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We explore the irreducible cosmological implications of a singlet real scalar field. Our focus is on
theories with an approximate and spontaneously broken Z, symmetry where quasistable domain walls can
form at early times. This seemingly simple framework bears a wealth of phenomenological implications
that can be tackled by means of different cosmological and astrophysical probes. We elucidate the
connection between domain wall dynamics and the production of dark matter and gravitational waves. In
particular, we identify three main benchmark scenarios. The gravitational wave signal observed by pulsar
timing arrays can be generated by the domain walls if the mass of the singlet is m; ~ PeV. For lower
masses, but with m; 2 10 GeV, scalars produced in the annihilation of the domain walls can be dark matter
with a distinctive feature in their power spectrum. Finally, the thermal bath provides an unavoidable source
of unstable scalars via the freeze-in mechanism whose subsequent decays can be tested by their imprints on

cosmological and terrestrial observables.
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I. INTRODUCTION

The observed evidence for dark matter (DM) at vastly
different astrophysical and cosmological length scales
provides undeniable evidence for the need for physics
beyond the Standard Model (SM) [1,2]. The lack of new
physics signals at the Large Hadron Collider (LHC) and at
direct and indirect searches has been putting weak scale
models under siege in the last few years [3]. New feebly
coupled degrees of freedom arise naturally in motivated
frameworks for physics beyond the SM, and in some
regions of the parameter space are viable DM candidates.
They are very difficult to look for in terrestrial experiments
due to their tiny interactions with visible particles.
However, the early Universe provides a unique laboratory
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to investigate this kind of theoretical framework because of
the high energies and/or densities achieved across the
expansion history.

In this work, we reconsider the simplest (in terms of the
number of new degrees of freedom) SM extension: the
addition of a singlet real scalar field S. Within this
framework, which has been studied in various contexts,
the only renormalizable interactions for the new field are
with the SM Higgs doublet H and appear in the scalar
potential. The case where the theory has a Z, symmetry,
with S the only field that is odd under it, has all the
ingredients to provide a viable DM candidate if S not
develop a vacuum expectation value (vev) [4—19]. Another
interesting case is for Higgs portal interactions large
enough and scalar masses near the electroweak scale since
this new degrees of freedom can enable a first-order
electroweak phase transition needed for electroweak baryo-
genesis [20-34]. Despite its simplicity, the real scalar
appears in countless low energy spectra of more elaborated
models and it offers a proxy to study topological defects
that can form in the early Universe [35-40].

Our focus is on the scenarios where this framework has
an approximate discrete Z, symmetry. We consider the
parameter space region where, even in the absence of the
tiny Z,-breaking terms, the discrete symmetry is not
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respected by the global minimum of the zero temperature
scalar potential. We describe how this spontaneous break-
ing is responsible for the formation of cosmological defects
in the form of domain walls (DW). The DW network is
long-lived and acquires a large energy density that it will
eventually release when explicit Z,-breaking terms become
important. The production of gravitational waves (GWs)
and other light quanta at such a time is believed to be
sizeable [41-51]. The spontaneous breaking is the main
source that renders the scalar unstable, and depending upon
the size of the portal couplings it can decays during the first
stages of the expansion history or even be cosmologically
stable. Both these limits are interesting: the former allows
us to constrain the scenario if the scalar was produced in the
early universe while the latter opens up the possibility for
the scalar to contribute to the observed DM abundance.

We introduce the theoretical framework in Sec. II. In

particular, we identify the Z,-preserving and violating parts
in the scalar potential. The latter is a subdominant correc-
tion that becomes relevant only when we consider the
annihilation of DW. Thus we discuss the mass spectrum,
the scalar lifetime, and the thermal corrections in the
Z,-preserving limit. The dynamics of DW production,
both thermal and nonthermal, and annihilation are dis-
cussed in Sec. III. The parameter space is rather broad, and
depending on the size of the scalar mass and the portal
coupling with the SM Higgs doublet we have rather distinct
phenomenology that spans from GW production to DM
production. In the intermediate region where the new scalar
is not enough long-lived to account for DM and the GW
signal is not detectable, there is an unavoidable production
from the thermal bath via the freeze-in mechanism that can
leave an imprint on cosmological and terrestrial observ-
ables. Thus we identify the following three main bench-
mark scenarios.

(i) Gravitational waves. If DWs annihilate close to DW
domination and before big bang nucleosynthesis
(BBN) we can target the parameter space with GWs.
Several pulsar timing array (PTA) collaborations
have recently reported evidence for a GW back-
ground at nHz frequencies [52-55] and various
groups have studied if that signal could arise from
DW annihilation [56—-61]. As shown in Ref. [58], the
stochastic GW background generated by a DW
network gives, in fact, a relatively good fit to the
NANOGrav 15-year data. This is the subject
of Sec. IV.

(i) Dark matter. DW annihilation can produce a pop-
ulation of cosmologically stable scalars. In this case,
DM may be produced at rather late times, with
temperatures as low as the one of matter-radiation
equality, and we show how matter power spectrum
data can strongly constrain this scenario. This
analysis can be found in Sec. V.

(i) Unavoidable freeze-in. If DW annihilation is not
phenomenologically relevant, we explore the impact

of the new scalar in a more standard scenario where
its interactions allow for freeze-in production via
decays and scatterings involving thermal bath par-
ticles. Depending on the size of the portal coupling,
we explore different bounds from BBN, the cosmic
microwave background (CMB), and x-ray searches.
This unavoidable source of scalars and the associ-
ated constraints are described in Sec. VI.
The content of the three sections described above is rather
technical. Readers not interested in technicalities can safely
jump to the summary provided in the final Sec. VII where
the main results of this work are compactly summarized by
the plot in Fig. 4.

