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Abstract. The null energy condition (NEC) is a cornerstone of general relativity,
and its violation could leave observable imprints in the cosmic gravitational wave spec-
trum. Theoretical models suggest that NEC violations during inflation can amplify the
primordial tensor power spectrum, leading to distinct features in the stochastic grav-
itational wave background (SGWB). In this work, we search for these NEC-violating
signatures in the SGWB using data from Advanced LIGO and Advanced Virgo’s first
three observing runs. Our analysis reveals no statistically significant evidence of such
signals, allowing us to place stringent upper limits on the tensor power spectrum ampli-
tude, PT,2, during the second inflationary stage. Specifically, we find that PT,2 ≲ 0.15
at a 95% confidence level. Notably, this upper limit is consistent with constraints
derived from pulsar timing array observations, reinforcing the hypothesis that NEC vi-
olations during inflation could explain the signal detected by pulsar timing arrays. Our
findings contribute to a deeper understanding of the early Universe and highlight the
potential of current and future gravitational wave experiments in probing the physics
of inflation and NEC violations.
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1 Introduction

The detection of gravitational waves (GWs) by Advanced LIGO [1] and Advanced
Virgo [2] has marked the beginning of a new era in observational astronomy [3]. The
ability to detect GWs has opened up a new window for studying the Universe, providing
invaluable insights into the physics of compact objects, such as black holes and neutron
stars. In addition to individual, loud GW events from compact binary coalescences, the
superposition of a large number of weaker, unresolved GW signals can form a stochastic
gravitational-wave background (SGWB). SGWBs can carry valuable information about
the properties and distribution of their sources, both astrophysical and cosmological.

Astrophysical sources of the SGWB include compact binary coalescences [4, 5],
and core-collapse supernovae [6]. Cosmological sources, on the other hand, are related
to various physical processes in the early Universe, such as cosmic phase transitions [7–
9], primordial density perturbations during inflation [10–12], cosmic strings [13–17],
and cosmic domain walls [18, 19]. The detection of an SGWB of cosmological origin
would provide unprecedented insights into the physics of the early Universe, potentially
revealing new physics beyond the Standard Model.

Although the LIGO-Virgo Collaboration has not yet detected a stochastic gravitational-
wave background (SGWB) signal during their first three observing runs, they have
established upper limits on its amplitude [20]. These constraints are instrumental in
testing the viability of various cosmological models that predict an amplified primor-
dial GW spectrum. Notably, a class of such models postulates a violation of the null
energy condition (NEC) during the inflationary epoch of the early Universe [21–24].

The NEC is a fundamental principle in general relativity, stating that for any
null vector, the contraction with the energy-momentum tensor yields a non-negative
value. Nevertheless, scenarios that involve NEC violation have been conjectured to
account for a range of early Universe phenomena, including the inflationary epoch
and the genesis of primordial black holes [25–32]; see, for example, the review by [21].
Advances in modified gravity theories, especially within the framework of “beyond
Horndeski” models [33–39], have shown that stable NEC violations are theoretically
feasible, circumventing the issue of pathological instabilities.

The violation of the NEC has profound implications for the generation of primor-
dial GWs in the early Universe. It has been shown that NEC violation can result in a
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notable amplification of the primordial tensor power spectrum at certain scales [40, 41].
This amplification manifests as a blue tilt in the tensor power spectrum, indicating an
enhanced production of high-frequency GWs. As a consequence, the SGWB is ex-
pected to demonstrate a distinctive pattern that reflects the NEC-violating phase of
the early Universe.

The potential detection of this characteristic signature in the SGWB would pro-
vide compelling evidence for the existence of NEC-violating physics and shed light on
the nature of gravity at high energies. Moreover, the study of NEC violation through
its impact on the SGWB offers a novel approach to probing the physics of the early Uni-
verse, complementing other cosmological observations such as the cosmic microwave
background (CMB) and large-scale structure surveys. By comparing theoretical pre-
dictions of NEC-violating models with observational constraints on the SGWB, we can
gain valuable insights into the fundamental laws governing the Universe at its earliest
stages and explore the possibilities of new physics beyond the standard cosmological
paradigm.

