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A stochastic gravitational wave background is a prediction of a number of astrophysical and
cosmological phenomena including early Universe cosmology. Recently, the NANOGrav Collaboration
reported conclusive evidence for a stochastic gravitational wave background. We analyze the NANOGrav
signal, assuming it is of primordial origin, including the reheating phase. We use the latest measurements
from NANOGrav to constrain the Universe’s reheating equation of state wre, the reheating temperature Tre,
the tensor-to-scalar ratio r, and the tensor tilt nt. Assuming the constant equation of state wre to be
responsible for the reheating phase, we find a preference for instant reheating, wre ¼ 0.36þ0.15

−0.28 , and a very

blue tilt nt ¼ 1.94þ0.43
−0.88 . We find a degeneracy between the tensor-to-scalar ratio r and Tre and suggest ways

to break this degeneracy. In all cases where the reheating temperature is constrained, it is constrained to be
very low, with Tre ≤ 105 GeV. We further find that a scale-invariant spectrum, as suggested by inflation,
implies a stiff equation of state wre ¼ 19=3. If extrapolated, the blue-tilted primordial spectrum that agrees
with the NANOGrav signal at corresponding frequencies is incompatible with the LIGO bound. This
incompatibility is another challenge for connecting NANOGrav with the primordial spectrum. We discuss a
number of ways to circumvent this issue. We split the spectrum into a sum of astrophysical and primordial
spectra and constrain the astrophysical and primordial components using NANOGrav data and the LIGO
bound. In another attempt, we use the same data and constrain the running of the spectrum. Any of these, or
a combination of such methods, can be used to reconcile the NANOGrav data and the LIGO bound with the
primordial power spectrum.
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I. INTRODUCTION

A stochastic gravitational wave background (SGWB) is
a robust prediction of a number of well-motivated theories
in cosmology including theories of the early Universe [1,2].
These theories generically predict a SGWB that spans a
large interval of frequencies. Pulsar timing arrays (PTAs)
are a well-known detection channel for nHz gravitational
waves (GWs). The arrays operate by detecting the spatial
correlations in the pulse arrival time for pulsars due to the
perturbations in space-time induced by GWs [3]. In 2020,
the NANOGrav Collaboration published an analysis of
12.5 yrs of pulsar timing data [4] reporting strong evidence
for a stochastic common-spectrum process. This signal was
later confirmed by a number of collaborations, including
Parkes PTA (PPTA) [5] and European PTA (EPTA) [6],
as well as the combined International PTA (IPTA) [7].
Recently, in 2023, various PTA experiments including
NANOGrav, EPTA, PPTA, and CPTA (Chinese PTA)
confirmed the presence of excess red common-spectrum
signals with an amplitude of order 10−15 at a reference
frequency range around 1 yr−1 [8–24]. More importantly,
all recent analyses point to a GW origin of the signal.
Having nearly confirmed that the measurements have a GW

origin, the exciting possibility that this background signal is
being sourced by fluctuations in the early Universe has
been discussed in the literature [25–57].
Models of the early Universe such as inflation were

introduced in order to solve problems with standard
cosmology such as the horizon and flatness problem.
Tensor and scalar fluctuations in the early Universe grow,
stretching outside the causal horizon and reentering the
horizon at a much later time. These fluctuations suggest
that the origin of the structure is quantum and predict the
CMB spectrum with great accuracy. Tensor perturbations
produced in the early Universe are robust signatures of
different early Universe paradigms and are rather insensi-
tive to the details of the different models [58,59]. These
paradigms are important contenders for the source of
SGWB. The detection and characterization of the SGWB
result can serve to distinguish various models and para-
digms of the early Universe.
In [26], the author explores the possibility of inflationary

origins of the nHz GW signal and concludes that a standard
slow-roll inflationary origin is less tenable. He concludes
that for the nHz GW signal to have primordial origins, the
power spectrum has to be blue-tilted with a spectral index
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of nt ¼ 1.8� 0.3. However, this analysis assumes instant
reheating of the Universe after the inflationary phase.
The effects of reheating on the GW spectrum of inflation
have been discussed in literature over the years [60–62].
It has been observed that the spectral index and amplitude
of the GW signal are affected by the duration of the
reheating era and also by the equation of state wre during
the reheating phase [63]. In this article, we examine the
possibility of a primordial origin of the nHz GW signal in
the presence of a nontrivial reheating phase, while
remaining agnostic about the early Universe paradigm
that had been realized in nature.
We discuss the tenability of a primordial origin of the

nHz signal in this renewed context. We perform a like-
lihood analysis of the data based on compressed likelihoods
from [26]. Slow-roll inflation, where nt ≃ 0, will require a
stiff reheating phase of wre ≃ 19=3. A blue-tilted spectrum
with nt ∼ 1.77 is obtained for instant reheating, in accor-
dance with what we expect from previous works. Finally,
an open reheating equation of state wre and tensor tilt nt
result in nt ¼ 1.94þ0.43

