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GW150914: first direct detection of gravitational waves

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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GW Signals: polarizations and strain

Figure 5. Antenna response pattern for a LIGO gravitational wave detector, in
the long-wavelength approximation. The interferometer beamsplitter is located at
the center of each pattern, and the thick black lines indicate the orientation of the
interferometer arms. The distance from a point of the plot surface to the center of
the pattern is a measure of the gravitational wave sensitivity in this direction. The
pattern on the left is for + polarization, the middle pattern is for ⇥ polarization, and
the right-most one is for unpolarized waves.

established using the laser wavelength, by measuring the mirror drive signal required to

move through an interference fringe. The calibration is tracked during operation with

sine waves injected into the di↵erential-arm loop. The uncertainty in the amplitude

calibration is approximately ±5%. Timing of the GW channel is derived from the Global

Positioning System; the absolute timing accuracy of each interferometer is better than

±10 µsec.

The response of the interferometer output as a function of GW frequency is

calculated in detail in references [36, 37, 38]. In the long-wavelength approximation,

where the wavelength of the GW is much longer than the size of the detector, the

response R of a Michelson-Fabry-Perot interferometer is approximated by a single-pole

transfer function:

R(f) / 1

1 + if/fp
, (1)

where the pole frequency is related to the storage time by fp = 1/4⇡⌧s. Above the pole

frequency (fp = 85 Hz for the LIGO 4 km interferometers), the amplitude response

drops o↵ as 1/f . As discussed below, the measurement noise above the pole frequency

has a white (flat) spectrum, and so the strain sensitivity decreases proportionally to

frequency in this region. The single-pole approximation is quite accurate, di↵ering from

the exact response by less than a percent up to ⇠1 kHz [38].

In the long-wavelength approximation, the interferometer directional response is

maximal for GWs propagating orthogonally to the plane of the interferometer arms,

and linearly polarized along the arms. Other angles of incidence or polarizations give a

reduced response, as depicted by the antenna patterns shown in Fig. 5. A single detector

has blind spots on the sky for linearly polarized gravitational waves.

[credit: LVK 2007]

[credit: LIGO]

[credit: Le Tiec & Nowak 2016]
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Thus, as a gravitational wave propagates through an initially circular ring
of particles, it induces alternative contractions and elongations along the x̂

and ŷ directions for the + polarization, and along the ŷ = x̂ and ŷ = �x̂

directions for the ⇥ polarization (see Fig. 9). A generic gravitational wave
can thus be understood as a superposition of two oscillating tidal fields that
propagate at the vacuum speed of light.

Equation (82) shows that under the e↵ect of a passing gravitational wave
of typical amplitude h ⇠ H+,⇥, the initial size L0 of the ring of particles
varies by an amount

�L ⇠ 1

2
hL0 , (83)

in complete agreement with the result (76). As will be shown in section 7,
the typical amplitude of gravitational waves from astrophysical sources is
h . 10�21. Hence, even for a kilometer-scale detector, the change in length
induced by a traveling gravitational wave is at most of order 10�18 m. Thus,
as will be discussed in chapters 3 and 4, it is a major technological challenge
to detect a passing gravitational wave of cosmic origin.
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Fig. 9. A monochromatic gravitational wave of pulsation ! = 2⇡/T propagates along
the ẑ direction. The lower panel shows the e↵ects of the + and ⇥ polarizations on a ring
of freely falling particles, in a local inertial frame.

GW polarizations

Response of an interferometer:
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All-sky detectors ‘listening’ 
to the gravitational universe
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Compact Binary Coalescences - Lexikon

• Dominant frequency:

• Chirp mass:

• Inspiral frequency:

• BBH scale invariance:

• End of inspiral:

• Effect of cosmology:
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Waveform modelling
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Figure 1. A sketch of the natural domains of applicability of the four main
approaches to solving the relativistic two-body problem. The approaches are largely
complementary and building waveforms for LISA will require input from all three.
The solid lines shown are illustrative of the reach of each approach. The precise
size of each region depends on the source type and the accuracy requirements of the
model. In addition, the E↵ective-One-Body and Phenomenological models absorb
information from the four main approaches to produce more global models that can
compute waveforms sourced by binaries across large portions of the parameter space.

scientific community developing waveform models and studying the relativistic two-body

problem. It serves to prioritize waveform development, inform the wider community of

LISA’s waveform modelling needs, and as a recruiting pool for waveform related tasks

and projects in the LISA Science Group.

In this white paper, the WavWG discuss the current status of waveform modelling

and what further development is needed in realize LISA’s science. It is organized in five

main sections. In §2 we take a brief inventory of the sources LISA is expected to observe

along with their expected parameters. This sets the primary goals for waveform model

accuracy and parameter space coverage. §3 discusses what requirements LISA data

analysis puts on waveform models in terms of accuracy, e�ciency, and format. The main

approaches to modelling waveforms from compact binaries are described in §4, discussing

both their status to date, and challenges to be overcome to meet LISA’s waveform

requirements. §5 discusses methods for accelerating the production of waveform models.

Finally, §6 captures the modeling for beyond GR, beyond Standard model, and cosmic

strings sources. We note that while stochastic signals are of immense interest, this paper
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Analytic approaches (PN/PM)
• analytic perturbative results for the inspiral phase
• recent progress on post-Minkowskian side, hyperbolic orbits

Self-force, small mass ratios (SF)

• analytic/numerical results for the extreme mass ratio limit
• recent progress on 2nd order SF, and comparable-mass limit 

Numerical relativity (NR)

• costly full-GR 4D simulations, limited to merger and few orbits
• only reference for merger-ringdown signals
• recent progress on high mass ratio and modified gravity 

Combination of analytical/
numerical approaches

Crucial and active field of 
study
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Noise and signal
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Figure 2: Top: Binary Neutron Star (BNS) range evolution of the LIGO and Virgo
detectors from the start of O2 in November 2017 to the end of O3 in
March 2020. The broken axes remove the time between each observing run.
Bottom: Representative amplitude spectral density of the three detectors’
strain sensitivity in each observing run. The O3 spectra shown are taken
from O3a.

duty cycle of the LIGO detectors, as well as the triple coincident time. There is a
marked improvement in the stability of the LIGO detectors between O2 and O3, with
coincident science quality time increasing by some 16%. Although the Virgo duty cy-

[LVK 2021]

<latexit sha1_base64="CaCfVBkQuykyIGWfLmoVPT7ZpIM=">AAACDHicbVDLSgMxFM3UV62vqks3wSK2IGVGiroRCkVwWcE+oDOUTJppQzOZIbkjlNIPcOOvuHGhiFs/wJ1/Y9rOQlsPXDiccy7JPX4suAbb/rYyK6tr6xvZzdzW9s7uXn7/oKmjRFHWoJGIVNsnmgkuWQM4CNaOFSOhL1jLH9amfuuBKc0jeQ+jmHkh6UsecErASN18oVaEMzgt4WvsCiL7gmFZhJIZo7lqppiUXbZnwMvESUkBpah3819uL6JJyCRQQbTuOHYM3pgo4FSwSc5NNIsJHZI+6xgqSci0N54dM8EnRunhIFJmJOCZ+ntjTEKtR6FvkiGBgV70puJ/XieB4MobcxknwCSdPxQkAkOEp83gHleMghgZQqji5q+YDogiFEx/OVOCs3jyMmmel52LcuWuUqjepHVk0RE6RkXkoEtURbeojhqIokf0jF7Rm/VkvVjv1sc8mrHSnUP0B9bnD4vCmNI=</latexit>

C(t, t0) = hn(t)n(t0)i

<latexit sha1_base64="dMPyVqbKUh4vOx8+sF19SmF6Odg="></latexit>

1

2
Sn(f) =

Z
d⌧ C(⌧)e�2i⇡f⌧

Noise autocorrelation in the stationary case:

Noise PSD as the FT of the autocorrelation:

<latexit sha1_base64="nVaYsGCSiJXcuDhF7B4A6yeWGM8=">AAACDHicbVDLSgMxFM3UV62vqks3wSJtoZYZKepGKBTBZQX7gHYomTRTQzMPkzuFUvoBbvwVNy4UcesHuPNvTKez0NYDgZNzziW5xwkFV2Ca30ZqZXVtfSO9mdna3tndy+4fNFUQScoaNBCBbDtEMcF91gAOgrVDyYjnCNZyhrWZ3xoxqXjg38E4ZLZHBj53OSWgpV42VytACfJFfIVrBbOEIX8KRdxlDxEfaSW+6pRZNmPgZWIlJIcS1HvZr24/oJHHfKCCKNWxzBDsCZHAqWDTTDdSLCR0SAaso6lPPKbsSbzMFJ9opY/dQOrjA47V3xMT4ik19hyd9Ajcq0VvJv7ndSJwL+0J98MImE/nD7mRwBDgWTO4zyWjIMaaECq5/ium90QSCrq/jC7BWlx5mTTPytZ5uXJbyVWvkzrS6AgdowKy0AWqohtURw1E0SN6Rq/ozXgyXox342MeTRnJzCH6A+PzBxdNl0M=</latexit>

C(t, t0) = C(0, t0 � t) ⌘ C(t0 � t)

Introduce a noise-weighted inner product:
<latexit sha1_base64="OBmsoYnWdqHzfOeXI/9yOsDMr9g="></latexit>

(a|b) ⌘ 4Re

Z +1

0

df

Sn(f)
ã(f)b̃⇤(f)

Optimal Signal-to-Noise ratio:

<latexit sha1_base64="BS1eniPX7mua3Rx/XBWomwtaNzE=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZSkFO1GKLhxJfXRB7SxTKaTZuhkEmYmQkm78FfcuFDErb/hzr9x0mahrQcGDufcyz1z3IhRqSzr21haXlldW89t5De3tnd2zb39pgxjgUkDhywUbRdJwignDUUVI+1IEBS4jLTc4WXqtx6JkDTk92oUESdAA049ipHSUs887AZI+SJI7q5vJw9leAGL/tg/7ZkFq2RNAReJnZECyFDvmV/dfojjgHCFGZKyY1uRchIkFMWMTPLdWJII4SEakI6mHAVEOsk0/wSeaKUPvVDoxxWcqr83EhRIOQpcPZmmlfNeKv7ndWLlVZ2E8ihWhOPZIS9mUIUwLQP2qSBYsZEmCAuqs0LsI4Gw0pXldQn2/JcXSbNcss9KlZtKoVbN6siBI3AMisAG56AGrkAdNAAGY/AMXsGb8WS8GO/Gx2x0ych2DsAfGJ8/XM+VAA==</latexit>

SNR2 = (h|h)

Matched filter SNR comparing 
template to data:

<latexit sha1_base64="W4DfqSkBfB8nP1SE4W6gQ2SQE0I=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSLUS0lK0V6EghePFewHtGnZbDbt0k027G6UEvs/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPC/mTGnb/rbW1jc2t7ZzO/ndvf2Dw8LRcUuJRBLaJIIL2fGwopxFtKmZ5rQTS4pDj9O2N76Z+e0HKhUT0b2exNQN8TBiASNYG6nfkyPRr6BrVBo9+ReDQtEu23OgVeJkpAgZGoPCV88XJAlppAnHSnUdO9ZuiqVmhNNpvpcoGmMyxkPaNTTCIVVuOr96is6N4qNASFORRnP190SKQ6UmoWc6Q6xHatmbif953UQHNTdlUZxoGpHFoiDhSAs0iwD5TFKi+cQQTCQztyIywhITbYLKmxCc5ZdXSatSdi7L1btqsV7L4sjBKZxBCRy4gjrcQgOaQEDCM7zCm/VovVjv1seidc3KZk7gD6zPH7BrkVA=</latexit>

⇢2 = (h|d)

Example of real instrumental PSDs (instr. lines, …)



9

Bayes theorem and posterior distribution

<latexit sha1_base64="PgR5cCczOxgNEM5mdE8vUu+czwE=">AAACKHicbVBbSwJBGJ21m9nN6rGXIQkUQnZDypdI6KUXwSAvoCKzs7M6OHth5ttAVn9OL/2VXiKK8LVf0qz6YNqBYQ7nnI+Z79ih4ApMc2qkNja3tnfSu5m9/YPDo+zxSUMFkaSsTgMRyJZNFBPcZ3XgIFgrlIx4tmBNe3if+M1nJhUP/CcYhazrkb7PXU4JaKmXvQvzHRgwIHiMnUtcLeBb3HEloXGYd7Q2NxNjKVgtTBJ7rO9eNmcWzRnwOrEWJIcWqPWyHx0noJHHfKCCKNW2zBC6MZHAqWCTTCdSLCR0SPqsralPPKa68WzRCb7QioPdQOrjA56pyxMx8ZQaebZOegQGatVLxP+8dgRuuRtzP4yA+XT+kBsJDAFOWsMOl4yCGGlCqOT6r5gOiK4JdLcZXYK1uvI6aVwVreti6bGUq5QXdaTRGTpHeWShG1RBD6iG6oiiF/SGPtGX8Wq8G9/GdB5NGYuZU/QHxs8vB4Kjhw==</latexit>

p(✓|d,M) =
p(d|✓,M)p(✓|M)

p(d|M)

<latexit sha1_base64="QpAtEEXCQ/0S3Nf2eJhj7rBR89o=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhgoZdCZqLEPDiQSGCeUASwuzsbDJkdnaZ6RXCmq/w4q948aCIV/Hm3zh5HDRa0FBUddPd5cWCa3CcLyuzsLi0vJJdza2tb2xu2ds7dR0lirIajUSkmh7RTHDJasBBsGasGAk9wRre4GLsN+6Y0jyStzCMWSckPckDTgkYqWsfxwUf3+M29BmQI3x9iM9xOyTQp0SkV6M5s2vnnaIzAf5L3BnJoxmqXfuz7Uc0CZkEKojWLdeJoZMSBZwKNsq1E81iQgekx1qGShIy3Uknb43wgVF8HETKlAQ8UX9OpCTUehh6pnN8sZ73xuJ/XiuBoNxJuYwTYJJOFwWJwBDhcUbY54pREENDCFXc3IppnyhCwSSZMyG48y//JfWTontaLN2U8pXyLI4s2kP7qIBcdIYq6BJVUQ1R9ICe0At6tR6tZ+vNep+2ZqzZzC76BevjGxAfnMs=</latexit>

p(d|✓,M) = L(d|✓,M)

