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Outline

• L2IT, a new IN2P3 laboratory

• LISA group at L2IT

• Overview of LISA activities

• Core data analysis activities

• Other data analysis activities

• LISA-related science



3

The Laboratoire des 2 infinis - Toulouse (L2IT) was 
established in 2019 with the objective to pursue 
fundamental research with innovative numerical and 
theoretical approaches applied to data collected by 
large-scale cutting-edge experiments

L2IT: a brand-new IN2P3 laboratory
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The laboratory has 4 main research themes/
groups Gravitational waves

Particle physics Nuclear physics Computing, 
algorithms & data

L2IT: a brand-new IN2P3 laboratory
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Gravitational waves

Particle physics Nuclear physics Computing, 
algorithms & data

The laboratory has 4 main research themes/
groups, each one associated to large-scale 
experimental/computing facilities/collaborations

L2IT: a brand-new IN2P3 laboratory
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The laboratory is perfectly integrated within 
local research environment in Toulouse

L2IT

Campus Univ. 
Paul Sabatier

IRAP

CNES

L2IT: a brand-new IN2P3 laboratory
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LISA group at L2IT

• + Niccoló Muttoni, recently left (PhD at Geneva)

• + Arrival of a new postdoc (2 years) : LISA data analysis and global fit

• + Interns : 2 master 2, 1 license 3

1

Name Status FTE LISA Memberships Areas of work/expertise Proposed Contribution

Nicola Tamanini Permanent 0,4

LSG, LDPG, LDC WG
Astrophysics WG
Cosmology WG chair
Fundamental Physics WG
LECS

Cosmology, Theory, Tests of GR, Data 
analysis 

Cosmology and data analysis.
Co-chair of the LISA Cosmology WG
Coordinator of the SIWP sub-working package on
the measurement of cosmological parameters.

Christelle Buy Permanent 0,5 LIG member (AIVT) Laser Interferometry, Laser Frequency Instrument and AIVT activities
Rodolphe Clédassou Permanent 0,1 LIG member (AIVT) Project management Instrument and AIVT activities

Catherine Biscarat Permanent 0,3 LDPG, LDC WG
Project management
Scientific computing

Computing support and code development for data anlaysis
investigations within the LDC and LDGP 

Cayetano Santos Permanent 0,7 LDPG, LDC WG Scientific computing Computing support and code development for data analysis

Sylvain Marsat Permanent 0,5
LSG, LDPG, LDC WG
Waveform WG
Cosmology WG

Waveform models, Data analysis, 
Tests of general relativity

Data analysis and waveform modelling.
Coordinator of a Waveform WP: waveforms for SBHB

Martina Toscani Postdoc 0,5
LSG, Astrophysics WG
LECS

Tidal disruption, multimessenger 
astronomy, hydro simulations

Tidal disruption events and GWs, MBH physics and population

Danny Laghi Postdoc 0,55
LSG, LDPG, LDC WG
Cosmology WG

Cosmology, Data analysis
Tests of General Relativity

Cosmology and data analysis techniques for the inference of
cosmological parameters

Vivienne Langen PhD 0,6
LSG, LDPG, LDC WG 
Astrophysics WG
LECS 

Data analysis, astrophysical 
interpretations 

MBHB population modelling and inference

4,2
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LISA Data analysis at L2IT: overview

lisabeta

Fast analysis tools
Figures of merit

Global Fit AnalysisLISA Data Challenge

Cosmology Tests of GR

MBHB localization/
multimessenger

Waveform requirements
Source population 

inference

Multiband GW analysis

Astrophysical 
environment

Machine learning

Astrophysical sources

Tools

Core data analysis 
contributions

cosmolisa

Other contributions

LISA-related science
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Status of lisabeta

Costs

• Science prospective

• Prototyping real analysis (LDC)

• Source types: MBHBs, SBHBs for now 
— GBs soon

• Consortium-available (full members, 
public soon)