II. THE FRAMEWORK

In this section, we introduce the particle physics frame-
work that is the subject of our study. The only new degree
of freedom that we add to the SM field content is a
real scalar S, and we assume it to be a singlet under the SM
gauge group. Within this simple framework, the full
Lagrangian takes the schematic form

1
E:ESM+§(0MS)2+VZZ(H,S)+V¢2(H,S)+V0 (1)

The first term on the right-hand side is the well-known SM
Lagrangian, and it contains the pure SM potential terms for
the Higgs doublet field H

—Lsm D Vsm(H) = —py|H* + Ay|H|*. (2)

This part of the SM Lagrangian is particularly relevant to
the upcoming analysis because the gauge neutrality of S
allows for several new interactions but only in the scalar
potential. We introduce a Z, symmetry to classify them,
and we impose that all SM fields are even under it while S is
odd. The Z,-preserving contribution reads

ﬂ?s As Ap
Vz, (H,S) =228 4+=28*+—S|H|. (3)
2 2 4 2
Up to a tadpole term for S, that can be redefined away, we
have also a Z,-breaking part

Vy (Hos) = S|HP =52 s, (4)

Finally, the constant V, is chosen to make the potential
vanishing once evaluated in the global minimum. The
requirement that the potential is bounded from below
translates into Ay > 0, Ag > 0, and Ap > —2+/Ayds.

The focus of this work is on the parameter space region
where the scalar potential supports the formation of
quasistable DWSs. This requires two conditions: First, the
field S needs to develop a nonvanishing vev even in the
Z,-symmetric limit. Thus, the discrete symmetry needs to
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FIG. 1. An illustration of the scalar potential for S in the limit
when the portal quartic interaction with the SM Higgs doublet is
suppressed, 1p < 1. The dashed line shows the Z,-symmetric
contribution whereas the solid line includes the bias term
u3 = 0.0545vg (we set u; = 0). The constant V,, is set to have
a vanishing potential when the scalar field sits at the positive
minimum, V(vg > 0) = 0.

be spontaneously broken. Before we add Z,-breaking
terms, the scalar potential has two degenerate minima
for (S) = +wg. If we do not consider other potential terms,
the DWs are cosmologically stable and the scenario is not
viable. Thus, the second condition is an explicit breaking of
the Z, symmetry via the y; or us bias term that lifts the
degeneracy between the minima. For simplicity, we con-
sider only a nonzero y5; and set y; = 0.' The effect of this
bias on the scalar potential part that depends on S only for
uy = 0.054gvg and Ap <« 1 is illustrated in Fig. 1.

As a side note, we observe that DWs can form also for
parameter space regions where S has a vanishing vev as
long as 1p < —31g/2 [see Eq. (19)]. However, they exist
only before the electroweak phase transition and can trigger
it [62-64]. Here, we focus instead on the case (S) #0
where the DWs can be long-lived.

In the remainder of this section, we will discuss the scalar
mass spectrum with a focus on the mixing between the
radial model of the SM Higgs doublet H and S. The
resulting mixing angle € controls the lifetime of the mostly-
singlet scalar mass eigenstate. We will list all possible
decays modes, evaluate the branching ratios, and quantify
the lifetime. Finally, we will discuss briefly the thermal
corrections to the scalar potential that are relevant for the
continuation of this analysis. We will always work in the
limit where the bias term 5 is much smaller than the other
dimensionful parameters in the scalar potential. In other
words, we will discuss spectrum and interactions in the
Z,-symmetric limit.

'The main difference in the case of ju; # 0and p3 = 0 s that the
bias term becomes relevant only after H gets a nonzero vacuum
expectation value in the electroweak symmetry breaking. Then,
the DW annihilation would happen only at T, < 100 GeV.

A. Mass spectrum

We expand both scalars around their vevs, and we take
the unitary gauge for the SM Higgs doublet

H = ) S=vs+5. (5)

1 < 0
\/i Uy + h/
The primed notation is to save the symbols without the

prime for mass eigenstates. Keeping only Z,-preserving
terms, the explicit expressions for the vevs read

yi 2\ 1/2 22 -1/2
-y (. I (- ,
\/)VH 2/15 ,MH 4/1[.1)«5

1o w2\ 1/2 12\ -1/2
- QT (< . (6)
Vs 20y ps 4 ls

The limiting expressions valid for small portal couplings
are easily obtained from the results above. The condition
for the minimum of the potential to be at /' =5 =0
can be read from (6) by requiring that the vevs are
real. Explicitly, these conditions correspond to Ap <
2 min[Aspz/ 13, At/ #irs N Ans)-

The mass matrix for the scalar fields contains a mixing
term between A’ and s’ that is proportional to the quartic
coupling, and it explicitly reads

20502
M2 _ ( HYH (7)

ﬂPUHUS
lp'UH’US

21511%

The off-diagonal terms go to zero if we switch off the portal
interaction. We introduce the mass eigenstates

n cosf —sin@\ [ h
/ = . * (8)
s sinf  cos® s
For a two-dimensional mass matrix the mixing angle € can
be found analytically and it results in

A
tan(29) = % .
H S

©)

A sizable mixing angle affects Higgs couplings and
impacts collider phenomenology (see, e.g., Refs. [65,66]).
In this work, we always work in the 8 < 1 so that the
modifications to the couplings of the SM-like Higgs boson
h are harmless. A small mixing angle can be achieved either
because the portal coupling 1p is small or there is a large
hierarchy between vg and wvy. Either way, the mass
spectrum in this regime results in

my, ~ 2/11.1111.1,

2/15’[)5. (10)

my =
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With the only exception of the region mj ~ m; where
6 = n/4, in the small mixing angle regime we can use the
approximate expression

A mymg

P
RV /‘LHlls m%, - m?

= 11
0w (1)

B. Singlet decay modes and lifetime

The mostly singlet mass eigenstate s is unstable even in
the Z,-symmetric limit as a consequence of the non-
vanishing vg. We evaluate its lifetime and quantify the
branching ratios for its decay modes. If one looks at the
scalar potential, the only possible final state is a pair of
Higgs bosons (kinematically allowed if mg > 2m,,). The
operator mediating this decay reads

2

Vi = DshhﬂPUSS? (12)

and the explicit expression for the dimensionless coefficient
Dy, is obtained by expressing the scalar potential in the

mass eigenbasis
y)
<l -3 ﬁ) tan 6

—S> tan’6 — U—Htan3¢9} (13)
P Us

A
-211-3
(13

The corresponding decay width reads

Dy, = cos*0 {1 1ol
Us

202 4m?
r =p? PS5 J1 " 14
s=hh Shh 30 7em m? (14)
10_9 I‘ T T h T \ ‘I I‘ T
10—12 | N l:: & Lv: J‘r\": E:
A T
1 1 L 1 .2
(U o | E
— | \ Lo | =y
= : N | : 5
U N | g
1 ] 1 L 1 B
10—21 L : H : : h
10—24 I‘ 1 1 H ! : d‘l 1 : !
104 103 102 01 1 10 102 103 10*
my/GeV

The field s decays to other SM particles through the
mixing. For each final state XX of SM Higgs boson decays,
the partial width for s — XX is given by

(15)

with T'j,_ xx(m,) the SM Higgs boson partial decay width
for the XX final state as a function of its mass [67,68]. We
employ the estimates derived in [69] for the decays to pions
and kaons and include the QCD corrections derived in [70]
for quark final states.

