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For discussions on PBH merger rates:

See Antonio’s talk next Tuesday!

Memory effect:

Review paper: arxiv:2501.11723

arXiv:2505.01356



Part I 
 

Some reminders on signals from 
usual circular Keplerian orbits
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Usual binaries in circular Keplerian orbits
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Not even guaranteed that higher masses lead to better sensitivity.
The amplitude of the signal increases but its duration decreases
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The heavier the BHs, the closer they are to their merging 
(at fixed frequency)

The frequency of GWs coming from binary systems drifts with time
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Time during which the signal drifts in a detector frequency sensitivity bandwidth:
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Usual binaries in circular Keplerian orbits

Fast decrease of the signal duration with the mass:
<latexit sha1_base64="geBGPXyt2eJKKKuklp6ezHaPuyU="></latexit>

t�⌫ / M� 5
3

c

QSGW 2025



4Killian Martineau - LPSC, CNRS

Usual binaries in circular Keplerian orbits

QSGW 2025

Nov. 2022



4Killian Martineau - LPSC, CNRS

The heavier the BHs, the closer they are to their merging 
(at fixed frequency)
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The frequency of GWs coming from binary systems drifts with time
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Time during which the signal drifts in a detector frequency sensitivity bandwidth:
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Sensitive only to a very small  
fraction of an orbit  

(for the highest masses accessible)

Usual binaries in circular Keplerian orbits

Fast decrease of the signal duration with the mass:
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Very small for high-frequency resonant detectors

Example case: GHz resonant cavities
Signal time duration in a resonant cavity

QSGW 2025

A. Barrau, J.G. Bellido, T. Grenet, K. M, arXiv:2303.06006
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Usual binaries in circular Keplerian orbits

QSGW 2025

An illustrative example: GHz resonant cavities

Strain sensitivity

The sensitivity decreases with the chirp mass

A. Barrau, J.G. Bellido, T. Grenet, K. M, arXiv:2303.06006
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Usual binaries in circular Keplerian orbits

QSGW 2025

An illustrative example: GHz resonant cavities

The sensitivity decreases with the chirp mass

A. Barrau, J.G. Bellido, T. Grenet, K. M, arXiv:2303.06006
Long lasting  

coherent signals Transient signals
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Usual binaries in circular Keplerian orbits

QSGW 2025

An illustrative example: GHz resonant cavities

Strain sensitivity

The sensitivity decreases with the chirp mass
Not the most relevant quantity …

A. Barrau, J.G. Bellido, T. Grenet, K. M, arXiv:2303.06006
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Usual binaries in circular Keplerian orbits

QSGW 2025

An illustrative example: GHz resonant cavities

Strain sensitivity

The sensitivity decreases with the chirp mass The accessible distance does  
not depend on the chirp mass

Accessible distance

Not the most relevant quantity …

Physical quantity that matters in the end

A. Barrau, J.G. Bellido, T. Grenet, K. M, arXiv:2303.06006
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Usual binaries in circular Keplerian orbits

Cf Valerie’s talk on Monday

QSGW 2025
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An illustrative example: GHz resonant cavities

Strain sensitivity

The sensitivity decreases with the chirp mass The accessible distance does  
not depend on the chirp mass

Accessible distance

Not the most relevant quantity …

Physical quantity that matters in the end

Usual binaries in circular Keplerian orbits

Unexpected behaviors can arise due to the competition  
between bigger but shorter signals

Not specific to resonant cavities

QSGW 2025

A. Barrau, J.G. Bellido, T. Grenet, K. M, arXiv:2303.06006
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Usual binaries in circular Keplerian orbits

Take-away messages:

QSGW 2025

Time duration of the signal quickly decreases with the masses
At fixed experimental frequency

The frequency of the experiment does not fix the mass of the binary systems 
that could, in principle, be probed
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The answer is not trivial and depends on the experimental setup

Lower chirp masses should a priory not be discarded 

Competition between two effects Which one wins in the end?
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Highly Eccentric Orbits

BH mergers beyond the usual 
circular trajectory:

Part II

QSGW 2025

See Antonio’s talk next Tuesday!

Naturalness of those events:
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Amplification 
factor

In the weak field, slow motion limit

Does this extra factor increase the gravitational signal in a detector? 

But … not necessarily

Naively: yes!

