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The spontaneous breaking of U (1)B−L around the scale of grand unification can simultaneously account 
for hybrid inflation, leptogenesis, and neutralino dark matter, thus resolving three major puzzles of 
particle physics and cosmology in a single predictive framework. The B −L phase transition also results in 
a network of cosmic strings. If strong and electroweak interactions are unified in an S O (10) gauge group, 
containing U (1)B−L as a subgroup, these strings are metastable. In this case, they produce a stochastic 
background of gravitational waves that evades current pulsar timing bounds, but features a flat spectrum 
with amplitude h2�GW ∼ 10−8 at interferometer frequencies. Ongoing and future LIGO observations will 
hence probe the scale of B −L breaking.

© 2020 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 grand unified (GUT) gauge group S O (10) contains B −L, the 
difference between baryon and lepton number, as a local symme-
try. As shown in Ref. [1], the decay of a false vacuum of unbroken 
B −L symmetry is an intriguing and testable mechanism to gener-
ate the initial conditions of the hot early universe (see Ref. [2] for a 
review). With B −L broken close to the unification scale, the false-
vacuum phase yields hybrid inflation [3] and ends in tachyonic 
preheating [4]. Decays of the B −L breaking Higgs field and thermal 
processes produce an abundance of heavy neutrinos whose decays 
generate the entropy of the hot early universe, the baryon asym-
metry via leptogenesis [5], and dark matter (DM) in the form of 
the lightest supersymmetric particle (LSP) [6].

The cosmological evolution during and after inflation is deter-
mined by a small set of parameters, including the B − L breaking 
scale and the masses of the B −L Higgs boson, heavy neutrino, and 
gravitino. In this Letter, we revisit the model in Ref. [1] and per-
form for the first time a global analysis identifying the viable pa-
rameter space that simultaneously explains the primordial power 
spectrum of the cosmic microwave background (CMB), the matter-
antimatter asymmetry, and the DM relic density.
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In addition, we study the network of cosmic strings (CSs) that is 
produced during the B −L phase transition. We embed our model 
in an S O (10) GUT, which renders the B − L strings metastable 
due to the nonperturbative (and hence exponentially suppressed) 
production of S O (10) monopole–antimonopole pairs. As a con-
sequence, we find that the cosmic-string network generates a 
stochastic background of gravitational waves (GWs) that evades 
current pulsar timing constraints but that is testable in ongoing 
and future GW observations. For a mild hierarchy between the 
S O (10) and U (1)B−L breaking scales, LIGO can probe the scale 
of B − L breaking. The latter result is a direct consequence of the 
symmetry breaking pattern and is independent of many details of 
the model, resulting in a prediction of the GW spectrum in terms 
of the two dimensionful parameters of the cosmic string network. 
This represents a clear target for current and future GW experi-
ments.

2. Supersymmetric B−L model

The example analyzed in Ref. [1] is based on the gauge group 
SU (3) × SU (2) × U (1)Y × U (1)B−L ≡ GSM × U (1)B−L and superpo-
tential

W = WMSSM + hν
i j5
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Table 1
FN flavor charge assignment (from Ref. [1]).

ψi 103 102 101 5∗
3 5∗

2 5∗
1 nc

3 nc
2 nc

1 Hu,d S1,2 �

Q i 0 1 2 a a a + 1 b c d 0 0 e
Here, S1,2 are chiral superfields whose vacuum expectation val-
ues break B −L. In unitary gauge, they correspond to the physical 
B −L Higgs superfield, S1,2 = S/

√
2. � is the inflaton superfield, nc

i
contain the charge conjugates of the right-handed neutrinos, the 
Standard Model (SM) leptons are arranged in the SU (5) multiplets 
5∗ = (dc, �) and 10 = (q, uc, ec), and the SM Higgs fields are con-
tained in Hu,d . WMSSM is the MSSM superpotential,

WMSSM = hu
ij10i10 j Hu + hd

ij5
∗
i 10 j Hd , (2)

while W0 is a constant ensuring the correct zero point of the 
scalar potential in supergravity.

