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



(Zeldovich & Polnarev'74, Brangisky &
Grischchuk ‘85, Brangisky & Thorne '87)
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https://www.phy.olemiss.edu/StronGBaD/talks/Favata.pdf

GW of a binary system:

without memory

with memory
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Persistent off-set of the GW strain: net displacement
between two comoving observers
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Null memory: generated by unbound, outgoing
radiative energy flux to null infinity


https://arxiv.org/pdf/2405.08868v2

The GW memory represents on of the
corners of the infrared triangular diagram

: Symmetries of
asymptotically flat spacetime at null finite

: Physical consequence
of the shift between different vacuum

. statement about the quantum
scattering amplitudes, related to the
behavior of low energy (soft) gravitons
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https://link.springer.com/article/10.1007/JHEP01(2016)086
https://arxiv.org/pdf/1703.05448

The memory signal for BH binaries
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Oscillatory mode (2,2)
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Evolution of the GW frequency
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Detectability of the memory

Fourier Transform of a step function - —
2mf
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Characteristic strain for f < finergers  f|R(f)| = Ahmem/27

107
Current status of GW-memory searches: no detection so far
by ground-based detectors (LVK) or PTA experiments.

10724

FIRCF)I(d/M)

LVK: detection expected after O(2000) accumulated events
PTAs: upper bound on memory amplitude Ay, < 3 X 10714
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Next generation prospects:
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* Einstein Telescope & Cosmic Explorer: 0(1) yr~1
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«  LISA:Inchauspé, SG etal PRD 111 (2025) 4, 044044



Waterfall plot of detectability featuring Bayes factor computation

Evidence of memory in SMBH mergers
Parameter estimation through Bayesian analysis

Population study

Probability of having an iteration with SNRyem > X

1001 —— noSN_short_light
noSN_short_heavy
- noSN_delays_heavy
801 - noSN_delays_light
- SN_short_heavy
—— SN_delays_heavy
— SNRmem =5
= .
S 60 Unfavorable to detection
__?
E
©
Q
2 401 5.0 5.5 6.0 6.5 7.0 7.5
log10(M [M ¢ ])
-GN -
20 0.0 0.5 1.0 15 2.0
’Og]_()B
b e e i i i r . T ~
0 10 20 30 40 50 60 SNRth ~ 3

Detectabilty



IIIIIII T IIII|I|| T TTTTT
— g LIGO

= Arvanitaki
=== Holometer

Detecting Gravitational Wave Memory without
Parent Signals (Orphan memory signal)
PRL118(2017) 18, 181103 O.McNeill, Thrane &
Lasky

Ground-based detectors outperform
proposed HF detectors for high-frequency
sine-Gaussian GW signals
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Memory from GWs at high frequencies



https://arxiv.org/abs/1702.01759
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Memory signal approximation
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Almost universal memory signal

Band passed signal: My, = 1072Mg,d = 1 kpc
/ Detector response
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o (0.5 A i . T .
o e Exphapj:)roxu I R S Oscillation frequency given by fE¢9 ~ 10 Hz
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- Signal depends only on amplitude, merger
' time, and sky position, the memory emerges
as a simple and robust target for detection

02 —01 00 01 02 .
One can do a match-filter search for such a

universal signal with few free parameters!
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Almost universal memory signal

Space-based interferometer (LISA)

Simple interferometer response After TDI post-processing
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Response with no low-frequency cut-off First-generation TDI noise syp; = s(t) — s(t — 2L)
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PBH Merger Rate

PBH merger rate in the early-universe
scenario for monochromatic mass function

Local DM overdensity over
the cosmological density
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the early and late universe Normalized mass distribution
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Number of detectable events

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

Nuet = f df-mf 0 LJ s dﬂb{t{z;}i(z)’ fo) o O(p(fus 2) — pn)

Selection factor
-1

dry(t,d, ) ‘dfml(r(f))
df dr

R(t+7(f),d)

