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Abstract

A stochastic background of gravitational waves could be created by the superposition of 

a large number of independent sources. The physical processes occurring at the earliest 

moments of the universe certainly created a stochastic background that exists, at some level, 

today. This is analogous to the cosmic microwave background, which is an electromagnetic 

record of the early universe. The recent observations of gravitational waves by the Advanced 

LIGO and Advanced Virgo detectors imply that there is also a stochastic background that 

has been created by binary black hole and binary neutron star mergers over the history of the 

universe. Whether the stochastic background is observed directly, or upper limits placed on 

it in specific frequency bands, important astrophysical and cosmological statements about 

it can be made. This review will summarize the current state of research of the stochastic 

background, from the sources of these gravitational waves to the current methods used to 

observe them.
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1. Introduction

Gravitational waves are a prediction of Albert Einstein from 

1916 [1, 2], a consequence of general relativity [3]. Just as an 

accelerated electric charge will create electromagnetic waves 

(light), accelerating mass will create gravitational waves. And 

almost exactly a century after their prediction, gravitational 

waves were directly observed [4] for the first time by Advanced 

LIGO [5, 6]. The existence of gravitational waves had already 

been firmly established in 1982 through the observation of 

the orbital decay of a binary neutron star system [7]; as the 

two neutron stars orbited around one another they were accel-

erating, so gravitational waves were emitted, carrying away 

energy and causing the orbit to decay. Advanced LIGO has 

subsequently observed gravitational wave signals from merg-

ing binary black hole systems [8–11]. Since then Advanced 

LIGO and Advanced Virgo [12] have joined together to 

observe a binary black hole merger [13] and a binary neutron 

star merger [14]. The detection of gravitational waves from 

the binary neutron star merger, GW170817, marked the begin-

ning of gravitational wave multi-messenger astronomy, with 

simultaneous observations of the event and its source across 

the electromagnetic spectrum [15]. It can be argued that multi-

messenger astronomy started with the joint electromagnetic 

and neutrino observations of SN 1987A [16].

A gravitational wave is a traveling gravitational field. An 

electromagnetic wave is a traveling electric field and magn-

etic field, both transverse to the direction of propagation. 

Similarly, the effects of a gravitational wave are transverse 

to the direction of propagation. The effects of a gravitational 

wave are similar to a tidal gravitational field. In terms of gen-

eral relativity, a gravitational wave will stretch one dimension 

of space while contracting the other. Just like electromagnetic 

waves, gravitational waves carry energy and momentum with 

them.

Gravitational waves are far too weak to be created by 

some process on the Earth and then subsequently detected. 

Energetic astrophysical events will be the source of observ-

able gravitational wave signals. The events could be the inspi-

ral of binary systems involving black holes or neutron stars. 

Core collapse supernovae could produce a detectable signal 

if they occurred in our galaxy, or perhaps in nearby galax-

ies. A spinning neutron star would produce a periodic gravi-

tational wave signal if the neutron star had an asymmetry that 

made it nonaxisymmetric. Finally, there could be a stochastic 

background of gravitational waves made by the superposi-

tion of numerous incoherent sources. The recent detection by 

LIGO and Virgo of gravitational waves from the coalescence 

of binary black hole and binary neutron star systems implies 

that there is a stochastic background created by these sorts 

of events happening throughout the history of the universe  

[9, 17, 18]. Because of the recent LIGO–Virgo results there 

will be an emphasis in this report on the stochastic background 

that LIGO–Virgo may soon observe; however, searches via 

other methods will also be addressed. Certainly different pro-

cesses in the early universe have created gravitational waves. 

For example, quantum fluctuations during inflation [19], the 

speculated period of exponential growth of the universe at its 

earliest moments, have created gravitational waves that would 

be observed as a stochastic background today [20].

This report will give an overview of the stochastic gravi-

tational wave background (or, more simply, in this report, 

the stochastic background). Presented will be a summary of 

the various means by which a stochastic background could 

be created. Furthermore, the different ways that a stochastic 

background could be detected will be presented, along with 

the information that could be extracted from its observation, 

or even the absence of its observation.

1.1. Gravitational waves

Given here is a brief review of gravitational waves. For a com-

prehensive summary of gravitational wave physics, sources, 

and detection methods, see [21–24]. Working with linearized 

general relativity, the gravitational wave is assumed to make 

only a slight modification to flat space,

gµν ≈ ηµν + hµν , (1)

where gµν is the spacetime metric, ηµν in the Minkowski 

metric (representing flat spacetime), and hµν is the metric 

perturbation. The generation of gravitational waves is a con-

sequence of general relativity, and can be predicted via the 

Einstein equation. To first order in the metric perturbations, 

gravitational waves are created when the mass quadrupole 

moment is accelerating, namely it has a non-zero second 

derivative with respect to time. Gravitational waves also carry 

energy and momentum. When a system emits gravitational 

waves, it loses energy. The existence of gravitational waves 

was first confirmed through the observation of the orbital 

decay of the binary pulsar PSR 1913  +  16 [7, 25]; the rate 

at which the orbit for this system is decaying exactly matches 

the prediction from general relativity for the loss of energy 

through gravitational wave emission. This is also the reason 
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for the coalescence of the binary black holes and the binary 

neutron stars observed by Advanced LIGO and Advanced 

Virgo, such as GW150914 [4], GW151226 [8], GW170104 

[10], GW170608 [11], GW170814 [13] and GW170817 [14].

After emission, a gravitational wave essentially travels as 

a plane wave. Imagine a wave traveling in the z-direction. 

Just as with electromagnetic radiation, there are two possi-

ble polarizations, and the physical effects are transverse to the 

direction of propagation. We can arbitrarily choose our x and 

y axes. One polarization, which we will call the  +  polariza-

tion, will cause space to be expanded and contracted along 

these x and y axes. The other polarization, which we will call 

the  ×  polarization, will cause space to be expanded and con-

tracted along the x′ and y′ axes, where these axes are rotated 

by 45◦ from the other axes.

Let us look in detail at the effect of the  +  polarization. 

Consider the plane wave moving in the z-direction

hij(z, t) = h+





1 0 0

0 −1 0

0 0 0





ij

ei(kz−ωt) . (2)

Spacetime is stretched due to the strain created by the gravi-

tational wave. Starting with a length L0 along the x-axis, the 

gravitational wave causes the length to oscillate as

L(t) = L0 +
h+L0

2
cos(ωt) . (3)

There is a change in its length of

∆Lx =
h+L0

2
cos(ωt). (4)

Along the y-axis, a similar length L0 subjected to the same 

gravitational wave oscillates as

∆Ly = −

h+L0

2
cos(ωt). (5)

In this example, the x-axis stretches while the y-axis contracts, 

and then vice versa, as the wave propagates through the region 

of space. In terms of the relative change of the lengths of the 

two arms (at t  =  0),

∆L = ∆Lx −∆Ly = h+L0 cos(ωt), (6)

or

h+ =
∆L

L0

. (7)

The amplitude of a gravitational wave, h+ , is the amount of 

strain that it produces on spacetime. The other gravitational 

wave polarization (h×
) produces a similar strain on axes 45◦ 

from (x, y). The stretching and contracting of space is the 

physical effect of a gravitational wave, and detectors of gravi-

tational waves are designed to measure this strain on space.

1.2. Sources of gravitational waves

When searching for gravitational waves the signals are roughly 

divided into four categories: coalescing binaries, unmod-

eled bursts (for example from core collapse supernovae), 

continuous waves (for example from pulsars), and stochastic. 

The signal search techniques are then optimized for these par-

ticular signals.

Compact binary coalescence will produce a typical chirp-

like signal. In the LIGO–Virgo observational band, from  

10 Hz up to a few kHz, these signals will be made from binary 

systems consisting of neutron stars (with masses  ∼1.4 M⊙) 

and black holes (with masses up to  ∼100 M⊙). As the binary 

system’s orbit decays via energy loss by gravitational wave 

emission, the two objects spiral into one another. The orbital 

frequency increases, and consequently the gravitational 

wave frequency and amplitude also increase. In addition to 

the inspiral (chirp) signal, there will also be a signal associ-

ated with the merger of the two objects, and if a black hole is 

created, the ringdown signal as the black hole approaches an 

axisymmetric form. Since the binary inspiral signal is rela-

tively straightforward to calculate, the LIGO–Virgo signal 

search is based on comparing the data with templates. As the 

ability to predict the form of the signal has improved, these 

templates now account for the spin of the masses [26–28]. 

Once the signals are detected, Bayesian parameter estima-

tion routines are used to extract the physical parameters of 

the system. These methods now incorporate the full extent 

of the waveform: inspiral, the merger of the two masses, and 

the black hole’s ringdown to an axisymmetric form [29]. It is 

interesting to note that stellar mass binary black hole systems, 

similar to GW150914 [4], will also be visible in the proposed 

space-based gravitational wave detector [30], the laser inter-

ferometer space antenna (LISA) [31, 32]. LISA will be able to 

observe these systems weeks to years before they coalesce in 

the LIGO–Virgo band. LISA will observe gravitational waves 

with frequencies between 0.1 mHz and 100 mHz. In this band 

LISA will also observe binary black hole systems with masses 

up to  ∼107 M⊙. Pulsar timing methods (whereby the regular 

radio signals from pulsars are used like clocks in the sky, and 

the presence of a gravitational wave would vary the arrival 

time of the pulses) will search for supermassive binary black 

hole systems, with masses from 3 × 107 M⊙ to 3 × 109 M⊙ 

(gravitational wave periods of the order of years) [33].

There are several possible sources of unmodeled bursts of 

gravitational waves. Core collapse supernovae are one of the 

most exciting possibilies. The gravitational wave emissions 

from these sorts of events are extremely difficult to predict 

[34]. Other burst signals could come, for example, from pul-

sar glitches, or the transition of a neutron star to a black hole. 

These types of signals are typically searched for via excess 

power in the data. LIGO and Virgo have recently searched for 

signals of these types with durations from a few milliseconds 

up to 10 s [35]. The inspiral and merger of a very massive 

binary black hole pair will be of short duration in the LIGO–

Virgo observation band, so these excess power detection 

methods will be the most effective means of observing them. 

There are also different mechanisms by which there could 

be gravitational wave transients of significant amplitude for 

extended periods; LIGO and Virgo are currently looking for 

burst events lasting up to 1000 s [36, 37]. In addition to excess 

power types of searches, it is also possible to search for cos-

mic string signals via a dedicated template based search [38].  
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Cosmic strings are theorized to be one-dimensional topologi-

cal defects created after a spontaneous symmetry phase trans-

ition [39, 40] as predicted in a range of field theories. While 

cosmic string kinks and cusps will produce short duration 

transient gravitational wave signals, the forms of these signals 

are technically predictable.

Neutron stars are extremely dense, and often spinning at 

incredible rates. It is suspected that neutron stars typically 

have masses around 1.4 M⊙, with a radius around 12 km. 

Neutron stars can have significant angular velocities; there 

is evidence of a pulsar with a rotation rate of 714 Hz [41]. 

A rotating sphere will not emit gravitational waves (due to 

conservation of mass); more generally, a rotating axisym-

metric object will not emit gravitational waves (due to con-

servation of angular momentum). However, if there is some 

asymmetry in the shape of the rotating neutron star, then it 

can emit gravitational waves. These gravitational waves 

would be periodic, but due to other factors (loss of energy 

from gravitational wave emission, or accretion from a com-

panion in a binary), there can be a frequency derivative. The 

Doppler shift between the source and the detector must also 

be considered. With these factors in mind, LIGO and Virgo 

are currently searching for gravitational waves from rapidly 

rotating neutron stars [42, 43]

The incoherent sum of numerous unresolved gravitational 

wave signals will result in a stochastic background of gravita-

tional waves. This is the main topic of this report, and much 

more information on this background is presented below.

The magnitude of the stochastic gravitational wave back-

ground is usually reported in terms of its energy density per 

logarithmic frequency interval with respect to the closure den-

sity of the universe (ρc =
3c2H2

0

8πG
≈ 7.6 × 10−9 erg cm−3 with 

H0  =  67.74 km s−1 Mpc−1, h  =  0.6774 [44], c the speed of 

light and G Newton’s constant), or specifically

ΩGW( f ) =
f

ρc

dρGW

df
. (8)

One can also consider the energy density of gravita-

tional waves over a particular frequency band, namely 

ΩGW =
∫

d ln f ΩGW( f ) [45]. The stochastic gravitational 

wave background could come from cosmological sources: 

the inflationary epoch, phase transitions in the early universe, 

alternative cosmologies, or cosmic strings. Alternatively, there 

could be an astrophysically produced cosmological back-

ground. This could be produced from supernovae, magnetars, 

or the inspiral and merger of compact objects (neutron stars or 

black holes) over the history of the universe. Because of the 

recent observation of stellar mass binary black hole and binary 

neutron star mergers by Advanced LIGO and Advanced Virgo, 

it is likely that the stochstic background in the LIGO–Virgo 

observation band will be dominated by this source, with 

ΩGW( f ) ≈ 10−9 at 25 Hz [17, 18].

1.3. Summary of recent gravitational wave detections

In the first observing run of Advanced LIGO (O1, September 

12, 2015–January 19, 2016) three gravitational wave signals 

were observed. GW150914 was reported as a definitive gravi-

tational wave observation, with the signal created by the 

merger of a binary black hole pair with masses 36 M⊙ and 

29 M⊙, at a distance of 410 Mpc. The total energy emitted 

in gravitational waves was 3 M⊙c2 [4]. The second definitive 

gravitational wave observation was GW151226. This event 

was the result of the merger of two black holes with masses 

of 14 M⊙ and 7.5 M⊙, at a distance of 440 Mpc. A total of 

1 M⊙c2 of energy was released as gravitational waves [8]. 

Finally, event LVT151012 was almost certainly a gravitational 

wave event, but because of the long distance to the source, 

1000 Mpc, it had a reduced gravitational wave amplitude and 

signal-to-noise ratio, and hence a lower statistical signifi-

cance. The masses for this system were 23 M⊙ and 13 M⊙. 

The energy released in gravitational waves was 1.5 M⊙c2 [9].

The second observing run (O2, November 30, 

2016–August 25, 2017) of Advanced LIGO and Advanced 

Virgo has provided more events. Advanced Virgo joined O2 

on August 1, 2017. Advanced LIGO observed gravitational 

waves from binary black hole mergers GW170104 (with 

masses of 19.4 M⊙ and 31.2 M⊙ at a distance of 880 Mpc) 

[10] and GW170608 (with masses of 12 M⊙ and 7 M⊙, 

the lightest binary black hole system observed to date, at a 

distance of 340 Mpc) [11]. The first three-detector obser-

vation of gravitational waves between Advanced LIGO and 

Advanced Virgo was the detection of GW170814, another 

binary black hole system (with masses of 25.3 M⊙ and 30.5 

M⊙ at a distance of 540 Mpc) [13]. The Advanced LIGO 

and Advanced Virgo network then detected gravitational 

waves from a binary neutron star inspiral, GW170817 

[14]; a gamma ray burst was detected 1.7 s after the merger  

[46–48], and the source was identified across the electro-

magnetic spectrum [15], thus beginning the era of gravita-

tional wave multi-messenger astronomy.

1.4. What is a stochastic gravitational wave background?

A stochastic background of gravitational waves is very dif-

ferent from transient gravitational waves (binary inspirals, 

or burst events) or continuous periodic gravitational waves 

(coming from pulsars). These other sources are sending gravi-

tational waves from specific locations in the sky. A stochastic 

background will come from all directions. To a first approx-

imation, the stochastic background is assumed to be isotropic; 

one could determine its statistical properties by observing any 

part of the sky [49, 50]. Searches for the stochastic background 

typically proceed with the hypothesis that it is uniform across 

the sky [51]. This is analogous to the cosmic microwave back-

ground (CMB), which is essentially isotropic, but, in fact it 

is ultimately anisotropic (with temperature anisotropies at the 

level of 10−5) [52, 53]. Similarly, there are signal searches 

that attempt to measure an anisotropic stochastic gravitational 

wave background [54].

Unlike other gravitational wave signals, a stochastic back-

ground would just appear as noise in a single gravitational 

wave detector. For example, consider some detector attempt-

ing to measure gravitational waves. The signal s(t) from that 
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detector would be the sum of the gravitational wave, h(t), and 

noise, n(t), or specifically,

s(t) = n(t) + h(t) . (9)

However, the magnitude of a stochastic background will 

always be much smaller than the noise in the detector, 

n(t) ≫ h(t). The only way to detect a stochastic background 

will be to take the correlation between two detector outputs,

〈s1(t) s2(t)〉 = 〈(n1(t) + h(t)) (n2(t) + h(t))〉

= 〈n1(t) n2(t)〉+ 〈n1(t) h(t)〉+ 〈h(t) n2(t)〉

+ 〈h(t) h(t)〉

≈ 〈h(t) h(t)〉 ,
 

(10)

(where the 〈 〉 represents the time average) since it is assumed 

that the noise in each detector is statistically independent from 

one another, and also from the stochastic background.

In reality, the two detectors will be displaced from one 

another, so the detected signal will not be quite the same; the 

consequences of this will be articulated below. Also, having 

two co-located detectors typically leads to common noise, 

as was the case for initial LIGO when it used two co-located 

detectors to attempt to measure the stochastic background 

[55]; Advanced LIGO does not have co-located detectors. As 

a consequence, LIGO and Virgo are attempting to measure the 

stochastic background through the correlation of the output of 

detectors displaced thousands of kilometers from one another. 

The assumption was that there would be no common noise, 

but even this assumption cannot be sustained [56–58].

As will be described below, numerous different methods 

will be used to try to measure a stochastic background in 

different frequency regimes. In all likelihood, the stochastic 

background’s energy level will change very little over the 

observational band of the detector. There will not be large var-

iations in the background when looking at it in the frequency 

domain, nor in the time domain. The stochastic background 

would essentially be impossible to detect in a single detector. 

But through the correlation of data from different detectors 

one could possibly extract the signal. In terms of formal statis-

tical definitions, it is assumed that the background is stochas-

tic, stationary, and ergodic [59].

There is certainly a stochastic gravitational wave back-

ground at some level. From all of the activity over the history 

of the universe, space-time is constantly oscillating. Using the 

stochastic background to probe the earliest moments of the 

universe, for example from inflation [19], would provide an 

unprecedented window to the physics of the early universe 

[20, 60]. The gravitational waves produced in the early uni-

verse will have frequencies today that extend from 1/THubble 

to at least 1014 Hz, if not higher [49, 50]. However, for LIGO 

and Virgo, their observational band (from 10 Hz to a few kHz) 

is likely to be dominated by a stochastic background produced 

by the merger of binary black holes and binary neutron stars 

over the history of the universe [17, 18].

A properly calibrated gravitational wave detector will pro-

duce an output of the measured gravitational wave strain, h(t) 
(which is dimensionless). From the correlation of the output 

of two detectors one can measure the root mean square (rms) 

of the strain, h2
rms, or the spectral density Sh( f ),

h2
rms =

〈

∑

i,j

hijhij

〉

=

∫

∞

0

dfSh( f ) . (11)

The energy density of the gravitational waves can be related to 

the spectral density, namely

ρGW =

∫
∞

0

dfρGW( f ) =

∫
∞

0

dfSh( f )
πc2f 2

8G
, (12)

with

dρGW

df
= ρGW( f ) . (13)

In this case, equation (8) can be written as

ΩGW( f ) =
fρGW( f )

ρc

. (14)

1.5. The importance of observing a stochastic gravitational 

wave background

Whether produced by cosmological or astrophysical sources, 

an observed stochastic gravitational wave background would 

provide a wealth of information about this universe. This is 

analogous to the CMB; the observation of it and its anisot-

ropies has revolutionized our understanding of the universe 

[44, 52, 53, 61]. An even deeper view of the universe could 

come from the stochastic gravitational wave background. 

Gravitational waves from inflation would help describe the 

universe at its earliest moments [62–69]. There is also the 

possibility that the initial state of the universe was perturbed 

via string cosmology. With string cosmology there could be 

a phase of accelerated evolution in advance of the Big Bang. 

This would also create a distinctive background of gravita-

tional waves [70–73]. These pre-Big-Bang cosmologies 

might produce gravitational waves that could be observed in 

the LIGO–Virgo observational band [70–73]. Cosmic strings, 

theorized topological defects produced by phase transitions 

in the early universe, vibrate and lose energy via gravitational 

wave emission over the history of the universe [39, 74–76]. If 

cosmic strings exist, they will create a stochastic background 

of gravitational waves, the observation of which would bring 

confirmation of physics beyond the Standard Model [77]. A 

first-order phase transition in the early universe would see 

the production of bubbles of different phases. The growth of 

spherical bubbles would not create gravitational waves, but 

the collision of bubbles would. The observation of a stochastic 

background produced by first-order phase transitions would 

certainly provide significant information on cosmology and 

high-energy physics [78–80].

