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Abstract

We propose a multi-messenger approach by using electromagnetically observed parameters, like
masses and redshifts, to refine predictions on the gravitational wave (GW) detection, while explor-
ing unknown parameters, such as spins. This approach aims to construct a comprehensive obser-
vational catalog consisting of potential GW sources such as mergers of supermassive black holes
(BHs) in quasars and X-shaped radio galaxies. Through a literature review, we compiled a prelim-
inary catalog of potential sources. For these identified systems, we determined the key paramet-
ers crucial for GW modeling. One of our goals with this is to create a library of potential gravita-
tional waveforms that could serve the GW community as training/testing data for the data analysis
pipelines. This database is also meant to be used for the development of future data analysis tools
that will be essential in processing and interpreting the data produced by the current and upcom-
ing GW experiments. Using the LISA data challenge tools, so far we have modeled over 20 000
gravitational waveforms coming from potential systems of massive BH binaries and we intend to
extend it up to a few hundred thousand waveforms coming from other binary systems as well. In
this paper, we present the methods used for estimating the parameters of those sources that could
emit electromagnetic counterparts of the GWs that LISA and other next-generation GW experi-
ments may detect.

1. Introduction

With the recent adoption of the LISA (Laser Interferometer Space Antenna) Space Mission, new oppor-
tunities emerge in the field of GW research, and the need for an extended source database is even
greater because we need to be ready for any potential scenario the LISA constellation may encounter.
Despite the fact that almost a decade has passed since the first GW was detected, we still do not have
enough case studies for what future experiments may uncover, making it difficult to anticipate the full
range of scenarios detectable by these upcoming GW experiments. LISA is best known as the largest
space mission designed to detect GWs in the frequency range of 10°~10"! Hz, and is particularly
sensitive to signals coming from massive black hole binary systems (MBHBs), with component masses
between 10°~107 M, as well as other compact binary systems.

Despite already considering these main sources for LISA, one can never be too prepared. The possib-
ility that LISA could detect GWs coming from more exotic or unforseen GW sources—such as events
involving star gulping phenomena [9] or extreme mass ratio inspirals (EMRIs)—is not excluded. So,
in order to ease the process of identifying such potential new sources, we started developing a library
of simulated gravitational waveforms so that the parameters of the sources could be traced back more
easily. The waveform library is based on a curated database of candidate binary sources identified in
the literature, which are likely to be detectable by LISA. For each candidate, we extended the existing
information with data from astronomical observational catalogs, allowing us to complete our collec-
tion of sources with updated or estimated source parameters. Despite extensive analysis, the sources
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considered in this study remain only partially characterized, necessitating the constraint of several key
physical parameters. The most important parameter to be constrained was the mass of each object; the
estimation methods we used for this will be further discussed in section 2.1.

In this paper, we adopt a multi-messenger approach for better constraining the origin and properties
of the considered binary systems by combining electromagnetic observations with GW simulations. In
this way, we improve our ability to evaluate whether known electromagnetic sources could emit GWs
detectable by LISA.

One of the sources that has piqued our curiosity for this specific study is one that has been on astro-
nomers’ radar ever since 1974, when its unique morphology was for the first time described in [23].
These particular sources—which we will from now on refer to as X-shaped radio galaxies (XRGs) - are
a distinct type of extragalactic radio source, that are typically massive, early-type elliptical galaxies that
host an active nucleus ejecting relativistic plasma jets. XRGs are defined by two misaligned pairs of radio
lobes emanating from the same host galaxy, creating their distinctive X-shaped structure. These pairs of
lobes can be characterized as primary lobes and secondary or ‘winged’ lobes, the latter being less collim-
ated than the primary ones.

Based on the potential formation scenarios which are presented in detail in [19], XRGs may trace
back to supermassive black hole (SMBH) mergers, with their morphology serving as evidence of a recent
coalescence. Such mergers are predicted to be strong sources of GWs ([15, 45]), particularly detectable in
the LISA band for lower-mass SMBHs.

