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Universitat de Barcelona, Mart́ı i Franquès 1, 08028 Barcelona, Spain

2Kavli Institute for the Physics and Mathematics of the Universe (WPI),
The University of Tokyo, 277-8583, Chiba, Japan

3Center for Gravitational Physics and Quantum Information,
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan

4Leung Center for Cosmology and Particle Astrophysics,
National Taiwan University, Taipei 10617, Taiwan

5Department of Physics, Tokyo Institute of Technology,
2-12-1 Ookayama, Meguro-ku, Tokyo 152-8551, Japan

(Dated: October 4, 2023)

Recently, pulsar timing array (PTA) collaborations announced evidence for an isotropic stochastic
gravitational wave (GW) background. The origin of the PTA signal can be astrophysical or cosmo-
logical. In the latter case, the so-called secondary scalar-induced GW scenario is one of the viable
explanations, but it has a potentially serious issue of the overproduction of primordial black holes
(PBHs) due to the enhanced curvature perturbation. In this letter, we present a new interpretation
of the PTA signal. Namely, it is originated from an extra spectator tensor field that exists on top
of the metric tensor perturbation. As the energy density of the extra tensor field is always subdom-
inant, it cannot lead to the formation of PBHs. Thus our primordial-tensor-induced scenario is free
from the PBH overproduction issue.

Introduction. Very recently, many PTA collabora-
tions, NANOGrav [1], EPTA/InPTA [2], PPTA [3], and
CPTA [4], have announced that they found evidence for
an isotropic stochastic GW background. The PTA sig-
nal may be of astrophysical or cosmological origin. The
natural astrophysical candidate for the signal is the su-
permassive black holes. However, there is a mild tension
between the theory and observations [1, 5–7]. On the
other hand, many cosmological models can fit the PTA
data better [5, 7, 8]. Although it is premature to con-
clude that the signal is cosmological, it is worth clarifying
which type of cosmological models are more favored by
the PTA data. This is important at least for an obvious
reason that it enables us to constrain or exclude certain
types of cosmological models.

Among a number of cosmological origin scenarios
that have been discussed [9–23], the so-called secondary
scalar-induced GW scenario has attracted special atten-
tion [24–35], which is based on an enhancement of the
curvature perturbation on small scales during inflation
[36–40]. However, the enhancement of the curvature
perturbation compatible with the PTA signal could lead
to the overproduction of PBHs [24–26, 32–34]. In any
case, this is a nontrivial and model-dependent issue
that should be carefully examined case by case. In this
letter, in contrast to the scalar-induced GW scenario, we
show that the PTA signal can be well explained by the
primordial-tensor-induced scenario, which is completely
free from the issue of PBH overproduction.

Cosmological GW background. The equations of
motion for the metric tensor perturbation, that char-
acterizes GWs, in a spatially flat Friedmann-Lemâıtre-
Robertson-Walker background are given by

h′′
ij + 2

a′

a
h′
ij − ∂2hij = Sij , (1)

where a prime denotes derivative with respect to the con-
formal time τ , a is the scale factor, ∂2 = δij ∂2/∂xi∂xj

and Sij is the source, which may be schematically ex-
pressed in the following expansion form

Sij = O(ϵT ) +O(ϵ2S) +O(ϵ2V ) +O(ϵ2T ) + · · · , (2)

where ϵS , ϵV , and ϵT represent the amplitudes of scalar,
vector, and extra tensor perturbations. An extra ten-
sor perturbation may exist on top of the metric tensor
perturbation.
The spectral density fraction of GWs during the radi-

ation dominance is given by

ΩGW(k, τ) =
1

12

(
k

aH

)2

Ph(k, τ) , (3)

where the power spectrum of the metric ten-
sor perturbation is defined as ⟨hλ

k(τ)h
∗r
q (τ)⟩ =

(2π2/k3)Pλ
h (k, τ)δ

λrδ(k + q) with Ph(k, τ) =∑
λ Pλ

h (k, τ). Here hλ
k is the Fourier amplitude of hij

that is defined as usual hij(τ,k) =
∑

λ=+,× eλij(k̂)h
λ
k(τ),
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where eλij(k̂) is the linear polarization tensor [41].
Ignoring a time variation of the relativistic degrees of
freedom, ΩGW(k, τ) is independent of time during the
radiation dominated era.

