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Testing general relativity and the nature of compact objects
Ø Testing the dynamics of binary black hole coalescence:

Ø Looking for anomalous propagation of gravitational waves
§ E.g. due to a non-zero graviton mass

Current bound:

Ø Black holes, or black hole mimickers?
§ Search for gravitational wave echoes

emitted by horizonless objects  

Puecher et al., PRD 106 , 082003 (2022)

The coalescence of two black holes

§ Higher harmonics of the basic signal:      
Are the amplitudes consistent with GR?
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Lensing of gravitational waves
Ø Just like light, gravitational waves can undergo lensing

Ø Gravitational wave images:
§ Copies of the original signal, but (de)magnified
§ Arriving at different times: minutes to months apart
§ Expected to be discovered in coming years

Ø Difficult to search for:
§ Developed an efficient way to check all pairs of detected signals for similarities

§ Use of lens models to keep false alarm probability under control 
Janquart et al., MNRAS 506, 5430 (2021) 

Wierda et al., Astrophys. J. 921, 154 (2021)
Janquart et al., MNRAS 519, 2046 (2022)



Waveform modeling
Ø Effect of eccentric orbits on binary black hole waveforms

Ø Phenomenological models for binary neutron star inspiral-merger-postmerger
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Figure 2: Temporal evolution of the GW polarization state hx(t) for
non-spinning, eccentric stellar-mass binary black holes with total
mass MT = 50M� and mass ratio q = 2, provided by numerical-
relativity simulations. The characteristic orbital eccentricity of the
system —defined at a reference frequency of 30Hz —is estimated to
be 0.05 (in blue, simulation ID 11) and 0.23 (in orange, simulation
ID 14), respectively.

ity: rapid dephasing, as well as pronounced amplitude modu-
lations due to the advance of the periastron.

III. ANALYSIS

A. Data

The data set used to conduct this study is part of the O2 Data
Release through the Gravitational Wave Open Science Cen-
ter [55]. This covers approximately ⇡ 5 days of the coincident
data between LIGO Livingston and LIGO Hanford between
UTC Interval 2017-02-28 16:30:00 - 2017-03-10 13:35:00.
Times with significant instrumental disturbances have been
removed from the time period considered here [56, 57]. We
consider two search algorithms, PyCBC and cWB, which are
described in the following sections.

B. PyCBC : The matched filter algorithm

PyCBC is a search pipeline devised to detect GWs from
compact binary coalescences using the PyCBC software pack-
age [58]. In this work we have employed the PyCBC search
algorithm in a similar configuration as was used for the first
catalogue of gravitational waves transients GWTC-1 [1]. For
details of the algorithm see [31, 58–61].

In the PyCBC analysis presented here the template bank de-
scribed in [62] is used. This bank covers binary systems with
a total mass between 2M� and 500M� and mass ratios q < 98.
Binary components with masses below 2M� are assumed to
be neutron stars with a maximum dimensionless spin mag-
nitude of 0.05; otherwise the maximum dimensionless spin

magnitude is 0.998. This template bank includes no e↵ects of
eccentric orbits.

In a previous study it has been found that a quasicircular
bank does not provide a good match for searching binaries
with eccentric orbits [63]. Furthermore, it is known that the
signal morphology of the eccentric BBH is orthogonal to the
aligned-spin quasicircular BBH [64]. As a consequence the
template bank, which is restricted to the dominant harmonic of
quasicircular non-precessing waveforms, becomes ine↵ective
for searching eccentric BBH with high eccentricities.

The way eccentricity a↵ects the matched-filter search by a
quasicircular template bank is twofold, first the collection of
matched filtered signal-to-noise ratio (SNR) is reduced as a
function of eccentricity (this can be quantified by studying the
overlap of eccentric and quasicircular waveforms), second the
signal-based �2 veto [59] used for weighting the single detec-
tor SNR to compute the rank also penalizes the final detection
statistics of the search.

C. cWB : The un-modeled search algorithm

The cWB search pipeline [27, 32, 33] is designed to detect
and reconstruct short-lived signals which are weakly modeled
or unmodeled using a network of GW detectors [33], but is
also e↵ective for signals with a known morphology, as is the
case of BBH events reported in GWTC-1 [1].

The configuration of cWB used in this work is the same
as used in the GWTC-1 catalog. We refer the reader to
[27, 28, 32, 33, 65] for details of the detection process in cWB.
The lack of a template bank for binary black holes in eccen-
tric orbits, which could be used by matched filter pipelines,
motivated the use of cWB as a robust tool to search eccentric
BBH signals during the first and second observing runs of the
LIGO and Virgo detectors [28].

