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Abstract. Gravitational waves (GWs), the propagating perturbations within the
structure of spacetime, provide a unique window into the dynamics of massive
celestial objects and their cataclysmic events such as binary black hole (BBH),
black hole — neutron star, binary neutron star (BNS) merger. While the detection
and analysis of GWs have significantly advanced our understanding of the
universe, the exploration of their information content, specifically their entropy,
is not well studied and remains an intriguing avenue of research. This article
presents an application of the concept of entropy to GWs and its implications for
astrophysics. By using masses of the detected GW sources provided by open-
source Gravitational Wave Open Science Center (GWOSC) and the PyCBC library,
we generated GWs using different models and approximations. Specifically, we
employed three different waveform models: IMRPhenomPv3, IMRPhenomPv2
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NRTidal, and IMRPhenomXPHM. After generating GWs with different models
we investigated the relationship between entropy and the masses of GW sources.
Besides varying values in different models, entropy nearly exponentially decreases
while the total mass of the systems providing those GWs increases. Additionally,
different waveform models demonstrated varying levels of entropy. This study
opens avenues for further research on the underlying physics of GWs and their
detection and classification methods.

Keywords: Gravitational waves, Information-entropy, Spectral entropy,
Waveform models
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1 Maccoi NCTOYHUKOB I'PaBUTALMOHHBIX BOJH. Pe3ybTaThl HOKa3aln YCTOHUUBYIO
KOPpEJISILMIO, IIPU 3TOM HCTOYHMKHM C OONbIIEH Maccod JEeMOHCTPUPYIOT
Oosiee Hu3kMe 3HadeHus1 HTpornuu. Kpome Toro, pasnnmusbele Mopeian (HOpPMbI
BOJIHBI TPOAEMOHCTPUPOBAIN Pa3IMYHbIE YPOBHU SHTPONMHUU. DTH Pe3ybTaThl
MOTYEPKUBAIOT CJIOKHOCTh T'PaBUTAIIMOHHBIX CUTHAJIOB, FTEHEPUPYEMBIX IBOHHBIMU
CHCTEMaMHU, U JAI0T MpejcTaBieHue 00 X HHOOPMALMOHHOM COJEPKAHUH.

Ki1roueBble cjioBa: rpaBUTALIMOHHBIC BOJHBI, HHPOPMAIMOHHO-IHTPOIIUIHAS
CHCTEMa, CIIEKTPajIbHAsl SHTPOIIHSI, BOJTHOBBIC MOJICIIH.

Hccneoosanue nposoounocs npu gunancogotl noodepoicke Komumema nayxu
Munucmepcmesa nayku u gvicuezo oopazosanus Pecnyonuxu Kazaxcman (epanm
No AP14972411).

Introduction. Since the LIGO collaboration first detected GW from the binary
black hole merger (BBH) in 2015 GWs became one of the main fields of research
in astronomy (Aasi, 2015; Abbott, 2016; Abbott 2017; Abbott 2016). These ripples
in the fabric of spacetime carry valuable information about the universe’s most
energetic and dynamic events, such as the collision of black holes, the merger of
neutron stars, and the early moments of cosmic inflation (Christensen, 2018). As
scientists continue to detect and analyze GW signals, a growing interest has emerged
in understanding the concept of entropy in these elusive cosmic phenomena.

Entropy, a fundamental concept in physics and information theory, quantifies
the amount of disorder or information contained within a system. It provides
valuable insights into various physical processes’ complexity, randomness, and
organization. Extending the notion of entropy to GWs opens exciting avenues for
exploring their information content, shedding light on the intricate dynamics of
astrophysical events and the nature of spacetime itself (Brustein, 2019).

The study of entropy in GWs carries significant theoretical and practical
implications. By quantifying the entropy of GW signals, valuable insights can
be gained into the physical properties of their sources, such as the mass, spin,
and distance of the celestial objects involved (Belczynski K. 2002). Moreover,
investigating the entropy of GWs makes it possible to develop new methods
for detecting, classifying, and interpreting these signals (Zhanabaev, 2023). By
analyzing the complexity and randomness of waveforms, one can discern different
types of astrophysical events and enhance our ability to identify them amidst the
noise.