The Yukawa couplings are chosen according to the Froggatt–
Nielsen (FN) model [7,8], which is known to yield a satisfactory 
description of quark, charged-lepton, and neutrino masses and 
mixing angles, with

hij ∼ ηQ i+Q j , λ ∼ ηQ � , (3)

η � 1/
√

300 and FN charges listed in Table 1. As usual, the Yukawa 
couplings have unspecified O(1) coefficients that are not SU (5)-
symmetric. For simplicity, the FN charges are restricted to b = c =
d −1 = e/2. This implies the following mass relations for the heavy 
Majorana neutrinos N1,2,3 and the B −L Higgs field S ,

M2 � M3 � mS � η−2M1 ,

M1 ∼ η2d v B−L , v B−L ∼ η2a v2
EW

mν
,

(4)

where v B−L is the B −L breaking scale, vEW � 174 GeV is the elec-
troweak scale, and mν = √

m2m3. The decays S → N2N2, N3N3

are thus forbidden, so that leptogenesis is dominated by the de-
cay chain S → N1N1, N1 → �Hu . The light neutrino masses m1,2,3

(with normal hierarchy) are the singular values of the seesaw mass 
matrix,

mν = −mD M−1mT
D , (5)

where mD and M denote the Dirac and heavy Majorana neutrino 
mass matrices, respectively. As we will discuss in more detail be-
low, successful inflation requires v B−L � few × 1015 GeV, corre-
sponding to a = 0. Hence, top and bottom Yukawa couplings are of 
the same order in η, and vEW � 〈Hu〉. Finally, an important quan-
tity for leptogenesis is the effective light neutrino mass

m̃1 = (m†
DmD)11

M1
. (6)

Parametrically, one has m̃1 ∼ mν � 0.02 eV. However, since m̃1
strongly depends on unknown O(1) factors for the Yukawa cou-
plings, m̃1 is treated as a free parameter in the range 10−5 eV ≤
m̃1 ≤ 10−1 eV. In summary, the free parameters of the model can 
be chosen to be v B−L , M1, m̃1 and W0.

3. GUT embedding and cosmic strings

The embedding of GSM × U (1)B−L into a larger GUT group, 
spontaneously broken at vGUT > v B−L , determines the B −L charges 
of S1,2. Ref. [1] is based on an SU (5) FN model, and the B − L
charges are qS ≡ qS2 = −qS1 = 2, qnc

i
= 1, q� = 0. In this case, the 

final unbroken gauge group is GSM × Z2, which results in stable 
CSs [9]. However, the model can be modified such that qS = 1. 
This is achieved by the replacement in Eq. (1)

1√
2

hn
i nc

i nc
i S1 → 1

M∗
hn

i nc
i nc

i S1 S1 , (7)

where the mass scale M∗ is larger than the GUT scale. The heavy 
neutrino masses are now Mi = hn

i v2
B−L/M∗ . For M∗ close to v B−L , 

the mass relations in Eq. (4) can be preserved by changing the 
O(1) factors. In this form, the model can be embedded into an 
S O (10) FN model [10]. S1 and S2 become part of a 16∗ and 16, 
respectively, and a further 16∗ + 16 pair together with a 10 is in-
troduced to achieve an embedding of quarks and leptons that only 
respects SU (5) but not S O (10) [11]. In this way, the SU (5) FN 
charges in Table 1 can be obtained [10].

With qS = 1, the final unbroken group is GSM, and there can 
be no stable strings since the first homotopy group vanishes, 
	1 (S O (10)/GSM) = 0 [9]. To understand this, consider the break-
ing scheme (see also [12])

S O (10) → GSM × U (1)B−L → GSM . (8)

The first step produces monopoles, while the second step produces 
CSs. The result is a network of CSs and monopoles, which is un-
stable [13–15]. The more interesting scenario is if cosmic inflation 
occurs after GUT but before B − L breaking. In this case, the ini-
tial monopole population is diluted away. The CSs can then only 
decay via the Schwinger production of monopole–antimonopole 
pairs, leading to a metastable CS network. In this case, the decay 
rate per string unit length is [12,16,17]


d = μ

2π
exp (−πκ) , (9)

with κ = m2/μ denoting the ratio between the monopole mass 
m ∼ vGUT and the CS tension μ. In Abelian field theories, one ob-
tains μ = 2π B(β)v2

B−L with β = λ/(8g2) and B(β) = 2.4/ ln(2/β)

for β < 0.01 [18]. For an appropriate choice of v B−L < vGUT, the 
CSs are sufficiently long-lived to give interesting signatures but 
decay before emitting low-frequency GWs that are strongly con-
strained by pulsar timing arrays.

