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We investigate a non-supersymmetric S O (10) × U (1)PQ axion model in which the spontaneous breaking 
of U (1)PQ occurs after inflation, and the axion domain wall problem is resolved by employing the 
Lazarides-Shafi mechanism. This requires the introduction of two fermion 10-plets, such that the 
surviving discrete symmetry from the explicit U (1)PQ breaking by QCD instantons is reduced from Z12 to 
Z4, where Z4 coincides with the center of S O (10) (more precisely Spin(10)). An unbroken Z2 subgroup 
of Z4 yields intermediate scale topologically stable strings, as well as a stable electroweak doublet 
non-thermal dark matter candidate from the fermion 10-plets with mass comparable to or somewhat 
smaller than the axion decay constant fa. We present an explicit realization with inflation taken into 
account and which also incorporates non-thermal leptogenesis. The fermion dark matter mass lies in the 
3 × 108 − 1010 GeV range and its contribution to the relic dark matter abundance can be comparable to 
that from the axion.

© 2020 The Authors. 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

An elegant resolution of the strong CP problem is provided 
by the Peccei-Quinn (PQ) mechanism [1], which also predicts 
the existence of axion, a compelling dark matter (DM) candi-
date [2]. In a relatively simple but realistic non-supersymmetric 
S O (10) × U (1)PQ axion model constructed sometime ago [3], the 
well-known axion domain wall problem [4] is resolved without 
invoking inflation through implementation of the Lazarides-Shafi 
mechanism [5]. This is achieved by introducing two 10-plets of 
fermions carrying appropriate charges under the U (1)PQ symme-
try [1], such that the residual discrete symmetry from the explicit 
U (1)PQ breaking by the QCD instantons coincides with the center 
of S O (10) (more precisely Spin(10)). This construction therefore 
allows one to implement the spontaneous breaking of U (1)PQ in 
a post-inflationary phase. Among other things the model evades 
some thorny issues such as the isocurvature problem [6] that ap-
pears if U (1)PQ breaks during inflation. For some recent papers on 
U (1)PQ breaking during inflation see Ref. [7].

The model in Ref. [3] employs only tensor representations in 
order to break S O (10) via at least one intermediate stage to the 
Standard Model (SM) gauge group, and subsequently to SU (3)c ×
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U (1)em. This means that a discrete Z2 subgroup of Z4, the cen-
ter of S O (10), remains unbroken [8], which has some important 
consequences. Firstly, there exist non-superconducting topologi-
cally stable cosmic strings which, depending on their mass scale, 
may survive inflation. Secondly, in the framework of supersymme-
try, the leftover Z2 symmetry is precisely ‘matter’ parity which, 
among other things, ensures that the lightest supersymmetric par-
ticle is stable. Finally, in the non-supersymmetric S O (10) × U (1)PQ
model under discussion, the presence of the unbroken Z2 symme-
try [8], offers a new DM particle candidate arising from the 10-plet 
fermions whose mass is related to the intermediate scale of the PQ 
symmetry breaking. For an earlier example of intermediate scale 
DM particles coexisting with axions see Ref. [9]; for superheavy 
DM (wimpzillas) see Ref. [10]. It should be noted that this unbro-
ken Z2 symmetry [8] has been employed [11,12], in recent years, 
to guarantee DM stability in non-supersymmetric S O (10) models. 
(Ref. [12] also contains a brief discussion of our S O (10) × U (1)PQ
model.) The proposed scenarios, though, are generally very differ-
ent from ours with the DM particle masses in the TeV range or so.

The plan of this paper is as follows. In Sec. 2, we present the 
salient feature of our S O (10) model coupled to the inflationary 
scheme of Ref. [13], where the inflaton is a gauge singlet scalar 
field with a Coleman-Weinberg potential. In Sec. 3, we describe 
the reheating process following the end of inflation and, in Sec. 4, 
we examine the possibility that the fermion 10-plets provide a 
novel DM candidate with intermediate scale mass. Sec. 5 is de-
voted to the discussion of the generation of the baryon asymmetry 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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of the Universe (BAU) via leptogenesis. Our results are summarized 
in Sec. 6.

2. The model

We consider the non-supersymmetric S O (10) grand unified 
theory (GUT) model introduced in Ref. [3]. The model contains a 
global anomalous PQ symmetry U(1)PQ [1]. The fermion content 
consists of the following S O (10) multiplets,

ψ
(i)
16 (i = 1,2,3), ψ

(α)
10 (α = 1,2), (1)

where the subscripts denote the dimension of the representation. 
The PQ charges of the ψ(i)

16 ’s and ψ(α)
10 ’s are 1 and -2 respectively. 