Tools implemented

Objectives and scope

• SNR computations
• MCMC: ensemble sampler with 

parallel tempering (ptemcee)
• Nested sampling: pymultinest
• Informed proposals to deal with sky 

degeneracies
• Fast likelihoods
• Waveforms: PhenomD, PhenomHM

Levels of approximation

• Fisher: for high SNR limit (depends on 
signal !) ✓

• Set noise realization to 0 ✓
• Initialize MCMC from Fisher ✓
• Full run with initialization from priors ✓
• Full run with noise ✓ (refactoring)
• Superposition of sources, unknown 

noise, noise artifacts… ✗
(SBHBs less advanced)

MBHBs:

• SNR: few ms
• Fisher: <100ms at high-M, worse at low-M
• Likelihood: MBHB 2-3ms, SBHB 3-5ms
• Inference with Fisher init. (best case): 

~1CPUh
• Inference of complicated posterior, with 

noise: 100-200 CPUh

https://gitlab.in2p3.fr/marsat/lisabeta
https://gitlab.in2p3.fr/marsat/lisabeta_release

https://gitlab.in2p3.fr/marsat/lisabeta_release
https://gitlab.in2p3.fr/marsat/lisabeta_release
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Status of cosmo lisa

Objectives
• Bayesian inference of cosmological parameters with LISA (and 

3G detectors)

• Statistical method (cross-matching with galaxy catalog) or 

assuming EM counterpart
• Sources: EMRIs, MBHB, …

• Maintainers: Walter Del Pozzo, Danny Laghi

• The code is public: https://github.com/wdpozzo/cosmolisa

Tools implemented
• Modules written in cython 

(likelihood, libraries from 
LALCosmology) to speed up the 
inference

• Nested sampling algorithm 
(CPNest) optimised for multithreading

Levels of approximation

• GW likelihood in the high-SNR approximation

• Selection effects & joint inference of cosmo + 
source population parameters (to be 
implemented)

Data
  

(from GW)
dL     

(from galaxy catalogs/  
direct observa9on)

z

Inference 
p({H0, Ωm, …} |Data, Model)

https://github.com/wdpozzo/cosmolisa
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LISA Data Challenge

Sylvain Marsat

Past & current activities

MBHB result 
LDC-1 Radler

Future prospects

• Participated (with J. Baker) in LDC-1 
MBHB challenge 

• Contributed to the infrastructure of 
LDC

• MBHB analysis in LDC-2, part 
of  Sangria, in collaboration 
with APC

• (Possibly) accelerating GB signal 
generation and GB inference

• Extend our methods for SBHBs
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Global fit analysis
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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New post-doc
Sylvain Marsat

Past & current activities

Future prospects

 [Littenberg&al 2020]

• Arrival of a new postdoc on LISA data analysis and global fit

• Delivering a global fit pipeline prototype for the 
end of phase B1

• EMRI data analysis (new postdoc) + SBHBs

• More realistic MBHB waveforms

• Collaborating with APC (GB analysis) 
for global fit : modular MBHB+GB
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Fast analysis tools / Figures of Merit

Sylvain Marsat
Cayetano Santos

Past & current activities

Future prospects

• lisabeta used in present FOM

• Comparison of Fisher matrix tools in 
lisabeta and Etienne Savalle’s code 
(ongoing)

• Develop and maintain lisabeta as a tool to assess 
easily parameter recovery

• Expand the scope of FOM to include parameter estimation : 
approximate or full

• Contribute other FOM: EM couterparts, cosmology, TGR, …
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LISA MBHB localisation / multimessenger

Sylvain Marsat

Past & current activities

Future prospects
1m 1w 3d 1d

10
hr 5h
r

1h
r

m
er

ge
r

10°3

10°2

10°1

100

101

102

103

¢
≠

90
%

(s
q.

d
eg

.)

