


“The Persistence of Memory”
(also known as “The Soft Watches”)
Salvador Dali, 1931




Gravitational wave memory

Ahppem = h(ti, = —o0) — h(tfin - oo) # 0
~= | inear (ordinary) memory generated by unbound energy flux (e.g. hyperbolic encounters... )

Zeldovich & Polnarev'74, Brangisky & Grischchuk ‘85, Brangisky & Thorne ‘87

=~ Nonlinear (null) memory generated by outgoing radiative energy flux to null infinity

Christodoulou ‘91, Blanchet & Damour ‘92, Wiseman & Will '91...

Juv = .gfw + h[ilv (.g/,w> = gﬁv =Ny T hﬁv
Dhgv —0 Wave equation
Gow=0 = L . .
Ohy,, = —16nG t,,[h"] Backreaction of high frequency

component



o
= \A’ Christodoulou ‘91, Blanchet & Damour
Non Ilnear G memo y '92 Wiseman & Will '91...

GW of a binary BH system:

without memory with memory
— strain :strain 3
0.1 e 1 dEGW C . 2
0.11 n tij 7 TlJle"’ <|hH(t, .Q)l >
. /\ /\ /\ /\ R2 dtdn 16nG
£ 0.0 /\ /\
% 0.0
e \/ V V U spacetime average over the short
. | . , il ‘ ' . . scales important for conservation
—400 —300 —200 —100 O —400 —300 —200 —100 O : :
e B and gauge-invariance of GW
S " N Ny e.m. tensor
g
L 0 Thorne Formula:
- TT
> TR dE n'm’
1 1 GW k
1 ! hT“(TR)——J w jdd’ g
T2 0 1 2 T2 0 1 2 t'd'|1—n"-N|
horizontal position horizontal position



Integrating the energy flux
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Harmonics decomposition of the
— - oscillatory GW source as input Vs

; / it gy

Selection rules m=0, =2 mOde G hllml i’l«;:nmn X x’(e_i(m’ —m”)? X = (Mw)2/3
(2,0) (2,2) Non-oscillatory for m" = m"’
mode mode | Other oscillatory modes suppressed

by the average procedure
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Extreme memory case

Equal-mass, nearly extremal aligned-spin binary

g=1,  y1-=y2-=0.998797 e equal Mass, edge on
o0k T M | | == gverage memory
0.15F
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Fourier Transform of the memory

Fourier Transform of a step function —» —

Characteristic strain for f < fiuergers

flﬁ(f)l = Ahppem /2T
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Largest laser
interferometer
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LISA response to GW Memory: time domain

GW memory imprint of a binary merger with My, = 10°Mg,q =1,z = 1,1 =7—2t
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No SN feedback

SN feedback

Expected number of events (4-years observation)

Memory SNR : Memory SNR
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Bayes factor: B = Z"J’Zﬂ with evidence Z = p(d|m),

o
~ o+mem o _ Waterfall plot of detectability featuring Bayes factor computation
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Probability of having an iteration with SNRpyem > X

100 —— noSN_short_light
= noSN_short_heavy
Nb of events Nb of events Nb of events - -
B v A — e
detﬂ:tﬁi SNIann>3 SNIzrnern>5 l Bcum“l>2 80 no —aelays_lig
0810 —— SN_short_heavy
Short Light 0.099 0.0*99 0.0t09 N\A —— SN_delays_heavy
dela Hea: 102448 g7hie 3710 7001 = ~ SNRmem =5
Yes s - vy +;:)7 ;‘1,50 ;(1)00 _0.6 S 60 71 Unfavorable to detection
Light 0.0%50 0.0%9,0 0.0%5,0 N\A >
v Heavy 21758 1'gs 8070 L7707 £
Short Light 380110 20738 10729 108757 =
448 +16 +10 +0.8 e 40
No delays Heavy 1033755 8175 32790 73 07 o
Light 13.0'89 1039 1.0%29 5248
Delays Hea 8.0%50 1.0'39 3.0%39 1.8 04
vy Va0 -UZ30 U 3.0 0 0.6 20
TABLE V: Table with the expectation of detection for different models, using Barausse’s populations. The values
are provided as median®37 to reflect the asymmetries of the distributions. 0
0 40 50 60

LISA fundamental Physics WG
A.Cogez, SG et al. 26

Latest updates on population

studies




A. Cogez, S. Gasparotto
Uncertainty on amplitude reconstruction etal., 26
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?  GW memory as a powerful tool for testing GR in a strong regime  ?

