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Various pulsar timing array (PTA) experiments (NANOGrav, EPTA, PPTA, CPTA, including data from InPTA) 
very recently reported evidence for excess red common-spectrum signals in their latest datasets, with 
inter-pulsar correlations following the Hellings-Downs pattern, pointing to a stochastic gravitational wave 
background (SGWB) origin. Focusing for concreteness on the NANOGrav signal (given that all signals are 
in good agreement between each other), I inspect whether it supports an inflationary SGWB explanation, 
finding that such an interpretation calls for an extremely blue tensor spectrum, with spectral index 
nT � 1.8 ± 0.3, while Big Bang Nucleosynthesis limits require a very low reheating scale, Trh � 10 GeV. 
While not impossible, an inflationary origin for the PTA signal is barely tenable: within well-motivated 
inflationary models it is hard to achieve such a blue tilt, whereas models who do tend to predict sizeable 
non-Gaussianities, excluded by observations. Intriguingly, ekpyrotic models naturally predict a SGWB 
with spectral index nT = 2, although with an amplitude too suppressed to be able to explain the signal 
detected by PTA experiments. Finally, I provide explicit expressions for a bivariate Gaussian approximation 
to the joint posterior distribution for the intrinsic-noise amplitude and spectral index of the NANOGrav 
signal, which can facilitate extending similar analyses to different theoretical signals.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

The existence of a stochastic gravitational wave background 
(SGWB) covering a wide range of frequencies is a robust prediction 
of many motivated physical scenarios (Caprini and Figueroa, 2018; 
Renzini et al., 2022). Possible sources include but are not limited 
to cosmological relics associated to phase transitions (Siemens et 
al., 2007; Caprini et al., 2010; Ramberg and Visinelli, 2019; Caprini 
et al., 2020; Ellis et al., 2020), and astrophysical processes such 
as merging supermassive black hole binaries (SMBHBs, Rajagopal 
and Romani, 1995; Jaffe and Backer, 2003; Wyithe and Loeb, 2003; 
Sesana et al., 2004; Burke-Spolaor et al., 2019). In particular, the 
incoherent superposition of the gravitational radiation produced 
during the slow adiabatic inspiral phase by all SMBHBs adds up to 
a broadband SGWB signal peaking in the O(nHz) frequency range 
(Burke-Spolaor et al., 2019). A well-known detection channel for 
nHz GWs is via pulsar timing arrays (PTAs), exploiting the fact 
that millisecond pulsars behave as extremely stable clocks (Sazhin, 
1978; Detweiler, 1979). PTAs search for spatially correlated fluc-
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tuations in the pulse arrival-time measurements of pulsars in a 
widely distributed array, induced by passing GWs perturbing the 
space-time metric along the line of sight to each pulsar (Hobbs 
and Dai, 2017).

In 2020, the North American Nanohertz Observatory for Gravi-
tational Waves (NANOGrav) PTA collaboration reported strong evi-
dence for a red-stochastic common-spectrum process in the timing 
residuals of the 47 pulsars in their 12.5-year dataset (Arzouma-
nian et al., 2020). This signal was later confirmed by the Parkes 
PTA (PPTA, Goncharov et al., 2021) and European PTA (EPTA, Chen 
et al., 2021a) collaborations, as well as the combined International 
PTA (IPTA, Antoniadis et al., 2022). While an excess residual power 
with consistent amplitude and spectral shape across all pulsars is 
the first expected SGWB sign in a PTA (Pol et al., 2021; Romano et 
al., 2021), a GW origin for such signal can only be attributed in the 
presence of phase-coherent inter-pulsar correlations following the 
Hellings-Downs (HD) pattern (Hellings and Downs, 1983), which 
would exclude more mundane explanations such as intrinsic pul-
sar processes (Goncharov et al., 2022; Zic et al., 2022) or common 
systematic noise (Tiburzi et al., 2016).

Very recently, in June 2023, various PTA experiments, includ-
ing NANOGrav, EPTA, PPTA, and the Chinese Pulsar Timing Array 
(CPTA), in the case of EPTA including also data from the Indian PTA 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/).
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(InPTA), reported on the analyses of their latest datasets, which all 
confirm the presence of excess red common-spectrum signals, with 
strain amplitude of order O(10−15) at the reference frequency 
f = 1 yr−1 (Agazie et al., 2023a, 2023b, 2023c, 2023d, 2023e, 
2023f; Antoniadis et al., 2023a, 2023b, 2023c, 2023d, 2023e; Rear-
don et al., 2023a; Xu et al., 2023; Afzal et al., 2023; Johnson et al., 
2023; Smarra et al., 2023; Reardon et al., 2023b; Zic et al., 2023). 
Importantly, all analyses report evidence (with varying strength) 
for HD correlations, which point to a genuine GW origin for the 
signals, in turn making these the first convincing detections of 
a SGWB signal in the nHz range. For instance, focusing on the 
NANOGrav 15-year results which for concreteness I will consider 
in the remainder of this work, the inferred amplitude of the excess 
red common-spectrum signal is A ∼ 6.3 × 10−15 at the reference 
frequency f = 1 yr−1, whereas a model including a HD-correlated 
power-law SGWB was found to be preferred over a spatially un-
correlated common-spectrum power-law SGWB with Bayes factor 
of up to 1000.

An important cosmological SGWB source are GWs produced 
during inflation, a theorized stage of quasi-de Sitter expansion in 
the very early Universe, introduced to solve the flatness, horizon, 
and entropy problems, alongside the apparent lack of topological 
defects: during inflation, tiny (quantum) tensor and scalar fluctua-
tions to the metric are stretched outside the causal horizon, even-
tually re-entering much later (Kazanas, 1980; Starobinsky, 1980; 
Sato, 1981; Guth, 1981; Mukhanov and Chibisov, 1981; Linde, 
1982; Albrecht and Steinhardt, 1982). Despite a few potential foun-
dational problems pointed out in recent years (see e.g. Ijjas et al., 
2013, 2014; Obied et al., 2018; Agrawal et al., 2018; Achúcarro and 
Palma, 2019; Garg and Krishnan, 2019; Kehagias and Riotto, 2018; 
Kinney et al., 2019; Ooguri et al., 2019; Palti, 2019; Bedroya et al., 
2020; Geng, 2020; Trivedi, 2023; Anchordoqui et al., 2021; Gashti 
et al., 2022), the inflationary paradigm remains in very good health 
and is consistent with a large number of precision cosmological 
observations (see e.g. Martin et al., 2014a, 2014b; Benetti, 2013; 
Creminelli et al., 2014; Dai et al., 2014; Rinaldi et al., 2014, 2015; 
Myrzakulov et al., 2015b; Rinaldi et al., 2016; Escudero et al., 2016; 
Benetti and Alcaniz, 2016; Benetti et al., 2016; Benetti and Ramos, 
2017; Guo and Zhang, 2017; Campista et al., 2017; Ni et al., 2018; 
Santos Da Costa et al., 2018; Park and Ratra, 2019; Guo et al., 2019; 
Di Valentino and Mersini-Houghton, 2019; Chowdhury et al., 2019; 
Benetti et al., 2019; Haro et al., 2020; Guo et al., 2020; Li et al., 
2020; Aich et al., 2020; Braglia et al., 2020; Cicoli and Di Valentino, 
2020; Keeley et al., 2020; Santos Da Costa et al., 2021; Rodrigues 
et al., 2021; Vagnozzi et al., 2021a, 2021b; Neves et al., 2022; Ye 
et al., 2021; Dhawan et al., 2021; Stein and Kinney, 2022; Forconi 
et al., 2021; dos Santos et al., 2022; Ye and Piao, 2022; Antony 
et al., 2023; Cabass et al., 2022a, 2022b, 2023; Ye et al., 2022; 
Ghoshal et al., 2023b; Gangopadhyay et al., 2023; Montefalcone 
et al., 2023a, 2023b; Stein and Kinney, 2023), and further tests 
thereof are among the key science drivers of a number of upcom-
ing cosmological surveys (Abazajian et al., 2016; Ade et al., 2019; 
Abitbol et al., 2019). Nevertheless, the “smoking gun” detection of 
the inflationary SGWB remains to be achieved: while this signal 
has typically been sought at very low frequencies ( f � 10−15 Hz, 
Kamionkowski and Kovetz, 2016), based on expectations within 
the simplest inflationary models, such a search needs not be lim-
ited to these low frequencies, as models beyond the minimal ones 
can naturally predict rich features at higher frequencies, includ-
ing potentially the O(nHz) range. In the earlier work of Vagnozzi 
(2021) I examined whether the NANOGrav 12.5-year signal could 
be due to an inflationary SGWB, finding the answer to be poten-
tially positive. In this work I revisit this question in light of the 
signals very recently detected by PTA experiments, prompted by 
their convincing GW origin. For concreteness and simplicity, I will 
focus on the NANOGrav 15-year signal, given that the signals ob-
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served in all four PTA experiments are mutually consistent, and 
that NANOGrav achieved the most precise determination of the 
signal’s spectral index. Overall, I find that an inflationary inter-
pretation of these signals is now significantly less tenable, when 
compared to the previous explanation of the NANOGrav 12.5-year 
signal.