A key set of parameters for binary black holes (BHs) is the spin of the components and their evol-
ution. In the spin-flip model, the spin of the dominant SMBH can realign during the late stages of the
binary evolution and/or after coalescence, leading to an abrupt change in the jet direction and strong
gravitational-wave emission [39]. In this picture, the X-shaped radio morphology is interpreted as a con-
sequence of a spin flip of the dominant black hole. In this framework and within the one-dominant-
spin approximation in which the secondary spin is neglected, the total angular momentum of the binary
is written as J >~ L+ S;, where L is the orbital angular momentum and S; is the dominant black hole
spin (i.e. the spin of the more massive black hole). As the binary inspirals and the separation decreases,
gravitational-wave emission removes orbital angular momentum, so the magnitude of L decreases while
S; remains approximately constant. The system therefore evolves from an orbit-dominated regime,

L> S, to a spin-dominated regime S; >> L. Moreover, let o denote the angle between the orbital angu-
lar momentum L and the total angular momentum J, and let 3 denote the angle between the dominant
black hole spin S; and J. Since the orbital angular momentum decreases during the inspiral because of
gravitational-wave emission, « increases with time, meaning that L progressively tilts away from J. At the
same time, [ decreases, so the spin of the dominant black hole becomes progressively more aligned with
the total angular momentum. Thus, as the binary evolves and the orbital angular momentum decays, the
spin of the dominant black hole becomes the principal contribution to J. In the spin-flip scenario, this
can lead to a reorientation of the jet axis and potentially to observable electromagnetic signatures.

Spin-flip is significant in the ranges of mass ratios for which the ratio S/L changes from less than 1
to greater than 1 during inspiral.

The constancy of the total angular momentum direction leads to a change in the spin direction,
which makes this particular type of sources such an interesting case study for the parameter of spin of
GW sources. During the final inspiral, the decaying orbital momentum can induce rapid jet precession;
if these relativistic jets align near our line of sight, they may produce strong multi-wavelength variability:
an electromagnetic precursor occurring years before coalescence [19].

Moreover, the model links GW emission to specific electromagnetic signatures [17]. Detecting such
correlations would provide compelling evidence for the role of SMBH mergers in powering active
galactic nuclei (AGNs). The second spin-flip stage, marked by rapid precession, is predicted to proceed
about 10* times faster than the first, lasting only a few years, making it an observationally accessible
timescale. The main channel of observation in this case would be primarily electromagnetically, as the
new jets will drive a new path in the interstellar medium, they could encounter zones of various density
that can create shock processes, when the flow can go supersonic. This can accelerate particles to very
high energies and also create EM signatures. We plan to further investigate such cases in the future and
to study how and when the spin-flip can occur in a special multi-messenger article connecting the GW
signal with observation in radio.

All these arguments point out to XRGs as being a great source to analyze from the perspective of
studying both the spin-flip scenario and the GW emission.

Besides, considering the electromagnetic signature, XRGs represent the perfect case study for our
multi-messanger approach of developing an observational catalog of binary sources. After developing
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a catalog of sources with their parameters, we also consider modeling the potential gravitational wave-
forms that might be emitted by the XRGs. For this, we use dedicated tools developed by the LISA data
challenge (LDC) Group [4]. Each simulation uses a set of 15 parameters, including both intrinsic para-
meters (such as masses and spins) and extrinsic ones (such as redshift and coordinates in the sky). For
candidate sources with binary behavior, we modeled the unknown parameters to generate plausible GW
signals.

This approach could be successfully used to constrain source parameters and improve our under-
standing of binary systems.

2. Catalog of binary sources

In this section, we present the catalog of XRGs that we had put together based on observations from lit-
erature. Our specific contribution to it consists in the estimation of those specific parameters needed for
simulating the corresponding GWs. For one simulation, we need a set of 15 parameters of the sources
consisting in: masses, spins, ecliptic coordinates, redshift, luminosity distance, inclination, polar and
azimuthal angles of spins, phase, observation duration and time to coalescence. Of all of these, we are
particularly interested in estimating the masses and spins, as they are considered to be sufficient for the
characterization of an inspiralling compact binary model [5], which also explains the strong influence of
the intrinsic parameters on a gravitational waveform compared to the one exerted by the extrinsic ones.
For the rest, we either already have the information from the electromagnetic observations, or we are
able to generate as many potential parameter combinations as computationally possible in order to cover
all possible scenarios. The method used for estimating each of the parameters is further detailed in the
next subsections.