<latexit sha1_base64="b6Gm6+maAvyxQ3K5INYxbZr1faQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lspu3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5EPOqLFSMxyUK27VXYCsEy8nFcjRGJS/+mHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVVCMoyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNcOan3GZpAYlWy4apoKYmMy/JiFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m+p187pSr+VxFOEMzuESPLiFOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHx9WM5w==</latexit>

d

<latexit sha1_base64="NEih1PfbZkvIu98FBUbVpmsNXaY=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0mkaI8FLx4r2A9oQ9lsJ+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqObR4LGPdDZgBKRS0UKCEbqKBRYGETjC5nfudJ9BGxOoBpwn4ERspEQrO0ErtPo4B2aBccavuAnSdeDmpkBzNQfmrP4x5GoFCLpkxPc9N0M+YRsElzEr91EDC+ISNoGepYhEYP1tcO6MXVhnSMNa2FNKF+nsiY5Ex0yiwnRHDsVn15uJ/Xi/FsO5nQiUpguLLRWEqKcZ0/jodCg0c5dQSxrWwt1I+ZppxtAGVbAje6svrpH1V9a6rtftapVHP4yiSM3JOLolHbkiD3JEmaRFOHskzeSVvTuy8OO/Ox7K14OQzp+QPnM8fo+OPJw==</latexit>

✓

<latexit sha1_base64="L7EifiK7b87NoEkuBUBermPFkBM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXrwICZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Hbut59QaR7LBzNJ0I/oUPKQM2qs1LjvF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMTVv0pl0lqULLlojAVxMRk/jUZcIXMiIkllClubyVsRBVlxmZTsCF4qy+vk9ZV2bsuVxqVUq2axZGHMziHS/DgBmpwB3VoAgOEZ3iFN+fReXHenY9la87JZk7hD5zPH6T5jNA=</latexit>

M

inferred params (17 for GW source)
data (observed data in detector)
model (context, assumptions)

<latexit sha1_base64="+7faN3oZjFdvqT1VGg3nAXCD+kA=">AAACIHicbVDLSgMxFM3UV62vqks3wSJUKGVGiu1GKLhxI1SwD+gMJZPJtKGZB8kdobT9FDf+ihsXiuhOv8a0nYW2Hgice8695N7jxoIrMM0vI7O2vrG5ld3O7ezu7R/kD49aKkokZU0aiUh2XKKY4CFrAgfBOrFkJHAFa7vD65nffmBS8Si8h1HMnID0Q+5zSkBLvXw1LnqT23N8hW0eAvZsGDAg2C5hbeAJXtQlrFviYmpOdNXLF8yyOQdeJVZKCihFo5f/tL2IJgELgQqiVNcyY3DGRAKngk1zdqJYTOiQ9FlX05AETDnj+YFTfKYVD/uR1E9vOVd/T4xJoNQocHVnQGCglr2Z+J/XTcCvOWMexgmwkC4+8hOBIcKztLDHJaMgRpoQKrneFdMBkYSCzjSnQ7CWT14lrYuydVmu3FUK9VoaRxadoFNURBaqojq6QQ3URBQ9omf0it6MJ+PFeDc+Fq0ZI505Rn9gfP8APNqf6A==</latexit>

p(d|M) =

Z
d✓ p(d|✓,M)p(✓|M)

Bayes theorem

Posterior distribution

Evidence

Prior distribution

Likelihood

• target of the analysis
• multidim. distribution, discrete 

samples

• normalization of the posterior
• important for model comparison

• a priori knowledge of 
parameters

Idealized data likelihood (Whittle)

For a stationary Gaussian process: independence FD, 
diagonal covariance

<latexit sha1_base64="1Im2+zXxGufS4HfcG6Qc2r2ew0g=">AAACLXicbVDLSsQwFE19juNr1KWb4CDowqEVUTeCoIILFyM4KkzLkKapDaZpSW6FofaH3PgrIrgYEbf+hulMEV8HAifn3Etyjp8KrsG2B9bY+MTk1HRtpj47N7+w2FhavtRJpijr0EQk6tonmgkuWQc4CHadKkZiX7Ar//ao9K/umNI8kRfQT5kXkxvJQ04JGKnXOHaFdGMCESUiPyvwhgsRA7KJD/CWGypCc6fIt40efTlbOLj/cdvsNZp2yx4C/yVORZqoQrvXeHaDhGYxk0AF0brr2Cl4OVHAqWBF3c00Swm9JTesa6gkMdNePkxb4HWjBDhMlDkS8FD9vpGTWOt+7JvJMpj+7ZXif143g3Dfy7lMM2CSjh4KM4EhwWV1OOCKURB9QwhV3PwV04iYjsAUXDclOL8j/yWX2y1nt7VzvtM8PKnqqKFVtIY2kIP20CE6RW3UQRQ9oCc0QK/Wo/VivVnvo9Exq9pZQT9gfXwChSOlzA==</latexit>

lnL(✓) = �1

2
(h(✓)� d|h(✓)� d)

Hierarchical inference

(Noise-weighted) norm of residuals between template and 
data

Infer hyperparameters affecting the whole population 
(population model, cosmology, modified gravity)

<latexit sha1_base64="wVqADiraouwcctgLUMj7HyDwV+4="></latexit>

p(⇤|{d}) / p(⇤)
NGWY

i=1

1

⇠(⇤)

Z
d✓L(di|✓,⇤)p(✓|⇤)

Selection effect: Malmquist bias, louder 
events more likely to be detected

<latexit sha1_base64="xcMSad5xjnsbfQSyiOu7SAenlqA=">AAACIHicbVDJSgNBFOxxjXGLevTSGIQIEmZE1IsQEMGDhwhmgcwQenpeTGPPQvcbMQz5FC/+ihcPiuhNv8ZOMoJbQUNRVY9+r/xECo22/W5NTc/Mzs0XFoqLS8srq6W19aaOU8WhwWMZq7bPNEgRQQMFSmgnCljoS2j51ycjv3UDSos4usRBAl7IriLRE5yhkbqlQ/dWVNxzMxCwHXpMXREhDVzsAzKadDNXhTQAHFYm0u5XtFsq21V7DPqXODkpkxz1bunNDWKehhAhl0zrjmMn6GVMoeAShkU31ZAwfs2uoGNoxELQXjY+cEi3jRLQXqzMM/uN1e8TGQu1HoS+SYYM+/q3NxL/8zop9o68TERJihDxyUe9VFKM6agtGggFHOXAEMaVMLtS3meKcTSdFk0Jzu+T/5LmXtU5qO5f7Jdrp3kdBbJJtkiFOOSQ1MgZqZMG4eSOPJAn8mzdW4/Wi/U6iU5Z+cwG+QHr4xPNraIt</latexit>

⇠(⇤) =

Z
d✓pdet(✓,⇤)

<latexit sha1_base64="wZenKGhg/Imm30KjLO1A34yCe1U="></latexit>

pdet(✓,⇤) =

Z

x>thres.
dxL(x|✓,⇤)
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Matched filtering example

Optimize over phase:

Optimize over time:

Example: trying a fixed template
<latexit sha1_base64="wv5UUGZdh12sq+RiBl4UfPf4iCQ="></latexit>

max
↵

Re
�
ei↵h|s

�
= |(h|s)|

<latexit sha1_base64="sydBe0hcmCRsrVXX7td1mpFDNgw="></latexit>Z
df e2i⇡f�th̃s̃⇤/Sn = IFFT(h̃s̃⇤/Sn)

<latexit sha1_base64="i8aAkZ+Y6PqclGJV30gedPt8g9M=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeACB4jmAckS5idzGaHzGOZmRVCyC948aCIV3/Im3/jbLIHTSxoKKq66e6KUs6M9f1vr7S2vrG5Vd6u7Ozu7R9UD4/aRmWa0BZRXOluhA3lTNKWZZbTbqopFhGnnWh8m/udJ6oNU/LRTlIaCjySLGYE21zq60QNqjW/7s+BVklQkBoUaA6qX/2hIpmg0hKOjekFfmrDKdaWEU5nlX5maIrJGI9oz1GJBTXhdH7rDJ05ZYhipV1Ji+bq74kpFsZMROQ6BbaJWfZy8T+vl9n4JpwymWaWSrJYFGccWYXyx9GQaUosnziCiWbuVkQSrDGxLp6KCyFYfnmVtC/qwVX98uGy1rgr4ijDCZzCOQRwDQ24hya0gEACz/AKb57wXrx372PRWvKKmWP4A+/zByOBjlM=</latexit>⇢

In reality, detector noise has 
strong outliers (glitches):

• use custom detection statistics 
penalizing outliers

• use carefully constructed template 
banks covering the parameter space

• exploit coincidence between 
independent detectors for detection 
confidence

• use real detector data in time slides 
to assess significance of coincidence

• triggers are assessed by their False-
Alarm Rate (FAR)

Matched filtering and coincidence 
state-of-the-art for LVK 
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GW Parameter Estimation example

Sample waveforms (5 random walkers) Trace plot

In reality:

• need millions of likelihood evaluations, cost intensive
• need to explore up to 17d parameters
• Nested Sampling
• Metropolis-Hastings MCMC (with Parallel Tempering and custom 

proposals)
• Machine learning techniques appearing

<latexit sha1_base64="1Im2+zXxGufS4HfcG6Qc2r2ew0g=">AAACLXicbVDLSsQwFE19juNr1KWb4CDowqEVUTeCoIILFyM4KkzLkKapDaZpSW6FofaH3PgrIrgYEbf+hulMEV8HAifn3Etyjp8KrsG2B9bY+MTk1HRtpj47N7+w2FhavtRJpijr0EQk6tonmgkuWQc4CHadKkZiX7Ar//ao9K/umNI8kRfQT5kXkxvJQ04JGKnXOHaFdGMCESUiPyvwhgsRA7KJD/CWGypCc6fIt40efTlbOLj/cdvsNZp2yx4C/yVORZqoQrvXeHaDhGYxk0AF0brr2Cl4OVHAqWBF3c00Swm9JTesa6gkMdNePkxb4HWjBDhMlDkS8FD9vpGTWOt+7JvJMpj+7ZXif143g3Dfy7lMM2CSjh4KM4EhwWV1OOCKURB9QwhV3PwV04iYjsAUXDclOL8j/yWX2y1nt7VzvtM8PKnqqKFVtIY2kIP20CE6RW3UQRQ9oCc0QK/Wo/VivVnvo9Exq9pZQT9gfXwChSOlzA==</latexit>

lnL(✓) = �1

2
(h(✓)� d|h(✓)� d)
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Examples of LVK results

multiple classes, this significance is decreased by a trials
factor equal to the number of classes [71].

A. Generic transient search

Designed to operate without a specific waveform model,
this search identifies coincident excess power in time-
frequency representations of the detector strain data
[43,72], for signal frequencies up to 1 kHz and durations
up to a few seconds.
The search reconstructs signal waveforms consistent

with a common gravitational-wave signal in both detectors
using a multidetector maximum likelihood method. Each
event is ranked according to the detection statistic
ηc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ec=ð1þ En=EcÞ

p
, where Ec is the dimensionless

coherent signal energy obtained by cross-correlating the
two reconstructed waveforms, and En is the dimensionless
residual noise energy after the reconstructed signal is
subtracted from the data. The statistic ηc thus quantifies
the SNR of the event and the consistency of the data
between the two detectors.
Based on their time-frequency morphology, the events

are divided into three mutually exclusive search classes, as
described in [41]: events with time-frequency morphology
of known populations of noise transients (class C1), events
with frequency that increases with time (class C3), and all
remaining events (class C2).

Detected with ηc ¼ 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and
including a trials factor of 3 to account for the search
classes, its false alarm rate is lower than 1 in 22 500 years.
This corresponds to a probability < 2 × 10−6 of observing
one or more noise events as strong as GW150914 during
the analysis time, equivalent to 4.6σ. The left panel of
Fig. 4 shows the C3 class results and background.
The selection criteria that define the search class C3

reduce the background by introducing a constraint on the
signal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without
this constraint. Specifically, we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2þ C3).
In this two-class search the GW150914 event is found in
the C2þ C3 class. The left panel of Fig. 4 shows the
C2þ C3 class results and background. In the background
of this class there are four events with ηc ≥ 32.1, yielding a
false alarm rate for GW150914 of 1 in 8 400 years. This
corresponds to a false alarm probability of 5 × 10−6

equivalent to 4.4σ.

FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background. The significance of GW150914
is greater than 5.1σ and 4.6σ for the binary coalescence and the generic transient searches, respectively. Left: Along with the primary
search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2þ C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-line
background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-6

[LVK 2016]

the energy radiated in the merger is given by M−Mf. The key
analysis elements described above, including parameter estima-
tion sampling algorithms, PSD estimates, and waveform models,
all potentially introduce systematic uncertainties. Different
choices for these elements can affect the results but in most
cases these changes are significantly smaller than the statistical
uncertainties. Below, we highlight the more significant differ-
ences in the results associated with waveform models.

2.2. Primary and Secondary BH Components

In Table 1 we summarize the source properties of GW190521.
Results are quoted as the median and symmetric 90% credible
interval of the marginalized posterior distributions for each
parameter, and for each of the three GW signal models. The
measurements are marginalized over uncertainty in the data
calibration. In the rest of this paper we quote source properties
derived using NRSurPHM, unless explicitly stated otherwise.

Figure 1. Posterior distributions on the individual source-frame masses (left) and effective spin parameters (right) according to the three waveform models employed.
The one-dimensional distributions include the posteriors for the three waveform models, and the dashed lines mark their 90% credible interval. The two-dimensional
plot shows the 90% credible regions for each waveform model, with lighter-blue shading showing the posterior distribution for the NRSurPHM model. The black
lines in the right panel show the prior distributions.