In this paper, we investigate the constraints on NEC-violating inflationary mod-
els with GW data from Advanced LIGO and Advanced Virgo’s first three observing
runs. We focus on a specific scenario that incorporates an intermediate NEC-violating
phase during inflation proposed in [40]. This model predicts a characteristic blue-tilted
tensor power spectrum at scales corresponding to the NEC-violating phase, which can
potentially be probed by current and future GW observations. The rest of this paper
is structured as follows. In Section 2, we begin by reviewing the key features of the
inflationary model with an intermediate NEC-violating phase, focusing on its impact
on the primordial tensor power spectrum. In Section 3, we describe the methodology
used to derive constraints on the model parameters using the data from Advanced
LIGO and Advanced Virgo. Lastly, we summarise our results and give a discussion of
the implications in Section 4.

2 SGWB from NEC violation during inflation

In this section, we will provide a concise overview of the intermediate NEC violation
during inflation. The scenario proposed by [40] describes the Universe starting with an
initial phase of slow-roll inflation characterized by a Hubble parameter H = Hinf1. This
is followed by a transition to a second phase of slow-roll inflation with a significantly
larger Hubble parameter, H = Hinf2, after an intermediate stage of NEC violation.
Throughout this evolution, the comoving Hubble horizon (a−1H−1) decreases, indicat-
ing the exit of perturbation modes from the horizon as the Universe undergoes accel-
erated expansion. These modes remain in the super-horizon regime until re-entering
the horizon during the subsequent radiation-dominated or matter-dominated era.

Perturbation modes exiting the horizon during the first (k < k1) and second
(k > k2) stages of slow-roll inflation have nearly scale-invariant power spectra, con-
sistent with CMB temperature anisotropy observations. However, the power spec-
trum amplitude of modes exiting during the second stage is significantly larger. The
scale-invariance of the tensor power spectrum at large scales ensures a non-suppressed
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tensor-to-scalar ratio r and slow-roll parameter in canonical single-field slow-roll in-
flation. At small scales, the scale-invariance of both scalar and tensor power spectra
prevents them from growing to O(1), preserving the validity of perturbation theory
at higher frequencies. In the specific scenario we have considered, the NEC violation
occurs during an intermediate stage between two slow-roll inflationary phases. The
end of inflation is attributed to the dynamics of the second slow-roll phase, which is
assumed to follow the standard mechanism for ending inflation, such as the inflaton
field reaching the minimum of its potential.

The intermediate NEC violation during inflation can be realized with the effective
field theory action [22]:

S =

∫
d4x

√
−g

[
M2

P

2
R− Λ(t)− c(t)g00 +

M4
2 (t)

2

(
δg00

)2 − m3
3(t)

2
δKδg00 +

m̃2
4(t)

2
R(3)δg00

]
.

(2.1)
Here δg00 = g00 + 1, R(3) denotes the Ricci scalar on the three-dimensional space-like
hyper-surface, δK = K − 3H, and K is the extrinsic curvature. The time-dependent
functions c(t) and Λ(t) determine the background evolution through the relations
c(t) = −M2

PḢ and Λ(t) = M2
P(Ḣ + 3H2). The functions M4

2 (t), m
3
3(t), and m̃2

4(t)
are determined or constrained to ensure that the scalar perturbations agree with ob-
servations. The EFT approach allows us to systematically incorporate modifications to
general relativity and study their phenomenological consequences without committing
to a specific underlying theory of quantum gravity. In the context of NEC violation,
the EFT framework can accommodate such features by including higher-order oper-
ators that modify the standard kinetic and potential terms of the scalar field. These
modifications can lead to scenarios where the usual energy conditions are not satisfied.

Specifically, terms in the action such as
m̃2

4(t)

2
R(3)δg00 and higher derivative interactions

can effectively lead to negative contributions to the energy density, thus violating the
NEC [22].

Following [42], we propose a parametrization of the primordial tensor power spec-
trum PT that captures the essential features:

PT = PT,1 +
π

4
(2− nT )

k

k2
|g(k)|2PT,2 , (2.2)

where PT,1 and PT,2 represent the power spectrum amplitudes during the first and
second slow-roll inflationary stages, respectively. The auxiliary function g(k) is defined
as

g(k) = H
(1)
3−nT

2

[
2− nT

2

k

k2

]
sin

k

k2
+H

(1)
1−nT

2

[
2− nT

2

k

k2

](
cos

k

k2
− k2

k
sin

k

k2

)
, (2.3)

where H
(1)
ν denotes the Hankel function of the first kind, and nT is the tensor spectral

index during the NEC-violating stage. This parametrization has several key features:

• For modes with wavenumbers k ≪ k1, which exit the horizon during the first
slow-roll inflationary stage, the second term in Eq. (2.2) becomes negligible
compared to PT,1, and thus PT ≈ PT,1. This ensures that the power spectrum at
large scales is nearly scale-invariant and consistent with CMB observations.
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• For modes with wavenumbers k ≫ k1, which exit the horizon during the second
slow-roll inflationary stage or the NEC-violating stage, the second term in Eq.
(2.2) dominates. This term captures the blue tilt and oscillatory features in the
power spectrum around the transition scale k ≃ k2, which are crucial for the
generation of primordial black holes and the associated GW signals.

