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Recent pulsar timing data reported by the NANOGrav collaboration may indicate the existence of a
stochastic gravitational wave background around f ~ 10~8 Hz. We explore a possibility to generate such
low-frequency gravitational waves from a dark sector phase transition. Assuming that the dark sector is
completely decoupled from the visible sector except via the gravitational interaction, we find that some
amount of dark radiation should remain until present. The NANOGrav data implies that the amount of
dark radiation is close to the current upper bound, which may help mitigate the so-called Hubble tension.

If the existence of dark radiation is not confirmed in the future CMB-54 experiment, it would imply the
existence of new particles feebly interacting with the standard model sector at an energy scale of O(1 -

100) MeV.

© 2021 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/). Funded by SCOAP3.

1. Introduction

The direct detection of gravitational waves (GWs) by the LIGO
and Virgo collaborations [1] has opened up a fascinating era of
astronomy and cosmology that looks at our Universe through en-
tirely new eyes. Since GWs propagate without interaction, their
detection enables us to probe physics in the early Universe. While
ground-based interferometers such as LIGO and Virgo have the
best sensitivity at frequencies of around 100 Hz, searches for GWs
with lower frequencies have been also conducted or planed in var-
ious types of experiments. Future space-based GW observers such
as LISA [2], DECIGO [3], and BBO [4,5] have the best sensitivity
at frequencies of order mHz. GWs with even lower frequencies of
(O(10~9)Hz are searched for by pulsar timing array (PTA) experi-
ments such as EPTA [6], PPTA [7], and NANOGrav [8,9]. Now, the
discovery of such low frequency GWs may be right around the cor-
ner.

Recently, the NANOGrav collaboration of a PTA experiment has
analyzed their 12.5 years of data and reported a signal that may
be interpreted as a GW background [10]. One possible source of
the signal is an astrophysical GW background generated by merg-
ers of super-massive black-hole binaries [11-14]. Another possi-
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bility is a stochastic GW background emitted by a cosmic-string
network in the early Universe, which can give a favored flat spec-
trum of frequencies in the GW energy density [15,16] (see also,
e.g., Refs. [17-25] for earlier works). A stochastic GW signal associ-
ated to primordial black hole formation has also been investigated
[26,27].

In this paper, we explore an interpretation of the reported
NANOGrav signal in terms of a stochastic GW background gener-
ated by a new strongly first-order phase transition which occurred
in a dark sector. Generation of GWs from a strongly first-order
phase transition has been actively discussed. A possible detection
of GWs from the QCD phase transition through PTAs was pointed
out in Ref. [28]. GWs from a supercooled electroweak phase tran-
sition and their detection with PTAs were discussed in Ref. [29]
(see also Ref. [30]). Such a supercooled phase transition has been
known to be realized in warped extra dimension models or their
holographic duals [31-39]. GWs from dark sector phase transitions
were explored in Refs. [40-45] though they considered the case
in which the dark sector is not completely decoupled from the
visible sector. In particular, Ref. [40] discussed a range of GW fre-
quencies covered by PTAs. In this paper, we focus on the first order
phase transition in the dark sector decoupled from the visible sec-
tor. The production of GW in such a decoupled dark sector was
studied in Refs. [46,47]. As we shall see below, however, the esti-
mated GW amplitude in Ref. [46] was underestimated, and we will

0370-2693/© 2021 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/). Funded by

SCOAP3.


https://doi.org/10.1016/j.physletb.2021.136238
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2021.136238&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:m.yamada@tohoku.ac.jp
https://doi.org/10.1016/j.physletb.2021.136238
http://creativecommons.org/licenses/by/4.0/

Y. Nakai, M. Suzuki, F. Takahashi et al.

also use the updated GW spectrum taking account of the effective
lifetime of the GW sources. We derive a consistency relation be-
tween the GW energy density to explain the reported NANOGrav
signal and the allowed abundance of dark radiation components in
a dark sector. If the NANOGrav signal is confirmed, it predicts a fu-
ture discovery of dark radiation components in our Universe. The
amount of dark radiation will provide us with information on de-
tails of the phase transition. Interestingly, in some (rather realistic)
parameter space our scenario predicts ANeg ~ 0.4 - 0.5 which can
ameliorate the so-called Hubble tension [48-50].