For this analysis, we consider two different sets of XRGs gathered from the observational literature:

1. the confirmed X-shaped objects from [40] which had the total mass of the binary system already
observed, as well as known redshift and coordinates;

2. potential X-shaped objects for which the only known parameters useful for the simulation are the
coordinates and the redshift.

For these systems, parameter estimation was carried out with the goal of obtaining suitable values to
use in GW simulations. Accordingly, for each selected sample, we began by estimating the masses of the
individual objects in the binary system.

2.1. Parameter estimation

As already mentioned in the previous section, the source samples used for this study were gathered from
the observational literature, thus part of the parameters were already known, while others had to be
estimated.

For each case, we used a different approach for estimating the masses. It is well known that the
influence of the component masses of a BH binary (BHB) system on the resulting gravitational wave-
form is dependent on the mass ratio of the two compact objects. Thus, considering 1, and m;, the
masses of the two BHs, the mass ratio g can be expressed as:

q:@,ml%ﬂz- (1)
my

According to [18], the SMBH spin-flip effect during the inspiral stage could explain the observations
made on the XRGs. Since we analyze the same type of sources as in [18], it is only natural to use the
same mass ratio ranges, together with the finding that they have approximately the same probability:
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Figure 1. Bar plot presenting the probability for different types of astrophysical events to happen based on the mass ratio of the
sources from each XRG system.

We estimate the merger rates associated with different types of binary systems, as well as the masses of
each individual object forming a binary. We detail this analysis in sections 2.1.1 and 2.1.2.

2.1.1. Method 1

For the first approach, we considered the population of 29 XRGs that had already been observed and
confirmed in [40], together with a control sample of 36 additional objects. Although the population
considered is fairly low to estimate an accurate mass function from it, the available parameters for these
sources allowed us to consider the scenarios described in [18]. This means that we had at our disposal
the total mass of the systems (M), which was inferred from the stellar velocity dispersion according to
[2], and which can also be expressed as:

(2)

M—m1+m2$m1—ma
where the potential mass ratios (q) between any two BHs forming one binary system is expressed as
shown in equation (1), and the probability (p) that each mass ratio scenario could occur.

We also incorporated the errors given in [40], where the total BH mass of the system is obtained
from the stellar velocity dispersion, o, and which computes the mass on the premise that the dynamics
of the host galaxy’s stellar bulge is controlled by the gravitational influence of the central SMBH:

4.02+0.32
O«
1 > :

— 3
200kms™ G)

M = 1.349 x 10°M, (

When solving the equation system corresponding to this particular set of galaxies, we got 29 x 10°
potential combinations of the solutions #1; and m,, which were obtained with respect to the logarith-
mically even distributions. That means that we had to be careful to have the same number of values in
each ¢ interval, N. We obtained this by applying the step size formula:

s— Xmax — Xmin (4)
N-1

where s is the step, and Xmay and xmin represent the maximum and the minimum values from each of
the considered intervals.

By analyzing the distribution of the obtained mass ratios, we found the event rates for BHBs, BHBs
in the spin-flip scenario, events happening close to the intermediate mass ratio inspirals (IMRIs) and
IMRIs. For this, we considered the astrophysical constraints presented in [1] as follows: 1 < gpup < 1/10
for BHBs, 107> < gpyrr < 1072 for IMRIs, and g < 0.01 for those events happening close to the IMRI
regime. As can be seen in figure 1, the highest probability was obtained for IMRI events, being about
50%. The other half of the events is roughly equally distributed between the other types of considered

