
To compute the integrals in Eq. (26) we adopt the
numerical method described in Appendix B. As observed
in [50], the integration over the strain amplitude is
performed up to h! to exclude the individually resolvable
powerful and rare bursts. The maximum strain amplitude h!

is determined by solving the equation

Z
þ∞

h!
dh

Z
þ∞

0
dz

d2RðMÞ

dzdh
ðh; z; fÞ ¼ f: ð27Þ

This encodes the fact that when the burst rate is larger than
f, individual bursts are not resolved.
The total energy density in gravitational waves produced

by cosmic strings will be composed of overlapping signals
(h < h!) and nonoverlapping signals, namely bursts
(h > h!). The LIGO-Virgo stochastic search pipeline will
detect both types of signals. This has been demonstrated for
a stochastic background produced by binary neutron stars,
whose signals overlap, and binary black holes, whose
signals will arrive in a nonoverlapping fashion [61,62].
In this present cosmic string study this effect is negligible:
the predicted GW energy density, ΩðMÞ

GW, does not grow
significantly (and Fig. 3, top, does not change noticeably)
when h! → þ∞.

Figure 3 (top) shows the spectra for the three models
under consideration, adding both the cusp and the kink
contributions and assuming Gμ ¼ 10−8. The model 2
spectrum is about 10 times weaker than the spectrum of
model 1 over most of the frequency range. As shown in
Fig. 4 (top), the spectra are dominated by the contribution
of loops in the radiation era over most of the frequency
range, including the frequencies accessible to LIGO and
Virgo detectors (10–1000 Hz). The difference in normal-
izations of the loop distributions in the radiation era in
the two models, discussed in Sec. II, is therefore the cause
for the difference in spectral amplitudes. Note also that at
low frequencies (∼10−9 Hz), at which pulsar timing
observations are made, the matter era loops contribute
the most.
Figure 3 (top) also shows that the spectrum for model 3

has a significantly higher amplitude than those of models 1
and 2. Figure 4 shows that this spectrum is dominated by
the contribution of small loops which, as discussed in
Sec. II, are much more numerous in model 3.
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FIG. 3. Top: GW energy density, ΩðMÞ
GWðfÞ, from cusps and

kinks predicted by the three loop distribution models. The string
tension Gμ has been fixed to 10−8. Bottom: maximum strain
amplitude h! used for the integration in Eq. (26).
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Figure 3 (bottom) shows the maximum value for the
strain amplitude to consider in the integration, h! as a
function of the frequency. At LIGO-Virgo frequencies (10–
1000 Hz) the spectrum originates from GWs with strain
amplitudes below ∼10−28.
The energy density spectra predicted by the models can

be compared with several observational results. First,
searches for the stochastic GW background using LIGO
and Virgo detectors have been performed, using the initial
generation detectors (science run S6, 2009–2010) [63] and
the first observation run (O1, 2015–2016) of the advanced
detectors [31]. Both searches reported frequency-
dependent upper limits on the energy density in GWs.
To translate these upper limits into constraints on cosmic
string parameters, we define the following likelihood
function:

lnLðGμ; pÞ ∝
X

i

−ðYðfiÞ −ΩðMÞ
GWðfi;Gμ; pÞÞ

2

σ2ðfiÞ
; ð28Þ

where YðfiÞ and σðfiÞ are the measurement and the
associated uncertainty of the GW energy density in the
frequency bin fi, and Ω

ðMÞ
GWðfi;Gμ; pÞ is the energy density

computed by a cosmic string model at the same frequency
bin fi and for some set of model parameters Gμ and p.
We evaluate the likelihood function across the parameter
space ðGμ; pÞ and compute the 95% confidence contours
for the initial LIGO-Virgo (S6, 41.5 < f < 169 Hz) [63]
and for the most recent Advanced LIGO (O1,
20 < f < 86 Hz) [31] stochastic background measure-
ments (assuming Bayesian formalism and flat priors in
the log parameter space). Since a stochastic background of
GWs has not been detected yet, these contours define the
excluded regions of the parameter space. We also compute
the projected design sensitivity for the Advanced LIGO and
Advanced Virgo detectors, using Eq. (28) with YðfiÞ ¼ 0
and with the projected σðfiÞ for the detector network [64].
Another limit can be computed based on the pulsar

timing array (PTA) measurements of the pulse arrival times
of millisecond pulsars [29]. This measurement produces a
limit on the energy density at nanohertz frequencies—
specifically, at 95% confidence ΩPTA