Average luminosity over one orbital period

P. C. Peters and J. Mathews, Phys. Rev. 131, 435 (1963)
M. Enoki, and M. Nagashima, arXiv:0609377

Highly eccentric black holes mergers

QSGW 2025



Highly eccentric black holes mergers

Parametrization used for an elliptic trajectory 
 of semi-major axe a and semi-minor axe b.
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Orbital parameters evolutions:

Reduced mass:
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The system first circularizes, then merges.

9Killian Martineau - LPSC, CNRS

P. Jamet, A. Barrau, K. M., arXiv:2412.01582
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Highly eccentric black holes mergers

Parametrization used for an elliptic trajectory 
 of semi-major axe a and semi-minor axe b.
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Orbital parameters evolutions:

Reduced mass:
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 ⌘ Gµ

The system first circularizes, then merges.

Can go through the experiment bandwidth multiple times
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P. Jamet, A. Barrau, K. M., arXiv:2412.01582

QSGW 2025
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Example case: GHz resonant cavities

Does the eccentricity boost the signal?
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experimental bandwidth 
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The circular orbit (e1=0) leads to the best situation!
The SNR is boosted for small eccentricities and damped for very high ones

When e increases, more energy is deposited in the detector, but more noise is also integrated!
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P. Jamet, A. Barrau, K. M., arXiv:2412.01582

Highly eccentric black holes mergers

QSGW 2025

SNR



Does the eccentricity boost the signal?
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P. Jamet, A. Barrau, K. M., arXiv:2412.01582

Highly eccentric black holes mergers

Depends on the way the signal is integrated

QSGW 2025
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Close Hyperbolic Encounters

BH mergers beyond the usual 
circular trajectory:

Part III

QSGW 2025



GW  
bremsstrahlung 

Aside: Definition of frequency for an aperiodic signal

Both definitions are equivalent
García-Bellido et al. arXiv:1711.09702

And even:
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Pseudo-Kepler law eccentricity 
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Hyperbolic encounters

QSGW 2025

M. Teuscher, A. Barrau, J.G.Bellido, K. M., arXiv:2402.10706, 2404.08379 

Studied e.g. in:  
García-Bellido et al. arXiv:1711.09702, 2307.00915,  
De Vittori et al. 1207.5359 
M. Raidal, V. Vaskonen and H. Veermäe, arXiv:2404.08416
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Q° : How to cleverly pick them? 
mass constrained by physics
eccentricity easier computations

García-Bellido et al. arXiv:1711.09702

2D parameter space: (M=m1+m2 ,e)

But only 3 d.o.f

frequency fixed by the detector
Additional constraint

The angle phi parametrizes the position along the trajectory
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Bunch of parameters that describe the system

Hyperbolic encounters

QSGW 2025

M. Teuscher, A. Barrau, J.G.Bellido, K. M., arXiv:2402.10706, 2404.08379 



Searching for optimal emission scenarios

The strain is maximal at periapsis
So is the frequency
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At fixed M, the highest e  
maximizes the strain

Strain and power at periapsis

with

BUT
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Burst duration

Reminder: Event duration must be carefully assessed for proper sensitivity reckoning

Most optimized  
trajectory:
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Hyperbolic encounters
M. Teuscher, A. Barrau, J.G.Bellido, K. M., arXiv:2402.10706, 2404.08379 
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Frequency is not  
monotonously increasing

The signal  
« drifts in, then back out»
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Boosted sources

Part IV

QSGW 2025
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GW waveforms are usually derived assuming that the source and the observer are at  
rest with respect to the Hubble flow, i.e. that their relative peculiar velocity is zero.

GW sources move inside galaxies, and the galaxies themselves  
move with respect to the Hubble flow.

Boosted sources

What are the effects of a boost on a GW signal?

HFGWs from jets in AGN?
A. Barrau, J. G. Bellido, J. Kopp, K.M.

This effect is usually small, but not always

G. Cusin, C. Pitrou, C. Bonvin, A. Barrau, K. M., arXiv:2405.01297

QSGW 2025
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Boosted sources
My personal bet for the effect on the amplitude was:
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Ghisellini et al. (1993)
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Electromagnetic case:

Gravitational waves:
<latexit sha1_base64="aIMKOSFVmF3jPEc7qhkWspAjJ1k="></latexit>

dE

dAdt
=

c3

16⇡G
hḣ2

+ + ḣ2
⇥i ⇠

c3

16⇡G
!2h2

Enhanced as
<latexit sha1_base64="viq8DUfkPXldWBcFtQdPqeq3gWE="></latexit>

D4
<latexit sha1_base64="rw3CHj8iKSZuh9rSMRqrCvxDfrw="></latexit>

) h = Dh0 ⇠ 2�h0 In the optimal case
<latexit sha1_base64="eG7aWTtXuZrbiffbGcOyggM9ECQ="></latexit>