Many binary emitting quasi-monochromatic
GWs in their early inspiral

Inspiral and memory probe different stages of
the binary evolution
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GW memory and PBH Bound

more sensitive for very light

Constraints on the fraction of 102F
PBH from GW detection for 108F

one year of observation time 101L
requiring 1012
N(fPBH) >1 = 109:’
= 109

The memory effect becomes lgz

1
/

PBH but detection requires 10707 Memory
f>>1 wrY———r———-" . o L
PBH 10-15 10-12 10-9 7/ 10-3
mppa|Mo]
High frequency detectors do
not perform better than low Effect of the over density of The memory can also
frequency detectors, but the dark matter in the solar system probe value fppy < 1

signal is complementary
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Match-filter search with a few free parameters
Memory and inspiral probe different stages of the PBH evolution

Inspiral signals, in general, outperform memory in SNR for early universe
production of PBH

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)

Thanlks!
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Strain Amplitude Spectral Density

Largest laser
interferometer

ever built
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Impact on Parameter Estimation .G etal (230113228

h(6,t) = hose(6,t) + Shpmem (6, 1)

Forecasts for LISA: QF>|POS{te
Fisher and covariance matrix: Inclination
dependence
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The memory helps for “short” and “light” signals
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Massive Black Hole Binaries

8 different population models A ) ) = SNR
. strophysical Catalogues
Barausse & Lapi (2020), Barausse et al (2020) Light seédz s Heaﬁ seeds
o Population depends on the primary black holes origins: SN-delays | Nyoy = 47 Nior = 27.3 2
Nth — 04: (01) N‘t.h =21.2 (10)
i ; irst- ' {p) = 0.04 (p) =6
Light seeds: collapse of first-generation stars (Poplll) i o  75.78%
Heavy seeds: direct collapse of giant gas cloud. noSN-delay | Niot = 191 Niot = 10 of events
Niw = 6 (1) Nin = 7.5 (4)
o  Merger delay ("Last parsec problem”) (p) =0.17 (p) = 6.9 )
o Supernovae (SN) feedbackin the evolution SN-short Niot = 149 Niot = 1245 B
Delays N = 1(1) Nuw = 1418 (33) Y
(p) = 0.04 (p) =1 % of
Praax = 5.01 P 43 31 -33 o O
N, number of events with detectable memory,i.e. SNRyp, =1 noSN-short | Nyo, = 1203 Niot = 1251 events
or SNRy, = 5),in 4 years from Delays Nun =12(2) Nun = 392 (29)
( th = 5) y (p) = 0.06 (p) = 1.1
A relevant improvement of d,, is statistically unlikely even pmax = 17 Pmax =9l

including unscheduled gaps
20



LISA GW Response

Delayed Received
Laser Noi se

Local Laser Noi se GW Signal
‘ H i
L Il: i La/c *
{ g w@ ﬂ“ =
Signals Measured
SKE ______________________________________________________ S’CZ at the S/C
--:3::" Lafc
{ [IRTISe | f"- + M b '. I R :,... + M }

: 6 —
[%ﬁ _ L“':» + nh IC, g . L”: + J

The actual observable is the Doppler modulation of the laser
A
between spacecrafts y= (v_::) = Ysc T Yorb + Yow (FYnoise)

I €% N o
Vi = T3 [hab (Cfﬁ‘) —k-fﬁ)) — Iy (Cl‘.,f) —k'X.E))]

~ h 15%order transfer function

H. Inchauspé, SG et al [2406.09228]

Time Delay Interferometry (TDI) - combining
measurements from across the constellation
with appropriate time delays to suppress the
laser noise while retaining the GW signal.

