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Gravitational waves from MBHBs

(Massive Binary Black Holes)

Real duration: 5565.0s = 92.75min = 1.55h
Time acceleration: 185.5x

Wave amplification: 10180 x
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THE SPECTRUM OF GRAVITATIONAL WAVES ou are here esa

Observatories Ground-based " Space-based observatory i Pulsar timing array Cosmic microwave
& experiments experiment : . background polarisation

D

-

Timescales milliseconds seconds hours
& D & o s @000 s s s s e o @ccoeee >
Frequency (Hz) 100 1 10% 10* 10° 10° 10

Cosmic fluctuations in the early Universe

Cosmic

sources Compact object falling o ' e .
onto a supermassive | | Merging supermassive black holes

black ho
|

oA | Magq

o e =

Merging neutron. Merging stellar-mass black holes Merging white dwarfs
Hlisa stars in other galaxies | in other galaxies ‘ inour Galaxy




What is memory effect ? x ~

Example of waveform with memory % Permanent strain remaining
— (2.2)+(2,0) after the passage of Gravitational

= Memory component

Merger time Waves

v¢ Predicted by GR

v Low frequency component
of the GW

Strain h 4

% For MBHB, it looks like a sort of
sigmoid step, mostly built during
the merger.

% Linked to asymptotic
symmetries of General Relativig
(BMS symmetries).

¥¢ Note: Parameters used:
! ¢ Q =1.5:x1. = x2. = 0.7; M = 10°M; dp, = 10*Mpc; e = 7/2;9 = 0

N ¢ Note: Here with NRHybSur3dq8_CCE, N 4
Adrien Cogez restricted to (2,2) + memory 01/06/26
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&=n (Observing memory with LISA

Example of waveform with memo

— (2,2)+(2,0)
—— Memory component
Merger time

Strain h 4+

—3000 —2000

t[s]
LISA response
+
. —— (2,2)+(2,0) TDI-A output
Tlme'DelaY —— Memory TDI-A output
Interferometry . Merger time

1. O le 21 Zoom around th

<
1 - 0
\Vj §
Illl ’ erger ||| .
” - —— (2,2)+mem TDI-A output
X 2 —— Memory TDI-A output

' IIIIII|“ —— SciRD noise model

' 50 o 50 500 750 1 5
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Analysis choices: Waveforms and HM [ *
X
Waveforms Considered modes % Time-domain waveforms for spin-aligned binaries.
NRHybSur3dq8_CCE | (2.2) % Memory is mainly contained in the (2,0)-mode |,

(2.2) + HM: (2.1), (3.3) and mainly sourced by the (2,2)-mode of the
(3,2), (4,4), (4,3) waveform.
v¢ up to ~10% improvement with Higher Modes

NRHybSur3dq8 CCE

(2,2) + HM: (2,1), (3,3),

SEOBNRv5HM (3.2), (4,4), (4,3)

+ associated memory component:

mem T DR 1 [5 . 5 .. L
)= [ |l = gy gl + 4 (i + )
1

.. .. ) 2 .
+ (hh*+ﬁwz)— haal?
Adrien Cogez See Zosso et al. [arXiv:2601.23019 / DOI: 10.1103/51xv-zlfy] N 01/06/26



https://arxiv.org/abs/2601.23019
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Signal-to-noise ratio hints

—— Total signal
—— Memory component

e

6.0 6.5
log10(M [Mo 1)

Example of waveform with memory

SNR

6.0 6.5
log10(M [Mo])

< Note: Here with NRHybSur3dq8_CCE,
restricted to (2,2) + memory

See Inchauspé et al. (2025)
DOI: 10.1103/PhysRevD.111.044044

meIm

Encouraging results but
it assumes that we can

perfectly disentangle

memory from the
oscillatory signal.