The energy density of GWs today is related to that of
GWs during the radiation dominance, ΩGW,r(k), as

ΩGW,0(k)h
2 ∼ Ωr,0h

2ΩGW,r(k)

∼ 10−5ΩGW,r(k) , (4)

where Ωr,0 is the fraction of energy density of radiation
today and h = H0/(100 km/Mpc/s).

It is useful to first look at the contribution of the vac-
uum fluctuations of the metric tensor perturbation to
the stochastic GW background (4), which corresponds
to the case when the source term in Eq. (1) vanishes.
On CMB scales kCMB ∼ 0.05Mpc−1, the power spec-
trum of the metric tensor perturbation is constrained
as rCMB = PCMB

h /PCMB
R < 10−2 where rCMB is the

tensor-to-scalar ratio and PCMB
R is the power spectrum

of the curvature perturbation R.1 Taking into account
the CMB constraint PCMB

R ∼ 10−9 [42], we find PCMB
h <

10−11. Assuming almost scale-invariant Ph, the ampli-
tude does not change significantly at smaller scales and
therefore PPTA

h < 10−12, where kPTA ∼ 106 Mpc−1 cor-
responds to the PTA scale/frequency. Evaluating the
r.h.s. of Eq. (3) at the time of horizon-reentry k = aH
for which we can approximately replace Ph(k, τ) with
the initial power spectrum Ph(k) given on super-horizon
scale, we find ΩGW,r(k) ∼ Ph(k). Then, Eq. (4) gives
ΩPTA

GW,0(k)h
2 ∼ 10−5PPTA

h < 10−17. However, the ampli-

tude of the PTA signal is much stronger [5, 7, 8]2

10−9 ≲ ΩPTA
GW,0h

2 ≲ 10−7 . (5)

Thus, the amplitude of GWs from the vacuum metric
tensor fluctuations during inflation is much smaller than
the one observed by PTA. We, therefore, need to look
for an alternative scenario that provides an appropriate
source term for Eq. (1).

Secondary scalar-induced GWs. In the absence of
any extra tensor perturbations, the curvature perturba-
tionR, corresponding toO(ϵ2S) in Eq. (2), gives the dom-
inant contribution to the r.h.s of Eq. (1) [36–40, 44, 45]
leading to the usual scenario of the secondary scalar-
induced GWs (see [46] for a review). Looking at Eq.
(1), we see that two-point function of hij is proportional

1 More precisely, the CMB data put bound rCMB < 0.056 [42] or
rCMB < 0.034 [43] on the tensor-to-scalar ratio. Here, for our
rough estimation, we consider rCMB < 10−2.

2 The signal has larger amplitude for large frequencies and smaller
amplitude at smaller frequencies. However, for our purpose of
estimation, we consider an average value which does not change
significantly our final conclusion.

to the four-point function of R. Assuming Gaussianity
of R, we then find

PS.I.
h (k) ∼ P2

R(k) , (6)

which after substituting in (4) gives the following result
for the scalar-induced GW spectrum today,

ΩS.I.
GW,0(k)h

2 ∼ 10−5P2
R . (7)

On CMB scales kCMB ∼ 0.05Mpc−1, PCMB
R ∼ 10−9 [42].

If we simply extrapolate this magnitude of the power-
spectrum down to the PTA scale kPTA ∼ 106 Mpc−1,
we find ΩS.I.

GW,0(kPTA)h
2 ∼ 10−23 which is too small to

explain the PTA signal. Indeed, it is too small to be
detected even with the future GW detectors. However,
the PTA signal is observed at much smaller scale and PR
at the PTA scale may significantly deviate from that at
CMB scales. Assuming that power spectrum is enhanced
on small scales as 10−1 ≲ PPTA

R ≲ 10−2, one can explain
the PTA signal in scalar-induced GW scenarios [24–32].

Assuming Gaussian distribution for R, the large values
10−1 ≲ PPTA

R ≲ 10−2 may lead to the overproduction
of PBHs and scalar-induced scenario may fail to explain
the PTA signal [24]. Although this is a model-dependent
issue [47–50] and the role of non-Gaussianity and
other parameters in the model can be very important
[24–26, 33, 51–65], a careful PBH analysis is necessary
whenever the PTA signal is interpreted by the scalar-
induced GW scenario.