Furthermore, understanding the entropy of GWs holds promise for deepening our
understanding of the fundamental laws of physics. Entropy is intimately connected
to concepts such as thermodynamics, quantum mechanics, and information theory
(Vedral, 2002). By investigating the entropy of GWs, valuable insights can be
obtained regarding the interplay between gravity and fundamental principles in
physics. This interdisciplinary approach merges the study of gravity, astrophysics,
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and information theory, providing a fertile ground for groundbreaking discoveries
and transformative insights into the nature of spacetime and the cosmos.

This article uses an information-entropy-based approach to perform a numerical
analysis of GWs. By employing this methodology, we aim to find possible
correlations between the complexity of GWs and the physical properties of their
sources. Through the examination of numerical results obtained from simulations
employing various models, we seek to elucidate the factors contributing to the
variations in entropy observed among different GW events (Isoyama, 2020).

In the subsequent sections of this article, we will outline our methodology
for conducting numerical simulations of GW generation and the estimation of
entropy. We will present and discuss our results, exploring the entropy variation
among different GW events and investigating potential correlations between
event characteristics and entropy levels. Finally, we will interpret our findings and
discuss their implications, thereby contributing to the ongoing understanding of
GW physics.

Methodology. GWs were generated using the PyCBC library, a widely used
Python package for analyzing and simulating GW data. The PyCBC library
provides a comprehensive set of tools and functions for modeling and simulating
GW signals, allowing for accurate waveform generation based on theoretical
models (Biwer, 2019).

To simulate GW signals, the masses of the detected GW events were obtained
from the Gravitational Wave Open Science Center (GWOSC), which serves as a
repository for GW data and related information. The masses of the source objects
involved in these events, such as black holes or neutron stars, were extracted from
the available GWOSC data (Abbott, 2023).

By using masses of the detected events and the PyCBC library, we generated
GWs using different models. Specifically, we employed three different waveform
models: IMRPhenomPv3, IMRPhenomPv2 NRTidal, and IMRPhenomXPHM.
These models incorporate different levels of complexity and approximations to
accurately represent the GWs emitted by binary systems (Damour, 2008).

The IMRPhenomPv3 model is an enhancement over the IMRPhenomPv2 model,
which itself is an improvement over the IMRPhenomD model (Khan S. 2016).
These models are based on the inspiral, merger, and ringdown phases of binary
black hole systems from the original IMRPhenomA model. IMRPhenomPv3 uses
a double-spin rotation based on the description of precession dynamics, a more
accurate description of the precession effect. IMRPhenomPv3 model also allows
the study of the measurability of individual spins of binary black holes using
gravitational waves and is one of the key models widely used in LIGO and Virgo
data analysis (Ossokine, 2020).

The IMRPhenomPv2 NRTidal is the combination of the IMRPhenomPv2
model and tidal interaction with the NRTidal (Husa, 2016). The IMRPhenomPv2
are for precessing binaries, based on the nonprecessing IMRPhenomD models, and
has a single precession spin. According to the paper NRTidal effect can be used on
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any model, and the MRPhenomPv2_ NRTidal modal should be the most used model
considering the tidal effect (Dietrich, 2017).

The IMRPhenomXPHM model is designed to handle mixed binary systems,
including black hole-neutron star binaries. It incorporates precession effects,
allowing for a more accurate representation of the dynamics and waveforms of these
mixed systems. The inclusion of minor harmonics and precession in the waveform
model does not affect evaluation speed. This allows routine parameter estimation
for many gravitational wave events without neglecting important features such as
subprime harmonics and precession (Pratten, 2021).

We aimed to capture the diversity of astrophysical scenarios and sources that
produce GWs by employing these different waveform models. This approach
enabled us to explore the entropy variations in GW signals across a wide range of
astrophysical contexts.

