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Abstract. The null energy condition (NEC) is a fundamental principle in general
relativity, and its violation could leave discernible signatures in gravitational waves
(GWs). A violation of the NEC during the primordial era would imprint a blue-tilted
spectrum on the stochastic gravitational wave background (SGWB) at nanohertz fre-
quencies, potentially accounting for the recently detected signal by pulsar timing ar-
rays. Remarkably, models of NEC violation during inflation also predict a nearly
scale-invariant GW spectrum in the millihertz frequency range, which could be de-
tectable by upcoming space-based GW detectors such as Taiji. The observation of this
distinctive spectrum would provide compelling evidence for new physics beyond the
standard cosmological paradigm. In this study, we explore Taiji’s ability to detect an
SGWB arising from NEC violation during inflation, considering various foregrounds
and noise sources, including an extragalactic foreground from binary black hole merg-
ers throughout the universe, a galactic foreground from white dwarf binaries, and the
intrinsic noise of the Taiji detector. Employing comprehensive Bayesian parameter
estimation techniques to analyze simulated Taiji data, we demonstrate a remarkable
precision improvement of three orders of magnitude compared to the NANOGrav 15-
year data set for measuring the tensor power spectrum amplitude, Prg, during the
second inflationary stage. This substantial enhancement in measurement capabilities
underscores Taiji’s potential as a powerful probe for investigating the NEC violation
in the early Universe.
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1 Introduction

The direct detection of gravitational waves (GWs) [1] has not only confirmed a major
prediction of Einstein’s theory of general relativity but also opened a novel observa-
tional window into the universe [2-4]. While observations have primarily focused on
transient GW events from the binary black hole and neutron star mergers, detected
by ground-based interferometers like LIGO [5] and Virgo [6], these detections have
revolutionized our understanding of compact objects and their coalescence dynam-
ics [7-9]. However, an equally promising and more elusive target for GW detectors
is the stochastic gravitational-wave background (SGWB), which carries a wealth of
information about the early universe and the fundamental laws of physics.

The landscape of GW astronomy is rapidly advancing, with pulsar timing arrays
(PTAs) emerging as a critical tool for probing the low-frequency GW spectrum. Re-
cent announcements from leading PTA collaborations, including NANOGrav [10, 11],
PPTA [12, 13], EPTA [14, 15], and CPTA [16], have provided compelling evidence of a
stochastic signal that aligns with the Hellings-Downs spatial correlations [17] expected
from an SGWB as predicted by general relativity. These findings mark a significant
milestone in the detection of GWs through the timing of highly stable millisecond
pulsars.

Despite these achievements, the exact origin of the observed PTA signals remains
elusive [18, 19], with hypotheses spanning both astrophysical and cosmological sources.
The diverse potential origins include supermassive black hole binaries [20-24], as well
as more exotic phenomena such as scalar-induced GWs [25-38] that could be linked
to primordial black hole formation [39-45], cosmic phase transitions [46-54], domain
walls [55-57], and cosmic strings [58-61]. Another exciting possibility is that the
detected signal is the SGWB from the violation of the null energy condition (NEC) in
the early universe [62].



The NEC is a fundamental principle in general relativity, asserting that the con-
traction of any null vector with the energy-momentum tensor yields a non-negative
value. However, NEC violation has been hypothesized to explain various early Uni-
verse phenomena, such as inflation and primordial black hole formation [63-71]; see the
review by [72]. Recent developments in modified gravity theories, particularly those
beyond Horndeski models [73-77], have demonstrated the theoretical possibility of sta-
ble NEC violations, overcoming pathological instabilities. The violation of the NEC
has a significant impact on the generation of primordial GWs in the early Universe,
leading to an amplification of the primordial tensor power spectrum [78; 79]. This
amplification is characterized by a blue tilt in the tensor power spectrum, signifying
enhanced production of high-frequency GWs. Consequently, the SGWB is expected
to exhibit a distinctive pattern that reflects the NEC-violating phase. The detection
of this characteristic signature in the SGWB would provide strong evidence for NEC-
violating physics and shed light on the nature of gravity at high energies.