✓ = 0

<latexit sha1_base64="H1517tEDxN6krX8Pq5xzL5Nt0UY="></latexit>

F = D4F 0

QSGW 2025
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Boosted sources

Amplitude Polarisation unit tensor

: Sachs scalar which characterizes the divergence of the geodesic beam
<latexit sha1_base64="3+4ZGrB0UKUX3LUfJuNNavLfaik="></latexit>

✓ ⌘ rµk
µ

Polarisation is parallel-propagated along the null vector 

Conservation of the flux
<latexit sha1_base64="tgrQtWz0i++51q+mSnAELwNX4Pw="></latexit>

r↵(H
2
k
↵) = 0

<latexit sha1_base64="MSLpwVrnRRtLdIuPYpsMw27AHPE="></latexit>

k
µrµH = �1

2
✓H

<latexit sha1_base64="OvKFA5K5hGGouK6r7D4IRhA83KQ="></latexit>

k↵r↵✏µ⌫ = 0

<latexit sha1_base64="lI5Dodgk2jb1JiMqfn23usEfihg="></latexit>)

<latexit sha1_base64="dNrNQ5MKaDLKp2Gp/ICl4PEQNTY="></latexit>

hµ⌫ = <
�
Hµ⌫e

i!�
�

Eikonal approximation:
<latexit sha1_base64="EvS9hyIqTvRF9+lP6FRKpmwDydw="></latexit>! : large dimensionless parameter
Phase varies much faster than the wave amplitude <latexit sha1_base64="zvPCyRvcAt62ru5q4f/uFxxJQnE="></latexit>

�
<latexit sha1_base64="vTpdF9Q1ahFl1Xf6Ev/xj6ji0+c="></latexit>

Hµ⌫

<latexit sha1_base64="5TVpYkX6OKYxEXxTcNx98poUBc8="></latexit>

Hµ⌫ = H✏µ⌫

<latexit sha1_base64="3BRU6mRKaLQOocqC5NGezydbKOo="></latexit>

H =
q

H?
µ⌫H

µ⌫

We split:
<latexit sha1_base64="/Z3mIw5g7A7lgFg2A+oMUw5gkGs="></latexit>

✏µ⌫✏
µ⌫ = 1

<latexit sha1_base64="iP5KtlitFsHbi2nVvc2p3ZrF5UY="></latexit>

kµ✏µ⌫ = 0

<latexit sha1_base64="LaB1cyltsF6U84A8+MMBBm0J0k0="></latexit>

(?)
<latexit sha1_base64="vFcQKLTWaXAfNyGSPLF+j8dN6+0="></latexit>

kµ

Einstein equations
<latexit sha1_base64="JMCL3vBomjgv39PMlXxxgXQAkvo="></latexit>

kµ = @µ�Eikonal momentum:

In the geometric optics  
approximation

<latexit sha1_base64="aza7x/1Zj5yubSQ2Kvt+4UO932Y="></latexit>

k�k
� = 0

<latexit sha1_base64="aQDsWtiICUh0WJ8DfWYAXyC6VOg="></latexit>

2k�r�Hµ⌫ +
�
r�k

�
�
Hµ⌫ = 0

is a null vector
<latexit sha1_base64="vFcQKLTWaXAfNyGSPLF+j8dN6+0="></latexit>

kµ

In the Eikonal approximation we can define trajectories for GWs which are null geodesics
<latexit sha1_base64="IsAhpeSsTfGrOVDcNLd9JjUaCcc="></latexit>

xµ(�)

<latexit sha1_base64="QFpW4C6/0VBVETA4EzMqAe9sGV8=">AAADcXicjVFdT9swFL1p2GDsgw6epr1YVJOY0Kq0YhovSMBeeBugFZDqEjnGba06ceQ4Q6jqP+L/oP2D7Xl/YNfGIDo0bY4SH597zs29vlmpZGWT5HvUi </latexit>

) �!
2
k�k

�
Hµ⌫ + i!

⇥
2k�r�Hµ⌫ +r�k

�
Hµ⌫

⇤
+O(!0) = 0

<latexit sha1_base64="lI5Dodgk2jb1JiMqfn23usEfihg="></latexit>) <latexit sha1_base64="LaB1cyltsF6U84A8+MMBBm0J0k0="></latexit>

(?)