Second-generation TDl acts as a high-order

differentiator
21
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Second generation TDI X variable is

Xo = X154+ Di3121912 + Di31212921 + D1312121713

+ Digi21213931 — [Di2131913 + Di2131331

Delay operator:
+ Di213131912 + Di2131312921 ] y op

. Fr =~ . - i E
vk Djja(t) = a(t—Ly(t) — Dyji(f) = a(f) e 2l
X155 =y13 + Di3ys1 + Diz1y12 + Diziay=1
— (12 + Diay21 + Dio1y1z + Dia1zys).
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LISA response to GW Memory: time domain

GW memory imprint of a binary merger with M,; = 1O6M®, q=1,z=1,1= %
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Time-Frequency representation

Oscillatory and memory signals have very separate time-frequency representation.
Can we use this to separate the two?

le=20
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Scientific Reach of LISA: Memory Waterfall Plots

. R . . SNR
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Results for the conservative baseline

Oscillatory - log Mot vs z SNR Memory - log Mot VS 2 SNR o Ratio -logM, vs. z SNR ratio [%]
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No SN feedback

SN feedback

redshift

redshift

Expected number of events (4-years observation)
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HS, short delays
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logi10B

102

10°

Bayes factor computation

Depency of log,gB in SNR,.,» and various GW parameters

d, series, with M=1e6 Mo e
Q series, with M=1e5 M,

Q series, with M=1e6 M4

Q series, with M=5e6 M4 °
Q=4, x;=0 -
Q=1.1, x,=0.8, (=mn/2 *

O & H+ 0 > e

[ =
* X
|OgloB=2 /
o ® X
“ox

]
L

0° 10!

[y

LISA fundamental Physics WG
A.Cogez, SG et al (to appear)

Bayes factor: B = Zotmem \\ith evidence Z = p(d|m)
(0]
B log,, B Interpretation

[1,3] [0,3] Barely worth mentioning

(3, 10] [3.1] Substantial

10, 32] (1, 3] Strong

(32, 100] 5-2] Very strong
[100, 00| [2, 400 Decisive

Decisive evidence for SNR,,om, ~ 3
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AlogioL

lOglO B = log10 L0+mem(d|950urce) _ 10g10 LO (dlesource) = A log10 L

AlogioL dependency in M and SNRmem
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Zoom: low SNR e 0.2172x2 fit
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Waater‘fall plot of detectabilit featuring Bayes factor computation
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Nb of events Nb of events Nb of events

SN Delays Seeds Nb of events with with to reach
detected SN Rpern > 3 SNRopem > 5 log,o B >2

Short Light 0.0'5:0 0.0%%0 0.0'9:0 N\A

e delays Heavy 102475 87418 371 7.0'04
el Light 0.099 0.0°070 0.0*55 N\A

v Heavy 21150 11*8) 8.050 L745%

Short Light 38.0*10 2.0*39 L0*38 10.8*73

- delays Heavy 10332 81118 3215% 73107

Light 13.0%80 1.0%39 1039 5255

LateSt o Heavy 8030 10%35 3.0%30 1811
updates o

TABLE V: Table with the expectation of detection for different models, using Barausse’s populations. The values
are provided as medmnfﬁ to reflect the asymmetries of the distributions.

Probability of having an iteration with SNRpem > X

noSN_short_light
noSN_short_heavy
noSN_delays_heavy
noSN_delays_light
SN_short_heavy
SN_delays_heavy
~==- SNRmem = 5
Unfavorable to detection

populatio
studies "

60

40

Probability [%]

20

0 10 20 30 40 50 60
SNRmem




Nb of events Nb of events Nb of events
SN Delays Seed Nb of events with with to reach
detected SN Rumerm > 3 SNRopewm > 5 log,y B*™ > 2

Short Light 0.0'5:0 0.0*53 0.0'9:0 N\A

Ves delays Heavy 1024112 37—5: 371:3 T-Gtg:;
Light 0.0'9% 0.0'9% 0.0'59 N\A

e Heavy 211'::2 11i§‘3 S-Qtig L —g‘I

Short Light 38.0+10 2030 1070 10.845%

- delays Heavy 103312 811} 32450 73107

N Light 13.0%80 1.0%39 1039 5255

Heavy 8050 1030 3.0°30 1815

Latest

TABLE V: Table with the expectation of detection for different models, using Barausse’s populations. The values
are provided as medmnfﬁ to reflect the asymmetries of the distributions.

updates o

Uncertainty on amplitude reconstruction

—————— 2.50 x SNRILIO fit
I Low SNR region

populatio
studies

pmem — y hEnRem

75 10.0 125 15.0 175 20.0 225 25.0
SNRmem




GW memory contributes complementary angular
information to the waveform

After the LISA response and TDI processing, the
memory manifests as a burst-like event - not
sensitive to zero frequency shift