The rest of the paper is organized as follows. In the next sec-
tion, we derive the relation between the amount of dark radiation
and the amplitude of stochastic GWs generated by a first-order
phase transition in a dark sector. Then we compare the NANOGrav
data with the GWs generated by the phase transition and discuss
its implications for the amount of dark radiation. Finally, we con-
clude and discuss a possible model of the dark sector. In Appendix,
we quote and summarize the GW spectrum generated from the
first order phase transition that is used in our numerical calcula-
tions.

2. GW and dark radiation

We consider the case in which the GW signal reported by
NANOGrav comes from the first-order phase transition in the dark
sector. As we stated in the introduction, we assume that the dark
sector is coupled to the visible sector only via the gravitational
interaction and study its implications for dark radiation. We do
not specify how the first-order phase transition occurs in the dark
sector, but describe nature of the phase transition in terms of phe-
nomenological parameters such as the wall velocity v,,, duration
of the phase transition 8~!, and an efficiency factor «; defined
later and/or in Appendix.

As the dark sector is decoupled from the visible sector, it is rea-
sonable to assume that the entropy is separately conserved in each
sector until the beginning of the phase transition and after the end
of the phase transition. We denote the entropy ratio between the
two sectors before the phase transition as R;:

Ri= 2| )

Svis [T>T,

where sp (syis) is the entropy density in the dark (visible) sector
and T, is the temperature of the visible sector at the time of the
first order phase transition. As we will see, we are interested in the
case in which the dark sector never dominates the energy density
of the Universe, so that the entropy production does not dilute par-
ticles in the visible sector much, including the baryon asymmetry.
The ratio R; is considered to be determined by the reheating pro-
cess after inflation. We take it as a free parameter, but expect it to
be neither very small nor very large, as in the case of the universal
reheating. When the phase transition is a strong first-order phase
transition, a large entropy is generated from the latent heat in the
dark sector. Denoting the entropy production factor by A(> 1), we
can express the entropy ratio after the phase transition as

R=AR;. (2)

If one assumes that the phase transition is not a strongly super-
cooled one, R ~ R; and is neither very small nor very large.

After the phase transition, some amount of energy (and en-
tropy) should remain in the dark sector that is decoupled from
the visible sector. Then, the lightest particle(s) in the dark sec-
tor should be (almost) massless and behave as dark radiation,
since otherwise the abundance of the remnant in the dark sec-
tor would easily exceed the observed dark matter density and
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overclose the Universe.! The amount of dark radiation at the re-
combination epoch, ppg.o, is calculated as

g(D) g 4/3
0
PDR.0 = Prad,0R* (—gi(:) ) ( ?[s))) . (3)
g*SO

where g.o (g«s0) and gig) (gfk?é) are the effective numbers of rel-

ativistic degrees of freedom for the energy (entropy) densities in
the visible sector and the dark sector, respectively, and a0 is
the energy density of photons and three neutrinos in the visible
sector. The subscript 0 represents the value at the recombination
epoch. This gives the extra effective neutrino number of

4/3
R \4/3 [ gD
ANegr >~ 0.49 x | —— 0 | (&s0) (4)
0.13 g0 ) \ g®@
*s0

The Planck data combined with the BAO observation and the local
Hubble measurement gives the constraint [49,51]

Neff =3.27 £0.15 (68%C.L.). (5)

The prediction in the standard cosmology is Négd) = 3.046. Note
that there is a tension between the local measurement of the Hub-
ble parameter and the Hubble parameter inferred by the Planck
and BAO with ANeg = 0. The tension is known to be relaxed if
ANegr >~ 0.4 - 0.5 [48-50], which roughly amounts to R ~ 0.1 -
0.2.

