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Abstract Multiple pulsar timing array (PTA) collabora-
tions, including the European PTA in partnership with the
Indian PTA, the North American Nanohertz Observatory
for Gravitational Waves (NANOGrav), the Parkes PTA, and
the Chinese PTA have recently reported strong evidence
for a signal at nanohertz, potentially the first detection of
the stochastic gravitational-wave background (SGWB). We
investigate whether the NANOGrav signal is consistent with
the SGWB predicted by string cosmology models. By per-
forming Bayesian parameter estimation on the NANOGrav
15-year data set, we constrain the key parameters of a
string cosmology model: the frequency fs and the fractional
energy density �s

gw of gravitational waves at the end of the
dilaton-driven stage, and the Hubble parameter Hr at the
end of the string phase. Our analysis yields constraints of
fs = 1.2+0.6

− 0.6 × 10−8Hz and �s
gw = 2.9+5.4

−2.3 × 10−8, con-
sistent with theoretical predictions from string cosmology.
However, the current NANOGrav data is not sensitive to the
Hr parameter. We also compare the string cosmology model
to a simple power-law model using Bayesian model selec-
tion, finding a Bayes factor of 2.2 in favor of the string cos-
mology model. Future pulsar timing array observations with
improved sensitivity and extended frequency coverage will
enable tighter constraints on string cosmology parameters.
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1 Introduction

Building upon the groundbreaking detection of gravitational
waves (GWs) from the coalescence of black holes and neu-
tron stars by LIGO–Virgo–KAGRA (LVK) [1–6], the next
exciting discovery may be the identification of the stochastic
GW background (SGWB), which can span a wide frequency
range. Pulsar timing arrays (PTAs) serve as indispensable
tools for probing the nanohertz frequency band of the SGWB,
offering a valuable window into the detection of GWs that
originated from the early Universe.

Recently, multiple PTA collaborations, including the
North American Nanohertz Observatory for GWs (NANOGrav)
[7,8], the Parkes PTA (PPTA) [9,10], the European PTA
(EPTA) in partnership with the Indian PTA (InPTA) [11,12],
and the Chinese PTA (CPTA) [13], have independently pro-
vided strong evidence for spatial correlations that are con-
sistent with the Hellings–Downs [14] pattern in their most
recent data sets. These correlations align with the expected
properties of an SGWB as predicted by the theory of gen-
eral relativity. These discoveries mark a pivotal achievement
in the field of GW astronomy, as they demonstrate the suc-
cessful detection of GWs through the meticulous timing of
exceptionally stable millisecond pulsars. For further details
on PTAs, we refer readers to recent reviews [15–17].

Despite these remarkable achievements, the precise origin
of the observed PTA signals remains uncertain [18,19], with
hypotheses encompassing both astrophysical and cosmolog-
ical sources. The diverse range of potential origins includes
supermassive black hole binaries (SMBHBs) [20–24], as
well as more exotic phenomena such as scalar-induced GWs
[25–48], cosmic phase transitions [49–57], domain walls
[58–61], cosmic strings [62–68], primordial GWs [69–73],
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and modified gravities [74–81]. Another intriguing possibil-
ity is that the detected signal may be the SGWB originating
from string cosmology.

The standard cosmological model [82] has achieved great
success in describing the behavior of our Universe. When
augmented with the inflationary epoch [83], this model offers
a compelling explanation for conundrums such as the fine-
tuning of initial conditions and demonstrates excellent con-
cordance with the observed inhomogeneous structure of the
Universe. However, this mechanism is not without its limi-
tations. In most models of inflation based on a scalar field
minimally coupled to gravity, the inflationary period lasts
so long that the physical fluctuations corresponding to the
present large-scale structure would have shrunk to scales
smaller than the Planck length at the beginning of inflation.
This is known as the “trans-Planckian” problem [84]. Fur-
thermore, as we look back in time, the spacetime curvature
increases, inevitably leading to an initial singularity [85,86]
from the Big Bang. Additionally, our understanding of the
physical nature of the inflation field remains limited due to
its exotic characteristics.

Quantum effects of gravity are inescapable in the primor-
dial Universe. Consequently, string theory may offer solu-
tions to these challenges. The resulting string cosmology
gives rise to a pre-big bang scenario [87,88] in which extra
dimensions are introduced, and the small characteristic size
of strings [89] circumvents the initial singularity encountered
in general relativity. In this framework, the Universe can com-
mence inflation with a large Hubble horizon, thereby resolv-
ing the trans-Planckian problem. String theory predicts the
presence of a scalar dilaton field coupled to gravity, which
induces an inflationary process distinct from the standard
slow-roll inflation [90]. Within the framework of string cos-
mology, the origin of the SGWB stems from quantum fluc-
tuations in the early Universe. Unlike standard inflationary
models, string cosmology postulates a pre-big bang phase
driven by the dynamics of the dilaton field and the com-
pactification of extra dimensions. During this phase, primor-
dial GWs are generated with distinctive spectral properties
– their energy density spectrum is fundamentally altered by
the accelerated contraction of the pre-big bang phase, creat-
ing a blue-tilted spectrum that contrasts with the red-tilted
predictions of conventional inflation.