The scalar Higgs fields are

ϕ210 (0), ϕ126 (2), ϕ45 (4), ϕ10 (−2) (2)

with the PQ charges Q PQ indicated in parentheses. Note that the 
discrete subgroup of U (1)PQ left unbroken by the instantons is Z4

and coincides with the center of S O (10). Consequently, the axion 
domain wall problem [4] does not arise [5] even if the PQ sym-
metry is broken after the end of inflation. The allowed Yukawa 
couplings are

ψ16ψ16ϕ10, ψ16ψ16ϕ
†
126, ψ10ψ10ϕ45, (3)

while the Higgs couplings include

ϕ210ϕ
†
126ϕ

†
126ϕ45, ϕ210ϕ

†
126ϕ10ϕ45, ϕ210ϕ126ϕ10. (4)

The S O (10) symmetry breaking to the SM in a non-super-
symmetric setting usually proceeds via one or more intermediate 
stages [14]. For definiteness, we assume the following symmetry 
breaking chain:

S O (10) × U (1)PQ
ϕ210−→
MG

SU (3)c × SU (2)L × SU (2)R × U (1)B−L × U (1)PQ
ϕ126−→
MI

SU (3)c × SU (2)L × U (1)Y × Z2 × U (1)′PQ
ϕ45−→

fa

SU (3)c × SU (2)L × U (1)Y × Z2
ϕ10,ϕ126−→

MW

SU (3)c × U (1)em × Z2, (5)

where the Higgs fields implementing the breaking chain and the 
corresponding scales are indicated. The first breaking in Eq. (5)
is achieved by the vacuum expectation value (VEV) of ϕ210 along 
its (1,1,1) and (15,1,1) components with respect to the subgroup 
GPS = SU (4)c × SU (2)L × SU (2)R [15]. The PQ symmetry is left 
unbroken, but superheavy magnetic monopoles are created during 
this breaking. As we shall see they are inflated away.

The next breaking at the intermediate scale MI is achieved 
by the VEV of ϕ126 along its (10,1,3) component. This leaves the 
Z2 subgroup of Z4 unbroken, leading to the formation of inter-
mediate scale topologically stable Z2 cosmic strings [8], which 
are not [16] superconducting [17]. The PQ symmetry, however, 
is not broken at this stage. It is merely rotated to U (1)′PQ, with 
Q ′

PQ = (5Q PQ + χ)/4, where χ = −3(B − L) + 4T 3
R is the gen-

erator of the U (1)χ subgroup of S O (10) which is not contained 
in SU (5). In order to see this, note that the χ charges of the 
usual quarks and leptons in ψ16 are νc(−5), uc, q, ec(−1), dc, l(3), 
and the χ charges of the color anti-triplets Dc (triplets Dc) and 
SU (2)L doublets L (anti-doublets L) in ψ10 are -2 (2). The νcνc-
type component of ϕ126 has charges Q PQ = 2, χ = −10, as one 
can see from the χ charge of νc . So the unbroken PQ symmetry 
is indeed U (1)′PQ with the Q ′
PQ charges of the various fields given 

by νc(0), uc, q, ec(1), dc, l(2), Dc, L(−3), Dc, L(−2). The discrete 
subgroup Z N of U (1)′PQ left unbroken by the QCD instantons is 
Z5, since from q, uc we have 3 × 3 color triplets and anti-triplets 
with Q ′

PQ = 1, from dc three color anti-triplets with Q ′
PQ = 2, from 

Dc two anti-triplets with Q ′
PQ = −3, and from Dc two triplets with 

Q ′
PQ = −2. Therefore, altogether N = 3 ×3 +3 ×2 −2 ×3 −2 ×2 =

5. This Z5 coincides with the Z5 subgroup of U (1)Y generated by 
exp[(i2π/5)6Y ] and, therefore, is not a genuine discrete symme-
try. It is instructive to further rotate the PQ symmetry to U (1)′′PQ
with Q ′′

PQ = (−6Y + Q ′
PQ)/5. The Q ′′

PQ charges of the various fields 
are given by νc, q, dc, L, Dc(0), uc, l(1), ec, Dc, L(−1). In this case, 
N = 3 − 2 = 1 and therefore only the identity element of U (1)′′PQ is 
left unbroken by the QCD instanton effects.

The PQ breaking at a scale fa (the axion decay constant), which 
can be close to MI , is achieved by the VEVs of ϕ45 along its (15,1,1) 
and (1,1,3) components. These VEVs have Q ′′

PQ = 1 since they cou-

ple with Dc Dc and LL respectively. Consequently, they break spon-
taneously U (1)′′PQ to its identity element. The axion strings from 
the U (1)′′PQ breaking acquire, at the QCD transition, just one axion 
domain wall (for walls bounded by strings see Ref. [18]) and, thus, 
the string-wall network decays [5]. Therefore, the troublesome ax-
ion domain wall cosmological problem [4] is avoided. Finally, the 
electroweak symmetry breaking is achieved by the VEV of a linear 
combination of the (1,2,2) component of ϕ10 and the (15,2,2) com-
ponent of ϕ126. Note that the Z2 subgroup of U (1)B−L is neither in 
U (1)′′PQ nor the SM gauge group. It is a genuine discrete symmetry 
which is left unbroken by all the VEVs and, thus, the corresponding 
intermediate scale cosmic strings [8] can survive until the present 
time. These strings are not superconducting [16].