Primordial-tensor-induced GWs. Now, let us re-
view the primordial-tensor-induced scenario which is the
main focus of this letter. The contribution of a specta-
tor field to the GWs is usually assumed to be negligible
compared with the one coming from the curvature per-
turbation that corresponds to O(ϵ2S) in the source (2).
As it is pointed out in [66], this is not the case when
there is a spectator field that provides an extra tensor
perturbation, as it may show up at its linear order O(ϵT )
in the source (2). Therefore, even if the amplitude of the
spectator tensor perturbation is smaller than that of the
curvature perturbation O(ϵT ) ≪ O(ϵS), it will be dom-
inant when O(ϵT ) ≫ O(ϵ2S). This is the key feature of
the primordial-tensor-induced GW scenario [66].

In [66], the effective field theory approach [67] is imple-
mented to study a linear system of massless extra tensor
perturbation tij that is coupled to hij . The quadratic
action of the model is given by

S =
M2

Pl

8

∫
d3x dτ a2

[(
h′
ij

)2 − (∂ihjk)
2
]

+
1

2

∫
d3x dτ a2f2

[(
t′ij

)2 − c2t (∂itjk)
2
]

+
MPl

2

∫
d3x dτ α aa′

[
h′
ijt

ij
]
, (8)
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where MPl = 1/
√
8πG in unit ℏ = 1 = c, ct is the sound

speed of tij , and f , α are functions of time. The equations
of motion in Fourier space are

h′′λ
k + 2

a′

a
h′λ
k + k2hλ

k = − 2α

MPl

a′

a

[
t′λk +

(αaa′)′

αaa′
tλk

]
,

t′′λk + 2
(af)′

af
t′λk + c2tk

2tλk =
MPlα

2f2

a′

a
h′λ
k .

Comparing the first equation above with Eq. (1), we
clearly see that tij provides a linear tensorial source for
hij .
To make the setup simple, we assume that α vanishes

during inflation αinf = 0 while it is non-vanishing and
constant during the radiation dominance αr ̸= 0. Thus,
tensor-induced GWs only generate during radiation dom-
inance. Note that one can easily extend our analysis
to the case of αinf ̸= 0. However, as it would only
obscure the picture by bringing in inessential technical
complications, we focus on the simple case of αinf = 0.
The time dependency of ct and f makes it possible to
enhance the amplitude of tij on small sub-CMB scales
k = O(106 − 1018)Mpc−1 during inflation. Then, on su-
perhorizon scales, ignoring the small contribution from
the vacuum fluctuations of hij in comparison with the
enhanced amplitude of tij , the tensor-induced GW spec-
trum today was found as [66]

ΩT.I.
GW,0(k)h

2 ∼ 10−5Kh(k, τ)α
2
r c

2
t

Pt(k)

3M2
Pl

∼ 10−5Kh(k, τ)α
2
r Ωt,r(k) , (9)

where

Ωt,r(k) ∼
c2tPt(k)

3M2
Pl

, (10)

is the fractional energy density of tij during the radiation
dominance. In the above expression, Pt(k) is the en-
hanced dimensionless power spectrum of tij at the time
of horizon re-entry. The kernel function Kh takes into
account the evolution of the enhanced metric tensor per-
turbation from the time of horizon re-entry to any time
when its scale is deep inside the horizon. The explicit
form of Kh is given in [66]. Depending on the values of
ct and αr, Kh simplifies as

Khα
2
r ∼

{
α2
r (1− c2t )

−2 ct < 1 ,

sin2(αr∆N/2) ct = 1 .
(11)

Note that by ct < 1 we mean that ct is not very close
to unity since in that case we need to use the result for
ct = 1. The threshold can be found by looking at the
value of ct for which the expression for ct < 1 and those
for ct = 1 in Eq. (11) become of the same order.
From Eq. (11) it is clear that Khα

2
r ≤ 1 as far as

αr ≤ 1. It is interesting to note that Khα
2
r = O(1) can

be achieved in the case of ct = 1 even for αr ≪ 1 which
is needed from effective field theory point of view. This
is possible if ∆N is large enough such that αr∆N ∼ 1
for αr ≪ 1. For instance, for the PTA frequency k ∼
106 Mpc−1, ∆N ∼ 20 and ∆N−1 ∼ 0.04. Thus, αr∆N ∼
1 is possible for αr ∼ 0.04 ≪ 1. More interestingly,
αr∆N ≳ 1 is also possible for 0.04 ≲ αr < 1. For the
latter case, as it can be seen from Eq. (11), multiple
peaks structure in the spectrum shows up, leading to
an interesting phenomenology [66]. For our purpose of
estimation of the order of magnitude, we assume ct ∼ 1
and Khα

2
r ∼ 1 from now on.