Relative error on the memory

amplitude




Scalar-vector-tensor (STV) theories:

; The structure of the tensor memory is

1 . .
= ﬁf d*xVg ELi[g, @, A] + L, [9g] unchanged, but all massless radiating
0

o d.o.f. contribute to it

Dynamical degrees of freedom 2 + 2 + 1 =5 d.o.f, (l
Ilm o 20 vim oy
Grav. polarizations B = e"’h+ + e/jhy eibjafp (3 polarizations) Ohg (u,r) = )! [S’2 QY T(Q)
SVT theories include: Brans-dicke o # 0, scalar Gauss-Bonneto =0 u . . .
| | C o <[ du’r2<|h+|2+|hx|2+z|¢,\|2>
Previous calculation of the memory in BD in Post-Newtonian limit oo : : e
: =
Motivation: no calculation of memory from full waveform including the Tensor Other
merger — relevant for observations induced radiating
memory d.of.

Heisenberg, Yunes, Zosso ‘23

Memory in SVT theories




== Example of Hordenski theory, motivated by string sGB coupling
theory and EFT perspective 1

S = /d4x\/ (R — —(V@) + Af((I))OCGB)
~= \Well-posed theory for which we have NR 167 |
waveform and we can study deviation from GR

== Differences at strong curvature (small BHs) Lop = R*—4R,,R* + R, ,c R**P°

== Both static and rotating black hole solutions exist
and carry scalar charge (BH hair) » non-zero scalar

field &, value dependingon 4, M, fA((I)) =
A. Linear coupling (all BHs have hairs) X p
D)= —(1—e PP~ 3% - Z*
B. Gaussian coupling = dynamical f5(2) 2ﬂ( ’ ) 2 4

transition can happen in binaries



Memory in scalar Gauss Bonnet

> & 0.25
hu,r, Q) =Y Y him(u,r) LYim(Q), =
=2 m=—1 g'-% 000_
(%) l E
P1 (u, T, Q) = Z Z <le(u, 7') Ylm(Q) > : —0.25 1
=0 m=—1
oh ]2 ud'h 2 _ ipoo|? 0.06
20(u) = w'(|haal® — |pa2]?)
7TV o6r J_o -
r u § 0.04
- d "(|¢ 2 ’ =
24307 /_oo v <|<‘011| > 0.02
0.00

GW150914 system, \/m2 = 0.1414

1 [R— hSGB é ~

R hGR

—1400 ~1200 —1000 —800 —600 —400

{ — onor

———— 5hsGB

5h[¢22] (3 X 102)
5h[(p11] (3 X 102)

aligned at max (inf) aligned at freq (inf) R = 100M R = 150M R = 200M

Waveforms from M. Corman, L. Aresté Salé, and K. Clough (2025)

sGB 0.0634 0.0635 0.068
GR 0.0619 0.0619 0.066
Ratio% 2.36 2.53 2.54

0.067 0.0648
0.066 0.0631
2.54 2.52
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Memory and scalar radiation

0.51
S.
=
~
&~ .
001"
—300 —250 —200 —150 —100  —50 0 50
| ey
%0-10' — = E(x10?) ~
%/005 T B /o
E . E}?R,22 ) s ././-"- \\\
----- B2 7 LN\ N
0.00 : ittt - :
~100 —-75  —50  —25 0 25 50 75

(t — tem) /M

== Memory in sGB is higher than in GR of ~ 2,5%
for iz =0.14andq =1.2
mj

~= Most of the energy radiated in the 00 scalar
mode — does NOT generate memory. Memory
generated from scalar field is suppressed