G. Cusin, C. Pitrou, C. Bonvin, A. Barrau, K. M., arXiv:2405.01297
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Boosted sources

The Sachs scalar can be written as:
<latexit sha1_base64="7YgCiVKzvzQ3eiItmPlnJt3fcj4="></latexit>

✓ = r↵k
↵ = 2

dlog�

d�
<latexit sha1_base64="IID/0LbOaTTmHoPfy7S2WPhFmko="></latexit>

� =

r
dA0

d⌦S
« Propagation distance »

<latexit sha1_base64="3ZUagm7xCwr9DPnOhCuq/Xl2Qto="></latexit>

d⌦S : solid angle of the emitted bundle of geodesics that is received by the observer
<latexit sha1_base64="wzWtE9O+rByVZq482EsBaG0ZPWE="></latexit>

dA0 : surface of the bundle at the observer location

The strain scale as:
<latexit sha1_base64="vR1uLbK4maxdVM6PNOh7M/3wbrI="></latexit>

H(�) =
H(�S)�(�S)

�(�)
/ 1

�(�)

Observer :Source
<latexit sha1_base64="jSokgYkN9sqlLrfsTgwL9U+DbeQ="></latexit>

DA =

r
dAS

d⌦O

Angular diameter distance

Relates the solid angle at the observer location to the bundle surface at the source location

These two distances are related by:
<latexit sha1_base64="w4Ia4UbFDbkueDVWHHogMN9xAFc="></latexit>

� = (1 + z)DA with
<latexit sha1_base64="y+TvLEE1ObJHRNljzgdpb0k9Dqw="></latexit>

1 + z =
uµ

S
kµ

uµ

O
kµ

the source redshift

Luminosity distance:
<latexit sha1_base64="7qTjXNqcRetnGEMUQs6eIvh+3LY="></latexit>

DL = (1 + z)2DA Governs the scaling of the GW energy density

G. Cusin, C. Pitrou, C. Bonvin, A. Barrau, K. M., arXiv:2405.01297
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Boosted sources

Two separate situations must be considered!

Situation A Situation B

Reference source with frame S Reference observer with frame O

First, let us define a reference case (S,O):

S O

Boosted frame
<latexit sha1_base64="XqDy35c6qXQtDKEpNpactAEMW+w="></latexit>

S̃
with 4-velocity <latexit sha1_base64="46arfWkWQp0VjOKNtHksoJH3ky8="></latexit>

ũµ
S

A source moving with respect to a reference  
source located at the same position when the 

signal is emitted

An observer (detector) moving with respect  
to a reference observer located at the same  

position when the signal is received

Those situations are not equivalent!

S

O

<latexit sha1_base64="cUzdmNuSlX76Dgq5faZUPDzi76M="></latexit>

Õ

Situation B: a signal is emitted in S and received by
<latexit sha1_base64="cUzdmNuSlX76Dgq5faZUPDzi76M="></latexit>

Õ

Objective: Compare to the reference case (S,O) the following situations:
Situation A: a signal is emitted in    and received by O

<latexit sha1_base64="XqDy35c6qXQtDKEpNpactAEMW+w="></latexit>

S̃

Boosted frame
with 4-velocity

<latexit sha1_base64="I2J/KVDD8EdixjiPRMBHiZy04GI="></latexit>

ũµ

O

<latexit sha1_base64="cUzdmNuSlX76Dgq5faZUPDzi76M="></latexit>

Õ

<latexit sha1_base64="XqDy35c6qXQtDKEpNpactAEMW+w="></latexit>

S̃

G. Cusin, C. Pitrou, C. Bonvin, A. Barrau, K. M., arXiv:2405.01297
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Boosted sources

Source and observer Doppler shift factors:
<latexit sha1_base64="Yq8PHu5wjMiRYI9MKjKs6Z4e6P0="></latexit>

DO ⌘ kµũ
µ

O

kµu
µ

O

=
ẼO

EO

<latexit sha1_base64="houbgkM/eBfcoj+7uaehmdyz0mE="></latexit>

DS ⌘ kµũ
µ
S

kµu
µ
S

=
ẼS

ES

<latexit sha1_base64="qWMxHo8hK4TIdL001iHlxsEDhi0="></latexit>

1 + z̃ =
DS

DO

(1 + zref)

If the observer moves towards  
the source at relativistic speed:

<latexit sha1_base64="FcZVuN/VDBpSPIgRC+FFCScMjxk="></latexit>DO ⇠ 2�O

If the source moves towards  
the observer at relativistic speed:

<latexit sha1_base64="fJtQj1abcW4I6MB3ADR8Rpqz45g="></latexit>

D�1
S ⇠ 2�S

Effects of a boost on the redshift (frequencies)

A signal emitted by the reference source and measured by the reference observer is 
seen with a reference redshift:

<latexit sha1_base64="M/EJMbb+EvMkQBlJqxY1cw4JT9I="></latexit>

1 + zref =
kµu

µ

S

kµu
µ

O

=
ES

EO

When both the source and the observer move w.r.t the reference case:

G. Cusin, C. Pitrou, C. Bonvin, A. Barrau, K. M., arXiv:2405.01297
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Boosted sources

<latexit sha1_base64="E6ggH3OrLLl+lCiJoxaE/GNSEMI="></latexit>

�(S̃ ! O) =

s
dAO

d⌦̃S

=

r
dAO

d⌦S

s
d⌦S

d⌦̃S

= DS�(S ! O)

Moving source (situation A):
<latexit sha1_base64="NJSW1sHFpRyTFSGwGX3SBzvMbTI="></latexit>

DO = 1, DS 6= 1

The distance    is affected by  
the source velocity

<latexit sha1_base64="MSXOSALxAfvp18UGuZ5LjyDt29A="></latexit>�

<latexit sha1_base64="3XHkdAGYv/BWEY5uNsy9iyWtdLk="></latexit>

DA(S̃  O) = DA(S  O) The distance DA is not

Moving observer (situation B):
<latexit sha1_base64="P8OhfOdpFdIBjgtd4nSlD3X9gxk="></latexit>

DO 6= 1, DS = 1
<latexit sha1_base64="R43VMNpoOLQ9AZM1UYeEiQmCHuU="></latexit>

�(S ! Õ) = �(S ! O) Does not depend on the observer velocity by definition

<latexit sha1_base64="I3MN5qJFJR88ght0zFt8JbF344Y="></latexit>

DA(S  Õ) = DODA(S  O) The angular distance is not the same

General case:

Does not break equivalence principle!
Situations A and B are not the same

Effects of a boost on distances
G. Cusin, C. Pitrou, C. Bonvin, A. Barrau, K. M., arXiv:2405.01297

<latexit sha1_base64="1vpVDF+arpMJasbu8dFYNhnbEZg="></latexit>

DA(S̃  Õ) = DODA(S  O)

<latexit sha1_base64="S5bQ5rmmZPlMOLGOdJTy+HKNHRQ="></latexit>

�(S̃ ! Õ) = DS�(S ! O)

<latexit sha1_base64="7WDlp9iuUBBJfp1G5uPT4iyPjfc="></latexit>

DL(S̃ ! Õ) =
D2

S

DO

DL(S ! O)

QSGW 2025
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Boosted sources

The source velocity affects the strain amplitude but the observer velocity does not!

Effect of a boost on the amplitude of a gravitational wave:

When both the source and the observer move w.r.t the reference situation:
<latexit sha1_base64="UQDwsQYDL9hGLno2s1ivj/B7bKE="></latexit>

H(S̃ ! Õ) = D�1
S H(S ! O)

Effect of a boost on the energy density of a gravitational wave:
<latexit sha1_base64="ajDghoZYdpsyn4vKY5d5hXdjMKo="></latexit>

⇢GW (S̃ ! Õ) = D2
O
D�4

S
⇢GW (S ! O)

We recover that the energy density transforms as 
<latexit sha1_base64="aSwP1gMFZb++kTy34NjbyllYXj4="></latexit>

D�2
L

In agreement with the definition of the luminosity distance

G. Cusin, C. Pitrou, C. Bonvin, A. Barrau, K. M., arXiv:2405.01297

<latexit sha1_base64="YBR7C+tYi7kHoNy2GPiPjMDK1pI="></latexit>

⇠ 2�SH(S ! O)

<latexit sha1_base64="dhICzrtlioOdOKOBKO3NCz6+3l8="></latexit>

⇠ (2�O)
2(2�S)

4H(S ! O)

QSGW 2025
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Boosted sources
G. Cusin, C. Pitrou, C. Bonvin, A. Barrau, K. M., arXiv:2405.01297
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Boosted sources

QSGW 2025

Boosts can increase a GW signal

Are there relevant boosted sources?



Thank you!
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