Next, we merge our S O (10) GUT model with the inflationary 
model of Refs. [13,19], where inflation is driven by a S O (10) ×
U (1)PQ singlet real scalar field φ with a Coleman-Weinberg poten-
tial and with minimal coupling to gravity:

V (φ) = Aφ4
(

ln

(
φ

M

)
− 1

4

)
+ V 0. (6)

Here M is the VEV of φ, V 0 = AM4/4, and we employ the cutoff 
regularization. This model predicts that the tensor-to-scalar ratio 
r � 0.01 [20]. The important couplings which induce the VEVs of 
the various scalar fields ϕθ (θ = 210, 126, 45, 10) as the inflaton 
acquires its final VEV, starting below M , are

− cθ

4
φ2ϕ2

θ + αθ

4
ϕ4

θ , (7)

where the real canonically normalized component of a scalar field 
which acquires a VEV is represented by the same symbol as the 
field. The VEVs and the masses of the scalar fields are

〈ϕθ 〉2 = cθ M2

2αθ

, m2
θ = cθ M2. (8)

To be more specific, we will consider a particular viable real-
ization of this inflationary scenario which appears in the fourth 
line of Table 4 in Ref. [21]. In this case, the inflationary scale 
V 1/4

0 � 1.75 × 1016 GeV, A � 1.43 × 10−14, and the VEV of the 
inflaton M � 7.17 × 1019 GeV. Following Ref. [13], we evaluate the 
coefficient A of the Coleman-Weinberg potential in Eq. (6) from 
the radiative corrections arising from the term (−1/4)c210φ2ϕ2

210, 
which are the dominant ones. We find

A = 210
2

c2
210, (9)
64π
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Fig. 1. Diagrams for the decay of the (1,1,3) component of ϕ45 to a pair of elec-
troweak Higgs fields contained in the (15,2,2) component of ϕ126. Dashed lines 
represent scalar bosons.

which gives c210 � 2.07 × 10−7 and, from Eq. (8) with α210 = 1/2, 
MG ≡ 〈ϕ210〉 � 3.27 × 1016 GeV. From Eq. (6), we find the inflaton 
mass mφ � 1.7 × 1013 GeV.

It is important to note that the dimensionless coupling con-
stants of the two scalar quartic interactions in Eq. (4) should be 
suppressed by at least m45/MG for the model to remain pertur-
bative. One can see this by considering, for example, the first 
coupling in this equation with dimensionless coefficient λ and re-
place ϕ210 by its VEV along its (1,1,1) component. We then obtain a 
trilinear scalar coupling with coefficient of order λMG. The (1,1,3) 
component of ϕ45 can decay via this trilinear coupling to a pair 
of electroweak Higgs fields contained in the (15,2,2) component 
of ϕ126 (see Fig. 1). The vertex diagram in this figure can be ra-
diatively corrected by inserting the same trilinear coupling on the 
two external ϕ126 lines with an exchange between them of the 
(1,1,3) component of ϕ45. The radiative correction acquires a factor 
of order λ2M2

G/m2
45 relative to the tree diagram. The requirement 

of perturbativity then implies that λ � m45/MG.
Potentially dangerous trilinear scalar couplings can also arise 

from the first term in Eq. (7). For instance, setting φ = M + δφ, 
we obtain the trilinear scalar coupling (−1/2)c45 Mφϕ2

45. Con-
sidering the decay of the inflaton via this coupling into a pair 
of ϕ45’s and repeating the argument of the previous paragraph, 
we find that the radiative correction acquires a factor of order 
c2

45M2/m2
φ = (m2

45/Mmφ)2 relative to the tree diagram. However, 
this factor is much smaller than unity as we will see below. This 
conclusion remains true even if we replace ϕ45 by ϕ126 or ϕ10. In 
the case of ϕ210, this danger is not encountered since the inflaton 
mass is much smaller than MG (see below), and the inflaton de-
cay into two ϕ210’s is kinematically blocked. One could also insert 
ϕθ = 〈ϕθ 〉 + δϕθ in the first term in Eq. (7) to obtain the trilinear 
coupling (−1/2)cθφ

2〈ϕθ 〉δϕθ . The only field which is kinematically 
allowed to decay to two inflatons via this coupling is δϕ210. Per-
turbativity then requires that c210 = M2

G/M2 	 1, which is well 
satisfied. Finally, we should mention that, substituting φ = M + δφ

and ϕθ = 〈ϕθ 〉 + δϕθ in the first term in Eq. (7), we obtain a bilin-
ear mixing term between δφ and δϕθ :

−Mcθ 〈ϕθ 〉δφδϕθ . (10)

As we will see later, these scalar couplings will be important in 
the inflaton decay.

3. Reheating

With the quartic scalar couplings in Eq. (4) adequately sup-
pressed as discussed above, the main decay mode of the inflaton 
δφ will be to a pair of right-handed neutrinos νc via the dia-
gram depicted in Fig. 2. This decay has to be out of equilibrium 
and to the second heaviest right-handed neutrino νc

2 in order to 
provide the possibility of generating the BAU via the scenario of 
non-thermal [22,23] leptogenesis [24] (for a review see Ref. [25]). 
Fig. 2. Diagram for the inflaton decay to a pair of right-handed neutrinos νc . Solid 
lines represent fermions, while dashed lines represent scalar bosons.

