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The Advanced LIGO detectors have commenced observations with Advanced Virgo joining in
the near future. Gravitational waves from the merger of binary black hole systems have been
observed. A major goal for LIGO and Virgo will be to detect or set limits on a stochastic
background of gravitational waves. A stochastic background of gravitational waves is expected
to arise from a superposition of a large number of unresolved cosmological and/or astrophys-
ical sources. A cosmologically produced background would carry unique signatures from the
earliest epochs in the evolution of the Universe. Similarly, an astrophysical background would
provide information about the astrophysical sources that generated it. The observation of
gravitational waves from binary black holes implies that there will be a stochastic background
from these sources that could be observed by Advanced LIGO and Advanced Virgo in the
near future. The LIGO and Virgo search for a stochastic background should probe interesting
regions of the parameter space for numerous astrophysical and cosmological models. Pre-
sented here is an outline of LIGO and Virgo’s search strategies for a stochastic background of
gravitational waves, including the search for gravitational wave polarizations outside of what
is predicted from general relativity. Also discussed is how global electromagnetic noise (from
the Schumann resonances) could affect this search; possible strategies to monitor and subtract
this potential source of correlated noise in a the global detector network are explained. The
results from Advanced LIGO’s observing run O1 are presented, along with the implications of
the gravitational wave detections. The future goals for Advanced LIGO and Advanced Virgo
are explained.

1 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 many events or processes
that are too weak and too numerous to be resolved individually, and which combine to produce
a SGWB. Cosmological sources, such as inflation, pre-Big Bang models, or cosmic strings, could
create a SGWB. Astrophysical sources can also create a SGWB; this background could be
produced over the history of the Universe from compact binary coalescences, supernovae, and



neutron stars. In fact, the recent observations by Advanced LIGO of gravitational waves from
binary black hole mergers >3 implies that a SGWB will be created from these events happening
throughout the history of the universe and it may be detectable by Advanced LIGO * and
Advanced Virgo® in the coming years®. As Advanced LIGO and Advanced Virgo conduct their
observations a major goal will be to measure the SGWB.

The spectrum of a SGWB is usually described by the dimensionless quantity €24, (f) which
is the gravitational-wave energy density per unit logarithmic frequency, divided by the critical
energy density p. (p. = 3¢2HZ/87G, where Hy is the present value of the Hubble constant) to
close the universe,
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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
ng(f) = Qa <ff> ) (2)
ref

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

The method by which LIGO and Virgo have attempted to measure the SGWB is, in principle,
not difficult; optimally filtered correlations from the output strain data from two detectors are
calculated "® Initial LIGO ? and initial Virgo '° have used this method on their data to set
upper limits on the energy density of the SGWB 11213, No signal was detected, but the results
constrain the energy density of the SGWB to be Qg < 5.6 x 107% at 95% confidence '3 in
the 41.5-169.25 Hz band. The advanced detectors will ultimately have about 10-times better
strain sensitivity than the initial detectors; the low frequency limit of the sensitive band is also
extended from 40 Hz down to 10 Hz. Furthermore, the number of detectors operating in a
worldwide network will increase, eventually including sites at LIGO-Hanford, LIGO-Livingston,
Virgo, GEO-HF (at high frequencies) !4, KAGRA (Japan)'®, and potentially LIGO-India'6. The
significant strain sensitivity improvements and wider bandwidth will enable real breakthroughs
in the searches for the SGWB, with a potential sensitivity of Qg < 6 x 107!°. The detection
of a cosmologically produced SGWB would be a landmark discovery of enormous importance
to the larger physics and astronomy community. The detection of an astrophysically produced
SGWB would also be of great interest; the loudest contribution to such an SGWB would likely

be stellar mass binary black hole systems, due to their large apparent abundance 5.