−0.88 and wre ¼ 0.36þ0.15
−0.28 . In all cases,

the reheating temperature is expected to be “low,”
Tre ≤ 105 GeV. Thus, within the primordial interpretation
of the signal, it seems that instantaneous reheating and a
primordial blue-tilted tensor spectrum are favored. This
disfavors the standard canonical single-field slow-roll
inflationary scenarios and favors other paradigms like a
bounce [64,65], nonstandard inflation (e.g., Galileon fields,
beyond slow roll, etc.) [66–76], or a GW spectrum
generated by sourced fluctuations [58,59,77–86]. We
briefly discuss the possibility of a bounce being the origin
of the GW signal in the future directions section.
Upon assuming that the GW background we have

observed is primordial, we find that the blue-tilted spectrum
with a large spectral index will violate the bounds on the
GW spectrum set by LIGO. A few mechanisms have been
proposed in the literature such as a break in power spectrum
that could explain this phenomenon. However, most of
them are fine-tuned and involve a further complication
of the model. We propose two purely phenomenological
analyses that can alleviate this issue. One method is
assuming that the spectrum can be resolved into astro-
physical and primordial components and another method
is assuming a significant value for the running of the
spectrum. The splitting into an astrophysical part and a
primordial part is very natural, and we estimate the ratio
between the primordial signal and the total signal. If the
astrophysical and primordial components share the same
power law, then the primordial signal is at most 14.09% of
the signal. Inserting the LIGO result reduces it further to a
minuscule part well within the reported error bars. If we
treat the astrophysical component as some fixed amplitude,
we find that the primordial signal is between 34% and 55%
of the PTA signal. The second method is running. The idea
of running is also natural, as the constant spectral tilt is just

an approximation. We find that the NANOGrav signal can
be primordial and in accord with the LIGO bound with the
running parameter αt ∼ −0.08. This paper is a rough report
of our analysis, and we show that it is too early to
conclusively forgo the possibility of the NANOGrav signal
being primordial, though such a scenario is not favored.
This article is organized as follows: In Sec. II we review

the gravitational wave spectrum in the presence of a
nontrivial reheating phase. In Sec. III, we discuss the
spectrum of PTA signals and connect it to the primordial
spectrum. Section IV deals with the details of our analysis
and results. The incompatibility of the NANOGrav signal
with LIGO bounds and methods of resolution for this
potential problem is discussed in Sec. V. Finally, we
conclude our findings and discuss future directions
in Sec. VI.

II. GRAVITATIONAL WAVES IN EARLY
UNIVERSE AND REHEATING

Primordial GW is one of the most exciting possible
explanations for a SGWB. In this section, we briefly
derive the gravitational waves spectrum generated in the
early Universe. We start our discussion by considering the
line element of a perturbed FLRW metric in the synchro-
nous gauge as

ds2 ¼ a2ðηÞ ½dη2 − ðδij þ hijÞdxidxj�: ð1Þ

Here, a and η are the scale factor and the conformal time,
respectively, and hij is the traceless-transverse symmetric
3 × 3 matrix describing the GWs. The waves have two
polarizations: þ;×, each of which is governed by the
following equation in Fourier space:

h00k þ 2Hh0k þ k2hk ¼ 0; ð2Þ

where 0 denotes a derivative with respect to conformal time,
H is the conformal Hubble parameter, and k stands for
the wave number. For a given background, one can solve
Eq. (2) and calculate the primordial tensor power spectrum
given by

Pprim
T ¼ 8

k3

2π2
jhkj2: ð3Þ

For effective model selection, we work with the following
parametrization:

Pprim
T ðkÞ ¼ rAs

�
k
k�

�
nt
: ð4Þ

Here, r and As are the tensor-to-scalar ratio and amplitude
of the primordial scalar power spectrum evaluated at
suitable pivot scale k�, which varies from one experiment
to another. We fix this pivot scale k� ¼ 0.05 Mpc−1 in
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accordance with cosmic microwave background measure-
ments from Planck [87]. Gravitational wave experiments
such as laser interferometer (LI) and PTA measurements
report their results in terms of the gravitational wave energy
spectrum measured today (τ ¼ τ0) as

Ωprim
GW ðfÞ ¼ 1

ρcrit0

dρGW0
d ln f

; ð5Þ

where f ¼ 9.72×10−15
2πa0

k
Mpc−1 Hz is the present-day physical

frequency of a GW associated with the comoving wave
number k. The present-day GW energy spectrum Ωprim

GW ðfÞ
is then related to the primordial tensor power spectrum
Pprim

T ðfÞ via

Ωprim
GW ðfÞ ¼ 1

12

�
2πf
H0

�
2

ThðfÞPprim
T ðfÞ; ð6Þ

where ThðfÞ is the “tensor transfer function” derived
in [63]. The tensor transfer function is expressed in the
following form:

ThðfÞ ¼
C2ðfÞC3ðfÞ
2ð1þ zreÞ2

�
γ̃−1=22πf

ð1þ zreÞH0

�−4=ð1þ3wreðfÞÞ
: ð7Þ

Using the tensor transfer function ThðfÞ mentioned in
Eq. (7), the present-day GW energy spectrum is written as

Ωprim
GW ðfÞ ¼ rAsC2ðfÞC3ðfÞγ̃

24

�
γ̃−1=22 π f
ð1þ zreÞH0

�
2
3wreðfÞ−1
3wreðfÞþ1

×

�
a0H02πf
k�H0

�
ntðfÞ

; ð8Þ

where the factors γ̃, C2ðfÞ, and C3ðfÞ are defined as

γ̃ ¼ Ωm0

1þ zeq

g�ðzreÞ
g�ðzeqÞ

g4=3�s ðzeqÞ
g4=3�s ðzreÞ

; ð9Þ

C2ðfÞ ¼
Γ2
�

5þ3wreðfÞ
2ð1þ3wreðfÞÞ

�
π

½1þ 2wreðfÞ�
4

1þ3wreðfÞ;

C3ðfÞ ¼
�
−
10

7

ð98Ω3
fs − 589Ω2

fs þ 9380Ωfs − 55125Þ
ð15þ 4ΩfsÞð50þ 4ΩfsÞð105þ 4ΩfsÞ

�
2

;

ð10Þ

with Ωm0 denoting the relative present-day matter-energy

density, Ωfs ≡ ρfs

ρcrit
as the fraction of critical density which is

free-streaming relativistically (e.g., neutrinos) at redshift
zre, and where g�ðzÞ; g�sðzÞ are the number of effective
relativistic degrees of freedom at the redshift z, as measured
by the energy density ρðzÞ or the entropy density sðzÞ,
respectively [63]. In the above expressions, wre and zre are

the reheating equation of state (EOS) and the reheating
redshift—i.e., the value of z at which the Universe becomes
radiation dominated. Also in the expression of ΩGW, we
can replace parameter 1þ zre with Tre in GeV—i.e., the
temperature at the end of the reheating era—using the
following relation:

1þ zre
1þ zeq

¼ Tre

Teq
;

1þ zre ≈
3400 × 1011

80

Tre

GeV
; ð11Þ

where we have used the numerical values of zeq and Teq

from Planck 2018 data [87].

III. PULSAR TIMING ARRAYS AND
CONNECTION TO THE EARLY UNIVERSE

This section reviews the SGWB spectral energy density
associated with modes relevant to PTA. The present-day
PTA GW spectral energy density is expressed as

ΩPTA
GW ðfÞ ¼ 2π2

3H2
0

f2 h2cðfÞ; ð12Þ

where hcðfÞ is the power spectrum of GW at PTA scales,
measured at the reference frequency, fyr¼1 yr−1 ≈
3.17×10−8Hz. hcðfÞ is parametrized in the following way:

hcðfÞ ¼ A

�
f
fyr

�
β

; ð13Þ

where A and β are the amplitude and spectral index
associated with the PTA signal. The spectral index β is
related to the timing-residual cross-power spectral density
index γ via ð3 − γÞ=2. The 15-yr NANOGrav data mea-
sured the characteristic strain in the frequency range
f∈ ½2.0 × 10−9; 6 × 10−8�, and these data are fitted as a
power law using the following corresponding GW energy
density ΩPTA

GW :

ΩPTA
GW ðfÞ ¼ A2

2π2

3H2
0

f5−γ

fγ−3yr
: ð14Þ

PTA data from NANOGrav give constraints on A and γ
as a joint posterior distribution. The collaboration inferred
the values of A ¼ 6.4þ4.2

−2.7 × 10−15 and γ ¼ 3.2� 0.6 at 2σ
C.L. Let us connect these quantities to early Universe
parameters. Equating Eq. (8) with Eq. (14) gives the
following relation of γ with nt and wre:

γ ¼ 5 − nt þ 2α; ð15Þ
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where we have defined α ¼ ð1−3wre
1þ3wre

Þ. Similarly, the ampli-
tude of the PTA signal is governed by the following
equation:

A ¼
�
AsC2C3H2

0

16π2

�
1=2

γ̃ð1þαÞ=2ð2πÞðnt−2αÞ=2
�
a0
k�

�
nt=2

×

�
Teq

H0ð1þ zeqÞTre

�
−α ffiffiffi

r
p

yrð1þα−nt=2Þ: ð16Þ

Note that we have dropped the frequency dependence on nt
and wre for simplicity. We will discuss the implications of
frequency dependence on the reheating EOS later. The
functional form of A has dependence on nt, r, and Tre. We
insert the best-fit values for the cosmological parameters—
i.e., PTðk�; τiÞ≡ As × r ¼ 2.1× 10−9 at k� ¼ 0.05 Mpc−1,
keq ≈ 0.01 Mpc−1, zeq ¼ 3400, Teq ≈ 1.25 × 1029 Mpc−1,
γ̃ ≈ 8.03 × 10−5 from the Planck 2018 results [87]. It is
worth mentioning that our discussion about reheating
neglects transient periods from inflation to the new EOS
wre, and if wre ≠ 1=3, then it neglects the later transition to
radiation domination. We assume that these periods were
very short with practically no effect on observables. Thus,
wre ¼ 1=3 means “instantaneous reheating,” while wre ≠
1=3 means a finite reheating period which ends at Tre,
where the Universe becomes radiation dominated.
Moreover, reheating parameters impact the radiation
energy density of the early Universe from GWs and
result in an additional contribution. This contribution is
quantified by ΔNeff, which has effects predominantly at
the scale of big bang nucleosynthesis (BBN) and recombi-
nation. The SGWB contribution to ΔNeff is characterized
by [88–91]

ΔNGW
eff ≈ 1.8 × 105

Z
fmax

fmin

df
ΩGWðfÞh2

f
; ð17Þ

where the values of fmin and fmax depend on the epoch of
interest and the maximum temperature reached in the big
bang era. We will discuss the implications of reheating
models on the integral in Eq. (17) in the next section.

IV. DATA ANALYSIS AND DISCUSSION

We use the latest NANOGrav 15-year dataset to con-
strain the early universe parameters. In order to extract the
parameter constraints using the NANOGrav observations,
we follow the analysis done in [26]. In [26], the author
translated the inferred NANOGrav 15-year constraints on A
and γ into constraints on inflationary parameters ðr; ntÞ
using a grid scan. We further generalize the analysis by
taking into account the effect of the era of reheating. This is
realized using a constant EOS wre and reheating temper-
ature, Tre. The data can be effectively approximated by
using a Gaussian prior on log10 A and γ, with the following

mean vector μ15 and covariance matrix Σ15 as

μ15 ≈
�
−14.20; 3.20

�
;

Σ15 ≈
�

0.127 −0.045
−0.045 0.021

�
:

Using the mean vector μ15 and covariance matrix Σ15,
we define the log-likelihood function for the NANOGrav
15-year dataset as follows:

ln LðθÞ ¼ −
1

2
ðxðθÞ − μ15ÞT Σ−1

15 ðxðθÞ − μ15Þ: ð18Þ

Here, xðθÞ is the vector of parameters xðθÞ∈ ðlog10AðθÞ;
γðθÞÞ, where θ stands for the vector of inflationary and
reheating parameters. We add the NANOGrav log-likelihood
given in Eq. (16) to COBAYA [92] and generate the
MCMC chains with convergence criterion R− 1< 0.001.
We work with log10 r and log10 Tre instead of r and Tre for
statistical reasons. There exists a degeneracy between
log10 r and log10 Tre, as both of them contribute to the
amplitude of gravitational waves. This degeneracy can be
broken in two ways. First, we can define a new parameter
using the combination of log10 r and log10 Tre as

xre ¼ log10
�
rT

2
1þ3wre
1−3wre

re

�
. The second way is to fix the value

of the reheating temperature (Tre) / reheating EOS (wre).
We explore both possibilities and illustrate our findings.
Moving to the prior choices, we choose a flat prior on
log10r∈ ½−25;−1.44�, nt ∈ ½0; 10�, wre ∈ ½−1=3; 1�, and

FIG. 1. Posterior distributions of primordial and reheating
parameters (nt, wre, and xre) for arbitrary reheating EOS.
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log10Tre=GeV∈ ½−5; 15�. We impose the higher bound on
log10 r such that it respects the current 95% upper limit
reported from the joint analysis of Planck, WMAP,
BICEP2, and BICEP3 data [93].
Figure 1 is the triangular plot showing the posterior

distributions for nt, wre, and xre at 68% and 95% confidence
levels (C.L.’s). We find nt ¼ 1.94þ0.43

−0.86 and wre ¼ 0.36þ0.15
−0.28 ,

a lower bound on r, and a maximal reheating temperature
of Tre ≤ 105 GeV at 68% C.L.—i.e., NANOGrav data
prefer instantaneous reheating and a low reheating temper-
ature. The inferred value of nt is linked to the best-fit power
spectral density (PSD) spectral index γ ≈ 3.2. The expected
value of γ ¼ 13=3 from the merging supermassive black-
hole binaries (SMBHBs) corresponds to nT ≈ 7=11, which
lies well outside the 95% C.L. Figure 1 illustrates the fact
that increasing wre results in a smaller inferred value of nt.
Next, we consider the different values of wre ¼ 0, 1=3,

and 1. The 68% C.L. constraints for the above-mentioned
models are tabulated in Table I. First, let us consider the
canonical reheating scenario [61], which is defined by
setting w ¼ 0. In this scenario, we find nt ¼ 3.72þ0.23