The gravitational sector of string cosmology contains the
usual two tensor polarization modes of general relativity
(plus and cross). However, the presence of extra dimensions
and the dilaton field introduces additional degrees of freedom
that could manifest as scalar (breathing) modes or massive
tensor modes in the four-dimensional effective theory. These
additional polarization states could provide a smoking gun
for string-theoretic physics through future multi-messenger
observations. The predicted spectral blue tilt provides a
unique observational fingerprint, distinguishable from both

astrophysical foregrounds (such as SMBHBs) and inflation-
ary relics. This spectral characteristic positions SGWB obser-
vations as a critical probe of string-theoretic extensions to
the Standard Model of cosmology [91–93], while potentially
offering a natural explanation for the recently observed PTA
signal.

In this work, we assume that the signal detected by PTAs
has its origin in string cosmology and employ the PTA obser-
vations to constrain the string cosmology model. Our primary
objectives are to investigate whether the PTA signal is consis-
tent with the string cosmology model and to place constraints
on the parameter space of the string cosmology model. The
remainder of the paper is structured as follows. Section 2 pro-
vides an overview of the SGWB in the context of the string
cosmology scenario. In Sect. 3, we outline the methodology
for data analysis and present the results obtained from the
NANOGrav 15-year data set. Finally, we draw conclusions
in Sect. 4.

2 SGWB from string cosmology

In this section, we provide a brief overview of the SGWB
in the context of the string cosmology scenario. In a typ-
ical string cosmology model, the Universe undergoes two
early inflationary phases: the “dilaton-driven” stage and the
“string” stage [92]. Each stage generates a SGWB, which
can be characterized using the spectral function �GW( f ),
defined as

�GW( f ) = 1

ρc

dρGW

d ln f
, (1)

where ρGW denotes the energy density of the SGWB between
frequencies f and f +d f , andρc is the critical energy density,
given by

ρc = 3c2H2
0

8πG
. (2)

According to [94,95], the spectrum of the SGWB in the string
cosmology scenario can be approximated as

�GW( f ) =

⎧
⎪⎨

⎪⎩

�s
gw( f/ fs)3, f < fs,

�s
gw( f/ fs)β, fs < f < f1,

0, f1 < f,

(3)

where

β =
log

(
�max

gw /�s
gw

)

log ( f1/ fs)
(4)

is the logarithmic slope of the spectrum of the SGWB pro-
duced during the string epoch. The spectrum depends on four
parameters: the frequency fs , the fractional energy density
�s

gw generated at the end of the dilaton-drive stage, the max-
imum frequency f1 (above which no gravitational radiation
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is generated), and the maximum fractional energy density
�max

gw occurring at the maximum frequency f1. Assuming no
late entropy generation and a reasonable choice about the
number of effective degrees of freedom, we can express fs
and �max

gw in terms of the Hubble parameter Hr at the end of
the string phase as [96]

f1 = 1.3 × 1010
(

Hr

5 × 1017 GeV

)1/2

Hz, (5)

and

�max
gw = 1 × 10−7h−2

100

(
Hr

5 × 1017 GeV

)2

, (6)

where h100 = 0.674 [97] is the reduced Hubble constant.
The spectrum is now determined by only three parameters,
fs , �s

gw, and Hr , which are related to the fundamental param-
eters of the string cosmology model. Although some studies
[98,99] consider more complex models and their resulting
spectra, the results are similar to the spectrum discussed here
and equally dependent on the same parameters. Therefore,
the model we use captures the main features of string cosmol-
ogy. In the next section, we will use data from the NANOGrav
to estimate the parameters of this string cosmology model.
By employing Bayesian parameter estimation techniques, we
aim to provide insights into the search for observational sig-
natures of string cosmology.

3 Data analysis and results

In this work, we utilize the NANOGrav 15-year data set [8]
to estimate the parameters of the string cosmology model.
The NANOGrav 15-year data set includes observations of
67 millisecond pulsars with a timing baseline ≥ 3 years,
spanning a total time span of approximately 16.03 years [7,
8]. This extensive data set provides a unique opportunity
to search for the SGWB signal and constrain cosmological
models, such as string cosmology.