• Although the accuracy of this parametrization may be compromised around the
first transition scale k ≃ k1, the impact on our interests is minimal, as we focus
on the features at intermediate and small scales.

A Gaussian, isotropic, unpolarized, and stationary SGWB is fully characterized
by its spectral energy density, which is typically expressed in terms of the dimensionless
quantity ΩGW(f). This quantity represents the GW energy density dρGW within the
frequency interval f to f + df , multiplied by the GW frequency and divided by df
times the critical energy density ρc required for a flat Universe:

ΩGW(f) =
f

ρc

dρGW

df
, (2.4)

where ρc = 3H2
0c

2/(8πG), with c being the speed of light and G representing New-
ton’s constant. The Hubble constant is taken from Planck 2018 observations as
H0 = 67.4 kms−1Mpc−1 [43]. To connect the primordial tensor power spectrum PT

with the observed GW energy spectrum ΩGW, we employ the following relation [44]:

ΩGW =
k2

12H2
0

3Ωmjl(kτ0)

kτ0

√
1.0 + 1.36

k

keq
+ 2.50

(
k

keq

)2
2

PT

≃ 1

24

(
k

H0

)2
 3Ωm

(kτ0)2

√
1.0 + 1.36

k

keq
+ 2.50

(
k

keq

)2
2

PT

(2.5)

where τ0 = 1.41×104 Mpc is the conformal time today, keq = 0.073Ωmh
2 Mpc−1 is the

wavenumber at matter-radiation equality, Ωm is the present matter density fraction,
and the frequency f is related to the wavenumber k by k = 2πf . This relation enables
us to predict the observable GW energy spectrum based on our parametrization of the
primordial tensor power spectrum, facilitating a direct comparison with current and
future GW experiments.

3 Data analysis

In this section, we describe the methodology employed to constrain the parameterized
primordial tensor power spectrum, given by Eq. (2.2), using the data from Advanced
LIGO and Virgo’s first three observing runs. As discussed in the previous section, we
focus on the regime where k1 ≪ k, in which the first term in Eq. (2.2) becomes negli-
gible compared to the second term. This simplification allows us to safely neglect the
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Parameter Description Prior
nT tensor spectral index during the NEC-violating stage U[0, 2]

fc (Hz) transition frequency LogU[10−1, 104]
PT,2 power spectrum amplitude during the second inflationary stage LogU[10−5, 102]

Table 1. Prior distributions of the model parameters used in the Bayesian analysis, where
U and LogU denote the uniform and log-uniform distributions, respectively.

contribution from PT,1 and concentrate on the features arising from the NEC-violating
stage and the second inflationary stage. With this approximation, the theoretical spec-
trum given by Eq. (2.2) can be fully characterized by three key parameters: nT , fc,
and PT,2, where fc ≡ 2πk2.

To analyze the SGWB, we consider the LIGO-Hanford, LIGO-Livingston, and
Virgo (HLV) network, with each detector labelled by the index I = H,L, V . The
time-series output of the detectors is denoted by sI(t), and its Fourier transform by
s̃I(f). Following the formalism described in [45, 46], we define the cross-correlation
statistic for the baseline IJ as

ĈIJ(f) =
2

T

Re[s̃I⋆(f)s̃J(f)]

γIJ(f)S0(f)
, (3.1)

where T represents the observation time, γIJ(f) is the normalized overlap reduc-
tion function [46] for the baseline IJ , and the function S0(f) is defined as S0(f) =
(3H2

0 )/(10π
2f 3). The estimator is normalized such that ⟨ĈIJ(f)⟩ = ΩGW(f) in the

absence of correlated noise. In the limit of a small signal-to-noise ratio, the variance
can be approximated as

σ2
IJ(f) ≈

1

2T∆f

PI(f)PJ(f)

γ2
IJ(f)S

2
0(f)