Qqu(f) (1)

Gravitational-wave signals that are too weak to be detected individually combine to form a
SGWB. The SGWB that LIGO and Virgo hope to observe could be created from two classes
of sources. A cosmologically produced SGWB would be created in the earliest moments of
the Universe. There are a host of cosmological processes that could contribute to the SGWB,
such as the amplification of vacuum fluctuations following inflation 7, phase transitions in the
early universe 19 cosmic strings 20212223 and pre-Big Bang models 2425, An astrophysically
produced SGWB would arise from the ensemble of what would be considered to be standard
astrophysical events 26, In total the astrophysical background would be the result of a broad
spectrum of events, including core collapses to neutron stars or black holes 272829306 ' rotating
3132 including magnetars 23343536 phase transition 2738 or initial instabilities in
young neutron stars39’40’41’40, compact binary mergers42’43’44’45’46’47 and compact objects around
super-massive black holes #4%. As LIGO and Virgo observe in the advanced detector era, the
cosmologically produced SGWB and the astrophysically produced SGWB are both exciting
targets for observation.

neutron stars
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Figure 1 — Constraints on the SGWB, as well as some representative models, across many decades in frequency.
Presented are the limits from ground-based interferometers from the final science run of Initial LIGO-Virgo, the
co-located detectors at Hanford (H1-H2), Advanced LIGO (aLIGO) O1, and the projected design sensitivity of
the advanced detector network assuming two years of coincident data, with constraints from other measurements:
CMB measurements at low multipole moments®?, indirect, limits from the Cosmic Microwave Background (CMB)
and Big-Bang Nucleosynthesis °*°°, pulsar timing °°, and from the ringing of Earth’s normal modes °¢. The
predicted SGWB from binary black holes (BBH) ¢ and binary neutron stars (BNS) 57 are displayed. Also given

are the projected limits for the proposed space-based detector LISA ®'. Displayed in Figure 2 is the region in the
black box in more detail. Figure from °°.

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 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, 29.85 days of coincident data were analyzed. No SGWB was detected.

2.1 01 Isotropic Results

Assuming that the frequency dependence of the energy density of the SGWB is flat, namely
a = 0, the constraint on the energy density is Q(f) < 1.7 x 1077 with 95% confidence within
the 20 Hz - 86 Hz frequency band . This is a factor of 33 better than the upper limit set by
initial LIGO and initial Virgo !3. Assuming a spectral index of o = 2/3 the constraint on the
energy density is Q(f) < 1.3 x 1077 with 95% confidence within the 20 Hz - 98 Hz frequency
band, while for a = 3 it is Q(f) < 1.7 x 1078 in the 20 Hz - 300 Hz band ®° (the reference
frequency is fref = 25 Hz when a # 0). Figure 1 provides the O1 SGWB 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)®!. The O1 results will be used to limit
cosmic string parameters, similar to what was done with initial LIGO and initial Virgo %2,

The dramatic improvement in the upper limit on the SGWB energy density was important,
but not the most important SGWB outcome of observing run Ol. The observation of the
gravitational waves from stellar mass binary black hole mergers 23 implies that these events
are far more numerous in the universe than previously expected. In fact, it is likely that the
SGWB produced from these type of events will be at the level of Qg ~ 1079 in the observing
band of Advanced LIGO and Advanced Virgo©. See Figure 2.

2.2 Anisotropic O1 Results

Within the LIGO-Virgo observational band it is expected that the SGWB will be essentially
isotropic. However, LIGO and Virgo have decided to look for a SGWB that would be anisotropic.
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Figure 2 — The range of potential spectra for a BBH background assuming the flat-log, power-law, and three-delta
mass distribution models described in *®3, and the local rate derived from the O1 detections®. Also displayed is

the O1 sensitivity and the projected ultimate design sensitivity for Advanced LIGO and Advanced Virgo. Figure

from %°.

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®®. To look for extended
sources, LIGO and Virgo use what is known as the spherical harmonic decomposition®?. In order
to search for point sources, a broadband radiometer analysis is used 6%:62. Finally, LIGO and
Virgo employed a narrowband radiometer search to look for gravitational waves in the direction
of interesting objects in the sky, such as the galactic center, Scorpius X-1 and SN 1987A.