We specifically employ the free spectrum amplitudes
obtained by the NANOGrav 15-year data set when consider-
ing spatial correlations of the Hellings–Downs pattern [14].
The Hellings–Downs correlation pattern is a distinctive sig-
nature of the SGWB, arising from the quadrupolar nature of
GWs. By incorporating this pattern into our analysis, we can
effectively distinguish the SGWB signal from other noise
sources, such as intrinsic pulsar noise or Earth-term errors
[100].

The sensitivity of a PTA’s observations to the SGWB
begins at a frequency of 1/Tobs, where Tobs = 16.03 yr is
the observational time span. NANOGrav employs 14 fre-
quency bins [7] in their search for the SGWB signal, cov-
ering a frequency range from 2.0 × 10−9 Hz to 2.8 × 10−8

Hz. This frequency range is particularly relevant for detect-

ing the SGWB signal predicted by string cosmology models,
as the signal is expected to have a significant contribution at
frequencies around 10−8 Hz. In Fig. 2, we illustrate the data
employed in our analyses and depict the energy density.

In our analysis, we start by utilizing the posterior data of
the time delay d( f ) obtained from the NANOGrav 15-year
data set. The time delay is related to the power spectrum S( f )
through the following relation:

S( f ) = d( f )2Tobs, (7)

where Tobs represents the total observational time span. This
relation allows us to calculate the power spectrum from the
time delay data, which is a crucial step in determining the
energy density of the SGWB.

Using the power spectrum, we can then compute the
energy density of the free spectrum, �̂GW( f ), as

�̂GW( f ) = 2π2

3H2
0

f 2h2
c( f ) = 8π4

H2
0

Tobs f
5d2( f ), (8)

where H0 = 67.4 km s−1 Mpc−1 is the Hubble constant
determined by the Planck collaboration [97]. Here, the char-
acteristic strain, hc( f ), is defined as

h2
c( f ) = 12π2 f 3S( f ). (9)

By combining the power spectrum and the characteristic
strain, we can fully characterize the SGWB and its energy
density.

For each of the 14 observed frequencies fi in the
NANOGrav data set, we estimate the corresponding kernel
density, Li , using the obtained posteriors of �̂GW( fi ). The
total log-likelihood is then calculated as the sum of the indi-
vidual log-likelihoods for each frequency, as [27,31,32,101–
103]

lnL(�) =
14∑

i=1

lnLi (�GW( fi ,�)), (10)

where � = { fs,�s
gw, Hr } represents the set of three model

parameters that we aim to constrain using the NANOGrav
data. These parameters are the frequency fs and the frac-
tional energy density �s

gw of GWs generated at the end of
the dilaton-driven stage, and the Hubble parameter Hr at the
end of the string phase.

To efficiently explore the parameter space and obtain pos-
terior distributions for the model parameters, we employ the
dynesty [104] sampler, which is a nested sampling algo-
rithm implemented in the Bilby [105,106] package. Nested
sampling is a powerful technique for Bayesian inference, as
it allows for the computation of the evidence (marginal like-
lihood) and the posterior distributions simultaneously. The
priors and results for the model parameters are summarized
in Table 1, providing an overview of the constraints obtained
from our analysis of the NANOGrav 15-year data set.
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Table 1 Prior distributions,
parameter constraints, and
Bayesian evidence (Z)
comparison for string
cosmology (SC) and power-law
(PL) models using NANOGrav
15-year data set. All parameters
are sampled from log-uniform
priors over the specified ranges,
except for γPL which uses a
uniform prior. Posterior
estimates are reported as median
values with 90% equal-tail
credible intervals. The Hubble
parameter at the end of the
string phase, Hr , remains
unconstrained by the current
data. The Bayes factor
comparing string cosmology to
power-law models is BSC

PL =
exp[− 27.985 − (− 28.785)] �
2.2, indicating a slight
preference for the string
cosmology model over the
power-law scenario

Parameter Prior String cosmology Power-law

fs [Hz] LogUniform[10−10, 10−5] 1.2+0.6
−0.6 × 10−8 –

�s
gw LogUniform[10−8, 10−7] 2.9+5.4

−2.3 × 10−8 –

Hr [GeV] LogUniform[1012, 1019] Unconstrained –

APL LogUniform[10−18, 10−11] – 7.1+4.8
−3.2 × 10−15

γPL Uniform[0, 8] – 3.1+0.7
−0.6

lnZ – − 27.985 − 28.785

Fig. 1 Marginal posterior
distributions for the string
cosmology model parameters,
� = { fs , �s

gw, Hr }, derived
from the NANOGrav 15-year
data set. The one-dimensional
histograms show the
marginalized posteriors for each
parameter, while the
two-dimensional plots display
the joint posterior distributions,
with contours delineating the
1σ , 2σ , and 3σ credible regions
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Fig. 2 PPD for the energy
density spectrum of the SGWB
from string cosmology (SC).
The gray violins represent the
free spectra obtained from the
NANOGrav 15-year data set,
while the olive shaded region
indicates the 90% credible
interval of the posterior
distribution. The PPD
showcases the compatibility of
the string cosmology model with
the observed data, highlighting
the constraining power of the
NANOGrav measurements on
the model parameters. We also
show the best-fit power-law
(PL) model in red dashed line