An astrophysically produced stochastic gravitational wave 

background certainly exists at some level. The recent observa-

tions by Advanced LIGO and Advanced Virgo of binary black 

hole and binary neutron star mergers [4, 8–11, 13, 14] imply 

that a stochastic background will be produced by these events 

happening over the full history of the universe [17, 18, 51].  
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A stochastic background produced by binary black hole merg-

ers is likely to be the loudest background in the LIGO–Virgo 

band, and one that may ultimately be observable by those 

detectors [18]. The merger of binary neutron star systems over 

the course of the universe will also contribute significantly 

to the stochastic background [18, 81–83]. An astrophysically 

produced stochastic background would have contributions 

from core collapse supernovae [84, 85], rotating neutron stars 

[86], differentially rotating neutron stars [87], and magnetars 

[88] throughout the universe. Any information derived from 

an astrophysically produced stochastic background would 

provide significant information about astrophysical processes 

over the history of the universe. Clearly the differentiation 

between the different sources of a stochastic background will 

be difficult to observe and will ultimately require observation 

of the frequency dependence of the stochastic background 

over an extended frequency band.

1.6. Methods used to measure a stochastic background

There are many methods that are currently being used to try to 

observe the stochastic background of gravitational waves. A 

number of techniques have been proposed for future attempts 

to observe the stochastic background. These methods will 

be reviewed below. However, a recent review provides an 

extremely comprehensive explanation of all of the methods 

used and proposed to observe the stochastic background, and 

the interested reader is encouraged to consult that summary 

[24]. In addition the article [45] provides an excellent over-

view on observational limits on the stochastic background 

over 29 decades in frequency.

LIGO and Virgo have used correlation methods between 

two or more interferometric detectors to attempt to measure 

the stochastic background [49, 50, 89]. While no signal was 

detected, upper limits have been placed on the energy density 

of the background from 20 Hz to 1000 Hz [51, 55, 90–95]. 

Pulsar timing has been used to try to detect a stochastic back-

ground in the 10−9 Hz–10−8 Hz band [45]. The temperature 

and polarization anisotropies of the CMB can be used to con-

strain the energy density of the stochastic gravitational wave 

background in the 10−20 Hz–10−16 Hz band [45, 96]. The 

normal modes of oscillation of the Earth can even be used to 

constrain the stochastic background energy density in the 0.3 

mHz–5 mHz band [97].

In the future (probable launch in the 2030s), the space 

based gravitational wave detector LISA [31] will search for a 

stochastic background in the 0.1 mHz–100 mHz band. Earth 

based atomic interferometers are being proposed to search 

for gravitational waves, including a stochastic background, 

in the 0.3 Hz–3 Hz band [98]. A detector such as this would 

occupy an important location in the frequency spectrum 

between LISA and LIGO–Virgo. The proposed, space-based 

DECi-hertz Interferometer Gravitational wave Observatory 

(DECIGO) would attempt to observe gravitational waves 

from 0.1 Hz to 10 Hz [99, 100].

Presented in section 3 will be a more detailed description 

of the methods to observe the stochastic background, what 

their sensitivities are at present, and what their sensitivities 

are expected to be in the future.

2. Summary of sources of a possibly observable 

stochastic gravitational wave background

There are a number of sources of stochastic backgrounds. 

Below we summarize the most probable backgrounds pro-

duced via cosmological or astrophysical phenomena. An 

excellent review of astrophysically produced stochastic back-

grounds can be found in [101]; however, the implications of 

the observations by Advanced LIGO and Advanced Virgo 

of gravitational waves from binary black holes and binary 

neutron stars has significantly increased the probability that 

an astrophysically produced stochastic background will be 

observed in the near future [17, 18].

2.1. Inflation

The electromagnetic analog to the stochastic background is 

the cosmic microwave background (CMB). In the early uni-

verse the fundamental particles and photons were in thermal 

equilibrium. Up until about 400 000 yr after the Big Bang, 

protons, electrons and photons formed a cosmic soup, and 

continuously bounced off one another. However, due to the 

expansion of the universe the temperature of the universe 

dropped, and neutral hydrogen was eventually formed. This 

event is referred to as recombination, although it is the first 

time in which electrons and protons combined to form neutral 

hydrogen. At this moment the photons were free to propagate 

away, and essentially did not interact anymore with matter.

The CMB was observed for the first time, albeit acciden-

tally, in 1964 (when the age of the universe was 13.8 billion 

years [44, 53, 102]) by Arno Penzias and Robert Wilson of 

Bell Laboratories, in New Jersey, USA [103]. The explana-

tion of the cosmological origin of the observation was pub-

lished simultaneously [104], although the existence of the 

CMB had been predicted before [105]. The CMB is observed 

today to have a perfect black body temperature distribution 

corre sponding to 2.726 K [106, 107]. There are slight temper-

ature anisotropies across the sky of the order of 30 µK rms 

[108]. From these temperature fluctuations, specifically how 

they vary as a function of angular scale, it is possible to esti-

mate the cosmological parameters that describe our universe  

[44, 53, 102, 109].

While the cosmological information provided by the CMB 

is astounding, specific features of the CMB raise a number of 

questions. For example, any two points on the sky separated 

by more than 2° were causally disconnected at the time of 

recombination. This then leads to the question: how is it possi-

ble that the temperature of two points on opposite sides of the 

sky have the same temperature (to one part in 105) if they have 

not been in thermal equilibrium with each other? This is what 

is known as the Horizon Problem. The temperature fluctua-

tions of the CMB as a function of angular scale on the sky can 

be used as input for Bayesian parameter estimation methods 

[102, 109] that then allow for the estimation of cosmological 
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parameters [44, 53]. From this, as well as other methods, it is 

apparent that the present energy density of the universe (con-

sidering radiation, baryonic matter, dark matter, dark energy) 

seems to be equal, or nearly equal, to the closure density of 

the universe

ρc =
3H2

0

8πG
= 7.8 × 10−9 ergs cm−3 (15)

with a Hubble constant of H0 = 67.74 km s−1 Mpc−1 [44]. If 

the current energy density of the universe is equal to the criti-

cal energy density then the curvature of the universe is zero, 

namely the universe is flat. The question then becomes, how 

is it possible that we find ourselves in such a special state of 

curvature? And if we are just close to a curvature of zero now, 

then earlier in the universe the curvature must have been even 

closer to zero. This is what is known as the Flatness Problem.

The theory of inflation solves these problems [19, 110]. 

It is assumed that in the very earliest moments the universe 

went through a period where its size grew exponentially, 

namely a(t) ∝ eHvact, where a(t) is the scale parameter of the 

universe, and Hvac is the Hubble parameter at that time [111]. 

This expansion could be caused by the presence of some sca-

lar field, let us call it φ, which would give the space at that 

time some energy density, ρvac, which would then be related 

to the square of the Hubble parameter by H2
vac ∝ ρvac [111]. 

Eventually the decay of the scalar field to our present vacuum 

would put an end to the exponential inflation at that time, and 

provide the energy for the production of the fundamental par-

ticles that we are aware of today.

This rapid expansion of the universe has the effect of driv-

ing the curvature of the universe to zero, thus solving the 

Flatness Problem. It also means that our entire observable 

universe occupied a region which was in causal contact, and 

presumably thermal equilibrium, before the effect of the expo-

nential expansion drove the regions apart from one another.

At this early period in the universe quantum mechanics 

would have played an important role in the evolution of the 

universe. All quantum fields have vacuum fluctuations associ-

ated with them. This would have been true for the inflation-

ary field φ as well. Scalar fluctuations in the field could have 

served as the initial seeds for the distributions of matter that 

we see in the universe today. However, there would also have 

been tensor fluctuations, and these would have produced grav-

itational waves [65–68, 112–115]. Gravitational waves could 

also be produced at the end of inflation, during the period of 

pre-heating, when the scalar field was decaying into the mat-

erial that makes up the present day universe [64, 69]. These 

primordial gravitational waves, if observed, could provide 

information about the universe in this inflationary era.

The gravitational waves produced during inflation would 

exist today over wavelengths corresponding to the size of the 

observable universe, down to sub-atomic distances. For fre-

quencies above 10−17 Hz the predicted background is around 

ΩGW ≈ 10−15, a level that will likely be difficult to observe 

by any technique at any wavelength. Note that for lower fre-

quencies (10−17 Hz corresponds to a period of 23% of the age 

of the universe) there is an increase in the predicted energy 

density of the stochastic background as perturbations from the 

early universe that were frozen out (being larger than observ-

able size of the universe) re-enter and propagate again as grav-

itational waves. Of course, alternative inflationary scenarios 

could produce a stochastic background at different levels.

2.2. Cosmic strings

Cosmic strings are a unique possibility for new physics that 

could be observed via gravitational waves. These would be 

one-dimensional topological defects, or false vacuum rem-

nants, produced after a spontaneous symmetry phase trans-

ition [39, 40] from a broad variety of field theories, for 

example, Grand Unified Theories applied in the early universe 

[116]. Their formation happens at the end of inflation [117].

Cosmic strings are classical objects. Cosmic superstrings 

are other theorized objects; these would be quantum objects, 

even though they would extend to cosmological distances 

[118]. The formation of cosmic superstrings would occur at 

the end of brane inflation, when D-branes annihilate, or via 

brane collisions [118].

When cosmic strings intersect they always swap partners, 

or when a single string folds upon itself, the connection inter-

change creates a cosmic string loop [119, 120]. On the other 

hand, when cosmic superstrings intersect the probability of 

swapping partners is less than one [118], even much less than 

one [121]. This can lead to an excess in the density of cos-

mic superstrings [121]. The intercommutation probability, p, 

is a very important parameter concerning the production of 

gravitational waves in the universe. There are predictions that 

the intercommutation probability p should be in the range of 

10−1–1 for D-strings, or 10−3–1 for F-strings [122]. Cosmic 

strings and cosmic superstrings create gravitational waves 

[76]. When cosmic strings intersect, cusps and kinks will be 

formed. Cosmic string kinks [123–125] are discontinuities on 

the tangent vector of a string, while cusps are points where 

the string instantaneously reaches the speed of light [75, 76, 

126]. These cusps and kinks will create bursts of gravitational 

waves, whose waveforms can be predicted [76, 126, 127]. 

The superposition of these gravitational waves from cosmic 

strings produced over the history of the universe will create a 

stochastic background of gravitational waves [75, 76].

Cosmic strings are characterized by the dimensionless ten-

sion of the string, Gµ (assuming c  =  1), where µ is the mass 

per unit length and G is Newton’s constant. The product Gµ 

is thus an unknown parameter that will affect the production 

of gravitational waves, and can be constrained by searches for 

gravitational waves (even null results) [38, 94, 128, 129].

Assuming that the magnitude of loops is defined by the 

gravitational backreaction scale (namely, the effect of the 

emitted gravitational waves changing the state of the cosmic 

string that created them), the null search results from initial 

LIGO place upper limits on the string tension of Gµ < 10−8 

for particular regions of the cosmic string parameter space 

[38]. The string tension has also been constrained through 

observations of the CMB to be less than 10−7 [128, 130–132]. 

Cosmic string loops will oscillate, producing gravitational 

waves [133, 134]. Combining gravitational wave observations 

[38] and cosmological data (CMB [135–137], baryon acoustic 
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oscillations [138–140], gravitational lensing data [141]), and 

again assuming that the size of the loops is determined by the 

gravitational backreaction scale, string tension values greater 

than 4 × 10−9 are excluded for an intercommutation probabil-

ity of p  =  10−3 [128].

The data from Advanced LIGO and Advanced Virgo are 

now being used to search for cosmic string gravitational wave 

signals. The analysis of the Advanced LIGO data from the 

first observing run, O1, has recently been published [142]. No 

gravitational wave signals from cosmic strings were observed. 

That fact, along with the upper limits set on the energy density 

of the stochastic background from the Advanced LIGO O1 

data, ΩGW < 1.7 × 10−7 for 20–86 Hz [51], was used to con-

strain three cosmic string models. One model (M1) assumes 

that all cosmic string loops were formed with roughly the same 

size, and the loops do not self-interact after they were created 

[40, 143, 144]. The next model (M2) uses numerical calcul-

ations to predict the size of the cosmic string loops when they 

were created, as well as the creation rate as a function of time 

[145]. The third model (M3) differs from M2 in that it consid-

ers the distribution (as a function of time) of loops that do not 

self-interact; it also considers the back-reaction on the loops 

when gravitational waves are emitted [146, 147]. The lack of 

detection of such gravitational wave bursts in the Advanced 

LIGO O1 data constrains M3, assuming an intercommutation 

probability of p  =  1, to have a string tension Gµ < 1 × 10−9; 

the O1 burst search does not significantly constrain M1 and 

M2. The results of the Advanced LIGO O1 upper limits for 

the energy density of the stochastic background essentially 

exclude M3. For M1, the O1 stochastic search result constrains 

the string tension, assuming p  =  1, to be Gµ < 5 × 10−8; for 

M2 the constraints are weaker, and with a reduction of inter-

commutation probability to p  =  0.1, a tension constraint of 

Gµ < 5 × 10−8 can also be set. See [142] for the complete 

details of this study.

2.3. First-order phase transitions

In the physics world there are many types of phase trans itions. 

In our day-to-day lives we see transitions between solid, liq-

uid and gaseous matter. A particular medium in thermal equi-

librium will have uniform characteristics pertaining to its 

physical qualities. But when a phase transition occurs, some 

of these physical characteristics will change. Some of the 

changes can even happen discontinuously [148].

A first-order phase transition has a discontinuity in the first 

derivative of the free energy with respect to a thermodynamic 

parameter. Consider the Gibbs free energy

G( p, T) = U + pV − TS , (16)

where p is the pressure, T is the temperature, U is the internal 

energy of the system, V  is the volume, and S is the entropy.

From the Maxwell relations we have S = −

∂G
∂T p

 and 

V = ∂G
∂p T

. If these quantities were discontinuous, then we 

would have a first-order phase transition. As a simple exam-

ple, consider water changing from a liquid to a gas, namely 

the water is boiling. Both the entropy, S, and the volume, V , 

change abruptly when going from one phase to the other. In 

fact, the change in entropy can be related to the latent heat of 

the process, L = T∆S.

Second-order phase transitions have a discontinuity in the 

second derivative (with respect to thermodynamic parameters) 

of the free energy, while the first derivatives remain continu-

ous. For example, second-order phase transitions are observed 

in superconductors, or the ferromagnetic phase transition in 

iron.

First-order phase transitions in the early universe could 

produce a significant stochastic background of gravitational 

waves. The boiling water analogy can be made, but now 

one can imagine bubbles of a different phase of the universe 

forming from within another older phase. The early uni-

verse certainly experienced a number of phase transitions. 

If one considers the Standard Model, there was presumably 

a grand unification period when the electromagnetic, weak 

and strong forces were all unified. As the universe cooled 

there would have been a transition to a phase where the elec-

troweak force and the strong force were separated. Eventually 

an electroweak phase transition would see the separation of 

the electromagn etic force from the weak force. The standard 

electroweak phase transition is not a first-order phase trans-

ition, but slight modifications to the Standard Model could 

produce a first-order electroweak phase transition [149]. It is 

estimated that a cross-over between the unified electroweak 

phase and the subsequent broken phase would have happened 

at a temperature of Tc = 159.5 ± 1.5 GeV [150]. However, 

if some modification to the Standard Model would have pro-

duced a first-order phase transition at this energy scale then 

there would be a stochastic background of gravitational waves 

peaking at a frequency of about 260 mHz [79]. What makes 

this so exciting is that this is within the observation band of 

LISA [31, 32]. This is one of the reasons why outside of the 

LHC experiments at CERN, LISA may offer the best pros-

pects for acquiring high-energy physics information, and 

especially possible extensions to the Standard Model.

The Standard Model extensions to the electroweak phase 

transition, if they existed, would have important physical con-

sequences. Electroweak baryogenesis could help to explain 

cosmic baryon asymmetry [151]. Electroweak baryogenesis 

pertains to mechanisms that would produce an asymmetry 

in baryon density during the electroweak phase transition, 

and could then possibly explain the observed abundance of 

matter over anti-matter (baryon asymmetry) in the universe. 

Electroweak baryogenesis also satisfies the famous Sakharov 

conditions [152]: the interactions occur out of thermal equi-

librium; charge (C) and charge-parity (CP) symmetries are 

violated; there is a violation of baryon number. Electroweak 

baryogenesis provides an example of a first-order phase trans-

ition that could address baryon asymmetry and also produce 

gravitational waves in the early universe. In this modification 

to the electroweak theory, bubbles (of a new vacuum phase) 

would be created when the Higgs field transitions into the 

vacuum state where the electroweak symmetry is spontane-

ously broken. These bubbles would then expand. The C and 

CP violation would occur when particles present scatter off 

of the front of the expanding bubble walls. The C and CP 
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asymmetries occurring in front of the expanding bubble wall 

would produce baryon number violation, giving more baryons 

(matter) than antibaryons (antimatter) [151, 153].

In addition to the possible explanation for one of the great 

mysteries of the universe—why we have a surplus of matter 

over antimatter—we also have a mechanism that can create 

a significant background of gravitational waves. The charac-

teristics of the gravitational waves produced by a first-order 

phase transition depend on the expansion speed of the bubble 

walls, the latent heat of the transition, and the rate at which 

bubbles of the new phase are created [153, 154].

With first-order phase transitions, gravitational waves are 

created via different physical mechanisms. An expanding 

bubble will be spherical, so will not produce gravitational 

waves; however, when bubble walls collide, there will be 

gravitational wave production. The plasma that is present can 

also experience shocks, and these discontinuities between 

regions of different plasma properties could also generate 

gravitational waves [154–157]. After the bubble collisions 

there will be sound waves in the plasma; these can create 

gravitational waves [154, 158, 159]. Because of the very large 

Reynolds number that would exist for this fluid, turbulent 

motion results; a large magnetic Reynolds number leads to 

an amplification of the magnetic fields created by the move-

ment of charges during the phase transition [160]. Finally, 

magnetohydrodynamic turbulence can produce gravitational 

waves; the magnetic fields and turbulent motions can create 

stresses that are anisotropic. This can ultimately be an effi-

cient way to convert magnetic energy to gravitational wave 

energy [154, 161, 162]. All of these processes would typically 

be present after a first-order phase transition. The amount of 

gravitational waves produced by these different effects would 

depend on the dynamics of the first-order phase transition. 

The sensitivity of LISA in detecting a stochastic background 

will be of the order of ΩGW ∼ 5 × 10−13 at 10−3 Hz [163]. 

Many of the modifications to the electroweak phase trans-

ition, making it first-order, would create a stochastic gravi-

tational wave background that could be detectable by LISA 

[154]. The possibility of detecting a stochastic background 

created by a first-order phase transition in the early universe 

is an amazing opportunity to observe new physics outside of 

the standard model.

2.4. Pre-Big-Bang models

Some pre-Big-Bang models are an extension of the standard 

inflationary cosmology. The theories consider the conse-

quences for cosmology when some version of superstring the-

ory is applied. As noted above, the stochastic background of 

gravitational waves generated via quantum fluctuations dur-

ing inflation would result in an energy density that is essen-

tially flat in frequency, and currently at a very small level, 

ΩGW ∼ 10−15. In pre-Big-Bang models the universe would 

begin with a string perturbative vacuum scenario [70, 71, 73, 164].  

The universe materializes via a highly perturbative initial 

state before the Big Bang. In the standard inflationary sce-

nario there would have been an initial singularity [165, 166]. 

Superstring theory allows for the assumption that there is no 

singularity associated with the Big Bang, and hence it is logi-

cal to extend time to before the Big Bang.

With string cosmology (namely the pre-Big-Bang sce-

nario) there will be a different behavior for the curvature scale 

of the universe, as opposed to that in the standard inflationary 

cosmology. Standard inflation has a constant curvature scale 

before reaching the radiation-dominated (standard Big Bang) 

era. However, with string cosmology there would be a growth 

in the curvature scale, going from a low curvature scale to 

some maximum curvature scale that would be defined by the 

string scale. This is the so-called string inflation. The curva-

ture scale of the universe would then diminish, and the radi-

ation-dominated era of the standard cosmology would ensue. 

The universe would not have experienced a singularity with an 

infinite curvature scale, but would instead be finite through the 

effects of the stringy phase [164].

This dynamical process in the early universe would be a 

source of gravitational waves, and would create a stochas-

tic background that would be present today [72, 164, 167]. 

Initially the universe would be in a low energy, low curvature-

scale, dilaton phase. The dilaton is the assumed fundamental 

scalar for the string theory. An inflationary evolution would 

occur due to the kinetic energy of the dilaton field. As the 

curvature scale increases the universe is described by a high-

energy string phase. Eventually the curvature scale approaches 

the string scale and higher order corrections become impor-

tant in the string action. This is when the universe transitions 

to the radiation-dominated era described by the standard cos-

mology. These transitions from different expansion rates for 

the universe will create gravitational waves [72, 164, 167]. 

This process can then create a background that can peak at 

higher frequencies, possibly within the observation band of 

LIGO–Virgo or LISA. The parameters pertaining to the string 

phase will affect the frequency dependence of the stochastic 

background [72, 167]. Whether or not LIGO and Virgo will 

be able to to observe a stochastic background from a pre-Big-

Bang cosmology has been the subject of active investigation 

[72, 73].

Various observations already constrain pre-Big-Bang mod-

els. No stochastic background has been detected at this point, 

so the upper limits on the energy density of the stochastic 

background in various frequency bands can generate some 

restrictions on pre-Big-Bang theories. Specifically, observa-

tions of the CMB, and stochastic background energy limits 

set by Advanced LIGO and pulsar timing are currently able to 

constrain pre-Big-Bang parameters [45, 73, 128, 168].