The rest of this paper is organized as follows. In Sec. 2 I briefly 
review the physics of inflationary GWs. In Sec. 3 I discuss my anal-
ysis methods, which are applied to obtain the results discussed in 
Sec. 4, before drawing finishing remarks in Sec. 5.

2. Inflationary gravitational waves and pulsar timing arrays

Here I very briefly review the inflationary GW spectrum, fo-
cusing on scales relevant for PTA experiments. My discussion will 
closely follow Zhao et al. (2013); Liu et al. (2016); Vagnozzi (2021), 
modulo a few minor numerical updates, and I encourage the 
reader to refer to these works for further details. I work in syn-
chronous gauge where, denoting by a and η respectively the scale 
factor and conformal time, and by hij a transverse, traceless (i.e. 
∂ ihi j = gijhi j = 0) symmetric 3 × 3 matrix describing GWs, the line 
element of the perturbed FLRW metric reads:

ds2 = a2(η)
[

dη2 − (δi j + hij)dxidx j
]

. (1)

Moving to Fourier space (where k denotes the mode wavenumber) 
and assuming isotropy, the evolution of the GW field hk (for both 
the + and × polarizations) is described by the following equation:

h′′
k + 2Hh′

k + k2hk = 0 . (2)

where ′ denotes a derivative with respect to conformal time, 
and H ≡ a′/a denotes the conformal Hubble rate. The evolution 
of a GW field given by hk(ηi) at an initial conformal time ηi , 
and characterized by its primordial (tensor) spectrum Pprim

T (k) =
2k3|hk(ηi)|2/π2, can be obtained by determining the GW transfer 
function T (η , k) = hk(η)/hk(ηi), with hk(η) evaluated at confor-
mals time η � ηi and obtained by solving Eq. (2). The relevant 
quantity for GW direct detection experiments (such as PTAs) is 
the spectral energy density parameter �gw(k), i.e. the logarithmic 
derivative with respect to wavenumber of the present GW energy 
density ρgw, divided by the critical density ρc :

�gw(k) ≡ 1

ρc

dρgw

d ln k
= k2

12H2
0

T 2(η0 ,k)Pprim
T (k) , (3)

with η0 and H0 denoting the present conformal time and the 
Hubble constant respectively (see e.g. Kuroyanagi et al., 2009, 
2011a,b).1 In order to compare the expected theoretical signal to 
what is observed in PTA experiments, it is more convenient to 
work with frequencies f rather than wavenumbers k, and the two 
are related by:

f = ck

2π
=⇒ f � 1.54 × 10−15

(
k

Mpc−1

)
Hz , (4)

where c denotes the speed of light, and I have made the commonly 
used units of measure explicit.

In order to connect all the above quantities to inflation, one 
needs to specify the primordial tensor power spectrum Pprim

T (k). 
Although this is clearly an approximation (to be discussed more in 

1 For reviews deriving in detail all the above equations, I refer the reader to Gio-
vannini (2020); Odintsov et al. (2022b).
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detail later), it is customary to approximate the primordial tensor 
spectrum as being described by a pure power-law:

Pprim
T (k) = r As

(
k

k�

)nT

, (5)

where r denotes the tensor-to-scalar ratio, As is the amplitude 
of primordial scalar perturbations at the Cosmic Microwave Back-
ground (CMB) pivot scale k� (here I assume the Planck 2018 pivot 
scale k� = 0.05 Mpc−1), and nT is the tensor spectral index. Note 
that a scale-invariant primordial tensor spectrum is described by 
nT = 0, whereas a blue [red] spectrum is described by nT > 0
[nT < 0]. Within single-field slow-roll inflationary models, the so-
called “consistency relation” nT = −r/8 is satisfied (Copeland et 
al., 1993): given that r > 0, within these models one expects the 
tensor spectrum to be slightly red-tilted. Note, in addition, that the 
tensor spectral index is related to the equation of state of the dom-
inant component during the inflationary stage, w , via the following 
relation (see e.g. Zhao et al., 2013):

nT ≈ 4

1 + 3w
+ 2 . (6)

From the above we note that a pure de Sitter expansion stage 
(which clearly cannot be a completely realistic case given that in-
flation has to end at some point), i.e. one for which w = −1, leads 
to a scale-invariant tensor spectrum where nT = 0. Within the sim-
plest single-field slow-roll inflationary models based on canonical 
scalar fields, the effective equation of state is w > −1, leading to 
nT < 0, and therefore a slight red tilt in the tensor power spec-
trum. On the other hand, within “phantom” inflationary models 
where w < −1, one expects nT > 0 and thereby a blue-tilted spec-
trum. When focusing on the range w < −1/3, necessary for the 
Universe to undergo an accelerated expansion and thereby for suc-
cessful inflation to occur, it is worth noting that nT in Eq. (6) is 
bounded from above by nT < 2.

If one assumes that inflation is followed by instantaneous re-
heating and the standard radiation, matter, and dark energy eras, it 
is well known that the transfer function evaluated today, T (η0 , k), 
admits relatively simple analytical approximations (Turner et al., 
1993; Chongchitnan and Efstathiou, 2006; Watanabe and Komatsu, 
2006; Zhao and Zhang, 2006; Giovannini, 2010; Zhao et al., 2013; 
Kite et al., 2021). For our purposes, we are interested in �gw( f ) at 
PTA scales f ∼ O(10−9) Hz, whose corresponding wavenumbers 
k ∼ O(106) Mpc−1 are much larger than the wavenumber asso-
ciated to a mode crossing the horizon at matter-radiation equal-
ity, keq � 0.073�mh2 Mpc−1 ∼ O(10−2) Mpc−1, with �m and h
the matter density parameter and reduced Hubble constant re-
spectively. In other words, modes observed on PTA scales crossed 
the horizon deep in the radiation era, well before equality. In the 
k � keq regime, the GW spectral energy density [Eq. (3)] reduces 
to (Zhao et al., 2013):

�gw( f ) ≈ 15

16

�2
mr As

H2
0η

4
0k2

eq

(
f

f�

)nT

, (7)

where f� � 7.7 × 10−17 Hz is the frequency corresponding to the 
pivot wavenumber k� = 0.05 Mpc−1, and η0 is the present-day 
conformal time.