The cross sign in Fig. 2 represents the coefficient −Mc126〈ϕ126〉 of 
the effective bilinear coupling between δφ and δϕ126 (see Eq. (10)), 
z is the Yukawa coupling constant of ϕ126 with νc

2, and 〈ϕ126〉 as 
well as the propagating δϕ126 lie along the νcνc-type component 
of ϕ126. For definiteness, we take α126 = 1/2. Eq. (8) then implies 
that

〈ϕ126〉 = m126, c126 =
(m126

M

)2
. (11)

An important requirement for the mass M2 of νc
2 is that

M2 ≡ Mνc
2
= 〈ϕ126〉z ≤ 1

2
mφ. (12)

This guarantees that the decay δφ → νc
2ν

c
2 is kinematically possi-

ble.
For m126 ≤ mφ , the propagator of δϕ126 is dominated by the 

mass of the inflaton and the decay width is given by

�φ→νc � 1

16π

(
Mc126〈ϕ126〉z

m2
φ

)2

mφ =

1

16π

(
m2

126M2

Mm2
φ

)2

mφ. (13)

In the following we will not consider loop corrections in the esti-
mates for decay widths. We make the self-consistent assumption 
here and in what follows that the trilinear couplings are suffi-
ciently small for this to hold. Saturating the inequality in Eq. (12)
and taking m126 = mφ , we find the maximal allowed �φ→νc in this 
case:

�φ→νc � 1

16π

( mφ

2M

)2
mφ � 4.84 × 10−3 GeV. (14)

Note that phase space factors are not taken into account here. The 
impact is minimal in our estimate for the reheat temperature Tr

below. For m126 ≥ mφ , on the other hand, the propagator should 
be replaced by 1/m2

126, which gives

�φ→νc � 1

16π

(
Mc126〈ϕ126〉z

m2
126

)2

mφ = 1

16π

(
M2

M

)2

mφ. (15)

This is again maximized at the same value of M2 as in the previous 
case. The corresponding (maximal) reheat temperature turns out to 
be

Tr �
(

45

2π2 g∗

) 1
4

(�φ→νc mP)
1
2 � 4.15 × 107 GeV, (16)

for an effective number of degrees of freedom g∗ = 106.75 cor-
responding to the SM spectrum (mP is the reduced Planck mass). 
Note that the values of �φ→νc in Eq. (14) and Tr in Eq. (16) are 
independent of 〈ϕ126〉 = m126 provided that 〈ϕ126〉 ≥ mφ . Also, the 
decay of right-handed neutrinos to SM particles is rapid enough to 
justify the formula in Eq. (16).
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Fig. 3. Diagram for the inflaton decay to a pair of electroweak Higgs fields and a SM 
singlet scalar field. The conventions are as in Fig. 1.

One could alternatively consider the decay of the inflaton to a 
pair of electroweak Higgs fields and a SM singlet scalar field from 
ϕ45. The relevant diagram is depicted in Fig. 3 and uses the bilinear 
coupling between δφ and δϕ210. The electroweak Higgs fields are 
contained in the ϕ126 or ϕ10 external lines. The decay width is 
estimated to be

�φ→h � 1

192π3

(
Mc210〈ϕ210〉λ

m2
210

)2

mφ � 595λ2 GeV. (17)

Here λ is the typical coefficient of the quartic scalar couplings in 
Eq. (4), which, as we have shown, should not exceed m45/MG. 
As we will see later m45 ∼ 1010 − 1011 GeV, which implies that 
�φ→h � 5.6 × 10−9 GeV 	 �φ→νc . So this decay mode is much 
less important than the decay into νc ’s. Note that M2 = mφ/2 �
8.5 × 1012 GeV 
 Tr, and thus the out-of-equilibrium condition 
for its subsequent decay is well satisfied. It is finally important to 
keep in mind that we can consider smaller values of M2 with any 
value of m126 ≥ mφ . However, this will reduce Tr by the same pro-
portion. Finally, we have checked that parametric resonance is not 
important in our scenario.

4. Intermediate scale dark matter

We will now examine the possibility that the two neutral Dirac 
fermions contained in ψ(α)

10 (α = 1, 2) can provide a new DM par-

ticle whose mass is of intermediate scale. The fermion ψ(α)
10 ’s are 

the only fields in the model that are odd under an unbroken 
Z2 symmetry, arising as a combination of the unbroken Z2 sub-
group of the Z4 center of S O (10) and the Z2 fermion number 
symmetry, under which all fermions are odd. Thus, the lightest 
components of the ψ

(α)
10 ’s, which are assumed to be their neu-

tral components, cannot decay, but can only annihilate in pairs, 
which makes them potentially viable DM candidates. Note that 
each of the color triplets and anti-triplets in the two fermion 10-
plets can decay into the SU (2)L doublet in the same 10-plet plus 
SM particles through the exchange of a superheavy gauge boson. 
We estimate their lifetime to be ∼ 10−5 sec, and so these decays 
take place well before Big Bang Nucleosynthesis – compare with 
the last paper in Ref. [11]. Also, each of the charged members of 
the SU (2)L doublets in the fermion 10-plets can decay into the 
neutral member of the same doublet plus SM particles through 
the exchange of a W ±

L gauge boson. Even a moderate mass split-
ting between the members of these doublets induced by loops of 
SM gauge bosons is enough to insure that these decays are very 
rapid – see second paper in Ref. [26].