GW ðf¼2.8×10−9HzÞ<
2.3×10−10. We directly compare the spectra predicted by
our models (at 2.8 × 10−9 Hz) to this constraint.
Finally, indirect limits on the total (integrated over

frequency) energy density in GWs can be placed based
on the big-bang nucleosynthesis and cosmic microwave
background observations. The BBN model and observa-
tions of the abundances of the lightest nuclei can be used to
constrain the effective number of relativistic degrees of
freedom at the time of the BBN,Neff . Under the assumption
that only photons and standard light neutrinos contribute to
the radiation energy density, Neff is equal to the effective
number of neutrinos, corrected for the residual heating of

the neutrino fluid due to electron-positron annihilation:
Neff ≃ 3.046 [65]. Any deviation from this value can be
attributed to extra relativistic radiation, including poten-
tially GWs due to cosmic string kinks and cusps generated
prior to BBN. We therefore use the 95% confidence upper
limit Neff − 3.046 < 1.4, obtained by comparing the BBN
model and the abundances of deuterium and 4He [27],
which translates into the following limit on the total energy
density in GWs:

ΩBBN
GW ðGμ; pÞ ¼

Z
1010 Hz

10−10 Hz
dfΩðMÞ

GWðf;Gμ; pÞ< 1.75× 10−5;

ð29Þ

where the lower bound on the integrated frequency region
is determined by the size of the horizon at the time of BBN
[60]. In this calculation we only consider kinks and cusps
generated before BBN, which implies limiting the redshift
integral in Eq. (26) to z > 5.5 × 109.
Similarly, presence of GWs at the time of photon

decoupling could alter the observed CMB and baryon
acoustic oscillation spectra. We apply a similar procedure
as in the BBN case, integrating over redshifts before the
photon decoupling (z > 1089) and over all frequencies
above 10−15 Hz (horizon size at the time of decoupling) to
compute the total energy density of GWs at the time of
decoupling. We then compare this quantity to the posterior
distribution obtained in [28] to compute the 95% confidence
contours:

ΩCMB
GW ðGμ; pÞ ¼

Z
1010 Hz

10−15 Hz
dfΩðMÞ

GWðf;Gμ; pÞ < 3.7 × 10−6;

ð30Þ

For reference, Fig. 5 shows the energy density spectra
for models 1 and 3 using Gμ ¼ 10−8. As expected, the
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contribution from the matter era loops is suppressed at the
time of the BBN or of photon decoupling, resulting in the
suppression of the spectra at low frequencies. To have
negligible systematic errors associated to the numerical
integration, we compute Eqs. (29) and (30) using 200 and
250 logarithmically spaced frequency bins respectively.
Figure 6 shows the excluded regions in the parameter

spaces of the three models considered here, based on the
stochastic observational constraints discussed above.

IV. DISCUSSION

The constraints on the cosmic string tension Gμ and
intercommutation probability p are shown in Fig. 6 for the
three loop models under consideration: M ¼ 1 [8,32] (top
left), M ¼ 2 [33] (top right), andM ¼ 3 [34] (bottom left).

We recall that these three models were developed for
p ¼ 1 and, as explained earlier, for smaller intercommu-
tation probability, we used a 1=p dependence for the loop
distribution.
The bounds resulting from the burst search performed

on O1 data are the least constraining. For model 3 and
p ¼ 1, the burst search constraint is Gμ < 8.5 × 10−10 at a
95% confidence level. For models 1 and 2, the burst search
can only access superstring models (p < 1) for which the
predicted event rate is larger.
Tighter constraints are obtained when probing the

stochastic background of GWs produced by cosmic strings.
For model 3, the parameter space studied here is almost
entirely excluded by the new constraint derived from the
LIGO stochastic O1 analysis. The LIGO stochastic analysis
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is sensitive to GWs produced in the radiation era. As
discussed in Sec. II, in the radiation era, the number of
small loops in models 1 and 2 is much smaller than for
model 3. When loops are large, the GWs are strongly
beamed and the resulting GW detection rate is greatly
reduced. As a consequence, experimental bounds using
models 1 and 2 are less constraining as can be seen in
Fig. 6. For model 1, topological strings (p ¼ 1) are
constrained by Gμ < 5 × 10−8 with the O1 LIGO stochas-
tic analysis. For model 2, the cosmic string simulation
predicts a smaller density of loops and the LIGO constraint
is therefore less strict.
In addition to LIGO results, Fig. 6 shows limits from