M3e5

1m 1w 3d 1d

10
hr 5h
r

1h
r

m
er

ge
r

10°3

10°2

10°1

100

101

102

103

¢
≠

90
%

(s
q.

d
eg

.)

M3e6

1m 1w 3d 1d

10
hr 5h
r

1h
r

m
er

ge
r

10°3

10°2

10°1

100

101

102

103

¢
≠

90
%

(s
q.

d
eg

.)

M1e7

1m 1w 3d 1d

10
hr 5h
r

1h
r

m
er

ge
r

10°3

10°2

10°1

100

101

102

103

¢
≠

90
%

(s
q.

d
eg

.)

plat

 [Piro&al, in prep.]

• LISA-Athena synergy : advance 
localisation 

• Exploring LISA PE for MBHB in the 
FOM range (R. Cotesta, J. Hopkins)

• Exploring MBHB localisation with 
lisabeta

• Make lisabeta tools accessible to the 
astro. community (fits)

• Extend the analysis to more realistic 
waveforms
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Cosmology with LISA

Nicola Tamanini
Danny Laghi

Sylvain Marsat

Past & current activities

Future prospects
 [Laghi&al 2022, in prep]

• cosmolisa: EMRI as dark sirens

• MBHB standard sirens: EM 
counterparts and cosmological 
inference (A. Mangiagli)

• Combining EMRI dark sirens with MBHB bright sirens in 
cosmological inference

• Build a pipeline for cosmological inference with LISA

• FOM for cosmology
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Tests of GR with LISA

Danny Laghi
Sylvain Marsat

Past & current activities

Future prospects
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FIG. 6. 90% upper bounds on the magnitude of the parametrized test coe�cients discussed in Sec. V A. The bounds were obtained with a
pipeline based on the model SEOBNRv4 ROM, combining all eligible GWTC-3 events, under the assumption that deviations take the same
value for all the events. Filled gray diamonds mark analogous results obtained with GWTC-2 data [11]; in this case, we also show bounds
obtained with a pipeline based on IMRPhenomPv2, that are marked by unfilled black diamonds. Horizontal stripes indicate constraints obtained
with individual events, with cold (warm) colors representing low (high) total mass events. The left and right panel show constraints on PN
deformation coe�cients, from �1PN to 3.5PN order. The best improvement with respect to the GWTC-2 bounds is achieved for the �1PN term,
thanks ot the inclusion of the NSBH candidate GW200115 042309.

FIG. 7. Combined GWTC-3 results for the parametrized deviation coe�cients of Sec. V A. Filled distributions represent the results obtained
hierarchically combining all events. This method allows the deviation coe�cients to assume di↵erent values for di↵erent events. Unfilled black
curves represent the distributions obtained in Fig. 6, by assuming the same value of the deviation parameters across all events. Horizontal ticks
and dashed white lines mark the 90% credible intervals and median values obtained with the hierarchical analysis.

Along with this leading-order e↵ect, we have included higher-
order PN terms that appear through the inspiral phase [167,
204] of gravitational waveform.

While Kerr BHs have  = 1 [201–203], compact stars have
a value of  that di↵ers from the BH value, determined by the
star’s mass and internal composition. Numerical simulations
of spinning neutron stars show that the value of  can vary be-
tween ⇠2 and ⇠14 for these systems [205–207]. Moreover, for
currently available models of spinning boson stars,  can have
values ⇠10–150 [208–211]. More exotic stars like gravastars
can even take negative values for  [212]. Hence, an indepen-
dent measurement of  from gravitational-wave observations
can be used to distinguish black holes from other exotic ob-

jects [213–216]. However, to fully understand the nature of
compact objects, one may also include e↵ects such as the tidal
deformations that arise due to the external gravitational field
[217–220] and tidal heating [221–226] along with the spin-
induced deformations, an extensive study of these e↵ects is not
in the scope of this paper.