The (1,2,2) components of the two ψ10’s can be written as

H(α) =
(

N̄(α) E−
(α)

E+ N(α)

)
, α = 1,2, (18)
(α)
where N̄(α) and N(α) are electrically neutral. The field ϕ45 is anti-

symmetric and thus couples only with ψ(1)
10 ψ

(2)
10 . Consequently, the 

coupling of its (1,1,3) component with the H(α) ’s yields the mass 
term

y〈ϕ45〉Tr
(

H(1)εσ3ε H̃(2)

)
+ h.c., (19)

where y is the Yukawa coupling constant, 〈ϕ45〉 will, from now 
on, represent the VEV of the (1,1,3) component of ϕ45, ε is the 
antisymmetric 2 × 2 matrix with ε12 = 1, and tilde denotes trans-
position. This, in turn, yields the mass term

y〈ϕ45〉
(
N̄(1)N(2) − N(1)N̄(2)

) + h.c. (20)

for the neutral components. At tree level we obtain two neutral 
Dirac fermions of equal mass mDM = y〈ϕ45〉. This degeneracy is 
broken through loop corrections (see third paper in Ref. [11]), but 
the splitting in our case is tiny. Higher dimensional operators may 
induce a larger splitting which we will not pursue here.

These neutral fermions interact with the Z boson since they 
belong to electroweak doublets. Therefore, they can scatter off 
nucleons by exchanging a Z boson in the t-channel. The spin-
independent cross section is [26]

σSI = μ2

π

(
Z f p + (A − Z) fn

A

)2

, (21)

where μ is the reduced mass of the DM particle-nucleon system, 
which can be approximated by the proton mass mp for mDM 
 mp. 
Also, Z and A are the atomic and mass numbers of the nucleus, 
and

f p = gDM

m2
Z

(2gu + gd), fn = gDM

m2
Z

(gu + 2gd). (22)

Here gDM = gZ /2, gu = (1/2 − 4 sin2 θW/3)gZ , and gd = (−1/2 +
2 sin2 θW/3)gZ with gZ = mZ /

√
2v , v = 174 GeV. For Z = 54 and 

A = 131 corresponding to 131Xe used in the XENON 1T experiment 
[27], one finds

σSI � 2.85 × 10−12 GeV−2. (23)

The DM in our model can, in general, consist of intermedi-
ate scale fermions and axions, with the axion fraction given by 
Ra = �ah2/�DMh2. Here �ah2 is the relic axion abundance and 
�DMh2 � 0.12 [28] is the total relic DM abundance. In the pres-
ence of axions, the current experimental bound on σSI from the 
XENON 1T experiment [27] can be written as

σSI � 2.21 × 10−18

1 − Ra

( mDM

1 TeV

)
GeV−2, (24)

which implies that

mDM � 1.29 × 109 (1 − Ra) GeV. (25)

We see that the XENON 1T constraint on the SI cross section of 
DM scattering off nuclei requires that the mass of the DM particles 
is at least of intermediate scale exceeding the reheat temperature 
in Eq. (16). Consequently, thermal DM is excluded and we are led 
to consider non-thermal production of DM particles with at least 
intermediate scale masses via the inflaton decay. (Non-thermal 
superheavy DM particles, called wimpzillas, were previously dis-
cussed in Ref. [10].)

We first estimate the relative number density of these DM par-
ticles YDM = nDM/s required to reproduce a fraction (1 − Ra) of 
the present DM abundance �DMh2 � 0.12 [28] (nDM is the num-
ber density of DM particles and s is the entropy density) using the 
relation
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Fig. 4. Diagram for the inflaton decay into DM (doublets in the two 10-plets). The 
conventions are as in Fig. 2.

(1 − Ra)�DMh2 = mDMYDMs0

ρc
, (26)

where s0 � 2890 cm−3 is the present entropy density and ρc �
1.05 × 10−5 GeV cm−3 is the present critical density. We obtain

mDMYDM � 4.36 × 10−10 (1 − Ra) GeV. (27)

From the energy density of the DM fermions at reheating, ρDM =
mDMYDMs(Tr), we then find that at Tr ,

ρDM

ρr
� 5.81 × 10−10

Tr
(1 − Ra), (28)

where ρr is the radiation energy density. Assuming that the to-
tal energy of the inflaton at reheating is transferred to ρDM and 
ρr, the inflaton decay width �φ→DM to a pair of DM fermions 
should satisfy the requirement �φ→DM/�φ→νc � ρDM/ρr � 1.4 ×
10−17 (1 − Ra). This yields

�φ→DM � 6.78 × 10−20 (1 − Ra) GeV. (29)

We should now check whether our model can reproduce this 
�φ→DM.

