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Abstract:
A stochastic background of gravitational waves can 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. Here we
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. We present our
recommendations for detection strategies for the future.
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Introduction
A consequence of Einstein’s general theory of relativity are gravitational waves, perturbations to
spacetime that travel away from their source at the speed of light. A stochastic gravitational-wave
background (SGWB) signal is formed from the superposition of a wide variety of independent
and unresolved sources from different stages of the evolution of the Universe.

Stochastic searches by LIGO and Virgo targets the SGWB of both cosmological or astrophysical
origin. Potential cosmological sources include the amplification of vacuum fluctuations following
inflation [1, 2, 3], phase transitions in the early universe [4, 5], cosmic (super)strings [6, 7, 8, 9],
and can also arise in pre-Big Bang models [10, 11]. Astrophysical contributions to the stochastic
background consist of an incoherent superposition of sources that are unresolved or too weak to
be detected individually. The detection of a cosmological background would be a landmark
discovery of enormous importance to the larger physics and astronomy community. The detection
of an astrophysical background would also be of great interest as it would give important
constraints on the star formation history and the evolution of the mass distributions with redshift.
The most promising contribution for terrestrial detectors comes from the population of compact
binary such as binary neutron stars [12] or binary black holes [13]. The implication from
Advanced LIGO/Virgo’s first and second observing runs is that the stochastic gravitational-wave
background from binary black holes and binary neutron stars is consistent with optimistic
predictions, and is potentially observable with advanced detectors [12, 13, 14]. Third generation
ground based gravitational wave detectors, such as the Einstein Telescrope [15], may be able to
provide important information about a cosmologically produced stochastic background [16, 17].

General relativity allows only for two gravitational-wave polarizations – the tensor plus and cross
modes. Alternative theories, such as scalar-tensor theories [18, 19], f(R) gravity [20, 21],
bimetric [22] and massive [23] gravity theories, generically predict up to four additional vector
and scalar polarization states. The direct measurement of gravitational-wave polarizations may
therefore serve as a powerful phenomenological test of gravity.

The methods used to search for the stochastic background make minimal assumptions on the
morphology of the signal, relying instead on excess coherence in the cross-correlated data streams
from multiple detectors, as opposed to the independent and uncorrelated individual detector noise.
The standard coss correlation statistics assumes that the signal is isotropic and its sensitivity
decreases with the separation and relative orientation of the detectors. For that reason Virgo in
Europe contributes little compared to the two LIGO detectors in the US. However this is not the
case of the search for an anisotropic stochastic background for which a GW radiometer is used to
map the angular power distribution in a pixel or spherical harmonic basis by applying appropriate
time varying delays between detectors. The GW radiometer can also be applied to identify
persistent gravitational waves in specific directions in the sky and then can be used to quickly
identify any low level gravitational-wave signal, including pulsars or phenomena not yet
conceived.

The spectrum of a SGWB is usually described by the dimensionless quantity Ωgw(f) which is the
gravitational-wave energy density per unit logarithmic frequency, divided by the critical energy
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density ρc (ρc = 3c2H2
0/8πG, where H0 is the present value of the Hubble constant) to close the

universe,

Ωgw(f) =
f

ρc

dρgw
df

. (1)

Many theoretical models of the SGWB in the observation band of LIGO and Virgo are
characterized by a power-law spectrum which assumes that the fractional energy density in
gravitational waves has the form

Ωgw(f) = Ωα

(
f

fref

)α

, (2)

where α is the spectral index and fref is a reference frequency. Cosmologically produced SGWBs
are typically approximated by a power law in the LIGO-Virgo frequency band, α = 0, while
α = 3 is characteristic of some astrophysical models (and also a flat strain power spectral density
spectrum). A SGWB from binary black holes in Advanced LIGO and Advanced Virgo’s most
sensitive frequency band (10 Hz - 100 Hz) would have α = 2/3.

Results from Advanced LIGO Observing Runs O1 and O2
Advanced LIGO’s first observing run O1 went from September 2015 to January 2016, while its
second observing run O2 went from November 2016 to August 2017. Advanced Virgo
participated in O2 for the month of August 2017. Together LIGO and Virgo detected gravitational
waves from 10 binary black hole mergers and a binary neutron star merger [24]. The data from
the two Advanced LIGO detectors, LIGO Hanford and LIGO Livingston, were used for the
search for a SGWB. Data quality cuts removed problematic times and frequencies from the
analysis. In total for O1, 30 days of coincident data were analyzed, while for O2 the data
amounted to 99 days. No SGWB was detected.