Table 1
Source Properties for GW190521: Median Values with 90% Credible Intervals That Include Statistical Errors

Waveform Model NRSurPHM PhenomPHM SEOBNRPHM

Primary BH mass m1(Me)
Secondary BH mass m2(Me)
Total BBH mass M(Me)
Binary chirp mass (Me)
Mass ratio q=m2/m1

Primary BH spin χ1

Secondary BH spin χ2

Primary BH spin tilt angle
Secondary BH spin tilt angle
Effective inspiral spin parameter χeff

Effective precession spin parameter χp

Remnant BH mass Mf(Me)
Remnant BH spin χf

Radiated energy Erad(Me c2)
Peak Luminosity ℓpeak(erg s−1) ×1056

Luminosity distance DL(Gpc)
Source redshift z
Sky localization 774 862 1069
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Masses.—The estimated mass posterior distributions are
shown in the left panel of Figure 1 for the three GW signal
models. The primary BH mass of GW190521 is m1= Me,
making it the highest-mass component BH known to date in
GW astronomy. The mass of the secondary BH is inferred to be
m2= Me. The primary BH of GW190521 is more
massive (median value) than any remnant BH reported in
GWTC-1 except for GW170729 (Abbott et al. 2019i); the
secondary BH of GW190521 is also more massive than any
primary BH in GWTC-1.

These source-frame masses have been redshift corrected, as
discussed above, using a value of the Hubble parameter
H0=67.9 from Planck 2015. However, recent measurements
of H0 using nearby Cepheid distance standards obtain a precise
value of H0=74.03±1.42 km s−1 Mpc−1 (Riess et al. 2019),
9%higher than the Planck value. Using the latter value along
with the other cosmological parameters from Planck 2015
increases the median value of the redshift by 7%and reduces
the estimated source-frame masses by 3%. These shifts are
significantly smaller than statistical or other systematic
uncertainties, including those affecting the astrophysical
interpretation discussed throughout this paper.

While the low-mass cutoff of the PI mass gap is uncertain
(see Section 5.1), the primary BH of GW190521 offers strong
evidence for the existence of BHs in the mass gap. If the PI gap
begins at 50Me (65Me), we find that the primary BH has only
a < 0.1% (0.3%) probability of being below the mass gap,
while the secondary BH has 6.6% (46.2%) probability of also
being below the mass gap.

The SEOBNRPHM model supports a higher primary mass
and more asymmetric mass ratio for GW190521: within 90%
credible intervals, m1 and m2 can be as high as 141 Me and
92Me respectively, while support for the mass ratio extends
down to q∼0.32. While the upper limit of the PI mass gap
remains uncertain, adopting 120Me as the high-mass end of
the gap, we find the probability that the primary BH of
GW190521 is beyond the gap of 12% when using the
SEOBNRPHM model. The corresponding probabilities using
the NRSurPHM and PhenomPHM models are 0.9%and
2.3%, respectively.

The probability that at least one of the BHs in GW190521 is
in the range 65–120Me is 99.0%, using the NRSur PHM
model. The corresponding probabilities using the SEOBNR
PHM and Phenom PHM models are 90.2%and 98.0%,
respectively.
We measure the total binary mass of GW190521 to be

M= Me making it the highest-mass binary observed
via GWs to date. The binary chirp mass is Me, a
factor of ∼2 higher than the first BBH detection, GW150914
(Abbott et al. 2016a, 2019i). GW190521 is consistent with a
nearly equal mass binary with mass ratio q=m2/m1=

(90% credible interval).
In the detector frame, the measured masses are

Me, Me,M
det= Me, and

Me, using the NRSurPHM model. These results are very
nearly the same for all three models.
Spins.—Due to its high total mass, GW190521 is the shortest-

duration signal (approximately 0.1 s) recorded so far in the LIGO
and Virgo detectors. With only around four cycles (two orbits) in
the frequency band 30–80 Hz (Abbott et al. 2020b), information
about spin evolution during the coalescence is limited. Still,
analyses of GW190521 indicate that GW signal models including
effects of spin–orbit precession are mildly preferred over those
that omit such effects (i.e., allow only spins aligned with the
orbital axis), with a -Bayes factor of +0.65 +−0.06 for the
NRSurPHM model allowing generic BH spins versus limiting
the effects of spin to the aligned components.
In the disk plots of Figure 2, we show constraints on the

spins of the component BHs of GW190521 in terms of their
dimensionless magnitudes χ1 and χ2 and polar angles (tilts)
with respect to the orbital angular momentum, and ,
defined at a fiducial GW frequency of 11 Hz. Median values
from all three waveform models suggest in-plane spin
components with high spin magnitudes for both the BHs.
Within the 90% credible intervals given in Table 1, however,
the constraints on the dimensionless BH spin magnitudes
remain uninformative. For our preferred model NRSurPHM,
the 90% bounds on spin magnitude extend from χ1,2∼0.1 to
0.9. The constraints on the tilt angles of these spins are also
relatively broad.

Figure 2. Posterior probabilities for the dimensionless component spins, and , relative to the orbital angular momentum axis . Shown here for
the three waveform models (left to right: NRSur PHM, Phenom PHM, and SEOBNR PHM). The tilt angles are 0° for spins aligned with the orbital angular
momentum and 180° for spins anti-aligned. Probabilities are marginalized over the azimuthal angles. The pixels have equal prior probability, being equally spaced in
the spin magnitudes and the cosines of tilt angles. The spin orientations are defined at a fiducial GW frequency of 11 Hz.
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GW190521

GW190521
[LVK 2020]
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The gravitational wave spectrum

Gravitational wave science: from 
discovery science to a new astronomy

Detection horizons in Mpc for BNS
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CBC detections
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GW170817: a BNS merger and a kilonova

The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 � :( ) and m M0.86, 1.362 � :( ) , with total
mass M2.82 0.09

0.47
�
�

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 � (

M1.60 :) and m M1.17, 1.362 � :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0

GW.
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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GW170817

[LVK 2017]

[LVK 2013]

Multimessenger astronomy:

• wealth of data on BNS mergers, heavy element synthesis, etc…

• constrain the speed of GWs !

• standard siren for GW cosmology
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Population inference

[LVK 2021]

• BBH mass spectrum

• BBH spin distribution

• Rate evolution with z

Hierarchical population 
inference:

• massive BBH

• BH-NS events

• Mass gap between NS/BH

Exceptional events:
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Gravitational wave cosmology

[Ezquiaga&al 2018] [LVK 2017]

Hubble tension GW170817 as standard siren
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How to get redshift information:
• spectrum of EM counterpart (standard siren, GW170817)
• correlate with catalogs of galaxies (dark sirens)
• source-frame mass feature (spectral sirens), e.g. mass gap
• non-gravitational physics: in BNS 
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3G detectors - 2030-2040x Executive Summary

ARTISTS CONCEPTION OF EINSTEIN TELESCOPE (LEFT) AND COSMIC EXPLORER (RIGHT)

Artists conception of the Einstein Telescope (left panel) and Cosmic Explorer (right panel) observatories. ET
is conceived to be six, V-shaped, underground interferometers, formed out of 10 km sides of an equilateral
triangle, while Cosmic Explorer is conceived to be an L-shaped, overground interferometer, with 40 km arms.

seed the formation of new stars and whether starquakes cause mysterious bursts of radio emission. And as
with any completely new method of observation, there is also the possibility that next generation detectors
will reveal completely new dark phenomena, unseen with light, that we have not yet conceived of.

Today’s gravitational-wave detectors are barely sensitive enough to detect the loudest gravitational waves
in the Universe, like a simple radio able to pick up only the loudest signals. Next-generation network detector
designs leverage cutting-edge technology to surpass current ground-based detectors, making their ability to
measure passing gravitational waves more than ten times better than the current instruments.

More powerful detectors will let us listen to the gravitational-wave universe with unprecedented fidelity,
fully revealing the rich physics encoded in the waves but currently hidden by observational uncertainty.
Einstein Telescope (ET) is a European design featuring six V-shaped interferometers in a triangular topology
with 10 km interferometer arms and Cosmic Explorer (CE) is a U.S. design for one or two interferometers
with 40 km L-shaped interferometer arms. ET and CE are expected to detect hundreds of thousands of
mergers, as well as tens of thousands of multimessenger sources that would also likely emit EM radiation and
particles that telescopes and neutrino and cosmic ray detectors can observe. A network of three detectors
distributed around the globe will triangulate the gravitational wave signal’s location in the sky, critical
information that will guide telescopes on Earth and in space in searches for related EM emission.

21st century astronomy will be further revolutionized by the launch of the space-based LISA gravitational-
wave observatory, expected in 2034. LISA will sense gravitational waves emitted by more massive systems
than ground-based detectors, detecting the signature of orbiting black hole systems up to years before
ground-based detectors observe them collide. Combining space-based and ground-based observations will
allow us to catalog a much broader expanse of the extreme gravitational Universe than ever before.

Gravitational waves have already given us a first glimpse of the dark, hidden, violent Universe. A global
next-generation gravitational wave observatory will propel the field of astrophysics and all foundational
science research forward. Observing light, neutrinos and cosmic rays in concert with next-generation
gravitational wave detectors will launch enormous advances beyond the current limits of human knowledge,
from the quantum realm to the largest cosmological structures in the known Universe.

Einstein Telescope:
• 10km armlengths
• triangle design
• underground setting
• cryogeny

Cosmic Explorer:
• 40km armlengths
• L-shape design
• 2 detectors proposed

Cosmic Explorer



21

3G detectors

GW astronomy on a 
massive scale !

Events/yr (low-
median-high):

Detections 
(2 CE+1ET):

• BBH: 60k-90k-150k
• BNS: 300k-1000k-3000k

• BBH: 93%
• BNS: 35%

[Cosmic Explorer]

[Cosmic Explorer]

[Samajdar&al 2021]



22

3G detectors

• Popcorn nature of combined signals
• Superposition problem
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FIG. 2. We present a simulated time series of duration 104

seconds illustrating the character of the BBH and BNS signals
in the time domain. In red we show a simulated BNS back-
ground corresponding to the median rate as shown in Figure 1,
and in green we display the median BBH background. We do
not show any detector noise, and do not remove some loud
and close events that would be detected individually. The re-
gion in the black box, from 1800 – 2600 seconds, is shown in
greater detail in the inset. The BNS time series is continuous
as it consists of a superposition of overlapping signals. On the
other hand the BBH background (in green) is popcorn-like,
and the signals do not overlap. Remarkably, even though the
backgrounds have very di↵erent structure in the time domain,
the energy in both backgrounds are comparable below 100 Hz,
as seen in Figure 1.
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The gravitational wave spectrum

2 MISSION CONCEPT OVERVIEW

Figure 2.1: LISA targets the millihertz band of gravitational waves, lying between the nanohertz regime probed by
pulsar timing arrays and the decahertz regime accessible to ground-based detectors. Several types of astrophysical
sources produce gravitational waves (GWs) in this band.

2.1 Gravitational waves and sources
Gravitational waves (GWs) are perturbations of spacetime which provide a unique and powerful probe
of the exotic astrophysical and cosmological phenomena that produce them. Terrestrial detectors
(LIGO, Virgo), which made the first direct detection of GWs less than a decade ago [1], have
demonstrated the scientific impact of the GW observations through various groundbreaking results
including the discovery, and subsequent population study, of a previously unknown class of heavy Black
Holes [10]; the first GW-electro-magnetic (EM) multimessenger observation, providing confirmation
of the connection between neutron star mergers and short gamma ray bursts [11]; and placement of
some of the most stringent limits to date on several possible violations of General Relativity [12]. On
the other end of the spectrum, in June 2023, evidence for an ultra-low frequency gravitational wave
background most likely originating from a population of merging Massive Black Holes (MBHs) was
published by the NANOGrav, EPTA/InPTA [24], PPTA [354], and CPTA [436] collaborations.

17
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LISA instrument concept
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Figure 5.1: Schematic view of the LISA constella-
tion and the S/C-S/C measurement. Blue dots show
the location of interferometric measurements. For
clarity, the redundancy options are left out and the
interferometric scheme is simplified, leaving out the
TMI. A single Moving Optical Sub-Assembly (MOSA)
is highlighted with the teal dotted box.

Figure 5.2: Simplified scheme for the full measure-
ment of one arm. The measurement is broken up in
three parts, test mass to S/C, S/C to S/C, and finally
S/C to test mass. Blue dots indicate interferometric
measurements taking place. For clarity, redundancy
options are left out and the interferometry is simpli-
fied.