The diagram for the inflaton decay to a pair of DM fermions 
is given in Fig. 4. The cross sign represents the coefficient 
−Mc45〈ϕ45〉 of the bilinear coupling between δφ and δϕ45 (see 
Eq. (10)), and y is the Yukawa coupling constant of ϕ45 with the 
two ψ10’s. The DM fermions are the neutral components of the 
SU (2)L doublets in the two ψ10’s. The propagating δϕ45 as well 
as 〈ϕ45〉 are along the (1,1,3) component of ϕ45. The inflaton also 
decays into a pair of charged fermions contained in the SU (2)L
doublets via the diagram of Fig. 4, and into a color triplet and 
an anti-triplet contained in the ψ10’s via a similar diagram where 
the propagating δϕ45 and the 〈ϕ45〉 are taken along the (15,1,1) 
component of ϕ45. The VEV of the (15,1,1) component has to be 
somewhat larger than the VEV of the (1,1,3) component in order 
for the color (anti-)triplets to be heavier than the doublets and be 
able to decay into them. However, the required mass difference is 
much smaller than the (anti-)triplet mass since the decay byprod-
ucts are SM particles. For simplicity, we will assume that the VEVs 
along the (1,1,3) and (15,1,1) components are about equal. As men-
tioned, the color (anti-)triplet and the charged fermions eventually 
decay into neutral DM fermions. Therefore, the inflaton decays ei-
ther into two neutral, or two charged, or two color triplet Dirac 
fermions with about the same width, and all these particles yield 
neutral fermions contributing to DM. The decay width of the in-
flaton into a pair of Dirac fermions should then be multiplied by 
≈ 10 to obtain the total decay width.

For mφ ≥ m45 (see below), the δϕ45 propagator is dominated by 
the inflaton mass mφ and the total decay width of the inflaton to 
a pair of DM fermions is given by

�φ→DM � 10

16π

(
Mc45〈ϕ45〉y

m2

)2

mφ =

φ

10

16π

(
m2

45mDM

Mm2
φ

)2

mφ, (30)

where mDM = y〈ϕ45〉. Eq. (29) then yields

m2
45mDM � 2.96 × 1030 (1 − Ra)

1
2 GeV3, (31)

where m45 is the Higgs mass in the (1,1,3) direction of ϕ45 (for 
simplicity we ignore the mixing between the (1,1,3) and (15,1,1) 
components).

The relic axion abundance is given [29] by

�ah2 � 0.236

(
fa

1012 GeV

) 7
6 〈θ2 f (θ)〉, (32)

where fa is the axion decay constant, i.e. the total VEV of ϕ45, 
which is greater than 〈ϕ45〉, its VEV along its (1,1,3) component 
(see below). The misalignment angle θ lies [30] in the interval 
[−π, +π ] since, in our case, N , the sum of the Q ′′

PQ charges of 
all fermion color triplets and anti-triplets, is equal to unity. All 
θ ’s in this interval are equally probable. The function f (θ) ac-
counts for the anharmonicity of the axion potential, and the aver-
age 〈θ2 f (θ)〉 is evaluated in the above interval and turns out to be 
[29] about 8.77. For definiteness, we take α45 = 1/2, which implies 
m45 = 〈ϕ45〉. We then substitute Ra in Eq. (31) by using Eq. (32)
and solve the resulting equation to find m45 = 〈ϕ45〉 for given val-
ues of mDM and fa. Recall that the VEV of ϕ45 along the (15,1,1) 
component should be somewhat greater than its VEV along the 
(1,1,3) component, so that the color (anti-)triplets in ψ10 can decay 
into the SU (2)L doublets. Consequently, the axion decay constant 
fa �

√
2〈ϕ45〉. For definiteness, we have chosen these VEVs to be 

about equal, which fixes fa close to 
√

2〈ϕ45〉. Then, for y = 1, we 
obtain

m45 = 〈ϕ45〉 = mDM � 1.4 × 1010 GeV,

fa � 2 × 1010 GeV. (33)

DM is composed of 17.6% axions and 82.4% intermediate scale 
fermions. For mDM = 3 × 109 GeV, we find

m45 = 〈ϕ45〉 � 2.76 × 1010 GeV, fa � 3.9 × 1010 GeV,

y � 0.11. (34)

DM is made up of 39.2% axions and 60.8% intermediate scale 
fermions. For mDM = 109 GeV, we find

m45 = 〈ϕ45〉 � 4.2 × 1010 GeV, fa � 6 × 1010 GeV,

y � 2.38 × 10−2. (35)

DM consists of 63.9% axions and 36.1% intermediate scale fermions. 
Finally, for mDM = 3 × 108 GeV, we find

m45 = 〈ϕ45〉 � 5.6 × 1010 GeV, fa � 7.93 × 1010 GeV,

y � 5.35 × 10−3. (36)

89.6% of DM consists of axions and 10.4% of intermediate scale 
fermions. These values of m45 clearly satisfy the requirement that 
the inflaton decay into a pair of electroweak Higgs fields and a SM 
singlet scalar (see Fig. 3) is subdominant. Also, the values of mDM
satisfy the requirement from direct detection of DM in Eq. (25)
and the kinematic constraint mφ ≥ 2mDM which makes the de-
cay possible. Moreover, mDM exceeds the reheat temperature and 
m45 is smaller than mφ , consistent with our assumption in deriv-
ing Eq. (30). We can also differentiate m45 and 〈ϕ45〉 by taking 
α45 �= 1/2, so as to increase 〈ϕ45〉 and, thus, the axion decay con-
stant fa.
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Fig. 5. Diagram for DM pair annihilation to two electroweak Higgs fields. The con-
ventions are as in Fig. 4.