On the other hand, the GW spectral energy density associated 
to a PTA signal is conventionally expressed in the following way:

�PTA
gw ( f ) = 2π2

3H2
0

f 2h2
c ( f ) , (8)

with h f (c) the power spectrum of the GW strain, which at the 
reference frequency of fyr = 1 yr−1 ≈ 3.17 × 10−8 Hz is usually 
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approximated as a power law with amplitude A and spectral index 
α:

hc( f ) = A

(
f

fyr

)α

, (9)

where the spectral index α is further related to the spectral in-
dex γ for the pulsar timing-residual cross-power spectral density 
S( f ) ∝ f −γ by:

α = 3 − γ

2
. (10)

The expectation for the SGWB signal from merging SMBHBs is 
γ � 13/3 (Phinney, 2001), and therefore α � −2/3. Combining 
Eqs. (8)–(10), one finds that the GW spectrum associated to PTA 
signals can be expressed as:

�PTA
gw ( f ) = A2 2π2

3H2
0

f 5−γ

yrγ −3
. (11)

Note that in comparison to earlier works on the same subject, in 
order to simplify the notation, I have dropped the subscript CP
(standing for “common-process”) from the amplitude A and spec-
tral index γ . The results of PTA GW searches are therefore char-
acterized by the inferred values of the intrinsic-noise amplitude A
and spectral index γ , and in fact these results are often reported 
in the form of joint A-γ posteriors, or alternatively as the poste-
rior of A at a fiducial value of γ (typically the merging SMBHBs 
value γ = 13/3).

To connect the results of PTA GW searches with inflation-
ary parameters, one can equate �PTA

gw ( f ) given in Eq. (11) with 
�gw( f ) given in Eq. (7), the latter being an excellent approx-
imation within the regime f � feq we are interested in, with 
feq � 1.54 × 10−17 Hz the frequency associated to a mode cross-
ing the horizon at matter-radiation equality. Doing so one finds 
that the tensor spectral index is related to γ via:

nT = 5 − γ . (12)

Further equating Eq. (7) and Eq. (11) while imposing Eq. (12) gives 
a relation between the amplitude of the PTA signal A appearing in 
Eq. (11) and the relevant cosmological parameters (including the 
inflationary ones). Doing so, I find (see also Zhao et al., 2013):

A =
√

45�2
m As

32π2(η0keq)2
c

yr

η0

(
yr−1

f�

) nT
2 √

r . (13)

which carries a dependence on nT reflecting the large “lever arm” 
between the CMB pivot frequency at which As is constrained, and 
the frequency of the PTA signal [1 yr−1]. Inserting into Eq. (13) the 
best-fit values for the cosmological parameters as per the Planck
2018 results (Aghanim et al., 2020), i.e. �m = 0.315, h = 0.6736
(required to compute η0 � 1.38 × 104 Mpc), As = 2.1 × 10−9 at 
k� = 0.05 Mpc−1, and keq � 0.01 Mpc−1, I find:

A ≈ 0.875
√

r × 104.3nT −18 , (14)

from which one clearly sees that for allowed values of r � 0.06, 
unless the spectrum is blue (nT > 0), the amplitude of the in-
flationary SGWB on PTA scales will be A � O(10−20), and hence 
beyond any hope of detection.2 From Eq. (14) one sees that the 

2 Note that Eq. (14) differs slightly from the analogous Eq. (16) in Zhao et al. 
(2013), where a factor of 5 instead of 4.3 appears in the exponent. The results are 
completely consistent, and this difference in exponent is entirely due to the differ-
ent choice of pivot scale, which was k� = 0.002 Mpc−1 in Zhao et al. (2013). This 
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amplitude of the inflationary SGWB on PTA scales is controlled 
by the cosmological parameters r, nT , �m , As , and H0 (or equiva-
lently, thinking in terms of the 6 �CDM parameters, the acoustic 
scale θs), whereas keq and η0 are known once �m and H0 are spec-
ified. However it is also easy to check that, given the current level 
of extremely low relative uncertainty in the determination of �m , 
As , and H0,3 the value of A is virtually controlled only by r and nT , 
where essentially all of the theoretical uncertainty is condensed 
(particularly for what concerns r, given the lack of detection of 
inflationary B-modes, and therefore our complete ignorance re-
garding even just the order of magnitude of the inflationary SGWB 
signal).

Just as any other massless degrees of freedom, GWs contribute 
to the radiation energy density of the early Universe, with po-
tentially important effects at various epochs, including Big Bang 
Nucleosynthesis (BBN) and the time of recombination when the 
CMB formed. The SGWB contribution to the radiation energy bud-
get can be characterized by Neff, i.e. its contribution to the effec-
tive number of relativistic species Neff.4 This contribution is given 
by (see e.g. Allen and Romano, 1999; Smith et al., 2006; Boyle 
and Buonanno, 2008; Kuroyanagi et al., 2015; Vagnozzi and Loeb, 
2022)5:

Neff ≈ 1.8 × 105

fmax∫
fmin

df
�gw( f )h2

f 2
, (15)

where the values of fmin and fmax depend respectively on the 
epoch of interest, and the maximum temperature reached in the 
hot Big Bang era. In the following, I will be interested in the epoch 
of BBN, during which light elements were synthesized. This sets 
fmin � 10−10 Hz, corresponding to the frequency of a mode cross-
ing the horizon during the time of BBN, when the temperature 
of the radiation bath was T ∼ O(MeV). The reason is that only 
sub-horizon modes contribute to the radiation energy at any given 
time, as it is these modes that oscillate and propagate as massless 
modes, thereby contributing to the local energy density. As a con-
sequence, frequencies associated to modes which have yet to cross 
the horizon at the epoch of interest should be discarded, which 
in turn explains the appearance of the lower cutoff in the integral 
in Eq. (15). On the other hand, assuming instantaneous reheating 
and a standard thermal history following inflation, fmax is directly 
related to Trh, the temperature at which the Universe reheats fol-
lowing inflation. For instance, GUT-scale reheating corresponds to 
fmax � 108 Hz, with lower values of Trh corresponding to lower 
values of fmax. In order not to spoil successful BBN predictions, 
reheating should occur at temperatures Trh � 5 MeV (de Salas et 
al., 2015). Finally, Neff is constrained by BBN and CMB probes, 
where an indicative 2σ upper limit is Neff � 0.4 (Aver et al., 
2015; Cooke et al., 2018; Aghanim et al., 2020; Vagnozzi, 2020; 
Hsyu et al., 2020; Aiola et al., 2020; Mossa et al., 2020).6

corresponds to f� � 3.08 × 10−18 Hz, leading to the factor of (yr−1/ f�) in Eq. (13)
being fortuitously close to 1010, and thereby (yr−1/ f�)nT /2 ≈ 105nT . With the cur-
rent choice of pivot scale instead, f� ≈ 7.7 × 10−17 Hz and therefore (yr−1/ f�) ≈
4.1 × 108 ≈ 108.6, explaining the factor of (108.6)nT /2 = 104.3nT in Eq. (14).

3 Modulo uncertainty floors in H0 due to the Hubble tension (Di Valentino et al., 
2021), as well as the model-dependence of inferred constraints on �m and As , the 
size of both of which however remain subdominant with respect to the effects of r
and nT .

4 The standard value of Neff has been subject to several increasingly precise re-
visions over the past decades (see e.g. Mangano et al., 2002, 2005; Bennett et al., 
2020; Akita and Yamaguchi, 2020; Froustey et al., 2020; Bennett et al., 2021; Cielo 
et al., 2023), but lies safely between 3.043 and 3.047.

5 See also Giarè et al. (2023b) for a recent work examining caveats related to this 
calculation.

6 Although BBN and CMB probes constrain Neff to a similar level of pre-
cision, formally speaking in this work I will only be considering BBN con-
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3. Data and methods

In June 2023 the NANOGrav, EPTA, PPTA, and CPTA PTA experi-
ments reported evidence for excess red common-spectrum signals 
in their latest datasets (NANOGrav 15-year, EPTA DR2 comple-
mented with InPTA DR1, PPTA DR3, and CPTA DR1), with inter-
pulsar correlations following the HD pattern (Afzal et al., 2023; 
Agazie et al., 2023a, 2023b, 2023c, 2023d, 2023e, 2023f; Anto-
niadis et al., 2023a, 2023b, 2023c, 2023d, 2023e; Reardon et al., 
2023a, 2023b; Xu et al., 2023; Johnson et al., 2023; Smarra et al., 
2023; Zic et al., 2023). Considering that all four signals are con-
sistent with each other, and the fact that NANOGrav achieved the 
most precise determination of the spectral index (which not all ex-
periments managed to infer), for concreteness and simplicity I will 
focus on the NANOGrav 15-year signal in the remainder of this 
work, but I expect my main conclusions to broadly carry over to 
the results of the other three PTA experiments as well.