5.2 Free-falling test masses and the gravitational reference sys-
tem

The constellation of free-falling test masses traces the gravitational wave tidal acceleration. The test
mass itself, plus surrounding hardware and avionics needed to hold, release, shield, sense, force, and
discharge the test mass, are known collectively as the Gravitational Reference System (GRS).
The two main roles of the GRS in science operations are to provide geodesic reference at the level of
3 fm/(s2

p
Hz) free-fall at mHz frequencies and provide an end mirror that allows its tracking as part

of the 15 pm/
p

Hz composite interferometric measurement between two distant test masses.
These two top requirements are system level, involving the measurement architecture, dynamical
control, and spacecraft environment. While the GRS has only a limited role in optical metrology,
as the local “short arm” end mirror test mass, the GRS hardware plays a dominant role in defining
the test mass free-fall environment, and thus limiting stray force noise is the main GRS design
driver.
To guarantee the dynamical stability to reach both of the above requirements, the GRS also provides
nm-level (100 nrad-level, respectively) capacitive position sensing as well as electrostatic forcing of
the test mass. The applied forces allow accelerations of order nm/s2 (1–10 nrad/s2), to align the
test mass to the optical measurement system, on all degrees of freedom except the “science” x

interferometry axis, along which there is no test mass forcing (see Figure 2.4 for description of the
coordinate systems and control scheme).
To reach and maintain free-fall science operations, the GRS also provides a high-load test mass
launch lock device, a low-load grabbing and release mechanism accompanied by a higher electrostatic
force mode (order µm/s2 accelerations) to release and electrostatically stop the test mass in orbit,
and a UV illumination system, to photoelectrically discharge the test mass.
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• 2.5 million km armlength
• 6 laser links
• test masses shielded from the environment
• success of technological demonstrators: LISA 

pathfinder, Grace Follow-on
• provisional launch 2035

An extremely ambitious mission:

Mission adoption by ESA 2024-01
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LISA measurement principle

yslr “ 1

2

1

1 ´ k̂ ¨ nl

nl ¨ phptsq ´ hptrqq ¨ nl

From spacecraft s to spacecraft r through 
link l:

y “ �⌫{⌫

Response time and frequency-dependent:

Tslr =
i⇡fL

2
sinc [⇡fL (1� k · nl)] exp [i⇡f (L+ k · (pr + ps))]nl · P · nl(tf )

<latexit sha1_base64="dxvEiNft/ZdknjeLIWJjI4J2mEQ="></latexit>

 Time-delay interferometry (TDI)

7

f = 10−3 Hz f = 2 × 10−2 Hz f = 5 × 10−2 Hz f = 10−1 Hz
Binary N 1PN N 1PN N 1PN Doppler N 1PN Doppler

WD–WD 0 0 24† 0 - -

WD–NS 0 0 69† 0 - -

WD–BH 0 0 190† 0 - -

NS–NS 0 0 240† 0 6.9 × 103 3.4 0 9.3 × 104 78 2.7

NS–BH 0 0 740 0.33 2.2 × 104 19.0 0.66 3.5 × 105 640 8.5

TABLE I: Contributions to the evolution of GW frequency for various types of compact, stellar-mass binaries (white dwarfs with
m = 0.35M", neutron stars with m = 1.4M", and black holes with m = 6M"), for selected (initial) GW frequencies within the
LISA band. The contributions are expressed as GW cycles over one year of evolution, and the effects of Newtonian-order (N)
and first post–Newtonian-order (1PN) terms are shown separately. The column labeled “Doppler” reports the integrated phase
shift (in cycles) due to the increased Doppler shifting of the source as the frequency increases [see Eq. (45)], where significant.
At f = 10−3 Hz there is no significant evolution of GW frequency over one year. The symbol “†” indicates that the Taylor
expansion of the phase given by Eq. (21) is accurate to within a quarter of a cycle. Numbers are not shown where a binary of
a given class cannot exist at a given frequency. Some of the conclusions that can be drawn from this table are apparent also in
Figs. 10 and 12 of Ref. [20]: up to about 1 mHz, LISA cannot differentiate (using one year of data) between a monochromatic
binary and a chirping binary (see Fig. 10 of Ref. [20]); above that frequency, chirping becomes appreciable (one additional GW
cycle over a year in this table corresponds to a frequency shift of one bin in Fig. 12 of Ref. [20]), but we see that it can still be
modeled faithfully by the linear-chirp model of Eq. (21).

In Table I, for binaries consisting of various combinations of white dwarfs (WDs, with m = 0.35M!), neutron stars
(NSs, with m = 1.4M!), and black holes (BHs, with m = 6M!), and for various fiducial GW frequencies within
the LISA band, we show the contributions to the evolution of GW frequency over one year caused by terms at the
Newtonian (N) and first post–Newtonian (1PN) order. The table shows that at frequencies smaller or equal to 10−3

Hz, the evolution of frequency is negligible. At frequencies approaching 10 mHz, the change in frequency becomes
significant, and needs to be included in the model of the signal; however, only the first derivative of the frequency is
needed up to about 50 mHz. In binaries with WDs of mass ∼ 0.35M!, above ∼ 20 mHz the WDs fill their Roche
lobe, and the dynamical evolution of the system is then determined by tidal interaction between the stars. In binaries
with either a NS or a BH, post–Newtonian effects become important at about ∼ 50 mHz. At 1 Hz and above, these
binaries will coalesce in less than 1 yr; furthermore, population studies [25] suggest that the expected number of
binaries above 50 mHz containing neutron stars and black holes is negligible. (The effects of frequency evolution in
the LISA response to GW signals from inspiraling binaries are also discussed in Ref. [26].)

Therefore, for sufficiently small binary masses, for sufficiently small GW frequencies (and definitely for all non-
tidally-interacting binaries that contain WDs), we can approximate the phase of the signal by Taylor-expanding it,
and then neglecting terms of cubic and higher order. The resulting expression for the signal phase φs(t) is

φs(t) " ωt + 1
2 ω̇t2, where ω̇ =

48

5

(
GMc

2c3

)5/3

ω11/3. (21)

E. TDI responses

The response of the second-generation TDI observables to a transverse–traceless, plane GW is obtained by setting
yij(t) = yGW

ij (t) [according to Eqs. (12) and (13)] in the TDI expressions of Ref. [9, 10]. For instance, the GW response
of the second-generation TDI observable X1 is given by

XGW
1 =

[

(yGW
31 + yGW

13,2) + (yGW
21 + yGW

12,3),22 − (yGW
21 + yGW

12,3) − (yGW
31 + yGW

13,2),33

]

︸ ︷︷ ︸

XGW(t)

−
[

(yGW
31 + yGW

13,2) + (yGW
21 + yGW

12,3),22 − (yGW
21 + yGW

12,3) − (yGW
31 + yGW

13,2),33

]

,2233
︸ ︷︷ ︸

XGW(t−2L2−2L3)#XGW(t−4L)

. (22)

As anticipated above, here we are disregarding the effects introduced by the time dependence of light travel times,
and by the rotation-induced difference between clockwise and counterclockwise light travel times [27]. Each of the
two terms delimited by square brackets in Eq. (22) corresponds to the GW response of the first-generation Michelson
observable X [2]. The TDI observables X2 and X3 are obtained by cyclical permutation of indices in Eq. (22).

Analogous to 2 LIGO in motion at low frequencies only

Doppler delay from orbit, change in orientation

2

FIG. 1: In this idealization of the basic time-transport observ-
able used with LISA, two ideal clocks travel along geodesics,
with clock 1 continuously transferring its proper time to clock
2 by way of pulsed light signals. GWs are measured as the
fluctuations in the time of flight between the clocks (see main
text).

their noise and GW responses at frequency multiples of
the inverse arm-crossing light times.2 Because these zeros
occur at the same frequencies and with the same orders
for noise and GWs, the ideal GW sensitivity after suc-
cessful laser-noise suppression is finite, and comparable
to the sensitivity at nearby frequencies. The actual sen-
sitivity, however, is likely to be degraded, either because
noise leaks into the nulls from the sides [15], or because
the measurement system has insufficient dynamical range
to resolve the tiny signals within the nulls. This prob-
lem is mitigated with the alternative observables, which
have half as many response-function nulls as the standard
forms.

In addition, because the alternative observables are,
as it were, folded versions of their standard forms, they
have a smaller temporal footprint: that is, they are writ-
ten as sums of one-way phase measurements that span
a shorter time period. This property can be advanta-
geous in the presence of instrumental gaps or glitches,
which would then contaminate a smaller portion of the
data set; a reduced temporal footprint means also that a
shorter continuous set of phase data needs to be collected
before TDI observables can begin to be assembled.

This paper is organized as follows. Section II describes

2 The responses are exactly null only in the limit of equal LISA
armlengths. For realistic, time-evolving LISA geometries the
nulls are spread into narrow dips; however, these are deep enough
that the qualitative discussion to follow still applies.

Geometric TDI: in Sec. II A, I introduce the basic GW-
sensitive phase measurement; in Sec. II B, I discuss its
integration into laser-noise–canceling observables accord-
ing to the Geometric TDI principle; in Secs. II C and
II D, I give a new derivation of the observables of first-
generation, modified, and second-generation TDI, and I
interpret them geometrically; in Sec. II E, I show how to
enumerate exhaustively all possible observables by repre-
senting them as link strings; last, in Sec. II F I extend our
formalism, developed for simplicity by considering only
three independent LISA lasers, to the realistic case of six
lasers. Section III reports on the exhaustive survey of all
second-generation TDI observables consisting of up to 24
separate phase measurements: in Secs. III A and III B,
I discuss the alternative forms of the standard second-
generation TDI observables, and present their practical
advantages for the implementation of TDI; in Sec. III C, I
describe the previously unknown second-generation TDI
observables of length 18 and more. Last, Sec. IV presents
my conclusions. The appendices contain rules and proofs
omitted from the main text, and explicit algebraic expres-
sion for the second-generation TDI observables of length
16.

As customary, I set G = c = 1 except where specified
otherwise.

II. A GEOMETRIC VIEW OF TIME-DELAY
INTERFEROMETRY

How is LISA an interferometer other than by name?
The loosest dictionary definition of “interferometer”
(something like “a device that combines the signals ra-
diating from a common source, and received at different
locations, or at the same location after traveling differ-
ent paths”) does not seem to apply to LISA, whose TDI
GW observables are combinations of the phase-difference
measurements between as many as six laser sources. In
fact, interferometry is not needed, strictly speaking, to
measure GWs, but only to remove the otherwise deafen-
ing phase noise produced by the LISA lasers. The basic
principle of GW measurement employed by LISA is non-
interferometric, as we can see from the idealized experi-
mental setup of a time-transport link between two ideal
clocks (see Fig. 1).

A. The basic time-transport observable

Consider a plane GW propagating across the
Minkowski background geometry, and written in the
transverse-traceless gauge [16]. The wave is traveling
along the x direction, and has “+” polarization along
the y and z directions. We can then write the spacetime
metric as ηµν + hTT

µν , where

hTT
µν = h+(t + x)[ezz − eyy]. (1)

[Vallisneri 2005]

5

FIG. 3: Left.—The arrows of this closed loop reproduce the
paths of light in a standard equal-arm Michelson interferom-
eter, and the corresponding time-ordered sum of phase mea-
surements [Eq. (7)] reproduces the phase-difference output of
the interferometer. Right.—For unequal armlengths, laser-
phase–noise cancellation can be recovered by having both in-
terfering beams travel along each arm once, building up the
same light-travel time. Compare with Fig. of Ref. [10].

along or against the direction of each arrow) until
all arrows are used up (if more than two heads or
tails meet at any spacecraft, different visiting or-
ders will yield different observables);

2. use a plus (minus) sign for arrows followed along
(against) their direction;

3. give time arguments to the yij , remembering that
measurements are always made at the receiving
spacecraft (at the arrowhead); use the nominal time
t for the first yij , and then add (subtract) the ap-
propriate Ll for each arrow followed along (against)
its direction.

C. The observables of first-generation TDI

The first laser-noise–canceling combinations for LISA
were discovered using an algebraic (rather than geomet-
ric) approach, matching up delayed yij measurements
in such a way that all laser-noise terms would cancel.
Using this procedure, Tinto, Armstrong, and Estabrook
[4, 5, 6] obtained expressions for first-generation TDI ob-
servables, which cancel laser noise in static unequal-arm
geometries. These observables are sums of either six or
eight delayed yij measurements (for short, links). See
Fig. 4.

The 6-link observables α, β, γ (mapped into each other
by relabeling the spacecraft cyclically) use all six LISA
oriented arms, and measure the phase difference accu-
mulated by two laser beams traveling around the LISA
array in clockwise and counterclockwise directions: thus,
they behave much like a Sagnac interferometer, and are
known as Sagnac observables. A related 6-link combi-
nation, the symmetrized Sagnac observable ζ, has the
useful property of being relatively insensitive to GWs in

the low-frequency limit.5

The 8-link observables X , Y , Z (also mapped into
each other by cyclic spacecraft relabelings) use two of
the LISA arms in the two directions. They are unequal-
arm generalizations of the Michelson observable of Eq.
(7): for unequal arms, the latter would fail to cancel the
laser-noise terms from the tails of the two paths, because
L3+L3′ != L2′+L2. The solution is to have both paths go
through each arm once (hence the eight terms), building
up the same light-travel time (see the right panel of Fig.
3). Related 8-link combinations, known as observables of
the U , P , and E type, use different sets of four oriented
arms out of six, and have GW sensitivity comparable to
the Michelson combinations [5, 6].

Prior to my work, it was unclear whether the P -type
and E-type observables could be interpreted as synthe-
sized interferometric observables.6 In Fig. 4, we show
that this is possible if we identify four distinct laser
beams, paired in alternative ways to cancel laser noise
at the path tails (dots) and path heads (ending arrows).
The two path origins are not simultaneous, and neither
are the two path endings.

The symmetrized Sagnac observable ζ, which also de-
fies explanation as a two-beam synthesized interferom-
eter, can be interpreted as a six -beam interferometer,
whereby two different pairings explain the cancellation
of laser noise at emission (dots) and reception (arrows).
Yet another pairing, shown by the thin diagonal lines in
Fig. 4, explains why ζ is relatively insensitive to GWs at
low frequencies: in the limit of equal arms, each pair of
parallel arrows represents the difference of two symmetric
measurements yij(t) and yji(t) that share the same times
of pulse emission and reception. Taylor-expanding the
hTT

ij (. . . ; t) terms of Eq. (5) around t and around either

pl
1 or pl

2, we find that yij(t) − yji(t) ∝ L3h′′′
ij . By con-

trast, the differences of head-to-tail double arrows that
appear in X sum up to L2h′′

ij . Considering monochro-
matic GWs of frequency fGW, we see that the GW re-
sponse is smaller for ζ than for X by a factor7 2πfGWL
($ 0.1 for fGW = 10−3 Hz, $ 0.01 for 10−4 Hz). Since
the response to the LISA secondary noises is approxi-
mately the same for ζ and X [as can be seen using Eqs.
(20), discussed below], ζ turns out to be relatively insen-
sitive to GW.

5 Most interestingly, a GW-insensitive observable allows the ob-
servational distinction of a stochastic GW background from in-
strumental noise [22].

6 The interpretation of U as a synthesized observable was already
clear to F. B. Estabrook (unpublished note).

7 For unequal interferometer arms, ζ ∝ L(∆L)h′′

ij , so the ratio

between the ζ and X responses is ∼ ∆L/L ∼ 0.01.