For a spinning compact binary system, the coe�cients i,
i = 1, 2 represent the primary and secondary components’
spin-induced quadrupole moment parameters. The correlation
of i with the masses and spin parameters of the binary are
evident from Eq. (6), which makes the simultaneous estima-
tion of 1 and 2 hard. The higher-order terms present at the
3PN order help break this degeneracy, but are not enough to

 [LVK 2021]

• Ringdown tests for ground-based 
detectors (pyRing)

• Review activity for LVK TGR

• Ringdown tests for MBHBs (CEA, 
Johns Hopkins)

• Transpose TGR tools and experience 
to LISA

• TGR FOMs and pipelines

°1.0 °0.5 0.0 0.5 1.0
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LISA MBHB population inference

Vivienne Langen

Past & current activities

Future prospects

9

(a) 50 events. (b) 200 events.

FIG. 5. Kullback-Leibler divergence between the PPD and the population distribution for di↵erent observation sets generated with di↵erent
values of ↵0. On the left (right) panel the observation sets contain 50 (200) observed events. The smaller the KL divergence, the better our
inference of the population distribution. Increasing the number of events tends to improve the inference, as expected.

(a)Worst case. (b)Mid-range case.

(c)Mid-range case. (d)Best case.

FIG. 6. Population distribution and PPD for four sets of observations generated with di↵erent values of ↵0. Each observation set contains 100
events. On the upper-left and lower-right panels we show the cases that yield the largest and smallest values of the KL divergence among the
cases shown in Fig. 5. The other two panels show cases yielding mid-range values of the KL divergence.

 [Toubiana&al 2020]

• Estimating the number of merging 
galaxies in deep MUSE fields, deduce 
the number of MBHB mergers 
(assumptions !)

• Hierarchical Bayesian analysis for an 
analytical parametrization of MBHB 
population

• FOM for MBHB population 
inference
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LISA Waveform requirements

Sylvain Marsat

Past & current activities

Future prospects

7

FIG. 2. Predicted waveform accuracy requirements for second and third generation ground based detector networks. We
show results for two binaries left: SXS BBH 0308, and right: SXS BBH 0104 (see Table I). Each panel shows mismatch
against network SNR and on the top x-axis the detector network (see Table II) in which the signal had the SNR shown in the
bottom x-axis. Solid lines indicate results for pure NR signals, while dashed lines come from NR signals hybridized against
PN waveforms in the inspiral. The blue lines and data points show how the mismatch falls with rising SNR according to the
indistinguishability criterion Eq. (8) with the prefactor D tuned according to Eq. (9), as D/(2⇢2). The dash-dotted gray line
shows the prediction of Eq. (8) with D = 8. Horizontal red lines show the mismatch of the signal against the IMRPhenomPv2

template waveform at the signal parameters (also called “unfaithfulness”) for aLIGO design sensitivity. The horizontal green
line shows the mismatch between NR waveforms obtained for di↵erent grid resolutions for the same signal configuration. Shaded
regions provide rough estimates of the accuracy of current semi-analytic waveform models and current NR waveforms for the
particular binary systems and the level of expected detector calibration error in terms of mismatch. Waveform error estimates
are higher for the more challenging unequal mass spinning SXS BBH 0104 configuration compared to SXS BBH 0308.

Configuration M src
tot/M� Msrc/M� q ~�1 ~�2 �e↵ �p ✓JN

SXS BBH 0308 66.4555 28.7443 0.8143 (�0.1407, 0.0225, 0.3053) (�0.2209, 0.3075,�0.5580) -0.0822 0.2994 2.7454
SXS BBH 0104 66.4555 24.3406 0.3333 (�0.0550,�0.0144, 0.4966) (�0.2737,�0.4173, 0.0112) 0.3753 0.1442 1.0839