Extended SNR analysis: sky map, mass, redshift,
spin, mass ratio

The SNR ratio is maximized at low total mass and
redshift — relevant of Intermediate black Hole
binaries/ out-of-band mergers (- Memory from
PBH mergers paper)

After Bayesian analysis, we find that for decisive
detection SNRIYES ~ 3

LISAis likely to detect several memory events even
with high SNR — important confirmation for GR




GW memory from the early universe

Gravitational wave memory modifies the tail
of the GW spectrum — relevant for detection

The memory and the soft radiation are related
through the soft theorem

Are the calculation for Qg equivalent?

GW bremsstrahlung decays y = Y + h

YZm,
Decayrate T,_yy5 = -
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Equivalence of the calculation Gasparotto, Zosso, Schitto.

Engel, Blas...to appear

Y

8
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Gravitational wave spectrum

T~
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Murayama et al '25, 2506.15772
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Cosmic Gravitational Microwave
background Ty, = 101°GeV

Right handed neutrino decay
M = 10'°GeV
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A 4

ShET (u, ) = 1! / A2 y'™(Q)
S2

X / du’ r <\h+| +\hx\ +Z\L)\\
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Gasparotto, Zosso, Areste

Salo...to appear ’ GW1_50914 system, Agp = 0.025 Scalar Radiation
0.25{ — 22GR ~—
ool 22 GB
. V \/ ,_\0.4' —d)
—0.25 1 = "
: : : : = o1
—600 —400 —200 0 027 b
—— mem GR |
0.041] - mem GB W0
0.02] mem ¢y x 10° 600 —400  —200
0'00 | mem ¢11 X 102 \ (t - tmerg)/M

Memory from scalar
radiation is suppressed

in Gauss-
BOnnet generate memory

» Mergeris louder = higher memory

* Energy radiated in the 00 mode does not directly

» Direct coupling with matter - memory in the 00 mode
is dominant in the scalar polarization




Relevance of the memory for sources of GW at high
frequency - PBH and early universe

Relation of the memory and soft radiation

Possible use of the memory as a complementary
probe for beyond GR theories
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Example of multi-band event between LISA and LIGO
M=4X 103M®,Z = 005,)( = 08,q = 12, SNRLIGO — 17, SNRLISA = 20
The memory decreases by half the uncertainty on d;,

SNR align spin x=0.8

102 103 104
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The memory computation

Thorne Formula TT 1 dEgy

_ 4 (Tr dE n'in' — n;
Shi(Te) =+ f dt'| | o d)| =y R2dtd
0 dt'd’ |1 —n'- N| Harmonic decomposition of the energy flux

/ h*‘”‘x=z
- (—2)!
Wrw==-R 3, ), (£+2;!

RJ_

£.0">2 m',m’" (

u
N

Angular integral, Harmonics decomposition of the
oscillatory GW source as input

. ! H
lm —m —m : : —ilm —mt
X / el )¢ do, Pt Bor e o e 1M —mT)e

Selection rules x = (Mw)?/3

Ng~——=

DR ) _¥om (1, $)
£22 |m|sf

Dominanttermis form’ = m' =

— dominant memory
m = 0,l =2 mode

Non-oscillating integrand

2
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Merger with
A

— 6 — =
M =10%Mg,1 =2

]

Wave Mem

Ratio [%

— — —
1207.90251 3590.65955 2.14998 15.85750 0.17318 0.52953

SNR sky map for the primary wave (left), the memory signal (center) and the percent ratio between the (right).

The yellow and red dots indicate the and maximal memory SNR sky-locations
Baseline q X inclination ¢ [rad] lat. 3 [rad] long. A [rad] pixel p
1. Conservative 2.9 0.0 1.047 .62 0.20 145
2. Optimistic 1.0 0.0 1.571 0.52 3.24 192
3. Opt. & Spin. 1.0 0.8 1.571 0.52 3.24 192
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