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Abstract In the dense regions of star clusters, close encounters with black holes (BHs) can occur giving rise to a new class of
gravitational-wave (GW) signals. Binary—single encounters between three BHs are expected to dominate the rate of signals from
unbound systems in the frequency band of terrestrial GW detectors. The encounter can describe a quasi-hyperbolic trajectory, which
was the focus of a recent study. In some cases, the encounter can take a more complex form including one or two BH mergers as a
result of the encounter, repeating cycles of close proximity between the BHs, and the exchange of a BH that is part of the binary. The
variety of types of encounters leads to a variety of GW signals emerging from these encounters. Using the ARWV N-body code, we
performed 42 numerical simulations, to explore various outcomes of binary—single interaction, and we characterize the diverse GW
signatures produced during these encounters. Additionally, we evaluated the detectability of these GW signals by injecting them
into the simulated noise of the Einstein Telescope and exploring different methods to detect the signals. Our findings shed light on
the complexities of these interactions and their potential implications for GW astronomy.

1 Introduction

After the first successful observation runs with the current-generation gravitational-wave (GW) detectors Advanced Virgo [1] and
Advanced LIGO [2], the GW community is preparing to leap into the third generation of GW detectors, such as the proposed
Einstein Telescope (ET) [3, 4] and Cosmic Explorer [5]. The improved sensitivity of these future ground-based detectors is expected
to increase the number of observed events from tens per year to hundreds of thousands per year opening an enormous science case
[6, 7]. Moreover, the addition of the space-based detector LISA [8] together with pulsar-timing arrays [9] and possibly with decihertz
Moon-based GW detectors [10, 11] will enable the scientific community to cover the GW spectrum from nanohertz to kilohertz.

Taking all these elements into consideration, the accessible frequency band of the GW spectrum will be significantly broadened,
therefore prompting a series of studies focused at the GW emission from non-canonical sources, i.e., different from compact object
mergers, continuous waves and a stochastic background, that are out of reach for current detectors.

Among these sources are hyperbolic encounters between compact objects, black holes (BHs) in particular, which are enduring a
growing interest in the astrophysical and GW communities after the detection of GW 190521 [12, 13], the most massive BH merger
detected so far. Given its masses and eccentricity of the orbit, some follow-up studies [14—16] suggested that the merger could have
been the outcome of the dynamical interaction between two unbound solar-mass BHs, therefore providing the first indirect detection
of dynamical interaction in a star cluster. Previously, the GW170817A binary black hole (BBH) merger had been found consistent
with a hierarchical merger due to dynamical interactions [17] as well, but the large uncertainties in the reconstructed parameters
damped its significance. Later, also the GW 190425 [18] binary neutron star (BNS) merger, given its unusually high total mass, led
to the hypothesis, as one of the possible formation scenarios, of a dynamical encounter in a cluster between a BNS and an isolated
neutron star that replaced the lightest component of the binary. Although this explanation appears intriguing, it has been shown that
the dynamical formation channel has a negligible contribution to the BNS merger rate in the local universe, therefore making the
dynamical origin for GW 190425 unlikely [19, 20]. Nevertheless, the binary pulsars B2127+11C in M15 [21] and J1807—2500 in
NGC 6544 [22] still provide evidence of neutron stars that experienced dynamical interactions in clusters [23].

Dynamical interactions are not new to the GW community. Since the start of the century, several theoretical studies have focused
on the analytical [24-31] and numerical [32, 33] tools to determine the GW emission of a flyby or of a dynamical capture. Recently,
linking for the first time the astrophysical properties about star population and cluster dynamics [34-59] with the GW emission of
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hyperbolic flybys, [60] provided a first realistic estimate of the detectability of gravitational radiation from binary—single hyperbolic
flyby between BHs in star clusters and the rate of these events.

As a follow-up to [60], the aim of this work is to identify, within a set of injections in simulated ET noise, which are the typical
features of these signals. This should enable us to determine, among other things, not only if there are characteristics in common
that could facilitate their recognition by a data-analysis pipeline, but also whether a typical eccentric merger, characterized by an
inspiral phase, was preceded by a dynamical interaction or represents a second-generation merger following an initial capture event.