We present the posterior distributions for the model
parameters in Fig. 1. Our analysis reveals that to explain
the PTA signal detected by the NANOGrav 15-year data
set, the parameters should satisfy fs = 1.2+0.6

−0.6 × 10−8Hz,

�s
gw = 2.9+5.4

−2.3 ×10−8, and Hr shows no constraints, follow-
ing the prior distribution. This indicates that the current data
is not sensitive to the Hr parameter. The posterior predictive
distribution (PPD) of our model is shown in Fig. 2, demon-
strating the agreement between our model and the observed
NANOGrav data. Specifically, the PPD is consistent with the
free spectrum amplitudes obtained by NANOGrav, indicat-
ing that our string cosmology model provides a good fit to
the data.

To assess the relative performance of our string cos-
mology model compared to alternative explanations for the
NANOGrav signal, we have also calculated the Bayes factor
between the string cosmology model and a simple power-law
model, which is commonly associated with the SGWB from
SMBHBs [107,108]:

�GW( f ) = 2π2A2
PL

3H2
0

(
f

fyr

)5−γPL

f 2
yr, (11)

where APL is the amplitude of the characteristic strain mea-
sured at the reference frequency fyr ≡ 1 yr−1. The Bayes
factor is defined as the ratio of the marginal likelihoods of
two competing models, and it quantifies the relative support
for each model given the observed data [109]. Our calculation
yields a Bayes factor of 2.2 in favor of the string cosmology
model over the power-law model. This suggests that the string
cosmology model, which is based on string theory, provides
a slightly better fit to the NANOGrav data than the SMBHB
model. However, it is important to note that a Bayes factor
of 2.2 is considered to be only weak evidence in favor of the

string cosmology model [109], and further data from future
PTA observations will be necessary to confirm or refute this
preference.

4 Conclusion

String cosmology models predict a blue-tilted primordial
GW background spectrum with a characteristic “knee” fea-
ture at a specific frequency fs , corresponding to the end of the
dilaton-driven inflationary stage, which distinguishes it from
the red-tilted or nearly scale-invariant spectra expected from
standard slow-roll inflation, and the detection of this increas-
ing GW energy density as a function of frequency and the
spectral knee feature would provide a promising smoking-
gun observation favoring string cosmology over standard
inflation.

While string cosmology introduces unique features in the
early Universe, particularly during the inflationary epoch, it is
expected to converge with standard cosmology at later times,
resulting in a consistent picture of the Universe’s expan-
sion, large-scale structure formation, and evolution, as the
blue-tilted primordial GW background predicted by string
cosmology does not significantly influence these processes,
and the existence of black holes, formed through astrophys-
ical processes on smaller scales, is not precluded by string
cosmology and has been independently confirmed by GW
observations.

In this work, we have utilized the NANOGrav 15-year data
set to constrain the parameters of a string cosmology model
for the SGWB. Our analysis focused on three key parameters:
the frequency fs and the fractional energy density �s

gw of
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GWs generated at the end of the dilaton-driven stage, and
the Hubble parameter Hr at the end of the string phase.

By employing Bayesian parameter estimation techniques,
we have obtained constraints on fs and �s

gw that are con-
sistent with theoretical predictions from string cosmology.
Specifically, we find fs = 1.2+0.6

− 0.6 × 10−8Hz and �s
gw =

2.9+5.4
− 2.3 × 10−8. These results demonstrate the ability of

PTAs to probe the early Universe and constrain cosmologi-
cal models. To assess the relative performance of our string
cosmology model compared to alternative explanations for
the NANOGrav signal, we have calculated the Bayes factor
between the string cosmology model and a simple power-law
model, which is commonly associated with the SGWB from
SMBHBs. The Bayes factor of 2.2 in favor of the string cos-
mology model suggests that string theory-based models may
provide a better explanation for the NANOGrav signal than
SMBHBs. However, this evidence is considered weak, and
further data from future PTA observations will be necessary
to confirm or refute this preference conclusively.

Looking ahead, the increasing precision of PTA measure-
ments will allow for more stringent tests of string cosmology
scenarios. The constraints obtained on the string cosmology
parameters fs and �s

gw represent a significant step forward in
the search for observational signatures of string cosmology.
As PTAs continue to improve their sensitivities and gather
more data, we can expect even more stringent constraints on
these parameters and a deeper understanding of the nature of
the SGWB and the early Universe.
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