Cancelling laser noises in post-processing, 
from phasemeter measurements

+ refinements for unequal arms, moving constellation
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Figure 2.2: Illustration of the primary LISA source classes in the gravitational wave (GW) frequency-amplitude plane.
Included are merging massive Black Hole binaries (MBHBs) and an extreme mass-ratio inspiral (EMRI) at moderate
redshift; stellar-mass Black Holes (sBHs), including potential multiband sources, at low redshift; and Galactic binaries
(GBs), including verification binaries (VBs), in the Milky Way. Chapter 3 presents each of these sources and their
science opportunities in detail. Solid teal, solid blue and dashed black lines denote sensitivity limits from instrumental
noise alone, the unresolved GW foreground, and their sum, respectively. The displacement of the cloud of resolvable
sources above the noise is due to the detection threshold being set to signal-to-noise ratio (SNR)=7. The grey shaded
area is the extrapolation of LISA’s instrumental noise below 0.1mHz. All quantities are expressed as Strain Amplitude
Spectral Densities (ASDs) in order to facilitate a unified plot. For deterministic signals, the ASD is not formally
defined but can be approximated as Af

p
f where Af is the Fourier amplitude and f is the Fourier frequency.

Spectral Densities

Spectral densities, which describe the distribution of signal energy as a function of frequency,
are a useful tool for expressing LISA’s instrument performance. Formally, the Power Spectral
Density is defined as the Fourier transform of the autocorrelation function. For a stochastic
signal x (t ) with units [·], the Power Spectral Density (PSD) gives the expectation value for
the variance of the Fourier transform, Sx (f ) / |hx̃ (f )i |

2 and has units [·]
2
/Hz. The PSD

is useful as it allows the strength of a potential GW signal to be compared to instrument
noise only over the relevant portion of the measurement band. In most of this document, the
Amplitude Spectral Density (ASD),

p
Sx (f ), with units [·]/

p
Hz, is used.

As with electromagnetic radiation, different science opportunities reside in different bands of the
gravitational wave spectrum but require distinct approaches to realise sufficiently sensitive instruments.
Figure 2.1 presents a schematic representation of the GW spectrum, spanning more than ten decades
in frequency. The millihertz frequency band targeted by LISA sits between the higher frequencies
covered by ground-based detectors and the lower frequencies observed by pulsar timing arrays.
LISA’s measurement band is expected to have a rich and diverse population of astrophysical –
and potentially cosmological – sources, and thus provides an extremely broad science case for GW
astronomy. Figure 2.2 provides an illustration of a selection of LISA sources in the GW frequency
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• Galactic binaires (WD/WD), quasi 
monochromatic, form foreground

• Massive Black Hole Binaries (MBHBs) 
loud merger-dominated signals

• Extreme Mass Ratio Inspirals (EMRIs) 
small compact object falling in a MBH

• Stellar-mass Black Hole Binaries 
(SBHBs)

• + GW stochastic backgrounds 
(astrophysical, cosmological)

• + cosmic strings, unforeseen 
sources ?

[LISA Red Book 2024]
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Outline

• Introduction: gravitational wave astronomy

• Status of LIGO/Virgo

• Future ground-based detectors

• The LISA mission

•Targets of LISA

• Challenges for the data analysis of LISA

• Counterparts for MBHBs, GW cosmology and tests of GR in LISA
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severe selection effects with the distance hamper our ability to map the Milky Way at low Galactic
latitudes and large distances (e. g. Galactic centre and beyond). By measuring the amplitude of a
GW, which scales as 1/dL , LISA is sensitive to double WDs in the entire Milky Way and, thus, will
provide a unique opportunity for mapping our Galaxy, complementing EM maps [262], as shown in
Figure 3.2.

Figure 3.2: Spatial distribution of numerous individual
double WDs (dots, coloured according to GW frequency)
projected onto the Galactic plane, from [20]. LISA will
enable mapping our Galaxy. LISA’s position is at (0, 0). In
the background an artist impression of the Milky Way.

Similarly to other spiral galaxies, the Milky Way
has recognisable stellar components: central
bulge/bar, thin and thick disks and halo. These
can be described by density profiles which are
useful when comparing our Galaxy with other
galaxies and with cosmological simulations. The
profile parameters can be derived from the density
distribution of individually resolved LISA detec-
tions. Moreover, building upon the analogy with
stellar population models used to infer stellar
masses of galaxies based on their total light, the
total stellar mass of the Milky Way can be in-
ferred from the number of LISA sources and the
level of unresolved Galactic foreground based on
binary population models [194, 260].
Nature of the measurements – LISA’s mea-
surements of 3D positions (sky location and dis-
tance) of resolved double WDs will be the key
for characterising the shape of the Milky Way.
Several thousands of these measurements will have distance accuracy better than 30% and sky
localisation of less than a few square degree, allowing determination of the underlying stellar density.
More than a thousand of these are located beyond the Galactic centre (Figure 3.2). Scale parameters
encoding the density profile of the bulge/bar and disk can be derived to an accuracy of ⇠10% without
additional modelling [259, 430].

LISA will survey WD binaries with orbital periods of less than ⇠15 minutes across the entire
Milky Way volume, allowing us to reconstruct the stellar mass distribution of our Galaxy using
evolved stars invisible to EM telescopes.

3.1.3 The interplay between gravitational waves and tidal dissipation
To study the interplay between GW, mass transfer and tides, Science Investigation – SI 1.3
– aims at detailed examination of the shortest period systems in order to answer the following
questions:

• What fraction of detached ultra-compact binaries evolve into interacting binaries
and avoid merger?

• What is the role of mass transfer, tides and GWs in the merger of systems,
and what does it tell us about the explosion mechanism of type Ia supernovae?
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LISA sources: Galactic Binaries

[Whilhelm&al 2020]

• Full galaxy: ~20 million systems !

• Mostly WD-WD, some other compact objects

• About ~20000 individually resolvable

• Form a (non-stationary) background

• Verification binaries

• How do binary stars evolve ?

• What is the WD/NS/BH merger rate in the Milky 
Way ?

• What is the structure of the Milky Way beyond 
the Galactic Center ?
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• Form a (non-stationary) foreground for all 
other sources

• Verification binaries useful for data analysis

• Quasi-monochromatic GW emitters

• Modulation by LISA motion (sidebands in Fourier-domain)

• Superposition/confusion of signals in Fourier-domain

<latexit sha1_base64="c8ENjiaxB82XIhqPntJCztrCK/E=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4kJJI0S4LbrqsYB/QhjKZTtqhM0mYmSg19lPcuFDErV/izr9x0mahrQcGDufcyz1z/JgzpR3n21pb39jc2i7sFHf39g8O7dJRW0WJJLRFIh7Jro8V5SykLc00p91YUix8Tjv+5CbzO/dUKhaFd3oaU0/gUcgCRrA20sAuBah/gfoC67EUqWg8zgZ22ak4c6BV4uakDDmaA/urP4xIImioCcdK9Vwn1l6KpWaE01mxnygaYzLBI9ozNMSCKi+dR5+hM6MMURBJ80KN5urvjRQLpabCN5NZRrXsZeJ/Xi/RQc1LWRgnmoZkcShIONIRynpAQyYp0XxqCCaSmayIjLHERJu2iqYEd/nLq6R9WXGvKtXbarley+sowAmcwjm4cA11aEATWkDgAZ7hFd6sJ+vFerc+FqNrVr5zDH9gff4AlCmTjg==</latexit>

f mHz

[Littenberg&al 2020]

LISA sources: Galactic Binaries
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LISA sources: Massive Black Hole Binaries
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Figure 3.5: Left panel: contour lines of constant SNR from MBHBs. Binaries have mass ratio q =M1/M2 = 0.5 and
aligned spins of amplitude �1,2 = 0.2. The SNR, shown in the colour bar is the result of sky, polarisation and inclination
averaged for the dominant quadrupole mode. Right panel: Overlaid on the dashed contour lines of constant SNR
is the distribution of the two populations of MBHB mergers resulting from light seeds (light blue) and heavy seeds
(yellow) as simulated in [106]. The grey shaded areas show the current distribution of the AGN population [435], and
red dots indicate the quasars observed at 6.3< z < 7.5 [438]. For AGN and quasars, the mass M on the x -axis is that
of a single MBH.

3.2.2 Study the growth mechanism and merger history of massive Black
Holes from the epoch of the earliest quasars

Once the seeds are established, an extended epoch of MBH growth takes place from the time of
cosmic reionisation around z ⇠ 8 down to the present, crossing the epoch of cosmic noon at z ⇠ 2.
Figure 3.5 (right panel) depicts redshift and mass loci where mergers are expected to occur according
to an example model [106]. Accretion [253] and mergers [71] influence in different ways the evolution
of the BH mass and the spin in modulus and direction [92], informing whether accretion is chaotic,
leading to randomly oriented spins, or coherent, leading to aligned spins, parallel to the binary orbital
angular momentum [164].
The Science Investigation SI 2.2 aims to investigate the growth mechanisms of MBHs, from the
epoch of cosmic reionisation to the present, to answer the following questions:

• How do MBHs grow in mass?
• How do MBH spins evolve?
• How do MBHs assemble inside the cosmic web?
• How efficiently do MBHs merge and when?

SI 2.2 aims to detect the IMR signal from MBHB between a few 104 M� up to ⇠107 M�, at
redshift z Æ 8.

This investigation is split into two parts: SI 2.2a to show LISA’s capability of detecting and astro-
physically interpreting merger signals from MBHBs around the epoch of cosmic reionisation, and SI
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• What are the seeds of Massive Black Holes ?

• What is their population and how do they grow ?

• Identify host galaxies of MBHBs in EM

• Test General Relativity predictions for the signals

• MBH grow from seeds (light? massive?) 
through both mergers and accretion

• MBHBs very loud for LISA, detectable 
to cosmic dawn 

• Rates uncertain, from ~1/yr to ~100/yr



32

10°4 10°3 10°2 10°1

f (Hz)

10°22

10°21

10°20

10°19

10°18

10°17

h̃
c

All
(2, 2)
(2, 1)
(3, 3)
(4, 4)
(5, 5)
Noise Sc

40
h

Example MBHB signal with higher harmonics

2.5
h

7m
in

mer
ge

r

• Very loud signals, merger-dominated

• All subdominant details in the waveform matter !

• Higher harmonics (m*orbital frequency) are crucial 
and break degeneracies

• Precession (misaligned spins) and eccentricity could 
be important

[whitened][whitened]

LISA sources: Massive Black Hole Binaries

Light system Massive system
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LISA sources: Extreme Mass Ratio Inspirals

Berry et al. The unique potential of extreme mass-ratio inspirals
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Figure 1. Illustration of an orbit in Kerr spacetime, appropriate for a short portion of an EMRI around a
spinning MBH. The central black hole has a mass M = 106M� and a dimensionless spin of 0.9. Distances
are measured in units of the gravitational radius rg = GM/c2. The innermost stable circular orbit for this
MBH would be at r ' 2.3rg. The coordinates have been mapped into Euclidean space to visualise the orbit:
the bottom right panel shows a three-dimensional view of the orbit; the top panels show the projections of
this orbit into three planes, and the bottom left panels show the orbit as a function of time. While EMRIs
evolve over years, this trajectory is only a few hours long. The intricate nature of the orbit is encoded into
the frequencies of the gravitational-wave signal. Measuring these lets us reconstruct the spacetime of the
MBH. Adapted from [29].

2

• What is the population of (individual) Massive Black 
Holes ?

• How do EMRIs form, in what environment ?

• Test General Relativity predictions for the signals

• Dynamical capture of a compact object by a 
MBH can form a direct plunge or an EMRI

• EMRIs can be detected to z=1-2

• Rates very uncertain, from ~1/yr to 
~1000/yr

[credit: Burke&Speri]
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• Extremely complex signals, modelled in perturbative GR (frontier: 
2nd order self-force)

• Long-lived signals, large number of orbits — exquisite parameter 
estimation

• Very rich harmonic structure

• Difficult to detect on its own (cannot use template banks !)

• Strong multimodality in parameter space

[Chua&al 2021]

[credit: Lorenzo Speri, Ollie Burke]

LISA sources: Extreme Mass Ratio Inspirals
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LISA sources: Stellar-mass Black Hole Binaries

2

TABLE I. Summary of the properties of the injected sources.
The orbital eccentricity at 10mHz is denoted e0.01.

Name m1 m2 �1 �2 e0.01 z

Light 36M� 29M� 0.13 0.14 1 ⇥ 10�4

7.70 ⇥ 10�3 0.033

Heavy 85M� 65M� 0.76 0.85 1 ⇥ 10�4

3.16 ⇥ 10�2 0.11
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FIG. 1. The multiband waveforms starting 3 years before
merger chirp through the upper end of the LISA band at
⇠ 10mHz into the ground-based band (starting at 10Hz)
where they merge. Blue (red) solid lines show the charac-
teristic strain for the light (heavy), high eccentricity sources.
The sources take several days to cross from the LISA to the
ground-based band. Black solid/dashed/dotted lines show the
design sensitivities for CE/ET/LISA whilst the dash-dotted
lines show the target O5 sensitivities of LIGO/Virgo. Higher
modes and spin precession characterize the signal modulation
for ground based detectors. In the LISA band, signal modula-
tion occurs due to spacecraft motion around the Sun and, for
these high eccentricity sources, contributions from subdomi-
nant harmonics visible at the lowest frequencies.

(“low” and “high”) in the LISA band and assume that
(due to GW emission) they have negligible eccentricity
by the time they enter the frequency band of ground-
based instruments [17]. The waveforms for these systems
are shown in Fig. 1 and the system parameters are sum-
marised in Table I (full details are given in the supple-
ment). We simulate these multiband sources consistently
across all frequencies using waveforms that include eccen-
tricity and spin-induced precession and higher multipoles
where relevant.