The cWB search pipeline performs worse than matched-
filter pipelines in the case the signal is well recovered by the
template bank. In this case matched-filtering would indeed be
the optimal method for Gaussian and stationary noise (these
simplifications do however not apply to actual LIGO noise).
The sensitivity of cWB significantly improves in parts of the
parameter space where the template bank does not faithfully
reproduce the incoming signal. In an earlier version of cWB,
its search sensitivity was found to have almost no dependency
on eccentricity [27]. This was also confirmed in the latest re-
sults for observing runs O1 and O2 of the LIGO and Virgo
detectors [28]. As a weakly modelled search cWB is more
a↵ected by the background noise and hence has a lower sen-
sitivity as compared to matched filter searches for known sig-
nals. Nevertheless cWB has been found to provide a valuable
complementarity to matched filter searches to detect signals
which are outside the template bank, as in the case of eccen-
tric BBH signals [27] or intermediate mass BBH signals [66].

Ramos-Buades, Tiwari, Haney, et al., 
PRD 102, 043005 (2020) 
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Our group includes gravitational-wave data analysis experts (Nikhef), leading scientists on the 

modelling of neutron stars and on electromagnetic signatures of neutron-star mergers (Nikhef and 

GRAPPA/Amsterdam), as well as the PI of the BlackGEM array to find electromagnetic counterparts 

(Groot in Nijmegen). Moreover, recently several members of the ALICE group1 (notably Snellings 

from Utrecht) joined our consortium to explore synergies between their expertise in dense nuclear-

matter and our quest to understand the neutron star equation of state, as particle accelerator 

experiments and binary neutron-star observations explore complementary regimes of QCD. We 

envisage the following division of tasks for the requested junior scientists: 

x A postdoc (PD2) is needed to lay the theoretical groundwork for understanding how 

observations will connect with neutron-star microphysics, using fully general relativistic 

(3+1)-dimensional numerical simulations. One aim is to gain an understanding (for binary 

neutron stars, not just neutron-star – black-hole mergers) of the central engine causing the 

ejection of matter and the origin of electromagnetic counterparts as well as the ejecta 

themselves, including their composition. Comprehensive modelling of the role of neutrinos, 

magnetic fields, and phase transitions will be needed to establish a direct link between 

gravitational-wave and electromagnetic observations and neutron-star microphysics [82-

84]. Finally, the state-of-the-art numerical simulations that will be produced will not only 

connect the source properties to the information from multi-messenger observations, but 

will also provide key input to the construction of gravitational-waveform templates by PhD2 

below. 

x A PhD student (PhD2) will work on the development of gravitational-waveform models 

with not only a significant improvement of the description of inspiral (where tidal effects are 

apparent), but which will also incorporate an appropriate phenomenological description of 

                                                           
1 ALICE is one of the four experiments at CERN’s Large Hadron Collider and is in particular optimized to study the dense environment – quark-
gluon plasma – occurring in high-energy heavy-ion collisions. 

Figure 7. Gravitational waveforms (top) from large-scale numerical simulations of binary neutron-star mergers 
(bottom) will give valuable input for the construction of phenomenological waveform models that can be used in 
data analysis. Towards the end of the proposal duration, we will have access not only to tidal effects during 
inspiral (bottom left), but also the signal from a hypermassive neutron-star resulting from the merger (bottom 
middle and right). (Figure from Ref. [77].) 

Puecher et al., arXiv:2210.09259
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FIG. 5. Posteriors of c1 parameters for the three di↵erent sources, obtained when using the free-pm model both for injection
and recovery. The black dashed lines show the injected values.

log c0 log c0,inj c2 c2,inj

Source1[free�pm] �56.79+0.29
�0.34 -56.65 96.40+52.55

�36.90 74.0

Source2[free�pm] �56.18+0.21
�0.24 -56.15 52.01+19.13

�14.19 48.0

Source3[free�pm] �55.89+0.19
�0.211 -55.90 41.26+14.06

�9.52 39.0

TABLE IV. Median with 5% and 95% quantile values of the
posterior probability density for the c0 and c2 parameters, to-
gether with their injected values, for each of the three sources
analyzed, in the case of injection and recovery with the free-
pm model.

B. Detector network performances in zero-noise

We want to investigate how future detector networks
will improve our postmerger analysis. For this purpose,
we inject signals obtained from the qu-pm model in zero
noise, and recover both with the qu-pm and the no-pm
model. We analyze signals injected at three di↵erent
distances (68 Mpc, 135 Mpc, and 225 Mpc), and we
compare results for the four detector networks LHV,
LHVKI, LHVKIN, and ETCE (as described in Sec. IID).
Due to limited computational resources, we look only at
two di↵erent sources, Source2[qu�pm] and Source3[qu�pm].