To summarize, the total decay width reads

Iioxx = Sinzerhﬁxx(mb‘)

FS = Fs—>hh + Sinzgrh (m\) (16)
The lifetime of s, which is defined as 7, = 1/I';, depends
only on the absolute value of the mixing angle € and not
on its sign. The orange line in the left panel of Fig. 2
shows for what values of m, and || the lifetime of s equals
the present age of the Universe, #, = 13.8 x 10° yr. For
the parameter space region above the orange curve, s is
not a viable DM candidate because it would not be present
anymore today. In the region below, the lifetime of s is
long enough for it to be present until today. However, as
we will discuss in Sec. V, it is not enough to impose that s
survives until today because there are further constraints
due to late-time decays of s affecting the CMB anisotropy
spectrum and leading to signals in current searches. The
discussion of these bounds require the knowledge of the
dominant decay channel which dependents on what mass
region we are investigating. To ease this analysis, we show
in the right panel of Fig. 2 the branching ratios as a
function of m.

We conclude this discussion with analytical estimates
valid in the high mass limit, m, > my,, where I',(m,) in

1.0

Y -
—_ eTe™
0.8} 1 T
—_
06 — ctcT
T ] b*b-
e
04f ] .
— KK
02} ('\./‘_ —
H —_ Wrw-
00 LY Al -~
104 103 102 01 1 10 402 103 10* -- ik
my/GeV

FIG. 2. Left panel: absolute value of the mixing angle 6 as a function of m, needed to ensure that the mostly-singlet s lifetime equals
the present age of the Universe. The vertical dashed lines identifies the masses where some decay channels open up. Right panel:

branching ratios of s in the small mixing angle limit.
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Eq. (16) is dominated by decays to weak gauge bosons.
For this specific channel we find the expression

Gpmy, N 33
1627~ 32am,

Ioyy = 0* oy, (17)

where 6y = {1,2} for V ={Z,W}. We notice that we
recover the relations 'y y+y- = 20,z = 20, for
such high masses. These results are consistent with scalar
decays mediated by the portal operator proportional to Ap,
and the final state weak bosons identified as the would-be
Goldstone bosons that provide the longitudinal polariza-
tions to the weak gauge bosons.

C. Thermal corrections

If the scalar field S reaches equilibrium with the SM
bath, it gets thermal corrections and it also affects the ones
for the Higgs field. At leading order, these can be
approximated with thermal mass terms

ps(T)* = ps = csT?,
pu(T)? = uy — T, (18)

where

1
=1 (24p + 34s).

oy = % (997 + 39y + 12y7 + 242y + 24p).  (19)
These corrections stabilize the Higgs field to |[H| =0 at
high temperatures. Furthermore, the singlet field is also
stabilized to |S| = 0 at high T if 1, > —34g/2. As already
mentioned, this is the parameter space region investigated
in this work.

III. DOMAIN WALLS DYNAMICS

DWs are field configurations where S interpolates
between the two minima located at S~ +wvg, and they
are realized if S ends up in different minima of its potential
in different patches of the Universe. This section is devoted
to discussing the dynamics of these field configurations. In
particular, we will explain how DWs can be formed in the
early Universe, and how the bias term provides a mecha-
nism for their annihilation.

A. DW production I: Thermal

If the field S reaches thermal equilibrium with the SM
bath then the DW production mechanism is thermal. We
notice how thermal production happens even if S is
decoupled from the SM bath but is able to self-thermalize
with a different temperature. One example of this latter case
is for inflaton decays into relativistic S particles and the
self-coupling of S is sufficiently strong.

In this study, we consider only the former scenario where
S thermalizes with the SM bath. Above the weak scale, the
interaction rate reads approximately I'p = ng(ov) =~
(¢(3)43T)/(1673). This has to be compared with the
expansion rate quantified by the Hubble parameter
H =~ [z\/q.(T)/(33/10)]T>/Mp,, where g.(T) denotes
the effective number of relativistic degrees of freedom.
Throughout this work, we will neglect the difference
between the effective number of relativistic degrees of
freedom contributing to the energy and entropy densities.
Thermalization is dominated in the infrared since the portal
operator is marginal and equilibrium is reached if I'p/H is
of order unity at the weak scale. This imposes the condition
|Ap| 2 1077. For a detailed analysis of thermalization
through this portal, see, e.g., Ref. [13].

If thermalization is achieved, thermal effects stabilize the
scalar at S = O at high temperatures since our focus is on
the parameter space region where Ap > —31g/2 [see
Egs. (18) and (19)]. This happens when the temperature
is larger than the critical value

/lpvi, + 2/151J§
T =VO\|l—(—=, 20
“ Ve 2Ap + 34g (20)

The quantities v and v ¢ appearing in the equation above are
the zero temperature vevs for the Higgs doublet H and the
scalar singlet S, respectively, and their explicit expressions
can be found in Eq. (6). As the temperature drops below T,
the field S develops a nonvanishing vev. For this scenario, an
important condition to be satisfied is having a reheating
temperature after inflation 7', larger than T'... We express
this condition in the limit 1p <« Ag and vy < vg where we
approximate T, ~ v/2m,/+/4s. Upon assuming instanta-
neous thermalization, the condition 7, > T, can be
written as a lower bound on the Hubble parameter during
inflation

T Y1172
Hing 2 2.9 x 1078 GeVﬂgl |:g*< reh):| |: my

107.75 | |100 TeV] - (21)

Here, we use as a reference value g,(7,,) = 107.75 that
accounts for the full SM bath contribution as well as the
presence of S in thermal equilibrium with the rest.