LISA observations – The early inspiral is well de-
scribed by post-Newtonian theory and is governed pri-
marily by the chirp mass Mc = (m1m2)3/5/(m1+m2)1/5.
The inspiralling, precessing, and eccentric signal is mod-
elled using an approach that leverages analytic solutions
of the conservative problem to e�ciently integrate the
equations of motion over radiation-reaction timescales
[18]. Following [19], we perform Bayesian inference on
the full LISA time delay interferometry outputs using
the Balrog code (for details, see the supplement).

FIG. 2. LISA posteriors (dotted blue) on the chirp mass Mc,
time to merger tm, and eccentricity e0.01 for the “light”, high-
eccentricity source. Solid/dashed blue lines show posteriors
from third generation ET/CE ground-based instruments. The
LISA measurement of Mc (and, to a lesser extent, e0.01) is
degenerate with tm which is broken when combining with
the merger time measured from any ground-based instrument
leading to significant improvements in the combined, multi-
band measurements (shown in black). Similar results for the
“heavy” source are shown in Fig. S1.

In all cases, the chirp mass is extremely well measured,
with fractional errors of ⇠ 10�4. Crucially, LISA also
makes accurate measurements of the eccentricity, e0.01
(at a reference frequency of 10 mHz), with absolute er-
rors of ⇠ 10�4

� 10�3. The other intrinsic parameters
(including the mass ratio and component spins) are not
well measured, see figures and tables in the supplement.

The LISA measurements of the chirp mass and eccen-
tricity are partially degenerate with the time of merger,
tm, which is determined to within a few hours. When the
system eventually merges in the ground-based band, tm
is determined to within ⇠ 1 ms, breaking this degener-
acy. Therefore, LISA measurements combined with just
the time of the 3G detection (and no other information)
allows a more precise determination of Mc and e0.01 (see
Fig. 2). The improved eccentricity measurements mean
that binaries with residual eccentricities ⇠ 10�3 at or-
bital periods of a few minutes can be distinguished from
circular.
Ground-based observations – It is currently uncer-
tain what ground-based instruments will be operating
when the first multiband sources merge. We consider 3
possibilities: an upgrade (target O5 sensitivity) of the
existing LIGO-Virgo network [20] (hereafter HLV+ ),

[Klein&al 2022]
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Table 3.8: Number of expected sBHB detections in support of the different SIs calculated over 1000 realisations of
sBHB cosmic populations drawn from the posterior, based on GWTC-3 sBHB mergers, for the fiducial Power-Law+Peak
model used by LVK [395]. For each defined category of sources, we report the average number of detections hN i, the
90% credible interval and the percentage of realisations with zero objects of that category.

sBHB type definition hN i 90% confidence no sBHB (%)

SI 4.1
detected SNR> 8 4.9 0.4 – 9.8 2.2

archival 5< SNR< 8 & tc < 15 yr 5.6 0.8 – 10.0 1.4

SI 4.2 massive SNR> 8 & m1 > 50M� 1.3 0 – 3.6 34.1

SI 4.3 multiband
SNR> 8 & tc < 15 yr 1.5 0 – 3.8 26.7

SNR> 8 & tc < 4.5 yr 0.4 0 – 1.4 67.7

• How do BHs within and beyond the pair instability gap form?
• Do sBHBs efficiently form in AGN disks?
• Do hierarchical mergers of sBHBs occur in nature?

According to our current understanding of stellar evolution, stars cannot produce BHs with masses in
the range between 50M� and 120M�, the so-called pair instability gap [223]. However, the more
massive component of the LVK event GW190521 falls within this mass range with 90% confidence
[8], although there are caveats to this statement [434]. BHs with masses within the mass gap might
be the product of a hierarchy of coalescences of lighter BHs [195], the result of accretion on sBHs in
gas rich environment, such as the accretion disk of an AGN [387], or they might have primordial
origin [155]. Each of these has particular signatures, such as Center of Mass (CoM) acceleration and
dynamical friction in the AGN scenario [239].

SI 4.2 aims at the detection of GW190521-like binaries. The measurement of their Center of
Mass (CoM) acceleration and other environmental effects will help assessing their origin.

As soon as a sBHB can be detected with SNR> 8, several environmental effects can be measured
in the phase evolution of the source when the GW190521-like binary is embedded in an AGN disc
around a MBH, as shown in [407]. The acceleration of the binary CoM is measurable for orbits as
wide as ⇠0.5 pc around a 108 M� MBH. Both the mass of the central MBH and semimajor axis of
the sBHB CoM orbit can be measured at a percent level. Dynamical friction exerted by the gas onto
the sBHB allows a percent precision level measurement of the density of the disk, whereas accretion
onto the sBHB can be measured only if around the Eddington limit or larger. The measurement (or
lack thereof) of these effects will therefore enable us to pin down the environment of mass gap BHs.
For example, if no acceleration is detected, it is likely that the binary formed via hierarchical mergers
in dense star clusters, whereas detection of a cumulative dephasing will allow us to probe the AGN
disk formation channel and will provide invaluable information about the density and structure of
AGN disks.
LISA’s capability of probing mass gap objects is determined by their detectability. We therefore
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Table 3.8: Number of expected sBHB detections in support of the different SIs calculated over 1000 realisations of
sBHB cosmic populations drawn from the posterior, based on GWTC-3 sBHB mergers, for the fiducial Power-Law+Peak
model used by LVK [395]. For each defined category of sources, we report the average number of detections hN i, the
90% credible interval and the percentage of realisations with zero objects of that category.

sBHB type definition hN i 90% confidence no sBHB (%)

SI 4.1
detected SNR> 8 4.9 0.4 – 9.8 2.2

archival 5< SNR< 8 & tc < 15 yr 5.6 0.8 – 10.0 1.4

SI 4.2 massive SNR> 8 & m1 > 50M� 1.3 0 – 3.6 34.1

SI 4.3 multiband
SNR> 8 & tc < 15 yr 1.5 0 – 3.8 26.7

SNR> 8 & tc < 4.5 yr 0.4 0 – 1.4 67.7

• How do BHs within and beyond the pair instability gap form?
• Do sBHBs efficiently form in AGN disks?
• Do hierarchical mergers of sBHBs occur in nature?

According to our current understanding of stellar evolution, stars cannot produce BHs with masses in
the range between 50M� and 120M�, the so-called pair instability gap [223]. However, the more
massive component of the LVK event GW190521 falls within this mass range with 90% confidence
[8], although there are caveats to this statement [434]. BHs with masses within the mass gap might
be the product of a hierarchy of coalescences of lighter BHs [195], the result of accretion on sBHs in
gas rich environment, such as the accretion disk of an AGN [387], or they might have primordial
origin [155]. Each of these has particular signatures, such as Center of Mass (CoM) acceleration and
dynamical friction in the AGN scenario [239].

SI 4.2 aims at the detection of GW190521-like binaries. The measurement of their Center of
Mass (CoM) acceleration and other environmental effects will help assessing their origin.

As soon as a sBHB can be detected with SNR> 8, several environmental effects can be measured
in the phase evolution of the source when the GW190521-like binary is embedded in an AGN disc
around a MBH, as shown in [407]. The acceleration of the binary CoM is measurable for orbits as
wide as ⇠0.5 pc around a 108 M� MBH. Both the mass of the central MBH and semimajor axis of
the sBHB CoM orbit can be measured at a percent level. Dynamical friction exerted by the gas onto
the sBHB allows a percent precision level measurement of the density of the disk, whereas accretion
onto the sBHB can be measured only if around the Eddington limit or larger. The measurement (or
lack thereof) of these effects will therefore enable us to pin down the environment of mass gap BHs.
For example, if no acceleration is detected, it is likely that the binary formed via hierarchical mergers
in dense star clusters, whereas detection of a cumulative dephasing will allow us to probe the AGN
disk formation channel and will provide invaluable information about the density and structure of
AGN disks.
LISA’s capability of probing mass gap objects is determined by their detectability. We therefore
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• Same BBH as observed by LIGO/Virgo

• Long-lived signals, large number of orbits, very far from 
merger

• Difficult to detect on its own (cannot use template 
banks !)

• Could probe the presence of eccentricity, signature of 
the formation channel

• Possibility of multiband detection with ground 
instruments

• Rates low, signals barely detectable (but later detection 
on ground allows an archival search)

• What is the formation channel of stellar-mass BHBs ?

• What is their environment ?

• Test General Relativity predictions for the signals



36

Outline

• Introduction: gravitational wave astronomy

• Status of LIGO/Virgo

• Future ground-based detectors

• The LISA mission

• Targets of LISA

•Challenges for the data analysis of LISA

• Counterparts for MBHBs, GW cosmology and tests of GR in LISA
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• MBHBs: loud and merger-dominated, localized in time but extended in frequency 
• GBs: continuous signals very local in frequency, both individually resolvable and building up a 

background  

LISA data in frequency-domain

Dataset: LISA Data Challenge 2a Sangria

[LISA Data Challenge]
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LISA data in time-frequency domain

• MBHBs: loud and merger-dominated, localized in time but extended in frequency 
• GBs: continuous signals very local in frequency, both individually resolvable and building up a 

background  

Dataset: LISA Data Challenge 2a Sangria

[LISA Data Challenge]
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LISA data - band-passed, whitened in time domain
Dataset: LISA Data Challenge 2a Sangria

[LISA Data Challenge]
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LDC Sangria: first steps of a global fit

 [credit: Cornish]

• MBHB analysis with full galaxy / GB analysis with full MBHBs 
are typically biased

• Some form of signal subtraction seems to be required

Where to start the loop ?

Source superposition: a first approach

• Most classes of sources superpose in time or frequency, but 
signals should be approximately orthogonal

• Instrument noise level is also unknown a priori

• Problem intractable in full dimensionality…

• Gibbs sampling approach: sample/subtract each signal in 
succession, iterate the loop many times

16

FIG. 13. The UCB search as one component of a global
fit. The residuals from each source analysis block are passed
along to the next analysis in a sequence of Gibbs updates.
New data is incorporated into the fit during the mission. The
noise model and instrument models are updated on a regular
basis.

We will extend the waveform model to allow for more
complicated signals including eccentric white dwarf bina-
ries, hierarchical systems and stellar mass binary black
holes which are the progenitors of the merging systems
observed by ground-based interferometers [57], and de-
velop infrastructure to jointly analyze multimessenger
sources simultaneously observable by both LISA and EM
observatories [1, 13, 14, 18].
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Sangria

LISA data analysis will require a global fit of all signals
This global fit can be modular
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LDC Sangria: first steps of a global fit

Instr. noise

MBHBs

GBs
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LDC Sangria: first steps of a global fit

Instr. noise

MBHBs

GBs

MBHBs
1st subtraction 

resid.
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LDC Sangria: first steps of a global fit

Instr. noise

MBHBs

GBs

MBHBs
1st subtraction 

resid.

GBs
1st PE resid.
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LDC Sangria: first steps of a global fit

Instr. noise

MBHBs

GBs

MBHBs
1st subtraction 

resid.

GBs
1st PE resid.

MBHBs
1st PE resid.



45

LDC Sangria MBHB example

<latexit sha1_base64="2z/E3pe3GOJPXaaqojaY/Fq6IcE="></latexit>

Mc = 0.8⇥ 106M�

z = 2.2

SNR = 2720

LISA Data Challenge 2a (global fit) 
successfully passed

Global fit prototypes (to date !):

• Marshall/Montana
• APC/L2IT
• AEI Potsdam
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TABLE I: Values of the UCB source parameters used in
the simulations. While any other parameter remains the

same, the sources in the 3 data sets di↵er from their
amplitudes (first row) and frequencies (second row). All

sources have the same SNR of about 46.

Parameter Value

Amplitude [strain ⇥10�20] 15, 2.0, 0.2

Frequency [mHz] 0.1, 0.2, 0.5

Ecliptic latitude [rad] 0.47

Ecliptic longitude [rad] 4.19

Inclination [rad] 0.179

Initial phase [rad] 5.78

Polarization [rad] 3.97

possible on the gap times, and that all operations may
not last the same time, we allow both the gap time loca-
tions and their duration to randomly vary. The gap start
times follow a periodic pattern with deviations modeled
by a Gaussian distribution with a standard deviation of
1 day. The duration is also a Gaussian distribution with
mean 1 hour and standard deviation 10 minutes.

The second gap pattern models unplanned interrup-
tions, due to any glitch events preventing the instru-
ment from properly acquiring the measurement. Based
on LISA Pathfinder feedback, these kind of events are
likely to occur at an average rate of 0.78/day [6]. To be
conservative, we assume 1 event per day. The number of
events in a given interval is assumed to follow a Poisson
distribution, so that the intervals between gaps follow an
exponential distribution. We assume that each gap lasts
about 10 minutes, with a standard deviation of 1 minute.
In the following we label the two gap patterns “five-day
periodic gaps” and “daily random gaps” respectively, and
we summarize their characteristics in Table II.

TABLE II: Two types of gap patterns are considered:
one models planned events such as antenna operation
gaps, while the second one models unplanned events

such as glitch masking.

Five-day periodic gaps Daily random gaps

Occurrence 5 days ± 1 day 1 day ± 1 hour

Duration 1 hour ± 10 min 10 min ± 1 min

Loss fraction 0.8% 0.7%

It is worth noting that the two gap patterns have al-
most the same loss fraction (less than 1%) but strong
di↵erences in gap occurrences and duration. A visual in-
sight is provided in Fig.1 where we plot an extract of a
simulated data representing TDI X amplitude as a func-
tion of time, expressed in fractional frequency. Data lying
inside gaps are plotted in gray for five-day periodic gaps
and in red for daily random gaps. The remaining ob-

servations are shown in black. This plot highlights the
di↵erence of gap occurrences in the two patterns.

FIG. 1: Segment of a simulated times series with
observed data in black, missing data in gray for five-day

periodic gaps and in red for Daily random gaps. In
scenario A, gaps are 5 times longer and 5 times less

frequent than in scenario B.

