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1 Introduction

Gravitational-waves (GWs) are the product of large scale, highly energetic
events that present as perturbations in spacetime. GWs were first observed
in 2015 by the Laser Interferometer Gravitational-Wave Observatory (LIGO),
located in Livingston, Louisiana and Hanford, Washington, with the detection
of GW150914, a binary black hole merger [1]. LIGO is joined by several other
GW observatories, including Virgo in Italy, GEO600 in Germany, and KAGRA
(Kamioka Gravitational-Wave Detector) in Japan.

LIGO takes the form of a Michelson interferometer, in which an incident laser
beam is split into orthogonal reflected and transmitted beam components along
the two arms of the detector. The beams are subsequently reflected back toward
the beam splitter and recombined. During a GW event, the arms of the detector
are compressed and rarefied, causing the two beams to shift out of phase and
form a detectable interference pattern.

GW signals are categorized into continuous, compact binary inspiral, burst,
and stochastic types. Continuous GWs are produced by large, rotating systems,
such as neutron stars, and appear as a sinusoidal pattern of detector strain over
long periods of time [6]. Compact binary inspirals arise from mergers of dense
objects, such as black hole and neutron star mergers, and are characterized by a
chirp signal in time-frequency space [4]. At the present time, LIGO has detected
90 GW events stemming from compact binary inspirals [6]. Burst GW sources
include Type II supernovae and are measured on short time scales [2]. Finally,
stochastic signals are the sum of numerous unresolved GW sources that form a
GW background. LIGO has yet to detect continuous GW, burst, and stochastic
signals.

The SGWB is divided into two categories: cosmological and astrophysical. Cos-
mological sources include events that occurred in the early Universe, such as



inflation. In the case of inflation, rapid expansion drove the GWs at the time
into a relatively uniform background. Astrophysical sources are comprised of
individual events such as mergers and pulsars. Detector resolution limits cause
these sources to appear unresolved, the signals of which then overlap to create

a SGWB.

The SGWB is particularly important since the involved GWs originate from
the very early Universe, not long after the Big Bang. Because the Universe at
the time was opaque to photons, the SGWB is one of the only means of study-
ing this era. In addition, correlating the population of binary black holes to the
predicted SGWB reveals the significance of source events on the background
and the influence of additional factors. Finally, an estimate of the SGWB con-
strains future searches to a more precise range and reveals information about
the expected frequency spread.

2 Background

The sum of individually resolvable GW events predicts a measurable stochastic
gravitational-wave background (SGWB). Models of the SGWB are not uniform
across all frequencies. Rather, each frequency range exhibits a unique, detector-
dependent signal.

The SGWB can be modelled by a power law of the following form:

Qaw () = Qe (ret) (fff) (1)

where Qaw(f) is GW energy density, f is frequency, and « is the spectral index
of the signal. The GW energy density can be decomposed as follows:

Qaw(f) = i/ dzN(Z) frdEGW ,
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where p, is critical density, N(z) is number of GW sources as a function of
redshift, z is redshift, dEqw/df, is spectral energy density, f, is rest frame fre-
quency, Hy = 67.4 km s~ Mpc~! is the Hubble constant, and G' = 6.67-10711
m?3 kg~! s72 is the universal gravitational constant. The integral of Equation 2
encompasses the entirety of the Universe’s life. The components inside the inte-
gral multiply N(z) by spectral energy density weighted by f. At 2 =0, f,. = f,
and Qaw (f) = f(No/pc)(dEcw /df). As aresult, Qgw is proportional to N(z).

Fractional energy density can be averaged over source parameters 6. In ad-
dition, N(z) can be rewritten in terms of event rate, redshift and the Hubble



parameter. Therefore, Equation 2 becomes the following after removing f from

the integral:
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where H(z) is the Hubble parameter as a function of redshift.

Figure 1 depicts the predicted SGWBs across the frequency spectrum, clas-

sifying the signal by source:
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Figure 1: Predicted GW backgrounds from different sources across the frequency
spectrum. Figure from [7].

Each color represents a different source of GWs. The project specifically focuses
on the frequency sensitivity of LIGO (10 Hz to 10 kHz [5]), which corresponds
to the very upper range of Figure 1. Binary black holes (BBH) are incorporated
into the figure with the brown line, which represents the predicted background
due to supermassive binary black holes (SMBBH). The project also includes
stellar mass binary black holes, which are expected to be the majority of the
BBH signal in the LIGO frequency range. The predicted SMBBH signal lies
in the 1071° Hz to 107 Hz range, which is outside of LIGO sensitivity, thus

suggesting that BBHs between 10 Hz and 10 kHz are not supermassive.



3 Project Plan

The goal of the project is to provide both a theoretical and data-based estimate
of the SGWB. The project can be divided into three distinct steps, outlined as
follows:

1. Determine representative group of binary black holes to inject into data
using source parameters.

Step 1 involves writing code to generate a list of injections based on param-
eters such as mass, distance, and spin. Each line of the output represents
one BBH and contains the parameter information. This code has already
been written.

2. Calculate SGWB both theoretically and empirically.

Step 2 is split into two parts, the theoretical and the numerical estimate
of the SGWB. The theoretical estimate will be made using Equation 4
such that the output incorporates all BBH sources. The empirical esti-
mate will be made using Equation 2 such that the output includes ob-
served BBH sources. The Python library pygwb (Python-based library
for gravitational-wave background-searches) will be used to inject the sig-
nals into the data [8]. Another student will be completing the theoretical
estimate, and I will be completing the empirical estimate.

3. Compare theoretical and numerical SGWBs in order to determine the
expected frequency range of the SGWB.

4 Appendix A

The Hubble parameter is a measure of the expansion of the universe in km s=!

Mpc~1t.

H(z) = Ho(Qm(1+ 2)" + Qur(1 + 2)° + Qu(1 + 2)% + 22) 72, (6)
Qr =2, +Q +Qaw + ..., (7)

where H(z) is the Hubble parameter, Hy is the current Hubble parameter, z is
redshift, and 2 is the energy density with R as the radiation component, M as
the matter component, k as the curvature, and A as the cosmological constant,
representative of dark energy. R is composed of photons, neutrinos, and GWs.
M is composed of baryons and cold dark matter. The current value of H, Hy, is
approximately equal to 67.4 km s~! Mpc~! [3], though the value varies across
literature.

The quantity Qg is particularly notable at high redshift, which is concurrent
with the radiation-dominated era of the cosmological timeline, suggesting that
Qcw becomes a measurable quantity when probing the early Universe.



References

Abbott, B. P., Abbott R., Abbott, T. D., et al. 2016, Phys. Rev. Lett., 116,
061102

Abbott, B. P., Abbott R., Abbott, T. D., et al. 2019, Astrophys. J., 886, 75
Aghanim, N., Akrami, Y., Ashdown, M., et al. 2020, A&A, 641, A6
Bustillo, J. C., Evans, C., Clark, J. A., et al. 2020, Commun. Phys., 3, 176

Martynov, D. V., Hall, E. D., Abbott., B. P., et al. 2016, Phys. Rev., D 93,
112004

Piccinni, O. J.. 2022, Galaxies, 10(3), 72

Renzini, A. I., Goncharov, B., Jenkins, A. C., & Meyers, P. M. 2022, Galaxies
10, 0

Renzini, A. I., Romero-Rodriguez, A., Talbot, C., et al. 2023, AAS