In order to complete the DM discussion, we have to show that 
the pair annihilation of DM fermions is out of equilibrium at all 
temperatures smaller than the reheat temperature so that their 
abundance remains constant. A dominant diagram for this annihi-
lation is shown in Fig. 5. The propagating ϕ45 lies along its (1,1,3) 
direction and the decay products are a pair of electroweak Higgs 
fields contained in ϕ126. The cross section is estimated to be

σDM � 1

16π2

(
yλMG

4m2
DM

)2

. (37)

The out-of-equilibrium condition reads as follows:

nDMσDM � H, (38)

for all T � Tr (H is the Hubble parameter). From the Friedmann 
equation, we find

H = ρ
1/2
r√
3 mP

= π g1/2∗ T 2

3
√

10mP
, (39)

and Eq. (27) gives

nDM = sYDM =
2π2 g∗T 3

45
(1 − Ra)

(
mDM

4.36 × 10−10 GeV

)−1

. (40)

For the case in Eq. (33) and using Eqs. (37), (39), and (40) with 
the maximal allowed value of λ which is of order m45/MG, we see 
that the condition in Eq. (38) is very well satisfied for all T � Tr. 
We conclude that the pair annihilation of DM fermions in Fig. 5
is utterly suppressed at all relevant temperatures. We should note 
that one could instead consider the DM pair annihilation into SM 
particles via the exchange of a Z boson in the s-channel. The cor-
responding cross section is of the same order of magnitude as the 
cross section in Eq. (37) and our conclusion therefore would be the 
same.

The spontaneous breaking of the PQ symmetry at a scale of or-
der 1010 − 1011 GeV takes place after the end of inflation. Indeed, 
in the numerical example under consideration, inflation terminates 
when the inflaton field reaches the value φe � 6.83 × 1019 GeV
[21]. From Eq. (6), we find that V (φe)

1/4 � 6.31 × 1015 GeV, yield-
ing the Hubble parameter He � 9.42 × 1012 GeV. The field ϕθ

develops a VEV and the corresponding phase transition takes place 
when cθφ

2/2 ∼ σ T 2
H [13], where σ ∼ 1 and TH = H/2π is the 

Hawking temperature. Consequently, for a phase transition which 
occurs before the end of inflation we must have cθ � H2

e /2π2φ2
e �

9.63 × 10−16. This implies that the corresponding scale 〈ϕθ 〉 �
2.23 × 1012 GeV, which excludes the PQ transition. Therefore, the 
presence of the two fermion 10-plets which lead to a solution 
of the axion domain wall problem via the Lazarides-Shafi mech-
anism [5] is vital. At reheating, the masses of the scalar fields ϕθ
acquire temperature corrections which, however, are subdominant 
compared to the first term in Eq. (7). Indeed, the decaying inflaton 
oscillates about M and, thus, c45 = (m45/M)2 � 7.78 × 10−20 for 
m45 in Eq. (33). Consequently, c45φ

2/2 
 T 2
r , for Tr in Eq. (16). The 

PQ symmetry is already broken at reheating and the DM fermions 
have acquired their masses.

As we previously mentioned, the gauge symmetry breaking at 
the intermediate scale MI generates topologically stable Z2 cos-
mic strings. The dimensionless string tension Gμs, where G is 
Newton’s gravitational constant and μs the string tension, i.e. the 
energy per unit length of the string, is given by

Gμs � 1

8

(
MI

mP

)2

. (41)

Here we assumed that these strings are close to the Bogomol’nyi 
limit of the Abelian Higgs model [31]. A recent pulsar timing array 
95% confidence level limit on the dimensionless string tension is 
[32]

Gμs � 1.5 × 10−11, (42)

which holds for strings surviving until the present time. Eq. (42)
implies the following upper bound on the intermediate scale

MI � 2.67 × 1013 GeV. (43)

Note that strings corresponding to such intermediate scales are not 
inflated away as shown in Ref. [16] and, thus, the limit in Eq. (42)
applies. These strings are possibly measurable by LISA in the fu-
ture. Applying the analysis of Ref. [16], we find that, for the strings 
to be inflated away, the number of e-foldings following their gen-
eration should exceed about 68 and, thus, c126 � 1.94 × 10−12 and

MI � 1014 GeV. (44)

In this case, the cosmic strings are not restricted by Eq. (42). The 
value of the inflaton field φI at which the intermediate transition 
takes place is found from the relation c126φ

2
I /2 ∼ T 2

H and, thus, 
φI � 1.2 × 1019 GeV � 4.9 mP. The GUT magnetic monopoles are 
certainly inflated away since MG 
 1014 GeV [16].

5. Non-thermal leptogenesis

The observed BAU Y B = nB/s � 8.69 × 10−11 [28] can be repro-
duced in our model via non-thermal leptogenesis [22], i.e. the gen-
eration of a primordial lepton asymmetry Y L = nL/s [24] at reheat-
ing which, at the electroweak transition, is partially converted into 
the observed BAU via sphaleron effects. For non-supersymmetric 
SM, Y B � −0.35Y L . As we have already discussed, the inflaton pre-
dominantly decays into a pair of νc