Q mass ratio,

M total mass,
in detector-frame

d, =10% Mpc
inclination t = /3

spins y = 0.4
7
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Mock data:

Chosen source parameters

[gwsurrogate]
or
[PySEOBNR]

Waveform
generation

Waveform

Memory

computation See eq.(5)
Waveform with memory

(Except in false alarm verification)

Response and TDI
computation [LISARIng]

(need source sky + orbits from
position and [LISA orbits]
spacecraft orbits,

Time-domain TDI channels

Adding a noise

realization
et fpyTDI]

Noisy time-domain TDI channels

Noisy frequency-domain TDI channels

Mock data

[LISA Instrument]
+

.computation

Planck
windowing -
+ .
FFT

Bayesian Analysis

Models / Templates

Randomly drawn source parameters
from a prior

[gwsurrogate]
or
[PySEOBNR]

Waveform
generation

Waveform

Memory
No computation
memory See eq.(5)
Waveform with
memory

Response and TDI
computation [LISARIng]

(need source sky + orbits from
position and [LISA orbits]
spacecraft orbits)

Planck
windowing
+

Time-domain TDI channels FFT

Frequency-domain TDI channels

1
1Both stay
Inoiseless
1

Template without ! Template with
memory memory

Results :

' Nested sampling

xN
Adrien Cogez

Bayes
&

[Dynesty]

factor

Parameter estimation

(See Yves Lemiére’s talk on Friday)

Posterior distributions

log10B = log10Zo+m — l0g102,

¥¢ Note: o = oscillatory
m = memory

X
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" " N
‘4- Bayesian Analysis - *
Noisy data X
(For illustration only,
in practice we work in
Frequency Domain)

2 Time [h]

Template with memory Template without memory

le-19

N

XN logi10B = l0g10Z0+m — l0g102, N 9
Adrien Cogez 01/06/26
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Bayesian detectability criterion

Wagerfall plot of memory SNR featuring Bayes factor computation

% Need Bayes factor to evaluate model preference.

lOglOB — loglozoscill—l—mem = loglozoscill

% On top of the previous memory map, we add some
results of the Bayesian analysis (— stars).

* Memory is detected when log | B > 2 (=green stars) ,
using the threshold value from Jeffrey’s scale.

”‘
-

Bayes factor [10,32] [32,100]

6.0 6.5
log10(M [M 1)
.. I IS
0.0 0.5 1.0 15 2.0 Interpretation
log10B

log, Bayes factor [1, 3/2] [3/2, 2]

Strong Very strong

10
Adrien Cogez 01/06/26




Using SNR s a proxy

AlogioL dependency in M and SNRmem

Zoom: low SNR 0.2172x2 fit

: o M = 10°M
% Power law relation between the | 6 e M = 105M,
(mean) Bayes factor value and the M = 107M,

SNR of memory, SNRmem. ] e SEOBNRV5HM (M = 105M )

% Noise dispersion also depends on
the total mass (= the frequencies
where memory lies)

% Favourable to detection for
events with SNR __ >3

% Expected detection for
every event with SNR 25!

N

N < Note: Done with NRHybSur3dq8_CCE, restricted to (2,2) + memory, 11
Adrien Cogez validated with SEOBNRvSHM 01/06/26
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£ Detectability map ) s

Wager‘fall plot of memory SNR featuring Bayes factor computation

Detectabilty

: 6.5
log10(M [Mo])
AT

0.0 0.5 1.0 15 :
log10B 12

Adrien Cogez ¢ Note: Done with NRHybSur3dq8_CCE, restricted to (2,2) + memory 01/06/26

66 6.5
log10(M [Mo ])
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£ Redshift waterfall plots x .
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login(M [M ])
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N 13
Adrien Cogez < Note: Done with NRHybSur3dq8_CCE, including HM and memory 01/06/26
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Forecast using population models .

Thanks to E. Barausse for the population models.
See Barausse et al. (2020) DOI: 10.3847/1538-4357/abba7f

% We used 8 different population models, combining 3 different properties.