−0.071
and log10r ¼ −19.2� 3.5 at 1σ credible intervals.
Furthermore, the upper bound on reheating temperature
comes out to be log10 ðTre=GeVÞ < −1.18. Moving to
the instantaneous reheating case—i.e., wre ¼ 1=3—we
reproduce the results presented in [26]. For the sake
of completeness, we report that nt ¼ 1.77þ0.18

−0.12 and
log10r ¼ −7.34þ0.62

−0.85 . Finally, we discuss the stiff reheating
scenario (wre ¼ 1). We report that the NANOGrav data
point towards the lower tensor spectral index nt ¼ 0.82þ0.16

−0.14
and the lower bound on the tensor-to-scalar ratio, log10r >
−3.36. The analysis of the latest 15-year NANOGrav data
suggests that there is a strong correlation between the
reheating EOS wre and the inferred nt. As a consistency
check, we perform the MCMC analysis with fixed wre ¼
19=3, which corresponds to nt ¼ 0 from (8) and (15),1 and
as expected, we find the resulting value of nt ¼ 0.165þ0.045

−0.15

and a lower bound on r > 0.007 which is much closer to
the upper bound given from the joint analysis of Planck,
WMAP, BICEP2, and BICEP3 [93], r < 0.036. We show
the one-dimensional normalized posterior distributions for
nt and log10 r for different reheating models in Fig. 2. The
solid black line in Fig. 2 corresponds to the γ from
SMBHBs. We have checked the robustness of our analysis
for wide choices of priors of model parameters.
The 15-year NANOGrav PTA signal predicts the strong

constraints on the tensor spectral index nt and reheating
EOS wre. Such a prediction of the blue spectrum and
instantaneous reheating EOS set strong implications for the
predictions for ΔNeff and the violation of upper limits on
the SGWB amplitudes on interferometer scales for the
primordial parameters inferred from the PTA signal. To
estimate the ΔNeff contributions from the PTA signal, we
use the integral mentioned in Eq. (17) at the BBN scales.
This contribution depends on the choice of lower and upper
limits appearing in Eq. (17). At BBN scales, the lower limit
fmin corresponds to the size of the comoving horizon at the
time of BBN, which can be safely assumed to be 10−10 Hz
[94,95]. The choice of upper limit, fmax, is quite debatable,
as it depends on the reheating temperature Tre. In this work,
we find fmax such that the ΔNeff bounds from BBN are not
violated from the inflationary and reheating parameters
inferred from the NANOGrav data. We find the fmax
corresponding to ΔNeff ¼ 0.4 for different reheating mod-
els discussed previously. For the arbitrary wre, using the
best-fit values of model parameters, we find that the
allowed value is fmax ¼ 5 × 10−6. Performing a similar
exercise to other reheating models results in the allowed
value of fmax spanning from [1.4 × 10−7; 1.5 × 10−5].
Finally, if we assume instantaneous reheating and the same
tilt, the most likely value of r ∼ 10−7 and a constant nt
throughout the 62 e-folds of (i.e., fmax ¼ 1010 Hz), then
nt < 0.3, in discord with the NANOGrav signal. We defer a
more rigorous joint analysis to future work.
A much anticipated point related to the blue spectrum

described by a power law is its extrapolation at least
to LIGO scales. Such an extrapolation would violate upper
limits from LIGO—i.e., ΩGW ≤ 1.7 × 10−8 at f ∼ 25 Hz
[96]. We find that the incorporation of the reheating phase
(with constant EOS) also runs into the same problems.
However, in order to avoid such a problem, there are several
models in the literature that give a break in the power-
law tensor power spectrum [97–102]. In the section
that follows, we discuss a few ways to reconcile the
GW interferometer limits (absence of GW detection by
LIGO) with our results from the analysis of NANOGrav
data.

V. NANOGrav IN ACCORDANCE WITH LIGO

The analysis performed in Sec. IV will violate the
bounds on the GW spectrum from LIGO [96] and ΔNeff

TABLE I. The mean �1σ constraints on the primordial and
reheating parameters inferred from the NANOGrav 15-yr data for
different reheating models.

Parameter wre free wre ¼ 0 wre ¼ 1=3 wre ¼ 1

nt 1.94þ0.43
−0.88 3.72þ0.23

−0.071 1.77þ0.18
−0.12 0.82þ0.16

−0.14

log10 r > −11.2 −19.2� 3.5 −7.34þ0.62
−0.85 > −3.36

log10 ðTre=GeVÞ < 4.84 < −1.18 � � � < −3.06
wre 0.36þ0.15

−0.28 0 1=3 1

xre −8.6þ7.3
−3.3 −23.41þ0.39

−1.1 −7.34þ0.62
−0.85 0.59� 0.72

1One can derive this specific equation of state using Eq. (15)
while assuming γ ¼ 3.2. However during the analysis, we do not
fix the value of γ ¼ 3.2 in our analysis to infer nt and r.
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if the primordial gravitational wave spectrum in Eq. (8) is
extrapolated to LIGO scales. We discuss two different
methods to avoid this problem in the subsections below.
Note that these methods are purely phenomenological and
do not require a break in the spectrum, which should be
based on serious considerations.