Combined O1 and O2 Isotropic Results
Assuming that the frequency dependence of the energy density of the SGWB is flat, namely
α = 0, the constraint on the energy density is Ω(f) < 6.0× 10−8 with 95% confidence within the
20 Hz - 86 Hz frequency band [25]. This is a factor of 2.8 better than the upper limit set by using
just the O1 data [26]. For a spectral index of α = 2/3 the constraint on the energy density is
Ω(f) < 4.8× 10−8, while for α = 3 it is Ω(f) < 7.9× 10−9 [25] (both with with 95%
confidence, and a reference frequency of fref = 25 Hz when α 6= 0). A prior that is flat in Ωgw

has been used. The O1 and O1 + O2 results have been used to limit cosmic string
parameters [25, 27], similar to what was done with initial LIGO and initial Virgo [28, 29].

The dramatic improvement in the upper limit on the SGWB energy density was important, but not
the most important SGWB outcome of observing runs O1 and O2. The observation of the
gravitational waves from stellar mass binary black hole mergers [24, 30, 31, 32] and a binary
neutron star merger [33] implies that these events are far more numerous in the universe than
originally expected. In fact, it is likely that the SGWB produced from these type of events will be
at the level of Ωgw ∼ 10−9 in the observing band of Advanced LIGO and Advanced
Virgo [12, 13, 25, 26].
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Figure 1: The Advanced LIGO SGWB sensitivity curves for O1 [26], combined O1+O2 [25], and
design sensitivity [36, 37]. The purple line is the median total SGWB, combining binary black
holes (BBH) and binary neutron stars (BNS); this uses the model presented in [12] with updated
mass distributions and rates from [24, 34]; the gray box is the Poisson error region. The dotted
gray line is the sum of the upper limit for the combined BBH and BNS backgrounds with the upper
limit on the neutron star - black hole binary (NSBH) background.

Figure 1 displays the prediction of the astrophysical SGWB from binary black holes and binary
neutron stars, along with the statistical Poisson uncertainties derived from the local binary merger
rate. Also included is the estimate of the contribution from the addition neutron star - black hole
binaries. The same binary formation and evolution scenario is used to compute the SGWB from
from neutron star - black hole binaries as in [12], but an update was made for the mass
distributions and rates so as to be consistent with the most recent results given in [24, 34]. For the
neutron star - black hole binaries, the same evolution with redshift was used as for the binary
neutron stars.
The SGWB energy density limits achieved by LIGO and Virgo have been impressive, gaining
nine orders of magnitude since the first upper limit by LIGO in 2004 [35]. In the next few years
Advanced LIGO and Advanced Virgo could very well detect a SGWB created by binary black
hole and binary neutron star mergers. This would provide important information about how these
systems have formed over the history of the universe, and would be a dramatic accomplishment in
astrophysics.
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Tests of General Relativity with the Stochastic Gravitational-Wave Background
LIGO and Virgo have used the recent observation of gravitational waves from binary black hole
and binary neutron star coalescences to test general relativity [32, 38, 39, 40]. The LIGO-Virgo
SGWB search has also be extended in order to test general relativity [41]. There is not necessarily
a reason to expect extra polarizations of gravitational waves, nor extra polarizations in the SGWB
(the consequences would be huge even if the chances are, a priori, not large); however, LIGO and
Virgo have the ability to search for these modes, and will do so. With general relativity there are
only two possible polarizations for gravitational waves, namely the two tensor modes. Alternative
theories of gravity can also generate gravitational waves with scalar or vector polarizations [42].

Since there are six possible polarization modes, 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 [32, 42, 43], such as those that have been recently
observed [30, 31, 32]. A minimum of six detectors would be necessary to resolve the polarization
content (scalar, vector and tensor) of a short duration gravitational wave [42]. A search for long
duration gravitational waves, such as those from rotating neutron stars or the SGWB by the two
Advanced LIGO detectors, can directly measure the polarizations of the gravitational
waves [41, 43, 44, 45]. A detection of a SGWB by Advanced LIGO and Advanced Virgo would
allow for a verification of general relativity that is not possible with short duration gravitational
wave searches.

The LIGO-Virgo search for a SGWB has been expanded to a search for 6 polarizations: two
tensor modes, two vector modes, and two scalar modes [41], and applied to the Advanced LIGO
Observing Run O1 and O2 data [25, 46]. The addition of Advanced Virgo to the network does not
improve detection prospects (because of its longer distance displacement from the LIGO
detectors), however it will improve the ability to estimate the parameters of a SGWB of mixed
polarizations. The eventual inclusion of KAGRA [47] and LIGO-India [48] will further expand
the ability to resolve different polarizations of the SGWB, and further test general relativity.