The NANOGrav 15-year dataset includes timing observations 
for 68 pulsars, collected between July 2004 and August 2020 by 
the Arecibo Observatory, the Green Bank Telescope, and the Very 
Large Array (Alam et al., 2021a, 2021b; Agazie et al., 2023d). Com-
pared to the previous 12.5-year dataset, the current dataset con-
tains 21 additional pulsars, whereas 2.9 more years of timing data 
are available for the 47 pulsars present previously. The consen-
sus NANOGrav analysis of their 15-year dataset focused only on 
narrowband time-of-arrival data for the 67 pulsars with a tim-
ing baseline of at least 3 years (Agazie et al., 2023d). The anal-
ysis makes use of the TT(BIPM2019) timescale and JPL DE440 
ephemeris (Park et al., 2021), the latter leading to significant im-
provements in the determination of the Jovian orbit compared to 
the previously used ephemeris. For further details on the analysis 
assumptions adopted by the NANOGrav collaboration, in particular 
for what concerns the underlying model fit to the time-of-arrival 
data, I invite the reader to refer to Sec. 2 of Agazie et al. (2023d).

Analyzing their 15-year dataset, the NANOGrav collaboration re-
ported very strong evidence for a time-correlated stochastic signal 
with common amplitude and spectrum across all pulsars (Agazie 
et al., 2023d). The analysis also provides positive Bayesian evidence 
that the common-spectrum signal includes HD inter-pulsar corre-
lations: the latter case is preferred over a model with common-
spectrum spatially-uncorrelated red noise (CURN), with Bayes fac-
tors as large as 1000. A model with common-spectrum spatially-
uncorrelated red noise is itself strongly preferred over a model 
with intrinsic red noise only, confirming the earlier 12.5-year 
dataset findings. The HD versus CURN Bayes factors can be con-
verted into detection statistics, with the corresponding p-values 
being of order 10−3 (Agazie et al., 2023d). Overall, together with 
the latest EPTA (+InPTA), PPTA, and CPTA datasets, the NANOGrav 
15-year dataset therefore provides the first compelling evidence 
for the presence of HD correlations in pulsar timing residuals, con-
vincingly pointing to a SGWB origin.

Fitting a model describing an isotropic SGWB characterized by 
HD correlations, the NANOGrav collaboration inferred the values of 
the intrinsic-noise amplitude A and spectral index γ appearing in 
Eq. (11) to be A = 6.4+4.2

−2.7 × 10−15 and γ = 3.2 ± 0.6 respectively 

straints. The reason, as discussed in footnote 6 of Kuroyanagi et al. (2021), is 
that in most CMB analyses the extra radiation components are implemented 
as a neutrino-like (free-streaming) fluid (see e.g. Vagnozzi et al., 2017, 2018; 
Roy Choudhury and Hannestad, 2020; Giarè et al., 2021a; Gariazzo et al., 2022). 
However, perturbations in the radiation originating from GWs are expected to be-
have quite differently, and hence it is unclear to what extent the CMB constraints 
on Neff can be directly applied to GWs. To be as conservative as possible, I will thus 
only consider BBN constraints, therefore setting fmin = 10−10 Hz in Eq. (15) – nev-
ertheless, since a posteriori I will be considering a (very) blue spectrum, the integral 
in Eq. (15) ends up being for all intents and purposes insensitive to the choice of 
fmin, whereas it depends strongly on the chosen value of fmax.



S. Vagnozzi Journal of High Energy Astrophysics 39 (2023) 81–98
(both reported at 2σ ), at a reference frequency of fyr = 1 yr−1

(Agazie et al., 2023d). The joint log10 A-γ posterior is reported 
in the lower left panel of Fig. 1 of Agazie et al. (2023d) (blue 
contours, reference frequency 1 yr−1). It is worth noting that, com-
pared to the 12.5-year signal, the value of A is a factor of ≈ 5
higher, whereas γ is significantly lower (as discussed in more de-
tail in the next paragraph), corresponding to a bluer spectrum 
given the relation between nT and γ in Eq. (12). Therefore, one can 
already expect quantitative differences in the inflationary interpre-
tation compared to my earlier results of Vagnozzi (2021), going in 
the direction of a bluer spectrum due to both the smaller value of 
γ and the larger value of A. This expectation will in fact be con-
firmed in Sec. 4.

As noted in Agazie et al. (2023d), the inferred value of γ is low 
relative to (and in moderate tension with) the value γ = 13/3 ex-
pected from merging SMBHBs, which lies at the upper boundary of 
the 3σ region. Interestingly a similar “anomaly”, albeit reversed in 
direction, was observed in the 12.5-year dataset, where γ ∼ 5.52
was inferred (Arzoumanian et al., 2020). In that case, the value 
γ = 13/3 lay just outside the lower boundary of the 1σ region. 
However, astrophysical effects can alter the value of γ arising from 
merging SMBHBs, and the estimation of γ itself is sensitive to 
details in the modeling of intrinsic red noise and of interstellar 
medium timing delays in a few pulsars. The NANOGrav collabora-
tion performed several robustness and validation tests, and found 
the inferred values of A and γ to be quite stable against changes in 
the underlying analysis assumptions: I shall therefore take the con-
sensus results reported in the lower left panel of Fig. 1 of Agazie 
et al. (2023d) as the baseline signal for which the viability of an 
inflationary interpretation will be examined.

In my earlier work of Vagnozzi (2021) I translated the inferred 
NANOGrav 12.5-year constraints on A and γ into constraints on r
and nT through a simple grid scan. Although this simple method 
was more than sufficiently accurate to identify the benchmark re-
gion of inflationary parameter space required to explain the sig-
nal, here I improve the robustness and portability of the analy-
sis method by performing a Bayesian analysis, through a Markov 
Chain Monte Carlo (MCMC) scan of the parameter space.7 Specifi-
cally, my goal is to derive constraints on the cosmological param-
eters, with focus on the inflationary parameters r and nT , treating 
the A-γ posterior distribution inferred by NANOGrav as a like-
lihood.8 To this end, I seek a closed-form approximation for the 
NANOGrav A-γ joint posterior distribution. I find that the latter is 
well approximated by a bivariate Gaussian in log10 A and γ , with 
mean vector μ15 and covariance matrix �15 given by:

μ15 ≈ (−14.20 ,3.20) ,

�15 ≈
(

0.127 −0.045
−0.045 0.021

)
. (16)

To test the goodness of this approximation, I run a test MCMC on 
the 2 parameters log10 A and γ , using the bivariate Gaussian de-
scribed above as likelihood, and assuming flat wide priors on both 
parameters. As the priors are flat and no other likelihoods are used, 
the recovered joint log10 A-γ posterior directly traces the input bi-
variate Gaussian distribution, and by extension the NANOGrav 15-
year joint log10 A-γ posterior for which I am seeking a closed-form 
approximation. The resulting joint log10 A-γ posterior, alongside 

7 A posteriori, I have cross-checked that repeating the analysis of Vagnozzi (2021)
through an MCMC rather than a grid scan recovers essentially the same results.

8 See Visinelli and Vagnozzi (2019) where a similar simplified approach was 
adopted and justified by means of Bayes’ theorem, and Appendix A of Giarè et 
al. (2023a) which confirms the goodness of the Gaussian approximation I have 
adopted.
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the 1D marginalized distributions in log10 A and γ , are shown in 
Fig. 1. Comparing this to the lower left panel of Fig. 1 of Agazie 
et al. (2023d) (blue contours, reference frequency 1 yr−1), I find 
excellent agreement between the two, confirming the goodness of 
my approximation, especially for the purpose of pinpointing the 
(a posteriori rather implausible) benchmark region of inflationary 
parameter space required to explain the NANOGrav signal.