C. Optimization of windowing

As mentioned in Sec. III, the impact of gaps can be
mitigated using a window function smoothly decaying at
the gap edges. Hence we have to choose the amount of
smoothness. For a given source, a given noise and a given
gap pattern, it is actually possible to find an optimal
value. In this section we present a way to perform such
an optimization and adopt it in the simulations as our
baseline to assess the impact of gaps.

We use a Tukey-like window, such that each segment of
available data of length Ts is tappered with the a window
function parametrized by the smoothing time tw:

wTs(t) ⌘

8
>>>><

>>>>:

1
2

h
1 � cos

⇣
2⇡ t

2tw

⌘i
0  t < tw

1 tw  t < Ts � tw
1
2

h
1 � cos

⇣
2⇡ t�Ts+2tw

2tw

⌘i
Ts � tw  t < Ts

0 otherwise,
(37)

such that the full window function is

w(t) =
NsX

s=1

wTs (t � ts) , (38)

where ts is the starting time of segment s (i.e. the end
of the previous gap). In order to choose the optimal
smoothing time tw (i.e. the time controlling the transi-
tion length between 0 to 1 and conversely), we can resort
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LISA: non-stationarity and gaps

• Non-stationarity background from double WD in the galaxy
• Instrumental non-stationarity over long times
• Glitches (as seen in LISA Pathfinder)

13

Five-day periodic gaps Daily random gaps

FIG. 4: Results of PSD estimations with gapped data, with five-day periodic gaps (left-hand side) and daily random
gaps (right-hand side). Dotted red curves show PSD estimates obtained with the windowing method, and dashed

blue curves the ones obtained with the DA method. They are compared to the true PSD represented by solid green
curves. The window method estimates are a↵ected by leakage e↵ects due to the gapped observation window, while
the DA method yields an unbiased estimates in most of the frequency band. Black and gray solid lines respectively
represent periodograms of complete data and periodograms of gapped data. The peaked curves in orange shades

correspond to GW sources at 0.1 mHz, 0.2 mHz and 0.5 mHz. For a 1-year integration time, their signal stand out of
the noise with five-day periodic gaps, but is overwhelmed by noise leakage with daily random gaps for f0 = 0.1 mHz.
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FIG. 5: Results of one gap imputation draw in the time
domain after the MCMC chains have reach stationarity.
This draw is obtained for a periodic gap pattern and a
source frequency f0 = 0.1 mHz. The noise statistics
are preserved inside the gap, allowing us to accurately

sample the PSD when Fourier-transforming the
imputed data. The zoomed inset shows the GW signal
(green) and the estimated conditional mean µm|o inside
the gap (dashed orange), taking into account both noise
correlations and deterministic signal. The colored area

represents the conditional 99%-confidence interval.

black curve), the frequencies are well resolved for �f > 1
nHz, where the two posterior distributions start to be
superimposed, as their standard deviations is about 2.5
nHz.

In the case of periodic gaps, this behavior is observed
for both windowing and DA methods, although the sta-
tistical error increases by about 30 % in the case of the
windowing method. In the case of random gaps, the pos-
teriors are much more spread when using the windowing
method, making impossible to resolve the frequencies for
separations of 10 nHz and below. The posteriors obtained
with the DA method are very similar to the complete
data case, restoring the frequency resolution power to a
level comparable with full-data resolution.

The frequency estimates can be compared to the val-
ues obtained for the estimated Bayes factors, plotted in
Fig. 7. As in Fig. 6, they are ordered by decreasing sep-
arations between the 2 source frequencies injected in the
simulated data. We show the case of a complete data
series (black vertical bars), along with gapped data with
the windowing method (gray) and the DA method (blue).
The top and bottom panels correspond to periodic and
random gaps respectively. For periodic gaps, although
the windowing method yields smaller values of B21 than
the DA method, the Bayes factor significantly favor a 2-
source model, both in the case of complete and masked
data, regardless of the method used. For �f = 0.1 nHz
the value that we compute with the windowing method
gets closer to the positive threshold (indicated by the
red dashed horizontal line) which we set to B21 = 20

[Baghi&al 2019]

Non-stationarity Data gaps

• Both scheduled and unscheduled
• Mask/taper data ?
• Inpainting methods ?

ESA UNCLASSIFIED - Releasable to the Public LISA Definition Study Report - ESA-SCI-DIR-RP-002
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Figure 3.8: Left panel: Examples of SGWBs in the LISA band, together with the instrument sensitivity in the
A-channel (black, dashed) and the effective Power Law Sensitivity [398] (grey, dashed). The cosmological SGWBs
are: in red, the SGWB from Primordial Black Holes (PBHs) in a mass range for which they could constitute the
totality of the Dark Matter today [77]; in orange, the SGWB from Cosmic Strings (CSs) with tension providing a
signal that would account for the SGWB detection by PTAs [25]; in green, the SGWB from a primordial First-Order
Phase Transition (FOPT) at the Electroweak (EW) scale, in the context of a singlet extension of the Standard Model
of particle physics, testable at particle colliders. The astrophysical SGWB from unresolved stellar-mass Black Hole
binaries (sBHBs), taken from [54] assuming GWTC-3 population constraints [395] is shown in dark blue. The Galactic
foreground is shown in light blue, taken from [251], averaged over time. Right panel: The stochastic Galactic
foreground in the time domain, where the periodic time variability of the signal amplitude is apparent (figure taken
from [104]).

appears as extra noise components with proper SGWB signals (see Section 3.7.3).
In the following, we detail the Science Investigations aiming at detecting and characterising
both astrophysical signals (Section 3.7.1), and one benchmark example of cosmological SGWB
(Section 3.7.2). We place ourselves in the oversimplified situation of perfectly triangular detector
configurations, for which the TDI T -channel can be used to gather information on the instrument
noise. Note that the development of SGWB detection techniques is the subject of forefront, ongoing
research: for these SIs, we have developed yet unpublished analyses. The SI in Section 3.7.3
highlights the scientific importance of probing the SGWB anisotropic component.

Unveiling the early Universe beyond standard cosmological observations

Detecting a cosmological SGWB can have groundbreaking consequences for our understanding
of the Universe (and thereby of fundamental high energy physics) over energy scales ranging
from Big Bang Nucleosynthesis (⇠0.1MeV) up to Inflation (Æ1016 GeV). Several puzzling
phenomena are expected at these energies, such as the spontaneous breaking of the fundamental
symmetries of the theory of particle interactions, the generation of the matter-antimatter
asymmetry, the production of Dark Matter candidates of diverse nature. LISA has the potential
to probe these phenomena in complementarity with both particle colliders such as the LHC,
and cosmological observations such as the CMB and Large-Scale Structure.

Page 61/154
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High-precision gravitational wave astronomy: waveform systematics ?

<latexit sha1_base64="2z/E3pe3GOJPXaaqojaY/Fq6IcE="></latexit>

Mc = 0.8⇥ 106M�

z = 2.2

SNR = 2720

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

Bias ?
For different noise realizations:
• peak of the posterior moves around by the size of the 

statistical errors
• width of posterior unaffected (in this approx.)

• For very strong signals, width of posteriors shrinks like 1/
SNR

• The best-fit parameters for the model are biased from 
the true values

• Does this bias become larger that statistical errors ?
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MBHB waveform systematics: intrinsic parameters

• Injection: NRHybSur3dq8
• Template: PhenomXHM

<latexit sha1_base64="EWsdFFUYiKw72NpIVixJyI23+e4="></latexit>

Mz = 106 M�
z SNR
0.32 7610
0.57 3804
1.0 1902
1.76 951
3.11 475
5.59 237
10.21 118
18.97 59

[Marsat, in prep.]

[Preliminary]

• Current waveform models 
are insufficient for LISA 
signals

• Waveforms may have to 
include waveform errors, 
to be marginalized
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Outline

• Introduction: gravitational wave astronomy

• Status of LIGO/Virgo

• Future ground-based detectors

• The LISA mission

• Targets of LISA

• Challenges for the data analysis of LISA

•Counterparts for MBHBs, GW cosmology and tests of GR in 
LISA
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MBHB sky localization at merger

- -10 sq. deg. : LSST field of view
— 0.4 sq. deg.: Athena Wide Field Imager

[Marsat&al, in prep.]
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At reference redshift z=1

Large variations of sky localization 
depending on orientation
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FIG. 12. Examples of multi-modal posterior distributions in the sky localization: from left to right, 1mode, 2modes and 8modes
binary systems. The blue contours represent the MCMC results while the black ellipses correspond to the Fisher estimates for
1�, 2� and 3� errors. The black square indicates the true binary position in the sky. The presence of 2modes and 8modes
events, and the relative probability weight of the modes, can be recovered only with a Bayesian analysis.

FIG. 13. Distribution of the 1mode, 2modes and 8modes EMcps in the z � M plane in the maximising case for the three
astrophysical scenarios. The grey solid curved lines in background correspond to constant redshifted chirp mass values.

days, so the e↵ect of LISA motion is insu�cient to elim-
inate the reflected sky position, which remains degener-
ate. At lower chirp mass and redshift, on the other hand,
the combination of the high-frequency response with the
motion of the detector fully eliminates the degeneracy
and the events are unimodal. However, even if it is pos-
sible to identify a general trend, the two sub-populations
of 1mode and 2modes events do overlap in the z � M
plane, because redshift and Mz are not the only quan-
tities a↵ecting the parameter estimation, and there is a
large dispersion according to the orientation angles. Re-
gardless of the astrophysical model, the 8modes systems
are high chirp mass MBHBs, for which LISA will be able
to observe only the merger and ringdown, gathering little
information from the constellation orbital motion; fur-
thermore, their GW signal will not reach high enough
frequencies for the frequency-dependence of the detector
response to help.

Although 2modes systems seem to constitute a signif-

icant portion of the total EMcps, especially for the mas-
sive astrophysical models Q3d and Q3nd, this is partly
caused by the fact that, to identify an event as bimodal,
we impose a relatively low threshold to the probability
of the secondary mode, i.e. 5%. In this regard, it is in-
structive to look at the probability weight of each mode.
In Fig. 14 we present the number of bimodal EMcps as
a function of the probability in the primary and sec-
ondary modes, for all astrophysical models. It is clear
that the primary mode is always more probable than the
secondary one, which mitigates the risk, for a substan-
tial fraction of the EMcps, of missing the counterpart if
telescopes are pointed only at the primary mode.

In Fig. 15 we show the number of 8modes EMcps in
each octant of the sky, as a function of the probability
of the sky position mode. While the primary mode re-
mains always more probable, the seven spurious modes
are rather equiprobable, with probability that can be as
large as 10%. This is likely to constitute a serious issue

Sky multimodality (< 8 modes) is also 
possible at moderate z

Median sky localization

Galaxy count in error box
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Pre-merger localization: can we locate the source in advance ?

• 10 sq. deg. : LSST field of view
• 0.4 sq. deg.: Athena Wide Field Imager

Advance localization 
challenging, much better 

post-merger

Large dispersion in sky 
area, ~4 orders of 

magnitude

Fisher matrix, sky area of main mode of the 
posterior (+MCMC full PE on a subset)

LSST

Athena

LSST

Athena

[Piro&al 2022]
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plat

LISA-EM synergy ?

Only a ‘platinum’ system (M=1e5, z=0.3) can 
be localized well in advance of the merger
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FIG. 7. Cumulative distributions of the relative uncertainties for h (left panel) and ⌦m (right panel) in the (h,⌦m) model,
namely ⇤CDM. Solid (dashed) lines correspond to 10 (4) yr of observations. Colors represent di↵erent astrophysical models as
described in the legend and the grey area represents uncertainties larger than 100%. We expect relative errors of . 5% for h
in 4 yr and . 2% in 10 yr. For ⌦m, we forecast relative errors . 10% only in 10 yr.
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FIG. 8. Corner plot for (h,⌦m) for the median, the 5th and
95th percentile realisations of Q3d (more details in the text)
for the (h,⌦m) model in 4 yr. Colors according to legend.

accuracy and ⌦m at ⇠ 20 � 30%. We also find that !0 is
poorly constrained with uncertainties > 30% in all cases
while !a is unconstrained. As showed by previous work
[4, 57], we conclude saying that in this scenario LISA
could hardly provide information.

In Fig. 11 we report the uncertainties on ⌅0 and !0 for
the (h, ⌦m, !0, ⌅0) model. For this scenario we adopt the
same CMB priors of [57] in order to assess LISA ability
to constrain ⌅0 only with standard sirens and we report
the 1� uncertainty. In comparison to [57], we obtain un-
certainties on ⌅0 approximately 2-3 times larger. This
is due to the fact that, in [57], the authors also included
information from CMB, BAO, and SNe, leading to a bet-
ter estimate of !0 and, consequently, of ⌅0 (this can be
appreciated from their Fig. 17 and Fig. 18). In 4 yr, the

median relative errors on ⌅0 are 7.6% (8.9%) {7.0%}.
Assuming 10 years of observation, the estimates improve
to 4.9% (7.1%) {4.1%}, respectively. Due to the choice of
priors on h and ⌦m, the uncertainties on these parame-
ters are comparable with the prior, i.e. the priors are too
strong respect to the data, so we choose not to report
them.

We can also compare our results with the forecasts
for EMRIs [46], although, in this case, the comparison
is not straightforward due to the di↵erent analysis se-
tups. In their fiducial model and assuming only ⌅0 as
free parameter, the authors report an error of 8.5% at
90% C.I. This value is slightly better than our results in
4 yr. However, when more parameters are left free to
vary, the reported errors on ⌅0 in [46] are larger than
ours. Taking into account the uncertainties from the dif-
ferent priors adopted, we expect MBHBs and EMRIs to
provide similar constraints on ⌅0.

B. High-redshift Universe results

In Fig. 12 we report the results of the analysis for the
(h, ⌦m, �) model, i.e. assuming !m = � as the matter
equation of state. As expected, the addition of � worsen
the constraining power on h. In 4 yr, h is constrained at
11% (10%) {4.9%}, while in 10 yr the estimates improve
to 3.8% (3.4%) {2.5%}.