2’s, where νc
2 is the second heav-

iest right-handed neutrino with mass M2 � 8.5 × 1012 GeV. (The 
decay into first generation right-handed neutrinos is suppressed 
because of their smaller coupling to the inflaton.) The primordial 
lepton asymmetry will be produced non-thermally [22,23] via the 
subsequent out-of-equilibrium decay of this right-handed neutrino 
into an electroweak Higgs doublet and a lepton or anti-lepton via 
the exchange of the heaviest νc with mass M3 = z′〈ϕ126〉. We will 
not explore the feasibility of thermal leptogenesis in this work. The 
relevant one-loop diagrams are both of the vertex and self-energy 
type [33]. Recall that 〈ϕ126〉 can have any value greater than or 
equal to mφ , and thus M2/M3 can be adjusted at any value smaller 
than unity. However, it should not be too small since it will sup-
press the BAU (see below), but also not too close to unity since 
the validity of our calculation requires [34] that M2 	 M3 and 
�φ→νc 	 (M2 − M2)/M2.
3 2
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Under these assumptions and considering only the two heavier 
generations, Y B can be approximated as [23]

Y B � 0.35
9

16π

Tr

mφ

M2

M3

c2s2 sin 2δ(mD
3

2 − mD
2

2)2

v2(mD
3

2s2 + mD
2

2c2)
. (45)

Here v � 174 GeV, c = cos θ , s = sin θ , with θ and δ being the rota-
tion angle and phase which diagonalize the Majorana mass matrix 
of νc ’s in the basis where the Dirac neutrino mass matrix is di-
agonal with eigenvalues mD

2 and mD
3 . The determinant and trace 

invariants of the light neutrino mass matrix imply [23] that the 
neutrino parameters should satisfy the following constraints:

m2m3 =
(
mD

2 mD
3

)2

M2M3
, (46)

m2
2 + m3

2 =
(
mD

2
2 c2 + mD

3
2 s2

)2

M2
2

+
(
mD

3
2 c2 + mD

2
2 s2

)2

M3
2

+ 2(mD
3

2 − mD
2

2)2c2s2cos 2δ

M2M3
. (47)

Here we assume a normal hierarchy of light neutrino masses mi
(i = 1, 2, 3) [35], with m3 � 5.05 × 10−2 eV, m2 � 8.73 × 10−3 eV, 
and m1 � 0.

For a rough estimate of a possible solution of the system of 
Eqs. (45), (46), and (47), we take c2 � s2 � 1/2, sin 2δ � 1. Note 
that the latter choice maximizes Y B . Substituting Y B with its ob-
served value in Eq. (45), we are left with just three unknown 
variables β ≡ M2/M3, mD

2 , mD
3 , and we can solve the system of 

these three equations to determine them. To this end, we find from 
Eq. (47) that

mD
2

2 + mD
3

2 � 876.36
(

1 + β2
)−1/2

GeV2, (48)

while Eq. (46) gives(
mD

2
2 − mD

3
2
)2 �

105
(

7.68(1 + β2)−1 − 0.645β−1
)

GeV4. (49)

Substituting these two equations in Eq. (45), we obtain

0.303 � 7.68β(1 + β2)−1/2 − 0.645(1 + β2)1/2, (50)

which is solved numerically and yields β � 0.125. This implies that

M3 � 6.84 × 1013 GeV. (51)

From Eqs. (48) and (49), we estimate the Dirac neutrino masses:

mD
2 � 14 GeV, mD

3 � 26.2 GeV. (52)

Clearly, this is just an example to show that the observed BAU can 
be generated in our model in accord with the neutrino experimen-
tal data. A more complete and accurate calculation including all 
three generations of neutrinos should be carried out. In any case, 
since the neutrino Dirac mass matrix has a certain degree of free-
dom, we believe that more realistic solutions can be found. Note 
that the requirements M2 	 M3 and �φ→νc 	 (M2

3 − M2
2)/M2 are 

well satisfied. Also M2 
 Tr and so the second heaviest νc decays 
out of equilibrium to generate the primordial lepton asymmetry. 
Finally, note that right-handed neutrinos should all be heavier than 
Tr to prevent the erasure of the lepton asymmetry. With such low 
reheat temperature any discussion of thermal leptogenesis is be-
yond the scope of this paper.
6. Conclusions

We have explored some interesting predictions of a non-
supersymmetric S O (10) ×U (1)PQ model in which the spontaneous 
breaking of U (1)PQ takes place after inflation. A pair of 10-plet 
fermions with intermediate scale masses comparable to or some-
what smaller than the axion decay constant fa are introduced in 
order to evade the axion domain wall problem. The electroweak 
doublets from these 10-plets provide a novel non-thermal dark 
matter candidate whose stability is guaranteed by an unbroken 
Z2 symmetry. We discuss an explicit realization of this scenario 
by incorporating inflation driven by an S O (10) × U (1)PQ singlet 
scalar field with a Coleman-Weinberg potential. The dark matter 
fermions have mass on the order of 3 × 108 − 1010 GeV and, in ad-
dition, non-thermal leptogenesis is realized. The model also yields 
topologically stable intermediate mass scale cosmic strings which 
survive inflation and emit [16] possibly observable gravity waves 
(for a recent discussion in supersymmetric S O (10), see Ref. [36]. 
Last, but not least, the tensor-to-scalar ratio r, a canonical mea-
sure of gravity waves generated during inflation, cannot be smaller 
than 0.01 and therefore should be accessible in the next generation 
experiments.
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