The paper is organized as follows: in Sect. 2, an overview of the underlying astrophysical assumptions of the systems considered
in this study is provided; Sect. 3 details the simulations carried out for this work and the methodology used to simulate BBH-BH
encounters and to characterize their GW signals. The results are presented and discussed in Sect. 4. A short summary along with
final remarks conclude the paper in Sect. 5.

2 Astrophysical background

Nuclear star clusters (NSC) are one of the most promising locations for dynamical encounters between compact objects [61, 62].
Since an extensive overview of NSC and binary—single encounters has already been given in [60] and other past works [63-71],
here we will limit ourselves to the highlights of their properties.

In star clusters, binary systems are classified as hard if their binding energy is higher than the average kinetic energy of the stars
in the cluster [61]. BBHs in the core harden not only for GW emission but also through binary—single encounters [61], namely
three-body interactions in the form of a flyby or a resonant interaction between the BBH and an intruder object. In the latter case,
an unstable triple system is formed until one of the three objects acquires enough speed to escape; typically, it is the least massive
component that most probably escapes [72]. In general, flybys are the most common outcome of such interactions. Since, statistically,
the velocity of the intruder after the encounter is greater than the one with which it approached the binary, as a consequence of the
conservation of energy, the binary tightens according to Heggie’s law, for which hard binaries tend to become harder.

The semimajor axis a of the binary will decrease over time due to binary—single encounters and due to GW emission [73] as
follows [74]:
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where m| and m> are the primary and the secondary mass of the BBH, e is its eccentricity, m3 is the mass of the intruder, o is the
three-dimensional dispersion velocity, p. is the local density of stars, & ~ 3 is a dimensionless hardening rate [75] and
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The contribution of dynamical hardening, proportional to a2, dominates over that due to the GW emission by the system, which
instead takes over when the semimajor axis is small since it is proportional to a3 [73].

Similarly, dynamical encounters and GW emission [73] cause the binary eccentricity to change over time as [74]:
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with the « parameter defined as k = de/d In(1/a) [76]; and
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Using these properties, in [60], we conducted a study on the detectability of gravitational signals from binary—single hyperbolic
encounters. We used stellar-mass black holes as input masses and considered hard binaries in an environment that is the core of an
NSC.

Our findings indicate that the rate of these encounters within NSCs, up to redshift z = 3.5, falls within the range of [0.006 —
0.345]yr~! Gpc 3. For the lower and upper limits, we considered core radii of 0.1 pc and 1 pc, respectively. We observed that
the majority of these encounters produced GW signals in the frequency band of LISA, but no signals were in the ground-based
interferometer frequency band. However, we discovered a correlation between the characteristic frequency of the signals with the
binary’s semimajor axis and the impact parameter with which the intruder approaches. In this study, we tuned these parameters to
obtain signals suitable for analysis within the frequency band of ET. All the parameters considered are aligned with the presence of
a binary and an intruder in an environment resembling the core of an NSC, which we extensively examined in our previous work
[60].
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Table 1 Initial values of the Parameters Initial values
parameters for the baseline event
el m; [Mo] 30.0
my [Me] 25.0
m3 [Mp] 10.0
a[AU] 8e-05
From top to bottom: the two e 0.0
masses of the binary,_ thg mass of v [km/s] 50.0
the intruder, the semimajor axis
and the eccentricity of the binary, b[AU] 0.005
relative velocity and impact fase 2.8
parameter of the intruder v 3.0
approaching the binary, and the
geometrical parameters (fase, ¥, ¢ 30
¢, and 0) fixed for all the 0 1.5
simulations. All three BHs spins 0.0
spinless

3 Method and simulations

To simulate binary—single encounters, we use the N-body simulation code ARWYV [77-79]. ARWYV makes use of the algorithmic
regularization chain method to integrate the equations of motion [80, 81]. In this way the round-off errors are reduced, making the
regularization algorithm more efficient, especially for close interactions. ARWYV incorporates a post-Newtonian treatment up to order
2.5 to correct the equations of motion in case of strong gravitational interactions [82]. These simulations provide the positions of
all three bodies at each time step, allowing for computation of the strength of the gravitational signal emitted by their configuration.