Delay between host galaxies Black hole seeding

Supernovae feedback

merger and MBHB merger

Yes {SN} Short delays {short} Light seed {light}
/l /1l Il
No {noSN} Intermediate delays {delays} Heavy seed {heavy}
% Method and example:

SN_delays_heavy model

-3 < Compute SNRs for 1000
x=5 . . .
universe realizations of 4 years
VT
of data
l
y< Count how many of them
see X events

)
c
o

S
©
g
Q

e

Y
o

H*

Total:

91+8.0

10 15
# of events

+6.0

Nb of memory event:
SNR__ >3 (resp.5)

+8.0 N Nb of total events:
21 SNR, >8

tot™

) ¢ 14

—6.0

01/06/26
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Forecast using population models :

% 6 out of the 8 different models present detectable memory event.
v¢ In particular, heavy seed models are really favourable to memory detection.

noSN_short_light model noSN_short_heavy model noSN_delays_heavy model
- x=3 Total: wm x=3 - - x=3
3501 x=5 70 1033725 x=5 x=5
£ 250 L0735 || €50 3255% || 2 3.055%
§ 200 £ £ 150
4 1501 % 30 % 100
100
¥ 4 years Total: 20 .
realization 501 10
0 0 0
2 4 6 20 40 60 80 100 00 25 50 75 100 125 15.0
# of events # of events # of events
* Total — noSN_delays_light model SN_short_heavy model SN_delays_heavy model

Total:  wem x=3 160 - x=3

4001 Em x=3
Nb Of x=5 80 1024ti(;' x=5 — x=5

sources 300 50 716
with w 3007 2.0 » 60 +10 i 8:0+5:2
c 1.0777 < 37110 < 1.0
SNRmt> 8 R 2 2 100
g g g 80
£ 200 240 b
o o o
# 150 " # 60
N
50 20
0 o 15

N

Adrien Cogez # of events # of events # of events 01/06/26
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Q =2.0018%

X1z
2, 9. 9. ©
v % %

incl X2z
o, 0, 00, 0. 00
o R N 0 %

2, QO

Adrien Cogez

Probing GR through memory s *

X

amp y = 1.047329

% Possibility to define a free parameter to describe the
amplitude of the memory. Here we define y as:

Yiz = 0.60/383 hmem <t> =79 X hgljm(t)

Xoz = 0.60+8:3¢
. incl t = 0.80%3:81
w=0.49 98

lamp y = 1.04+339
H

<
CAENEC O ENCON

X1z o Xz © 7 e v amp y k 16
¢ Note: Done with NRHybSur3dq8_CCE, restricted to (2,2) + memory 01/06/26




Q =2.0018%

Probing GR through memory
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X1z

X2z

incl t

y

&

© 1
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ampy

% We can also monitor the uncertainty y on the

reconstructed y. As a result, 3y only depend on SNR__

following:
6y = 2.5 x SNR_

Uncertainty on amplitude reconstruction

X

m)

2.50 x SNR; 110 fit
Low SNR region

12.5  15.0
5NRmem

17
01/06/26
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&=a Probing GR through memory

Probability of having an iteration with SNRnem > x

Line style —— noSN_short_light
— 4-years ——— noSN_short_heavy
----- 10-years —— noSN_delays_heavy
—— noSN_delays_light
—— SN_short_heavy
—— SN_delays_heavy
SNRmem = 5
Unfavorable to detection

60 1

Probability [%]

nstruction

----- 2.50 x SNR,,L10 fit
Low SNR region

* SNR___=20= =10%
constraint on amplitude

N : ‘ —iiae R S
XN ' ) ] —..I

. . } . . 17.5 200 225 25.0 18
Adrien Cogez 01/06/26




Take home message & Prospects = *

% LISA will be able to identify the memory for a significant region of the parameter space.

% Population models predicts MBHBs within the favourable region. The number of expected
events will depend on the specific model but at least one event is very likely.

% Observing memory is already a test of GR, but first attempts to characterize the shape of
the memory signal offers promising perspectives.

¢ Taking into account precessing MBHB and the memory contribution in every mode.

¢ Build a toy-model for memory that allow to test the shape of the memory.

N

x X 19
Adrien Cogez 01/06/26
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Thanks for your attention !
. X ~
Any question ?:)
X
X
+
And if you want more details: [arXiv:2601.23230 / DOI: 10.1103/b91d-dqq4]

Companion theory paper [arXiv:2601.23019 / DOI: 10.1103/51xv-zlfy]
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Forecast using population models S .