An anisotropic SGWB was not observed with the Advanced LIGO O1 data, but important
upper limits were set 0. For broadband point sources, the gravitational wave energy flux per
unit frequency was constrained to be F, ¢ < (0.1 —56) x 1078 erg em~2 s~ Hz~1(f/25 Hz)*!
depending on the sky location © and the spectral power index «. For extended sources, the
upper limits on the fractional gravitational wave energy density required to close the Universe
are Q(f,0) < (0.39 — 7.6) x 1078 sr=1(f/25 Hz)%, again depending on © and «. 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 hy < (6.7, 5.5,
and 7.0) x 10725 respectively, for the most sensitive detector frequencies 130 - 175 Hz. See® for
further details.

2.8 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
coalescences to test general relativity %33. The LIGO-Virgo SGWB search will also be extended
in order to test general relativity. There is not necessarily a reason to expect extra polarizations
of gravitational waves, nor extra polarizations in the SGWB; 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 4.



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®%64 such as those that have been recently observed 123, A
minimum of six detectors would be necessary to resolve the polarization content (scalar, vector
and tensor) of a short duration gravitational wave 9. 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%5:66:67.68 = 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 will now be expanded to a search for 6 polarizations:
two tensor modes, two vector modes, and two scalar modes 8. This will soon be applied to
Advanced LIGO Observing Run O1 data. 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 ' and LIGO-India '¢ will further expand
the ability to resolve different polarizations of the SGWB, and further test general relativity.
Bayesian parameter estimation techniques have been developed in order to search for tensor,
vector and scalar polarizations in the LIGO-Virgo data 5.

3 Correlated magnetic noise in global networks of gravitational-wave detectors

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 for frequencies above
460 Hz '2.

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 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%. 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 Hz!/2 on the Earth’s surface%?. In
the time domain, 10 pT bursts appear above a 1 pT background at a rate of ~ 0.5 Hz 0.

This magnetic field noise correlation has been observed between magnetometers at the LIGO
and Virgo sites "'. 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 mag-
netic field noise did not affect the SGWB 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 2. 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 773, Low noise
magnetometers are now installed at the LIGO and Virgo sites in order to monitor this corre-
lated 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 ™.



4 Future Observing Runs for LIGO and Virgo

Advanced LIGO has completed its first observing run, and the results of the search for a SGWB
have been published °°?. At the time of this writing Advanced LIGO is in the middle of its sec-
ond observing run, with Advanced Virgo to join soon. Over the next few years further observing
runs will happen as Advanced LIGO and Advanced Virgo approach their target sensitivities 7.
At their target sensitivities LIGO and Virgo should be able to constrain the energy density of
the SGWB to approximately g, ~ 1 x 107 (in the 10 Hz to 100 Hz band) with a year of
coincident data, while 3 years of data will give a limit of Qg ~ 6 x 1071, At this point it is
likely that LIGO and Virgo could observe a binary black hole produced SGWB %6, Various
cosmological models ¥192425 o cosmic strings 20:2122:23 might produce a detectable SGWB 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®®. One can expect to see many important results pertaining to the search for a SGWB from
LIGO and Virgo in the coming years.