B. DW production II: Nonthermal

A drastically different scenario has the field S never in
thermal equilibrium neither with the SM bath nor with
itself. This is the second scenario we study, and it requires
that the couplings to SM fields and the abundance of S or its
self-couplings are sufficiently small. The formation of the
DW network in this case depends on whether the symmetry
was ever effectively restored in the early Universe, similar
to the discussion of pre- and postinflationary QCD axion
scenarios. DWs are not formed if vg > H;,; since our
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Hubble patch only experiences one vacuum. Contrarily to
the QCD axion case, there is a nonvanishing potential for
the field S that can drive the field itself near the minimum if
inflation lasts long enough. However, even if the vev of S is
much larger than the Hubble scale of inflation, some energy
can still be stored in the field S if Hjy; > mg.

In the opposite regime, H;,r > vg, the inflationary
fluctuations assist transitions between the minima [71].
These transitions can be effective down to the smallest
scales that exit the horizon during the primordial inflation.
This restores the symmetry statistically and leads to the
formation of DWs after inflation [72]. For this scenario, in
addition to the requirement that H;,; > vg, the quartic
coupling needs to be sufficiently large: Consider a patch of
size ky! where S = +wvg. The probability that a patch of
size k~! inside that patch transitions to the minimum at
S = Fog is

Pj:175—>:|:1;s =1- e_A(k/k0)3v (22)
where [73]
V) 22 Avt
A~ S2 exp {— ﬂ fvs]. (23)
Vir 3Hs

For the transition probability to be higher than 50% we
need Ag > 100(ky/k)®. This implies that, for example,
patches that exited the horizon more than 2e-folds before
the end of inflation are populated fully randomly between
the two minima if Ag > 1073,

Alternatively to the fluctuations, there can be a coupling
between the singlet and the inflaton or the Ricci scalar that
stabilizes S = 0 during inflation and the DWs form at the
end of the inflation when S = 0 becomes a local maximum.

C. DW annihilation

Regardless of the formation mechanism, the DW dynam-
ics at early stages is determined by the surface tension of
the walls defined as

o= / dsvav. (24)

Here, the integral is computed between the two vacua. The
DWs quickly reach the scaling solution [50,74-76] in
which their energy density scales as ppw o @~ and the
DW curvature radius is ~1/H(T).

A small Z,-breaking bias term makes the DWs quasi-
stable. The scaling solution holds as long as the energy gap
AV between the two vacua is subdominant with respect to
the tension o. Eventually, AV starts to drive the collapse of
patches with a higher potential energy, and the DWs
annihilate at the temperature T, that satisfies the follow-
ing relation

OH(T ) = AV. (25)

Evaluating T,,, requires the knowledge of both AV and
o. In the nonthermal scenario the singlet is practically
disconnected from the Higgs field and we can perform the
DW computations purely in terms of the singlet parameters
U3, w3 and Ag. The thermal case can be more complicated
and, in general, the computations should be performed
accounting for the dynamics of both H and S. However, as
we will see shortly, in the thermal case we are interested
only in the regime where the mass of s is much larger than
the weak scale. Then, the formation of DWs happens at
T.. > vy and, even if the electroweak phase transition
happens before the DWs annihilate, the effect of the Higgs
vev on the DW dynamics is negligible because vg > vy.
Moreover, if the bias term is sufficiently small, the
annihilation happens at T,,, < v5 and even the thermal
corrections can be neglected. So, in both thermal and
nonthermal cases the DW tension and the potential energy
bias are given by

2 3
AV = 5/43115,
2V2
o= T\/—«/ﬂsvg. (26)

Thus the annihilation temperature results in

g*(Tann) ~1/4 —1/4 | K3 12
T. 23 Tey L\ am) L G
am % 23 CV[ 100 } s ey (27)

Reaching the scaling solution before DWs annihilate is
not guaranteed. Recent simulations [51] indicate that this is
achieved if 4AV/(my0) <0.005, and this happens for
u3 < 0.0024/Agm,. In addition, in the thermal case, we
need to make sure that 6H(T;) > AV as otherwise the
DWs never form. As already mentioned in the paragraph
above, we are interested in thermal DW formation only for
mg >> vy, and in this regime the constraint translates into
an upper bound on the bias term

AS g*(Tcr) 172 ng 2
<120 eV—Y . (28
#s 2,132 | 100 100 TeV (28)

The above condition for u3 guarantees that T, < vg.

If the annihilation is delayed for a long enough time,
the DWs dominate over the radiation energy density,
ocH(T) > p,(T). As discussed in Sec. IV, this is constrained
by GW formation in the annihilation process.

IV. GRAVITATIONAL WAVES

The long-lived DW network emits GWs (see [77,78] for
reviews). The resulting GW spectrum is
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1Q 3
Qow (f) = Qawp {ZQCC%(J;I’)) + é_lfip

~—

r, (29

where Qg , denotes the peak amplitude, f, the peak
frequency, and the function Q¢ (f) is defined at the end of
this paragraph. The current value of the peak amplitude
QGw,p can be derived by starting from its value at the time
when the DWs annihilate [49]

€GW~’4262

= (30)
8ﬂM}%1pr(Tann)

QGW,p (Tann)

where p,.(T) denotes the radiation energy density. The
efficiency parameter is set to egw =~ 0.7, and the area
parameter to A ~0.7 as obtained from numerical simu-
lations [49,50]. Assuming instantaneous reheating after the
DW annihilation and using the condition in Eq. (25), we
can redshift the above quantity and identify the peak
amplitude today

QGW’p - QGWP(Tann)Qr(TO) |: g*(TO) :| :

g*(Tann)
100 113[ o ]4[GeV*)?
~25%107° . (31

Consistently with our conventions, we approximate the
number of entropic degrees of freedom g,,(7) with the
number of effective degrees of freedom ¢, (7') contributing
to the radiation energy density. For numerical values at
the current temperature T,, we set g¢,(7T,)~3.91 and
Q,.(Ty) ~5.4x 107, The peak frequency is given by
the horizon size at the time of the DW annihilation,
corresponding to the present frequency of

=g L)
~ 26 nHz {g* (]Tog‘")] v [&V} . (32)

Here, we introduce the Robertson-Walker scale factor a(7T')
which is a function of the thermal bath temperature. For
scales that were outside the horizon at the time of GW
production, which correspond to frequencies f < f, the
spectrum follows the causality tail [58,79] scaling roughly
as Qcr(f) o« f? [58,79-81]. At large frequencies, f > f,,
the spectrum falls as Qgw (f) o f7L.