This string cosmology would produce both scalar and ten-

sor perturbations to the metric of the universe. Observations 

of the CMB, for example, from Planck, estimate cosmologi-

cal parameters such that it appears that scalar perturbations 

are creating a stochastic background that is decreasing with 

frequency, in contrast to pre-Big-Bang predictions [44]. This 

constrains the parameters responsible for the very low fre-

quency gravitational waves produced in the pre-Big-Bang 

evolution [73].

Pulsar timing arrays provide another important limit on 

the stochastic background that constrains pre-Big-Bang 

models [45]. For example, the Parkes Pulsar Timing Array 
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placed a limit on the energy density of the stochastic back-

ground of ΩGW( f ) < 2.3 × 10−10 at f = 1 yr−1 [45, 169].  

Finally, the recent upper limit from Advanced LIGO, 

ΩGW( f ) < 1.7 × 10−7 from 20–86 Hz further constrains pre-

Big-Bang models [51]. In order for the pre-Big-Bang mod-

els to exist within these observational constraints, fine tuning 

must be done on the string parameters. That said, it has still 

been demonstrated that pre-Big-Bang models could produce a 

stochastic background that peaks within the Advanced LIGO–

Advanced Virgo observational band, or the LISA observa-

tional band [73].

2.5. Binary black holes

A stochastic background produced by binary black holes is 

highly probable. After Advanced LIGO’s observations of 

two significant events, and another probable event, in its first 

observing run (O1) it has become clear that there is likely 

to be a stochastic background produced by all binary black 

hole mergers over the history of the universe [4]. More binary 

black hole inspiral gravitational wave events were subse-

quently observed by Advanced LIGO and Advanced Virgo in 

the second observing run (O2) [10, 11, 13]. This astrophysi-

cally produced background will likely be the loudest stochas-

tic background in the observation band of LIGO and Virgo, 

from 10 Hz up to 1000 Hz.

Immediately after the observation of GW150914 [4] LIGO 

and Virgo reported on the implications that the observation 

of a stellar mass binary black hole merger would have on 

the stochastic background [17]. The detection made it clear 

that the universe contains a population of stellar mass binary 

black holes. Consequently the binary black hole produced sto-

chastic background should be larger than what was expected 

previously. This stochastic background would be created 

from all of the binary black hole mergers in the observable 

universe over its 13.8 billion year history. Using various sce-

narios and parameters for the formation of stellar mass binary 

black hole systems, LIGO and Virgo used the observation of 

GW150914 to predict that around 25 Hz (where Advanced 

LIGO and Advanced Virgo will have the best sensitivity in 

detecting a stochastic background) the estimated energy of 

the binary black hole produced stochastic background will be 

ΩGW( f = 25 Hz) = 1.1+2.7
−0.9 × 10−9 [17].

LIGO and Virgo have now observed several binary black 

hole mergers. In O1 there were GW150914 [4], GW151226 

[8] and the probable (but not definitive) LVT151012 [9]. At 

the time of this writing, LIGO and Virgo have announced 

the detection of three binary black hole mergers observed 

in their second observing run, O2: GW170104 [10], 

GW170608 [11], and GW170814 [13]. Using these observa-

tions, LIGO and Virgo now estimate that the energy of the 

binary black hole produced stochastic background will be 

ΩGW( f = 25 Hz) = 1.1+1.2
−0.7 × 10−9 [18]. The level is the 

same as the estimate from the initial observation [17], but the 

error has narrowed.

In order to estimate the stochastic background from binary 

black hole mergers one must take into account many factors. 

For example, it is necessary to understand the mechanism 

by which these binaries are formed, which would then help 

to explain how often these sorts of mergers occur in the uni-

verse. The formation rate will depend on when this happens 

in the age of the universe, and the metallicity of the formation 

environ ment. The merger rate, as a function of redshift, will 

also be required.

A comprehensive explanation of how to calculate the 

contrib ution of binary black hole mergers to the stochastic 

background is given in [17], and presented here is a summary 

of that demonstration. Some set of intrinsic source param eters 

θ will describe the ensemble of binary black holes. These 

source parameters could be things like the masses and spins 

of the black holes. The distributions of these parameters are 

essentially unknown at present. However, the recent obser-

vations of binary black hole mergers by LIGO and Virgo  

[10, 11, 13, 170–172] and previous assumptions [173] allow for 

the division of this ensemble into different subsets. Consider a 

subset of binary black holes k described by parameters θk (for 

example, the mass and spin values). Call Rm(z; θk) the merger 

rate per comoving volume per unit source time; this depends 

on the formation rate of black hole binaries as a function of 

redshift and also the distribution of the time delays between 

binary black hole formation and merger [17, 174]. Then the 

total gravitational wave energy density spectrum for this par-

ticular class is (see, e.g. [81–83, 101, 175–178]):

ΩGW( f ; θk) =
f

ρcH0

∫ zmax

0

dz
Rm(z, θk)

dEGW

dfs
( fs, θk)

(1 + z)E(ΩM,ΩΛ, z)
. (17)

Note the term that accounts for cosmology, namely the 

depend ence of how the comoving volume depends on redshift 

appears through E(ΩM,ΩΛ, z) =
√

ΩM(1 + z)3 +ΩΛ . The 

spectral density of the energy of gravitational waves emitted 

at the source is dEGW

dfs
( fs, θk). Then to calculate the total energy 

density a sum over all source classes k is performed [17].

The formation scenarios for binary black hole systems are 

important for predicting the expected rate of mergers over the 

history of the universe [179]. This would affect the predicted 

level of the subsequently produced stochastic background. 

In one scenario, the binary black holes are created as iso-

lated binaries of massive stars in galactic fields [179–181]. 

An important observation for forming black holes similar 

to those observed in GW150914 is that there is a need for 

low metallicity, typically less than 10% of the solar metal-

licity; the initial stars would have masses in the range of 

40–100 M⊙ [180]. The other formation channel for binary 

black holes is through dynamical interactions in dense stel-

lar environ ments such as one might find in globular clus-

ters [179, 182, 183]. Studies indicate that globular clusters 

can produce a significant population of massive black hole 

binaries that merge in the local universe, with most of the 

resulting binary black hole systems having total masses from 

32 M⊙ to 64 M⊙ [182]. The formation rate as a function of 

redshift will ultimately affect the production of a stochastic 

background, and that will depend on how the binary black 

hole systems are formed. Clues as to the dominant forma-

tion channel may come through observation of the spins and 
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orbital eccentricities of a large number of gravitational wave 

events from binary black hole mergers [179].

Black holes that have been proposed to have been pro-

duced in the early universe are referred to as primordial 

black holes [184–189]. Primordial black holes have now 

also been suggested as the source of binary black hole sys-

tems in the universe. The possibility that dark matter could 

consist of primordial black holes has been raised after 

Advanced LIGO’s and Advanced Virgo’s observation of 

gravitational waves from binary black hole mergers. The 

observed masses for the binary black hole systems have 

been relatively large. There are claims that the mass win-

dow of 20–100 M⊙ cannot be excluded as the source of dark 

matter and could be the source of the LIGO–Virgo obser-

vations [190]. Given the presumed existence of primordial 

black holes, their implications for contributing to a binary 

black hole produced stochastic background has been inves-

tigated. One conclusion has been that the magnitude of the 

energy density from primordial black holes is much lower 

than that arising from the stellar-produced binary black hole 

mergers [191]. Other work has suggested that primordial 

black hole formation could be responsible for supermassive 

binary black hole mergers creating a stochastic background 

at the limit of what could be detected by pulsar timing 

experiments today [192].

Predictions suggest that there will be a binary black hole 

merger once every few tens of minutes in the observable uni-

verse [18]. The binary black hole merger signals will only 

appear within the LIGO–Virgo observation band for a period 

of the order of a second. As such, the binary black hole merg-

ers form a non-Gaussian background of popcorn noise [193]. 

Through a mock data challenge, it has been verified that the 

standard stochastic search pipeline used by LIGO–Virgo 

is capable of efficiently detecting such a background [193], 

even if there are likely more efficient ways to do so. This is an 

ongoing field of research.

A stochastic background produced by binary black hole 

mergers will mask a cosmologically produced background. 

While an astrophysically produced stochastic background 

would provide a wealth of information, the observation of 

gravitational waves from the Big Bang is the Holy Grail of 

gravitational wave astronomy. For second generation gravi-

tational wave detectors, such as Advanced LIGO, Advanced 

Virgo and KAGRA, it will be impossible to directly detect 

the majority of the binary black hole mergers over the his-

tory of the universe. However, the proposed third generation 

detectors, such as the Einstein Telescope [194] or the Cosmic 

Explorer [195], should be able to directly observe almost 

every stellar mass binary black hole merger in the observable 

universe. And whereas Advanced LIGO and Advanced Virgo 

should be observing a binary black hole stochastic back-

ground at the ΩGW ∼ 10−9 level, by removing this binary 

black hole foreground the third generation detection detectors 

could be sensitive to a cosmologically produced background 

at the ΩGW ∼ 10−13 level with 5 yr of observations [196]. 

With this sensitivity the third generation detectors will get into 

the realm where important cosmological observations could 

potentially be made [197].

Given the large number of signals present, it is interest-

ing to consider the required data analysis challenges that will 

be faced by the third generation gravitational wave detectors 

[194, 195]. It is certainly probable that there will be overlap-

ping signals. The Advanced LIGO–Advanced Virgo study 

describing the implications for a stochastic background given 

the observations of gravitational waves from binary black hole 

and binary neutron star mergers directly addresses the possi-

bility of overlapping signals [18]. Given the expectations for 

the stochastic background produced by these compact objects 

a simulated time series of the signals was produced. Because 

binary neutron star gravitational wave signals occupy the 

observation band for a long time, these type of signals (from 

sources throughout the observable universe) overlap, whereas 

the binary black hole produced gravitational wave signals are 

in the observation band for shorter periods, and form a pop-

corn type of signal [18]. The predicted time between binary 

neutron star mergers in the observable universe is 13+49
−9

 s, and 

assuming frequencies above 10 Hz, the number of overlapping 

signals at a given time is expected to be 15+30
−12

. For binary black 

hole mergers the predicted time between these events in the 

observable universe is 223+352
−115

 s, while the number of overlap-

ping signals at a given time is predicted to be 0.06+0.06
−0.04

 [18].

The third generation gravitational wave detectors will have 

a lower frequency cutoff, probably 5 Hz. This means that the 

probability of signal overlap will be higher than for Advanced 

LIGO–Advanced Virgo since the signal will spend even more 

time in the detector. This is similar to the situation faced by 

LISA [32], which will need to deal with a very large num-

ber of overlapping signals (since, at these low frequencies, 

the source behavior is more like a continuous signal than a 

transient one); the same is true for other space based detec-

tors [99, 100, 198]. Many methods have been developed to 

detect and characterize numerous overlapping gravitational 

wave signals with these space based gravitational wave detec-

tors [199–203]; these types of methods to identify and then 

remove the compact binary merger gravitational wave signals 

will help the get the third generation gravitational wave detec-

tors (and the space based detectors too) closer to measuring a 

cosmologically produced stochastic background [196].

2.6. Binary neutron stars

A stochastic background produced by binary neutron stars 

will definitely exist at some level. The dramatic observation 

by Advanced LIGO and Advanced Virgo of the binary neu-

tron star inspiral GW170817 [14] has led to numerous impor-

tant astrophysical observations. The associated short gamma 

ray burst, GRB 170817a, implies that binary neutron star 

mergers are the source of short gamma ray bursts, in general  

[46, 47]. The observation of the kilonova following the merger 

seems to confirm many predictions, including how the heavi-

est elements are created in the universe [15]. From the gravita-

tional wave signal one can infer the luminosity distance to the 

source; then using the measured redshift of the host galaxy, a 

measurement of the Hubble constant could be made, indepen-

dent of the cosmic distance ladder [204].
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The observation of this binary neutron star merger also 

has important implications for the production of a stochastic 

gravitational wave background, and the ability of Advanced 

LIGO and Advanced Virgo to observe it [18]. This back-

ground would come from every binary neutron star merger 

throughout the observable universe; most of these are too 

small to be observed directly by LIGO and Virgo, but the 

background that they create may be detected. Using the 

observation of GW170817 and the total observing time by 

Advanced LIGO, the prediction for the energy density of a 

binary neutron star produced stochastic background will be 

ΩGW( f = 25 Hz) = 0.7+1.5
−0.6 × 10−9. This can be compared 

with the predicted level of the binary black hole produced sto-

chastic background of ΩGW( f = 25 Hz) = 1.1+1.2
−0.7 × 10−9. 

The combination of the two gives the total astrophysically pro-

duced stochastic background, as predicted by the LIGO and 

Virgo observations, of ΩGW( f = 25 Hz) = 1.8+2.7
−1.3 × 10−9 [18].

Then assuming the expected evolution of the sensitivity 

for Advanced LIGO and Advanced Virgo (as the detectors 

approach their design sensitivities) [205], it is estimated that 

the LIGO–Virgo network could observe this background with 

a signal-to-noise ratio of 3 after a total of approximately 40 

months of observation in the Advanced LIGO–Advanced 

Virgo era (with observations starting with the first observing 

run, O1) [18]. Considering the uncertainties in the estima-

tion of the background, and then taking the most optimis-

tic assumptions, the astrophysical background might be 

observed at the 3 σ level after 18 months of Advanced LIGO–

Advanced Virgo era observations; this could then come dur-

ing O3, the third observing run, scheduled to begin in the fall 

of 2018 [18]. The eventual detection of the astrophysically 

produced stochastic background by the LIGO–Virgo network 

is considered to be likely.

It is interesting to consider the nature of these two types of 

stochastic signals. When Advanced LIGO and Advanced Virgo 

reach their design sensitivities the low-frequency cutoff for 

observations will be 10 Hz. For the binary black hole produced 

stochastic background, the events come individually, once 

every 223+352
−115

 s. The average duration of a signal in the inter-

ferometers’ observation band is approximately 14 s. The prob-

ability of two signals overlapping is therefore quite small. The 

average number of overlapping binary black hole gravitational 

wave signals is 0.06+0.06
−0.04

. The situation is quite different for the 

binary neutron star produced stochastic background. For these 

signals the average length of time that they are in the observ-

ing frequency band is 190 s. These events arrive every 13+49
−9

 s. 

Consequently, the average number of overlapping binary neu-

tron star gravitational wave signals is 15+30
−12

 [18]. A continuous 

background is created by the binary neutron star inspirals. But 

whether created by binary black holes or binary neutron stars, 

this astrophysically produced stochastic background is likely to 

be detected by the LIGO–Virgo network in the coming years.

2.7. Close compact binary stars

While systems like binary black holes and binary neutron stars 

are the sources of interesting gravitational wave signals, other 

binary star systems will also produce gravitational waves. 

Close compact binary stars, most of which are white dwarf 

binaries, will produce thousands of signals that will be resolv-

able by LISA in the frequency band around a few 10−4 Hz to a 

few 10−2 Hz. In addition to binaries containing white dwarfs, 

there will be neutron stars and stellar-origin black holes in 

different combinations [32]. A background of gravitational 

waves will be formed by all of the unresolvable galactic [206] 

and extragalactic [207] binaries; the sum of all of the gravi-

tational waves that are not individually resolvable will form a 

stochastic background which could make the observation of a 

cosmologically produced stochastic background challenging. 

It has long been recognized that LISA could directly observe 

gravitational waves from thousands of galactic binaries, while 

also having to contend with a stochastic background from 

unresolvable galactic and extragalactic binaries [208–210].

Having a mass model for the Milky Way helps to predict 

the distribution of close compact binary stars [211, 212]. This 

can then be used to predict the gravitational waves from these 

binary systems, including their distribution in the sky for 

LISA observations [213]. Knowing the distribution of galac-

tic gravitational wave sources in the sky could help LISA to 

remove this signal and get to a cosmologically produced sto-

chastic background, similar to what is done with observations 

of the CMB, namely the effort to remove the contamination by 

the galaxy or other foreground sources [214, 215]. LISA will 

certainly be able to produce a sky map of the galactic binaries 

producing gravitational waves in its observational band [216]. 

Further knowledge about galactic binary systems, including 

white dwarf binaries, will increase rapidly with the observa-

tions by Gaia and its creation of a three-dimensional map of 

the Milky Way [217–219].

The distribution of sources for gravitational waves from 

close compact binary stars can be seen in figure 5, along with 

the predicted sensitivity of LISA [32]. There will be thousands 

of galactic binaries in the LISA observation band that will be 

individually observable via gravitational wave emission. The 

points in the figure above the LISA sensitivity curve reflect 

predictions for individual observations with marked signal-

to-noise ratio (SNR)  >  7. However there will be countless 

other binaries both in our galaxy and extragalactic that will 

contribute to an unresolvable gravitational background; this 

is also displayed in figure 5. It is predicted that in the LISA 

band, from 0.1 to 10 mHz, the gravitational wave background 

energy density from extragalactic binaries will be in the range 

1 × 10−12 < ΩGW(1 mHz) < 6 × 10−12 [207].

Whether it is the gravitational wave signals from thou-

sands of directly observable galactic binaries, or the unre-

solved gravitational wave background from galactic and 

extragalactic binaries, these gravitational wave signals will 

create a tremendous data analysis challenge for the attempt 

by LISA to observe a cosmologically produced stochastic 

background. Research progress has shown that the thou-

sands of individually detectable gravitational wave signals 

from galactic binaries can be removed from the search for a 

cosmologically produced stochastic background [199–201, 

220–223]. The unresolvable gravitational waves from close 

compact binary stars need to be removed in the search for 
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the cosmologically produced stochastic background. Much 

progress has been made in addressing this problem [201, 

223, 224], but further confirmation will need to be obtained 

in the coming years through LISA mock data challenges 

[225, 226].

While the numerous gravitational wave signals from 

close compact binary stars will present a data analysis 

challenge, some of these binary systems will be especially 

valuable for the LISA mission. Many of these systems have 

already been observed and studied electromagnetically; 

for LISA these are referred to as the Verification Binaries. 

These binary systems will produce gravitational wave sig-

nals that will be observed and used to confirm the calibra-

tion and sensitivity of LISA [227]. A comparison between 

the predicted and observed gravitational wave signals 

should provide significant confidence in the LISA obser-

vations and results. The verification binaries will also be 

used to test general relativity, including placing limits on 

the mass of the graviton [228].

LISA will also gain important information on binary sys-

tems in our galaxy through the observation of gravitational 

waves from ultra-compact binaries in the galaxy [229, 230]. 

These are binary systems consisting of two stars with an orbital 

period less than an hour. Of the order of 60 ultra-compact 

binaries have been identified via electromagnetic observations 

and these are thought to comprise white dwarfs, neutron stars, 

and stellar mass black holes; the double white dwarf binary 

J0651 has already been observed to have an orbital decay that 

is consistent with general relativity and loss of energy via the 

emission of gravitational waves [230]. The observation of 

these systems with gravitational waves will provide further 

tests of general relativity, and will also give information which 

will be helpful in explaining the formation and evolution of 

stellar binary systems [230].

Observations of gravitational waves from close compact 

binary stars are interesting in their own right. They provide 

a gravitational wave foreground and background containing 

much important astrophysical information. Ultimately if the 

close compact binary stars can be addressed by LISA (such 

as by subtracting signals from the data [202, 203], or account-

ing for them using Bayesian parameter estimation methods 

[199]) a sensitivity of ΩGW ∼ 10−12 could be achieved in the 

search for a cosmologically produced stochastic background 

of gravitational waves.

2.8. Supernovae

Common and powerful astrophysical events throughout the 

history of the universe will contribute to the stochastic back-

ground. If a supernova has some asymmetry, then gravita-

tional waves will be produced. The emission of gravitational 

waves from supernovae has been studied in many ways. 

Numerical simulations provide some of the most compre-

hensive studies, but they are difficult and time consuming 

[34, 231–234].

There have been numerous studies which tried to address 

the level of a stochastic background produced by supernovae 

in the universe. Population III stars1 were formed in the early 

universe and had very large masses. Stars with high metallic-

ity are more susceptible to mass loss via stellar winds [237]. 

Population III stars had very low metallicity (essentially zero) 

and, as such, were able to live their stellar lives with mini-

mal mass loss. Population II stars had low metallicity com-

pared with present day Population I stars. In [238] the authors 

consider Population III stars in the mass range of 100–500 

M⊙ and Population II stars in the mass range of 8–40 M⊙. 

Using redshift dependent formation rates for these stars, the 

expected evolution of these stars once created, and then the 

stars’ death through supernovae, the resulting stochastic back-

ground is predicted. Assumptions are made as to the amount 

of energy released in gravitational waves in these supernovae. 

This study predicts a stochastic background that peaks in the 

LIGO–Virgo band, with 10−12 � ΩGWh2 � 7 × 10−10 in the 

387–850 Hz frequency band. This stochastic background is 

dominated by gravitational waves from the supernovae of 

Population II stars [238].

Another study considers a stochastic background produced 

by the ringdown of black holes created via stellar core collapse 

[239]. Certainly this is only one of the different mechanisms 

for gravitational wave production in core collapse supernovae. 

Various models (including different star formation rates) pre-

dict a stochastic background of 10−10 � ΩGW � 5 × 10−9 in 

the 50–1000 Hz frequency band. It is interesting to note that 

most of the gravitational wave production for this background 

comes from regions having redshifts of 1–2. This post-super-

nova black hole ringdown stochastic background is at a level 

that could be observed by the Advanced LIGO–Advanced 

Virgo network, or third generation detectors [239]. This level 

assumes that 10−6–10−4 of the rest mass of the black hole 

is converted into gravitational waves [239]. This efficiency 

assumption is probably quite optimistic.