Having made these considerations, I therefore approximate the 
NANOGrav log-likelihood as:

lnL(θ) = − (x(θ) − μ15)
T �−1

15 (x(θ) − μ15)

2
, (17)

where x(θ) is the vector of derived parameters x(θ) ≡ {log10 A(θ) ,
γ (θ)}, where θ indicates the vector of cosmological parameters, 
T denotes the transpose operation, and μ15 and �15 are respec-
tively the vector of mean values and covariance matrix for the 
derived parameters log10 A and γ and the covariance matrix dis-
cussed earlier and given in Eq. (16). In principle θ should include 
all the relevant cosmological parameters governing the amplitude 
and shape of the inflationary SGWB: r, nT , �m , As , and H0 (or 
equivalently θs). However, as argued earlier in Sec. 2, in practice 
only r and nT have an important effect on the inflationary SGWB 
signal, whereas the effect of the other parameters is completely 
subdominant given the level of precision to which they have been 
determined by current cosmological observations, in particular the 
Planck satellite. Thus, in what follows I assume θ ≡ {r, nT }, i.e. that 
the independent cosmological parameters are r and nT . I connect 
r and nT to the derived parameters log10 A and γ entering the 
NANOGrav likelihood of Eq. (17) through Eqs. (12), (14), fixing all 
other parameters to their best-fit values as per the Planck 2018 
results (Aghanim et al., 2020) quoted in Sec. 2.

Given the fact that the order of magnitude of the tensor-to-
scalar ratio r is presently unknown, from a statistical point of view 
it proves more convenient to work with log10 r rather than r it-
self. To sample the joint log10 r-nT posterior distribution in light of 
the NANOGrav signal, whose information is included by means of 
the log-likelihood of Eq. (17), I generate MCMC chains through the 
cosmological sampler MontePython (Audren et al., 2013; Brinck-
mann and Lesgourgues, 2019), which I have configured to act as 
a generic sampler. I impose wide flat priors on both log10 r and 
nT , and have verified a posteriori that the prior ranges do not 
cut the posteriors of the two parameters where these are sig-
nificantly non-zero. In addition, I impose a hard prior on log10 r
such that r < 0.036, to reflect the current 2σ upper limit on r (at 
the same pivot scale at which As has been reported) obtained by 
a joint analysis of Planck, WMAP, BICEP2, Keck Array, and BICEP3 
data (Ade et al., 2021) (I have check a posteriori that the choice 
of including this limit has very little effect on my results). I as-
sess the convergence of the generated MCMC chains by using the 
Gelman-Rubin parameter R − 1 (Gelman and Rubin, 1992), and re-
quire R − 1 < 10−3 in order for the MCMC chains to be considered 
converged.

4. Results and discussions

I perform an MCMC run as described above to identify which 
region of inflationary parameter space can, at face value, explain 
the NANOGrav 15-year signal.9 The resulting joint log10 r-nT pos-
terior is shown in Fig. 2. Ignoring for the moment the dashed 

9 Besides the inflationary interpretation I put forward in Vagnozzi (2021), the 
NANOGrav 12.5-year signal (and the related PPTA, EPTA, and IPTA signals) stim-
ulated a lot of work devoted to possible theoretical interpretations: for an in-
evitably limited selection of examples, see e.g. Ellis and Lewicki (2021); Blasi et 
al. (2021); Vaskonen and Veermäe (2021); De Luca et al. (2021); Buchmuller et 
al. (2020); Nakai et al. (2021); Addazi et al. (2021); Kohri and Terada (2021); 
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lines associated to different reheating temperatures, I find nT =
1.81 ±0.34, completely in line with expectations given the inferred 
values of γ . The vertical dot-dashed line at nT = 2/3 indicates the 
expected value from merging SMBHBs corresponding to γ = 13/3: 
not surprisingly, it lies out of the 2σ region. In addition, I find a 
very strong negative degeneracy between log10 r and nT , with a 
correlation coefficient ∼ −0.90, also not unexpected given that a 
lower value of r can be compensated with a bluer spectrum, and 
viceversa. From Fig. 2 one also sees that the NANOGrav signal actu-
ally points towards rather low values of r, as a direct consequence 
of the very high value of nT : larger values of r would actually 
lead to the resulting SGWB exceeding the amplitude of the signal 
detected by NANOGrav. Within this scenario, the resulting infla-
tionary SGWB would be barely detectable by next-generation CMB 
experiments (Abazajian et al., 2016; Ade et al., 2019; Abitbol et 
al., 2019). As additionally anticipated earlier, the value of the ten-
sor spectral index nT required to explain the NANOGrav 15-year 
signal is larger than that required to explain the 12.5-year signal 
(Vagnozzi, 2021), as a direct consequence of both the higher value 
of A, as well as the significantly lower value of γ .

The key point to take away from these results is that explain-
ing the NANOGrav 15-year signal requires a very blue spectrum, 
which very strongly violates the consistency relation nT = −r/8
(Copeland et al., 1993). Obviously, this cannot be realized within 
the simplest single-field slow-roll inflationary models. Neverthe-
less, a number of inflationary (and non-inflationary) models lead-
ing to a blue spectrum (or more generally significant deviations 
from the simplest expectations) have been discussed in recent 
years: with no claims as to completeness, these models include 
inflationary models based on phantom fields (Piao and Zhang, 
2004; Liu et al., 2011; Liu and Piao, 2012; Dinda et al., 2014; 
Richarte and Kremer, 2017), modifications to gravity (Kobayashi et 
al., 2010; Myrzakulov et al., 2015a; Fujita et al., 2019; Odintsov 
and Oikonomou, 2019, 2020, 2022a, 2022b, 2022c; Nojiri et al., 
2020a, 2020b, 2020c; Odintsov et al., 2020; Kawai and Kim, 2021; 
Oikonomou, 2021; Odintsov et al., 2022a; Oikonomou and Lym-
periadou, 2022; Oikonomou, 2022a, 2022b, 2022c, 2023a) or non-
commutative space-times (Calcagni and Tsujikawa, 2004; Calcagni 
et al., 2014), breaking of spatial or temporal diffeomorphism in-
variance (Endlich et al., 2013; Cannone et al., 2015; Graef and 
Brandenberger, 2015; Ricciardone and Tasinato, 2017; Graef et 
al., 2017), violations of the null energy condition (Baldi et al., 
2005), couplings to axionic, gauge, and spin-2 fields (Maleknejad 

Ratzinger and Schwaller (2021); Samanta and Datta (2021); Bian et al. (2021); 
Namba and Suzuki (2020); Neronov et al. (2021); Li et al. (2021a); Sugiyama et al. 
(2021); Liu et al. (2021); Paul et al. (2021); Zhou et al. (2020); Domènech and Pi 
(2022); Bhattacharya et al. (2021); Abe et al. (2021); Kitajima et al. (2021); Middle-
ton et al. (2021); Inomata et al. (2021); Tahara and Kobayashi (2020); Chigusa et al. 
(2021); Pandey (2021); Bigazzi et al. (2021); Ramberg and Visinelli (2021); Cai and 
Piao (2021); Barman et al. (2020); Chiang and Lu (2021); Atal et al. (2021); Datta 
et al. (2021); Chen et al. (2021b); Gao and Yang (2021); Li et al. (2021b); Gorghetto 
et al. (2021); Kawasaki and Nakatsuka (2021); Blanco-Pillado et al. (2021); Sharma 
(2022); Brandenburg et al. (2021); Hindmarsh et al. (2021); Lazarides et al. (2021); 
Zhou et al. (2021); Sakharov et al. (2021); Arzoumanian et al. (2021a); Moore 
and Vecchio (2021); Borah et al. (2021b); Yi and Zhu (2022); Wu et al. (2021); 
Haque et al. (2021); Liu et al. (2022); Lewicki et al. (2021); Chang and Cui (2022); 
Buchmuller et al. (2021); Masoud et al. (2021); Casey-Clyde et al. (2022); Li and 
Shapiro (2021); Cai et al. (2021a); Spanos and Stamou (2021); Khodadi et al. (2021); 
Wu et al. (2022); Izquierdo-Villalba et al. (2021); Chen et al. (2022); Borah et al. 
(2021a); Arzoumanian et al. (2021b); Gao (2021); Lin et al. (2023); Benetti et al. 
(2022); Dunsky et al. (2022); Zhang (2022); Cai and Piao (2022); Roper Pol et al. 
(2022); Wang (2022b); Ashoorioon et al. (2022); Ahmed et al. (2022); Afzal et al. 
(2022); Wang (2022a); Cheong et al. (2022); Bernardo and Ng (2023b); Datta and 
Samanta (2022); El Bourakadi et al. (2022); Blasi et al. (2023b); Borah et al. (2023b); 
Saad (2023); Bian et al. (2022); Cai (2023); Arzoumanian et al. (2023); Berbig and 
Ghoshal (2023); Wu et al. (2023); Dandoy et al. (2023); Bernardo and Ng (2023a); 
An and Yang (2023); Ferrer et al. (2023); Ghoshal et al. (2023a); Ferrante et al. 
(2023); Bringmann et al. (2023); Madge et al. (2023); Baldes et al. (2023).
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Fig. 1. Triangular plot showing the 2D joint and 1D marginalized posterior proba-
bility distributions for the logarithm of the intrinsic-noise SGWB amplitude log10 A
and spectral index γ . These are in excellent agreement with the posteriors reported 
in the lower left panel of Fig. 1 of Agazie et al. (2023d) (blue contours, reference 
frequency 1 yr−1), confirming the goodness of the approximation for the NANOGrav 
posterior discussed in Sec. 3.