4
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Figure 2. The total estimated mass in logarithmic scale for each source from the entire XRG sample considered as a function of
redshift. The first sample consists in objects already identified as XRGs [40], here represented in green, while the blue and orange
data points represent the second sample of XRGs from appendix, for which the masses were estimated with respect to the flux
density extracted from 2MASS (blue) and WISE (orange) catalogs. The masses extracted from the 2MASS catalog are presented
in table 3 and the masses extracted from the WISE catalog are presented in table 4. Please note that tables 3 and 4 contain the log-
arithmic values of Mg (M ), while the Y axis in figure 2 shows the actual mass values. The selection curves for elliptical galaxies
are represented in red for the XRG sample with the flux extracted from 2MASS catalog, and in purple for the XRG sample with
the flux extracted from WISE catalog.

events as follows: 16.67% probability for events close to the IMRI regime to happen, while the other
third of the events are represented by BHB events out of which half of them have the potential of
presenting the spin-flip phenomenon, while the rest are ‘simple’ BHB events.

2.1.2. Method 2

In this part of the study, we worked with different kinds of data, which led to the need to find a dif-
ferent approach. This sample consists of sources mainly labeled as ‘potential candidates’ for XRGs, and
therefore, as potential binary systems capable of generating GWs. Unlike the first sample, the second
sample consists in systems whose masses were not previously determined. For this reason, we had to
start by estimating the total mass of each system, and only then would we look for all the potential com-
binations of masses for the two objects, similar to what we did in the first method.

To estimate the total mass of the considered systems, we started by analyzing the data collected in
NED for each of these sources. We extracted information on redshift, ecliptic coordinates and the flux
density. The redshift for the considered XRGs is in the range [0.68;0.893]. For finding the proper way
to estimate the masses, we also took into consideration the outputs of different BH simulation codes
which are based on semi-analytical methods (SAMs) and hydrodynamical simulations. We examined
models whose redshift coverage includes that of the XRG sample, specifically: L-galaxies [22, 26, 27],
BACH, NewHorizon [44], KETJU simulations [37], Illustris [41], SIMBA, Horizon-AGN [44], EAGLE
[14], MassiveBlackII [34], BlueTides [16], SHARK [36], Astraeus, A-SLOTH [20, 21], GQD. The BH
mass functions obtained from the SAMs and hydridynamical simulations match in results at z € (0,1)
because that is where most observational information exists [32, 46]. Given this and the XRG redshift
range, we extrapolated the BH mass function developed for BHs in the local Universe [8] to our sample.

The BH mass function can be written as a relation of proportionality between the density flux from
the 2MASS catalog, f,,,, and the luminosity distance, D [8].

To go from a proportionality relation to an equality relation, we will use the correction factor R
obtained for the 2 micron emission in [10] and a scaling factor of 10°. [7, 19] state that XRGs occur
only in elongated elliptical hosts (ellipticity ~0.2), with observations indicating clear links between radio
structure and optical morphology, so we chose the R factor accordingly. The values for the 2 micron
density flux in IR for our samples were taken from the 2MASS and WISE catalogs, depending on the
source.

Our initial sample of potential XRGs consisted in 108 systems. However, not all of them present
information on the flux density, so our final sample only consisted in 70 sources.

5
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Table 1. Frequncy of the last stable circular orbit in the detector-frame, time
spent by the signal in the LISA band and SNR for the sources at the LISA
limit, with masses expressed in the source-frame.

logM (Me)  fisco(mHz)  Time inband (days)  SNRrange

7.05£0.45 0.2812 2.6802 (633.79; 53 757.94)
7.65£0.05 0.0791 0.2581 (899.46; 864 152.41)
7.68£0.23 0.0604 0.2459 (187.71; 24 699.72)

After estimating the total mass for our new sample, we also estimate the component mass values #1;
and m;, for each of the objects of the binary systems considered in this second scenario. For this, we fol-
lowed the same method as for the first XRG sample.

The total masses derived from applying this mass function to our samples are presented in appendix.
These, along with the rest of the electromagnetically observed parameters, are stored in the GW
Repository.