Acknowledgments

This project is funded by NSF grant PHY-1505373. The LIGO Scientific Collaboration (LSC)
and the Virgo Collaboration gratefully acknowledge the support of the United States National
Science Foundation (NSF) for the construction and operation of the LIGO Laboratory and Ad-
vanced 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 construction and operation of the GEO600 detector.
Additional support for Advanced LIGO was provided by the Australian Research Council. The
LSC 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 Funda-
mental 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 LSC and Virgo also gratefully acknowledge research support from these
agencies as well as by the Council of Scientific and Industrial Research of India, Department of
Science and Technology, India, Science & Engineering Research Board (SERB), India, Ministry
of Human Resource Development, India, the Spanish Ministerio de Economia y Competitividad,
the Conselleria d’Economia i Competitivitat and Conselleria d’Educacié, Cultura i Universitats
of the Govern de les Illes Balears, the National Science Centre of Poland, the European Commis-
sion, 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 Na-
tional 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, Canadian Institute for Advanced Research, the Brazilian Ministry of
Science, Technology, and Innovation, Fundagao de Amparo a Pesquisa do Estado de Sao Paulo
(FAPESP), Russian Foundation for Basic Research, the Leverhulme Trust, the Research Cor-
poration, Ministry of Science and Technology (MOST), Taiwan and the Kavli Foundation. The
LSC and Virgo gratefully acknowledge the support of the NSF, STFC, MPS, INFN, CNRS and
the State of Niedersachsen/Germany for provision of computational resources. This article has
been assigned the document number LIGO-P1700108.



References

1

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25

. B. P. Abbott et al. Observation of Gravitational Waves from a Binary Black Hole Merger.
Phys. Rev. Lett., 116:061102, Feb 2016.

B. P. Abbott et al. GW151226: Observation of Gravitational Waves from a 22-Solar-Mass
Binary Black Hole Coalescence. Phys. Rev. Lett., 116:241103, Jun 2016.

B. P. Abbott et al. Binary Black Hole Mergers in the First Advanced LIGO Observing
Run. Phys. Rev. X, 6:041015, Oct 2016.

J Aasi et al. Advanced LIGO. Classical and Quantum Gravity, 32(7):074001, 2015.

. F Acernese et al. Advanced Virgo: a second-generation interferometric gravitational wave
detector. Classical and Quantum Gravity, 32(2):024001, 2015.

B. P. Abbott et al. GW150914: Implications for the Stochastic Gravitational-Wave
Background from Binary Black Holes. Phys. Rev. Lett., 116:131102, Mar 2016.

N Christensen. Measuring the Stochastic Gravitational Radiation Background with Laser
Interferometric Antennas. Physical Review D, 46:5250, 1992.

Bruce Allen and Joseph D. Romano. Detecting a stochastic background of gravitational
radiation: Signal processing strategies and sensitivities. Phys.Rev., D59:102001, 1999.

B Abbott et al. LIGO: the Laser Interferometer Gravitational-Wave Observatory. Reports
on Progress in Physics, 72(7):076901, 2009.

T Accadia et al. Virgo: a laser interferometer to detect gravitational waves. Journal of
Instrumentation, 7(03):P03012, 2012.

B. Abbott et al. Searching for Stochastic Gravitational Waves with LIGO. Nature,
460:990, 2009.

J. Aasi et al. Searching for stochastic gravitational waves using data from the two colocated
LIGO Hanford detectors. Physical Review D, 91:022003, 2015.

J. Aasi et al. Improved Upper Limits on the Stochastic Gravitational-Wave Background
from 2009-2010 LIGO and Virgo Data. Physical Review Letters, 113:231101, 2014.

C Affeldt, K Danzmann, K L Dooley, H Grote, M Hewitson, S Hild, J Hough, J Leong,
H Lck, M Prijatelj, S Rowan, A Rdiger, R Schilling, R Schnabel, E Schreiber, B Sorazu,
K A Strain, H Vahlbruch, B Willke, W Winkler, and H Wittel. Advanced techniques in
geo 600. Classical and Quantum Gravity, 31(22):224002, 2014.

Yoichi Aso, Yuta Michimura, Kentaro Somiya, Masaki Ando, Osamu Miyakawa, Takanori
Sekiguchi, Daisuke Tatsumi, and Hiroaki Yamamoto. Interferometer design of the KAGRA
gravitational wave detector. Phys. Rev. D, 88:043007, Aug 2013.

C. S. Unnikrishnan. IndIGO AND LIGO-INDIA: SCOPE AND PLANS FOR GRAVI-
TATIONAL WAVE RESEARCH AND PRECISION METROLOGY IN INDIA. Interna-
tional Journal of Modern Physics D, 22(01):1341010, 2013.