Fig. 2. 2D joint posterior probability distribution for the tensor spectral index nT

and the logarithm of the tensor-to-scalar ratio log10 r. The dashed curves corre-
spond to isocontours of constant Neff = 0.4 for different values of the reheating 
temperature Trh (see the color coding), so the regions to the right of the curves 
are excluded for the specific value of Trh, given the indicative BBN/CMB 2σ up-
per limit Neff � 0.4. The black dot-dashed vertical line at nT = 2/3 corresponds 
to γ = 13/3, the value of the intrinsic-noise SGWB spectral index expected for the 
SGWB arising from a population of inspiraling supermassive BH binaries.

and Sheikh-Jabbari, 2011; Adshead and Wyman, 2012; Maleknejad, 
2016; Dimastrogiovanni et al., 2017; Adshead et al., 2016; Obata, 
2017; Nojiri et al., 2019; Iacconi et al., 2020; Oikonomou, 2023b) 
and particle production (Cook and Sorbo, 2012; Pajer and Peloso, 
2013; Mukohyama et al., 2014), initial states other than the Bunch-
Davies one (Ashoorioon et al., 2014), elastic media (Gruzinov, 
2004), higher order effective gravitational action corrections (Giarè 
et al., 2021b), second-order effects (Biagetti et al., 2013, includ-
ing those associated to the formation of primordial BHs), sound 
speed resonance effects (Cai et al., 2016, 2021b) and finite-time 
singularities (Kleidis and Oikonomou, 2016), alternatives to infla-
tion such as string gas cosmology (Brandenberger and Vafa, 1989; 
Brandenberger et al., 2007a, 2007b; Stewart and Brandenberger, 
2008; Brandenberger et al., 2014), ekpyrotic (Khoury et al., 2001; 
Hipolito-Ricaldi et al., 2016) and bouncing (Brandenberger, 2011)
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scenarios, and many others (see Wang and Xue, 2014, for a more 
detailed overview of these scenarios). It is worth noting that, in 
principle, the inferred value of nT is not inconsistent with CMB ob-
servations alone, as these are unable to place strong constraints on 
nT in the absence of a detection of non-zero r, or without includ-
ing additional data (e.g. interferometer-scale limits on the SGWB 
amplitude).10

More importantly, such a blue spectrum has a very strong im-
pact on Neff, and hence on BBN. In Fig. 2, the dashed curves 
correspond to isocontours of Neff = 0.4 for different values of 
the reheating temperature Trh (see color coding) and therefore of 
the frequency cutoff fmax appearing in Eq. (15). The regions to the 
right of the curves are excluded by the requirement Neff � 0.4
from BBN and CMB considerations (indicative and rather gener-
ous 2σ upper limit, with the caveats for the CMB discussed in 
footnote 6). From Fig. 2 it is clear that the inflationary interpre-
tation of the NANOGrav signal is in strong tension with limits on 
Neff unless the reheating temperature is as low as Trh � 10 GeV. 
Unsurprisingly, this upper limit on the reheating temperature is 
even stronger than the limit I obtained previously from the 12.5-
year dataset, Trh � 100 GeV − 1 TeV, as a direct result of the bluer 
spectrum. While low-scale reheating models have been studied for 
quite a while (Kawasaki et al., 2000; Giudice et al., 2001; Hannes-
tad, 2004), they are generally less easy to construct, and require 
e.g. an unusually long period of slow-roll or the existence of long-
lived massive particles. It is worth noting that with such a low 
reheating scale, cosmic neutrinos may not have had time to ther-
malize completely by the time they decouple – as a consequence, 
the current relic neutrino energy and number densities may be 
lower compared to standard expectations (de Salas et al., 2015; 
Gerbino et al., 2017).11

An important caveat to all these results is my choice of treat-
ing PT (k) as a pure power-law from CMB frequencies down to 
PTA frequencies. While this approximation is widespread (just by 
way of recent well-known examples, see e.g. Meerburg et al., 2015; 
Akrami et al., 2020; Campeti et al., 2021), it might not be entirely 
justified when considering probes leading to a wide lever arm in 
frequency space (Giarè and Melchiorri, 2021; Kinney, 2021). For 
instance, there are about 9 decades in frequency between CMB 
and PTA scales, and an additional 10 decades in frequency be-
tween PTA and current interferometer scales. To address this point, 
what would ultimately be required is to estimate the theoretical 
uncertainties in the predictions for inflationary parameters in a 
way as potential-agnostic as possible (for instance through Monte 
Carlo inflation flow potential reconstruction, see e.g. Kinney and 
Riotto, 2006; Caligiuri et al., 2015). Nevertheless, for what con-
cerns the present work, treating the primordial tensor spectrum 
as being a pure power-law between CMB and PTA scales might ac-
tually not be too bad an approximation: in this respect, see for 
example Fig. 5 in Kinney (2021), where PTA scales correspond to 

10 See e.g. Meerburg et al. (2015); Cabass et al. (2016); Wang et al. (2017); Graef 
et al. (2019); Giarè et al. (2019) for examples of works examining constraints on 
nT from CMB data, which in the absence of a detection of primordial B-modes are 
extremely weak due to the degeneracy between r and nT . An alternative approach 
explored by Galloni et al. (2023) is to re-parameterize the tensor power spectrum 
using two different tensor-to-scalar ratios defined at two pivot scales: this “two-
scales approach” was shown to improve the constraints on nT , although when using 
CMB data alone these constraints remain comparatively weak. See however Giarè 
and Renzi (2020) for a different work which argued that constraints on nT from 
CMB data might actually be stronger than previously thought.
11 Given the recent results from the Atacama Cosmology Telescope (ACT) which 

have inferred a value of Neff lower than expected (Aiola et al., 2020), one may in 
principle be tempted to speculate as to whether an underlying low-reheating sce-
nario may explain these results. See however Handley and Lemos (2021); Giarè et 
al. (2023d); Zhai et al. (2023); Di Valentino et al. (2023); Giarè et al. (2023c) for 
discussions on the tension between ACT and Planck for what concerns the determi-
nation of parameters such as Neff , ωb , and ns .
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k ∼ O(106) Mpc−1, where the relative deviation from the pure 
power-law extrapolation for an example inflationary potential is 
actually rather small. Nevertheless, extending this treatment down 
to interferometer scales and beyond is clearly not reasonable (as 
is clear from the same Figure). Overall this question, while impor-
tant, goes well beyond the scope of my work, and I therefore defer 
it to future studies.