There was no evidence found for a SGWB of tensor, vector or scalar polarizations in the
Advanced LIGO O1 and O2 data, and upper limits were set [25, 46]. In the coming years it will be
important for LIGO and Virgo (and soon KAGRA) to continue to test general relativity and look
for a non-tensor SGWB. This has important consequences in fundamental physics and cosmology.

Correlated Magnetic Noise
A search for the SGWB uses a cross-correlation between the data from two detectors. Inherent in
such an analysis is the assumption that the noise in one detector is statistically independent from
the noise in the other detector. Correlated noise would introduce an inherent bias in the analysis.
It is for this reason that the data from two separated detectors is used. At one time initial LIGO
had two co-located detectors at the LIGO Hanford site. An attempt was made to measure the
SGWB with these two detectors, but correlated noise at low frequencies contaminated the
measurement, and a clean analysis could only be made above 460 Hz [49].

The LIGO, Virgo and KAGRA detector 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
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another. However, this assumption has been demonstrated to be false for magnetic noise. The
Earth’s surface and the ionosphere act like mirrors and form a spherical cavity 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 [50]. Most of these frequencies fall in the
important SGWB detection band (10 Hz to 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 Hz1/2 on the Earth’s surface [50]. In the
time domain, 10 pT bursts appear above a 1 pT background at a rate of ≈ 0.5 Hz [51].

This magnetic field noise correlation has been observed between magnetometers at the LIGO,
Virgo and KAGRA sites [52, 53]. Magnetic fields can couple into the gravitational wave detectors
and create noise in the detectors’ output strain channel. It has been determined that the correlated
magnetic field noise did not affect the SGWB upper limits measured by initial LIGO and Virgo.
For the observing runs O1 and O2 it has been demonstrated that the upper limits on the SGWB
were not contaminated by correlated magnetic noise [25]. However, it is possible that correlated
magnetic noise could contaminate the future results of Advanced LIGO and Advanced Virgo [54].
If that is the case, then methods must be taken to try and monitor the magnetic fields and subtract
their effects. This could be done, for example, via Wiener filtering [53, 54, 55]. Low noise
magnetometers are now installed at the LIGO and Virgo sites in order to monitor this correlated
magnetic noise, and to be used if Wiener filtering is necessary for the SGWB searches. In
addition to long term magnetic noise correlations, short duration magnetic 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 [56].

As LIGO and Virgo continue to improve their limits on the energy density of the SGWB they will
need to ensure that coherent magnetic field noise is not contaminating the measurement. For
Advanced Virgo and Advanced LIGO, as well as third generation gravitational wave detectors, it
will be necessary to actively monitor the magnetic noise environment of the detector sites, and
make careful measurements of the magnetic field transfer functions of the gravitational wave
detectors.

Third Generation Gravitaitonal Wave Detectors
Proposed third generation ground based gravitational wave detectors, such as the Einstein
Telescope [15], will have a detection sensitivity approximately 10 times better than Advanced
LIGO and Advanced Virgo. Consequently, their sensitivity to a SGWB will be better as well.
What is even more promising is that the sensitivity of the Einstein Telescope will be sufficient to
observe essentially every stellar mass binary black hole merger in the universe, and most binary
neutron star mergers. As such, this foreground from compact binaries can be removed, allowing
for a search for a cosmologically produced SGWB at the level of ΩGW ' 10−13 [17]. This is too
high for the detection of the standard slow roll inflation whose upper limit of about ΩGW ' 10−15

is given by Bicep2 and Planck [57, 58, 59]. Enhanced contributions to the SGWB are predicted
by some theories of inflations, for example amplifying the background at higher frequencies,
including the LIGO-Virgo observational band [60, 61]. Non-detections also set important
constraints on cosmological theories. Many important cosmological theories will be addressed by
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the SGWB measurements by third generation detectors, such as axion inflation [2], the effects of
equations of state during inflation [3], pre Big Bang models [11], and many others [62].

The detection of a primordial SGWB could be one of the most important measurements in the
history of physics. This would allow for the observation of the universe at its earliest moments.
The development of third generation gravitational wave detectors should be a priority in France
and world-wide.

Summary and Recommendations for the Future
Advanced LIGO and Advanced Virgo are approaching sensitivities where the detection of a
SGWB produced by compact binary systems is possible. The observation of such a SGWB would
provide information about the formation of these systems over the history of the universe, and
would be a significant astrophysical result.

The continued improvement in the sensitivities of Virgo and LIGO is important for SGWB
searches. We recommend upgrades to the detector network. The Advanced Virgo+ project is
consequently of great importance.

The possibility to observe a cosmologically produced SGWB could happen with third generation
gravitational wave detectors, such as the Einstein Telescope.We recommend that the technology
development for Einstein Telescope be a high priority in Europe and in France..
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