Now we shall relate the entropy ratio and the density parame-
ter of the GW. We define

o = Pvac ’ (6)
Orad, tot (T+)

where pyac is the false vacuum energy in the dark sector at the
phase transition and prad tor(T+) (= prad (Ts) + poR(TS) = 3H2M2)
is the total radiation energy density just before the phase transi-
tion. Here, we denote TSI.)) and Ti?) as the temperatures of the
dark radiation before and after the phase transition, respectively.
After the phase transition, the vacuum energy is converted into
the radiation energy in the dark sector. Using the entropy produc-
tion A, we can relate ¢’ and R as

r o
1+r 1+«

4/3
(D) /(D)
s por 8 (L)) [ gus(Ts) R4 (8)
Prad 8+(Tx) gi?)(Til})) 7
o= 7pV3C(D)
Por(T)
4/3
(D) (D) (D) (D)
_ 43| & T ) ) [ 85 (Ti) 9)
g2a) J\gda)

where we assume the instantaneous reheating after the phase
transition and use pyac + pDR(Ti?)) =g (712/30)(T$))4.

We are interested in the case in which the GW is efficiently
emitted. From this consideration, we assume that the phase tran-
sition is a strong first-order phase transition, which implies A >
O(1). In this case, we can neglect the second parenthesis in Eq. (7).

1 It is possible that dark matter is explained by a fraction of the remnants in the
dark sector, but this does not change the following discussion.
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We also note that R < 0.1, which leads to o’ >~ r « 1. Combining
Egs. (4) and (7), we obtain

D)\ 4/3
o ~0.07 <ANeff> <g> ( gis )4/3 g\ (8
’ 0.5 8x 8xs0 gig) gi]s)) ,

where g,’s are evaluated at T =T, or Tff)) like Eq. (8).

We also define «; that generically represents the fraction of
latent heat converted to the GW source labeled by i, which we
specify later and in Appendix. Since the GW comes from the
quadrupole moment, the resulting GW amplitude is proportional
to the energy density of the source squared. We also note that the
amplitude of stochastic GW is involved with two time integrals.
Motivated by this observation and taking into account the redshift
factor, we factorize the density parameter of the GW at present as
(see, e.g., Refs. [52-54])

8«(Ty) 8xs0 473
Q = Q
GW,0 XI: rad,0 < ) (g*s(T*)>

&0

Ho\* (i 2(2 ; (11)
5 ()

where H, = H(T) and Qaq,0h? =4.16 x 107> [55] with h being
the reduced Hubble parameter. Here, 8~! represents the duration
of the phase transition, defined by

1dr
Crdt’
with ' being the bubble nucleation rate. The remaining factor
Qcw.i is determined by numerical simulations and/or (semi-)an-
alytic calculations (see Appendix). In particular, it depends only on
k/B and the bubble wall velocity v,, for the GW emission from
the bubble collision under a certain assumption [54].

Using Eq. (10), we can see that the density parameter of the
GW is proportional to ANgff. These are the formula that relates
the amplitude of the GW to the amount of dark radiation A Neg.
This can be applied to any models where the GWs are emitted in
a dark sector that is completely decoupled from the visible sector
except via the gravitational interaction. Contrary to the ordinary
scenario where the phase transition occurs in the visible sector,
the amplitude of the GW is determined by «’ rather than «. Here
o’ cannot be much larger than the order 0.1 due to the constraint
on the dark radiation (see Eq. (5)).

(10)

(12)

3. GW and NANOGrav pulsar timing data

There are three possible sources of the GWs from the first-order
phase transition; the collision of true-vacuum bubbles [52,54,56-
67], the sound waves [68-71], and the turbulence [52,72-76]. For
each source, we define «; with i =bubble, SW, turb. We summa-
rize the GW spectra produced from these sources in Appendix.