Entropy estimation. To quantify the entropy of the generated GW signals, we
employed the spectral entropy estimation method. Spectral entropy is the Shannon
entropy of the data’s power spectral density (PSD) (Baron, 2003).

After generating the GW waveforms using the PyCBC library and the selected
waveform models, we performed a Fourier transform on the time-domain data to
obtain the frequency-domain representation of the signals. This transformation
allowed us to analyze the waveforms in terms of their frequency components and
power spectra (Khan, 2019).

Using the frequency-domain data, we calculated the PSD of the GW signals. The
PSD represents the distribution of power across different frequency components of
the waveforms.

Next, we applied the spectral entropy estimation formula to calculate the entropy
of the GW signals. The spectral entropy (H (x, S f )) is defined as:

f
H(x,sf) = = X5_  P(flog:[P(f)] (1)

where x is 1D or N-D data, P is the normalized PSD, and S f is the sampling
frequency. The formula computes the Shannon entropy for each frequency bin and
sums them to obtain the overall spectral entropy of the GW signals.

Results. This section presents the key findings from our analysis, which includes
examining the distribution of masses for the detected GW events, assessing the
differences and similarities in the waveforms generated by selected models, and
calculating the spectral entropy of the GW signals.

We investigated the distribution of masses for the sources of the GW events
(Fig. 1). By constructing a histogram, we visualized the distribution and observed
that the masses spanned a wide range of values. For binary black hole merger
events, there was a peak in the mass distribution (35.6 M and 7.7 M), indicating
a preferred mass configuration for these systems.
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[ M1
M2

|I|_\ 1|_I|_L\' [ 1 11

T T

T
50.0 60.0 70.0 80.0 90.0 100.0
Mass(Ms)

Fig. 1. Distribution of masses of the GW events

Fig. 2 represents waveforms generated by different models. By utilizing the
IMRPhenomPv3, IMRPhenomPv2 NRTidal, and IMRPhenomXPHM models, we
aimed to capture the diversity of astrophysical scenarios and sources.

1 —— IMRPhenomPwv2_NRTidal

1 —— IMRPhenomPv3

Strain{1071%)
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T
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Fig. 2. GW1708823 event with different models (85 M and 20 M)

According to Fig. 3 tested models have revealed distinct patterns in their entropy
levels.
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Entropy of Gravitational Waves
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Fig. 3. Distribution of entropy concerning the total mass of the GW sources

IMRPhenomXPHM consistently displayed the highest entropy values among
the models investigated, indicating a higher degree of disorder or information
content in its GW signals. This result suggests that including precession effects and
handling mixed binary systems in the IMRPhenomXPHM model contribute to the
increased complexity and unpredictability of the generated waveforms.

Following IMRPhenomXPHM, the IMRPhenomPv2 NRTidal model exhibited
the second-highest entropy levels. This finding suggests that the inclusion of tidal
effects increases the complexity of the waveform model as it involves additional
calculations and numerical simulations to capture the physical properties of the
system.

Interestingly, the IMRPhenomPv3 model demonstrated lower entropy values
compared to IMRPhenomPv2 NRTidal. This observation may be attributed to the
inclusion of additional NRTidal effects in IMRPhenomPv2 NRTidal, leading to
more complex or unpredictable behavior of the waveforms from precessing binary
black hole systems, despite the IMRPhenomPv3 model using double-spin rotation
comparing to single spin in IMRPhenomPv2 NRTidal.

Besides varying entropy in different models, it can be seen that entropy is near
exponentially decreases while the total mass of the systems providing those GWs
increases. It happens because at lower masses, the spectrum band of the GW signal
1s wider, and it contains more information.

Conclusion. In summary, this study investigated the relationship between
entropy and the mass of gravitational wave sources. The results showed a consistent
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correlation, with higher mass sources exhibiting lower entropy values. Additionally,
different waveform models demonstrated varying levels of entropy. These findings
highlight the complexity of gravitational waveforms generated by binary systems
and provide insights into their information content. This study opens avenues
for further research on the underlying physics of GWs and their detection and
classification methods.
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