pulsar timing experiments, and indirect limits from BBN
and CMB data. These experimental results are comple-
mentary as they probe different regions of the loop
distributions. The CMB and LIGO stochastic bounds apply
for the most part to cosmological loops present in the
radiation era (z > 3300). The LIGO burst constraint,
although weaker, is sensitive to GWs produced in the
matter era (z < 3300) from loops which themselves were
formed in the radiation era. Constraints from pulsar timing
experiments are the most competitive. For topological
strings, we get Gμ < 3.8 × 10−12, Gμ < 1.5 × 10−11 and
Gμ < 5.7 × 10−12 for models 1, 2, and 3 respectively.
However, at nanohertz frequencies, they only probe loops
formed in the matter era for very small redshifts corre-
sponding to galactic scales (z≲ 10−5).
The pulsar bound on string parameters will not improve

much in the future as the range of strain amplitudes,
10−18 ≲ h ≲ 10−5 [see Figs. 3 (bottom) and 8 (right) in
Appendix B], allowed by loop models is already fully
explored. The indirect bounds from BBN and CMB data
will also be limited by the precision on the Neff parameter
which can be achieved. The sensitivity of Advanced LIGO
detectors, however, will further improve in the coming
years. In Fig. 6 we also report the upper limits the stochastic
analysis should achieve with an Advanced LIGO-Virgo
detector network working at design sensitivity (see also
[66,67]). These will probe most of the parameter space for
the three models, and, in particular for models 1 and 3, will
surpass all of the current bounds.
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APPENDIX A: Λ-CDM COSMOLOGY

In a Λ-CDM universe, the Hubble rate at redshift z is
given by

HðzÞ ¼ H0HðzÞ; ðA1Þ

where

HðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þ ΩMð1þ zÞ3 þ ΩRGðzÞð1þ zÞ4

q
: ðA2Þ
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We use the latest values of the cosmological parameters
[68], H0 ¼ 100h km s−1 Mpc−1, h ¼ 0.678, ΩM ¼ 0.308,
ΩR ¼ 9.1476 × 10−5, and ΩΛ ¼ 1 − ΩM − ΩR. At redshift
z in the radiation era, the quantity GðzÞ is directly related
to the effective number of degrees of freedom g!ðzÞ and
the effective number of entropic degrees of freedom gSðzÞ
by [60]

GðzÞ ¼ g!ðzÞg
4=3
S ð0Þ

g!ð0Þg
4=3
S ðzÞ

: ðA3Þ

Following [60] we model it by a piecewise constant
function whose value changes at the QCD phase transition
(T ¼ 200 MeV), and at electron-positron annihilation
(T ¼ 200 keV):

GðzÞ ¼

8
>><

>>:

1 for z < 109;

0.83 for 109 < z < 2 × 1012;

0.39 for z > 2 × 1012:

ðA4Þ

Expressions for cosmic time, proper distance, and proper
volume element in terms of redshift are given by

tðzÞ ¼ φtðzÞ
H0

with φtðzÞ ¼
Z

∞

z

dz0

Hðz0Þð1þ z0Þ
; ðA5Þ

rðzÞ ¼ φrðzÞ
H0

with φrðzÞ ¼
Z

z

0

dz0

Hðz0Þ
; ðA6Þ

dVðzÞ ¼ φVðzÞ
H3

0

dz with φVðzÞ ¼
4πφ2

rðzÞ
ð1þ zÞ3HðzÞ

: ðA7Þ

Asymptotically we have

φtðz ≪ 1Þ ∼ 0.9566; ðA8Þ

φtðz ≫ 1Þ ∼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩRGðz ≫ 1Þ

p z−2; ðA9Þ

φrðz ≪ 1Þ ∼ z; ðA10Þ

φrðz ≫ 1Þ ∼ 3.2086: ðA11Þ

APPENDIX B: RATE OF GRAVITATIONAL-
WAVE BURSTS FROM COSMIC STRINGS

The detection of GWs from cosmic strings is conditioned
by the rate of burst events a cosmic string network
generates. In this appendix we outline the rate calculation
presented in detail in [32] in a form adapted for the three
models under consideration.
The expected rate of GW events, observed at frequency