TABLE I. Binary configurations studied in Sec. III. We indicate the SXS ID [45] of the SpEC NR simulations, the total mass

and chirp mass in the source frame, the mass-ratio q = m2/m1  1, the dimensionless spin vectors ~�i = ~Si/m
2
i of the BHs, the

e↵ective aligned spin and e↵ective precession spin and the inclination angle between the total angular momentum ~J and the
line of sight ~N . Signals are hybridized with SpinTaylorT1. Spin vectors are defined at a reference frequency of 30 Hz. We select
the remaining common parameters to be ra = 1.949725, dec = �1.261573 (radians), a luminosity distance of dL = 562.59Mpc
(which corresponds to a redshift of about z = 0.115), a polarization angle  = 1.4289. The GPS time at the geocenter was
1126259642.413 s and coalescence phase �coa = 0.

current NR waveforms will not be guaranteed to be su�-
ciently accurate for unbiased parameter recovery beyond
the Voyager network (where the dark blue line intersects
the dark green line). Clearly then current waveform mod-
els will not be accurate enough for 3G ground based de-
tectors such as ET and Cosmic Explorer (CE) which are
currently being planned. We will require waveform mod-
els to be at least three orders of magnitude more accu-
rate, and improvements of one order of magnitude for
NR waveforms.

Fig. 2 presents a simplified picture to convey the main
message that current waveform models are not accurate
enough for planned 3G detectors. We now come back to
some of the assumptions we have mentioned in Sec. III A
and shed some light on details. The shape of the PSDs
and the range in frequency over which particular inter-
ferometers are sensitive varies with the networks and in-

fluences the value of the mismatch that enters the in-
distinguishability criterion. The horizontal lines shown
in Fig. 2 provide a simplified representative measure
of the error. For SXS BBH 0308 mismatches against
IMRPhenomPv2 range from 0.002 (aLIGO O1) to 0.02
(CE) for the pure NR signal which is in band from 20Hz
and above, and from 0.002 (aLIGO O1) to 0.008 (CE)
for the hybrid signal. Starting frequencies are given in
Table II. Mismatches for aLIGO, AdVirgo, KAGRA and
A+ are very similar to those for the aLIGO O1 results.
For the non-precessing SEOBNRv4 ROM model mismatches
range from 0.003 (aLIGO O1) to 0.02 (CE) for the pure
NR signal and from 0.005 (aLIGO O1) to 0.03 (CE) for
the hybrid signal. For the SXS BBH 0104 hybrid signal
the mismatches against IMRPhenomPv2 range from 0.06
(CE) to 0.09 (aLIGO O1, aLIGO design). Here, mis-
matches against SEOBNRv4 ROM are surprisingly slightly

 [Pürrer-Haster 2019]

• Understanding the map between the 
SNR and the waveform requirement in 
terms of mismatch, for LISA MBHBs 
(with J. Hopkins, AEI)

• More realistic waveform models : 
precession, eccentricity

• Waveform requirements for 
MBHBs, SBHBs, EMRIs …
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Machine Learning applications

 All ?

Past & current activities

Future prospects
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Figure 8. Marginalized one- and two- dimensional posterior distributions for GW150914 over a subset of parameters, comparing
DINGO (orange) and LALInference MCMC (blue). Relevant derived parameters plotted on right. Contours represent 50% and
90% credible regions. Posteriors reweighted to uniform source frame distance prior.

• Learning !

• Local expertise (particle physics) : 
graph neural networks for LHC data 
analysis (Sylvain Caillou, Catherine 
Biscarat, Charline Rougier, Jan Stark)

• Bayesian parameter estimation with 
machine learning methods

• Incorporate physics into network 
architecture : parameter maps for 
multimodality ? 