Some of the members of the group who conducted the 

previous study extended their supernovae models to consider 

more general gravitational wave emission mechanisms [240]. 

The full supernova process and associated gravitational wave 

emission are very difficult to calculate. In the new study two 

models are considered. One considers the form of the gravita-

tional wave signals produced by two- and three-dimensional 

supernova simulations. The form and frequency dependence 

of the gravitational wave emission from the core collapse 

supernova can be approximated [84, 241]. This can then be 

combined with predictions for star formation and eventual 

supernovae over the history of the universe. This then provides 

a prediction for a core collapse supernova produced stochastic 

background. Based on reasonable assumptions for the param-

eters in this model the stochastic background is predicted to 

be possibly as large as ΩGW ∼ 10−9 around 300 Hz, while 

1 Population I are young and metal-rich stars and are often found in the arms 

or spiral galaxies, such as in the Milky Way. Population II stars are very 

old, metal-poor and tend to be found in the center of galaxies or in galactic 

halos [235]. The hypothesized Population III stars would have essentially no 

metals, only the material present after the Big Bang (hydrogen, helium, and 

trace amounts of lithium and beryllium). Population III stars would be the 

oldest population of stars [236].
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other parameter choices could reduce it to the ΩGW ∼ 10−12 

level. The other model considered in this study concentrates 

on the low-frequency structure seen in the predicted gravita-

tional wave emission from core-collapse supernova. This has 

been observed in the simulations from a number of groups, 

some of which suspect that it pertains to prompt convection. 

The most optimistic prediction for the stochastic background 

level for this model is ΩGW ∼ 10−10 in the 30–100 Hz band 

[240], and might be observable with third generation gravita-

tional wave detectors [194, 195].

Since the gravitational wave production from supernovae 

is difficult to predict, the absence of a detection of a stochas-

tic background can be used to constrain the average amount 

of gravitational wave emission from supernovae. Using the 

upper limits reported by initial LIGO and initial Virgo for the 

analysis of the scientific run S5 data it is possible to say that a 

supernova can only produce up to an upper limit in the range of 

0.49–1.98 M⊙c2 of energy in gravitational waves [85]. Future 

results on the upper limit of the gravitational wave energy den-

sity will provide further constraints. Note that since this study 

[85] was conducted the constraints imposed by LIGO on the 

stochastic background have improved by a factor of  ∼50 [51]. 

The constraints on the energy emitted in gravitational waves 

from supernovae will improve accordingly.

2.9. Pulsars and magnetars

Non-axisymmetric spinning neutron stars are expected to be a 

detectable source of gravitational waves [242, 243]. The radio 

observations from pulsars indicate that neutron stars rotate 

with periods that can be as rapid as milliseconds. Gravitational 

waves would be emitted if the neutron star is not perfectly 

spherical, namely if there is an asymmetry in its shape; such 

a deformation might be created by having toroidal magnetic 

fields within the neutron star [243, 244]. Another path for the 

production of gravitational waves would be the presence of 

a slight mountain on the neutron star surface. Such an effect 

could happen due to cracking of the crust through thermal 

effects [243, 245]. With such asymmetries or defects gravita-

tional waves would be emitted at twice the rotation frequency 

of the neutron star.

The excitation of internal mechanical oscillation modes is 

another way for the symmetry of the neutron star to be bro-

ken, and for gravitational waves to be produced. There can 

be an interplay between the viscosity of the material within 

the neutron star and the emission of gravitational waves  

[246, 247]. It is also speculated that quadrupole mass currents 

can emit gravitational waves in such a way that the process 

actually amplifies the currents, leading to an unstable run-

away process; these are associated with the so-called r-modes 

[243, 248–251].

Pulsars are numerous in our galaxy, and presumably in the 

universe. It was soon recognized that a stochastic background 

could be created by the sum of all neutron star produced gravi-

tational waves in the universe. For example, one study [252] 

considers newly created neutron stars that are spinning rapidly. 

The neutron star loses energy and spins down via gravitational 

wave emission. The r-mode instability [248–251] is responsi-

ble for the gravitational wave emission. The prediction from 

this study is an energy density of the stochastic background 

of ΩGWh2
∼ (2.2–3.3)× 10−8 in the 500–1700 Hz frequency 

band. The results of this study are dependent on assumptions 

of the star formation rate, with the assumption that this peaks 

at a redshift of about z ∼ 1.3 [252]. This study and results are 

similar (especially with respect to r-mode production of gravi-

tational waves) to another [251], with results that are slightly 

different due to different assumptions about the star forma-

tion rate and its redshift dependence [251]. The star formation 

rate in the study of Owen et al [251] extends over the range 

0  <  z  <  4. The resulting predicted stochastic background is 

ΩGWh2
∼ 1.5 × 10−8 at  ∼300 Hz, and diminishes for higher 

frequencies [251]. This corresponds to maximum gravita-

tional wave production at a redshift of z ∼ 4 [252].

A recent study has continued this avenue of research and 

investigated the stochastic background created by newly 

formed magnetars [88, 253]. A magnetar is a neutron star 

with an extraordinarily large magnetic field (∼1014
–1015) G 

[254]. Various equations of state for the neutron star matter 

are assumed, in addition to the merger rate for binary neutron 

star systems. Very strong magnetic fields for the newly formed 

magnetars are also assumed (from 1015 G to even 1017 G). The 

most optimistic results produced predictions of ΩGW ∼ 10−10 

at  ∼100 Hz, ΩGW ∼ 10−9 at  ∼300 Hz, and ΩGW ∼ 10−8 

at  ∼1000 Hz [88, 253].

It is also possible to calculate the gravitational wave pro-

duction from all types of neutron stars, such as pulsars (typi-

cal magnetic field strengths, ∼108 T), magnetars (very large 

magnetic fields, ∼1010 T, potentially creating ellipticities that 

enhance gravitational wave production), and gravitars (low 

magnetic field strengths, <108 T, thereby making gravita-

tional wave emission the dominant source of rotational energy 

loss) [86]. Different assumptions are made on the distribution 

of spins for the neutron stars. If the assumption is (admittedly 

optimistic) that all rotating neutron stars are gravitars, then the 

predicted gravitational wave emission is quite large, reaching 

ΩGW ∼ 10−7 at 1 kHz, or ΩGW ∼ 10−8 at 100 Hz. If on the 

other hand, the assumption is that neutron stars are essentially 

pulsars then the estimated stochastic background level is more 

pessimistic, with ΩGW ∼ 10−10 at 1 kHz, or ΩGW ∼ 10−13 

at 100 Hz. For magnetars, and assuming their distribution 

is as described in [255], the prediction is that the resulting 

stochastic background would be ΩGW ∼ 10−8 at 1 kHz and 

ΩGW ∼ 10−10 at 100 Hz. The conclusion is that for realistic 

assumptions it will be difficult to detect this stochastic back-

ground, although with third generation detectors [194, 195] it 

might be possible [86].

The large number of neutron stars in the Milky Way, plus 

the fact that these neutron stars are relatively close, provides 

a means to constrain the average neutron star ellipticity based 

on the limits set on the stochastic background [256]. It is 

assumed that there are 108–109 neutron stars in our galaxy 

[257]. Of these, it is predicted that of the order of  ∼5 × 104 

have rotation periods less than 200 ms, in which case they 

could produce gravitational waves in the observable band of 
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LIGO and Virgo, f  >  10 Hz. The Advanced LIGO–Advanced 

Virgo network should be able to constrain the 1-sigma sensi-

tivity to neutron star ellipticity to be  ∼2 × 10−7, which is also 

the limit derived from the two co-located initial LIGO detec-

tors [55]. Third generation gravitational wave detectors [194, 

195] may be able to constrain ellipticities to  ∼6 × 10−10 

[256]. Theoretical studies predict that the largest possible 

ellipticity for a neutron star is  ∼10−5 [258, 259].

The recent observation of the binary neutron star inspiral 

gravitational wave signal GW170817 [14] generated much 

interest as to the post-merger remnant. The total mass of the 

system was 2.74+0.04
−0.01

 M⊙. The merger of the two neutron stars 

could have formed a black hole directly, in which case the 

black hole ringdown gravitational wave signal would be above 

6 kHz. Another possibility is that a hypermassive neutron star 

could be formed, and it would survive for timescales of up to 

thousands of seconds before collapsing into a black hole. This 

hypermassive neutron star would survive through thermal 

gradients and differential rotation [260]. Another possibility 

is that a stable hypermassive neutron star is formed. In the 

short time after the merger the remnant will likely be excited, 

and emit gravitational waves in the 1 kHz–4 kHz regime 

[261–263]. LIGO and Virgo conducted a search for a post-

merger gravitational wave signal associated with GW170817  

[264]. A recent study considers a stochastic background cre-

ated by such a post-merger remnant [265]. This study also 

discusses how future gravitational wave detectors could be 

designed and constructed at higher frequencies (1–4 kHz) to 

search for post-merger remnant signals, either for direct obser-

vation of an individual event or a stochastic background from 

these types of sources. The study claims that the combination 

of the binary neutron star inspiral signals and the post merger 

ringdown signals will contribute to a stochastic background of 

level ΩGW ∼ 10−9 from 1 to 3 kHz [265].

3. Summary of methods to observe or constrain  

a stochastic gravitational wave background

The search for a stochastic gravitational wave background 

is arguably one of the most important projects in cosmology 

and astrophysics. In contrast to the electromagnetic spectrum, 

gravitational waves will potentially provide a window to the 

earliest moments in the universe. In this section  we review 

the methods by which one can attempt to observe the stochas-

tic background. An extremely comprehensive review of the 

observational methods used and proposed to detect gravita-

tional waves is given by Romano and Cornish [24].

3.1. LIGO–Virgo

The ground based gravitational wave detectors, LIGO and 

Virgo, have been attempting to measure the stochastic grav-

itational wave background since 2004 [51, 55, 90–95]. The 

magnitude of gravitational waves associated with the stochas-

tic background will be random, so it will appear like noise 

in an individual detector. However, it will be coherent in two 

detectors (completely coherent for two co-located detectors, 

with the coherence falling off with distance if the detectors 

are displaced from one another). The way to extract the sto-

chastic background signal from two detectors is essentially 

outlined in equation  (10). The correlation between the data 

from two gravitational wave detectors is more complicated 

due to their physical separation and misalignment. While this 

makes the calculation somewhat more involved, it is nonethe-

less straightforward to account for the presence of the stochas-

tic background in both detectors [50].

The LIGO–Virgo data analysis method follows the pre-

scription of Allen and Romano [89]. Instead of working in 

the time domain, as is the case with equations (9) and (10), 

one works in the frequency domain, using the Fourier trans-

form of the signals, s̃1( f ) and s̃2( f ). An optimal filter is used 

to maximize the signal-to-noise ratio, but in order to do this, 

assumptions must be made on the frequency dependence of 

the signal. The search is described in terms of the energy den-

sity of the stochastic gravitational wave with respect to the 

closure density of the universe, as described by equations (8) 

and (14). Next, the frequency dependence of the energy den-

sity of the stochastic background is assumed to have the form

ΩGW( f ) = Ωα

( f

fref

)

α

, (18)

where fref is an arbitrary reference frequency. The search uses 

an estimator [51, 89]

Ŷα =

∫
∞

−∞

df

∫
∞

−∞

df ′ δT( f − f ′)s̃∗1( f )s̃2( f ′)Q̃α( f ′) (19)

and variance

σ
2
Y≈

T

2

∫
∞

0

df P1( f )P2( f )|Q̃α( f )|2, (20)

where δT( f − f ′) is a finite-time Dirac delta function, T is the 

observation time, P1,2 are the one-sided power spectral densi-

ties for the detectors, and Q̃α( f ) is a filter function to optimize 

the search2,

Q̃α( f ) = λα

γ( f )H2
0

f 3P1( f )P2( f )

(

f

fref

)

α

. (21)

The γ( f ) term is what is known as the overlap reduction func-

tion [50, 266]; this accounts for the reduction in sensitivity 

due to separation and relative misalignment between the two 

detectors used in the stochastic search. γ( f ) = 1 if the detec-

tors are co-located and co-aligned, and diminishes otherwise. 

Note that it is actually the magnitude, |γ( f )|, that is the most 

important; a rotation of a detector by 90° will not affect the 

sensitivity of the search for the stochastic background.

3.2. Results from Advanced LIGO observing run O1

Advanced LIGO’s first observing run went from September 

2015 to January 2016. The data from the two Advanced LIGO 

2 The Hubble constant appears explicitly, rather than being absorbed into λα, 

to emphasize that the estimator for ΩGW depends on the measured value  

of H0.
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detectors, LIGO Hanford and LIGO Livingston, were used 

in the search for a stochastic background. Data quality cuts 

removed problematic times and frequencies from the analysis. 

In total, 29.85 d of coincident data were analyzed. No stochas-

tic background was detected. The dramatic improvement in 

the upper limit on the stochastic background energy density 

was important, but not the most important stochastic back-

ground outcome of observing run O1. The observation of the 

gravitational waves from stellar mass binary black hole merg-

ers [4, 8, 9] implies that these events are far more numerous in 

the universe than previously expected. In fact, it is likely that 

the stochastic background produced from these type of events 

will be at the level of ΩGW ∼ 10−9 in the observation band of 

Advanced LIGO and Advanced Virgo [17]. See figure 2.

3.2.1. O1 isotropic results. Assuming that the frequency 

dependence of the energy density of the stochastic back-

ground is flat, namely α = 0, the constraint on the energy 

density is Ω( f ) < 1.7 × 10−7 with 95% confidence within the  

20 Hz–86 Hz frequency band [51]. This is a factor of 33 better 

than the upper limit set by initial LIGO and initial Virgo [95]. 

Assuming a spectral index of α = 2/3 the constraint on the 

energy density is Ω( f ) < 1.3 × 10−7 with 95% confidence 

within the 20–98 Hz frequency band, while for α = 3 it is 

Ω( f ) < 1.7 × 10−8 in the 20–300 Hz band [51] (the reference 

frequency is fref = 25 Hz when α �= 0). Figure 3 provides the 

O1 stochastic background results, as well as constraints from 

from previous analyses, theoretical predictions, the expected 

sensitivity at design sensitivity for Advanced LIGO and 

Advanced Virgo, and the projected sensitivity of the proposed 

Laser Interferometer Space Antenna (LISA) [32]. The O1 

results will be used to limit cosmic string parameters, similar 

to what was done with initial LIGO and initial Virgo [38, 94].

3.2.2. O1 anisotropic results. Within the LIGO–Virgo 

observational band it is expected that the stochastic back-

ground will be essentially isotropic. However, LIGO and 

Virgo have decided to look for a stochastic background that 

would be anisotropic. Such an anisotropic background could 

provide even more information about the early universe, or 

the astrophysical environment in our region of the universe. 

Using the recent O1 data there have been three different types 

of searches for an anisotropic background [54]. To look for 

extended sources, LIGO and Virgo use what is known as the 

spherical harmonic decomposition [267]. In order to search 

for point sources, a broadband radiometer analysis is used 

[268, 269]. Finally, LIGO and Virgo employed a narrowband 

radiometer search to look for gravitational waves in the direc-

tion of interesting objects in the sky, such as the galactic cen-

ter, Scorpius X-1 and SN 1987A.

An anisotropic stochastic background was not observed 

with the Advanced LIGO O1 data, but important upper lim-

its were set [54]. For broadband point sources, the gravita-

tional wave energy flux per unit frequency was constrained 

to be Fα,Θ < (0.1–56)× 10−8 erg cm−2 s−1 Hz−1(f/25 

Hz)α−1 depending on the sky location Θ and the spectral 

power index α. For extended sources, the upper limits on 

the fractional gravitational wave energy density required 

to close the Universe are Ω( f ,Θ) < (0.39–7.6)× 10−8 

sr−1(f/25 Hz)α, again depending on Θ and α. The directed 

searches for narrowband gravitational waves from Scorpius 

X-1, Supernova 1987 A, and the Galactic Center had 

median frequency-dependent limits on strain amplitude of 

h0 < (6.7, 5.5, and 7.0)× 10−25 respectively, for the most 

sensitive detector frequencies 130–175 Hz. See [54] for fur-

ther details.

3.2.3. Tests of general relativity with the stochastic grav-

itational-wave background. LIGO and Virgo have used 

the recent observation of gravitational waves from binary 

black hole and binary neutron star inspirals to test general 

relativity [9, 46, 270]. The LIGO–Virgo stochastic back-

ground search has also been extended in order to test gen-

eral relativity. Assuming that general relativity is the correct 

description of gravitation, there is no reason to expect extra 

polarizations of gravitational waves, nor extra polarizations 

in the stochastic background; however, LIGO and Virgo 

have the ability to search for these modes, and will do so. 

With general relativity there are only two possible polariza-

tions for gravitational waves, namely the two tensor modes. 

Alternative theories of gravity can also generate gravita-

tional waves with scalar or vector polarizations [271]. The 

observation of the gravitational waves from the binary black 

hole merger by the three detectors of the Advanced LIGO–

Advanced Virgo network, GW170814, allowed for the first 

direct test as to whether the polarization of gravitational 

waves obeys the predictions of general relativity; from this 

observation, the tensor-only polarizations of general relativ-

ity are preferred [13].

Since there are six possible polarization modes (see 

 figure  4), Advanced LIGO (with only two detectors, that 

are essentially co-aligned with respect to each other) cannot 

identify the polarization of short duration gravitational wave 

signals [9, 24, 271], such as those that have been recently 

observed [4, 8, 9]. A minimum of six detectors would be nec-

essary to resolve the polarization content (scalar, vector and 

tensor) of a short duration gravitational wave [271]. A search 

for long duration gravitational waves, such as those from 

rotating neutron stars or the stochastic background by the two 

Advanced LIGO detectors, can directly measure the polariza-

tions of the gravitational waves [24, 272–275]. A detection of 

a stochastic background by Advanced LIGO and Advanced 

Virgo would allow for a verification of general relativity that 

is not possible with short duration gravitational wave signals.

The LIGO–Virgo search for a stochastic background 

has now been expanded to a search for six polarizations: 

two tensor modes, two vector modes, and two scalar modes  

[275, 276]. This has been applied to Advanced LIGO 

Observing Run O1 data [276]. In future observing runs, the 

addition of Advanced Virgo to the network will not improve 

detection prospects (because of its longer distance displace-

ment from the LIGO detectors); however, it will improve the 

ability to estimate the parameters of a stochastic background 

of mixed polarizations. The eventual inclusion of KAGRA 

[277] and LIGO-India [278] will further expand the ability to 

resolve different polarizations of the stochastic background, 
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and further test general relativity. Bayesian parameter estima-

tion techniques have been developed in order to search for 

tensor, vector and scalar polarizations in the LIGO–Virgo data 

[275].

For the Advanced LIGO O1 data, there has been a search for 

tensorial gravitational waves, vector gravitational waves, and 

scalar gravitational waves [276]. While no signal was detected, 

upper limits have been placed on the energy density of each of 

Figure 1. As presented in [17], the predicted Advanced LIGO–Advanced Virgo network sensitivity to a stochastic background produced by 
binary black holes that were formed through binary stellar evolution. Displayed are the energy density spectra (solid for the total background; 
dashed for the residual background, excluding resolved sources, assuming final Advanced LIGO and Advanced Virgo sensitivity). The pink 
region represents the uncertainty in the estimation. The black curves (O1, O2 and O5) display the 1σ sensitivity of the Advanced LIGO–

Advanced Virgo network expected (at the time of the publication of [17]) for the observation runs O1 and O2, and the design sensitivity (2 yr 
of observation in O5). Reprinted figure with permission from [17], Copyright (2016) by the American Physical Society.

Figure 2. The range of potential spectra for a binary black hole background assuming the flat-log, power-law, and three-delta mass 
distribution models described in [9, 179], with the local rate derived from the O1 observations [9]. Also displayed is the O1 sensitivity and 
the projected ultimate design sensitivity for Advanced LIGO and Advanced Virgo. Reprinted figure with permission from [51], Copyright 
(2017) by the American Physical Society.
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these stochastic backgrounds. This search assumed log-uniform 

priors3 for the energy density in each polarization; note that in 

the O1 Advanced LIGO results reported in [51] it was assumed 

that the prior on the energy density was uniform in a particular 

band. With 95% credibility, the limit for the energy density of 

the tensor modes is ΩT
GW < 5.6 × 10−8, for the vector modes 

ΩV
GW < 6.4 × 10−8, and scalar modes ΩS

GW < 1.1 × 10−7; for 

these limits the reference frequency is 25 Hz [276].

3.3. LIGO co-located detectors

In principle the best chance of detecting a stochastic back-

ground would be with two co-located and co-aligned 

detectors. In this case the overlap reduction function γ( f )  
[50, 266], would be equal to 1 for all of the frequencies in the 

search. For the first five scientific runs of initial LIGO, S1–S5, 

there were two interferometers operating at the LIGO Hanford 

site. H1 was the 4 km interferometer, while H2 was the 2 km 

interferometer. These two detectors were co-aligned and co-

located, and operated within the same vacuum system. Using 

the LIGO H1 and H2 S5 data a search was conducted for a 

stochastic background [55].