For the real scalar singlet studied in this paper, using
vy = my/+/24g, we find the following parameters for the
spectrum

56x107#[ 100 113[eV]2[ m, 16
Qqwp ~ ; 5l [eoTey]

Ag (T aon i3 | [100 TeV
100 1/12 _1ya | M3 1/2
~ 0.6 mH — .
fp O 6 e |:g*<Td[1n):| ls eV (33)

We estimate the parameter space regions that can be
probed with the future GW experiments by computing the
signal-to-noise ratio,

o Qew (f )} :

SNR \/T/df{ Q) | (34)
where 7 denotes the observation time and Q,(f) character-
izes noise. In addition to the instrumental noise of the
detector, we include in Q,(f) the noise from galactic and
extragalactic compact binary foregrounds as in [82]. In
Fig. 3 we show for Ag = 0.1 the regions where SNR > 8 in
T =4 yr is obtained with ET [83], AEDGE [84,85] and
LISA [86,87]. The gray regions are excluded by the CMB
and BBN constraints on the contribution of the total
abundance of GWs, Qgw o ¥ 2Qaw, on the effective
number of relativistic degrees of freedom [88,89].2 On
the other hand, BBN and CMB observations require that
Ton =5 MeV [90,91], corresponding to usz = 1074 eV,
which is left from the range plotted in Fig. 3. These are the
strongest constraints on m, and u3 assuming that the DW
annihilation products decay to the SM sector sufficiently
quickly before BBN, 7z, < 1 s. Instead, the solid black line
in the left panel of Fig. 3 shows where DW annihilations
produce a DM abundance that matches the observed one if
s is enough long-lived [we discuss this in the next section,
see Eq. (38)]. The parameter space above that line is
excluded if s is stable on cosmological timescales.

Thus, the parameter regime where the GW signal in the
real singlet scalar model is detectable with PTAs, LISA,
AEDGE or ET does not include a DM candidate but it is
possible to extend the model, e.g., with a fermion that
interacts with s and can play the role of DM [92].
Moreover, interestingly, the DW annihilation can lead to
formation of a large primordial black hole (PBH) abun-
dance [59,93-97]. In particular, the PTA result points to the
region where a large abundance of 0.1 — 100M, PBHs
might be generated in the DW network collapse [59,95,96].
They cannot constitute all DM [98] but they provide a
testable signatures. In particular, they form efficiently
binaries whose GW signals can be searched with current
and future GW detectors [99]. Instead, the asteroidal mass
window, where PBHs can constitute all DM, corresponds to

*Notice that the dependence of the GW spectrum on g is much
weaker than on m, and p5. For example, reducing A by six orders
of magnitude moves the boundary of the gray region to lower 1,
values by one order of magnitude and the peak frequency and,
consequently, the sensitivity ranges of the GW experiments to
higher u; values by three orders of magnitude.
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FIG. 3. Left panel: the projected sensitivities (SNR > 8) of LISA, AEDGE and ET on GW background generated by DWs in the real
scalar singlet model with 4g = 0.1. The vertical dashed contours indicate the peak frequency of the GW signal, f|, « T,,,. Along the
solid black line, the observed DM abundance in s is generated from DW annihilation and the region above it is excluded by DM
overproduction if s is quasistable. The gray region is excluded by constraints from CMB and BBN on the total abundance of GWs and in
the thermal DW scenario the DWs form only in the region above the dashed brown line. Right panel: a zoom of the left panel in the

region of the PTA fit.

GW background from DW annihilation peaks at frequen-
cies 0.01 £f,/Hz<1 and is in the range of LISA,
AEDGE and ET [96].

The best fit DW interpretation of the PTA signal is
obtained for T,,~0.85GeV and a,=0cH(Ty,)/
P (Tann) = 0.11 [58] which translates to ¢!/ ~ 0.91 PeV.
In the real singlet scalar model this corresponds to u3 =~
0.4v/ZsneV and v~ 0.925"/° PeV, giving m, ~ 1y> PeV.
This point is indicated by the purple dot in the left panel of
Fig. 3 and in the right panel we show the 1, 2 and 3¢
confidence level regions of the fit. The fit shows a high
correlation between the model parameters because the fit is
obtained mostly from the low-frequency tail of the spec-
trum where the signal remains roughly intact for constant
Qcw/ fg. Interestingly, a large part of the parameter space
that gives a good fit produces a GW background detectable
with LISA. In the thermal case, the formation of DWs that
could produce the PTA signal requires that the reheating

temperature after inflation is 7" 2 PeV/IEI/ 6, whereas in the
nonthermal case the Hubble scale during inflation needs to
be H;,; > m, which, assuming instantaneous thermaliza-

tion, corresponds to temperature T = 10° PeVA;/ 3,

Recently, Refs. [96,100] found that the GW spectrum
from DWs is enhanced compared to the result of [49] by
more than an order of magnitude because of the GW
production during the DW annihilation. This also shifts the
peak to lower frequencies by more than a half. However,
precise fitting factors were not provided in [96,100] so we
have used the results of [49]. These extra factors would
simply slightly shift our GW results shown in Fig. 3
dominantly toward smaller ys.

V. DARK MATTER

We now turn to another important consequence of the
formation of quasistable DW in the early Universe. The
annihilation of the long-lived DW network produces s
particles that are dominantly nonrelativistic. If the field s is
enough long-lived to survive until today, this is an addi-
tional DM production mechanism besides freeze-in and/or
freeze-out mediated by the portal operator.