 [Dax&al 2021]
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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]

• Bayesian PE for SBHB of GWTC-3

• Tools for multiband analysis in lisabeta 
(ongoing)

• More realistic waveforms

• Acceleration techniques

• SBHB detection and archival searches

• Low-SNR contribution from LISA
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FIG. 5. Inference of the SMBH mass (M•) and the parameters of
the outer orbit: inclination ◆• and orbital radius a•. The true (cosmo-
logically redshifted) parameters are marked by black lines, while the
dashed vertical lines indicate 90% CLs.

correlated to the parameters of the emitting binary. To show
this explicitly we overplot in Fig. 6, for the vacuum param-
eters, the posteriors obtained in the presence and in the ab-
sence of the AGN. The only parameter for which the poste-
rior distribution is a↵ected by the presence of the AGN is the
initial GW frequency: the di↵erence between vacuum (green
contours) and the binary orbiting the AGN (grey contours) is
clearly seen in the figure. Note that the initial frequency is the
observed one and, therefore, the initial orbital frequencies of
the inner binary in the two cases are quite di↵erent, due to the
Doppler shift caused by the orbital motion around the SMBH.
The two binaries therefore merge at di↵erent times, although
the shape of the posterior for the time of coalescence is not
strongly modified by the presence of the AGN.

C. Wider orbits and detectability

As we move the binary further away from the SMBH by
increasing the size of the orbit, we approach the regime where
the acceleration projected on the line of sight is constant, pre-
sented in our previous publication [27]. In this limit, the accel-
eration enters the GW phase at -4PN, a term otherwise absent
in vacuum templates. For even broader orbits, we reach the
regime where the acceleration is negligible and velocity is (al-
most) constant. The latter is (almost) degenerate with a small
modification in the redshift of the source, causing a slight shift
in the observed (redshifted) masses of the binary. Therefore,
for su�ciently wide orbits, we expect a vacuum template to
be a good approximation of the signal, and a good template to
detect the source with matched-filtering.

To investigate the detectability of such a system using vac-
uum templates, we compute the fitting factor (i.e., the overlap
maximized over all parameters). The fitting factor (FF), or
rather (1 � FF), gives the fractional loss in SNR due to mis-
match between the best-fitting model and the signal [77]. The
fitting factor takes into account that we still might match the
AGN signal at the expense of a bias in the parameter space,
which can (at least partially) compensate for the mismatch in
the model.

We start with the binary orbiting the AGN on a very broad
orbit (a• ' 1 pc), where the orbital speed is almost constant
and can be re-absorbed into the redshift, with FF close to
100%. In Fig. 7, the top left panel shows the evolution of
the FF as we bring the binary closer to the AGN. The top right
plot gives the value of the chirp mass which maximizes the
overlap between the signal and the model. In particular, we
show the di↵erence between the best-model chirp mass and
either 1) the true (cosmologically redshifted) chirp mass or
2) the true chirp mass corrected by the Doppler redshift com-
puted at the start time of observations. The lower row of plots
shows the best-model mass ratio (bottom left) and the di↵er-
ence between the best-model time of coalescence tc and true
value in the observer frame (bottom right).

The bias in the parameters recovered by our search has a
clear increasing trend as we decrease the separation from the
SMBH. At the closest distance we explored, a• . 0.35 pc, the
recovered parameters (most noticeably, the mass ratio) display
a jump. This is most likely due to non-optimal recovery of the
FF maximum. Below this distance, the search for the FF max-
imum (in an 11-dimensional parameter space, although not all
parameters are equally important) becomes challenging.

We find that the bias in the chirp mass, although small in
an absolute sense, is quite large compared to the typical mea-
surement error for this parameter (10�3M�, see Fig. 6). At
these large separations, however, most of the bias can be ex-
plained in terms of a constant Doppler redshift, as can be seen
comparing the two curves in the top right panel of Fig. 7.

The bias in the coalescence time is also large compared to
the precision with which this parameter is measured – O(20)
minutes, worse than for typical stellar-origin BH binaries in
LISA [32]. If such a binary was detected and analysed in
LISA with vacuum templates, the bias in the coalescence time
could prevent the association with the merger part of the sig-
nal detectable by ground-based detectors (unless other source
parameters, such as chirp mass and sky position, already es-
tablish an association). A bias in the merger time would also
a↵ect tests of GR, as emission into non-GR polarizations can
also contribute to a shift in tc (see Ref. [36]) and thus be de-
generate with the environmental e↵ect studied here.