Nb of ] Nb of events Nb of events Nb of events
Delays PABLETEIAE with with to reach
' detected SNR-m.e.‘m, >3 SNRm,e‘nL > 5 10g10 Bcuvn'u,l > 2
0.0205 eotss g0t 0 N\A
175D Ty 5073 LT
Shozt Light 0 380%%5 0 20%5  10%% 0 108%]
el 1033755 81715 o) i

Delays

—15

6.0 +3.0 2.0 = o 14.6
13.07¢ ¢ 1.077% 1.0577% 5.275 5
2 (1450 +3.0 2 1+3.0 o 1.4
8.0 0 4.073 3.003% 18756

Delays

% Even if we don’t observe an event alone, observing ()(10) mergers should be

enough to statistically assess the presence of memory.
v¢For LVK, it’s (9(2000) events®.

* See Cheung et al. (2024)
XN DOI: 10.1088/1361-6382/ad3ffe X 21
Adrien Cogez 01/06/26



Possibility of loud memory events

% We can expect
loud memory
event,
especially under
the heavy seed
hypothesis

N

xN
Adrien Cogez

Probability [%]

Probability of having a realization with SNR,em > X

Line style —— noSN_short_heavy
—— 4-years SNRpem =5
----- 10-years Unfavorable to detection

s
tua,

............
..........

< Note: Probability estimated using 1000 realizations for each model

22
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% We can expect
loud memory
event,
especially under
the heavy seed
hypothesis

N

xN
Adrien Cogez

Possibility of loud memory events

Probability [%]

Probability of having an iteration with SNRpem > X

Line style
— 4-years
10-years

. Sin

60 -

--------

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

------
.........

Probability estimated using 1000 realizations for each model

23
01/06/26



Analysis choices: Native memory

1e—19 Comparing (2,0) sub-components

—— Total: (2,2)+(2,0)
= (2,0) memory component
= (2,0) oscill component

1e—215ame waveform post LISA-response and TDI treatment

+

.g 21 <_F / /\\/I\VV
S o S } b

(V)]

& —41 —— Total TDI-A output u U
—— Memory TDI-A output
—-61 —— (2,0) Oscill TDI-A output
Merger time
_ | 1 | | — | L1 . | . .
1000 2000 3000 4000 5000 6000 48000 4200 4400 4600 4800 5000 5200 5400

t[s] t [s]

% Post-response and TDI, (2,0) oscillatory component is far less damped than memory and
;herefore should really not be neglected.

N 24
Adrien Cogez 01/06/26
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Redshift waterfall plots ~ )
’ ’

Y¢ Without HM ¢ With HM X

>
&=
7o
©
+—
(9]
[0}
)
[
[a)]

Detectabilty

6.0 6.5
log10(M [Mo])

<4HEENES 00000099

6.0 6.5
logio(M [Ms])

I

25
Adrien Cogez < Note: Done with NRHybSur3dq8_CCE 01/06/26



Dependency of log1gB in SNR,em and various GW parameters

% We observed a power law relation

between the Bayes factor value and
the SNR of memory, SNR__ .

¢ d, series, with M=10°M
%  Q series, with M=10>M
Q series, with M=10M
Q series, with M=5 x 10°M
% For the usual case of MBHB in Q=4, x,=0
LISA, we have bright sources (SNR,_ Q=1.1, x,=0.8, t=n/2

>100), this implies that the
likelihood function is highly peaked
and so the evidence —the integration
of the likelihood over parameter
space— is dominated by the injected
source parameters 6 .

Allowing this approximation:

Z091013 — Alogl()zl ~ Alogl()z:(‘95()'11‘7*(:6.)
) 4 v¢ Note: Done with NRHybSur3dq8_CCE, restricted to (2,2) + memory

N 26
Adrien Cogez 01/06/26

=
(@)
o




woh | Nagy

N

xN
Adrien Cogez

Loglikelihood approximation

Residuals

Comparison between Alog,o£ and Alog,10Z

--@- d, series for M=10°M 4
--®- Q series for M=105M
-#%- Q series for M=10°M

Q series for M=5 x 10°M

Zoom on [0,6]?

Residual histogram

RMSE = 0.167

50

27
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