A.Mixing of astrophysical and primordial gravitational
wave backgrounds

So far, we have considered the observed SGWB from
NANOGrav to be purely primordial. It could very well be
that there exist several gravitational wave backgrounds
(GWBs) instead of only a primordial one. An obvious way
to address the bounds from LIGO and other interferometer
experiments is to envisage the existence of additional
astrophysical backgrounds on top of the primordial
GWB. It is a challenging task to write the gravitational
wave energy spectrum associated with astrophysical proc-
esses, as it depends upon several complex physical phe-
nomena and lies beyond the scope of this paper. To account
for the astrophysical GWB, we assume that the present-day
astrophysical gravitational wave energy spectrum has
the same frequency dependence as the primordial GWB,
for simplicity. Then, the astrophysical gravitational wave
energy spectrum (AGWES) today is described as

ΩAstro
GW ðfÞ ¼ AAstro

�
f
f�

�
ntþ2α

: ð19Þ

Here, AAstro is the amplitude of the AGWES.We remind the
reader that such a choice of spectrum is purely phenom-
enological and relevant only near the scales of PTA and
becomes negligible at the interferometer scales, as these
astrophysical processes such as incoherent mergers are on
specific scales, unlike the primordial spectrum. After taking
into account the contribution from Eq. (19), the total energy
spectrum is expressed as

ΩPTA
GW ¼ ΩAstro

GW þ Ωprim
GW : ð20Þ

It is straightforward to derive the functional form of the
amplitude and spectral index of PTA signal in terms of
AAstro and early Universe parameters, as was done in
Sec. III. We perform the MCMC analysis with the addi-
tional parameter AAstro along with the early Universe
parameters. We work with a fixed reheating temperature,
and as has been shown in Sec. IV, there exists a degeneracy
between Tre and r, so fixing Tre helps us to bound r
appropriately.2

We present the 68% C.L. constraints considering the
mix of astrophysical and primordial GWBs using the
NANOGrav 15-year data for different reheating models
in Table II. It is worth mentioning that the inferred value
of the tensor spectral index in this scenario remains
pretty much unchanged. This is expected, because the
relation of γ with nt and wre is the same as the purely
primordial case. The rescaled amplitude of the AGWES,
defined as AAstro

R ≡ AAstro=ðf�Þntþ2α, is constrained at
68% C.L.3 We report log10ðAAstro

R Þ ¼ 4.19þ4.8
−0.3 and

log10r < −12.0, setting wre to be free. In this scenario,

FIG. 2. The one-dimensional normalized posterior distributions for nt (left) and log10 r (right) for different models of reheating. The
black solid line corresponds to the spectral index of SMBHBs (nt ¼ 7=11).

TABLE II. The mean �1σ constraints on the model parameters
inferred from the NANOGrav 15-yr data for different reheating
models. Note that AAstro

R ≡ AAstro

ðf�Þntþ2α is a rescaled amplitude of the

astrophysical GW energy spectrum.

Parameter wre free wre ¼ 0 wre ¼ 1=3 wre ¼ 1

nt 1.62þ0.27
−0.91 3.76þ0.19

−0.11 1.80� 0.15 0.81� 0.14

log10 r < −12.0 −29þ11
−19 < −10.7 Unconstrained

log10ðAAstro
R Þ 4.19þ4.6

−0.63 < 6.09 4.15þ4.6
−0.63 4.43þ4.4

−0.64

wre Unconstrained 0 1=3 1

2Note that fixing the value of the reheating temperature Tre
does not affect the conclusions made in the analysis.

3We have used f� ¼ fyr in the analysis.
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wre is unconstrained. The results of different reheating
EOSs are shown in Table II.
It is important to note that while considering the mix of

astrophysical and primordial GWBs, we find upper bounds
on log10 r to be < −12.0 and < −10.7 for the free wre
and instant reheating cases, respectively. For the canoni-
cal reheating scenario (wre ¼ 0), we find log10r ¼ −29þ11

−19
at 1σ limits. These inferred values of the tensor-to-scalar
ratio play a significant role to satisfy the LIGO bound.
One can do an independent calculation without account-
ing for the NANOGrav data to find the limiting value of r
for given nt. For the blue spectrum as in our case, this
limiting value4 turns out to be log10 r ≈ −26. Hence, for
the extrapolated spectrum, the LIGO bound is still much
stronger.
Using the inferred values of model parameters, we can

estimate the amount of primordial GWB with respect to
the AGWES. We define the parameter β̃≡Ωprim