We should stress that large biases might a↵ect only a small
fraction of AGN binaries, whose separation from the SMBH
is su�ciently large for vacuum-template detection, but small
enough to induce a sizeable bias. The severity of this problem
for LISA will depend on how binaries are distributed within
AGNs, and on the details of multiband strategies implemented
by both space-borne and ground-based detectors in the future.

We also expect the luminosity distance of the source to be
significantly biased [23] away from its background, cosmo-
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FIG. 4. The second derivative of the GW phase !̇ ⌘ d
dt! =

d2

dt2 '(t+de↵ect(t)) in isolation and in the presence of the Doppler and Shapiro e↵ects.
We compare a system with large (◆• = ⇡/6 rad = 30 deg, left) and small (◆• = �0.05 rad ' �3 deg, right) outer orbit inclination. The remaining
system parameters and plot features are the same as in Fig. 3. The figure on the right includes a zoom-in of the region marked by vertical lines,
corresponding to a month around the moment the source is aligned behind the SMBH. At each passage, the Shapiro e↵ect is strongly enhanced
in the small inclination case. Note that at small inclinations the e↵ect of lensing, not included here, would also be significant.

is the impact parameter of the unperturbed trajectory from the
source to the observer. See again Fig. 2 to visualize the geom-
etry of the system. In the second line of Eq. (3.13), we used
the fact that R � b and that its constant contribution can be
re-absorbed in the definition of the time of coalescence.

Equation (3.13) shows that the Shapiro delay introduces a
direct dependence on the SMBH mass M•,z̄s , through rs. This
breaks the degeneracy introduced with the Doppler delay (3.7)
between the outer orbit inclination and the central mass. A
detectable Shapiro delay will then allow LISA to measure all
three environmental parameters (the SMBH mass M•,z̄s , incli-
nation ◆• and distance from the SMBH a•,z̄s ), as we show in
the parameter estimation example in Sec. IV.

The Shapiro delay in our system happens to be numerically
similar to the light crossing time of the Earth orbit, so its mod-
ulation of the GW phase is comparable to the Doppler modu-
lation induced by the LISA spacecraft motion,

��S ' 2⇡ f (dS ,max � dS ,min)

' 62 rad
 

f
10mHz

!  
M•,z̄

108M�

!
log

 
1 � cos ◆•
1 + cos ◆•

!
. (3.15)

The Shapiro e↵ect is therefore subdominant compared to the
Doppler e↵ect in GW190521-like binaries in LISA, but still
detectable, see also Fig. 3. As we will see in Section IV, the
Shapiro e↵ect is strong enough to break the degenaracies be-
tween the outer orbital parameters and improve our ability to
constrain the SMBH mass.

From Eq. (3.15), we also see that the Shapiro phase mod-
ulation has a stronger dependence on the inclination of the
outer orbit ◆• compared to the Doppler e↵ect, with the e↵ect
peaking when the orbit and the line of sight are aligned [66].
This can be seen comparing the two panels in Fig. 4. For high
alignments, however, strong lensing is not negligible, as we
argue below.

For completeness, we also write the Shapiro redshift by dif-
ferentiating Eq. (3.13) and keeping track of all redshift factors,

zS =rs(1 + z̄s)
⌦z̄ cos ◆• cos(⌦z̄t + �•)

(1 � cos ◆• sin(⌦z̄t + �•))
. (3.16)

The Shapiro redshift oscillates with amplitude �zS = zS ,max �

zS ,min,

�zS ' 10�4 cos ◆•p
1 � cos2 ◆•

 
a•,z̄

700M•,z̄

!�3/2  
M•,z̄

108M�

!3/2

,

(3.17)
suppressed compared to the oscillation in the Doppler red-
shift, at least at the generic inclinations considered in this
work.