The initial conditions are chosen to represent realistic encounters within the core of a NSC, as already described by [60].
Furthermore, [60] found that the frequency of the GW signal increases as both the binary’s semimajor axis and the impact parameter
of the intruder decrease. Therefore, after the generation of the initial conditions, we select only the systems with impact parameter
and semimajor axis eligible to generate a GW signal within the ET frequency band and sensitivity. Finally, we use the Hilbert—-Huang
Transform analysis [83] to reveal distinctive features of the signals.

3.1 Initial conditions

The simulation of a binary—single encounter requires the use of a set of 15 parameters to define the initial conditions of the simulation
[60, 62, 84] including the spins of the BHs. Among these parameters are the angles ¢, v, 6 that define the geometry of the encounter,
the impact parameter b, the velocities of the BHs and the orbital parameters of the binary. A detailed description of these parameters
is beyond the scope of this paper, but can be found in [60, 62, 84]. All these parameters are sampled according to the distributions
described in [60]. Moreover, from the initial conditions generated for [60], we select an event with initial conditions eligible to
generate a GW signal detectable by ET (Table 1).

Using this event as a reference, we decided to divide the simulations into two categories: spinning BHs and non-spinning BHs.
In the former case, the spins are randomly sampled according to a Maxwellian distribution with a root mean square of 0.1. For
each category, we redefine the reference event as e0 (Table 1) for spinless simulations and e5 for simulations with spinning BHs.
The initial conditions within the two categories are exactly the same, with the only difference being the spin values. At this point,
we decide to gradually move from e0 and e5 by changing only one parameter at a time while keeping all the others fixed in each
simulation. The goal of this procedure is to assess whether the spin has an impact on the outcome of the encounters or not and
to show how small and predictable changes in the initial conditions can lead to unpredictable outputs that dramatically affect the
outcome and the detectability of each event.

In particular, we decide to keep the spins and the geometry of the encounter fixed for all simulations and to change only the
following parameters:

eccentricity: e € [0, 0.5, 1, 1.5, 2] x 1079,

relative velocity between binary and intruder: v € [30, 40, 50, 60, 70] km/s;
impact parameter: b € [3, 4, 5, 6, 7] x 1073 AU;

intruder mass: m3 € [5, 7, 10, 13, 15] Mg;

mass ratio of the binary: q € [0.3, 0.5, 0.7, 0.83, 1].

In total, we ran 42 simulations, equally divided between the spinning and non-spinning BHs cases.
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Fig. 1 Mutual distance among the three bodies as a function of time for simulations with initial BH spins set to zero. Each plot in the 5 x 5 grid displays
a unique simulation. Each row represents the variation of a single parameter in the initial conditions, in particular eccentricity e € [0, 0.5, 1, 1.5, 2] x 1075
(first row); relative velocity between binary and intruder v € [30, 40, 50, 60, 70] km/s (second row); impact parameter b € [3, 4, 5, 6, 7] x 1073 AU (third
row); intruder mass m3 € [5, 7, 10, 13, 15] Mg (fourth row); mass ratio q € [0.3, 0.5, 0.7, 0.83, 1] (bottom row). The title of each panel highlights the
occurrence of merging bodies, their identity in parentheses, along with the time of the merger. The event €0 serves as baseline for all events and is shown
multiple times for comparison

3.2 Characterization of the signal

Through the output of ARWYV, we track the evolution of each BBH-BH encounter. Figures 1 and 2 show the time evolution of
the mutual distances among the three bodies for non-spinning and spinning BHs, respectively, for different initial conditions. The
baseline events e0 and e5 are also depicted once for each row for comparison and the outcome of the simulations will be discussed
in Sect. 4.