GW =ΩAstro
GW as

the ratio of the amplitudes of the primordial GW and
astrophysical GW spectrum. For the instant reheating
case, using the parameter values at 68% from Table II, we
find β̃ ¼ 0.164, meaning that around 14.09% of the total
PTA signal could be primordial. However, imposing the
LIGO constraint—i.e., r ∼ 10−26—we find that almost all
of the PTA signal belongs to the astrophysical spectrum.
Finally, we show the one-dimensional plots for the
rescaled amplitude of the AGWES for different reheating
EOSs in Fig. 3.
Next, we consider the mixing of the constant AGWES

present along with the primordial GWB. That is, we
consider (20), but with ΩAstro

GW ¼ constant. We do not
perform a Bayesian analysis, as it lies beyond the scope
of this article. To get a glimpse of the allowed values of
model parameters, we plot (14) with 2σ credible intervals
as presented in Fig. 4. We find that nt ∈ ½0; 0.1� and
log10AAstro ∈ ½−8;−7.5� lies within the NANOGrav
band and respects the LIGO constraint as well. For the
values illustrated in Fig. 4, we find that the primordial

signal is between 34% and 55% of the PTA SGWB
signal for nt ¼ 0, log10AAstro ¼ −7.5 and nt ¼ 0.1,
log10AAstro ¼ −8.0.

B. Running of the spectrum

So far in the analysis, the spectrum of gravitational
waves is assumed to have a constant spectral index—i.e.,
the spectral index is independent of the scale. The tensor
spectrum of inflation typically has a running of the spectral
index, albeit extremely small. The running of the spectrum
for tensor perturbations αt is defined as

αt ¼
d2 log Pprim

T

d log f2

					
f¼f�

: ð21Þ

Typically, this factor is smaller than the spectral index by a
factor approximately given by the number of e-folds. Given

FIG. 3. The one-dimensional normalized posterior distributions for nt and log10 AAstro
R for different models of reheating.

FIG. 4. Evolution of GWenergy spectrum for mean�2σ values
inferred from NANOGrav 15-yr results. The two blue solid lines
and the one red dashed line show the gravitational wave energy
spectrum for mean þ2σ, mean −2σ, and mean values, respec-
tively. The shaded green region is the allowed parameter space in
accord with NANOGrav results. The cyan and magenta lines are
the GW energy spectrum for parameter values respecting both
NANOGrav and LIGO constraints.4This limit on r is derived considering the results of [96].
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that the number of e-folds is sufficiently large, running is
relatively insignificant. However, for large nt’s (that we
have obtained from our analysis of NANOGrav), such as
in the case of instant reheating, the running is perhaps
significant enough to drive the GWamplitude small enough
to a point where it is unobserved by the interferometer
experiments. In order to test this hypothesis, we extrapolate
the result in Eq. (8) to LIGO scales (f ∼ 25 Hz). The
amplitude of the spectrum we obtain by extrapolating
Eq. (8) should satisfy the LIGO bound [96], expressed as

ΩGWðfLIGOÞ ≤ 1.7 × 10−8; ð22Þ

if we were to assume NANOGrav data is the primordial
GW background. Assuming that running of the spectrum is
significant (which is a reasonable assumption to make for
large nt), nt in Eq. (8) is modified as

ntðfÞ ¼ ntðfyrÞ þ
αt
2
log

�
f
fyr

�
; ð23Þ

where fyr is the frequency mode corresponding to the
NANOGrav data (fyr ¼ 1 yr−1 ∼ 3.17 × 10−8 Hz). We
solve Eq. (22) with parameters obtained from the likelihood
analysis performed in Sec. IV. The results of our analysis
are demonstrated in Table III, and the posterior distribution
for the running parameter αt in light of various reheating
scenarios is presented in Fig. 5. For instantaneous
reheating, if the running of the spectrum has a value
αt ¼ −0.0847þ0.0087

−0.013 , we do not violate the bounds set

by LIGO. Similarly, for our best-fit parameters, this value
of running is αt ¼ −0.087� 0.010 for wre free, and
−0.0769þ0.0051

−0.016 for canonical reheating with wre ¼ 0.
Interestingly, we find that irrespective of the reheating
model, αt ∼ −0.08 can fit the NANOGrav data without
violating the LIGO bounds.

VI. CONCLUSIONS AND FUTURE DIRECTIONS

We have analyzed the NANOGrav 15-year dataset to
constrain the early Universe parameters in the presence of a
nontrivial reheating phase. We parametrized the power
spectrum of GW as a power law. The reheating phase is
characterized by an equation of state wre, and the duration
of the reheating phase is determined by Tre—i.e., the
temperature at the end of the reheating phase. In our
analysis, we find a mean value of wre ¼ 0.36� 0.2, which
is very close to the equation of state of the radiation
domination era, wrad ¼ 1=3, suggesting that at the end of
inflation, the Universe transitions immediately to a radia-
tion-dominated era. While our analysis is suggestive of
instantaneous reheating methods over slower reheating
processes, slow reheating processes are fine as well. The
sizeable error bars in wre can accommodate alternative
reheating mechanisms characterized by both stiffer
(wre > 1=3) and milder (wre < 1=3) equations of state.
The corresponding value of nt is 1.94