f, emitted from a proper volume dVðzÞ at redshift z, in an

interval of amplitudes between Aq and Aq þ dAq, and for
model M, is given by

d2RðMÞ
q

dVðzÞdAq
ðAq;z;fÞ¼

1

1þz
νðMÞ
q ðAq;zÞΔqðAq;z;fÞ; ðB1Þ

where Δq is the fraction of GWevents of amplitude Aq that
are observable at frequency f and redshift z. Since cusps
emit GW bursts in a cone of solid angle dΩ ∼ πθ2m [where
θm is given in Eq. (20)] and kinks into a fan-shaped set of
directions in a solid angle dΩ ∼ 2πθm, one finds

ΔqðAq; z; fÞ ∼
"
θmðl; z; fÞ

2

#
3ð2−qÞ

× Θð1 − θmðz; f;lÞÞ

ðB2Þ

where l ¼ lðAq; zÞ is obtained by inverting Eq. (21).
The number of cusp/kink features per unit space-

time volume on loops with sizes between l and lþ dl
is given by

νðMÞ
q ðl; zÞdl ¼ 2

l
NqnðMÞðl; tðzÞÞdl; ðB3Þ

where Nq is the number of cusps/kinks per oscillation
period. Using Eq. (21) to change variables from l to Aq

gives

νðMÞ
q ðAq; zÞdAq ¼ νðMÞ

q ðlðAq; zÞ; zÞ
dl
dAq

dAq

¼ νðMÞ
q ðlðAq; zÞ; zÞ

lðAq; zÞ
ð2 − qÞAq

dAq: ðB4Þ

Injecting the loop distribution of model M, F ðMÞ,
Eq. (B1) becomes

d2RðMÞ
q

dzdAq
ðAq; z; fÞ ¼

2NqH−3
0 φVðzÞ

ð2 − qÞð1þ zÞAqt4ðzÞ

× F ðMÞ
"
lðAq; zÞ
tðzÞ

; tðzÞ
#

× ΔqðAq; z; fÞ: ðB5Þ

Alternatively, the rate can also be parametrized by the strain
amplitude using Eq. (19):

d2RðMÞ
q

dzdh
ðh; z; fÞ ¼

2NqH−3
0 φVðzÞ

ð2 − qÞð1þ zÞht4ðzÞ

× F ðMÞ
"
lðhfq; zÞ

tðzÞ
; tðzÞ

#

× Δqðhfq; z; fÞ: ðB6Þ
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The rate of GWs given in Eq. (B6) is marginalized over
the strain amplitude and the redshift to compute the GW
stochastic background [see Eq. (26)]. The strain amplitude
range is limited by two physical conditions: firstly the
beaming angle must satisfy θm < 1, secondly, in all three
models, there is an upper bound for the loop size, γmax.
These conditions straightforwardly impose [see Eqs. (19)
and (21)] that hminðzÞ < h < hmaxðzÞ, where

hminðzÞ ¼
GμH0

f2ð1þ zÞφrðzÞ
; ðB7Þ

hmaxðzÞ ¼
ðγmaxφtðzÞÞ2−qGμ

Hqþ1
0 ð1þ zÞq−1fqφrðzÞ

: ðB8Þ

In turn, the condition hminðzÞ ≤ hmaxðzÞ fixes the upper
limit on the redshift, zmax. Finally, the overall GW rate is
obtained by calculating the double integral:

RðMÞ
q ¼

Z
zmax

0
dz

Z
hmaxðzÞ

hminðzÞ
dh

d2RðMÞ
q

dzdh
ðh; z; fÞ: ðB9Þ
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FIG. 7. GWevent rate predicted by modelsM ¼ 1 (top row),M ¼ 2 (middle row), andM ¼ 3 (bottom row) and averaged over either
h (left column) or z (right column). The string tension and the wave frequency are fixed to 10−8 and to 100 Hz respectively. For models 1
and 2, we separated the contributions from loops in the radiation (z > 3366) and matter (z < 3366) eras. Additionally, for loops in the
matter era, we separated the effect of loops produced in the matter era from the ones produced in the radiation era [Eqs. (3), (4), and (6)].
For model 3, the effect of the three loop size regimes is shown [Eqs. (13), (14), and (15)].
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For illustration, we fix f ¼ 100 Hz and Gμ ¼ 10−8 and
we average the GW rate for cusps over either h (left-hand
column of Fig. 7) or z (right-hand column of Fig. 7) for
models M ¼ f1; 2; 3g. The contributions from loops in the
matter (blue curve) and radiation (red curve) eras are also
presented. For loops in the matter era, we separated the
effect of loops produced in the radiation era from loops
produced in the matter era.
We first observe that all models have the same general