To characterize the GW emission of each event, we compute the wave amplitude as [85]:

2G ..
' = 20k )
where j, k =1, 2 and 3, R is the luminosity distance of the source from us and QT,? is the second time derivative of the transverse-
traceless part of the quadrupole moment. We set our sources at a distance of 230Mpc. From now on, we consider the wave propagating
along the z—direction and, of the full GW tensor, we choose the /1] component only, i.e., the plus polarization h,, as GW amplitude
of our signals.

In order to investigate the influence of the third body on the signal, we define a parameter, referred to as closeness, that provides
a measure of their spatial distance as:

dmin

C =log

, (©)

dmax

where dpin and dpax are the minimum and the maximum values of the three mutual distances and C < 0 by definition. Figure 3
presents the time evolution of hy during 1200 s long simulations, unless they are interrupted before. Interruptions occur when, due
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Fig. 2 Same as Fig. 1, but in all simulations the BHs have initial spins. The reference event is denoted as e5

to consecutive mergers, only one of the three bodies is left in the simulation. The closeness parameter is visualized using a color
scale with magenta identifying C = 0, which specifies that the number of bodies in the system decreased from three to two due to
a merger.

3.2.1 Hilbert—Huang transform

We use the Hilbert—-Huang Transform (HHT) [83] to characterize the signals, utilizing the EMD Python Package [86]. HHT is a
signal processing technique designed for the analysis of non-linear and non-stationary data. This method involves two steps. First,
it employs empirical mode decomposition (EMD) to decompose complex signals into intrinsic mode functions (IMF) and residuals,
effectively segregating the time domain data into various frequency scales. These IMFs, when aggregated with the residual, reproduce
the original time series. Notably, this sifting process is performed adaptively, how the modes are biased depend on the data toward
locally dominant frequencies. Subsequently, the HHT method applies the Hilbert Transform to each IMF, facilitating the computation
of instantaneous frequency (IF) and amplitude (IA) for each IMF with respect to time. This capability allows for the monitoring of
temporal fluctuations in the frequency and amplitude of signal components.

What the Hilbert transform actually does is give an analytical signal, z(t), from real data, f{z), to calculate instantaneous properties.
The analytical signal will be:

20) = f(O)+iH{f()} = A0, O
H{ f(t)} is the Hilbert transform of f(¢):
aifoy=-p [ L2, ®)
T o b —T
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Fig. 3 Left. The plots illustrate eight time series, each representing the signal of an entire simulation—denoted on the top left. Each simulation lasts 1200 s
unless two mergers occur, leading to an early termination. The color scale corresponds to the closeness parameter, with the magenta color denoting a value
of zero, indicating the presence of only two remaining bodies due to the merger of two out of three bodies. Right. The plots display zoomed-in views of
the corresponding plots on the left, focusing on encounters and mergers, providing detailed insights into the evolution of the signal and closeness parameter
during critical phases of the simulation
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where P indicates the Cauchy principal value. A(#) and 6(¢) are the amplitude and the phase of the signal defined as:

A:\/ﬁ,
) [+ H{f@®)} 9)

0(t) = tan "' [H{f(O}/f(D)].

The IF and IA to compute the Hilbert spectrum are, respectively:

_do)
o)== (10)
e =A@

3.3 Signal injections in ET noise

The signals obtained from our simulations are injected into 10* s long data segments of ET noise sampled at 4096 Hz. ET noise
is simulated by generating white Gaussian noise colored with the ET design sensitivity curve [87]. We use the Welch to obtain the
amplitude spectral density (ASD) of the noise. In doing so, we divide the data into segments of 10 s in length, with an overlap of
0.5. The ASD of the noise is shown in Fig. 4 together with the same noise in the time domain. The injections are done through the
gwpy [88, 89] and pycbc [90] Python packages.