Investigating NEC violation through its effect on the SGWB presents a novel
approach to probing early Universe physics, complementing other cosmological ob-
servations. By comparing the theoretical predictions of NEC-violating models with
observational SGWB constraints, valuable insights can be gained into the fundamental
laws governing the Universe’s earliest stages, enabling the exploration of new physics
beyond the standard cosmological paradigm. Remarkably, models of NEC violation
during inflation also predict a nearly scale-invariant GW spectrum in the millihertz
frequency range, which could be detectable by upcoming space-based GW detectors
such as Taiji. The Taiji program [80], China’s space-based GW observatory, is poised
to contribute significantly to this frontier of physics. With its planned launch in the
near future, Taiji will surpass the sensitivity of current ground-based detectors at
low frequencies and thus holds the potential to detect the subtle signals of an SGWB.
Prospects for Taiji are bolstered by its ability to operate in a frequency band that com-
plements LIGO, Virgo, and PTA, providing a broad observational baseline to search
for GW signals.

In this paper, we investigate the SGWB produced by NEC violation during in-
flation and constrain the model parameters using the NANOGrav 15-year data set.
We then analyze simulated Taiji data and apply parameter estimation techniques to
quantify the uncertainties in determining the model parameters. This analysis pro-
vides valuable insights into the precision and accuracy of parameter estimation for the
SGWB produced by NEC violation during inflation, as well as the detection capabil-
ities of Taiji. The paper is structured as follows. In Sec. 2, we offer a brief review of
the SGWB produced by the NEC violation during inflation and the constraints on the
model parameters obtained from the NANOGrav 15-year data set. Sec. 3 introduces
the various components of the model used in the simulation and parameter estimation,
including the Taiji noise model, the foreground from double white dwarfs (DWDs), and
the extragalactic compact binary (ECB) foreground. The methodology for simulating
Taiji data and inferring model parameters is described in Sec. 4. Finally, we summarize
our findings and provide concluding remarks in Sec. 5.



2 SGWB from NEC violation during inflation

The intermediate NEC violation during inflation is a captivating scenario that has been
proposed to explain the distinctive features of the primordial GW background. In this
section, we will delve into the intricate details of this model, as outlined by [62].

The Universe is assumed to begin with an initial phase of slow-roll inflation,
characterized by a Hubble parameter H = H,,;. This stage sets the foundation for
the subsequent evolution of the Universe. As the inflationary epoch progresses, a
fascinating transition occurs: the Universe enters a second phase of slow-roll inflation,
marked by a significantly larger Hubble parameter, H = Hj,». This transition is not
instantaneous; instead, it is punctuated by an intermediate stage of NEC violation,
which serves as a bridge between the two slow-roll inflationary phases. Throughout
this intricate evolution, a remarkable phenomenon takes place: the comoving Hubble
horizon,a ' H !, undergoes a continuous decrease. This reduction in the comoving
Hubble horizon has profound implications for the behaviour of perturbation modes. As
the Universe experiences accelerated expansion during inflation, perturbation modes
gradually exit the horizon, crossing the threshold from the sub-horizon to the super-
horizon regime. These modes remain in the super-horizon state until they re-enter the
horizon during the ensuing radiation-dominated or matter-dominated era.

The power spectra of perturbation modes exiting the horizon during the first (k£ <
k1) and second (k > k) stages of slow-roll inflation exhibit a remarkable property: they
are nearly scale-invariant. This scale-invariance is a crucial feature, as it aligns with the
observations of the cosmic microwave background temperature anisotropies. However,
a striking difference emerges between the two stages. The power spectrum amplitude
of modes exiting during the second stage is significantly larger than that of the modes
exiting during the first stage. This amplification in the power spectrum amplitude is a
hallmark of the intermediate NEC violation scenario. The scale-invariance of the tensor
power spectrum at large scales has important consequences for the tensor-to-scalar ratio
r and the slow-roll parameter in canonical single-field slow-roll inflation. The non-
suppressed nature of these quantities ensures their compatibility with observational
constraints. Moreover, at small scales, the scale-invariance of both scalar and tensor
power spectra plays a crucial role in maintaining the validity of perturbation theory
at higher frequencies. By preventing the power spectra from growing to O(1), the
scale-invariance ensures that the perturbation approach remains valid and reliable.