The observational limits for a sample of elliptical galaxies can be defined with the help of a selec-
tion curve which can give us the smallest BH mass that can be detected for a given redshift and flux
limit. And so, for each of the surveys used for extracting the flux values for our mass estimation ana-
lysis, we computed an apparent magnitude based on the observed flux and the zero-point flux. For the
2MASS survey, we considered the zero-point flux as being 666.7]y [12], while for the WISE survey, we
considered the value 309.54]Jy [28]. Then, we calculated the absolute magnitude using the distance and
the solar absolute magnitudes in the bands K; for the values from the 2MASS survey, and W1 or those
from the WISE survey. We can now express the luminosities which will be useful in getting the mass-to-
light ratios. Considering that we are analyzing elliptical galaxies, we can assume a constant mass-to-light
ratio for estimating the the stellar mass [6, 25]. The elliptic galaxies are bulge dominated [35], so we can
roughly approximate the stellar mass with the bulge mass, thus getting to have a BH mass-bulge relation
for which the considered fit parameters are the ones from [38]: « =8.544+0.15 and 5 =1.1140.28. We
used the same two fit parameters for fitting the data points from the two surveys; however the curves
do not overlap because they are computed based on the minimum estimated BH mass for the given red-
shift, which is different for each surveys.

2.2. Detectability in LISA

LISA is designed to detect GWs in the millihertz (mHz) frequency band, specifically between 10~*Hz
and 10~ 'Hz, with peak sensitivity around a few mHz. MBHBs fall within this frequency range, emitting
GWs during their late inspiral, merger, and ringdown phases [13]. The exact frequency at which MBHBs
enter the LISA band depends on their mass and redshift.

In the catalog we developed, we present multiple cases of BHB systems, with total masses ranging
from 10’ Mg to 10°Mg. And so, our catalog is suitable for studying both limit LISA cases (for those
sources having a total mass of 10’M, and which would barely enter the lower region of the LISA band),
and systems visible for other GW detectors, such as GUEST (Gravitational Universe Exploration with
Satellite Tracking) (call page). For those extreme LISA cases presented in our catalog, we are expecting
signals that might have the frequencies ranging from about 0.06 mHz to around 0.28 mHz, and which
would remain detectable in the LISA band for approximately 6 hours to a bit over 2 days. These calcula-
tions were made according to [42] and the results are explicitly presented in table 1.

Previous work ([2, 3, 29-31, 42]) showed that MBHB systems with a total mass between 10°-10" M,
can reach signal-to-noise ratios (SNRs) of order 100-1000s, which would mean that LISA would have
great performances in estimating parameters like masses, spins, redshift and sky localization. We found
that the SNRs of the MBHB sources from our catalog range between 187 to 86452, which are values
validated by previous work and so that might fit the LISA sensitivity band.

However, we stress that although we have only considered those science cases that correspond to
the currently required minimum frequency (0.1 mHz), we do not exclude the possibility that addi-
tional sources from our catalog may also be visible by LISA if the performance demonstrated by LISA
Pathfinder (featuring a bandwidth extending down to 20 pHz [13]) is confirmed. In such a scenario, the
SNR computation method would differ from the one adopted for what we currently present as cases as
the detection treshold, as higher harmonics would need to be considered in the calculation [42].
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Table 2. Parameter range values injected in the simulation
code for producing the GW templates. The masses are the
ones estimated according to the methods described in

section 2.1, the redshift values is the one labeled in tables 3
and 4. For each redshift, we computed the luminosity distance
by considering the ACDM model, for which the Hubble
costant is Hy = 67.1, and the dark energy density parameter is
Qo = 0.3175. We consider the observation duration to be one
year, which is the time needed for the LISA constellation to
complete one rotation around the Sun.

Parameter name Value range
Ecliptic latitude (m/2;47/2) rad
Ecliptic longitude (0;27) rad
Polar angles of spins (0;7) rad

Phase at coalescence (0;27) rad
Initial polar angle (0;7) rad

Initial azimuthal angle (0;27) rad

3. Database of gravitational waveforms

In addition to the catalog of binary sources, we also started developing a library of gravitational wave-
forms, simulated based on the estimated parameters. The waveforms are of the ‘template’ type, mean-
ing temporal representations of the plus and cross polarizations. Thus, they can be passed through the
instrument in a way characteristic of each GW experiment. The need for such a database originates in
the relatively small number of GW detections, as well as in the lack of real study cases of GW source
parameters. For instance, for the development of a low-latency alert pipeline that would emit fast alerts
to other observatories as soon as LISA detects a GW signal, realistic data are of great help for easing the
process of parameter estimation in the purpose of localizing on sky the astrophysical event.