We use the ASD of the signals, Sy, and the ASD of the noise, S, to calculate the signal-to-noise ratio (SNR) as follows:

N
5%(]%)2)
SNR= [4-) 1

e <Sn<fk)2 a

The SNR is related to the area between the characteristic strain /. and the characteristic noise strain %, computed as:

hC = f\/ TS/‘L:
hp = v fSn,

where T is the segment length. The plots of the characteristic strain of all the simulated signals are shown in Figs. 8 and 9 of the
Appendix.

The time series of the signals injected into the noise were tapered and bandpassed between 2 and 30 Hz to compute the spectrograms
of these data, lasting up to 1200 s, containing the signals.

(12)

4 Results

In the first instance, we discuss the outcome of the simulated encounters, where the components of the binaries are identi-
fied as bodies 1 and 2, whereas the intruder is body 3. Just considering the two baseline events e0 and e5, identical except
for the spins, the distinction between the non-spinning (Fig. 1) and spinning case (Fig. 2) significantly alters the outcome of
the two events. In the former case, as can be better seen from the time series in Fig. 3, the third body completes two close
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orbits around the binary, which remains gravitationally bound even after the encounter, resulting in an increase of its eccentric-
ity. In contrast, in the latter case, the third body interacts multiple times with the binary and leads it to a merger. The newly
formed BH then forms a new binary system with the third body, remaining gravitationally bound for the rest of the simulation,
with an eccentricity of approximately 0.8. In events ¢2 and e4 (Figs. 1 and 3), after the initial encounter, the system remains
bound for several orbits until the merger of bodies 1 and 3 occurs. In e2, the resulting BH and body 2 move away from each
other, while in e4, a new binary with high eccentricity forms. The event e2] (Figs. 1 and 3) exhibits a particularly intrigu-
ing behavior. Following the encounter, the third body remains gravitationally bound to the binary, which, due to the interac-
tion, enters the inspiral phase. A close examination of the time series reveals that the third body undergoes several close fly-
bys during the inspiral phase, remaining bound to the new BH in a binary system with an eccentricity of 0.7. In e25 and €26
(Figs. 2 and 3), the simulations are interrupted shortly after, 800 s and 1000 s, respectively, due to a second merger. While we
expect similar mergers to occur when a second-generation binary is formed, we are not able to notice them in our simulations
since this could happen after the time limit of 1200 s. What is important to note here is that only the second merger occurs
through the spiraling of the two bodies, while in both cases, the first merger is a rapid plunge resulting from the close interac-
tion.

To understand the features of the stronger events, we characterize the high SNR regime in the ideal case in which the SNR is
calculated using the characteristic strain /. of the simulated signal over the noise strain /4, of simulated ET noise. After that, we
inject the signal in the ET noise to have an insight on what to expect in the real case and whether the insights obtained from our
simulations can be useful to analyze the real signal or not.

The top row of Fig. 5 shows the SNR of the simulated signals, whereas the bottom row shows the corresponding number of
mergers per event. The mergers are categorized as follows:

e no mergers: 0 M;

e one merger resulting from a plunge or capture event: 1 M;

e one merger following an inspiral phase between two bodies: I M/,

e two mergers, with at least the second one involving an inspiral phase: 2 M/I.

It becomes apparent that the presence of an inspiral leads to a higher SNR, as clearly seen by comparing the heatmap showing the
number of mergers with the SNR heatmap in Fig. 5. Of particular interest are the cases with 0 M (e.g., e¢3) or 1 M (e.g., e5, €20,
e27, e35), where unexpectedly high SNRs for the type of event are observed. This is due to the presence of an inspiral that has been
cut by the end of the simulation because the merger time was longer than the simulation time. The striking observation from Fig. 5
is that spinning systems invariably lead to at least one merger event, unlike their non-spinning counterparts.