Note that x; are determined by the dynamics in the dark sec-
tor, so that they are related to parameters in the dark sector such
as o rather than «’.? Since « can be larger than of order unity,
some k;j can be as large as of order unity [52,77]. To compare the
NANOGrav data, we provide the GW spectra for two cases using
the formula written in Appendix. The first case is the GW spec-
trum only from the sound wave and turbulence while the second

2 In Ref. [46], they assumed that k; are determined by o’ (corresponding to their
«), which led them to use smaller k; than the actual values. As a result, their esti-
mated GW was underestimated compared to ours.
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Fig. 1. GW spectra produced from the first-order phase transition in the dark sector
with (lower figure) and without (upper figure) the contribution from the bubble
collision. The GW amplitude is related to the amount of the dark radiation, which
is a remnant in the dark sector. The vertical arrow (blue) represents the range of
the amplitude favored by the NANOGrav 12.5 year pulsar timing data.

case is the one from all three sources. We take kb = 0.1ksw for
both cases, as suggested by numerical simulations [78]. We assume
the maximal efficiency, such as ksw = 1/1.1 in the former case and
Kbubble = ksw = 1/2.1 for the latter case.

In our numerical calculations, we take v, >~ 1 and (a/(1 +
o)) ~ 1 and set giD) = gkaO) and gi?) = gi[s)()) for simplicity. The
duration of the phase transition, 8/H,, is typically about 100 for
T, ~1—100 MeV though it can be as small as of order unity de-
pending on models [79]. We take it to be a free parameter within
(1 - 100) to show examples.

Fig. 1 shows the GW spectra produced by the first-order phase
transition and the NANOGrav 12.5 year results with older exper-
imental constraints. In the upper figure, we show the GW sig-
nals from the sound wave and turbulence with 8/H, =5 and
T. = 5.6MeV. In the lower figure, we include all three sources
with 8/H, =2 and T, = 75MeV. The red lines represent the GW
spectrum for several values of ANeg. The double-headed arrow
shows the amplitude favored by the NANOGrav 12.5 year signal
within 2-0 posterior contour when the spectrum is assumed to be
flat [10]. The blue, yellow and green shaded regions are the previ-
ous bounds from EPTA [6], NANOGrav(11yr) [80], and PPTA [81].
While the results of the NANOGrav 12.5yr are not compatible
with the older constraints, the tension is understood by the im-
provement of the pulsar red noise treatment in the NANOGrav
12.5yr [10].

In Ref. [10], they fitted the NANOGrav pulsar timing data by a
power law spectrum and a broken power law spectrum and con-
cluded that the data favor spectrum with a power of —0.5 - 1.5
around f = 3.7 x 1072, However, the most relevant data are two
bins at the first and second lowest frequencies, which can be fitted
by a spectrum with a peak at f ~ 3.7 x 1072, just like the ones in
the upper figure in Fig. 1. The spectrum shown in the lower fig-
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Fig. 2. The parameter region favored by the NANOGrav data on the AN - T, plane.
The yellow (top), blue (middle), and green (bottom) lines correspond to the case
with the peak amplitude of Qew(f)h? =2x1072 ,6x 10710 2 x 1071 at the peak
frequency of f =3.7 x 10~9 Hz, respectively. The numbers shown near the dots on
each line represent the corresponding 8/H.. The gray-shaded region is excluded by
Planck and BAO while the red-shaded regions are favored to ameliorate the Hubble
tension.

ure has a slightly positive power in the relevant frequency scale,
which is also favored by the NANOGrav data.

We also plot 8/H, on the T, - AN plane in Fig. 2. The upper
figure corresponds to the case for the GW produced by the sound
wave and turbulence while the lower one corresponds to the case
for all three sources. The yellow, blue, and green lines correspond
to the case with the peak amplitude of Qcw(f)h%2=2x10"2 ,6 x
10719 2 x 10719 for the peak frequency of f =3.7 x 102 Hz,
respectively, which are implied by the NANOGrav data. In more
details, in the lower figure, we require the peak of the bubble col-
lision corresponds to the NANOGrav data implied values. However,
we note that the NANOGrav data can also be explained by the
highest peak of the spectrum that comes from the sound wave
(rather than the one comes from the bubble collision). In this case,
the results are almost the same as the one in the upper figure even
if we include all three sources.