D. Other e↵ects

In this work, we focus on systems dominated by the
Doppler and Shapiro e↵ects: GW190521-like binaries on a
circular orbit of hundreds of Schwarzschild radii around a 108

- 109M� SMBH. In general, hierarchical triple systems can be
a↵ected by a number of other dynamical e↵ects, which might
leave a detectable imprint on the GW signal for more extreme
system parameters [24, 28, 31, 60, 67]. Here we briefly sum-
marize these e↵ects.

1. Lensing

We treat the SMBH as a point-like lens [24], with the bi-
nary moving on a sphere of radius a• centered on the lens, see
Fig. 2. Projected along the line of sight, the angular-diameter
distance between the observer and the SMBH and the observer

 [Sberna&al 2022]

• Environmental effects on GW from a 
SBHB in orbit around an AGN

• Doppler delay, Shapiro delay + lensing 
and amplitude modulations

• Understanding these systems as 
laboratories for fundamental physics : 
collection of relativistic effects

• Make data analysis robust with respect 
to these effects
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Figure 7. Sun-like star disrupted by a 106 M� BH. The orbital inclination is \ = 0, the penetration factor is V = 5 and the eccentricity 4 = 0.6. Prograde
orbits. Top left: ⇥ polarization seen face-on. Bottom left: + polarization seen face-on. Right: Related root-square-sum amplitude. All the curves are plotted
with respect to time (in kiloseconds). The three colours stand for three di�erent BH spin values: blue 0 = 0, green 0 = 0.5 and pink 0 = 0.9. We can see
that increasing the spin changes the shapes of the polarization amplitudes during and after the pericenter, shifting the peak of the waveforms at later times and
lowering it, and that the peak of the root-sum-square amplitude decreases while the spin increases. The peak for 0 = 0.9 is a factor 1.4 smaller than the peak
for spinless BH.

Figure 8. Maximum root-square-sum amplitude versus V for a Sun-like star
disrupted by a 106M� BH. The orbital inclination is \ = 0, the eccentricity
4 = 0.6, prograde orbits. The three di�erent colours stand for three di�erent
BH spins: blue 0 = 0, green 0 = 0.5 and pink 0 = 0.9. The red solid
line shows the linear relationship between the penetration factor and the
maximum GW amplitude predicted from Equation (12). This line is lower
than the others since the GW amplitude increases for higher values of the
eccentricity, while Equation (12) refers to null eccentricity (cf. paragraph
5.2.2).

Figure 9. Root-square-sum amplitude plotted with respect to time (in kilo-
seconds). We consider a Sun-like star disrupted by a 106M� BH; the pen-
etration factor is V = 2, the eccentricity of the stellar orbit is 4 = 0.6 and
the orbit is retrograde (\ = 180�). The three di�erent colors refer to three
di�erent spins: blue 0 = 0, green 0 = 0.5 and pink 0 = 0.9. The di�erence
between the a = 0.9 and a = 0 curves is roughly 6%.

and after the passage at the pericenter. As for the strain, the peak
increases with the eccentricity. This can be explained as followed.
The GW burst from TDEs is produced around the pericenter, when
the star is torn apart by the BH tides. At the pericenter, assuming
Keplerian velocity, Ekepl reads

Ekepl =

⌧"h
Ap

(1 + 4)
�1/2

/ (1 + 4)1/2. (19)

We see that for higher eccentricities the star goes through the peri-
center faster. This results in a stronger gravitational signal.

In Figure 12, we illustrate the scenario of a Sun-like star dis-
rupted by a 106 M� spinless BH, with V = 1. We can see that the

MNRAS 000, 1–11 (2021)
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• SPH numerical simulations (Phantom) 
for TDEs and associated GWs

• TDEs, lensing of GW signals



23