In reality this search proved to be very difficult. Common 

noise was coherent in both detectors. As such, the correlation 

that was measured between the gravitational wave data from 

H1 and H2 was corrupted by the presence of coherent noise. 

This was especially true at low frequencies, f < 460 Hz. 

However, at higher frequencies it was possible to conduct the 

search. For the band of 460–1000 Hz, a 95% confidence-level 

upper limit on the gravitational-wave energy density was found 

to be ΩGW( f ) < 7.7 × 10−4( f/900 Hz)3 [55]. These continue 

to be the best upper limits in this frequency band [51].

3.4. Correlated magnetic noise in global networks  

of gravitational-wave detectors

A search for the stochastic background uses a cross-correla-

tion between the data from two detectors. Inherent in such 

Figure 3. Constraints on the stochastic background, as well as various predictions, across over 29 decades in frequency. Displayed are 
the limits from the final science run of initial LIGO–Virgo, the co-located detectors at Hanford (H1–H2) during run S5, Advanced LIGO 
for O1, and the expected design sensitivity of the Advanced LIGO–Advanced Virgo detector network assuming two years of coincident 
data. Also shown are the constraints on the energy density of the stochastic background from other observations: CMB measurements 
[61], indirect limits from the cosmic microwave background (CMB) and Big-Bang nucleosynthesis [45, 96], pulsar timing [45], and from 
the Earth’s normal modes [97]. The predicted stochastic background from binary black holes (BBH) [17] and binary neutron stars (BNS) 
[193] are displayed. Also given is the predicted sensitivity for the proposed space-based detector LISA [32]. Displayed in figure 2 is the 
region in the black box in more detail. Finally, the stochastic gravitational-wave background predicted from slow-roll inflation is displayed; 
this result is consistent with the Planck results [44] and for this plan a tensor-to-scalar ratio of r  =  0.11 is used. Reprinted figure with 
permission from [51], Copyright (2017) by the American Physical Society.

Figure 4. The effect of different possible polarizations of gravitational waves on a ring of freely falling test particles. The six gravitational-
wave polarizations are allowed with general metric theories of gravitation. The gravitational waves are assumed to be propagating in the z 
direction (out of the page for the plus, cross, and breathing modes; to the right for the vector- x, vector- y, and longitudinal modes). While 
general relativity allows only for two tensor polarizations (plus and cross), other theories allow for two vector (x and y) and/or two scalar 
(breathing and longitudinal) polarizations. Reprinted figure with permission from [280], Copyright (2017) by the American Physical Society.

3 This is a uniform prior between log(Ωmin) and log(Ωmax). For the analysis 

of the Advanced LIGO O1 data Ωmin = 10−13 and Ωmax = 10−5 [276].
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an analysis is the assumption that the noise in one detector 

is statistically independent from the noise in the other detec-

tor. Correlated noise would introduce an inherent bias in the 

analysis. It is for this reason that the data from two separated 

detectors is used. See section  3.3 for the discussion of co-

located detector measurement [55].

The LIGO and Virgo detectors’ sites are thousands of 

kilometers from one another, and the simple assumption is 

that the noise in the detectors at these sites is independent 

from one another. However, this assumption has been dem-

onstrated to be false for magnetic noise. The Earth’s surface 

and the ionosphere act like mirrors and form a spherical cav-

ity for extremely low frequency electromagnetic waves. The 

Schumann resonances are a result of this spherical cavity, 

and resonances are observed at 8, 14, 20, 26,... Hz [279]. 

Most of these frequencies fall in the important stochastic 

background detection band (10 Hz–100 Hz) for Advanced 

LIGO and Advanced Virgo. The resonances are driven by 

the 100 or so lightning strikes per second around the world. 

The resonances result in magnetic fields of order 0.5–1.0  

pT Hz−1/2 on the Earth’s surface [279]. In the time domain, 

10 pT bursts appear above a 1 pT background at a rate 

of  ≈0.5 Hz [280].

This magnetic field noise correlation has been observed 

between magnetometers at the LIGO and Virgo sites [56]. 

Magnetic fields can couple into the gravitational wave detec-

tors and create noise in the detectors’ output strain channels. 

It has been determined that the correlated magnetic field 

noise did not affect the stochastic background upper limits 

measured by initial LIGO and Virgo, but it is possible that 

they could contaminate the future results of Advanced LIGO 

and Advanced Virgo [281]. If that is the case, then meas-

ures must be taken to try to monitor the magnetic fields and 

subtract their effects. This could be done, for example, via 

Wiener filtering [58, 281, 282]. Low noise magnetometers 

are now installed at the LIGO and Virgo sites in order to 

monitor this correlated magnetic noise. The data from these 

magnetometers will be used for Wiener filtering if it is nec-

essary for the stochastic background searches. In addition to 

long term magnetic noise correlations, short duration magn-

etic transients, produced from lightning strikes around the 

world, are seen to be coincidently visible at the detector sites 

and could affect the search for short duration gravitational 

wave events [57].

3.5. Future observing runs for LIGO and Virgo

Advanced LIGO has completed its first observing run, and the 

results of the search for a stochastic background have been 

published [51, 54]. At the time of writing Advanced LIGO 

has completed its second observing run, with Advanced 

Virgo joining it for the last month. Over the next few years 

further observing runs will happen as Advanced LIGO and 

Advanced Virgo approach their target sensitivities [283]. At 

their target sensitivities LIGO and Virgo should be able to 

constrain the energy density of the stochastic background to 

approximately ΩGW ∼ 1 × 10−9 (in the 10 Hz–00 Hz band) 

with a year of coincident data, while 3 yr of data will give a 

limit of ΩGW ∼ 6 × 10−104. At this point it is likely that LIGO 

and Virgo could observe a stochastic background produced 

by binary black holes and binary neutron stars [17, 18, 51]. 

Various cosmological models [113, 115, 284, 285] or cos-

mic strings [286–289] might produce a detectable stochastic 

background at this level as well. Similar sensitivity advances 

will also be made with the directional searches as Advanced 

LIGO and Advanced Virgo reach their target sensitivities. In 

fact, the addition of Advanced Virgo to the network, with its 

long distance displacement from the LIGO sites, will make a 

further important contribution to the directional searches and 

their ability to map the sky [54]. One can expect to see many 

important results pertaining to the search for a stochastic 

background from LIGO and Virgo in the coming years.

3.6. Laser Interferometer Space Antenna—LISA

A way to avoid the many deleterious noise sources found 

on the Earth is to put a gravitational wave detector in space. 

This is the idea behind the laser interferometer space antenna 

(LISA) [31, 32]. The LISA mission has been accepted by the 

European Space Agency (ESA), with the National Aeronautics 

and Space Administration (NASA) participating as a junior 

partner. The current plan is for a 2034 launch, with a mission 

lasting 4 yr, with the possibility of an extension to 10 yr of 

total observation time.

LISA will consist of three satellites in an equilateral tri-

angle configuration, separated from one another by 2.5 × 106 

km. This will allow for three gravitational wave interferome-

ters. Strictly speaking, these will not be interferometers of the 

kind used by LIGO and Virgo. Of the order of  ∼1 W of laser 

light will be emitted from one satellite, while only picowatts 

will be received by the other. As such, the phase of the incom-

ing beam will be measured, and the re-emitted light will have 

its phase set accordingly [32]. At low frequencies only two of 

the interferometers’ data streams will be independent [290].

LISA Pathfinder has demonstrated that much of the tech-

nology required for the LISA mission can meet the require-

ments for its success [291, 292]. For example, with LISA 

Pathfinder the relative acceleration noise of two test masses 

was measured to be (1.74 ± 0.05) fm s−2 Hz−1/2 above 2 

mHz and (6 ± 1)× 10 fm s−2 Hz−1/2 at 20 µHz. This level 

of relative acceleration noise meets the requirements for the 

LISA mission.

LISA will be able to observe gravitational waves from any 

direction in the sky. It will also be generally sensitive to both 

polarizations of gravitational waves from any direction. The 

operating band for LISA will extend from frequencies smaller 

than 10−4 Hz to those greater than 10−1 Hz. This will be an 

important observation band for observations, with many inter-

esting signals predicted [32, 293].

One of the important signal sources for LISA will be the 

stochastic background. Certainly all of the compact galactic 

binaries will produce a stochastic background that will be 

4 Note that the predicted evolution of the LIGO–Virgo sensitivity for the 

stochastic background search, from O1 to reaching design sensitivity, is 

displayed in figure 1 of [18].
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significant for LISA; so significant, that it could mask other 

more interesting signals. Various methods have been sug-

gested for accounting for galactic binary signals within the 

LISA data [199, 200, 220–222, 294].

Other important sources for a stochastic background will 

include binary black hole systems throughout the universe. 

The detections by LIGO and Virgo of gravitational waves from 

binary black hole inspirals implies that there will be a stochas-

tic background from these systems from throughout the his-

tory of the universe [17]. This stochastic background will also 

be potentially observable by LISA. The energy density of this 

background will vary as ΩGW( f ) ∝ f 2/3. The predicted stochas-

tic background was ΩGW( f ) = 1.1+2.7
−0.9 × 10−9 ( f/25 Hz)2/3. 

An assumption of the worst case scenario gives a background 

at the ΩGW ∼ 10−10 ( f/25 Hz)2/3 level. If LISA observes a 

stochastic background it will be important for it to also be able 

to measure its spectral variation. A goal of the LISA mission 

is to make measurements of this stochastic background in two 

bands, 0.8 mHz  <f  <  4 mHz and, 4 mHz  <f  <  20 mHz, each 

with a signal-to-noise ratio of 10 assuming 4 yr of integration 

time. This should be achievable by LISA [32].

Certainly a cosmologically produced stochastic background 

would be the most interesting as it would give direct evidence 

about the universe at its earliest moments. For example, a first-

order phase transition in the energy range from hundreds of 

GeV to one TeV would produce gravitational waves that would 

fall within LISA’s observation band [153, 154]. By measur-

ing the spectral shape it will be possible to begin to decipher 

the source of the background. For example, LISA hopes to 

detect stochastic backgrounds produced by inflation [163], 

first-order phase transitions [154], and cosmic strings [295]. 

In order to have sufficient sensitivity to make statements about 

the spectral characteristics of the stochastic background, LISA 

is being designed so that its sensitivity is sufficient to achieve 

measurements of ΩGW = 1.3 × 10−11( f/10−4 Hz)−1 for 0.1 

mHz  <  f  <  20 mHz, and ΩGW = 4.5 × 10−12( f/10−2 Hz)3 

for 2 mHz  <  f  <  200 mHz. Again, this assumes 4 yr of obser-

vation [32]. Because there are three detectors, each sharing 

an arm and laser beam with its neighbor, there will be cor-

relations in the signals and the noise. It will be helpful to this 

search that a null-stream can be created; namely an output 

channel where there is no signal (to some approximation). 

However, it is possible that correlated noise could affect the 

data; this would be especially problematic for a search for a 

stochastic background. LISA will take the data from the three 

interferometers and recombine them to create three differ-

ent channels using Time Delay Interferometry [296], a way 

to minimize laser noise when the arm lengths for the inter-

ferometers are unequal. Nominally the noise and signals 

will then be uncorrelated. Between correlated noise and the 

galactic binaries it will be a challenge for LISA to achieve 

the ΩGW ∼ 10−12 level, but certainly not impossible either. 

Much research is already underway in order to achieve the 

LISA goals for measuring or setting limits on a stochastic 

background [32].

The sensitivity of the proposed LISA 3-detector system 

with 2.5 × 106 km arms is presented in figure  5 [32]. The 

signal sources that are expected to be observed by LISA are 

also presented. It is important to note the presence of the close 

compact binaries, as described in section 2.7. Those binaries 

producing gravitational waves above the LISA sensitivity 

(marked with SNR  >7) will be individually resolvable, and 

in principle can be removed so that they do not contaminate 

the LISA stochastic background search [199–201, 220–223]. 

However, the sum of all other binaries will produce a gravi-

tational wave background that must be addressed in a search 

for a cosmologically produced stochastic background [201].

3.7. DECi-hertz Interferometer Gravitational wave  

Observatory—DECIGO

Another proposed space based gravitational wave detec-

tor is the DECi-hertz Interferometer Gravitational wave 

Observatory, a Japanese project [99, 100]. Similar to LISA, 

DECIGO will consist of three satellites, in an equilateral tri-

angle configuration, but with a distance separation of 1000 

km. It will also be in a heliocentric orbit. The light traveling 

between each spacecraft will be within a Fabry–Pérot cavity, 

similar to what is done in the arms of LIGO and Virgo. The 

proposal is for four DECIGO clusters (with a DECIGO cluster 

consisting of three satellites in a 1000 km equilateral triangle 

configuration). Two of the DECIGO clusters will be overlap-

ping, with the two equilateral triangles displaced from one 

another by a rotation of 30°. This close proximity should make 

DECIGO especially sensitive to a stochastic background.

DECIGO’s operating frequency band will be 0.1 Hz to 10 

Hz. This will form an important bridge in frequency space 

between LISA, and the LIGO–Virgo–KAGRA ground based 

network. This frequency band is particularly advantageous in 

that the contamination of the signals from white dwarf binaries 

will be extremely low, giving a window for a search for a cos-

mologically produced stochastic background [207]. Because 

of this reduced white dwarf binary foreground, and the sensi-

tivity of DECIGO, it could be possible to achieve a detection 

limit for a stochastic background search of ΩGW ∼ 2 × 10−16 

with three years of observations. This impressive sensitivity 

could provide a direct observation of gravitational waves pro-

duced during inflation [20]. In addition, with DECIGO it could 

also be possible to measure the Stokes V parameter, namely a 

measure of the circular polarization [299]. A measured asym-

metry in right-handed and left-handed polarizations of a sto-

chastic background could indicate parity violation in the early 

universe. An adjustment in the positions of the DECIGO clus-

ters will allow DECIGO to be sensitive to an asymmetry in the 

right-handed and left-handed gravitational waves, as quanti-

fied by the Stokes V parameter [299]. Initial LIGO data has 

been used to search for a parity violation, but with no detected 

stochastic background the results are consistent with Π = 0, 

with Π = ±1 representing fully right- or left-handed gravi-

tational waves polarizations [300]. Since DECIGO could in 

principle measure a cosmologically produced stochastic back-

ground, it could then subsequently search for these signatures 

of parity violation.

The current planning for the mission estimates that 

DECIGO will be launched in the 2030s [100]. In preparation 
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for this ambitious mission a smaller version of DECIGO 

is being planned for launch in the late 2020s, called 

B-DECIGO. This will consist of three satellites, but with a 

separation of 100 km, and orbiting the Earth. B-DECIGO is 

intended to demonstrate the technology needed for the full 

DECIGO mission, but it could detect gravitational waves in 

its own right [100].

3.7.1. Big Bang Observer and other space mission propos-

als. A project similar to DECIGO is the Big Bang Observer 

(BBO) [198]. Like DECIGO, it would have a triangular con-

figuration, but with arm lengths of 5 × 104 km. With two 

overlapping triangular clusters a cross-correlation can be 

made between independent detector data sets [301]. BBO is 

designed to look for a cosmologically produced stochastic 

background, with a sensitivity of ΩGW ∼ 10−17 in the 0.03 

Hz–3 Hz frequency band [198, 301]. This important frequency 

band should be free of astrophysical contamination [301].

Cornish and collaborators have explored various modifi-

cations to the LISA–DECIGO–BBO designs, especially the 

concept of two overlapping triangular clusters [302]. The 

cross-correlation of the data from the two overlapping (but 

independent) detectors creates an opportunity to achieve a 

sensitivity whereby gravitational waves from inflation could 

be detected. A major goal would be to search for a stochastic 

background around a µHz, thereby operating in a regime with 

minimal contamination from astrophysical sources [302]. The 

proposal would be for a successor to LISA, namely a LISA II 

with arm lengths of 
√

3 AU. LISA II is proposed to be a system 

of 6 spacecraft in a configuration of two equilateral triangles, 

essentially two overlapping LISA systems [302]. The 
√

3 AU 

large arm lengths require an orbit farther out, which results 

in reduced thermal effects because of the diminished solar 

heating. In addition, a relative acceleration noise for the proof 

masses is assumed to be at the level of δa ∼ 3 × 10−16 m s−2. 

And while the recent observations of the relative accelera-

tion of the proof masses for LISA Pathfinder were impressive 

[291, 292], an improvement will still be necessary, especially 

at this low frequency of a µHz. Given the assumptions for 

the detectors’ performance it is speculated that the LISA II 

design could observe a stochastic background at the level of 

ΩGW ∼ 4 × 10−13. Even more ambitious would be the LISA 

III design, with arm lengths of 35 AU. In this case the sensitiv-

ity to a stochastic background could reach ΩGW ∼ 2 × 10−18 

at 10−8 Hz. This would certainly be sufficient to observe grav-

itational waves from inflation [20].

3.8. Fermilab Holometer

The Fermilab Holometer consists of two Michelson interfer-

ometers that are nearly overlapping (a separation of 0.635 

m), with arm lengths of 39.2 m [303]. The holometer was 

Figure 5. The sensitivity (in terms of characteristic strain [297, 298]) of the proposed LISA 3-detector system with 2.5 × 106 km arms [32]. 
Numerous sources that are expected to be observed by LISA are displayed. Especially important for the search for a stochastic background 
will be the galactic background (see section 2.7). Thousands of galactic binaries in LISA will produce signals with SNR  >7, and will 
be individually resolvable. Some of these systems are well known and have already been studied; these will be the so-called Verification 
Binaries, that will produce gravitational wave signals that will help to confirm the sensitivity and calibration of LISA. However, countless 
other binary systems will contribute to a gravitational wave background that will complicate the LISA search for a cosmologically 
produced stochastic background [201, 223]. This background is also displayed in this figure. Many other predicted signals for LISA are 
displayed, including massive black hole binaries (MBHBs, including GW150914), black hole binary systems that can be observed with 
Advanced LIGO and Advanced Virgo (LIGO-type BHBs), and extreme mass ratio inspirals (EMRIs). See [32] for more details on these 
signal sources. Reproduced from [32] with permission. https://arxiv.org/abs/1702.00786.
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constructed with the goal of attempting to observe correla-

tions in space-time variations. It was speculated [304–306] 

that this could be a consequence of quantum gravity. However 

the two co-aligned and co-situated interferometers also pro-

vide a unique means to try to measure a stochastic background 

at MHz frequencies [307].

The holometer has recently demonstrated that its strain 

sensitivity h( f ) =
√

Sh  (see equation  (11)) is better than 

10−21 Hz−1/2 in the 1 MHz to 13 MHz band. With 130 h of 

coincident data between the two interferometers a 3σ limit on 

the energy density of the stochastic background was made, 

ΩGW < 5.6 × 1012  at 1 MHz, and ΩGW < 8.4 × 1015 at 13 

MHz [307]. These are the best limits to date in this high fre-

quency band for a direct measurement, although Big Bang 

nucleosynthesis [308], CMB observations [128, 309] and 

indirect limits [45] do place much better constraints at these 

frequencies.

3.9. Pulsar timing

Pulsars are like clocks in space. These are rapidly rotating 

neutron stars with large magnetic fields. It is presumed that 

there is a misalignment between the magnetic field dipole axis 

and the rotation axis. As such, the sweeping magnetic field 

creates a regularly arriving radio pulse. These pulses were 

first detected on Earth in 1967 and reported in Observation 

of a Rapidly Pulsating Radio Source [310]. It was quickly 

deciphered that these radio signals were coming from rapidly 

rotating neutron stars, namely pulsars [311, 312].

Sazhin [313] and Detweiler [314] were the first to recog-

nize that the regularity of the signals received from pulsars 

could be used to search for gravitational waves. For the detec-

tion of gravitational waves, one can consider a pulsar and an 

observer on Earth to be analogous to the two ends of a sin-

gle interferometer arm. For long gravitational wave periods 

(T ∼ 1 yr) the energy density of the stochastic background 

can be expressed as

ΩGW( f ) =
2π2

3H2
0

A2
GWf 2

yr

( f

fyr

)nt

, (22)

where AGW is the characteristic strain amplitude at the refer-

ence frequency fyr = 1 yr−1, and nt is the spectral index; see 

equation (6) of [45]. In addition, see [24] for a comprehensive 

description of how one can extract a gravitational wave signal 

from the pulsar timing data.

Needless to say, while the signal from a pulsar can be regu-

lar, numerous effects can modify the phase of the arriving sig-

nal. Typically pulsars lose energy and their rotation frequency 

decreases. If pulsar signals are to be used to try to detect 

gravitational waves, then the physical effects of the pulsars 

themselves must be well understood. One must account for 

dispersion of the signal by the interstellar medium, and also 

account for fluctuations in the dispersion. The period deriva-

tive of the pulsar, caused by the loss of rotational energy via 

the emission of gravitational waves, must be included. The 

exact location of the pulsar in the sky, along with its proper 

motion, must be known to high precision [315].

After the discovery of the first pulsar, and subsequent 

detections of others, it was observed that some pulsars, such 

as PSR 1937  +  21, could be as stable as atomic clocks [315]. 