Figure 6 shows the Source2[qu�pm] injected signal, and
the correspondent NR waveform: the signal injected with
our qu-pm model describes well the main postmerger emis-
sion peak, but the NR waveform morphology includes also
di↵erent sub-dominant emission peaks which our single
Lorentzian cannot describe, and more structure in the fre-
quency region right after the merger. Both these fea-
tures should be addressed in future improvements of the
model. In the same figure we show the maximum likelihood
waveforms recovered both with the qu-pm and the no-pm
model, for a zero noise injection with the ETCE network.

FIG. 6. Frequency domain waveform for Source2[qu�pm], in-
jected at a distance of 68Mpc and using the qu-pm model (gray
solid line), and the corresponding NR waveform (black dotted
line). The dashed orange line and the cyan solid line show the
maximum likelihood waveforms recovered for a zero noise injec-
tion in the ETCE network with the qu-pm and no-pm model
respectively.

The recovered maximum-likelihood qu-pm signal overlaps
with the injected one, showing how well 3G detectors will
be able to recover this kind of signals. In the inspiral region,
this applies also to the no-pm maximum likelihood wave-
form. The inspiral signal, which we see is well recovered also
with the no-pm model, already contains information about
the ⇤̃ parameter; therefore, for a ETCE network with such
high SNR, we expect that little contribution to ⇤̃ measure-
ment comes from the postmerger part of the signal, given
that this parameter is already very well constrained from the
inspiral.

Figure 7 shows the uncertainty ⇤̃90conf , computed as
the width of the 90% confidence interval of the ⇤̃ pos-



The equation of state of dense nuclear matter
Empirical channels:

Ø GW observations of binary neutron star coalescences

Ø Electromagnetic counterparts: jet and afterglow

Ø Mass-radius measurements on pulsars with the Neutron Star Interior Composition 
Explorer (NICER)

Ø Heavy ion collisions in accelerators on Earth 



The equation of state of dense nuclear matter

Unified Bayesian data analysis framework to combine information 
from all these channels:

Huth et al., Nature 606, 274 (2022) 



The equation of state of dense nuclear matter

Unified Bayesian data analysis framework to combine information 
from all these channels:

Huth et al., Nature 606, 274 (2022) 

Can we connect with LHC physics? (ALICE)
§ To be investigated through the grant “Probing the QCD phase diagram” 



Towards Einstein Telescope
Einstein Telescope data analysis poses serious challenges:

Ø Loud signals, long signals, overlapping signals: 
“Traditional” search and parameter estimation 
techniques are inadequate

Ø Pursuing three avenues to address the parameter estimation problem:
§ Hierarchical subtraction of signals
§ Joint parameter estimation
§ Machine learning

Ø Will investigate how this carries over to LISA

LIGO, Virgo, PRL 120, 091101 (2018) 

5

FIG. 2. P-P plots for the recovered parameters for the two
events in the data. In both cases, the lines align along the di-
agonal, showing that our method can be trusted. The larger
spread can be due to bimodalities in the data, the increased
complexity of the problem, and the reduced size of our net-
work.

approach gets overconfident and misses the injection. A
possibility to correct for the widened posteriors is to use
importance sampling.

Our method’s combined reliability and speed show that
machine learning is a viable approach to analyze CBC
mergers in the 3G era. More interestingly, it would even
be possible without needing to account for the develop-
ment of more powerful computational means and could
enable some science-case studies for ET and CE soon.
For example, once trained for all possible BBH systems,
it could help study the BBH mass function in the 3G era.

Still, one should note that extra improvements are
needed before using our method in realistic 3G scenarios.
One would first need to change our setup to the 3G de-
tectors, a lower frequency and extreme SNRs that could
be encountered. In addition, a wider range of objects
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FIG. 3. Comparison between our approach and the approach
from [32]. Our posteriors are generally broader but encap-
sulate the injected value within the 90% confidence interval.
This could be corrected by applying importance sampling on
the samples given by our network.

should be accounted for. One should account for higher-
order modes and eccentricity that could play a crucial
role in the 3G era. Other modifications could also be
implemented. Additionally, we need to account for the
change in noise realization from one event to the other.
Some of these steps, like changing the detectors, should
be relatively easy. Others are more complex, as it is hard

Langendorff et al., arXiv:2211.15097
(accepted by PRL)