= The difference in the GW comes from the
backreaction of the scalar field and non linear
terms

19



Memory for higher mass ratios

__________

0.071 SHGR
0.061 -==-- ShsCB
0.05] 7 16hlen]l(3 x 10%)
== |6k 102 [
b 0.04 1 |6h[pa2]|(3 x 10%)
2
=0.03

0.02 1
0.011

0.00 : ] 1
—200 150 —100  —50 0 50 —200 -150 —100 —50 0 50 —200 -150 —100  —50 0 50
(t - tpeak)/ M (t - tpeak)/ M (t - tpeak)/ M

Effect for different mass ratios ¢ = m, /m,: A(ShSR) A(ShCB) Rel difference [%]

~ overall memory amplitude decreases — difficult to detect g=1 0.0697 0.0710 1.24
~= relative difference of the tensor-induced memory decreases g=2 0.0504 0.0505 0.27
g=3 0.0335 0.0335 <0.1

== the importance of scalar-induced memory increases

20



Dynamical scalarization

dynamical scalarization 0.81 tensor fit: Az?, p=2.0 8
— jGR < ® memory from hgo
= | —ooo pscB Ve Sa 0.79 === gcalar fit: Az?, p=2.0 "7
oy p il i m M ,'"‘ :: [ =
§ | R 4 AN ",'\‘ "l“-.':".':l"':'.'l ! = 06 memory from g, 6.
2 VN | -.“.l,I: E?é% ;g
! ‘T 0.5 -5 S
—2500 —2000 ~1500 ~1000 —500 0 8404 4
0.075- — S
—— 6h - 0.3 -3
< 00501 T oh? i
—— |6k 1 & e
3 [Bhlnl|(5 x 10%) T o -
o025{ X, X
e i | . ¢
0.000 _._._._._._._._._.T._._._._._._._._._' , . . g ° - L6 8
—200 —150 —100 —50 0 50 3 ) ° . %
_ +GR a — T T T T
(8 = tpear) /M g 0.30 0.35 0.40 0.45 3
Max(#55")
y) . . .
— =0703andf =4 AhSR = 0.0729r/M & Ah%8 = 0.0735r/M Difference in memory scale with

the square of the scalar charge
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Waveforms degeneracies

Is the difference of the waveforms degerate  BSGB (IMR)

with variation of other parameters? - ESGB (IMR with merger deviations)
—— ESGB (inspiral only)

. . . — GR

Can the information of the memory bring

complementary information to break this T
»
? )
degeneracy: N
= Félix-Louis Julié, Lorenzo
2O Pompili and Alessandra
N Buonanno 24
Example of degeneracy between the GB ¢
coupling scale and chirp mass N
We have limited waveforms, we can simply i N
scale the total mass of the system &

ton [k 22



Waveforms distinguishability

 — with mem

10- 4: —— without mem

080 085  0.90

095 1.00 105 110 115 1.20
M/Mtot

Mismatch between GR and non-GR waveforms for

a GW150914, computed for ET with
M =20 Mqg,d = 420 Mpc,. = 90°,SNR ~ 82

Minimum mismatch for M ~ 0.99M,,; - memory
would be 4% higher than in GR

JFmax T 7 %
(h1lh2) =4Re/ | hl(SfZ(}}z)(f) df
(h1|h2)
O(hy, hy) =
Overlap (h1, h2) Sl (ol
Mismatch M=1- max O(h,hs)

At, A¢

Distinguishability m < D

- 2 [
criterium — 9SNR?2’ SNR (halha)

Short answer: Yes, bigger mismatch means more
probability to distinguish the waveforms

23



Observability and Relevance

Is this effect in the memory observable?