For this pulsar the frequency stability was observed to be 

∆f/f ∼ 6 × 10−14 when averaged over times longer than 4 

months. With the observations of this pulsar, and through the 

observed frequency stability, it was possible in 1987 to set a 

limit on the energy density of the stochastic background to 

be ΩGW( f ) h2 < 4 × 10−7 at a frequency of 7 × 10−7 Hz 

[315]. During this early period in pulsar observations many 

quickly used their observations to also constrain the stochas-

tic background. For example, Hellings and Downs [316] used 

the observations from four pulsars to constrain the stochas-

tic background to ΩGW( f ) h2 < 1.4 × 10−4 at a frequencies 

around 10−8 Hz.

Using pulsar timing to try to observe gravitational waves is 

currently a very active research area, involving numerous col-

laborations around the world [317–322]. The current obser-

vations concentrate on signals with frequencies in the range 

of 10−9–10−7 Hz [24]. A stochastic background is the most 

likely signal source for the current pulsar timing experiments, 

namely the background produced by all of the inspiral and 

mergers of super massive black hole binaries over the history 

of the universe [24, 323].

The European Pulsar Timing Array has recently reported 

limits on the stochastic background based on the observation 

of six pulsars over 18 yr. Their upper limits on the energy 

density of the stochastic background is ΩGWh2 < 1.1 × 10−9 

at 2.8 nHz. This limit places stringent constraints on the super-

massive binary black hole population in the universe. This 

analysis also constrains the string tension to Gµ < 1.3 × 10−7 

for a Nambu–Goto field theory cosmic string network [324].

NANOGrav [129] has reported the results from an exami-

nation of nine years of pulsar data involving 37 pulsars [129]. 

The upper limit on the energy density of the stochastic back-

ground was reported to be ΩGWh2 < 4.2 × 10−10 at frequency 

3.3 × 10−9 Hz [129]. These results were then improved with 

the goal of constraining cosmic string parameters [295]. Using 

a new analysis of the NANOGrav results, a constraint has 

been found on the cosmic string tension of Gµ < 1.5 × 10−11 

[295].

The Parkes Pulsar Timing Array (PPTA) [318, 325] uses 

the Parkes 64 m radio telescope to observe 24 pulsars. With 

this data they have constrained the energy density of the sto-

chastic background to be ΩGW < 2.3 × 10−10 at 6.3 nHz for a 

spectral index of nt  =  0.5 [169]. The limit for a spectral index 

of nt  =  0 is the same to two decimal places [45]. It is expected 

that with five subsequent years of data the PPTA could achieve 

a limit of ΩGW < 5 × 10−11, but that will be even further 

improved by combining the results from the different pulsar 

timing collaborations [45] as part of the International Pulsar 

Timing Array [321].

3.10. Doppler tracking limits

The same techniques that are applied to radio signals from 

pulsars for the detection of gravitational waves can be applied 
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to signals transmitted from spacecraft traveling through our 

solar system [326, 327]. In fact, the Doppler tracking of space-

craft was considered and analyzed before pulsar timing [328]. 

Originally intended to look for gravitational waves emitted 

from pulsars, the Doppler tracking technique is also appli-

cable to searches for a stochastic background of gravitational 

waves. The Earth and the spacecraft are considered as free 

masses. A limit can be placed on the energy density of the sto-

chastic background in the frequency range of 10−6–10−2 Hz 

[329]. Signals from many different spacecraft have been used, 

including the Viking [330], Voyager [331], Pioneer 10 [332], 

Pioneer 11 [333], and Cassini [334–336]. The best upper limit 

on the energy density of the stochastic background comes 

from the analysis of the Cassini data, giving ΩGW < 0.025 at 

a frequency of 1.2 × 10−6 Hz and assuming a value for the 

Hubble constant of 75 km s−1 Mpc−1 [327, 336]. Using the 

currently accepted value of H0  =  67.74 km s−1 Mpc−1 [44] 

this reduces the limit to ΩGW < 0.03.

3.11. Cosmic microwave background anisotropy limits

The near isotropy of the cosmic microwave background 

(CMB) can be used to constrain the energy density of the 

stochastic background at very low frequencies. There are 

two ways in which gravitational waves will disturb the CMB. 

Gravitational waves today with wavelengths of the order of 

the horizon size will produce a quadrupole anisotropy, while 

gravitational waves at the time of recombination will cause 

fluctuations on smaller angular scales that can be observed 

today [337]. In figure 3 the curve labeled CMB corresponds 

to the limits on ΩGW( f ) from the CMB measurements of the 

Planck satellite [338]. An energy of gravitational waves above 

this level would have changed the observations made on the 

CMB [339–341], such as those made by Planck [338].

3.12. Indirect limits

The production of deuterium, helium and lithium in the early 

universe can be used to constrain the energy density of the 

stochastic background. This Big Bang nucleosynthesis (BBN) 

limit provides an important constraint on the stochastic back-

ground. If the energy density of the gravitational waves is too 

large when these light nuclei are produced, the abundances 

today would be different from what is actually observed 

[342]. Too much gravitational wave energy would speed up 

the universe’s expansion rate, thereby reducing the amount of 

helium formed from deuterium, altering the observed ratios.

The baryon density in the universe today is in the range 

of ρb = (3.9–4.6)× 10−31 g cm−3. This then translates into a 

relationship with the critical density of the universe, namely 

Ωb = ρb/ρcrit = 0.046–0.053. The majority of the baryon  

mass of the universe is made up of neutral hydrogen.  

The primordial mass fraction of helium 4He is Yp = ρ(4He 

)/ρb ≈ 0.25. The primordial mass fraction for deuterium D 

and helium 3He are of the order 10−5, while for Lithium 7Li 

it is at the 10−10 level [343]. The observations of the mass 

ratios for primordial nucleosynthesis limit the energy density 

of gravitational waves to ΩGW < 1.8 × 10−5 for frequencies 

in excess of 10−10 Hz [128, 308, 344].

Observations of the CMB, BBN, and baryon acoustic oscil-

lations (BAO) [345] can be combined to provide a limit on the 

energy density of the stochastic background [45, 96, 128]. It 

can be shown that an upper limit on the energy density of the 

stochastic background for frequencies above 10−15 Hz can be 

made with

ΩGW �
7

8

( 4

11

)4/3

(Neff − 3.046) Ωγ (23)

where the energy density of the CMB is Ωγ = 2.473 × 10−5/h2 

[128]. The term Neff is the effective number of neutrinos, and 

the measurements of the Z boson width [343] limit its value. 

Studies considering the behavior of the three neutrino fami-

lies in the early universe give a value of Neff ≈ 3.046 [346]. 

The presence of a large energy density of gravitational waves 

would alter the value of Neff observed via cosmological obser-

vations today. Combining equation (23) with the value of Ωγ 

implies

ΩGWh2
� 5.6 × 10−6(Neff − 3.046), (24)

which can then be used to limit ΩGW based on BBN, CMB and 

BAO observations [128]. Recent observations place a limit of 

ΩGW � 3.8 × 10−6 [45, 96].

3.13. B-modes in the cosmic microwave background

The CMB holds much information pertaining to a stochastic 

background produced at the earliest moments of the universe. 

For example, the gravitational waves produced during inflation 

should leave their imprint on the CMB when it was produced 

3.8 × 105 yr after the Big Bang; this is the recombination time 

when the temperature of the universe was  ∼3 × 103 K.

As described above, quantum fluctuations during inflation 

will create a stochastic background of gravitational waves. 

Density fluctuations will also be created. Both of these can 

affect the polarization content of the CMB. However, they can 

be differentiated from one another, namely by breaking down 

the composition of the CMB polarization into a curl-free comp-

onent (an E mode), and a curl component (a B mode) [347]. 

The presence of gravitational waves produced during inflation 

would be responsible for introducing B modes into the CMB 

polarization at the time of recombination. Gravitational waves 

can also induce fluctuations in the temperature of the CMB. 

An excellent summary of all aspects of B modes is presented 

in [347].

Gravitational waves affect the metric of spacetime, which 

can then consequently affect a photon’s energy. At the time 

of recombination the gravitational waves and the photons 

were traveling within the cosmic fluid of material present at 

the time, mostly protons, electrons and neutrinos. Of course 

there is also a change in the energy of the photons due to 

the expansion of the universe. The presence of gravitational 

waves alone does not affect the polarization of the photons, 

only their energy. Similarly, density fluctuations in the cosmic 

fluid will induce a gravitational redshift in the photons, but 
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not affect their polarization. However, as photons Thomson 

scatter off of the electrons present, a net polarization can be 

induced.

The measure for the amount of gravitational waves pro-

duced during inflation is typically expressed in terms of the 

tensor to scalar ratio,

r =
∆

2
h

∆2
R

, (25)

where ∆2
h is the gravitational wave power spectrum and ∆2

R is 

the curvature power spectrum. The r value can also be directly 

related to the potential of the inflaton, φ, during inflation, 

namely V(φ); see [347] for details.

Unfortunately gravitational waves are not the only means to 

create B modes in the polarization of the CMB. Gravitational 

lensing of the CMB can also produce B modes. This would 

be caused by massive objects between us (as observers) and 

the surface of last scattering of the CMB [347–349]. This 

effect has been observed [350–352]. However, with the pre-

sent knowledge of the parameters describing our universe, 

ΛCDM, it is possible to accurately predict the amount of B 

modes in the CMB polarization created by lensing. The influ-

ence of gravitation waves on the B modes will be prominent 

in the spherical harmonic range from  ∼l  =  10 to  ∼l  =  100, or 

roughly an angular scale of  ∼0.1◦ to  ∼1◦ [347].

The most serious obstacle to directly observing the effects 

of gravitational waves on the CMB is the presence of the 

material in and about our galaxy. Synchrotron emission in 

the galaxy is a foreground which will contaminate CMB 

polarization studies for photon frequencies under 100 GHz  

[347, 353]. Dust grains tend to align themselves with the 

galactic magnetic field; the thermal emission from these 

grains tends to be polarized [354]. The presence of the 

material makes the search for B modes in the galactic plane 

impractical, and hence observations need to take place at high 

galactic latitudes [347].

When observations are made of the polarization of the 

CMB across a patch of sky, a decomposition can be made 

of the E modes and B modes. The polarization power as 

a function of angular scale (or exactly, spherical harmonic 

number l) is measured and plotted. From that the tensor to 

scalar ratio, r, can be extracted [347]. Numerous observa-

tion teams are currently attempting to find the B modes 

produced by gravitational waves. In 2014 the BICEP2 

Collaboration claimed an observation of B modes in the 

range 30  <  l  <  150, or roughly 0.3◦–1.5◦ [355]. However, 

the results were quickly challenged [356], and subsequent 

analyses showed that the observed B modes were actu-

ally due to galactic dust, and reported an upper limit of 

r  <  0.12 at 95% confidence [357]. Subsequent observations 

by BICEP2 and the KECK Array have further reduced this 

limit to r  <  0.09 at 95% confidence; combining the results 

with Planck CMB temperature data and baryon acoustic 

oscillation results further constrains the ratio to r  <  0.07 at 

95% confidence [358]. There are other attempts by other 

groups to observe or constrain the B modes due to gravita-

tional waves [359–362].

3.14. Normal modes of the Earth, Moon and Sun

The measurement of the normal modes of the Sun, Earth and 

the Moon have been used to limit the energy density of the 

stochastic gravitational wave background. The idea of using 

the Earth itself as a gravitational wave detector goes back to 

1969 with a proposal from Freeman Dyson [363]. The appli-

cation of actual data pertaining to motions of the Sun and 

Earth started as early as 1984 when Boughn and Kuhn [364] 

analyzed the process by which a gravitational wave back-

ground drives the normal modes of a spherical body. Using 

data of the observed line of sight velocity of the surface of the 

Sun they were able to constrain ΩGW( f ) to be less than 100 at 

a frequency of 4 × 10−4 Hz. The Earth’s cross-section to the 

background of gravitational waves is smaller than the Sun’s 

because the Earth is much smaller. However, the data on seis-

mic activity is much better for the Earth. The limit achieved 

from the Earth data was also ΩGW( f ) < 100 at frequencies of 

2 × 10−3 Hz and 2 × 10−2 Hz.

Much progress has subsequently been made with these 

types of studies. Recent observations of the Sun have used 

helioseismology. A stochastic background of gravitational 

waves would excite stars like our Sun, causing them to oscil-

late. For the Sun, high precision radial velocity data is used 

to monitor the motion. Specifically, limits on the the high 

frequency quadrupolar g modes [365] are used to constrain 

the stochastic background. A model of the sun has been used 

where it is assumed to be a spherical body with a negligi-

ble shear modulus. The best constraint with this method is 

ΩGW < 4.0 × 105 at 0.171 mHz [366].

The method of Dyson [363] using the Earth to attempt to 

measure gravitational waves was implemented using seis-

mometer data [367]. Correlations were made between pairs 

of seismometers. The seismometers used in this study were 

located around the world. The surface of the Earth was consid-

ered to be a free and flat surface in its response to gravitational 

waves. The limit derived was ΩGW < 1.2 × 108 in the 0.05–1 

Hz band using one year of data [367].

This study was then extended to take into account the inter-

nal structure of the Earth [97]. This allowed for lower fre-

quencies to be addressed, since below 50 mHz there is global 

coherence in the seismic motion. The new study used both 

the data from gravimeters and a model of the response of the 

Earth’s modes to gravitational waves. Ten years of data from 

the superconducting gravimeters for the Global Geodynamics 

Project [368] were analyzed. For frequencies between 0.3 

mHz and 5 mHz, limits were placed on the energy density 

of the stochastic background, ΩGW, with the limits ranging 

between 0.035 and 0.15 [97].

Seismic arrays on the moon have also been used to limit 

the energy density of the stochastic background [369]. 

Seismometers were placed on the moon between 1969 and 

1972 as part of the Apollo 12, 14, 15 and 16 missions. Data 

was acquired until 1977. The seismic noise on the moon is less 

than that on Earth. From the lunar seismometer data the inte-

grated energy density of the stochastic background from 0.1 

to 1 Hz can be constrained to ΩGW < 1.2 × 105 [369]. This is 

currently the best limit in this frequency band.
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4. Conclusions

The observations of gravitational waves by Advanced LIGO 

[5, 6] and Advanced Virgo [12] have created tremendous 

excitement in the world of physics [4, 8–11, 13, 14]. In addi-

tion to signals from the coalescence of binary black hole and 

binary neutron star systems, numerous other types of signals 

are expected [283]. One of those is a stochastic background 

of gravitational waves. The observations of Advanced LIGO 

and Advanced Virgo predict that these instruments, in the 

coming few years, should detect a stochastic background cre-

ated by all binary black hole and binary neutron star mergers 

throughout the history of the universe [17, 18, 51]. It is also 

possible that in the coming years LIGO and Virgo could detect 

a stochastic background from other sources, for example from 

cosmic strings [142]. The observations by the Advanced 

LIGO–Advanced Virgo network will likely be made in the 

20–100 Hz band.

In the coming years it is likely that pulsar timing could 

make an observation, most likely of a stochastic background. 

This would be the stochastic background produced by all of 

the inspiral and mergers of super massive black hole binaries 

over the history of the universe [24, 323]. The frequency band 

for these observations would be 10−9–10−7 Hz. Numerous 

collaborations around the world are attempting to detect 

gravitational waves, and especially the stochastic background 

[317–322].

It is also probable that in the coming years the imprint made 

on the polarization of the CMB by gravitational waves created 

by quantum fluctuations during inflation will be measured. 

Observations by BICEP2 and the KECK Array have set a limit 

on r, the tensor-to-scalar ratio, of r  <  0.09 at 95% confidence; 

when the results are combined with Planck CMB temperature 

data and baryon acoustic oscillation results the constraint is 

narrowed to r  <  0.07 at 95% confidence [358]. Galactic dust 

is a continual problem in the quest to observe the effect of 

primordial gravitational waves [356]; however, observing the 

CMB at multiple frequencies may allow the effects of the dust 

to be disentangled if r is not inordinately small. Many groups 

are trying to observe or constrain the B modes due to gravita-

tional waves [359–362].

Future gravitational wave detectors will offer exciting 

prospects for observing the stochastic background. Third gen-

eration ground-based gravitational wave detectors, such as 

the Einstein Telescope [194] or the Cosmic Explorer [195], 

will have better sensitivity by a factor of ≈10 than the target 

sensitivity of Advanced LIGO or Advanced Virgo. An excit-

ing prospect for these detectors is that they should be able to 

directly observe almost every stellar mass binary black hole 

merger in the observable universe. This could allow them 

to directly detect and remove from the stochastic search the 

astrophysical foreground. By removing this foreground the 

third generation detection detectors could be sensitive to a 

cosmologically produced background at the ΩGW ∼ 10−13 

level with 5 yr of observations [196]. This will then bring the 

third generation detectors into a sensitivity regime for impor-

tant cosmological observations.

The LISA mission has been accepted by ESA, with contrib-

utions to be made by NASA [31, 32]. The current plan is for a 

2034 launch, with a mission lasting 4 yr, with the possibility of 

an extension to 10 yr of total observation time. While a major 

goal of LISA will be to observe a cosmologically produced 

stochastic background, there will be a significant astrophysi-

cally produced foreground that will make this task difficult. 

For example, galactic binaries will mask other more interest-

ing signals, and different techniques have been proposed for 

addressing the galactic binary signals [199, 200, 220–222, 294].  

The detection of gravitational waves from binary black hole 

inspirals implies that there will be a stochastic background 

from these systems [17], and this stochastic background will 

also be observable by LISA. If the astrophysical foreground 

can be addressed, LISA could potentially have a sensitivity to 

a stochastic background at the ΩGW( f ) ≈ 10−12 level in the 

10−4 Hz to 10−1 Hz band. This sensitivity could allow LISA 

to observe the consequences, for example, of a first-order 

electroweak phase transition [153, 154], or of the presence of 

cosmic strings [295].

The recent detection of gravitational waves is the start of 

a new era. The stochastic gravitational wave background will 

hold information on some of the most important events in the 

history of the universe. In the coming years we can expect this 

background to be observed, and stunning revelations about the 

universe should be discovered.

Acknowledgments

NC is supported by National Science Foundation (NSF) grants 

PHY-1505373 and PHY-1806990 to Carleton College. Thanks 

to Joe Romano and Philip Charlton for comments on the 

manuscript. This article has been assigned LIGO Document 

Number P1800071.

LIGO and Virgo gratefully acknowledge the support of the 

United States National Science Foundation (NSF) for the con-

struction and operation of the LIGO Laboratory and Advanced 

LIGO as well as the Science and Technology Facilities 

Council (STFC) of the United Kingdom, the Max-Planck-

Society (MPS), and the State of Niedersachsen/Germany for 

support of the construction of Advanced LIGO and construc-

tion and operation of the GEO600 detector. Additional support 

for Advanced LIGO was provided by the Australian Research 

Council. The LIGO and Virgo gratefully acknowledge the 

Italian Istituto Nazionale di Fisica Nucleare (INFN), the 

French Centre National de la Recherche Scientifique (CNRS) 

and the Foundation for Fundamental Research on Matter 

supported by the Netherlands Organisation for Scientific 

Research, for the construction and operation of the Virgo 

detector and the creation and support of the EGO consortium. 

The LIGO and Virgo also gratefully acknowledge research 

support from these agencies as well as from the Council of 

Scientific and Industrial Research of India, the Department 

of Science and Technology, India, the Science & Engineering 

Research Board (SERB), India, the Ministry of Human 

Resource Development, India, the Spanish Agencia Estatal de 

Investigación, the Vicepresidència i Conselleria d’Innovació, 

Rep. Prog. Phys. 82 (2019) 016903



Review

26

Recerca i Turisme and the Conselleria d’Educació i Universitat 

del Govern de les Illes Balears, the Conselleria d’Educació, 

Investigació, Cultura i Esport de la Generalitat Valenciana, 

the National Science Centre of Poland, the Swiss National 

Science Foundation (SNSF), the Russian Foundation for Basic 

Research, the Russian Science Foundation, the European 

Commission, the European Regional Development Funds 

(ERDF), the Royal Society, the Scottish Funding Council, 

the Scottish Universities Physics Alliance, the Hungarian 

Scientific Research Fund (OTKA), the Lyon Institute of Origins 

(LIO), the National Research, Development and Innovation 

Office Hungary (NKFI), the National Research Foundation of 

Korea, Industry Canada and the Province of Ontario through 

the Ministry of Economic Development and Innovation, 

the Natural Science and Engineering Research Council 

Canada, the Canadian Institute for Advanced Research, the 

Brazilian Ministry of Science, Technology, Innovations, and 

Communications, the International Center for Theoretical 

Physics South American Institute for Fundamental Research 

(ICTP-SAIFR), the Research Grants Council of Hong Kong, 

the National Natural Science Foundation of China (NSFC), 

the Leverhulme Trust, the Research Corporation, the Ministry 

of Science and Technology (MOST), Taiwan and the Kavli 

Foundation. The LIGO and Virgo gratefully acknowledge the 

support of the NSF, STFC, MPS, INFN, CNRS and the State 

of Niedersachsen/Germany for provision of computational 

resources.

References

 [1] Einstein A 1916 Preuss. Akad. Wiss. Berlin 1 688
 [2] Einstein A 1918 Preuss. Akad. Wiss. Berlin 1 154
 [3] Einstein A 1916 Ann. Phys. 49 769
 [4] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2016 Phys. Rev. Lett. 116 061102
 [5] Aasi J et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2015 Class. Quantum Grav. 32 074001
 [6] Harry G M et al (LIGO Scientific Collaboration) 2010 Class. 