In this section, we study the phenomenology of DM
produced via DW annihilations. Using the exact scaling
solution, the energy density of s particles after the DW
annihilation matches the one of the DWs just before they
annihilate

ps(Tann) NPDW(Tann) = AGH(T&HH)’ (35)
where A denotes the area parameter. Then, the current
energy density of s can be obtained by rescaling its value at
the DW annihilation epoch. We define Tyg as the temper-
ature when s particles enter the nonrelativistic regime, and
we introduce the parameter ¢, describing how energetic s
particles are after production via the relation E; =~ e¢,my.
Thus, s particles enter the nonrelativistic regime when the
value of the cosmic scale factor is a(Twgr) = €,a(T 4y ). The
rescaling of the s energy density is achieved as follows

a(Tam)} ! [a(TNR)] ’

a(Txg)] | a(To)

ps<T0) - ps(Tann) |:

(36)
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We use the value found in Ref. [50] for ¢, and A2 These
were obtained from simulations of a complex scalar model
with an approximate Z, symmetry and suggest the value
€, ~ 2 independently of N. We assume that the result for
N = 2 approximately holds for the real scalar case, and this
provides the value A =~ 0.7. So, using Eq. (25) to relate T',,,
to o and AV, we get

100 V4 o 73/2[ev4]1/2
100 /4 m 3[ev]1/2
~ 01474 s =, 37
S g*(Tann) 100 TeV H3 ( )

where in the second equality we plug the explicit expres-
sions for ¢ and AV in our model as given by Eq. (26), and
we use the relation m; = v,//24g. The condition needed
to reproduce the observed DM abundance reads

1/2 6
100 my 39
9+(Tann) 100 TeV

Q, ~7.1x 10—3[

p3 =02 eVig? {

The above constraint is identified by the solid black line
in the left panel of Fig. 3 (where we fix Ag = 0.1 and
evaluate T,,, self-consistently). This is a necessary con-
dition to have DM accounted for by s particles produced
via DW annihilations, but it is not sufficient since we still
do not know its lifetime. The relic density calculation to
obtain Q; is independent of the portal coupling 1p that
determines the mixing angle @ and, ultimately, the lifetime
of 5. If we require that these s particles account for DM then
we need a mixing angle 6 small enough. This can happen
only below the solid black line on the left panel of Fig. 3.
DM would be overabundant above that line, and we would
need to require a sufficiently large mixing angle to make
sure that the overproduced s particle decay early enough.

Having a mixing angle such that z, equals the age of the
Universe 7, is in general not enough. Late-time decays of s
particles to SM final states, that are possible via the
mixing with the Higgs doublet, inject energy during the
cosmic expansion with an impact on the CMB anisotropy
spectrum [101-103] and produce particles that are detectable
by ground- and space-based telescopes today (x-ray obser-
vations by XMM-Newton [104-107], NuSTAR [108-110]
and INTEGRAL [111], and y-ray and radio observations
compiled in [2]). We discuss this limit in the final Sec. VII,
and we identify allowed mixing angles with the green region
in Fig. 4. Here, we discuss mass bounds in the scenario where
s is stable enough to be a viable DM candidate and €; ~ 0.2.
They belong to this section because they are intrinsically
connected to the DM production mechanism.

3Recently, Ref. [51] found a slightly different result for the DM
abundance generated by the DWs of a complex scalar field with
Z, symmetry.

It is useful to rewrite the relic density constraint in
Eq. (38) in terms of the annihilation temperature

g* (Tann):| 1/6 |:Tann

my ~4.6 TeViy> { 106 oY

}1/3. (39)

The DM abundance needs to be produced before matter-
radiation equality, Typ, > Teq >3 €V, and this in turns

~

Imposing that DWs annihilate right before matter-
radiation equality has another important consequence for
the DM mass. Using our results, this corresponds to a GW
background peak frequency f, ~35 x 1078 nHz and an
amplitude Qg , ~7 x 1077[€,/0.2]>. In this regime, the
constraint from the CMB anisotropies on the GW abun-
dance becomes relevant [112]. This constraint can be
approximated as Qgw, < 4 x 10714[f,/107® nHz]. If the
DM abundance originates from DW annihilation, this
implies the stronger bound m = 9 GeVA;/ 3,

An even stronger lower bound arises from the observa-
tions of the matter power spectrum. To our knowledge, the
power spectrum of DM generated from DW annihilation
has not been studied in detail in literature, and this would
require numerical simulations. In what follows, we provide
two estimates of the lower mass bound arising from the
matter power spectrum observations.

Large fluctuations in the energy density of S are
generated at the time of the DW annihilation. The modes
mostly affected are those comparable to the horizon at that
epoch with comoving wave number k. =~ a(7T yn) H (T ynn)-
The current Lyman-a forest constraints on the matter power
spectrum extend up to kyy, ~ 3h Mpc~! and are in agree-
ment with the cold DM model [113]. As the first estimate,
we require that the annihilation happens before the scale
kiyq reenters horizon, k, > ki y,. This gives Ty, > 230 eV
and, consequently, using Eq. (39) we get

implies the lower mass bound m, 2 4 GeVﬂé/ .

mg 2 16 GeVay>. (40)

For the second estimate, we draw parallels with the case
of the postinflationary axion and assume the dimensionless
matter power spectrum A to be

[k
A~ Apea min [ ] )

E,ﬁ (41)

where Apq is the amplitude at the peak and n > 1 is the

spectral index in the UV part of the spectrum. The o k3
scaling in IR corresponds to white noise fluctuations, as in
the case of the postinflationary axion. Then, following
the approach of [114], where an N-body numerical sim-
ulation was fed with an initial (linear) matter power
spectrum that shares the same features of our case, we
recast a lower bound
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FIG. 4. Summary plot in the (my, |0]) plane at fixed g = 0.1. The orange curves show isocontours of constant lifetime z,. Along the
black dashed curve, the freeze-in abundance of s would equal the observed DM abundance if s was stable, and above the black dotted
curve s thermalizes with the SM bath. The gray region is excluded by the invisible decays of the Higgs boson. In the purple region, the s
mass is in the range where the DW annihilation can generate the GW background observed by the PTAs and s decays before BBN. In the
green region s lifetime exceeds the constraints arising from X-ray, CMB, y-ray and radio observations and s can constitute DM. The red
dashed vertical lines identify DM lower mass bounds: the DW annihilation happens before matter radiation equality 7'y, and before the
temperature Ty, when the scales relevant for the Lyman-« forest constraints re-enter the horizon. Finally, the unavoidable freeze-in
production puts the following bounds: the blue region is excluded by the BBN constraints, the turquoise regions are excluded by the
constraints from CMB anisotropies (lighter) and spectral distortions (darker), the brown region is excluded by X-ray constraints.