E. W. Kolb & M. S. Turner. The Farly Universe. Westview Press, 1994.

A. A. Starobinskii. Spectrum of relic gravitational radiation and the early state of the
universe. JETP Lett., 30, 1979.

R. Bar-Kana. Limits on Direct Detection of Gravitational Waves. Phys. Rev. D, 50,
1994.

T. W. B. Kibble. Topology of cosmic domains and strings. J. Phys., A9, 1976.

T. Damour & A. Vilenkin. Gravitational radiation from cosmic (super)strings: bursts,
stochastic background, and observational windows. Phys. Rev. D, 71, 2005.

S. Olmez, V. Mandic, and X. Siemens. Gravitational-Wave Stochastic Background from
Kinks and Cusps on Cosmic Strings. Phys. Rev. D, 81:104028, 2010.

S. Olmez, V. Mandic, and X. Siemens. Anisotropies in the Gravitational-Wave Stochastic
Background. J. Cosmol. Astropart. Phys., 2012:009, 2011.

A. Buonanno. Spectrum of relic gravitational waves in string cosmology. Phys. Rev. D,
55, 1997.

. V. Mandic and A. Buonanno. Accessibility of the Pre-Big-Bang Models to LIGO. Phys.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Rev. D, 73, 2006.

T. Regimbau. The astrophysical gravitational wave stochastic background. Research in
Astronomy and Astrophysics, 11:369-390, April 2011.

A. Buonanno, G. Sigl, G. G. Raffelt, H.-T. Janka, and E. Miiller. Stochastic gravitational-
wave background from cosmological supernovae. Physical Review D, 72(8):084001, October
2005.

P. Sandick, K. A. Olive, F. Daigne, and E. Vangioni. Gravitational waves from the first
stars. Physical Review D, 73(10):104024, May 2006.

S. Marassi, R. Schneider, and V. Ferrari. Gravitational wave backgrounds and the cosmic
transition from Population III to Population II stars. Monthly Notices of the Royal
astronomical Society, 398:293-302, September 2009.

X.-J. Zhu, E. Howell, and D. Blair. Observational upper limits on the gravitational wave
production of core collapse supernovae. Monthly Notices of the Royal astronomical Society,
409:1.132-1.136, November 2010.

T. Regimbau and J. A. de Freitas Pacheco. Cosmic background of gravitational waves
from rotating neutron stars. Astronomy and Astrophysics, 376:381-385, September 2001.
P. A. Rosado. Gravitational wave background from rotating neutron stars. Physical
Review D, 86(10):104007, November 2012.

T. Regimbau and J. A. de Freitas Pacheco. Gravitational wave background from magne-
tars. Astronomy and Astrophysics, 447:1-7, February 2006.

E. Howell, T. Regimbau, A. Corsi, D. Coward, and R. Burman. Gravitational wave back-
ground from sub-luminous GRBs: prospects for second- and third-generation detectors.
Monthly Notices of the Royal Astronomical Society, 410:2123-2136, February 2011.

S. Marassi, R. Ciolfi, R. Schneider, L. Stella, and V. Ferrari. Stochastic background of
gravitational waves emitted by magnetars. Monthly Notices of the Royal Astronomical
Society, 411:2549-2557, March 2011.

C.-J. Wu, V. Mandic, and T. Regimbau. Accessibility of the stochastic gravitational wave
background from magnetars to the interferometric gravitational wave detectors. Physical
Review D, 87(4):042002, February 2013.

G Sigl. Cosmological gravitational wave background from phase transitions in neutron
stars. J. Cosmol. Astropart. Phys., JCAP04:002, 2006.

J. C. N. de Araujo and G. F. Marranghello. Gravitational wave background from neutron
star phase transition. General Relativity and Gravitation, 41:1389-1406, June 2009.