þ0.43
−0.86 at 68% C.L., and

the reheating temperature is highly limited: Tre ≤ 105 GeV.
Our analysis suggests a strong correlation between the

reheating EOS and the inferred spectral index from the
NANOGrav data. First, we have confirmed the results of
previous studies for instant reheating. Second, we have
shown that the reheating phase with stiff matter can drive
down the value of the tensor spectral index of primordial
gravitational waves inferred from the NANOGrav data to
near-scale invariance. Finally, we infer that in general, the
NANOGrav dataset tends to produce a smaller blue tilt
for larger values of the reheating parameter wre. Kinetic
reheating, for example, points toward a tensor spectral
index of nt ¼ 0.82þ0.16

−0.14 and a lower bound on the tensor-to-
scalar ratio log10 r > −3.36, while scale invariance nt
requires a larger value of wre ¼ 19=3. Our likelihood
analysis confirmed this result for this value of wre with

TABLE III. The mean �1σ constraints on the primordial and reheating parameters with constraints on running of
the spectrum obtained from LIGO bounds (last row of the table).

Parameter wre free wre ¼ 0 wre ¼ 1=3 wre ¼ 1

nt 1.94þ0.43
−0.88 3.72þ0.23

−0.071 1.77þ0.18
−0.12 0.82þ0.16

−0.14
log10 r > −11.2 −19.2� 3.5 −7.34þ0.62

−0.85 > −3.36
xre −8.6þ7.3

−3.3 −23.41þ0.39
−1.1 −7.34þ0.62

−0.85 0.59� 0.72
log10ðTre=GeVÞ < 4.78 < −1.16 � � � < −3.09
wre 0.36þ0.15

−0.28 0 1=3 1
αt −0.087� 0.010 −0.0769þ0.0051

−0.016 −0.0847þ0.0087
−0.013 −0.0890þ0.0099

−0.011

FIG. 5. The one-dimensional normalized posterior distributions
for αt for different models of reheating.
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nt ¼ 0.165þ0.045
−0.15 —i.e., scale invariance is 1σ away. The

best-fit result for our data is a highly blue-tilted spectrum
with nt ∼ 2 similar to bounce models. Single-field bounce
scenarios are usually ruled out due to the blue-tilted scalar
spectrum. However, in a series of articles pertaining to a
paradigm of a sourced bounce [58,59,103,104], the authors
have pointed out that this is circumvented by introducing a
gauge field that sources the perturbations. In the scenario of
a sourced bounce, the vacuum spectrum will remain blue-
tilted. It will be interesting to examine the possibility of the
NANOGrav signal being related to the vacuum spectrum of
a sourced bounce.
As we pointed out earlier, the spectrum from

NANOGrav is inconsistent with the upper limits from
LIGO. We hypothesize that this issue can be solved in
several ways. We have primarily analyzed two methods that
help us resolve the inconsistency of signal with LIGO
bounds. In the first case, we propose that the NANOGrav
signal could be a mixture of several stochastic GW back-
grounds including the primordial GW spectrum. For the
sake of simplicity, we have assumed the same scale
dependence for GWs from astrophysical phenomena as
that of the primordial spectrum, or that the astrophysical
background is a simple constant background. In the first
method, the simple analysis tells us that for the LIGO
bound to be respected, the portion of the GW spectrum that
is primordial cannot be larger than 16%. We propose that a
detailed study should be undertaken in order to distinguish
astrophysical sources from primordial GWs. The constant
amplitude method allows the primordial signal to be more
than 34% of the total signal, and in accord with the LIGO
bound, but in turn allows only a small blue tilt at the level of
nt < 0.1. Another proposal independent of resolving the

spectrum into components has to do with a significant
running of the spectrum. Our calculations show that a
running of αt ∼ −0.08 makes sure that the extrapolation of
the primordial signal (with parameters obtained from
NANOGrav) will respect the LIGO bounds.
We have clearly shown that the LIGO bounds can be

reconciled with the NANOGrav signal being primordial.
However, a significant amount of work is required in this
direction. We hope that this analysis has convinced the
reader that it is too early to rule out the primordial origins
of this signal. During our analysis, we assumed that the
reheating phase has a constant equation of state. This need
not be true. Time and frequency dependence of the reheating
parameters could play a role in altering the spectral index of
GWs. Further analysis is required to fully understand the
effect of the reheating phase on the GW spectrum at
NANOGrav scales. Preferably, such analysis should com-
bine the different datasets of PTA, CMB, and LIGO all
together and include Neff constraints. Assuming the primor-
dial origins of the signal, we suggest a reheating mechanism
that involves stiff matter as a way to reconcile it with the
scale-invariant GW spectrum of standard canonical single-
field slow-roll inflation. We save interesting questions such
as resolving the spectrum and analyzing the details of the
reheating phase for future works.
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