The primordial tensor power spectrum Pr is a fundamental quantity that encap-
sulates the essential features of the SGWB produced during the early Universe. In
this work, we adopt the parametrization proposed by [62], which elegantly captures
the key characteristics of the power spectrum in the presence of an intermediate NEC
violation during inflation:

T k
Pr=Pr;+ 1(2 - nT)k_|g(k)|2PT,2> (2.1)
2

where Pr; and Pry represent the power spectrum amplitudes during the first and



second slow-roll inflationary stages, and the auxiliary function g(k) is expressed as

2—nr k k 2—nr k kE k k
g(k) = Hgl_);T [TT]{;—J sin o + Hgl_);T |:TTI€_2:| (cos N f sin k_2> . (2.2)
Here, ny denotes the tensor spectral index during the NEC-violating stage and HY
is the Hankel function of the first kind. In the limit of £ < k1, the primordial tensor
power spectrum Pr is approximately equal to Pri, as the second term in Eq. (2.1)
becomes negligible compared to Pr;. On the other hand, for £ > k;, the second
term in Eq. (2.1) becomes dominant, ensuring that the features around k ~ ky are
well captured. Although this formulation may sacrifice some accuracy around the first
transition scale k ~ kq, the impact of this compromise on our interests is minimal. The
primordial tensor power spectrum Pr can be converted to the GW energy spectrum
using the relation given by [81]:

- 2

k2| 3 (ko) k k\?
Qaw = 1.0+ 1.36— +2.50 [ — P
Gw 12Hg kTO + keq * keq !
- (2.3)
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where 79 = 1.41 x 10* Mpc, Hy = 67.4km/s/Mpc is the Hubble constant [82], ke, =
0.073 Quh? Mpc~! is the wavenumber at matter-radiation equality, €2, is the density
fraction of matter today, and the wavenumber £ is related to the frequency f by
k = 2xf. This relation allows us to translate the primordial tensor power spectrum,
which is a function of wavenumber k, into the observable GW energy spectrum Qg .
The GW energy spectrum represents the fraction of the critical energy density of the
Universe that is contained in GWs at a given frequency. As previously discussed, our
focus lies on the case where ky < k. In this regime, the first term in Eq. (2.1) becomes
significantly smaller than the second term, allowing us to safely neglect Pp;. This
simplification leads to a more manageable parametrization of the theoretical spectrum,
which is now fully characterized by three parameters: Prs, np, f.. The transition
frequency f. is related to the characteristic scale ko by the relation f. = 27ks.

The recently detected PTA signal can potentially be explained by the SGWB
produced by primordial NEC violation during inflation [62]. To constrain the model
parameters using the NANOGrav 15-year data set, we perform a Bayesian inference
following the methodology outlined in [23, 25, 28, 29, 83|, taking into account the
Hellings-Downs correlations. The resulting posterior distributions, shown in Fig. 1,
yield the following parameter estimates: Pro, = 0.1470% f. = 4.2%29 x 1078 Hg,
and nyr = 1.661)3%. These posterior distributions are broadly consistent with those
reported in [62]. Fig. 2 illustrates the posterior predictive distribution for the GW
energy density, along with the power-law integrated sensitivity curves of the Taiji
detector. The wide frequency range covered by the energy density spectrum suggests
that the SGWB generated by NEC violation during inflation could be detectable by
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Figure 1. Parameter estimation results derived from the NANOGrav 15-year data set, with
the red dot indicating the maximum-likelihood values used as the basis for the Taiji data
injections. Here, the contours in 2D plots correspond to 1o, 20, and 30 confidence levels in
the parameter space.

Taiji. Motivated by these findings, we will focus on examining the detection capability
of the Taiji detector for this specific SGWB signal in the following analysis.

3 Model components

In this section, we present the key components of our model for analyzing the sensitivity
of the Taiji mission to SGWBs. We consider the instrumental noise characteristics
of the Taiji detector, as well as two important astrophysical foregrounds: the DWD
foreground and the ECB foreground.