V. Ferrari, S. Matarrese, and R. Schneider. Stochastic background of gravitational waves
generated by a cosmological population of young, rapidly rotating neutron stars. Monthly
Notices of the Royal astronomical Society, 303:258-264, February 1999.

X.-J. Zhu, X.-L. Fan, and Z.-H. Zhu. Stochastic Gravitational Wave Background from
Neutron Star r-mode Instability Revisited. The Astrophysical Journal, 729:59, March
2011.

E. Howell, D. Coward, R. Burman, D. Blair, and J. Gilmore. The gravitational wave
background from neutron star birth throughout the cosmos. Monthly Notices of the Royal
astronomical Soctiety, 351:1237-1246, July 2004.

A. J. Farmer & E. S. Phinney. The gravitational wave background from cosmological
compact binaries. Mon. Not. R. Ast. Soc., 346:1197, 2003.

X.-J. Zhu, E. Howell, T. Regimbau, D. Blair, and Z.-H. Zhu. Stochastic Gravitational
Wave Background from Coalescing Binary Black Holes. The Astrophysical Journal, 739:86,
October 2011.

P. A. Rosado. Gravitational wave background from binary systems. Physical Review D,
84(8):084004, October 2011.

S. Marassi, R. Schneider, G. Corvino, V. Ferrari, and S. Portegies Zwart. Imprint of
the merger and ring-down on the gravitational wave background from black hole binaries



46.

47.

48.

49.

50.

51.

52.

53.

o4.

55.

56.

o7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

coalescence. Physical Review D, 84(12):124037, December 2011.

C. Wu, V. Mandic, and T. Regimbau. Accessibility of the gravitational-wave background
due to binary coalescences to second and third generation gravitational-wave detectors.
Physical Review D, 85(10):104024, May 2012.

X.-J. Zhu, E. J. Howell, D. G. Blair, and Z.-H. Zhu. On the gravitational wave background
from compact binary coalescences in the band of ground-based interferometers. Monthly
Notices of the Royal astronomical Society, 431:882-899, May 2013.

L Barack & C Cutler. Confusion noise from LISA capture sources. Phys. Rev. D,
70:122002, 2004.

G Sigl & J Schnittman & A Buonanno. Gravitational-wave background from compact
objects embedded in AGN accretion disks. Phys. Rev. D, 75:024034, 2007.

B. P. Abbott et al. Upper Limits on the Stochastic Gravitational-Wave Background from
Advanced LIGO’s First Observing Run. Phys. Rev. Lett., 118:121101, Mar 2017.

P. Amaro-Seoane et al. Laser Interferometer Space Antenna. ArXiv e-prints, February
2017.

J. Aasi et al. Constraints on cosmic strings from the LIGO-Virgo gravitational-wave
detectors. Phys.Rev.Lett., 112:131101, 2014.

Planck Collaboration, Ade, P. A. R., et al. Planck early results. I. The Planck mission.
Astronomy € Astrophysics, 536:A1, 2011.

Luca Pagano, Laura Salvati, and Alessandro Melchiorri. New constraints on primordial
gravitational waves from planck 2015. Physics Letters B, 760:823 — 825, 2016.

Paul D. Lasky et al. Gravitational-wave cosmology across 29 decades in frequency. Phys.
Rev. X, 6:011035, Mar 2016.

Michael Coughlin and Jan Harms. Constraining the gravitational wave energy density of
the Universe using Earth’s ring. Phys. Rev. D, 90:042005, Aug 2014.

Duncan Meacher, Michael Coughlin, Sean Morris, Tania Regimbau, Nelson Christensen,
Shivaraj Kandhasamy, Vuk Mandic, Joseph D. Romano, and Eric Thrane. Mock data and
science challenge for detecting an astrophysical stochastic gravitational-wave background
with Advanced LIGO and Advanced Virgo. Phys. Rev. D, 92:063002, Sep 2015.

B. P. Abbott et al. Astrophysical Implications of the Binary Black-hole Merger GW150914.
The Astrophysical Journal Letters, 818(2):L22, 2016.