Einstein Telescope and Cosmic Explorer might have the capability
to detect small deviations of the memory - Goncharov et al. ‘23
claims a 2% precision on the amplitude of the memory from a

population BBHs

Outcomes:

@ Deviation of the memory are small but potentially within reach

@ Inclusion of the memory in test of GR because can add
complementary information and help to break degeneracies

Q@ A more careful analysis should be done...

o
o

o
ot

<
o

1.5

<1.0f

0.51

—
o
ot

—
<
o

Cumulative evidence, In B
\]
ot

150

Observation time [day]

Goncharov & al. ‘23
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le-04

9e-05

Posterior probability density
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A modification of the theory 5. ctrogie m=e e

Scalar Gauss-Bonnet naturally arise in the low-energy effective actions of heterotic and
bosonic string compactification dilaton multiplies not only the GB term but also the Rical
scalar = Ricci-coupled sGB (RcsGB)

Jordan frame, matter follows geodesics Einstein frame, metric redefenition
Jx) = gy () = F(P)g,.
+ Sm[gy \Ijm] ) SE 1;'71- d4ZB / R-l— Q(@)X )\f((I))Q

X=—-28,00"® and f(P)=eo® + Sl f(®) " G, V]
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Back to scalar Gauss-Bonnet

In the weak field limit

e ~1—ad

fo(®) =
The theory is equivalent to sGB in einstein frame  §
olus direct interaction with matter field 3
1 . .
S% = Tom d*z\/—g| R+ X + A\ @G
+ Sm[(]. + Gf@)gp,l/) \Ilm] ) \Aa = al s
2
Fifth-force tests (Cassini): -
a<V10-5 ~3x 1072

Additional coupling does not change the vacuum
structure, waveforms are the same:

GW150914-like system, \,/m3 = 0.1414
0.4

a— hg;zR
0.2 R hgéCSGB

-
-
- -
-~ ——
Ll ——
e
-—
—— —— ——
—— . ———
——————
T -
T —

Scalar jump

0.0 o s o o e T e O e T T e D T e N T DN\
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Scalar memory

Polarization content of the theory Detector response:
P(t) = F4 (Qa) hy (¢, Q) + Fx (Q) hx (8, )
Py = eihy +ejihy — e op + Fy(Qa) ap1(t, Q)

l
— 1 2
breathing mode Fi(Qa) =5 (1 + cos™ 0a) cos 24,

F(@o) _ Fy«(24) = — cos by sin2¢4, Different dependence
Where ¢ = o, = @ incontrast to standard 1., on the direction of the
Po Fp(Qg) = — = sin” 0,4 cos 2¢, . .
sGB where ¢ = 0. 2 perturbation

Scalar memory: non-zero shift in the breathing
polarization = no ccsociatec symmetry

New general mechanism to generate memory in
an additional polarization: scalar d.o.f. + Ricci
coupling

(b) [Fx| (c) |Fy| 27



Modification of the memory

Memory-only detector response: representative geometries, ¢4 = 0°, ¢ = 0°, ¥ = 0°

--- RCsGB (a = VI0F)

— GR  —:- sGB (a=0)
6 =90°, 6, = 90° -] 0006 = 40°, 6, = 90° =
Ags = 2.2% A = 2.2%
= 0010 7 ARCSGB = 44% 0.004 B ARCSGB = 74%
g
=
5 0.005 1 0.002 -
0.000 T T e 000 T T e
6 =10° 6;=90° =] o.0100 6 =40°, 6,=0° ]
0.0006 1  Ayp = 2.2% ! : Ay = 2.2%
= ARCsGB =173.9% 1 0.0075 - ARCSGB =22%
£ 0.0004 - !
o ! 0.0050 A
< 0.0002 1 0.0025 1
0.0000 00000 e T o]
—1200 —1000 —800  —600  —400  —200 0 —1200 —1000 —800  —600  —400  —200 0
(t - tpeak)/M (t - tpeak)/M

Constructive memory
contribution from the
scalar memory

AL = AP~ AP
S APg;

A AP — APG:
RCsGB — A Pé (g

28
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Arcses (7]

~= scalar memory can
configuration

vanishes for8,; = 0

Analytic understanding of the RCsGB result

P A (11 o e
®00 r — - ) ®o0 —rM'
o _ (1+¢?* 1 4t | |
— - ~ Oor nearly edgual-mass
oty q n y €9

Relative importance of the scalar memory
increases with g, but the total amplitude decreases
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General outcome

Riccl-coupled term suggestes a mechanism to generate scalar memory beyond the sGB theory
Ingredients:

~ Additional dynamical gravitational d.o.f.