3.1 Taiji noise model

The triangular geometry of the Taiji detector enables the combination of interferomet-
ric phase differences using the time delay interferometry (TDI) techniques to suppress
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Figure 2. Posterior predictive distribution of the energy density spectrum resulting from
NEC violation during inflation (green color), alongside the free spectrum derived from the
NANOGrav 15-year data set (red color) and the power-law integrated sensitivity curves for
Taiji (black dashed line).

laser frequency noise [84, 85]. This process results in the creation of three independent
GW measurement channels: the X,Y, Z TDI channels [86]. Accurately characterizing
the noise properties in the Taiji mission is a complex technical challenge, and a detailed
analysis of the noise intricacies is beyond the scope of this work. For the purposes of
this study, we make several simplifying assumptions regarding the SGWB signal and
the instrument noise. We assume that the SGWB signal in the X, Y, Z channels is sta-
tionary and uncorrelated with the Taiji instrument noise. Additionally, we model the
instrument noise as consisting of test mass acceleration noise and optical path length
fluctuation noise, which are assumed to be identical in each spacecraft. Furthermore,
we consider the Taiji instruments’ arm lengths to be equal, forming an equilateral tri-
angle with arm lengths L; = Ly = L3y = L = 3 x 10°m. Under these assumptions, the
response functions and cross-spectra of the X, Y, Z channel combinations are found to
be identical [87]. These simplifications allow us to focus on the key aspects of the Taiji
detector’s performance in detecting the SGWB signal while maintaining a tractable
analysis. By assuming stationarity and the absence of correlation between the SGWB
signal and the instrument noise, we can treat the two components independently and
simplify the statistical analysis. The assumption of identical noise properties in each
spacecraft and equal arm lengths further reduces the complexity of the problem, en-
abling us to derive concise expressions for the response functions and cross-spectra
of the TDI channels. While these assumptions may not capture the full complexity



of the Taiji mission, they provide a solid foundation for understanding the detector’s
sensitivity to the SGWB and serve as a starting point for more detailed analyses in
the future.

The noise components of the Taiji instrument can be effectively described by two
distinct functions. The high-frequency noise, originating from the optical metrology
system, is characterized by the power spectral density (PSD) as [88]

)

c
where f denotes the frequency, ¢ represents the speed of light, and P = 8 [89]. The
low-frequency noise, associated with test mass acceleration, is captured by the PSD [88]

0.4mHz > f ! 1 m\’
”( 7 ) ”(SmHz) (27rfcs_2)’ 42)

where A = 3 [89]. The total PSD for the noise auto-correlation is given by

1
Poms(f) = P2 x 1072 —
Hz

1
Poee(f) = A x 107 —
(f) = 42 x 107

Nuo(f, A, P) = 16 sin* (fi) { [3 + cos (?f—f)] Pace(f, A) 4+ Pows(f, P)} . (3.3)

where f, = ¢/(27L) is a characteristic frequency determined by the arm length L. The
noise cross-spectra are expressed as

Nalg. A P) = s () cos (L) Pt £, ) + P 1P 30

where a,b € {X,Y,Z} and a # b. Note that the noise covariance matrix is real under
these assumptions.

To simplify the analysis, we can utilize linear combinations of the channels. For
the space-borne GW instrument, three particular channels are frequently employed:
the noise “orthogonal” channels A and F, and the “null” channel T. These channels
are defined as follows:

A=L(z-X),
E=L(X-2v+2), (3.5)
T=L(X+Y+2)

These combinations offer the advantage of noise orthogonality and reduced sensitivity
to GWs in the null channel 7. In the AET basis, the noise spectra can be expressed
as

NA = NE = NXX — ny, (36)
Nt = Nxx + 2Nxy. (3.7)

By substituting the noise auto- and cross-spectra from Eq. (3.3) and Eq. (3.4) into
these expressions, we obtain the following results for the noise spectra in the AE and



T channels:

Na g = 8sin (%) {4 [1 + cos <%) + cos? (%)] Piec + [2 + cos (%)1 Poms} )
and
Ny = 16sin’ (%) {2 [1 — COs (%)} Pace + [1 — cos (%)} Poms} : (3.9)

The use of the AET basis and these noise spectra expressions greatly simplifies the
analysis of the Taiji instrument’s sensitivity to GWs, as it allows for a clear separation
of the noise contributions and a straightforward comparison of the noise levels in the
different channels.
To facilitate our analysis, we define the equivalent energy spectral density as
47'('2 f3
Q =S5, —_—, 3.10

A1) = S 5 (3.10)
where a € {A, E, T} denotes the different channel combinations, and S,, represents the
corresponding noise spectral densities. These noise spectral densities can be expressed
as

Sa(f) = Sulf) = 75—({}) (3.11)
Sr(f) = g;g; (3.12)

where Ra denotes the response functions for each channel. Approximate expressions
for these response functions have been provided in [90], which take the form

H(#)Q]i .

e U (I el 5 (2]
Rt —M(E> W () 1+M(ﬁ)] , (3.14)

where W (f) = 1 —e~?%#/f While these approximate expressions can be useful, in this
study, we employ the more accurate analytical expressions for the response functions
that were recently derived in [91]. These analytical expressions provide a more precise
description of the detector’s response and are essential for the accurate characterization
of the GW signal.