We then compute the HHT of the simulated signal across time to explore changes in patterns of the instantaneous frequency.
Figure 6 shows the HHT of a segment of the simulations e0, ¢3 and e21. As we can see for e0, from 7" = 500 s the IMF containing
the highest frequencies shows sharp peaks. In the higher IMFs, IMF 1 and IMF 2, the trace of the two encounters, happening at
500 s and 515 s, respectively (Figs. 3 and 6), is particularly visible. Before the encounter, the binary with e ~ 0 keeps a steady value
of IMF 1; after the first encounter, IMF 1 changes by showing sharp frequency peaks; after the second encounter the peaks change
again. This is also visible by the rapid increase of IMF 2. All in all, the close encounters between the intruder and the binary, which
drastically modify the semimajor axis and the eccentricity of the binary, show sudden frequency changes in the HHT. A very similar
pattern can be observed in the plot referring to event e3, with a first steady frequency trace, followed by sudden peaks reaching up to
10 Hz and by a further change after the second encounter. A slightly different pattern can be observed for e2 /. During this resonant
encounter, we have multiple flybys—at 485 s, 490 s, 505 s, 525 s and 545 s—due to the formation of a triple system. The inspiraling
motion triggered after the encounter at 505 s translates to a more fuzzy frequency pattern. The following encounters are still visible
both in the time series and in the HHT: in particular, we can see that, after the inspiral starts at 505 s, another encounter at 525 s
produces a clearly visible change in the IMF trend.

Finally, we proceed to inject the signals in simulated ET noise. The plots in Fig. 7 show the spectrograms, each 1200 s long, of
e3, el4, e24 and e36. The data, sampled at 4096 Hz, are tapered and bandpassed between 2 and 30 Hz and then apply the Welch
method using 16 s long segments with an 8 s overlap to compute the spectra. Each frequency bin is normalized by its median to
highlight the time variation.

There is a notable excess of power during the first encounter, as shown in the examples in Fig. 7, a signature evident in all 42
simulations. Due to the encounters, the binary systems exhibit high eccentricity, a distinctive feature visible in the spectrograms
of e3 and e/4 with multiple tails during the inspiral. In simulation e3, there are three encounters of interest. The first two are very
close to each other, at around the 500 s, whereas the third is just before 700 s. The third encounter leads to the inspiral of the
binary system. Despite the simulation ending before the actual merger, the phase preceding it is clearly visible in the spectrogram.
Simulation e/4 exhibits a similar behavior, where the initial two encounters, characterized by an excess of power, promptly trigger
the merger of the binary system, perfectly recognizable in the time-frequency plot. In simulation e24, the initial interaction is a
plunge. The intruder immediately merges with the less massive component of the binary system. However, the binary system itself
remains bound with high eccentricity, approximately 0.9. The formation of this more massive and high eccentric binary is evident
in the spectrogram, where after the first excess of power, unstable peaks manifest before the system gradually start to circularize.
Looking at the spectrogram of €36, it is clear that there is a gap between an initial burst (at 485 s) and the subsequent merger (starting
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Fig. 5 Top. Heatmaps showing the SNRs for Figs. 1 (left) and 2 (right). Bottom. Heatmaps illustrate the number of mergers occurring in the simulations. The
arrangement of the 5 x 5 grid corresponds to Figs. 1 (left) and 2 (right). The two heatmaps exhibit discrete color variations representing different scenarios:
zero mergers (0 M), one merger resulting from plunge or capture events (1 M), one merger following an inspiral between two bodies (1 M/I) and two mergers,
with at least the second involving an inspiral phase (2 M/I). Notably, the presence of the inspiral phase significantly increases the SNR, as evident when
comparing the cells in the heatmaps with 1 M/I and 2 M/I to the corresponding SNR heatmap cells. The presence of an inspiral phase, even if interrupted
by the end of the simulation, leads to an increase in the SNR, even in cases with zero mergers (e.g., e3) or with one merger (e.g., e5, €20, e27, e35)

-1M/I

Mergers
Mergers

at 550 s) with the inspiral part that follows, showing how another scenario—the burst—triggered the merger. Specifically, this burst
that we can observe in the spectrogram refers to the close encounter and to the subsequent plunge. Although the specifics of the
phenomenon underlying the burst cannot be discerned from the spectrograms alone, observing similar behavior in a significant
percentage of our simulations suggests that the bursts preceding the mergers have an astrophysical nature and are indicative of a
dynamic environment.