A somewhat observationally more relevant point related to the 
above is that the blue spectrum described earlier, if naïvely extrap-
olated down to interferometer scales (which, repetita juvant, should 
not be done in any case!), would inevitably violate upper limits 
on the SGWB amplitude on interferometer scales, where Advanced 
LIGO/Advanced Virgo set the 2σ upper limit �gw � 6.6 × 10−9 at 
f ∼ 25 Hz (Abbott et al., 2021). An obvious and well-motivated 
way to address this problem is to envisage the existence of a break 
in the tensor power spectrum, which in the simplest case would 
therefore be described by a broken power-law. Such an approach 
was discussed in detail in Benetti et al. (2022), to which I refer the 
reader for further details. Here, I simply note that a wide variety of 
well-motivated scenarios naturally give rise to a break in the ten-
sor power spectrum: such scenarios include but are not limited to 
a non-instantaneous reheating process (possibly with a low reheat-
ing scale), an early period of non-standard expansion (e.g. an early 
matter domination phase, or a kination phase), late-time entropy 
injection, models where the inflaton is coupled to gauge fields, and 
alternatives to inflation. Whichever mechanism one chooses to in-
voke, the break needs to take place at frequencies f > fyr, and the 
post-break spectrum needs to be sufficiently red in order for the 
SGWB amplitude to be low enough on interferometer scales (see 
Benetti et al., 2022, for further details on this phenomenological 
approach).

The required reheating scale required for an inflationary in-
terpretation of the NANOGrav 15-year signal to be viable at face 
value is extremely low, below the electroweak scale. While this is 
in principle allowed by cosmological probes, which only require 
Trh � 5 MeV (de Salas et al., 2015), realizing it in practice from 
the particle point of view is more challenging (for instance, it is 
unclear whether electroweak symmetry breaking can proceed suc-
cessfully as usual, although on the other hand such a scenario 
may facilitate the generation of a baryon asymmetry). Finally, it is 
worth noting that the reheating scale can be lowered even in the 
absence of new physics, through effects such as “Higgs blocking” 
(Freese et al., 2018; Litsa et al., 2021, 2023).

The biggest challenge for an inflationary interpretation of the 
NANOGrav 15-year results, however, is the extremely blue spec-
trum required to fit the signal, with nT close to 2. As one sees 
from Eq. (6), even within effective phantom inflationary scenarios, 
the value nT = 2 can only be reached asymptotically if one requires 
w < −1/3 (it can be reached for positive values of w , but these are 
not of interest to an inflationary discussion). Nevertheless, even 
just getting close to nT = 2 within phantom inflationary models 
would require considering very deep phantom models: needless to 
say, such models are theoretically problematic and hard to achieve 
in a controlled setting. Just by way of example, from Eq. (6) one 
sees that obtaining nT = 1 requires w = −5/3, whereas obtain-
ing nT = 1.5 requires w = −7/3 – both correspond to values deep 
in the phantom regime, and therefore theoretically very problem-
atic. Motivated by the 2014 BICEP-2 signal, Wang and Xue (2014)
discussed a number of inflationary scenarios leading to blue ten-
sor spectra, including the ones discussed earlier in this Section: for 
most of these models, it was found that reaching values of the ten-
sor spectral index nT ∼ 2 is extremely hard if not impossible alto-
gether. In a more generic setting, this is also further supported by 
the findings of Giarè et al. (2023b), where based on an extension 
of the flow approach it was shown that most of the mechanisms 
proposed to obtain a blue spectrum (especially those which can be 
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cast in terms of additional effective field theory operators) actu-
ally only support nT > 0 for few e-folds, which is quite different 
from what is required to explain the NANOGrav signal. This fur-
ther supports the untenability of an inflationary interpretation of 
the NANOGrav signal.

An explicit phantom inflationary model is just one way of vio-
lating the null energy condition (NEC), which is a well-motivated 
possibility to obtain a blue spectrum. Besides explicit phantom in-
flationary models, the NEC can be violated within models based 
on modified gravity, and an interesting model in this sense is the 
G-inflation model (Kobayashi et al., 2010), based on a Galileon 
field (see also Deffayet et al., 2009; He et al., 2016). This allows for 
NEC violation at the cosmological background level without intro-
ducing a ghost in the scalar sector. However, in its simplest incar-
nation this model is problematic because a) the scalar and tensor 
spectra tilt in the same direction, so a very blue tensor spectrum 
would require a very blue scalar spectrum, strongly excluded by 
observations, and b) the bluer the tensor spectrum, the larger the 
level of equilateral non-Gaussianity predicted (due to non-linear 
self-interactions of the Galileon field), which in the case of nT ∼ 2
are safely ruled out. Another possibility involves perturbations gen-
erated from a non-Bunch-Davies vacuum, although again achieving 
a large tensor spectral index comes at the price of introducing a 
significant level of (folded) non-Gaussianity both in the scalar and 
tensor sectors, with the former excluded by observations (Wang 
and Xue, 2014). Remaining within the inflationary realm, and in 
the context of the non-standard scenarios discussed earlier in this 
Section, one finds that either nT is positive but too small (certainly 
not nT ∼ 2 as required by the NANOGrav signal), or achieving large 
nT comes at the price of a significant level of non-Gaussianities, 
already excluded by observations.12 All these considerations bring 
me to the general conclusion that an inflationary interpretation of 
the NANOGrav signal, and by extension of the signal recently ob-
served by EPTA+InPTA, PPTA, and CPTA (given the broad agreement 
between all four signals) is hardly tenable.

Before closing, I briefly discuss predictions for nT within alter-
natives to inflation. It is worth noting that one of the first pre-
dictions for a blue tensor spectrum came from string gas cosmol-
ogy (Brandenberger and Vafa, 1989; Brandenberger et al., 2007a), 
wherein the universe emerged from a string Hagedorn phase at a 
nearly constant temperature, until the decay of the string winding 
modes allowed for the expansion of the Universe. Within string gas 
cosmology, one finds (Brandenberger et al., 2014; Wang and Xue, 
2014):

nT ≈ 1 − ns , (18)

which is not suppressed by the slow-roll parameters, and therefore 
clearly has a hard time explaining the O(1) value of nT required by 
the NANOGrav signal, given that constraints on the scalar spectral 
index from Planck imply |ns − 1| ∼O(10−2).13

A more interesting possibility is the so-called “old ekpyrotic” 
scenario (Khoury et al., 2001) (see also Khoury et al., 2002; Buch-
binder et al., 2007; Lehners, 2008; Oikonomou, 2015; Odintsov 
et al., 2015), wherein the Universe starts in a cold, very slowly 
contracting state, after which the collision of a brane in the bulk 

12 One possible interesting exception is the non-local extension of Starobinsky in-
flation, itself motivated by attempts to construct a 4-dimensional theory of quantum 
gravity, and whose phenomenology was recently studied in Koshelev et al. (2016, 
2018, 2020b,a, 2022a,b, 2023).
13 A related scenario was studied in Biswas et al. (2014), where the possibility of 

producing primordial fluctuations from statistical thermal fluctuations within string 
gas cosmology was explored. In particular, blue GWs are produced during a stringy 
thermal contracting phase at temperatures higher than the Hagedorn temperature. 
However, this scenario predicts nT ∼ 3, which is at odds with the NANOGrav signal.
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space with a bounding orbifold plane starts the hot Big Bang ex-
pansion era. The ekpyrotic model predicts a quasi-scale-invariant 
spectrum of scalar perturbations and a very blue tensor spectrum 
with nT = 2 (Boyle et al., 2004). However, on cosmological scales 
the amplitude of tensor modes is highly suppressed (Khoury et 
al., 2001; Boyle et al., 2004), so that despite the large blue tilt, 
the resulting SGWB remains well below the detection threshold 
even on PTA scales (Boyle et al., 2004; Calcagni and Kuroyanagi, 
2021). While the “new ekpyrotic” scenario (Brandenberger and 
Wang, 2020b,a; Brandenberger et al., 2020) avoids these problems, 
it also predicts a relation between nT and ns of the same form as 
Eq. (18), and therefore a tensor spectrum which does not carry a 
strong enough blue tilt to explain the signal observed by PTA ex-
periments.