RE(f) = RENS) = oW ()P

3.2 Double white dwarf foreground

Astrophysical population models [92, 93] predict the existence of tens of millions of
DWD binaries within our Milky Way galaxy. These DWD binaries are expected to emit



GWs simultaneously within a frequency range spanning from 107> Hz to 0.1 Hz [94].
While a small fraction of these DWD binaries are individually resolvable, the vast
majority remain unresolved and collectively contribute to a stochastic “galactic fore-
ground” or “confusion noise” for the Taiji mission [95]. The DWD foreground can be
approximated by a polynomial function S.(f) in the logarithmic scale as [95]

Spwn(f) = exp (25: a; (log (m{h))) Hz . (3.15)

1=0

This approximation is valid for the frequency range 0.1mHz < f < 10mHz. The
values of the parameters a; for a 4-year observation are ag = —85.5448, a; = —3.23671,
as = —1.64187, a3 = —1.14711, a4 = 0.0325887, a5 = 0.187854. The corresponding
dimensionless energy spectral density is given by

47T2f3

Qpwp(f) = SDWD(f)S—]_Ig- (3.16)

In this work, we employ a broken power law to model the dimensionless energy
spectral density Qpwp of the DWD foreground. The expression for Qpwp(f) is given

" (/1)
A (/1)
Qpwp(f) 1+ Ay (f/ 1)
with the following parameter values: A; = 3.98 x 10716, Ay =4.79 x 1077, oy = —5.7,
and ap = —6.2 [96]. The broken power-law spectral shape of the DWD foreground
arises from the physical constraint imposed by the finite radii of the two white dwarfs
in each binary system. As the frequency increases, the number of DWDs capable of
emitting at those frequencies decreases, leading to a change in spectral behaviour.

(3.17)

3.3 Extragalactic compact binary foreground

The existence of a background originating from compact binaries, comprising black
holes and neutron stars, in distant galaxies is predicted by current models [97]. Never-
theless, ground-based GW observatories have not yet succeeded in detecting this ECB
foreground. In this study, we model the energy spectral density of the ECB foreground
using a power-law approximation:

QECB(f) = AECB ( f > - s (318)
fref

where f.of = 25Hz is the reference frequency, and agcg = % represents the power-law
index. The amplitude Agcp is estimated to be 1.8 x 107, based on the findings pre-
sented in [97]. The inclusion of the ECB foreground is crucial for accurately assessing
the mission’s ability to detect and characterize other sources of SGWBs, such as those
originating from the early Universe or more exotic phenomena. As the sensitivity of
GW detectors continues to improve, the detection and precise characterization of the
ECB foreground will become increasingly important for advancing our understanding
of the population and evolution of compact binary systems throughout the cosmos.



4 Methodology
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Figure 3. The simulated A-channel data (blue) for Taiji in the frequency domain. The
DWD foreground (orange), ECB foreground (green), and SGWB produced by NEC violation
(red) are also shown. Additionally, the Taiji sensitivity curve is displayed in terms of the
dimensionless energy spectral density Qaw(f).

In this study, we simulate the Taiji data, closely adhering to the procedures out-
lined in Refs. [87, 98]. We consider a scenario where data is collected over a full mission
duration of 4 years, with an estimated efficiency of 75%, resulting in an effective obser-
vation time of 3 years. The TDI data is segmented into approximately N, = 94 chunks,
each spanning 11.5 days [87, 98]. The Taiji mission’s frequency range of interest ex-
tends from 3 x 1075 Hz to 5 x 107! Hz, with a frequency resolution of approximately
107 Hz. This results in a total of roughly 5 x 107 data points for the entire simulation.