dependence on redshift and strain amplitude: high-ampli-
tude GWs are produced in the matter era with a low rate
while weak GWs are produced in the radiation era with a
high rate. Models differ in the absolute rate of GWs they

predict: RðMÞ
cuspsðh¼10−23Þ¼1.1×10−9Hz, 1.2 × 10−10 Hz

and 1.0 × 10−6 Hz for models 1, 2, and 3 respectively. As
noted in Sec. II, in model 3, small loops are copiously
present at all times. Indeed, for model 3, the small loop
contribution to the GW rate dominates for h≳ 10−45 and
z≲ 1015, while for models 1 and 2 it is negligible.
In Fig. 8, the effect of the wave frequency f is studied

(M ¼ 1 only). Loops in the radiation era tend to produce
high-frequency GWs while low-frequency waves are emit-
ted in the matter era. The event rates presented in Fig. 8
condition the detectability of GWs from cosmic strings
using experimental data sets.

[1] B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo
Collaboration), Phys. Rev. Lett. 116, 061102 (2016).

[2] B. P. Abbott et al. (Virgo, LIGO Scientific Collaborations),
Phys. Rev. Lett. 119, 141101 (2017).

[3] B. Abbott et al. (Virgo, LIGO Scientific Collaborations),
Phys. Rev. Lett. 119, 161101 (2017).

[4] J. Aasi et al. (LIGO Scientific Collaboration), Classical
Quantum Gravity 32, 074001 (2015).

[5] F. Acernese et al., Classical Quantum Gravity 32, 024001
(2015).

[6] K. Riles, Prog. Part. Nucl. Phys. 68, 1 (2013).
[7] T. W. B. Kibble, J. Phys. A 9, 1387 (1976).
[8] A. Vilenkin and E. P. S. Shellard, Cosmic Strings and

Other Topological Defects (Cambridge University Press,
Cambridge, England, 2000).

[9] M. B. Hindmarsh and T.W. B. Kibble, Rep. Prog. Phys. 58,
477 (1995).

[10] T. Vachaspati, L. Pogosian, and D. Steer, Scholarpedia 10,
31682 (2015).

[11] R. Jeannerot, J. Rocher, and M. Sakellariadou, Phys. Rev. D
68, 103514 (2003).

[12] A. Vilenkin, Astrophys. J. 282, L51 (1984).

[13] B. Shlaer and M. Wyman, Phys. Rev. D 72, 123504 (2005).
[14] R. Brandenberger, H. Firouzjahi, and J. Karouby, Phys. Rev.

D 77, 083502 (2008).
[15] A. Vilenkin and T. Vachaspati, Phys. Rev. Lett. 58, 1041

(1987).
[16] N. Kaiser and A. Stebbins, Nature (London) 310, 391 (1984).
[17] J. R. Gott, III, Astrophys. J. 288, 422 (1985).
[18] T. Vachaspati and A. Vilenkin, Phys. Rev. D 31, 3052

(1985).
[19] M. Sakellariadou, Phys. Rev. D 42, 354 (1990); 43, 4150(E)

(1991).
[20] P. Ade et al. (Planck Collaboration), Astron. Astrophys.

571, A25 (2014).
[21] J. Lizarraga, J. Urrestilla, D. Daverio, M. Hindmarsh, and

M. Kunz, J. Cosmol. Astropart. Phys. 10 (2016) 042.
[22] S. Henrot-Versille et al., Classical Quantum Gravity 32,

045003 (2015).
[23] A. Lazanu and P. Shellard, J. Cosmol. Astropart. Phys. 02

(2015) 024.
[24] S. Sarangi and S. H. Tye, Phys. Lett. B 536, 185 (2002).
[25] N. T. Jones, H. Stoica, and S. H. H. Tye, Phys. Lett. B 563, 6

(2003).

redshift, z

7−10 2−10 310 810 1310 1810 2310

E
ve

nt
 r

at
e 

[H
z]

20−10

8−10

410

1610

2810

4010

-8 = 10µM=1, cusps, G

 Hz3f = 10

f = 1 Hz

 Hz-3f = 10

 Hz-6f = 10

 Hz-9f = 10

 Hz-12f = 10

strain amplitude, h

46−10 37−10 28−10 19−10 10−10 1−10

E
ve

nt
 r

at
e 

[H
z]

20−10

8−10

410

1610

2810

4010

-8 = 10µM=1, cusps, G

 Hz3f = 10

f = 1 Hz

 Hz-3f = 10

 Hz-6f = 10

 Hz-9f = 10

 Hz-12f = 10

FIG. 8. GWevent rate predicted by modelM ¼ 1 for different frequencies and averaged over either h (left column) or z (right column).