5 Conclusions

We simulated 42 single-binary encounters with the N-body code ARWYV starting from a common set of initial conditions. For each
simulation, we varied only one of these parameters, in order to show how sensitive the simulations are even to a small change
in initial conditions. We then inspected the gravitational signals of these events, which involve mergers with their typical inspiral
phase, as well as bursts due to encounters or plunges. We employed the HHT, a method used to analyze data exhibiting non-linear
and non-stationary patterns. It decomposes signals into their individual components, enabling the analysis of their time-evolving
frequency and amplitude characteristics. By applying this method, we were able to see clearly how encounters, after modifying
some of the geometric parameters of the binary (semimajor axis and eccentricity), produce sudden and visible frequency changes.
Finally, after the injection of our signals in the simulated ET noise, we were still able to observe these frequency changes in the
spectrograms of the events.

Our findings suggest that a highly eccentric merger could be preceded by encounters—or even by previous mergers (plunges)—that
act as boosters for the merger. In our experiments, we considered very tight initial binaries, thus obtaining quite short simulations,
lasting even less than 20 min; in reality, this behavior could also vary in a wider temporal range. By inspecting the spectrograms of
the signals injected in simulated ET noise, we showed that the main features of these signals are distinguishable also without any
prior knowledge on the nature of the event under examination.

For a future development of this work, we foresee the improvement of the simulation of spinning bodies. In fact, although ARWV
includes the spins, it does not provide enough information about their orientation. This means that we are limited to the specific
case in which the spins are assumed to be aligned and that we do not know how an encounter affects the orientation of the spins in
a binary system.
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Fig. 6 HHT spectrum of
simulations e0, e3 and e21.
Encounters cause rapid changes in
frequency

Frequency [Hz]

Frequency [Hz]

Frequency [Hz]

e0

x10-22

104
1004
— e \ /-\ /
M NAX udt_//\\,/h/v INAANAN \// /W
10714
10724
480 490 500 510 520 530
Time [s]
e3
10"+
100+ — \
N \/ \vxwd\\jﬁ " VAV AV AV
10714
1072+
480 490 500 510 520
Time [s]
e21
107+
AW AR A Wi
100_ M i 'EUA T
10714
102 | | | . | |
460 480 500 520 540 560
Time [s]

x10-22

_
o

o
©

o
(2]
Amplitude

o
~

0.2

0.0

o o
(2] (o)
Amplitude

0.2

0.0

1.75

1.50

1.25

Amplitude

0.75

0.50

0.25

0.00

The meaningfulness of this development resides in the fact that, as we have already extensively discussed, dynamical encounters
lead to some typical signatures like eccentric orbits, unusual mass ratios and misaligned spins. Therefore, the study of how dynamical
interactions affect the spins of a binary system would be of great help to support follow-up studies of future detections, numerical
waveform studies and detection pipeline developments. This will become paramount when, in future detectors, we will be able
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Fig. 7 Time series and
spectrograms of four simulations:
e3, el4, e24 and e36. The top
panel of each event contains the
hy as a function of time for the
entire simulation. The
spectrograms of the signals
injected in the noise—tapered and
bandpassed—is normalized by the
median of the frequency bins
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to detect also the continuous GW signal from the coalescence of compact objects from which we will be able to infer relevant

information about the orbital parameters of the system.
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Appendix

In this appendix, we report the Table 2 containing the initial values of the parameters and the plots of the characteristic strains of all

the simulations.