To analyze the data stream, we perform a Fourier transform, considering only
positive frequencies due to the real nature of the time stream. The time data stream
can be expressed as

fmax

d(ty =Y [d(f)e> I +dr(f)e*™']. (4.1)

f=fmin

~10 -



Parameter Prior Injected value | Recovered value
A U(2.95,3.05) 3 2.9975013
P U(7.99,8.01) 8 8.00075:005
log,o A U(—17,—-14) —15.4 —15.1179-98
o U(—7,—-4) —5.7 —5.501]12
logy Az U(—8,-5) —6.32 —6.961 50
% U(-9,-5) —6.2 —6.6015 22
log,o Arcs U(—10,-7) —8.74 —8.3810:82
QECB U(0.2,1) 2/3 0.67103
logo Pro | U(—1.52, —1.148) —1.15 — 11500100008
log,(f./Hz) U(-9,—6) ~7.55 —7.51513%
nr U(1,2) 1.9 1.517540

Table 1. Summary of the model parameters and their associated priors employed in the
Bayesian inference analysis. The injected values used in the simulation are provided, along
with the recovered values obtained from the parameter estimation. The recovered values are
presented as the median and 90% equal-tail credible intervals. The notation I/ represents the
uniform distribution.

where d(f) represents the Fourier amplitudes at frequency f, and d*(f) denotes the
complex conjugate of d(f). Assuming the SGWB and the noise are both stationary,
namely (d(t)d(t') = f(t —t') and (d(f)) = 0, the ensemble averages of the Fourier
coefficients satisfy

(d(f)d(f)) =0 and (d(f)d" (f)) = D(f)d, (4.2)

indicating that the Fourier coefficients at different frequencies are uncorrelated, and
the correlation strength at the same frequency is determined by the PSD, D(f).

To simulate a signal, we employ Gaussian distributions to generate random vari-
ables that correspond to the real and imaginary components of the Fourier coefficients.
These variables are drawn from distributions with a variance of D(f)/2. By modelling
both the signal and noise as Gaussian processes, we assert that their statistical proper-
ties can be completely described by their respective power spectra, denoted by Qaw(f)
for the GW signal and Q4 g1 (f) for the detector noise in different channels. Specifi-
cally, at each discrete frequency f;, we compute the signal power, .S;, and noise power,
N;, as

2
S Ga <O, Vv Qaw (fz)) + G (07 Vv Qaw (fz)) L3
2
Gis (0, QarT (ﬂ)) +1Giy (O, QapT (fz))
V2
Here, G;1(M,0),...,Giu(M, o) represent Gaussian-distributed real numbers with mean

M and standard deviation o. These are the stochastic realizations of the real and

— 11 =



imaginary parts of the Fourier coefficients for both signal and noise. The total power
at each frequency, D;, is obtained by summing the corresponding signal and noise
powers, which we assume to be independent:

For each frequency bin indexed by i, we generate a set of N, data points, D;1, D;a, ..., Din.,
and compute their mean, D;. The simulated data, depicted in Fig. 3, is generated using
parameter values listed in Table 1.

To streamline the computational demands associated with high-frequency data,
we employ a rebinning strategy, termed “coarse graining”, for frequencies from f =
1073 Hz t0 fmax = 0.5Hz. The rebinning process consolidates the frequency range
into 1000 equally spaced logarithmic intervals. Frequencies in the lower spectrum,
specifically from fi;, = 3x107° Hz to f = 1073 Hz, are preserved in their original form.
The modified data set thus comprises 1971 bins per segment, optimizing computational
efficiency without compromising data integrity. The rebinned data within this specified
frequency domain are redefined as

fe = Z w; [, (4.6)
jebink

Dk Z ijjv (47>

j€Ebink

where w; are the weighting factors given by

_ Dth(fjve_;ﬁ)_l
> tebink DM (1, 57 )t ’
for each frequency j within the aggregated interval k. The theoretical data model,

Dh(f, 0, 1), is defined by the sum of the GW spectrum, Qaw(f, 5), and detector noise,
Q. (f, 7). Here, it = {A, P} represents the noise parameters, while the signal param-

(4.8)

wj

eters are encapsulated by 0 = {A;, a1, As, g, Agcs, ares, nr, fe, Pro}. For practical
analysis, we use the AET basis, which simplifies the covariance matrix to a diagonal
form, facilitating more straightforward computations.