, (3.2)

where ∆f represents the frequency resolution, and PI(f) is the one-sided power spec-
tral density in detector I. We perform a Bayesian analysis to search for the SGWB
from the NEC-violating phase during inflation using data from the Advanced LIGO
and Advanced Virgo’s first three observing runs. The ĈIJ(f) data, which is model-
independent and publicly available [20], is utilized in this analysis. To estimate the
parameters of a specific SGWB model, we combine the spectra from each baseline IJ
to form the likelihood [47]

p(ĈIJ(fk)|θ) ∝ exp

−1

2

∑
IJ

∑
k

(
ĈIJ(fk)− ΩM(fk|θ)

σ2
IJ(fk)

)2
 , (3.3)

where we assume that the ĈIJ(fk) follow a Gaussian distribution in the absence of a
signal. The term ΩM(f |θ) represents the SGWB model, characterized by the set of
parameters θ to be determined through the analysis. The likelihood is constructed
by multiplying the contributions from all frequency bins and detector pairs. Using
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Figure 1. Posterior distributions for the model parameters θGW ≡ (nT , fc, PT,2). The
contours represent the 1σ, 2σ, and 3σ confidence levels in the two-dimensional plots.

the likelihood and Bayes’ theorem, we form the posterior distribution p(θ|CIJ
k ) ∝

p(CIJ
k |θ)p(θ), where p(θ) represents the prior distribution on the parameters θ. To

sample the parameter space and estimate the model parameters, we employ the Markov
chain Monte Carlo method within the Bayesian framework.

To quantify the statistical significance of the presence of the GW signal, we com-
pute the Bayes factor between the model with SGWB signal and the model containing
only noise, namely

BGW
NOISE =

p(ĈIJ |Model of signal)

p(ĈIJ |Pure noise)
=

∫
p(ĈIJ |θGW) p(θGW) dθGW

N
. (3.4)

Here, N is given by evaluating Eq. (3.3) for ΩM(f) = 0. When BGW
NOISE > 1, there

is support for the GW model compared to the NOISE model. The free parameters
in the analysis are θGW ≡ (nT , fc, PT,2), and their priors are listed in Table 1. The
Bayesian analysis is performed using the bilby package [48, 49] and the dynamic nested
sampling package dynesty [50].

– 6 –



4 Results and discussions

In this work, we have searched for the SGWB signal that could arise from a pe-
riod of inflation in which the NEC was violated. Our analysis utilizes the combined
cross-correlation spectrum of the first three observing runs from Advanced LIGO and
Advanced Virgo, covering frequencies from 10 ∼ 200 Hz. We present the posterior
distributions of our model parameters in Figure 1. Our findings demonstrate that the
tensor spectral index nT and the transition frequency fc, which are indicative of the
NEC-violating phase, fall beyond the precise determination by the current instrumental
capabilities of Advanced LIGO and Virgo.

To assess the presence of the SGWB signal originating from the NEC-violating
phase, we calculate the Bayes factor BGW

NOISE = 0.53. This value suggests that there is
no significant evidence of such a signal in the current data. Consequently, we impose
an upper limit on the power spectrum amplitude during the second inflationary stage,
PT,2. At a 95% confidence level, we constrain PT,2 ≲ 0.15. This bound may be applied
to specific inflationary models that incorporate NEC violation, such as those featuring
non-canonical kinetic terms [51], thereby restricting their viable parameter space.

Notably, our derived upper limit on PT,2 is consistent with the constraints ob-
tained from PTA observations [42]. This consistency highlights the complementary
nature of PTA and Advanced LIGO-Virgo observations in probing the physics of the
early Universe. PTAs are sensitive to GWs in the nanohertz frequency range, while Ad-
vanced LIGO-Virgo explores higher frequencies between 10 and 200 Hz. The agreement
between the constraints obtained from these different frequency regimes strengthens
the case for the NEC-violating inflationary scenario as a plausible explanation for the
PTA signal. As future GW experiments with improved sensitivities come online, we
anticipate enhanced capabilities in testing inflationary models and further constraining
their parameters.

In summary, our analysis demonstrates that the current Advanced LIGO and
Advanced Virgo data can effectively constrain the primordial tensor power spectrum
in the presence of an NEC-violating phase during inflation. The obtained upper limit
on PT,2 sheds light on the properties of the NEC-violating stage and the subsequent
transition to the second inflationary phase. These findings contribute to our under-
standing of the early Universe and emphasize the potential of future GW experiments
in probing the physics of inflation and NEC violation.
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