Self-lensing signatures to constrain the environment of binary mergers
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From which astrophysical environments can gravitational waves come? [I] Probability of self-lensing [ll]
Gravitational waves (GWSs) are produced in mergers of compact binary objects, such as black holes (BHs). Stellar-mass BH binaries can be To determine how often is self-lensing expected to be seen in detections, we

Can we use gravitational lensing by an object in the same environment (self-lensing) to distinguish the origin of a GW signal?
Probability ~ optical depth 7

A Star (globular/nuclear) clusters Active Galactic Nuclei (AGN) disks
von Zeipel-Lidov-Kozai (ZLK) 2
oscillations Uorbit 2 RL 2 Ri — 2CTY'”?/L
O T X 2 Ymax X d Ymax L — 9
D E C LS C
L~ i Given by
T X 2 Ymax > detectability criteria

General optical depth
(black hole population)

The detectability of the lensing effect is quantified by Ymax, the maximum
displacement of the source position with respect to perfect alignment, which we
will determine in [llI].

10™ z z
1031 A
B . . . . E ”,a"? :::::: ymax — 2.5
_ ' Gravitational-wave capture near Fig.1. Astrophysical environments where we consider 104+ e P — 15
Resonant interactions the central massive black hole self-lensing. Different scenarios are labelled A-F. ~ ; A : Ymax — 1.
° 10° 3;/ :::: ‘ Fig.2. Optical depth as a function of the
oge o o o 61" velocity dispersion of an environment, with a
DEtECta bl I |ty Of SEIf'IenS| ng on gra\"tathnaI wave events [I"] 1073 = reference value for globular clusters (GC) and
w0 r— T Tres nuclelar_clusters (I\_IC). For thfe general BH
Even when gravitational lensing is imprinted on a signal [IV], the effect needs to be significant enough to be detectable. o8 Tdet Fn‘iﬁt‘aiﬂﬁﬂs‘?g?nFL";”é_li),f“d or resonant
108 -+ T |
. . . . . . 10% 102
(a) Distorted waveform (diffraction, interference) (b) Separate images (strong lensing) o (km/s)
For a single distorted signal, we quantify the mismatch between a lensed and an For separate images, which will appear as separate .
unlensed template and the detectability given a signal-to-noise ratio (SNR). signals, both need to be above the noise. 10 .
1014 star cluster AGN disk Coincident with
: 2 E ) .
Detectable for |Mismatch x SNR* > In B ~ (1 — 10) 102- O— <— Gondan&Kocsis (2022),
. Leong et al. (2024)
LIGO-Virgo-KAGRA (LVK) Einstein Telescope (ET) SNR > 8 for both images 1073+ \'\.\ ’
Y < Ymax|| 10 i 5 104 N \',\»’;;'?:"
109 SNR+ = -5 | /,/\’*i:\ .\'\.
l M_—i— — lensed — Ymax 10 e o Fig.3. Optical depth as a function of the
! 10°4 L SNR.™ 1064 =77 e Tl mass of the central BH. The optical
| ! lensed~ T T 3 N N depth is largest for the case of self-
S =2 1077 _’@ Sse lensing by the supermassive BH (SMBH)
1071 1 \'* in an AGN disk (E in Fig.1.), which makes
10~ max 108 . < it the most probable scenario to be
For LVK, (SNRE_) — 50, YUmax = 2. . , 1 detected.
maX 10- ’.I | | | | | |
- . | For ET, (SNRLF) = 1000{ Ymax =~ 10. 102 10 10* 10> 10° 107 10%® 10°
10 TR T S me(Mo )
mi, z mg Central black hole mass Ymax = 1
Fig.4. Mismatch (contour lines) between a lensed and an unlensed waveform.
Black (left) and colored (right) contours delimit the threshold for detectability.
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Fig.5. Summary of the
characteristic signatures we may
GW C see in a GW signal, including
capture central lensing imprints, eccentricity in
1 t 9 the waveform and a preferential
cluster s polarization. As we can see,
every scenario has different
ZLK MBH D combinations, which potentially
merger enables us to distinguish some
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