Quantum Grav. 27 084006
 [7] Taylor J H and Weisberg J M 1982 Astrophys. J. 253 908–20
 [8] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2016 Phys. Rev. Lett. 116 241103
 [9] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2016 Phys. Rev. X 6 041015
 [10] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2017 Phys. Rev. Lett. 118 221101
 [11] Abbott B P et al 2017 Astrophys. J. Lett. 851 L35
 [12] Acernese F et al 2015 Class. Quantum Grav. 32 024001
 [13] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2017 Phys. Rev. Lett. 119 141101
 [14] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2017 Phys. Rev. Lett. 119 161101
 [15] Abbott B P et al 2017 Astrophys. J. Lett. 848 L12
 [16] Arnett W D, Bahcall J N, Kirshner R P and Woosley S E 1989 

Ann. Rev. Astron. Astrophys. 27 629
 [17] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2016 Phys. Rev. Lett. 116 131102
 [18] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2018 Phys. Rev. Lett. 120 091101
 [19] Guth A H 1981 Phys. Rev. D 23 347–56
 [20] Grishchuk L P 1993 Phys. Rev. D 48 3513–6

 [21] Maggiore M 2007 Gravitational Waves: Volume 1: Theory 
and Experiments (Gravitational Waves) (Oxford: Oxford 
University Press)

 [22] Creighton J and Anderson W 2012 Gravitational-Wave 
Physics and Astronomy: an Introduction to Theory, 
Experiment and Data Analysis (Wiley Series in Cosmology) 
(New York: Wiley)

 [23] Saulson P R 2013 C. R. Phys. 14 288–305
 [24] Romano J D and Cornish N J 2017 Living Rev. Relativ. 20 2
 [25] Weisberg J M and Huang Y 2016 Astrophys. J. 829 55
 [26] Usman S A et al 2016 Class. Quantum Grav. 33 215004
 [27] Messick C et al 2017 Phys. Rev. D 95 042001
 [28] Privitera S, Mohapatra S R P, Ajith P, Cannon K, 

Fotopoulos N, Frei M A, Hanna C, Weinstein A J and 
Whelan J T 2014 Phys. Rev. D 89 024003

 [29] Abbott B P et al (LIGO Scientific Collaboration and Virgo 
Collaboration) 2016 Phys. Rev. X 6 041014

 [30] Sesana A 2016 Phys. Rev. Lett. 116 231102
 [31] Vitale S 2014 Gen. Relativ. Gravit. 46 1730
 [32] Amaro-Seoane P et al 2017 arXiv:1702.00786
 [33] Cornish N J and Sesana A 2013 Class. Quantum Grav. 

30 224005
 [34] Fryer C L and New K C B 2011 Living Rev. Relativ. 14 1
 [35] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2017 Phys. Rev. D 95 042003
 [36] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2016 Phys. Rev. D 93 042005
 [37] Abbott B P et al 2018 Class. Quantum Grav. 35 065009
 [38] Aasi J et al 2014 Phys. Rev. Lett. 112 131101
 [39] Kibble T W B 1976 J. Phys. A: Math. Gen. 9 1387
 [40] Vilenkin A and Shellard E P S 1994 Cosmic Strings and Other 

Topological Defects (Cambridge: Cambridge University 
Press) p 517

 [41] Hessels J W T, Ransom S M, Stairs I H, Freire P C C, 
Kaspi V M and Camilo F 2006 Science 311 1901–4

 [42] Abbott B P et al (LIGO Scientific Collaboration and Virgo 
Collaboration) 2016 Phys. Rev. D 94 102002

 [43] Wette K 2012 Phys. Rev. D 85 042003
 [44] Ade P A R et al (Planck Collaboration) 2016 Astron. 

Astrophys. 594 A13
 [45] Lasky P D et al 2016 Phys. Rev. X 6 011035
 [46] Abbott B P et al 2017 Astrophys. J. Lett. 848 L13
 [47] Goldstein A et al 2017 Astrophys. J. Lett. 848 L14
 [48] Savchenko V et al 2017 Astrophys. J. Lett. 848 L15
 [49] Christensen N 1990 On measuring the stochastic gravitational 

radiation background with laser interferometric antennas 
PhD Thesis Massachusetts Institute of Technology

 [50] Christensen N 1992 Phys. Rev. D 46 5250–66
 [51] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2017 Phys. Rev. Lett. 118 121101
 [52] Bennett C L et al 2013 Astrophys. J. Suppl. Ser. 208 20
 [53] Hinshaw G et al 2013 Astrophys. J. Suppl. Ser. 208 19
 [54] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2017 Phys. Rev. Lett. 118 121102
 [55] Aasi J et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2015 Phys. Rev. D 91 022003
 [56] Thrane E, Christensen N and Schofield R 2013 Phys. Rev. D 

87 123009
 [57] Kowalska-Leszczynska I et al 2017 Class. Quantum Grav. 

34 074002
 [58] Coughlin M W et al 2016 Class. Quantum Grav. 33 224003
 [59] Bendat J S 1959 Z. Nat.forsch. A 14 767
 [60] Takahashi T and Soda J 2009 Phys. Rev. Lett. 102 231301
 [61] Ade P A R et al (Planck Collaboration) 2014 Astron. 

Astrophys. 571 A16
 [62] Bar-Kana R 1994 Phys. Rev. D 50 1157–60
 [63] Starobinski A 1979 JETP Lett. 30 682–6
 [64] Easther R, Giblin J T and Lim E A 2007 Phys. Rev. Lett. 

99 221301

Rep. Prog. Phys. 82 (2019) 016903



Review

27

 [65] Barnaby N, Pajer E and Peloso M 2012 Phys. Rev. D 
85 023525

 [66] Cook J L and Sorbo L 2012 Phys. Rev. D 85 023534
 [67] Lopez A and Freese K 2015 J. Cosmol. Astropart. Phys. 

JCAP15(2015)037
 [68] Turner M S 1997 Phys. Rev. D 55 R435–9
 [69] Easther R and Lim E A 2006 J. Cosmol. Astropart. Phys. 

JCAP04(2006)10
 [70] Gasperini M and Veneziano G 1993 Astropart. Phys. 1 317–39
 [71] Gasperini M and Veneziano G 1993 Mod. Phys. Lett. A 

08 3701–13
 [72] Mandic V and Buonanno A 2006 Phys. Rev. D 73 063008
 [73] Gasperini M 2016 J. Cosmol. Astropart. Phys. 

JCAP16(2016)010
 [74] Sarangi S and Tye S H 2002 Phys. Lett. B 536 185–92
 [75] Siemens X, Mandic V and Creighton J 2007 Phys. Rev. Lett. 

98 111101
 [76] Damour T and Vilenkin A 2005 Phys. Rev. D 71 063510
 [77] Kuroyanagi S, Miyamoto K, Sekiguchi T, Takahashi K and 

Silk J 2012 Phys. Rev. D 86 023503
 [78] Kosowsky A, Turner M S and Watkins R 1992 Phys. Rev. 

Lett. 69 2026–9
 [79] Kamionkowski M, Kosowsky A and Turner M S 1994 Phys. 

Rev. D 49 2837–51
 [80] Giblin J T and Thrane E 2014 Phys. Rev. D 90 107502
 [81] Zhu X J, Howell E J, Blair D G and Zhu Z H 2013 Mon. Not. 

R. Astron. Soc. 431 882
 [82] Wu C, Mandic V and Regimbau T 2012 Phys. Rev. D 

85 104024
 [83] Rosado P A 2011 Phys. Rev. D 84 084004
 [84] Buonanno A, Sigl G, Raffelt G G, Janka H T and Müller E 

2005 Phys. Rev. D 72 084001
 [85] Zhu X J, Howell E and Blair D 2010 Mon. Not. R. Astron. 

Soc. 409 L132
 [86] Rosado P A 2012 Phys. Rev. D 86 104007
 [87] Lasky P D, Bennett M F and Melatos A 2013 Phys. Rev. D 

87 063004
 [88] Cheng Q, Zhang S N and Zheng X P 2017 Phys. Rev. D 

95 083003
 [89] Allen B and Romano J D 1999 Phys. Rev. D 59 102001
 [90] Abbott B et al (LIGO Scientific Collaboration) 2004  

Phys. Rev. D 69 122004
 [91] Abbott B et al (LIGO Scientific Collaboration) 2005  

Phys. Rev. Lett. 95 221101
 [92] Abbott B et al 2007 Astrophys. J. 659 918
 [93] Abadie J et al (The LIGO Scientific Collaboration and the 

Virgo Collaboration) 2012 Phys. Rev. D 85 122001
 [94] Abbott B et al 2009 Nature 460 990–4
 [95] Aasi J et al (LIGO and Virgo Collaboration) 2014 Phys. Rev. 

Lett. 113 231101
 [96] Pagano L, Salvati L and Melchiorri A 2016 Phys. Lett. B 

760 823–5
 [97] Coughlin M and Harms J 2014 Phys. Rev. D 90 042005
 [98] Chaibi W, Geiger R, Canuel B, Bertoldi A, Landragin A and 

Bouyer P 2016 Phys. Rev. D 93 021101
 [99] Kawamura S et al 2008 J. Phys.: Conf. Ser. 122 012006
 [100] Sato S et al 2017 J. Phys.: Conf. Ser. 840 012010
 [101] Regimbau T 2011 Res. Astron. Astrophys. 11 369–90
 [102] Knox L, Christensen N and Skordis C 2001 Astrophys. J. 

Lett. 563 L95
 [103] Penzias A and Wilson R 1965 Astrophys. J. 142 419–21
 [104] Dicke R, Peebles P, Roll P and Wilkinson D 1965 Astrophys. 

J. 142 414–9
 [105] Alpher R and Herman R 1948 Nature 162 774–5
 [106] Mather J et al 1994 Astrophys. J. 420 439–44
 [107] Fixsen D J 2009 Astrophys. J. 707 916
 [108] Smoot G et al 1992 Astrophys. J. Lett. 396 L1–5
 [109] Christensen N, Meyer R, Knox L and Luey B 2001 Class. 

Quantum Grav. 18 2677

 [110] Linde A 1982 Phys. Lett. B 108 389–93
 [111] Binetruy P 2015 arXiv:1504.07050
 [112] Starobinsky A 1979 Pisma Zh. Eksp. Teor. Fiz. 30 719
 [113] Starobinskii A A 1979 JETP Lett. 30 682
 [114] Kolb E W and Turner M S 1994 The Early Universe 

(Boulder, CO: Westview)
 [115] Bar-Kana R 1994 Phys. Rev. D 50
 [116] Jeannerot R, Rocher J and Sakellariadou M 2003 Phys. Rev. 

D 68 103514
 [117] Sakellariadou M 2009 Nucl. Phys. B 192 68–90
 [118] Sakellariadou M 2008 Phil. Trans. R. Soc. A 366 2881–94
 [119] Shellard E 1987 Nucl. Phys. B 283 624–56
 [120] Laguna P and Matzner R A 1990 Phys. Rev. D 41 1751–63
 [121] Sakellariadou M 2005 J. Cosmol. Astropart. Phys. 

JCAP05(2005)003
 [122] Jackson M G, Jones N T and Polchinski J 2005 J. High 

Energy Phys. JHEP10(2005)013
 [123] Allen B and Casper P 1994 Phys. Rev. D 50 2496–518
 [124] Allen B and Caldwell R R 1991 Phys. Rev. D 43 3173–87
 [125] Wachter J M and Olum K D 2017 Phys. Rev. D 95 023519
 [126] Damour T and Vilenkin A 2001 Phys. Rev. D  

64 064008
 [127] Damour T and Vilenkin A 2000 Phys. Rev. Lett. 85 3761–4
 [128] Henrot-Versillé S et al 2015 Class. Quantum Grav. 

32 045003
 [129] Arzoumanian Z et al 2016 Astrophys. J. 821 13
 [130] Ade P et al (Planck Collaboration) 2014 Astron. Astrophys. 

571 A25
 [131] Lizarraga J, Urrestilla J, Daverio D, Hindmarsh M 

and Kunz M 2016 J. Cosmol. Astropart. Phys. 
JCAP10(2016)042

 [132] Lazanu A and Shellard P 2015 J. Cosmol. Astropart. Phys. 
JCAP02(2015)024

 [133] Sakellariadou M 1990 Phys. Rev. D 42 354–60
 [134] Hogan C 1987 Nature 326 853–5
 [135] Ade P A R et al 2014 Astron. Astrophys. 571 A15
 [136] Reichardt C L, de Putter R, Zahn O and Hou Z 2012 

Astrophys. J. Lett. 749 L9
 [137] Das S et al 2014 J. Cosmol. Astropart. Phys. 

JCAP14(2014)014
 [138] Beutler F, Blake C, Colless M, Jones D H, Staveley-Smith L, 

Campbell L, Parker Q, Saunders W and Watson F 2011 
Mon. Not. R. Astron. Soc. 416 3017

 [139] Padmanabhan N, Xu X, Eisenstein D J, Scalzo R, Cuesta A J, 
Mehta K T and Kazin E 2012 Mon. Not. R. Astron. Soc. 
427 2132

 [140] Anderson L et al 2012 Mon. Not. R. Astron. Soc. 427 3435
 [141] Ade P A R et al 2014 Astron. Astrophys. 571 A17
 [142] Abbott B P et al (Virgo, LIGO Scientific) 2018 Phys. Rev 

D97 102002
 [143] Vilenkin A and Shellard E 2000 Cosmic Strings and 

Other Topological Defects (Cambridge Monographs on 
Mathematical Physics) (Cambridge: Cambridge University 
Press)

 [144] Siemens X, Creighton J, Maor I, Majumder S R, Cannon K 
and Read J 2006 Phys. Rev. D 73 105001

 [145] Blanco-Pillado J J, Olum K D and Shlaer B 2014 Phys. Rev. 
D 89 023512

 [146] Ringeval C, Sakellariadou M and Bouchet F R 2007  
J. Cosmol. Astropart. Phys. JCAP07(2007)023

 [147] Lorenz L, Ringeval C and Sakellariadou M 2010 J. Cosmol. 
Astropart. Phys. JCAP10(2010)003

 [148] Papon P, Leblond J and Meijer P H 2006 The Physics of 
Phase Transitions: Concepts and Applications (Berlin: 
Springer)

 [149] Iso S, Serpico P D and Shimada K 2017 Phys. Rev. Lett. 
119 141301

 [150] D’Onofrio M and Rummukainen K 2016 Phys. Rev. D 
93 025003

Rep. Prog. Phys. 82 (2019) 016903



Review

28

 [151] Morrissey D E and Ramsey-Musolf M J 2012 N. J. Phys. 
14 125003

 [152] Sakharov A D 1991 Sov. Phys. - Usp. 34 392
 [153] Weir D J 2018 Phil. Trans. Roy. Soc. Lond. A376 20170126
 [154] Caprini C et al 2016 J. Cosmol. Astropart. Phys. 

JCAP16(2016)001
 [155] Kosowsky A, Turner M S and Watkins R 1992 Phys. Rev. D 

45 4514–35
 [156] Caprini C, Durrer R and Servant G 2008 Phys. Rev. D 

77 124015
 [157] Huber S J and Konstandin T 2008 J. Cosmol. Astropart. 

Phys. JCAP08(2008)022
 [158] Hindmarsh M, Huber S J, Rummukainen K and Weir D J 

2014 Phys. Rev. Lett. 112 041301
 [159] Hindmarsh M, Huber S J, Rummukainen K and Weir D J 

2015 Phys. Rev. D 92 123009
 [160] Caprini C, Durrer R and Servant G 2009 J. Cosmol. 

Astropart. Phys. JCAP09(2009)024
 [161] Caprini C and Durrer R 2006 Phys. Rev. D 74 063521
 [162] Kisslinger L and Kahniashvili T 2015 Phys. Rev. D 

92 043006
 [163] Bartolo N et al 2016 J. Cosmol. Astropart. Phys. 

JCAP16(2016)026
 [164] Gasperini M and Veneziano G 2003 Phys. Rep.  

373 1–212
 [165] Borde A and Vilenkin A 1994 Phys. Rev. Lett. 72 3305–8
 [166] Borde A, Guth A H and Vilenkin A 2003 Phys. Rev. Lett. 

90 151301
 [167] Buonanno A, Maggiore M and Ungarelli C 1997 Phys. Rev. 

D 55 3330–6
 [168] Gasperini M 2017 J. Cosmol. Astropart. Phys. 

JCAP17(2017)017
 [169] Shannon R M et al 2015 Science 349 1522–5
 [170] Abbott B P et al 2016 Astrophys. J. Lett. 833 L1
 [171] Abbott B P et al 2016 Astrophys. J. Suppl. Ser. 227 14
 [172] Abbott B P et al 2016 Astrophys. J. Lett. 832 L21
 [173] Kim C, Kalogera V and Lorimer D 2003 Astrophys. J. 

584 985
 [174] Nakar E 2007 Phys. Rep. 442 166–236
 [175] Zhu X J, Howell E, Regimbau T, Blair D and Zhu Z H 2011 

Astrophys. J. 739 86
 [176] Marassi S, Schneider R, Corvino G, Ferrari V and Zwart S P 

2011 Phys. Rev. D 84 124037
 [177] Wu C J, Mandic V and Regimbau T 2013 Phys. Rev. D 

87 042002
 [178] Kowalska-Leszczynska I, Regimbau T, Bulik T, Dominik M 

and Belczynski K 2015 Astron. Astrophys. 574 A58
 [179] Abbott B P et al 2016 Astrophys. J. Lett. 818 L22
 [180] Belczynski K, Holz D E, Bulik T and O’Shaughnessy R 2016 

Nature 534 512
 [181] Postnov K and Yungelson L 2007 Living Rev. Relativ. 9 6
 [182] Rodriguez C L, Chatterjee S and Rasio F A 2016 Phys. Rev. 

D 93 084029
 [183] Benacquista M J and Downing J M B 2013 Living Rev. 

Relativ. 16 4
 [184] Zel’dovich Y B and Novikov I D 1967 Sov. Astron. 10 602
 [185] Hawking S 1971 Mon. Not. R. Ast. Soc. 152 75
 [186] Carr B J and Hawking S W 1974 Mon. Not. R. Ast. Soc. 

168 399–416
 [187] Meszaros P 1974 Astron. Astrophys. 37 225–8
 [188] Chapline G F 1975 Nature 253 251
 [189] Carr B, Kühnel F and Sandstad M 2016 Phys. Rev. D 

94 083504
 [190] Bird S, Cholis I, Muñoz J B, Ali-Haïmoud Y, 

Kamionkowski M, Kovetz E D, Raccanelli A and 
Riess A G 2016 Phys. Rev. Lett. 116 201301

 [191] Mandic V, Bird S and Cholis I 2016 Phys. Rev. Lett. 
117 201102

 [192] Nakama T, Silk J and Kamionkowski M 2017 Phys. Rev. D 
95 043511

 [193] Meacher D, Coughlin M, Morris S, Regimbau T, 
Christensen N, Kandhasamy S, Mandic V, Romano J D 
and Thrane E 2015 Phys. Rev. D 92 063002

 [194] Punturo M et al 2010 Class. Quantum Grav. 27 194002
 [195] others B P A 2017 Class. Quantum Grav. 34 044001
 [196] Regimbau T, Evans M, Christensen N, Katsavounidis E, 

Sathyaprakash B and Vitale S 2017 Phys. Rev. Lett. 
118 151105

 [197] Caprini C and Figueroa D G 2018 Class. Quant. Grav. 35 
163001

 [198] Cutler C and Holz D E 2009 Phys. Rev. D 80 104009
 [199] Umstätter R, Christensen N, Hendry M, Meyer R, Simha V, 

Veitch J, Vigeland S and Woan G 2005 Phys. Rev. D 
72 022001

 [200] Umstätter R, Christensen N, Hendry M, Meyer R, Simha V, 
Veitch J, Vigeland S and Woan G 2005 Class. Quantum 
Grav. 22 S901

 [201] Adams M R and Cornish N J 2014 Phys. Rev. D 89 022001
 [202] Cutler C and Harms J 2006 Phys. Rev. D 73 042001
 [203] Harms J, Mahrdt C, Otto M and Prieß M 2008 Phys. Rev. D 

77 123010
 [204] Abbott B P et al (LIGO Scientific, VINROUGE, Las 

Cumbres Observatory, DES, DLT40, Virgo, 1M2H, Dark 
Energy Camera GW-E, MASTER) 2017 Nature 551 85–8

 [205] Aasi J et al 2018 Living Rev. Relativ. 21 3
 [206] Nelemans G, Yungelson L R and Portegies Zwart S F 2001 

Astron. Astrophys. 375 890–8
 [207] Farmer A J and Phinney E S 2003 Mon. Not. R. Astron. Soc. 

346 1197
 [208] Evans C R, Iben I Jr and Smarr L 1987 Astrophys. J. 

323 129–39
 [209] Schutz B F 1997 ESA Spec. Publ. 420 229
 [210] Bender P L and Hils D 1997 Class. Quantum Grav. 14 1439
 [211] Walter D and James B 1998 Mon. Not. R. Astron. Soc. 

294 429–38
 [212] McMillan P J 2011 Mon. Not. R. Astron. Soc. 414 2446–57
 [213] Cornish N J 2002 Class. Quantum Grav. 19 1279
 [214] Remazeilles M, Delabrouille J and Cardoso J F 2011 Mon. 