CONSTRAINTS ON COSMIC STRINGS USING DATA FROM … PHYS. REV. D 97, 102002 (2018)

102002-13



[26] M. G. Jackson, N. T. Jones, and J. Polchinski, J. High
Energy Phys. 10 (2005) 013.

[27] R. H. Cyburt, B. D. Fields, K. A. Olive, and E. Skillman,
Astropart. Phys. 23, 313 (2005).

[28] L. Pagano, L. Salvati, and A. Melchiorri, Phys. Lett. B 760,
823 (2016).

[29] P. D. Lasky et al., Phys. Rev. X 6, 011035 (2016).
[30] B. P. Abbott et al. (Virgo and LIGO Scientific Collabora-

tions), Phys. Rev. Lett. 116, 131103 (2016).
[31] B. P. Abbott et al. (Virgo and LIGO Scientific Collabora-

tions), Phys. Rev. Lett. 118, 121101 (2017).
[32] X. Siemens, J. Creighton, I. Maor, S. Ray Majumder, K.

Cannon, and J. Read, Phys. Rev. D 73, 105001 (2006).
[33] J. J. Blanco-Pillado, K. D. Olum, and B. Shlaer, Phys. Rev.

D 89, 023512 (2014).
[34] L. Lorenz, C. Ringeval, and M. Sakellariadou, J. Cosmol.

Astropart. Phys. 10 (2010) 003.
[35] C. Ringeval, M. Sakellariadou, and F. Bouchet, J. Cosmol.

Astropart. Phys. 02 (2007) 023.
[36] E. P. S. Shellard, Nucl. Phys. B283, 624 (1987).
[37] P. Laguna and R. A. Matzner, Phys. Rev. D 41, 1751 (1990).
[38] M. Hindmarsh, Phys. Lett. B 251, 28 (1990).
[39] Y. Matsui, K. Horiguchi, D. Nitta, and S. Kuroyanagi, J.

Cosmol. Astropart. Phys. 11 (2016) 005.
[40] P. Casper and B. Allen, Phys. Rev. D 52, 4337 (1995).
[41] B. Allen and P. Casper, Phys. Rev. D 50, 2496 (1994).
[42] B. Allen and R. R. Caldwell, Phys. Rev. D 43, R2457 (1991).
[43] J. M. Wachter and K. D. Olum, Phys. Rev. D 95, 023519

(2017).
[44] T. Damour and A. Vilenkin, Phys. Rev. D 64, 064008

(2001).
[45] T. Damour and A. Vilenkin, Phys. Rev. D 71, 063510

(2005).
[46] X. Siemens, V. Mandic, and J. Creighton, Phys. Rev. Lett.

98, 111101 (2007).
[47] A. Avgoustidis and E. P. S. Shellard, Phys. Rev. D 73,

041301 (2006).
[48] M. Sakellariadou, J. Cosmol. Astropart. Phys. 04 (2005) 003.
[49] J. M. Wachter and K. D. Olum, Phys. Rev. Lett. 118, 051301

(2017).

[50] T. Damour and A. Vilenkin, Phys. Rev. Lett. 85, 3761
(2000).

[51] P. Binetruy, A. Bohe, T. Hertog, and D. A. Steer, Phys. Rev.
D 82, 126007 (2010).

[52] J. Aasi et al. (VIRGO and LIGO Scientific Collaborations),
Phys. Rev. Lett. 112, 131101 (2014).

[53] K. C. Cannon, Classical QuantumGravity 25, 105024 (2008).
[54] B. P. Abbott et al. (VIRGO and LIGO Scientific Collabo-

rations), Classical Quantum Gravity 33, 134001 (2016).
[55] P. R. Brady, J. D. Creighton, and A. G. Wiseman, Classical

Quantum Gravity 21, S1775 (2004).
[56] S. Olmez, V. Mandic, and X. Siemens, Phys. Rev. D 81,

104028 (2010).
[57] J. J. Blanco-Pillado, K. D. Olum, and X. Siemens, Phys.