The numbers shown near the dots on the lines represent 8/H..
We note that 8/H, is typically as large as about 100 for realistic
cases but can be as small as O(1) for the case of, e.g., supercool-
ing phase transition. The gray-shaded region is excluded by the
Planck and BAO observations while the red-shaded region is fa-
vored to ameliorate the Hubble tension. The black-dotted line in
the upper figure is the prospected 2o sensitivity of the stage-IV
ground-based detector, CMIB-S4 [82] (see also Ref. [83] to measure
ANegs via 21 cm line observations with a similar precision). Our
scenario predicts ANeg that can be measured in the near future,
by explaining the NANOGrav data by the phase transition in the
dark sector. In fact, some parameter space is also favored to ame-
liorate the Hubble tension.
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4. Discussions and conclusions

We have discussed the implications of NANOGrav data for the
case in which the stochastic GWs are produced from the first or-
der phase transition in the dark sector, assuming that the dark
sector is completely decoupled from the visible sector except via
the gravitational interaction. Since there must be a remnant in the
dark sector after the phase transition, the GW amplitude is related
to the amount of dark radiation. Interestingly, the predicted abun-
dance of dark radiation is within the reach of CMB-S4 in the near
future. In some parameter space, the amount of dark radiation is
as large as the one preferred to ameliorate the Hubble tension. In
other words, the signal observed by NANOGrav is closely related to
the Hubble tension.

If the dark radiation is not observed in the near future, it may
imply that the dark sector is coupled to the visible sector. In this
case, T, should be larger than of order 1 - 10 MeV so that the
phase transition and the subsequent energy injection to the visible
sector should not spoil the success of the Big Bang nucleosynthe-
sis. Note that the Big Bang nucleosynthesis bound is significantly
weaker in the case of the dark sector completely decoupled from
the visible sector.

The peak frequency of the GW is related to the energy scale of
the phase transition, which we found is T, = O(1 - 100) MeV. As
the energy scale is close to the QCD scale, one may think of a pos-
sibility that the GW signal comes from the phase transition of a
dark QCD. This is the case, e.g., of a parallel world, where the dark
sector has a similar (but not exactly the same) structure to the
visible sector [84]. If the parameters in the dark sector are slightly
different from the ones in the visible sector, it is possible that the
dark-QCD phase transition is the strong first-order phase transition
and its energy scale is T, = O(1 - 100) MeV. This scenario also
provides a dark-matter candidate, which is the dark neutron. Since
the dark neutron can have a sizable self-interaction cross section,
this scenario might be confirmed by astrophysical observations for
the dark-matter density profile [85-89] (see also Refs. [90-95]).
Also the dark neutrinos behave as hot dark matter, which will mit-
igate the og tension [96,97], while the dark radiation leads to an
opposite effect on og [49].

So far we have focused on the GWs generated from a first order
phase transition in the dark sector, but it is also possible to gener-
ate similar GW spectra by considering decays of topological defects
such as domain walls and/or cosmic strings (see e.g. Ref. [98,99]).
Our consistency relation can easily be extended to these cases
as well. Also, the clockwork QCD axion [100] is known to have
an extremely complicated network of strings and domain walls
which store a large amount of energy [101,102]. The string/wall
network annihilates around the QCD phase transition, which may
produce sizable GWs with frequencies covered by the PTA experi-
ments [101].
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Appendix A. GW spectrum

In this appendix, we quote and summarize explicit values of
Qeow (see, e.g., Refs. [78,103] for more detailed discussion).

