+iF>)-(h"” +h™)]

h(t = c0) = R[(FT 4+ iF>*)h™]
At £t =00, h" = h™ = 0

So, our previous GW memory calculation result is exact, no approximation is needed

Instead of measure the waveform,
we concern the overall GW memory on the detector
%4 o _ |
=75 R(FT(0,0,9) +iF>(0,d,19))x

T Y: hhn} th(e’ 3)

[—2 ymp——1]
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I—=2 rip——1

N .
A D F_F(Q‘ D, 'I_jﬁ-')h.fg'ﬂy_ggﬂ(ﬂ),

1 .
EFV(0,0,9) = —5(1 + cos? @) cos 2¢ cos 21

— cos 0 sin 20 sin 2.

F>(0,0,1¢) = —(1 + cos? 0) cos 2¢ sin 2
— ¢cos @ sin 2¢ cos 2¢,

The overall GW memory depends on parameters
("ﬁf? {I‘ fl ? fg' D*. .-:',__ 9, C)-. Lﬁ)

Where /; lfm has been calculated by our previous EXACT calculation,
~ is determined by (M, q,x1,X2)

= R(F(0,p,v) +1F>(0,d,1))x



Golden events for GW memory
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Stochastic background of GW memory

D' 'l..--_
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Multiple successive GW
memory events

behave as one dimensional Brownian motion

OO
?JJE — E %[(F_}-(HJ.(_'JJ_ L--'J;) —[— !_F}c (Hj.f_;'_?j. !-*l1j))><
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(OMN2(t)) = 2Dt



SGWMB for BBH mergers
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A = gj F+(91 q‘f}.}, ‘LEI))Y_EQD(E)[U.DQSQ —+ 0-0562?(11[::_'_
L

0.0340x 7, + 0.0296x; , + 0.0206x,,,](47)" 7,

 — Wl %\/l — 4nxa,
Xeff = (M1X1 + maX2) - N /M,
XA = (max1 — ma2X2) - ﬁ/ﬂf:
parameters 11 2, X1.2, D, t, 8, @, and ¥ are random variables.
o2 — (A2) — (A)2.
A = ApbhAang,

gi [0.0969 + 0.0562x,,+

0.0340x 73, + 0.0296x3,, + 0.0206x3,,](4n)'-%7,
Aang = F+ (9- (35': w)Y—fEEU(L)'

Abbh —




parameters mi1.2, X1.2, D, ¢, 8, ¢, and %> are independent

‘ Apbn and A, areindependent

uniform distribution of ¢, #, &, and ¥

) (Aang) = 0

(A) =0

- 1
or  — .
e 207

I

<'A§ng> I (Aﬂng } ’

oton = (Afun) — (Abbh)?Z, tbbh = (Abbh),

g =0 a2 — 12 —— # o2 — L2
= ang bbh f 'bbh — \W bbh F bbh"

Hbbh, T bhL and A\t . are determined by and only by event rates of BBH merger

Corresponding theoretical D: 3.16 x 10750, 8.41 x 10*" and 1.73 3 10~



Power spectrum of SGWMB

2
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Energy flux and GW memory
i = Dibf_; i { f D} F°- _”;'3 Ndﬂ’] v
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GW memory from cosmic radiation
At

_—lﬁ 1 1 1

ds = R » hx = F° x — =
== R D? ~ &?R?

[ )] f* —
hzl'};r]n — BQWR\/E{ n 2%, f /(!2(tI)FDdf[OEm]dQI-l > 2.
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GW memory from Cosmlc radiation
f’J:_lj(:H, r,‘;) — Z Z

From source frame =2 m——1
to detector frame (R, ™ 2Yim (7 — 0,27 — ¢)]ef (7 — 0. 27 — &)
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Anisotropic cosmic radiation
produce GW memory

o0 [
F° = Fop(t', &) =Rt Y 7 ’f””‘”mm} |
S N
p(0,¢)dY =1 - D
/ W Imij = = 327 ) / Q}Em( —~ 0,25 — O)X
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GW memory effect on FRW metric

i}
ds~

—dt* + a*(d;; + hij)dz' da?

4

{:E(S.gj = rftﬁ,;j -t ﬂ,li.t.gj

Hy = Hj 5.,;5.- += h-,;j '\ RN
< T\ W)\
-0.02 : \\_'-[
MNRAS 519, 4841-4855 (2023) https://doi.org/10.1093/mnras/stac3812 M o s=0um@
Advance Access publication 2022 December 30 ” i SRR F S50
e o ok o
The quadrupole in the local Hubble parameter: first constraints using
Type Ia supernova data and forecasts for future surveys s
Suhail Dhawan “,'* Antonin Borderies,”> Hayley J. Macpherson®* and Asta Heinesen®* < o ‘\w\‘ \.1
H(e) = Hu + Hy - ee Fquaa(z, S) |
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GW memory due to CMB
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GW memory due to CnuB

2H g c 0 — 1 Zi Ty,
Fo=—g -t YT h2 93.2eV
0.06eV < > .m,, < 6eV
pRmovE () % 107 18g71 Z my, < 93.2 x 10'® x hZTeV
5] o = -
=
‘ T ~ 10191 [MNRAS 519, 4841 (2023)]

i 99 ‘
pmcvB 5 10722571

ij
E my, < aeV

i
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GW memory due to SGWB

Standard inflation theory predict: PCW

R ~ 1017s
\

1015 for above frequency 1(0)—17Hy

4

Fp = 1022
}

hi; < 108~
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GW memory due to SGWB

32 19 _ :
# ""-‘10_428 - R ~J ]_UlTS

\ )
I

R

h_?;relicSGﬂfE E 10~ 935— 1

CMB + BAO +BBN: Fjj < 3.8 x 105 x
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GW memory due to SGWB

3
From CBC: QGW(f) - J‘Ln_:f ( f ) .
fref
9Hg Avref - Since f merg > ftorm We have
F[] ]_6;{1} ( fmerg ffgrm) 4
IEf F ~ QHEA fmerg 2
’ 167 i fref
LIGO: _.{41"ef < 10_9 E_.‘Lt- fref — QSHZ fn]_erg ~ lOQHZ # FD e 10_44q_2
PTA: Ao < 107% at fre = 1078Hz fmerg ~ 107°Hz m) [, < 10392

h ?;stelarCBCSGWE ~ 10~ 28 —1
Mg : C 4 s
htj uperCBCSCWB ~ 10 238 ]_




GW memory due to SGWF

From GW foreground of binary white dwarfs:

Sh(f) ~ 1.9x 107%(f/Hz)""/3Hz™!

Dchar ¥ Rgal M::.char e
6.4 kpc 0.015/yr / \ 0.35 M,

\

2
F{} ~ A5 x 10~ 44 (fup f1§W>

fup — ‘liw ~ 1 R ~ 104sg

\ J

hi’?BWDEC‘WB <10~ '34 —1
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Summary

« GW memory is an outstanding character of GR

* Waveform model of GW memory has been constructed and
detection is possible

* Overall GW memory has been estimated, and golden events
have been shown

« SGWMB of BBH mergers is promising for LISA/Taiji/Tiangin

« GW memory of ChuB may be detected or be used to constraint
mass of nu

" !
- ) 2\

L T R W MR —22_ —1 < oc0d | -\‘(*\_ \§
0.06eV < Z? my, < 6eV - hi; o > 1077"s X))

-------