Lett. B 778, 392 (2018).
[58] J. J. Blanco-Pillado and K. D. Olum, Phys. Rev. D 96,

104046 (2017).
[59] C. Ringeval and T. Suyama, J. Cosmol. Astropart. Phys. 12

(2017) 027.
[60] P. Binetruy, A. Bohe, C. Caprini, and J.-F. Dufaux, J.

Cosmol. Astropart. Phys. 06 (2012) 027.
[61] D. Meacher, M. Coughlin, S. Morris, T. Regimbau, N.

Christensen, S. Kandhasamy, V. Mandic, J. D. Romano, and
E. Thrane, Phys. Rev. D 92, 063002 (2015).

[62] B. P. Abbott et al. (Virgo and LIGO Scientific Collabora-
tions), Phys. Rev. Lett., 120, 091101 (2018).

[63] J. Aasi et al. (Virgo and LIGO Scientific Collaborations),
Phys. Rev. Lett. 113, 231101 (2014).

[64] B. P. Abbott et al. (Virgo and LIGO Scientific Collabora-
tions), Phys. Rev. Lett. 116, 131102 (2016).

[65] G. Mangano, G. Miele, S. Pastor, T. Pinto, O. Pisanti, and P.
D. Serpico, Nucl. Phys. B729, 221 (2005).

[66] S. Kuroyanagi, K. Miyamoto, T. Sekiguchi, K. Takahashi,
and J. Silk, Phys. Rev. D 86, 023503 (2012).

[67] S. Kuroyanagi, K. Miyamoto, T. Sekiguchi, K. Takahashi,
and J. Silk, Phys. Rev. D 87, 023522 (2013); 87, 069903(E)
(2013).

[68] P. A. R. Ade et al. (Planck Collaboration), Astron. As-
trophys. 594, A13 (2016).

B. P. Abbott,1 R. Abbott,1 T. D. Abbott,2 F. Acernese,3,4 K. Ackley,5 C. Adams,6 T. Adams,7 P. Addesso,8 R. X. Adhikari,1

V. B. Adya,9 C. Affeldt,9 M. Afrough,10 B. Agarwal,11 M. Agathos,12 K. Agatsuma,13 N. Aggarwal,14 O. D. Aguiar,15

L. Aiello,16,17 A. Ain,18 P. Ajith,19 B. Allen,9,20,21 G. Allen,11 A. Allocca,22,23 P. A. Altin,24 A. Amato,25 A. Ananyeva,1

S. B. Anderson,1 W. G. Anderson,20 S. Antier,26 S. Appert,1 K. Arai,1 M. C. Araya,1 J. S. Areeda,27 N. Arnaud,26,28

K. G. Arun,29 S. Ascenzi,30,17 G. Ashton,9 M. Ast,31 S. M. Aston,6 P. Astone,32 P. Aufmuth,21 C. Aulbert,9 K. AultONeal,33

A. Avila-Alvarez,27 S. Babak,34 P. Bacon,35 M. K. M. Bader,13 S. Bae,36 P. T. Baker,37,38 F. Baldaccini,39,40 G. Ballardin,28

S. W. Ballmer,41 S. Banagiri,42 J. C. Barayoga,1 S. E. Barclay,43 B. C. Barish,1 D. Barker,44 F. Barone,3,4 B. Barr,43

L. Barsotti,14 M. Barsuglia,35 D. Barta,45 J. Bartlett,44 I. Bartos,46 R. Bassiri,47 A. Basti,22,23 J. C. Batch,44 C. Baune,9
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54Università degli Studi di Genova, I-16146 Genova, Italy
55INFN, Sezione di Genova, I-16146 Genova, Italy

56RRCAT, Indore MP 452013, India
57Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia

58SUPA, University of the West of Scotland, Paisley PA1 2BE, United Kingdom
59Caltech CaRT, Pasadena, California 91125, USA

60OzGrav, University of Western Australia, Crawley, Western Australia 6009, Australia
61Department of Astrophysics/IMAPP, Radboud University Nijmegen,

P.O. Box 9010, 6500 GL Nijmegen, Netherlands
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