Our GW database can also serve as an useful resource for the future generation of GW experi-
ments, such as GUEST, in their effort of detecting GWs coming from SMBHBs with masses ranging
from 10°Mg, to 10° M. This mission aims to detect GWs in the nHz—uHz frequency band, as well as
to identify the individual SMBHs and EMRIs that generated them. Therefore, using an already existing
catalogue of potential SMBHB sources would facilitate the search for these systems and support mission
preparation. For more information on the mission proposal call where GUEST was accepted, go to the
call page.

To calculate the ‘generic time-domain instrument response to GWs), we used the LISA GW Response
code [4], developed in the LISA Collaboration. The source code is publicly available at this GitLab
Repository. The cosmological model adopted in the simulations is (Flat)LambdaCDM, and the approxi-
mant used is IMRPhenomD.

The IMRPhenomD approximate model was specially designed to model GWs from the merger of
BHBs. This specific kind of GW has three different stages (inspiral, merger and ringdown) with three
different theoretical approaches (Post-Newtonian theory, numerical relativity, perturbation theory),
which is why the approximant uses distinctive formulas for computing the effective spin according to the
analyzed stage [24, 33, 43]. The amplitude and phase terms are also computed according to the wave-
form stage and, in the end, all of these terms are used for the construction of the final phase and amp-
litude functions.

The simulation code uses a total of 15 parameters belonging to either one of the two objects form-
ing the binary source, or to the binary system itself. The set is composed of both intrinsic (masses and
spins) and extrinsic parameters (coordinates, redshift, luminosity distance).

The samples considered for this study have part of the needed parameters (such as redshifts, or even
coordinates for some of the sources) already known. For the rest of the parameters needed for one sim-
ulation, we had to find specific methods to estimate each of them. The masses were estimated accord-
ing to the methods described in section 2.1, and the redshift values are the ones from the considered
catalogs.Other than the masses, spins and redshift, all the other parameters could easily be estimated as
being uniformly distributed within certain limits considering the astrophysical and cosmological con-
strains imposed by the type of source. The range of values for each of these parameters is described in
table 2. The same approach was used for the Sangria LDC database, so we considered this method to be
already verified and with a certain background.
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Figure 3. Comparison in waveform (red) between the GWs emitted by an equal mass binary when the spins of the black holes are
aligned (green) opposed to the case of misaligned spins (blue). In the upper plot, is presented the case of a 45 degree tilt leading
to the misalignment of spins, while the lower plot presents a spin misalignment scenario given by a 90 degree tilt.

For each of the mass estimates, we generated potential values for the rest of the parameters to
be injected into a waveform simulation. Each such set of combined parameters was included in the
simulation code for producing time series of the plus and cross polarizations that a GW coming from a
source with those specific parameters could have. In this way, we put together a library of potential GW
templates. These represent the clean signal coming from the sources, which can then be injected through
the experiment simulator for which an analysis is made.

As a concrete example of what the templates look like, we present figure 3 in which is represented
the plus polarization as a function of time for a signal coming from an equal mass binary source at the
LISA limit, and with a known redshift (z=0.677).

In order to emphasis the effect of misaligned spins, for this example, we intentionally chose to over-
lap in figure 3 the 2 possible templates: one corresponding to the configuration in which the two spins
are aligned (represented with the green line in figure 3), and the one in which the two spins are mis-
aligned by an angle of m/2 (represented with the blue line in figure 3). The waveform difference of the
two is represented in red.