S 3004 [Apeax |1/3 4 sector. For example, in the case of a decoupled quadratic
™~ Mpc [0.001] (42) potential, V = m?2s? /2, with H;,; > m, the abundance of s
particles generated through inflationary fluctuations is [71]
This gives
m —3/2 7_(inf 4
10 V6T Apear ]1/3 oint 0.2 {80 GeV] {PeV} ' (45)
Ton 2 15 keV . (43)
G4(Tann) 0.001

This scenario is very strongly constrained by the CMB
bounds on DM isocurvature [115] so that only in a small
window around m; = 200 PeV all DM can be in s particles
and the isocurvature bound is avoided [17]. In the same
way, the axion DM models where the Peccei-Quinn
symmetry is not restored after inflation are strongly con-

and, consequently,

* T 1/9 A ca
m, Z 25 GeVl_lg/S |:g ( ann):| |: peak

1/9
10 0.001} - )

Notice that the dependence on the peak amplitude, whose
value is difficult to estimate, is very weak.

For comparison, let us briefly discuss the scalar DM
formation by the inflationary fluctuations themselves.
Similarly as in the case of DM formation by DW annihi-
lation, the scalar can be completely decoupled from the SM

strained by the isocurvature bound (see e.g. [116]). Same
happens also in the case of a double well potential with
vs > H;,; > my because then only one of the minima is
populated but the field has large fluctuations around that
minimum. Instead, in the model with a double-well
potential where the s abundance is generated from DW
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annihilation, s does not constitute an isocurvature compo-
nent because it inherits the fluctuations in the DW
annihilation temperature.

The quasistable s relics produced from the DW annihi-
lation constitute a perfectly viable DM candidate that
escapes all direct, indirect and collider searches. This
DM scenario is, therefore, similar to the model by
Ref. [14] where DM is produced through a nonminimal
curvature coupling and no nongravitational couplings are
needed. In the case of DM production from DWs, even the
nonminimal curvature coupling is not needed.

VI. UNAVOIDABLE FREEZE-IN

The last two sections discussed the phenomenological
implications of the formation of quasistable DWs. For
scalar mass values m, much larger than the weak scale we
have a detectable GW stochastical background. However,
in such a high mass region, the scalar field s cannot be long-
lived otherwise DW annihilation would produce too much
DM. On the contrary, for lighter values of m, and mixing
angle to make s cosmologically stable, the lack of a GW
signal is compensated by a viable DM production mecha-
nism via DW annihilation.

This section is devoted to discussing the phenomenology
in the intermediate region where the mass of s is much
lighter than the PeV scale and its lifetime is at most of the
order of the age of the Universe. Thus we cannot have a
viable DM candidate in such a parameter space range, and
we do not have a GW signal either. However, as we will
show below, there is an unavoidable background of
thermally produced s particles via the freeze-in mechanism
that can leave observable imprints.

The idea here is similar to the irreducible axion back-
ground studied by Ref. [117] where the authors highlighted
the cosmological consequences of a light axionlike particle
(ALP) coupled to photons and electrons. Since ALP
interactions with photons are mediated by an irrelevant
operator, which leads to a UV dominated production,
Ref. [117] put a conservative upper bound of the reheat
temperature after inflation 7', < few MeV to preserve the
success of BBN. This is not needed in our case since the
interactions of the scalar field s are all renormalizable and
therefore the production is always IR dominated. The only
assumption we make is that the radiation dominated phase
extended back in time at least when the thermal bath
temperature was of the order of m . Once one accepts it,
what we discuss is a truly unavoidable freeze-in produced
background without any further assumptions on 7',.

A complete analysis of freeze-in production via the
portal coupling 1p can be found in Ref. [13]. The dominant
production channel at small DM mass, m; < m,,/2, is via
decays of the SM-like Higgs boson. For larger DM mass,
mg > my,/2, production takes place via bath particles
annihilations mediated by the portal operator. For the
former case the produced s abundance scales as

Q, pr < A3 X mg, whereas at larger mass we have the
scaling Qg o« 43, If s would be stable, the observed
DM abundance would be produced through freeze-in
for the portal values |1p|~ 107" (m,/GeV)~"/> for
my < my,/2 and |Ap| =3 x 107" for m; > m; /2.

This unavoidable freeze-in production of s and its
subsequent decays are constrained by the success of
BBN and by CMB predictions as well as by current
X-ray observations. These impose constraints in the part
of the parameter space where the freeze-in density is non-
negligible. We follow the methodology of Ref. [117] and
define F g as the fraction of DM that s particles produced
via freeze-in would constitute if they were absolutely
stable.

The constraints from BBN extend to lifetimes 7, > 1 s.
We impose the bounds derived in [118,119] arising from
photodissociation of light elements by injections of ener-
getic photons and electrons by s decays. The constraints are
given as a lifetime dependent upper bound on F g

max
BBN,yy/ete” (TS_’YV/€+67)

1 - e_tO/Ts

Fym <

(40)

where the denominator accounts for the fraction that has
decayed by today. The binding energy of the deuterium
implies that this constraint holds only for m; > 4.4 MeV.

Moving forward across the expansion history, CMB
spectral distortions [119] (see also, e.g., [120-122]) put a
lifetime dependent upper bound

_TmG) )

f
5.Fl 1 — e_t()/fx

If we account for the s — yy and s — ete™ channels, the
anisotropy spectrum of CMB puts the bound

Ts—yy/ete fcMmB 2/3
Fop < e exp , (48)
CMB,yy/ete” s
where tg‘li&B /et e arises from Planck observations of CMB

anisotropies [101-103].
Finally, X-ray satellites provides us with the bound

5— 1
fS.FI < Tll’mi:y eXp <O) (49)

DM Ts

where /38 arises from XMM-Newton [104-107], NuSTAR
[108-110], and INTEGRAL [111] observations. We will
comment in the conclusions how the freeze-in region of this
model is not subject to constraints from observations of
gamma rays.
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VII. CONCLUSIONS

We have studied in this paper the most minimal
extension of the SM where only a gauge singlet real scalar
S is added to the field content. In spite of such a minimal
framework, the cosmological implications we have found
are rather rich and diverse. We have analyzed the DW
phenomenology and its implications for GW and DM, and
we have identified an unavoidable freeze-in contribution
that can leave a trace of its presence.