== Compact objects carry non-trivial charge which depepends on the eq. configuration (hairy BHs)

~= Field enters in the polarization tensor throught an additional mode

AP ~ Fp(Qgq)apAQp

Detector  Coupling ~ Asymptotic
response charge

30
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Detecting Gravitational Wave Memory without Memory and early inspiral low-frequency
Parent Signals (Orphan memory signal) 1702.01759 counterpart of a high-frequency merger

Memory from out-band mergers:

the PBH case

SG, G. Franciolini, V. Domcke
[2505.01356]



https://arxiv.org/abs/1702.01759

Almost universal memory signal

Band passed signal: My, = 1072Mg,d = 1 kpc LISA  osf
- /
0.6f
LIGO | = //
H—o=0 5 : < oal
[ |——0=n/6 ! ; ) 4 0.4r .
LOf|—6=r/2 | 1 x& = | —0=0
g H—Eq.®) | | ] \& 0(08 = 0.2 =]
5 0.5} b | g ; e o 2ol — 0=/
§ : -- Exp aplgorox.) ~ \(\)\'@ QO(\6 . » | |— ]I:;q. 8) |
=00} —“=N =S : @ ~20 0 20 10
I i 5 t
—0.5_' ; [3]I |
--------- —9=0 )]
0.2 0.1 0.0 0.1 0.2 o o=
t [s] & § ' —0=m/2
<3
{QO\ < 0.4
. . . e N :’%
Depending only on amplitude, merger time, g&ﬁo&e 20
and sky position, the memory emerges as a Q
. . 0.0— f : :
simple and robust target for detection. = 5 5 n

t[s] 32



Number of detectable events

PBH merger rate in the early-universe gl iy |
scenario for monochromatic mass function 2 kN ;*PBH_:I“’SM@ :
&) i PBH =
— I === feu=10"°
34 o~ 5[ M 106
d2R(t,d 0.038 53 ¢\ = 107 sttt
Gd) (0088 ) 1y 4 ()l s ( i
dInm;dInms kpc3 yr to S 10
o i

- miymso —g% my + mo -
(m1 -+ m2)2 10_12M@

x S (t, M, fpu, V) ¥ (m1)P(me), (17)

@l
Qe

—_
S
ot

~
~

10-4107210-20-110° 101 102 10° 101 10° 10 107 108

f[Hz]

The total number of detectable events during a certain
observation window is

Nuw = [ af [ ey G G LD < 000t ) )

Many binary emitting quasi-monochromatic
GWs in their early inspiral

Inspiral and memory probe different stages of

the binary evolution
33



GW memory and PBH Bound

Constraints on the fraction of PBH from GW
detection for one year of observation time requiring

N(fppy) > 1

[ ——————
z H—— AdLIGO
< 106k ET
103E|— MWB
1000~ L1SA
10_32_ — Inspirals
- |- - - Memory
10‘6—._1?’|..|..1/..|.
10-15 10-12 10-° 0-6 10-3
mppn| Mo
Effect of the over density of dark The memory can also

matter in the solar system probe value fppy < 1

Inspiral signals outperform memory in SNR

Memory becomes competitive only for
extreme, out-of-band mergers, though
detection would require unrealistically high
PBH abundances.

Memory is a promising target for sources
lacking a strong inspiral phase (e.g., PBH
encounters, hyperbolic flybys, EMRIs,
cosmic strings)
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Conclusions

~= (ravitational memory is close to detection, we start exploring its phenomenology in
beyond GR theories with full numerical waveforms

== The effect and the modification in the tensor sector are small but potentially bring
complementary information

== \\le show a generic mechanism to produce memory in additional gravitational polarization
in binary merger whenever there is a charge reconfiguration

== More studies on modification of the memory in beyond GR or exotic compact objects

== \ore accurate forecasts should be done to understand the inclusion of the memory in tests

- Thank youl
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