5. Conclusions

A number of pulsar timing array (PTA) experiments (NANOGrav, 
EPTA and InPTA, PPTA, and CPTA) have recently confirmed the 
detection of a common-spectrum low-frequency stochastic signal 
across the pulsars in their latest datasets, with the additional 
compelling evidence of Hellings-Downs inter-pulsar correlations, 
achieving the first convincing detection of a stochastic gravitational 
wave background (SGWB) in the nHz frequency range (Agazie et 
al., 2023a, 2023b, 2023c, 2023d, 2023e, 2023f; Antoniadis et al., 
2023a, 2023b, 2023c, 2023d, 2023e; Reardon et al., 2023a; Xu et 
al., 2023; Afzal et al., 2023; Johnson et al., 2023; Smarra et al., 
2023; Reardon et al., 2023b; Zic et al., 2023). This has officially 
broadened the horizons of GW astronomy, and the quest is now 
open for determining the origin of these signals. An unresolved 
background of merging supermassive black hole binaries is a nat-
ural candidate explanation, whereas another exciting possibility 
entails a cosmological origin. While other types of observations 
(for instance the detection of anisotropies, Bartolo et al., 2019, 
2020, 2022; Galloni et al., 2022; Schulze et al., 2023) are ultimately 
required to discern between these two possibilities, it is interest-
ing to examine whether cosmological explanations are consistent 
with the currently reported characteristics of the signal. In this 
work, focusing for concreteness and simplicity on the NANOGrav 
15-year signal (given that the signals observed in all four PTA ex-
periments are mutually consistent), I have tested the viability of 
an inflationary SGWB interpretation, given the uttermost theoret-
ical importance of an inflationary era as a source of cosmological 
GWs.

The main outcomes of my analysis are summarized in Fig. 2
and Fig. 3. Compared to the earlier NANOGrav 12.5-year results, 
for which an inflationary interpretation was in principle not unrea-
sonable (Vagnozzi, 2021), an inflationary origin for the NANOGrav 
15-year signal appears much less tenable. Firstly, the spectrum re-
quired to explain the signal is extremely blue (nT ∼ 2), to an extent 
which, while theoretically not impossible to obtain, presents huge 
challenges within inflationary settings. As discussed in Sec. 4, ob-
taining nT ∼ 2 within inflationary models is extremely challenging 
(and at the very least requires moving far from the single-field 
slow-roll paradigm), and the least unlikely realizations all tend to 
predict sizeable non-Gaussianities, which have not been detected. 
Alternatives to inflation can also provide a source for such a blue-
tilted SGWB spectrum, with an ekpyrotic phase being a particularly 
intriguing possibility in this sense, given the fact that such scenar-
ios naturally predict nT ∼ 2, although in this case the expected 
amplitude of the signal is far too small. Returning to the inflation-
ary realm, another difficulty concerns the fact that the required 
reheating scale has to be extremely low, below the electroweak 
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Fig. 3. Benchmark examples (consistent with data indicatively at the 2σ level) of 
SGWB spectra required to explain the NANOGrav signal while remaining consistent 
with upper limits on the tensor-to-scalar ratio on CMB scales. The three examples 
are characterized by different values of the tensor-to-scalar ratio r and tensor spec-
tral index nT , namely r = 5 × 10−11 and nT = 1.8 (blue dashed curve), r = 5 × 10−8

and nT = 1.5 (red dot-dashed curve), r = 5 × 10−5 and nT = 1.2 (green dotted 
curve). The NANOGrav signal is denoted by a brown star, with the shaded brown 
region representative of observational uncertainties. The vertical grey dot-dashed 
line indicates the pivot frequency f� ≈ 7.7 × 10−17 Hz, which corresponds to the 
pivot wavenumber k� = 0.05 Mpc−1 at which r is constrained by CMB observations.

scale, posing additional difficulties on the model-building side.14

Finally, I have provided explicit expressions for a bivariate Gaussian 
approximation to the joint posterior distribution for the intrinsic-
noise amplitude and spectral index inferred from the NANOGrav 
signal. This can facilitate extending similar simplified likelihood 
analyses to different underlying theoretical signals for which a pre-
diction for the amplitude and spectral index can easily be obtained.

Overall, it is safe to say that an inflationary interpretation of 
the signals reported in June 2023 by various PTA experiments ap-
pears exceptionally unlikely. Other cosmological sources, such as 
GWs generated by a network of cosmic strings or associated to the 
formation of primordial black holes, may provide a better expla-
nation for the signal, and I expect that such possibilities will be 
examined in significant detail elsewhere in the literature.15 Look-
ing beyond, it will be interesting to see whether the characteristics 
of the signal will be confirmed by future PTA observations, e.g. 
the forthcoming IPTA Data Release 3, which will include a total of 
80 pulsars observed for up to 24 years, with a considerably im-
proved sensitivity to spatial correlations and spectral resolutions 
compared to single-PTA datasets such as the ones considered here. 
These datasets will help clarify the origin of the SGWB, settling the 
question of whether the latter is astrophysical or cosmological in 
origin. Regardless of the outcome, it is beyond doubt that PTA ex-

14 Even if an inflationary model which overcomes such difficulties can be con-
structed, the blue spectrum would anyhow require a break at frequencies above 
PTA scales, in order not to violate upper limits on the SGWB amplitude on interfer-
ometer scales (see e.g. the model-agnostic approach in Benetti et al., 2022).
15 Besides the NANOGrav (Afzal et al., 2023) and EPTA (Antoniadis et al., 2023e) 

official publications on searches for new physics, see e.g. Liu (2023); King et al. 
(2023); Zu et al. (2023); Han et al. (2023); Lambiase et al. (2023); Ellis et al. 
(2023a); Guo et al. (2023); Megias et al. (2023); Fujikura et al. (2023); Yang et al. 
(2023b); Li et al. (2023); Deng et al. (2023); Franciolini et al. (2023b); Shen et al. 
(2023); Kitajima et al. (2023); Ellis et al. (2023b); Franciolini et al. (2023a); Wang 
et al. (2023b); Ghoshal and Strumia (2023); Bai et al. (2023); Addazi et al. (2023); 
Athron et al. (2023); Oikonomou (2023c); Kitajima and Nakayama (2023); Huang et 
al. (2023); Eichhorn et al. (2023); Buchmueller et al. (2023); Lazarides et al. (2023); 
Broadhurst et al. (2023); Cai et al. (2023); Yang et al. (2023a); Blasi et al. (2023a); 
Inomata et al. (2023); Depta et al. (2023); Gouttenoire and Vitagliano (2023); Borah 
et al. (2023a); Wang et al. (2023a); Murai and Yin (2023); Datta (2023); Barman 
et al. (2023); Bi et al. (2023); Lu and Chiang (2023); Xiao et al. (2023); Li and Xie 
(2023); Zhang et al. (2023); Anchordoqui et al. (2023); Liu et al. (2023); Konoplya 
and Zhidenko (2023); Chowdhury et al. (2023); Niu and Hossain Rahat (2023), for 
examples of works connecting the PTA signals to a variety of fundamental physics 
models.
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periments are opening a new, exciting window onto GWs produced 
in the early Universe (including potentially during inflation), at en-
ergy scales and physical regimes which are completely inaccessible 
down on Earth: the era of nHz GW astronomy is upon us.

Note added

I have independently started this work in preparation for the 
much anticipated public announcement of NANOGrav in coordina-
tion with other PTA experiment on June 29, 2023. Inevitably, by 
then NANOGrav (Afzal et al., 2023) and EPTA (Antoniadis et al., 
2023e) had already explored an inflationary interpretation of their 
results. However, they considered slightly different parametriza-
tions and ingredients (e.g. non-instantaneous reheating), and con-
versely my work discusses in more detail the difficulties associated 
to an inflationary origin of the signals, which are only alluded to 
by NANOGrav. Our results are in good overall agreement, as we 
all agree on the need for a very blue spectrum and a very low 
reheating temperature. This provides a valuable and independent 
cross-check, whereas our discussions of the results nicely comple-
ment each other.
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