Table 2 Initial parameter values Event ml [Mg] m2 [Mg] m3 [Mg] e v [km/s] b [AU] Spin

for all conducted simulations
e0 30.0 25.0 10.0 0.0 50.0 0.005 0.0
el 30.0 25.0 10.0 5e-06 50.0 0.005 0.0
e2 30.0 25.0 10.0 le-05 50.0 0.005 0.0
e3 30.0 25.0 10.0 1.5e-05 50.0 0.005 0.0
ed 30.0 25.0 10.0 2e-05 50.0 0.005 0.0
e5 30.0 25.0 10.0 0.0 50.0 0.005 #0
e6 30.0 25.0 10.0 5e-06 50.0 0.005 #0
e7 30.0 25.0 10.0 le-05 50.0 0.005 #0
e8 30.0 25.0 10.0 1.5e-05 50.0 0.005 #0
e9 30.0 25.0 10.0 2e-05 50.0 0.005 #0
el0 30.0 25.0 10.0 0.0 30.0 0.005 0.0
ell 30.0 25.0 10.0 0.0 40.0 0.005 0.0
el2 30.0 25.0 10.0 0.0 60.0 0.005 0.0
el3 30.0 25.0 10.0 0.0 70.0 0.005 0.0
el4 30.0 25.0 10.0 0.0 50.0 0.003 0.0
el5 30.0 25.0 10.0 0.0 50.0 0.004 0.0
el6 30.0 25.0 10.0 0.0 50.0 0.006 0.0
el7 30.0 25.0 10.0 0.0 50.0 0.007 0.0
el8 30.0 25.0 5.0 0.0 50.0 0.005 0.0
el9 30.0 25.0 7.0 0.0 50.0 0.005 0.0
€20 30.0 25.0 13.0 0.0 50.0 0.005 0.0
e2l 30.0 25.0 15.0 0.0 50.0 0.005 0.0
e22 30.0 9.0 10.0 0.0 50.0 0.005 0.0
e23 34.0 17.0 10.0 0.0 50.0 0.005 0.0
e24 30.0 21.0 10.0 0.0 50.0 0.005 0.0
e25 27.0 27.0 10.0 0.0 50.0 0.005 0.0
€26 30.0 25.0 10.0 0.0 30.0 0.005 #0
e27 30.0 25.0 10.0 0.0 40.0 0.005 #0
e28 30.0 25.0 10.0 0.0 60.0 0.005 #0
e29 30.0 25.0 10.0 0.0 70.0 0.005 #0
e30 30.0 25.0 10.0 0.0 50.0 0.003 #0
e31 30.0 25.0 10.0 0.0 50.0 0.004 #0
e32 30.0 25.0 10.0 0.0 50.0 0.006 #0
e33 30.0 25.0 10.0 0.0 50.0 0.007 #0
e34 30.0 25.0 5.0 0.0 50.0 0.005 #0
e35 30.0 25.0 7.0 0.0 50.0 0.005 #0
e36 30.0 25.0 13.0 0.0 50.0 0.005 #0
e37 30.0 25.0 15.0 0.0 50.0 0.005 #0
e38 30.0 9.0 10.0 0.0 50.0 0.005 #0
e39 34.0 17.0 10.0 0.0 50.0 0.005 #0
e40 30.0 21.0 10.0 0.0 50.0 0.005 #0

Only values that may differ from edl 27.0 27.0 10.0 0.0 50.0 0.005 £0

simulation e0 are listed
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Fig. 8 Characteristic strain (brown) of the gravitational signal from simulations in Fig. 1 and the strain amplitude of the ET noise (green). At the top of each
plot, the simulation label is displayed. Furthermore, the SNR of each event is provided in the top-left corner of the corresponding plot

In Table 2 are shown only the parameters that were modified in each simulation. As explained in Sect. 3.1, the value that we
varied from e0 or €5 is one between: eccentricity (e), relative velocity (v), impact parameter (), intruder mass (m3) and mass ratio
of the binary (g=mj/mj). In the simulations that include spins, the spins of the three BHs are taken from a Maxwellian distribution
with a root mean square of 0.1 and do not change across the different simulations.

Figures 8 and 9 illustrate the characteristic strain of the gravitational signal from simulations in Figs. 1 and 2, respectively. The
presence of a spike at 0.6 Hz is attributed to the accumulated signal from the initial binary before the encounter.
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Fig. 9 Similar to Fig. 8, but displaying the characteristic strain of the signals from Fig. 2
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