Although the approximant that we used in the simulation does not have explicit precession, we sim-
ulated this process for the inspiral phase by manually changing the polar angles of the spins so that they
would be the same for the alligned scenario, or different with a 7w/2 angle for the misalligned scenario,
while keeping all the other parameters fixed. In this way, we could get a qualitative idea of what the
spin-flip effect might be like. The next natural step in our analysis is to get a more accurate waveform
by using approximants with precession, such as IMRPhenomPv2/Pv3 [11].

All waveforms simulated for this study are available in our public GW Repository.
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4, Conclusions

The study presented here highlights the preparatory work required for the upcoming LISA mission

and other future GW experiments or missions, focusing on building an extended and versatile data-
base of potential GW sources. By combining multi-messenger observations, linking electromagnetic

and gravitational data, the research provides a framework for identifying, modelling, and understanding
sources that LISA may detect.

Among the various classes of sources, XRGs emerge as particularly valuable targets. Their unique
morphology and the potential link to SMBH mergers make them excellent case studies for investigating
spin-flip phenomena and jet realignment processes associated with GW emission. The analysis demon-
strates that XRGs not only trace the aftermath of SMBH mergers but also may serve as electromagnetic
counterparts of GW events.

Using the IMRPhenomD approximant, a library of gravitational template waveforms was generated
to represent signals from XRG-like binary systems. This waveform database will play a key role in test-
ing and calibrating GW detector data analysis pipelines, improving the detection and characterization of
future GW sources.

This work represents an important step toward bridging electromagnetic and gravitational observa-
tions and establishing a catalog of potential GW sources. The results confirm that XRGs are not only
interesting astrophysical objects but also promising laboratories for studying GW emission.

In our future work, we will focus on expanding the catalogue to include a wider range of potential
sources and implementing additional waveform approximants in the simulation code. This will aid the
generation of increasingly accurate waveforms, further enhancing our ability to characterize and detect
diverse GW signals with LISA and other future generation GW experiments.
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Appendix. Estimated masses for the second XRG sample

In this section, only the estimated total masses and redshift values are labeled, while the rest of the para-

meters needed for simulating the corresponding gravitational waveforms are presented in our public GW
Repository.


https://os5.mycloud.com/action/share/4e90ccf0-7d66-4f80-8f92-6ae1ab7b5a06
https://os5.mycloud.com/action/share/4e90ccf0-7d66-4f80-8f92-6ae1ab7b5a06

10P Publishing Class. Quantum Grav. 43 (2026) 085002 F-C Pislan et al

Table 3. Black hole masses with errors for the second XRG sample, with the flux
density in 2MASS catalog.

Object Name Redshift logM(M¢)
4 C +12.02 0.143 000 8.75 £ 0.08
WISEA J012101.23+005 100.5 0.237 866 9.02 £ 0.10
WISEA J021635.79+024 400.8 0.184 000 8.89 +0.10
WISEA J072737.50+4-395 655.7 0.311816 9.40 £ 0.09
B2 0812438 0.172747 9.09 +0.12
WISEA J081841.574-150 833.5 0.330 140 9.19 £ 0.00
WISEA J082400.50+031 749.6 0.214 458 9.05 £+ 0.10
WISEA J084509.67+574 035.8 0.236 960 9.16 £ 0.11
WISEA J085942.67+585116.8 0.442 700 9.49 £+ 0.16
B3 09204408 0.160 227 9.34 +0.10
WISEA J093238.294-161 157.4 0.190 951 9.19 +0.12
WISEA ]094953.64+-445 655.6 0.190 000 8.61 +0.01
WISEA J095640.77-000 123.7 0.139170 8.94 £0.10
WISEA J101028.09+530313.1 0.341101 9.18 £ 0.03
WISEA J101732.47+632 954.0 0.183 827 9.05+0.12
WISEA J104632.42-011 338.3 0.184 000 8.75 £ 0.06
WISEA J112848.70+4-171 104.7 0.346 797 9.31 £ 0.05
WISEA J113816.62+4-495 025.0 0.510338 9.46 £ 0.03
MCG +-03-30-100 0.068 222 8.65£0.11
WISEA J125721.88+122 820.6 0.207 626 8.93 4 0.02
WISEA ]J132404.20+433 407.1 0.337 892 9.46 + 0.04
WISEA J134051.21+374911.7 0.218 000 8.59 +0.01
WISEA J134002.914-503 539.6 0.232221 9.08 £ 0.07
WISEA J140742.184-272 158.5 0.235305 9.33 £0.09
HB89 14354-355 0.596 596 9.73 £0.03
WISEA J150904.13+212 415.2 0.311275 9.37 £ 0.09
2MASX J16080917+2945 133 0.225 860 9.11 +0.13
B2 1646426 0.137 339 8.57 +0.05
WISEA J202855.274-003 512.5 0.192 000 8.98 £0.10
WISEA ]223628.914-042751.9 0.303 535 9.26 £ 0.07
WISEA J233259.27+024 715.3 0.197 000 8.78 £0.03
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Table 4. Black hole masses with errors for the second XRG sample, with the flux