B. P. Abbott et al. Directional Limits on Persistent Gravitational Waves from Advanced
LIGO’s First Observing Run. Phys. Rev. Lett., 118:121102, Mar 2017.

B Abbott et al. Directional limits on persistent gravitational waves using LIGO S5 science
data. Phys. Rev. Lett., 107:271102, 2011.

Stefan W Ballmer. A radiometer for stochastic gravitational waves. Classical and Quan-
tum Gravity, 23(8):S179, 2006.

B Abbott et al. Upper limit map of a background of gravitational waves. Phys. Rev. D,
76:082003, 2007.

B. P. Abbott et al. Tests of General Relativity with GW150914. Phys. Rev. Lett.,
116:221101, May 2016.

Clifford M. Will. The confrontation between general relativity and experiment. Living
Reviews in Relativity, 17(1):4, 2014.

Joseph D. Romano and Neil. J. Cornish. Detection methods for stochastic gravitational-
wave backgrounds: a unified treatment. Living Reviews in Relativity, 20(1):2, 2017.
Emanuele Berti et al. Testing general relativity with present and future astrophysical
observations. Classical and Quantum Gravity, 32(24):243001, 2015.

Maximiliano Isi, Matthew Pitkin, and Alan J. Weinstein. Probing Dynamical Gravity
with the Polarization of Continuous Gravitational Waves. arXiv:1703.07530, 2017.
Thomas Callister, A. Sylvia Biscoveanu, Nelson Christensen, Maximiliano Isi, Andrew
Matas, Olivier Minazzoli, Tania Regimbau, Mairi Sakellariadou, Jay Tasson, and Eric



69.

70.

71.

72.

73.

74.

75.

Thrane. Tests of General Relativity with the Stochastic Gravitational-Wave Background.
arXiv:1704.08373, 2017.

D.D. Sentman. Handbook of atmospheric electrodynamics. 1:267, 1995.

Martin Fillekrug.  Schumann resonances in magnetic field components.  Journal of
Atmospheric and Terrestrial Physics, 57(5):479 — 484, 1995.

E Thrane, N Christensen, and R Schofield. Correlated magnetic noise in global networks
of gravitational-wave interferometers: observations and implications. Phys. Rev. D,
87:123009, 2013.

E Thrane, N Christensen, R M S Schofield, and A Effler. Correlated noise in networks of
gravitational-wave detectors: subtraction and mitigation. Phys. Rev. D, 90:023013, 2014.
Michael W Coughlin, Nelson L Christensen, Rosario De Rosa, Irene Fiori, Mark Gokowski,
Melissa Guidry, Jan Harms, Jerzy Kubisz, Andrzej Kulak, Janusz Mlynarczyk, Fed-
erico Paoletti, and Eric Thrane. Subtraction of correlated noise in global networks of
gravitational-wave interferometers. Classical and Quantum Gravity, 33(22):224003, 2016.
Izabela Kowalska-Leszczynska, Marie-Anne Bizouard, Tomasz Bulik, Nelson Christensen,
Michael Coughlin, Mark Gokowski, Jerzy Kubisz, Andrzej Kulak, Janusz Mlynarczyk,
Florent Robinet, and Maximilian Rohde. Globally coherent short duration magnetic field
transients and their effect on ground based gravitational-wave detectors. Classical and
Quantum Gravity, 34(7):074002, 2017.

B. P. Abbott et al. Prospects for Observing and Localizing Gravitational-Wave Transients
with Advanced LIGO and Advanced Virgo. Living Reviews in Relativity, 19(1):1, 2016.



	Introduction
	Results from Advanced LIGO Observing Run O1
	O1 Isotropic Results
	Anisotropic O1 Results
	Tests of General Relativity with the Stochastic Gravitational-Wave Background

	Correlated magnetic noise in global networks of gravitational-wave detectors
	Future Observing Runs for LIGO and Virgo