We summarize our main findings in Fig. 4 where we plot
the experimental and observational constraints in the
(my, |0|) plane. This figure neglects the Z,-breaking terms
and investigates the phenomenology in terms of the three
parameters appearing in the scalar potential in Eq. (3). We
fix 4g = 0.1, and the mass m, and the angle € in the small
mixing limit are expressed in terms of the potential
parameters in Eqs. (10) and (11), respectively.

The solid orange lines corresponds to constant lifetime,
and we identify the curves where 7, equals one second, the
time of CMB formation #cyp, and the present age of the
Universe f.

The dotted gray line is identified by the thermalization
condition, and above such a line the scalar field s reaches
thermal equilibrium with the primordial bath. The dashed
gray line has a similar shape, just slightly shifted below, and
corresponds to the region where the comoving abundance
of s (if stable) matches the observed DM value. The peak in
both curves is at mg~m; where the mixing angle is
maximal [see Eq. (9)]. Notice that Q gy 6% so contours
of constant Qp; can be obtained trivially by shifting
vertically the one already shown. We see that for Ag =
0.1 the freeze-in mechanism produces an amount of s
particles that matches the measured abundance today only
for m; < 10 MeV. However, this region is excluded by the
bounds listed in Sec. VI and discussed in the next para-
graphs. Only for m; < 100 keV freeze-in production is a
viable mechanism to account for all the observed DM
abundance, and this corresponds to mixing angle values
around 6 ~ 10™1. Notice that the warm DM constraints
impose the lower bound m, 2 10 keV on freeze-in pro-
duced DM [123-126].

In the thermal DW formation scenario, the portal
coupling is such that we are in a parameter space region
above the dotted gray line. For m; > 1 GeV, this implies a
lifetime that is much shorter than one second and therefore
the scalar field decays before BBN. On the opposite mass
range (m; < 1 GeV), if we keep Ap to be perturbative then
the resulting freeze-out density of s is larger than the
observed DM abundance (see, e.g., [13]). Thus if we
consider the thermal DW formation scenario then s cannot
constitute DM. The regime 1p = 0.01 and m,; < m,,/2 is, in
addition, excluded by the invisible decay of the Higgs
boson [10], and this constraint is shown in gray in Fig. 4.

In the nonthermal DW formation scenario, where the
portal coupling is rather small (|1 < 1077), scalars s can

be produced both via DW annihilations and the freeze-in
mechanism [127,128]. However, as we already explained,
we have a detectable GW signal only if the scalar field is
short-lived and therefore cannot constitute the observed
DM abundance. This is easily understood once one con-
nects the spectral parameters of the GW background with
the abundance of s particles generated by DW annihila-
tions. The GW peak amplitude Qg , and frequency f, are
provided by Eq. (33) whereas the DM abundance € can be
found in Eq. (37). Upon combining these results we find

Q.27 f, 12
~ —21 s P
Qgw,p ~ 10 {—0_ 2} [—n Z} . (50)

In the range of frequencies that can be probed with pulsar
timing arrays and interferometric GW observatories, the
GW energy density is detectable if Q; > (0.2 and therefore
the field s has to decay quickly enough.

The parameter space region relevant to GW signals is on
the right of Fig. 4. A large GW signal can be generated in
the real scalar singlet model if the lifetime of s is small
7, S 1 s, so that it decays before BBN. This requires a large
enough portal coupling so the s decays quickly but not too
large to be consistent with Higgs bounds. As shown in
Fig. 4, the lower bound on the mixing angle is quite weak:
for my > 100 TeV the s lifetime is 7, < 1 s if |9] = 10717,
Consequently, the regime with large GW signal can be
realized in both the thermal and nonthermal DW formation
scenarios.

The GW background observed recently in the pulsar
timing array data can be explained by the GWs generated

by the domain walls if the singlet mass is m, ~ /1}9/ 3 pev
with the cubic bias term 3 ~0.4,/Ag neV. The reheat
temperature after inflation in this case needs to exceed
Tyen = PeVA; /¢ or Ty, 2 10° PeVAY? depending whether
the domain walls formed because of thermal corrections or
fluctuations of the singlet during inflation.

DW annihilations produce the observed DM abundance

if u3/eV ~0.225"[m,/(100 TeV)]®. There are further
constraints that need to be satisfied. Red dashed vertical
lines in Fig. 4 identifies lower mass bounds as dictated from
Lyman-a forest observations. Furthermore, the singlet has
to be long-lived enough to constitute DM and this imposed
a mixing angle 0] < 1072 for m, 2 10 GeV. There are
also late-time decays of s that are constrained by galactic
and extragalactic background observations, compiled
in [117,129]. In Fig. 4 we show in green the region
allowed by these constraints. In this region s can constitute
all DM and it can be generated from the DW annihilation.
In particular, s has no detectable coupling to SM particles
and it does not have a nonminimal coupling to gravity. This
DM candidate escapes all direct and indirect searches.

If DW annihilation leaves neither detectable GW nor
stable DM particles, we can still put bounds on this
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framework via the unavoidable freeze-in production. The
blue region in Fig. 4 is excluded by the BBN bound
quantified by Eq. (46). Likewise, the dark and light turquoise
regions are excluded by CMB spectral distortions and
spectral anisotropy bounds given by the conditions in
Eqgs. (47) and (48), respectively. The former extends to s
lifetimes 7, ~ 3 x 10° s. The remaining region between the
BBN and CMB constraints is not allowed either because in
that regime s freezes out while relativistic and decays to
radiation after 1 s adding to the effective number of neutrino
species Nog. This change by AN > 0.3 is excluded by
BBN [130] and CMB [131] observations. Finally, the brown
region is excluded by the x-ray bounds given by Eq. (49). We
notice how the freeze-in region is not subject to bounds from
gamma rays because having s in that mass range and enough
long-lived to survive until today requires mixing angles that
are too small to give a detectable signal.

All the bounds reported in our analysis are obtained by
existing experiments and surveys. It would be important to
explore how the upcoming experimental program—on
several frontiers—is going to change the shape of our

model, that despite its simplicity has such a vast and rich
phenomenology. We believe that this could be an interest-
ing update of our work.
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