There are three possible sources of the GWs from the first-order
phase transition; the collision of true-vacuum bubbles [52,54,56-
67], the sound waves [68-71], and the turbulence [52,72-76]. The
parameters k; are given by

Pbubble

Kbubble = , (13)
Pvac
Ksw = 'OSW, (14)
IOVaC
Kturb = Prurb s (15)
pVaC

where pPpupbles Osw, and pwp are the energy densities of a thin
shell around the bubble wall, bulk motion of the fluid, and tur-
bulence, respectively. Here, ppupple Should be evaluated just before
the end of the phase transition while psw and pyp should be
evaluated just after the phase transition.

As we stated in the main part of this paper, Qcw is a func-
tion of k/B and v,, for the GW emission from the bubble collision.
On the other hand, it includes a factor of 8/H, and other time
scales for the GW emission from the sound wave and magnetohy-
drodynamics turbulence because the duration of the GW emission
from these sources is relatively long [73]. It is enhanced by a
factor of (8/H.)(1 —1/4/1+ 2tswH) for the GW emission from
the sound wave, where tg, >~ (87T)1/3VW/(,BUf) is the sound-wave
period [104-107] and U% ~ (3/4)kswee/(1 + «) is the root-mean-
square four-velocity of the plasma [70,71]. In our numerical cal-
culation, we take Ufr = Kksw. On another hand, it is enhanced by
a factor of (8/H.)(opr/Prurb) /% for the emission from the turbu-
lence [76].

The GW spectra produced by the bubble collision [61], sound
waves [70,108], and turbulence [73,109]? are given by

~ 0.11v3,

Qcw, bubble (f) = 1.0 (M) Foubble(f), (16)
N _ BN(, 1

QGW,sw(f)—O-lsvw <H*) (1 —m> Fsw(f), (17)
_ ~1/2

Qaw v (f) ~ 20 vy (Hﬁ> (%) Frarn (), (18)

respectively, where

o 3:8(f/ foupble)*®
Foubble (f) = (1 +2‘8(f/fbubble)3'8) , (19)
A
Fsw(f)=|— _ , 20
o <fsw 443(f/fsw)? 20
3
Fturb(f) _ (f/fturb) (21)

A+ (f/ fram) 31 + 87 f/hy)

3 Since fzcwytu,b is the one for the magnetohydrodynamics turbulence, we implic-
itly assume that the dark sector has a gauge interaction. As discussed in Ref. [70],
however, this contribution is subdominant and this assumption does not change our
result.
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Here, f is the frequency today and h, is the Hubble parameter at
T =T, that is redshifted today:

h,~1.1x10-8Hz x [ ( Ex )]/2( Exs )_1/3
T 0.1GeV ) \10.75 10.75 :

(22)
The peak frequencies fhubble, fsw, and fiurp are given by
f ~1.1x 10—8Hz< 0.62 )G(ﬂ/H T.)
bubble — 1. 1.8—0.1\/,,.,—}—\/%,, s 1x),
(23)
1
fow>13x 1078 Hz x V—G(ﬂ/H*, T.), (24)
w
1
feurb ~ 1.9 x 1078 Hz x v—G(ﬁ/H*,T*), (25)
w
where
B T. 8 \2/ 8 713
G(B/Hy. Ty) = — ( ) .
(B/Hs. To) (H* 0.1Gev / \10.75 (10.75)
(26)

If the vacuum bubble interacts with the thermal plasma
strongly enough and if the energy density of the thermal plasma
in the dark sector is large enough, the accelerating bubble wall
receives a large friction from the interaction with the thermal
plasma [110]. As a result, the bubble wall velocity may reach a
terminal velocity to balance between the friction effect and the
pressure due to the false-vacuum energy. Then most of the kinetic
energy of the accelerating bubble wall is injected into the thermal
bath. In this case, sound wave and turbulence of the plasma are
the main sources of GWs. On the other hand, if the interaction be-
tween the vacuum bubble and the thermal plasma is not strong
enough or the energy density of the thermal plasma in the dark
sector is not large enough, the bulk energy is negligible and the
bubble collision is the dominant source of GWs [78]. This is the
case for e.g., a significant supercooling (i.e., the case of A > 1). In
the intermediate case, all three sources are relevant.
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