density in WISE catalog.

Object Name Redshift logM(Mg)
WISEA J003023.88+112112.9 0.448 570 9.32 +£0.10
B3 0716+407 0.387 000 8.93 + 0.06
B2 0749+33 0.299 000 9.16 £ 0.19
WISEA J080006.87+-495 755.0 0.395700 8.97 +0.04
WISEA ]081404.544-060 238.2 0.561491 9.82 4+ 0.09
WISEA J085236.11+4-262 013.4 0.477 306 8.93 £0.02
WISEA J085915.14+080 539.4 0.565 156 9.61 £ 0.15
WISEA J092346.38+361 407.3 0.734 000 9.61 £ 0.16
WISEA J100408.96+4-350 623.7 0.610607 9.79 £0.21
4 C+405.43 0.672 000 9.61 +0.22
WISEA J103358.55+-353 007.2 0.611 000 9.47 +0.05
WISEA J103900.82+-354 050.5 0.568 617 9.44 £ 0.06
WISEA J103924.91+464 811.6 0.531 345 9.72 £ 0.16
B3 1051+473 0.430 000 9.04 £ 0.12
WISEA J113649.97+015121.2 0.485 100 9.32£0.19
WISEA J115225.56+201 602.1 0.444 000 9.09 £ 0.03
B3 11524445 0.550 000 9.77 £ 0.17
PKS 1200-033 0.351 000 9.10 +0.21
WISEA J122550.46+163 343.3 0.656 014 9.59 £ 0.08
WISEA J125900.79+203 248.5 0.580 000 9.44 £ 0.16
WISEA J130854.25+225 822.3 0.677 168 9.76 £ 0.15
WISEA J131331.39+4-075 802.6 0.365 000 9.36 £ 0.32
4C +41.25 0.296 300 8.88 £ 0.07
WISEA J132713.87+-285318.2 0.300 000 9.45 4+ 0.29
WISEA J133051.06+024 843.1 0.622 826 9.92 +£0.19
WISEA J134353.97+193 333.9 0.513 000 8.99 4 0.04
WISEA J135518.06+094 023.5 0.618 700 9.82 £ 0.22
WISEA ]140349.81+495 305.4 0.491 248 9.10 £ 0.08
WISEA J141702.134-201 903.3 0.535000 9.50 +0.14
WISEA J142646.37+-271223.7 0.677 000 9.62 +0.16
WISEA J144547.32-013 045.7 0.610 000 9.77 £0.22
WISEA J150636.50+074 018.3 0.684 000 9.14 £ 0.01
WISEA J151149.33+045 536.2 0.893 000 9.98 £0.17
WISEA J151704.60+212241.9 0.348 500 9.12£0.12
WISEA J154413.174161 929.6 0.598433 9.60 4+ 0.21
WISEA J154842.59+-014919.7 0.609 000 9.58 4 0.06
WISEA J155416.03+381 132.6 0.194 242 8.49 £0.12
WISEA J162245.42+070 714.5 0.596 800 10.37 £ —0.28
WISEA J222802.35-065 355.1 0.629 000 10.12 £ 0.33

ORCID iDs
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Laurentiu-Ioan Caramete 0000-0002-3571-3145
Ana Caramete 0000-0002-8997-5730
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