The likelihood function is computed as a composition of the Gaussian part and
the log-normal part [87]. The log-likelihood combination is mathematically represented
as

1 2
Inl = § In ;CG + g In 'CLN- (49)

The Gaussian component of the likelihood, In L, which scrutinizes the residuals be-
tween the theoretical model and observed data, is given by

2

i (1,0,7) ~ DL
Dth ( o(tk)’ 6_): ﬁ) ’

- N,
In Le(D|6, 1) :—70§ > n¥ (4.10)
« k
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Figure 4. Posterior distributions of the model parameters for the NEC violation model, as
inferred by the Taiji detector. The red points indicate the injected values for each parameter,
serving as a reference for evaluating the accuracy of the parameter estimation. The contours
represent the 1o, 20, and 30 confidence levels in the two-dimensional parameter space.

where the sums iterate over the AET detector channels, denoted by «, and the fre-
quency bins, indexed by k. The log-normal component, In L N, assesses the logarithmic
deviations and is formalized as

In Lin (D)6, 7) = ——ZZn(k

o (£, 6.1)
DY

(4.11)
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Figure 5. Comparison of the posterior distributions for the tensor power spectrum amplitude
during the second inflationary stage, Pr o, as derived from the NANOGrav 15-year data set
(left panel) and the simulated Taiji mission data (right panel). The plot highlights the
significant improvement in the precision of the Pry measurement achieved by Taiji, with a
substantially narrower posterior distribution compared to that obtained from the NANOGrav
data.

5 Result and discussion

We employ the dynesty [99] sampler, accessed through the Bilby package [100, 101],
to thoroughly investigate the parameter space. Table 1 provides a comprehensive sum-
mary of the model parameters and their corresponding priors. Fig. 4 presents the
posterior distributions for the parameters, obtained using data from the Taiji detec-
tor. The injected values, denoted in red, are overlaid on these distributions, showing
that the parameters can be well recovered within a 20 confidence interval. For ease of
comparison, the median values and 90% credible intervals are concisely tabulated in
Table 1. Our analysis reveals that the noise parameters, denoted by A and P, can be
precisely determined with relative uncertainties of 0.4% and 0.03%, respectively. In
contrast, the parameters associated with the ECB and the DWD foregrounds exhibit
larger uncertainties due to their more subtle signatures compared to the prominent
SGWB from NEC violation. Remarkably, the tensor power spectrum amplitude during
the second inflationary stage can be determined with an impressive relative uncertainty
of 0.16% with a result of Pry = 7.07975:5% x 1072, This level of precision represents a
substantial improvement, more than a factor of 5000, compared to what was achievable
with the NANOGrav 15-year data. This highlights the exceptional sensitivity of the
Taiji detector in refining the measurements of these crucial parameters. To effectively
illustrate the progress made, we directly compare the posterior distributions obtained
from the NANOGrav 15-year data set with those derived using the Taiji detector,
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as depicted in Fig. 5. This side-by-side comparison demonstrates the remarkable en-
hancements in parameter estimation achieved with Taiji, emphasizing its potential to
revolutionize our understanding of NEC violation.

In this paper, we have explored the potential of the Taiji space-based GW detec-
tor to detect an SGWB originating from the violation of the NEC during inflation. We
posited that the stochastic signal observed by PTAs, such as NANOGrav, stems from
NEC violation during the inflationary epoch and leveraged the NANOGrav 15-year
data set to constrain the model parameters. By conducting parameter estimation on
simulated Taiji data, we quantified the uncertainties in determining the model param-
eters associated with the GW signal from NEC violation during inflation. Our results
demonstrate a remarkable improvement in precision compared to the NANOGrav 15-
year data set, surpassing it by more than three orders of magnitude. This significant
enhancement highlights the superior measurement capabilities of the Taiji detector.
Consequently, space-based GW detectors like Taiji will play a pivotal role in verifying
the stochastic signal detected by PTAs and serve as invaluable tools for further vali-
dation of NEC violation signatures. Moreover, our study underscores the importance
of accurately characterizing various components of the model [96, 102], including the
Taiji noise model and foreground contributions from DWDs and ECBs.

In conclusion, the prospects for Taiji to detect an SGWB from NEC violation
during inflation appear promising, and our study provides valuable insights into the
parameter estimation and detection capabilities of Taiji for NEC violation during infla-
tion. Future observations and analyses from Taiji and other space-based GW detectors
will continue to illuminate the origin and properties of the SGWB, contributing to our
understanding of the early Universe and fundamental physics.
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