Since we have assumed αinf = 0, there is no linear cou-
pling between tij and hij during inflation. Otherwise, the
CMB constraints on the tensor-to-scalar ratio would give
an upper bound on PCMB

t [67–69]. The only constraint
that we have on CMB scales is that the energy density of
tij should be subdominant during inflation Ωt,inf ≪ 1 or
c2tPt ≪ M2

Pl. This constraint can be easily satisfied for
all wavenumbers at any time.
For the small scale modes k = O(106−1018)Mpc−1, the

extra tensor modes tij contribute to the effective number
of relativistic degrees of freedom, and ∆Neff < 0.3 [70]
gives the following big bang nucleosynthesis bound [66],

Ωt,r(k) < 0.034 ; k ≳ kBBN ∼ 104 Mpc−1 . (12)

Finally, there is an important theoretical bound of
avoiding overproduction of PBHs which is the subject of
the next section.

PTA signal and PBHs formation. Now we in-
terpret the PTA signal to be originated from tij in the
tensor-induced scenario. Assuming that the enhance-
ment in Pt(k) happens at small scales, i. e. kPTA ∼
106 Mpc−1,3 the question is whether the energy density
of tij around the time of horizon re-entry is large enough
to form PBHs or not. This is characterized by the root-
mean-square amplitude σT.I.

δr
of the density contrast δr

due to tij , which is quadratic in tij . Thus we expect

σT.I.
δr ≪ Ωt,r . (13)

Applying the big bang nucleosynthesis constraint (12) to
the above, we find

σT.I.
δr ≪ 0.03 . (14)

In order to not overproduce PBHs, we need to require
σT.I.
δr

≲ 0.04 [71]. We see that this constraint is safely
satisfied.

3 Note that our model can completely match the frequency depen-
dence of the PTA signal: we can achieve any shape for Ωt,r(k) or
equivalently Pt(k) by an appropriate choice of the effective field
theory free function f .
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Now, let us look for the value of Ωt,r which is com-
patible with the PTA signal (5). From Eqs. (5) and (9),
we find that the tensor-induced GW interpretation of the
PTA signal requires

10−4 ≲ ΩPTA
t,r ≲ 10−2 . (15)

From (13), we see that the PTA signal implies
σT.I.
δr

≪ 10−2. Thus, the PTA signal can be explained in
the tensor-induced GWs scenario with totally negligible
PBH production. This result is easy to understand. The
extra tensor field whose energy density given by Eq. (15)
always remains as a spectator field. As such, it is almost
impossible for the density contrast to be large enough
to form a black hole. This is the main point of this letter.

Summary. Recently, many PTA collaborations have
announced that they found evidence of an isotropic
stochastic GW background. The origin of the signal can
be either astronomical or cosmological. While it seems
there is no convincing model of astronomical origin that
can explain the data, many cosmological models have
been discussed and examined under the PTA data. One
of the models that fit the data well is the scalar-induced
GW scenario, in which an enhancement of the curvature
perturbation on small sub-CMB scales induces large am-
plitude GWs at second order in perturbation. However,
in this scenario, the enhanced curvature perturbation po-
tentially leads to an abundant PBH production, and it
is suggested that the scenario may suffer from the PBH
overproduction.

In this letter, we have presented a new, viable
interpretation in the context of the primordial-tensor-
induced GW scenario. Namely, the PTA signal may
have originated from an extra, spectator tensor field
whose fluctuation amplitude has been enhanced during
inflation. Very interestingly, in addition to the fact
that it passes major cosmological tests like BBN and
CMB constraints, it is also completely free from the
PBH overproduction. The reason is simple: the energy
density of this extra tensor field remains always small
in comparison with the dominant component of the
universe at all times, and hence it can never give rise
to a density contrast large enough to form PBHs. This
is a distinct feature of the tensor-induced scenario,
which makes it possible to distinguish it from the usual
scalar-induced scenario.
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