Concerning the matter part, ⌦m and � are degenerate:
if � decreases, ⌦m increases to compensate. We find
that in 4 yr ⌦m is unconstrained and, for this reason, we
decided to not plot it. In 10 yr, ⌦m can be constrained
with large uncertainties of ⇠ 30� 40%. For �, we expect
constraints of 18% (23%) {14%} and 10% (14%) {8.0%}

in 4 yr and 10 yr, respectively.
The fact that � is constrained while ⌦m is not can

be understood looking at how they appear in Eq. 12.
While ⌦m acts a multiplicative factor, � is an exponen-
tial. Therefore a small variation in � can lead to a large
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Gravitational wave cosmology with LISA MBHBs

[Mangiagli&al 2023]
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FIG. 2. Representation of the redshift bins and matter-only
approximation models, according to the legend. The blue line
corresponds to the comoving distance in the standard ⇤CDM
Universe; the yellow dotted-dashed line represents the matter-
only approximation from Eq. 13 with zp = 3 and the two or-
ange dashed lines the redshift bins approach in Eq. 14 for two
redshift bins with zp = 1.5 and zp = 3 (black stars). Green
points correspond to the MBHBs from a random realisation of
Q3d with the corresponding errors on redshift and comoving
distance, accounting also for lensing and peculiar velocities
errors as described in Sec. IV. For low-redshift events, the er-
rors are smaller than the size of the dot.

these systems to test the high redshift portion of the Uni-
verse (up to the redshift where we have both the EM and
GW signal).

Di↵erently from the previous models, here we present
methods that focus on the estimate of cosmological pa-
rameters at z > 1. The first one introduces a possible
deviation to the matter equation of state; the second and
third models have in common that the cosmological in-
ference is performed over two parameters (H(zp), dC(zp))
corresponding to the Hubble value and the comoving
distance at a given pivot redshift zp; the last one is a
model-independent approach based on the splines inter-
polations. More in details, these approaches are:

1. (h,⌦m,�): we introduce a deviation to the matter
equation of state of the form !m = �. In this case,
Eq. 5 becomes

H(z) = H0

q
⌦m(1 + z)3(1+�) + (1 � ⌦m). (12)

This is a 3-parameters model where we fit for
(h, ⌦m, �), assuming � = 0 as our fiducial value.
The scope of this model is to test if LISA can put
constraints on the cold dark matter equation of
state if it deviates from zero at high redshift; for
this reason we decide to place this model in the
‘high-redshift’ part even if we still have h and ⌦m

in the inference. Note that this is a simple phe-
nomenological model which can be applied only to
the late-time universe. Strong constraints would
apply if CMB or other early universe observations

would be taken into account. We must thus as-
sume that ordinary ⇤CDM evolution happens at
say z & 10 (i.e. outside the range of LISA MBHB
multi-messenger data).

2. Matter-only approximation: Since we aim at
constraints at high redshift, one reasonable as-
sumption is that the Universe is matter-dominated,
i.e. H(z) = H0

p
⌦m(1+ z)3/2. In this case, the co-

moving distance can be written as

dC(z) = dC(zp)+2(1+zp)H
�1(zp)

✓
1�

p
1 + zp

p
1 + z

◆
. (13)

This is a 2-parameters model and we infer
(h(zp), dC(zp)). For both parameters, we assume
the ⇤CDM values as the fiducial ones.

3. Redshift bins: According to Eq. 8, H(z) is the
slope of the comoving distance relation. If we con-
sider a small redshift interval around a pivot red-
shift zp, we can approximate the dc � z relation as
a Taylor expansion at zp as

dC(z) = dC(zp) +
c

H(zp)
(z � zp). (14)

This is also a 2-parameters model and we fit the
same parameters as in the matter-only model,
though H(zp) does not have the same exact mean-
ing of the corresponding parameter in the previous
model, but they coincide to first order in the limit
z ! zp. We note that this approach is independent
from the chosen cosmological model.

4. Splines interpolation: In this model, we inter-
polate the luminosity distance at several knots red-
shifts with cubic polynomials. The final prod-
uct of the inference is the multi-dimensional
posterior distribution on the dL at the knots.
For the splines, we adopt the implementation
in ‘InterpolatedUnivariateSpline’ from SciPy
[98].

For clarity, in Fig. 2 we show an example of the red-
shift bins model for two bins at zp = 1.5 and zp = 3 re-
spectively and the matter-only approximation with pivot
redshift zp = 3. For all the models we report more de-
tails on the technical implementation and some caveats
in Sec. VI.

IV. CATALOGUES CONSTRUCTION

For each astrophysical model, we have 90 years of data
and we want to construct di↵erent Universe realisations,
depending on the LISA mission observational time (tm).
We proceed in the following way:

[Mangiagli&al 2023]
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FIG. 1. Average number of i) MBHB mergers directly from the catalogues (dark blue dotted-dashed line), ii) MBHB mergers
detected in LISA with SNR > 10 (light blue solid line), iii) multimessenger candidates (dark green and red dashed lines), and
iv) EMcps (light green and yellow solid lines), as function of redshift, for the three astrophysical MBHBs formation models,
and assuming 4 yrs of LISA observations. In particular, the dark green and the red dashed lines correspond respectively to
the multimessenger candidates (c.f. definition in Section II) in the maximising model, without absorption and isotropic radio
emission, and in the minimising model, with absorption and � = 2 (c.f. definitions at the beginnng of Section VII). The light
green and yellow lines correspond to the EMcps (c.f. definition in Section II) distributions also in the maximising and minimising
models respectively. Applying the requirement of EM detectability and imposing the sky localization threshold select only the
closest events, while including absorption and collimated radio emission decreases the overall number of both multimessenger
candidates and EMcps.

FIG. 2. Same as Fig. 1 as function of chirp mass M. LISA sensitivity selects only systems with 104 . M/M� . 106 as EMcps.

report the average number of multimessenger candidates
and EMcps for the other observational scenarios, in Ta-
bles V and IV. The average numbers are intended in 4 yrs
of observations with LISA, and are obtained by multiply-
ing the total numbers provided by the 90 yrs of catalogues
by 4/90.

In Fig. 1 we present the average number of merging bi-
naries as a function of redshift. Models Pop3 and Q3nd
predict a large fraction of mergers at z & 10, while in
the Q3d model all the systems merge at z . 12. Re-
moving the systems with SNR < 10 in LISA leads to
the loss of ⇠ 80% of high-redshift sources in the Pop3
catalogue, caused by their low mass (see Fig. 2). The
systems of the Q3nd catalogue are on average more mas-
sive, therefore, the SNR cut does not alter their number.
The systems of the Q3d catalogue are also all detected by

LISA with SNR > 10: this is expected, since they have
a mass distribution similar to Q3nd, and they merge at
smaller redshifts. The average number of intrinsic and
GW-detected events for each of the three astrophysical
models is reported in Tab. III.

Among the systems with SNR > 10, we further se-
lect the multimessenger candidates, i.e. those with a de-
tectable EM counterpart. In Fig. 1, we show their distri-
butions in the maximising and minimising models.

The additional requirement of EM detectability se-
lects systems at even smaller redshift: for all the three
astrophysical scenarios, multimessenger candidates have
z < 10. Within the maximising model, we predict in
total 24.4 (48.7) [38] multimessenger candidates for Q3d
(Pop3) [Q3nd] in 4 years. As expected, if we include ob-
scuration and collimated radio emission, the multimes-

[Mangiagli&al 2022]

LISA standard sirens would be few, but 
could provide high-z information

Still preliminary: 
variability, confusion
Better emission models 
needed
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Black hole Ringdown Spectroscopy with LISA

ESA UNCLASSIFIED - Releasable to the Public LISA Definition Study Report - ESA-SCI-DIR-RP-002

Figure 3.7: Horizon redshift z for the detection (with SNR=8) of the fundamental (` , m) = (2, 2), (3, 3), (2, 1), (4, 4)
ringdown quasi-normal modes as a function of the source-frame remnant mass M for non-spinning binaries with mass
ratio q =0.5.

details of this test depend on which oscillation modes, characterized by angular indices (` , m) and
by the so-called overtone index n, are excited in the merger.
Drastic modifications of the oscillation spectrum can be possible if the central object has no horizon.
If horizonless objects with compactness comparable to Black Holes do exist – as may be possible e. g.
for “firewalls”, in fuzzball/microstate scenarios, and even within GR (e. g., because of superradiant
instabilities or the formation of boson stars) – other exciting possibilities arise. For example, the
oscillation spectrum could show signatures of Planck-scale physics through the presence of “echoes”
of the original ringdown signal [14, 327].

SI 5.1 aims to detect multiple ringdown “spectral lines” in the post-merger signal of MBHBs
and put limits on GW echoes.

Numerical simulations in GR show that the dominant multipoles of the radiation, depending on the
masses and spins of the remnant progenitors, are expected to be (` , m) = (2, 2), (3, 3), (2, 1), (4, 4).
In order to establish the Kerr nature of astrophysical BHs at least three ringdown modes need to be
detectable, each with SNR larger than 8.
Figure 3.7 shows the horizon redshift for each multipole as a function of the total mass of the binary.
Three or more modes can be detected up to high redshifts for low-mass MBH; up to redshift z ⇠ 6
for a source with total mass > 1 ⇥ 107 M�; and at moderate redshifts z Æ 0.5 when the total mass of
the remnant is large enough (>5 ⇥ 108 M�), despite the inspiral-merger part of the signal is out of
band. Using information from the whole waveform, including harmonics, deviations from GR in the
ring-down signal can be constrained to within 10% and in the best cases to 1% [408].
New physics may prevent the formation of an event horizon (a fully absorbing surface) in gravitational
collapse. Horizonless objects can form in quantum-gravity motivated extensions of GR, or even in
GR in the presence of bosonic fields or dark matter [124, 279]. These objects, if ultra-compact, can
mimic a BH. However a BH has exactly zero reflectivity to GWs, while a non-zero reflectivity can be
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 [LISA Red Book 2024]  [Toubiana&al 2023]
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Ringdown Ringdown signal: superposition 
of Qasi-Normal Modes

The frequencies and damping times are all functions of
the mass and spin of the remnant
Signature of GR !

LISA horizon (SNR=8) of individual QNMs
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(Mf ,�f )

The measurement of more than one QNM 
allows to test the nature of black holes
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FIG. 12. Distribution of the statistical errors in the measurement of EMRI extrinsic parameters: luminosity distance (left
panel) and sky localization (right panel). The dashed lines mark the first, second and third quartile of the distributions. In
the plot for the sky position, a horizontal solid red line marks an error of 10 deg2.

FIG. 13. Distribution of the statistical error in measurement
of the deviation of the MBH’s quadrupole moment away from
the Kerr value. The dashed lines mark the first, second and
third quartile of each distribution.

distributions of the errors are broadly consistent between
the di↵erent population models. The populations control
the number of events, and so are important for consid-
ering how much we could learn about the population of
MBHs and their host environments, but do not have a
significant impact on our ability to extract the parame-
ters for individual EMRIs.

VI. CONCLUSIONS

In this paper we have performed a comprehensive anal-
ysis of the performance of the recently proposed LISA
mission with regards to the detection and parameter
estimation of EMRIs. For the first time we have at-
tempted to thoroughly investigate the astrophysical un-

certainties that a↵ect the calculations of the expected
intrinsic EMRI rate. In more detail, we have constructed
competing astrophysical models for the EMRI rate as a
function of cosmic time, accounting for: the uncertainty
on the expected MBH spin magnitude; the disruption
of stellar cusps due to mergers; the MBH growth due
to EMRIs and plunges of stellar-mass CO’s; and possi-
ble viable competing choices for the MBH mass function,
the CO mass, and the correlation between MBH masses
and stellar velocity dispersions. Although simple, our
models capture the diversity of plausible astrophysical
uncertainties. Overall, we find that these astrophysical
assumptions produce a variance of up to three orders of
magnitude in the expected intrinsic EMRI rate.
For each astrophysical model, we have computed the

number of expected detections with the LISA interferom-
eter, as well as the precision with which the source pa-
rameters (both intrinsic and extrinsic) can be recovered.
To this purpose, because of computational-time limita-
tions, we have used two time-inexpensive kludge wave-
form models that we expect should bracket the results
that would be obtained with more sophisticated Teukol-
sky or self-force based templates. Our main findings are:

1. Irrespective of the astrophysical model, at least a
few EMRIs per year should be detectable by LISA.
This number may reach a few thousands per year
under the most optimistic astrophysical assump-
tions.

2. Except for the most pessimistic astrophysical mod-
els, we predict at least a few events per year should
be observable with SNR of several hundreds.

3. The typical (source-frame) mass and redshift range
of detected EMRIs will be M ⇠ 105–106M� and
z <

⇠ 2–3, although we may have events with masses
an order of magnitude outside of this range or with
larger redshifts (up to z ⇠ 4 and z ⇠ 6 for COs of
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Figure 1. Illustration of an orbit in Kerr spacetime, appropriate for a short portion of an EMRI around a
spinning MBH. The central black hole has a mass M = 106M� and a dimensionless spin of 0.9. Distances
are measured in units of the gravitational radius rg = GM/c2. The innermost stable circular orbit for this
MBH would be at r ' 2.3rg. The coordinates have been mapped into Euclidean space to visualise the orbit:
the bottom right panel shows a three-dimensional view of the orbit; the top panels show the projections of
this orbit into three planes, and the bottom left panels show the orbit as a function of time. While EMRIs
evolve over years, this trajectory is only a few hours long. The intricate nature of the orbit is encoded into
the frequencies of the gravitational-wave signal. Measuring these lets us reconstruct the spacetime of the
MBH. Adapted from [29].
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[Berry&al 2019]

Current LVK bounds: ~few units

EMRI signals can probe deep into the 
structure of the Kerr spacetime

Kerr spacetime multipolar 
structure:

In particular, spin-induced 
quadrupole Q(a)

Can test for a deviation of Q 
(simulated with approximate 
waveforms so far)
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Ml + iSl = M(ia)l

EMRI bounds for Schwarzschild/Kerr
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