Not. R. Astron. Soc. 410 2481–7
 [215] Ade P A R et al (Planck Collaboration) 2014 Astron. 

Astrophys. 571 A12
 [216] Cornish N J 2001 Class. Quantum Grav. 18 4277
 [217] Brown A G A et al (Gaia Collaboration) 2016 Astron. 

Astrophys. 595 A2
 [218] Brown A G A, Vallenari A, Prusti T, de Bruijne J H J, 

Babusiaux C, Bailer-Jones C A L and Gaia Collaboration 
2018 Astron. Astrophys. 616 A1

 [219] Kilic M, Hambly N C, Bergeron P, Genest-Beaulieu C and 
Rowell N 2018 Mon. Not. R. Astron. Soc. 479 L113–L117

 [220] Crowder J and Cornish N J 2007 Class. Quantum Grav. 
24 S575

 [221] Stroeer A and Veitch J 2009 Phys. Rev. D 80 064032
 [222] Stroeer A et al 2007 Class. Quantum Grav. 24 S541
 [223] Adams M R and Cornish N J 2010 Phys. Rev. D 82 022002
 [224] Robson T and Cornish N 2017 Class. Quantum Grav. 

34 244002
 [225] Babak S et al 2008 Class. Quantum Grav. 25 114037
 [226] Babak S 2017 J. Phys.: Conf. Ser. 840 012026
 [227] Kupfer T, Korol V, Shah S, Nelemans G, Marsh T R, 

Ramsay G, Groot P J, Steeghs D T H and Rossi E M 2018 
Mon. Not. R. Astron. Soc. 480 302–9

 [228] Gair J R, Vallisneri M, Larson S L and Baker J G 2013 Living 
Rev. Relativ. 16 7

 [229] Nelemans G and van Haaften L 2013 ASP Conf. Ser. 470 153
 [230] Shah S, Larson S L and Brown W 2015 J. Phys.: Conf. Ser. 

610 012003

Rep. Prog. Phys. 82 (2019) 016903



Review

29

 [231] Abdikamalov E, Gossan S, DeMaio A M and Ott C D 2014 
Phys. Rev. D 90 044001

 [232] Yakunin K N et al 2010 Class. Quantum Grav. 27 194005
 [233] Yakunin K N et al 2015 Phys. Rev. D 92 084040
 [234] Dimmelmeier H, Ott C D, Marek A and Janka H T 2008 

Phys. Rev. D 78 064056
 [235] Shapley H 2013 Galaxies (Harvard Books on Astronomy 

Series) (Cambridge, MA: Harvard University Press)
 [236] Tominaga N, Umeda H and Nomoto K 2007 Astrophys. J. 

660 516
 [237] Stevenson S, Vigna-Gmez A, Mandel I, Barrett J W, 

Neijssel C J, Perkins D and de Mink S E 2017 Nat. 
Commun. 8 14906

 [238] Marassi S, Schneider R and Ferrari V 2009 Mon. Not. R. 
Astron. Soc. 398 293–302

 [239] Crocker K, Mandic V, Regimbau T, Belczynski K, 
Gladysz W, Olive K, Prestegard T and Vangioni E 2015 
Phys. Rev. D 92 063005

 [240] Crocker K, Prestegard T, Mandic V, Regimbau T, Olive K 
and Vangioni E 2017 Phys. Rev. D 95 063015

 [241] Sandick P, Olive K A, Daigne F and Vangioni E 2006 Phys. 
Rev. D 73 104024

 [242] Press W H and Thorne K S 1972 Ann. Rev. Astron. Astrophys. 
10 335–74

 [243] Riles K 2013 Prog. Part. Nucl. Phys. 68 1–54
 [244] Zimmermann M 1978 Nature 271 524–5
 [245] Pandharipande V R, Pines D and Smith R A 1976 Astrophys. 

J. 208 550–66
 [246] Chandrasekhar S 1970 Phys. Rev. Lett. 24 611–5
 [247] Friedman J and Schutz B F 1978 Astrophys. J. 222 281
 [248] Bildsten L 1998 Astrophys. J. 501 L89
 [249] Andersson N 1998 Astrophys. J. 502 708–13
 [250] Friedman J L and Morsink S M 1998 Astrophys. J. 502 714
 [251] Owen B J, Lindblom L, Cutler C, Schutz B F, Vecchio A and 

Andersson N 1998 Phys. Rev. D 58 084020
 [252] Ferrari V, Matarrese S and Schneider R 1999 Mon. Not. R. 

Astron. Soc. 303 258
 [253] Cheng Q, Yu Y W and Zheng X P 2015 Mon. Not. R. Astron. 

Soc. 454 2299–304
 [254] Kaspi V M and Beloborodov A M 2017 Ann. Rev. Astron. 

Astrophys. 55 261–301
 [255] Marassi S, Ciolfi R, Schneider R, Stella L and Ferrari V 2011 

Mon. Not. R. Astron. Soc. 411 2549–57
 [256] Talukder D, Thrane E, Bose S and Regimbau T 2014 Phys. 

Rev. D 89 123008
 [257] Sartore N, Ripamonti E, Treves A and Turolla R 2010 Astron. 

Astrophys. 510 A23
 [258] Horowitz C J and Kadau K 2009 Phys. Rev. Lett. 102 191102
 [259] Johnson-McDaniel N K and Owen B J 2013 Phys. Rev. D 

88 044004
 [260] Baumgarte T W, Shapiro S L and Shibata M 2000 Astrophys. 

J. Lett. 528 L29
 [261] Maione F, De Pietri R, Feo A and Löffler F 2017 Phys. Rev. 

D 96 063011
 [262] Shibata M and Uryū K Ō 2000 Phys. Rev. D 61 064001
 [263] Hotokezaka K, Kiuchi K, Kyutoku K, Muranushi T, 

Sekiguchi Y I, Shibata M and Taniguchi K 2013 Phys. 
Rev. D 88 044026

 [264] Abbott B P et al 2017 Astrophys. J. Lett. 851 L16
 [265] Miao H, Yang H and Martynov D 2018 Phys. Rev. D98 

044044
 [266] Christensen N 1997 Phys. Rev. D 55 448–54
 [267] Abbott B et al (The LIGO Scientific Collaboration and the 

Virgo Collaboration) 2011 Phys. Rev. Lett. 107 271102
 [268] Ballmer S W 2006 Class. Quantum Grav. 23 S179
 [269] Abbott B et al 2007 Phys. Rev. D 76 082003
 [270] Abbott B P et al (LIGO Scientific and Virgo Collaborations) 

2016 Phys. Rev. Lett. 116 221101
 [271] Will C M 2014 Living Rev. Relativ. 17 4

 [272] Berti E et al 2015 Class. Quantum Grav. 32 243001
 [273] Isi M, Pitkin M and Weinstein A J 2017 Phys. Rev. D 

96 042001
 [274] Abbott B P et al (LIGO Scientific Collaboration and Virgo 

Collaboration) 2018 Phys. Rev. Lett. 120 031104
 [275] Callister T, Biscoveanu A S, Christensen N, Isi M, Matas A, 

Minazzoli O, Regimbau T, Sakellariadou M, Tasson J and 
Thrane E 2017 Phys. Rev. X 7 041058

 [276] Abbott B P et al (Virgo, LIGO Scientific) 2018 Phys. Rev. 
Lett. 120 201102

 [277] Aso Y et al (KAGRA) 2013 Phys. Rev. D 88 043007
 [278] Unnikrishnan C S 2013 Int. J. Mod. Phys. D 22 1341010
 [279] Sentman D D 1995 Handbook of Atmospheric 

Electrodynamics vol 1, ed H Volland (Boca Raton, FL: 
CRC Press) p 267

 [280] Füllekrug M 1995 J. Atmos. Terr. Phys. 57 479–84
 [281] Thrane E, Christensen N, Schofield R M S and Effler A 2014 

Phys. Rev. D 90 023013
 [282] Coughlin M W et al 2018 Phys. Rev. D97 102007
 [283] Abbott B P et al 2016 Living Rev. Relativ. 19 1
 [284] Buonanno A 1997 Phys. Rev. D 55 3330
 [285] Mandic V and Buonanno A 2006 Phys. Rev. D 73 063008
 [286] Kibble T W B 1976 J. Phys. A: Math. Gen. 9 1387
 [287] Damour T and Vilenkin A 2005 Phys. Rev. D 71 063510
 [288] Olmez S, Mandic V and Siemens X 2010 Phys. Rev. D 

81 104028
 [289] Olmez S, Mandic V and Siemens X 2011 J. Cosmol. 

Astropart. Phys. JCAP12(2011)009
 [290] Romano J D and Woan G 2006 Phys. Rev. D 73 102001
 [291] Armano M et al 2016 Phys. Rev. Lett. 116 231101
 [292] Armano M et al 2018 Phys. Rev. Lett. 120 061101
 [293] Colpi M and Sesana A 2017 Gravitational wave sources in 

the era of multi-band gravitational wave astronomy An 
Overview of Gravitational Waves: Theory, Sources and 
Detection ed G Auger (Singapore: World Scientific) pp 
43–140

 [294] Babak S et al 2010 Class. Quantum Grav. 27 084009
 [295] Blanco-Pillado J J, Olum K D and Siemens X 2018 Phys. 

Lett. B778 392–6
 [296] Tinto M and Dhurandhar S V 2014 Living Rev. Relativ. 

17 6
 [297] Moore C J, Cole R H and Berry C P L 2015 Class. Quantum 

Grav. 32 015014
 [298] Moore C J, Cole R H and Berry C P L 2015 Class. Quant. 

Grav. 32 015014 www.ast.cam.ac.uk/∼cjm96/noise_curve.
pdf

 [299] Seto N 2007 Phys. Rev. D 75 061302
 [300] Crowder S, Namba R, Mandic V, Mukohyama S and 

Peloso M 2013 Phys. Lett. B 726 66–71
 [301] Corbin V and Cornish N J 2006 Class. Quantum Grav. 

23 2435
 [302] Cornish N J and Larson S L 2001 Class. Quantum Grav. 

18 3473
 [303] Chou A et al 2017 Class. Quantum Grav. 34 065005
 [304] Hawking S W 1978 Phys. Rev. D 18 1747–53
 [305] Hawking S, Page D and Pope C 1980 Nucl. Phys. B  

170 283–306 (volume B170 [FSI] No. 3 to follow in 
approximately two months)

 [306] Ashtekar A, Rovelli C and Smolin L 1992 Phys. Rev. Lett. 
69 237–40

 [307] Chou A S et al (Holometer Collaboration) 2017 Phys. Rev. D 
95 063002

 [308] Cyburt R H, Fields B D, Olive K A and Skillman E 2005 
Astropart. Phys. 23 313–23

 [309] Sendra I and Smith T 2012 Phys. Rev. D 85 123002
 [310] Hewish A, Bell S J, Pilkington J D H, Scott P F and 

Collins R A 1968 Nature 217 709–13
 [311] Gold T 1968 Nature 218 731–2
 [312] Gold T 1969 Nature 221 25–7

Rep. Prog. Phys. 82 (2019) 016903



Review

30

 [313] Sazhin M V 1978 Sov. Astron. 22 36–8
 [314] Detweiler S 1979 Astrophys. J. 234 1100–4
 [315] Rawley L A, Taylor J H, Davis M M and Allan D W 1987 

Science 238 761–5
 [316] Hellings R W and Downs G S 1983 Astrophys. J. Lett. 

265 L39–42
 [317] Bizouard M A, Jenet F, Price R and Will C 2013 Class. 

Quantum Grav. 30 220301
 [318] Hobbs G 2013 Class. Quantum Grav. 30 224007
 [319] McLaughlin M A 2013 Class. Quantum Grav. 30 224008
 [320] Kramer M and Champion D J 2013 Class. Quantum Grav. 

30 224009
 [321] Manchester R N and IPTA 2013 Class. Quantum Grav. 

30 224010
 [322] Lazio T J W 2013 Class. Quantum Grav. 30 224011
 [323] Jaffe A H and Backer D C 2003 Astrophys. J. 583 616
 [324] Lentati L et al 2015 Mon. Not. R. Astron. Soc. 453 2576–98
 [325] Manchester R N et al 2013 Publ. Astron. Soc. Australia 

30 e017
 [326] Hellings R W 1981 Phys. Rev. D 23 832–43
 [327] Armstrong J W 2006 Living Rev. Relativ. 9 1
 [328] Estabrook F B and Wahlquist H D 1975 Gen. Relativ. Gravit. 

6 439–47
 [329] Thorne K 1987 Three Hundred Years of Gravitation ed 

S Hawking and W Israel (Cambridge: Cambridge 
University Press) pp 330–458

 [330] Armstrong J W, Woo R and Estabrook F B 1979 Astrophys. J. 
230 570–4

 [331] Hellings R W, Callahan P S, Anderson J D and Moffet A T 
1981 Phys. Rev. D 23 844–51

 [332] Anderson J D, Armstrong J W, Estabrook F B, Hellings R W, 
Lau E K and Wahlquist H D 1984 Nature 308 158–60

 [333] Armstrong J W, Estabrook F B and Wahlquist H D 1987 
Astrophys. J. 318 536–41

 [334] Abbate S F et al 2003 Gravitational-Wave Detection (Proc. 
SPIE vol 4856) ed M Cruise and P Saulson pp 90–7

 [335] Bertotti B, Iess L and Tortora P 2003 Nature 425 374–6
 [336] Armstrong J W, Iess L, Tortora P and Bertotti B 2003 

Astrophys. J. 599 806
 [337] Sachs R K and Wolfe A M 1967 Astrophys. J. 147 73
 [338] Ade P A R et al (Planck Collaboration) 2011 Astron. 

Astrophys. 536 A1
 [339] Allen B and Koranda S 1994 Phys. Rev. D 50 3713–37
 [340] Koranda S and Allen B 1995 Phys. Rev. D 52 1902–19
 [341] Allen B 1996 The Stochastic gravity wave background: 

sources and detection Relativistic Gravitation and 
Gravitational Radiation. Proc., School of Physics  
(Les Houches, France, 26 September–6 October 1995)  
pp 373–417

 [342] Carr B J 1980 Astron. Astrophys. 89 6–21
 [343] Patrignani C et al (Particle Data Group) 2016 Chin. Phys. C 

40 100001
 [344] Maggiore M 2000 Phys. Rep. 331 283–367
 [345] Anderson L et al 2014 Mon. Not. R. Astron. Soc. 

439 83–101
 [346] Mangano G, Miele G, Pastor S, Pinto T, Pisanti O and 

Serpico P D 2005 Nucl. Phys. B 729 221–34
 [347] Kamionkowski M and Kovetz E D 2016 Ann. Rev. Astron. 

Astrophys. 54 227–69
 [348] Zaldarriaga M and Seljak U C V 1998 Phys. Rev. D 

58 023003
 [349] Lewis A and Challinor A 2006 Phys. Rep. 429 1–65
 [350] Hanson D et al (SPTpol Collaboration) 2013 Phys. Rev. Lett. 

111 141301
 [351] van Engelen A et al 2015 Astrophys. J. 808 7
 [352] Keisler R et al 2015 Astrophys. J. 807 151
 [353] Adam R et al (Planck) 2016 Astron. Astrophys. 594 A9
 [354] Andersson B G, Lazarian A and Vaillancourt J E 2015 Ann. 

Rev. Astron. Astrophys. 53 501–39
 [355] Ade P A R et al (BICEP2 Collaboration) 2014 Phys. Rev. 

Lett. 112 241101
 [356] Flauger R, Hill J C and Spergel D N 2014 J. Cosmol. 

Astropart. Phys. JCAP08(2014)039
 [357] Ade P A R et al (BICEP2/Keck and Planck Collaborations) 

2015 Phys. Rev. Lett. 114 101301
 [358] Ade P A R et al (Keck Array and BICEP2 Collaborations) 

2016 Phys. Rev. Lett. 116 031302
 [359] Kusaka A et al 2018 JCAP 1809 005
 [360] Ade P A R et al (Polarbear Collaboration) 2014 Astrophys. J. 

794 171
 [361] MacDermid K et al 2014 The performance of the bolometer 

array and readout system during the 2012/2013 flight of 
the E and B experiment (EBEX) Millimeter, Submillimeter, 
and Far-Infrared Detectors and Instrumentation for 
Astronomy VII (Proc. SPIE vol 9153) p 915311

 [362] Manzotti A et al (Herschel, SPT) 2017 Astrophys. J. 
846 45

 [363] Dyson F J 1969 Astrophys. J. 156 529
 [364] Boughn S P and Kuhn J R 1984 Astrophys. J. 286 387–91
 [365] Fossat E et al 2017 Astron. Astrophys. 604 A40
 [366] Siegel D M and Roth M 2014 Astrophys. J. 784 88
 [367] Coughlin M and Harms J 2014 Phys. Rev. Lett. 112 101102
 [368] Crossley D and Hinderer J 2010 Ggp (global geodynamics 

project): an international network of superconducting 
gravimeters to study time-variable gravity Gravity, Geoid 
and Earth Observation ed S P Mertikas (Berlin: Springer) 
pp 627–35

 [369] Coughlin M and Harms J 2014 Phys. Rev. D 90 102001

Nelson Christensen is the director of the Artemis Laboratory at the Observatoire de la Côte d’Azur, Nice, France. He is also the 

George H. and Marjorie F. Dixon Professor of Physics, Emeritus, at Carleton College, Northfield, Minnesota, USA. Christensen 

has been conducting gravitational wave research since 1983 when he worked on a cryogenic bar gravitational wave detector as 

an undergraduate at Stanford University. He did his graduate work at MIT under the supervision of Rainer Weiss, and studied 

methods that would be used by LIGO to detect a stochastic background of gravitational waves. Christensen has worked for many 

years on the stochastic background searches by LIGO and Virgo, and is also currently studying similar methods for the future 

LISA mission.

Rep. Prog. Phys. 82 (2019) 016903


	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Stochastic gravitational wave backgrounds
	﻿﻿Abstract
	﻿﻿1. ﻿﻿﻿Introduction
	﻿﻿1.1. ﻿﻿﻿Gravitational waves
	﻿﻿1.2. ﻿﻿﻿Sources of gravitational waves
	﻿﻿1.3. ﻿﻿﻿Summary of recent gravitational wave detections
	﻿﻿1.4. ﻿﻿﻿What is a stochastic gravitational wave background﻿?﻿
	﻿﻿1.5. ﻿﻿﻿The importance of observing a stochastic gravitational wave background
	﻿﻿1.6. ﻿﻿﻿Methods used to measure a stochastic background

	﻿﻿2. ﻿﻿﻿Summary of sources of a possibly observable stochastic gravitational wave background
	﻿﻿2.1. ﻿﻿﻿Inflation
	﻿﻿2.2. ﻿﻿﻿Cosmic strings
	﻿﻿2.3. ﻿﻿﻿First-order phase transitions
	﻿﻿2.4. ﻿﻿﻿Pre-Big-Bang models
	﻿﻿2.5. ﻿﻿﻿Binary black holes
	﻿﻿2.6. ﻿﻿﻿Binary neutron stars
	﻿﻿2.7. ﻿﻿﻿Close compact binary stars
	﻿﻿2.8. ﻿﻿﻿Supernovae
	﻿﻿2.9. ﻿﻿﻿Pulsars and magnetars

	﻿﻿3. ﻿﻿﻿Summary of methods to observe or constrain 
a stochastic gravitational wave background
	﻿﻿3.1. ﻿﻿﻿LIGO﻿–﻿Virgo
	﻿﻿3.2. ﻿﻿﻿Results from Advanced LIGO observing run O1
	﻿﻿3.2.1. ﻿﻿﻿O1 isotropic results. 
	﻿﻿3.2.2. ﻿﻿﻿O1 anisotropic results. 
	﻿﻿3.2.3. ﻿﻿﻿Tests of general relativity with the stochastic gravitational-wave background. 

	﻿﻿3.3. ﻿﻿﻿LIGO co-located detectors
	﻿﻿3.4. ﻿﻿﻿Correlated magnetic noise in global networks 
of gravitational-wave detectors
	﻿﻿3.5. ﻿﻿﻿Future observing runs for LIGO and Virgo
	﻿﻿3.6. ﻿﻿﻿Laser Interferometer Space Antenna﻿—﻿LISA
	﻿﻿3.7. ﻿﻿﻿DECi-hertz Interferometer Gravitational wave 
Observatory﻿—﻿DECIGO
	﻿﻿3.7.1. ﻿﻿﻿Big Bang Observer and other space mission proposals. 

	﻿﻿3.8. ﻿﻿﻿Fermilab Holometer
	﻿﻿3.9. ﻿﻿﻿Pulsar timing
	﻿﻿3.10.﻿ ﻿﻿Doppler tracking limits
	﻿﻿3.11. ﻿﻿﻿Cosmic microwave background anisotropy limits
	﻿﻿3.12. ﻿﻿﻿Indirect limits
	﻿﻿3.13. ﻿﻿﻿B-modes in the cosmic microwave background
	﻿﻿3.14. ﻿﻿﻿Normal modes of the Earth, Moon and Sun

	﻿﻿4. ﻿﻿﻿Conclusions
	﻿﻿﻿Acknowledgments
	﻿﻿﻿﻿﻿﻿﻿References﻿﻿﻿﻿