4. Hybrid inflation, baryogenesis, dark matter

The superpotential term in Eq. (1) causing spontaneous B − L
breaking is precisely the superpotential of F-term hybrid inflation 
(FHI) [19,20]. It was widely believed that FHI could not account 
for the correct scalar spectral index of the CMB power spectrum; 
but the analyses in [21–25] showed that FHI is viable once the ef-
fect of supersymmetry (SUSY) breaking on the inflaton potential is 
taken into account. With an (almost) vanishing cosmological con-
stant, SUSY breaking generates the constant term

W0 = α m3/2 MPl , (10)

where α ∼ 1 encodes the details of SUSY breaking and m3/2 is the 
gravitino mass. Choosing α = 1 for definiteness, this adds a term 
linear in the inflaton field to the inflaton potential [26],

V 3/2(�) = −λ v2
B−L m3/2

(
� + �∗) + · · · . (11)

FHI now becomes a two-field model of inflation in the complex 
�-plane [24]. The choice of the inflationary trajectory impacts the 
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CMB observables and even determines whether a graceful exit 
from inflation is at all possible. Trajectories far from the real axis 
require a significant amount of tuning. For simplicity, we thus re-
strict ourselves to trajectories along the real axis. In this case, the 
observed values of the amplitude and index of the scalar power 
spectrum, Aobs

s and nobs
s , eliminate two of the three parameters 

v B−L , λ, and m3/2, where we recall that we can exchange λ ↔ M1
using the FN relations (4).

We will now demonstrate that the parameter values required 
for FHI are consistent with leptogenesis and neutralino DM. First, 
we define the reheating temperature Trh in terms of the total and 
radiation energy densities,

T = Trh ⇔ ρtot = 2ρrad . (12)

Trh is determined by the decay widths of S and N1, which can be 
expressed in terms of the masses defined above,


0
S = mS

8π

(
M1

v B−L

)2
(

1 − 4M2
1

m2
S

)1/2

, (13)


0
N1
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4π
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mν

M2
1

v B−L
.

The neutrinos N1 produced in S decays are relativistic, which is 
accounted for by the averaged Lorentz factor γ ,


S
N1

= γ −1 
0
N1

, γ −1 =
〈

M1

E N1

〉
. (14)

Equating the decay rates 
S ≡ 
0
S and 
N1 ≡ 
S

N1
with the Hubble 

parameter H defines the S and N1 decay temperatures,

H (T X ) = 
X : T X =
(

90

αXπ2 g∗

)1/4 √

X MPl , (15)

where X = {S, N1} and α−1
X ≡ ρrad/ρtot|T X . For Trh, we then find 

(see Appendix C in [27] for details)

Trh � 0.85 × min{T N1 , T S} . (16)

For any given values of m̃1 and m3/2, successful hybrid infla-
tion selects a point in the v B−L – Trh plane, such that the values 
of all parameters are fixed [up to an O(1) uncertainty due to the 
constant α in Eq. (10)]. This is illustrated in Fig. 1. The turn-over 
at large gravitino masses and high reheating temperatures reflects 
the quartic supergravity coupling in the inflaton potential becom-
ing important. Even larger gravitino masses entail field excursions 
of O(MPl) and thus are sensitive to further, model-dependent su-
pergravity corrections. For large values of m̃1, the reheating tem-
perature is set by S decays, such that it becomes independent of 
m̃1. This is reflected in the merging of different m̃1 contour lines 
at the upper edge of the band depicted in Fig. 1.

The decay of the heavy neutrino N1 is responsible for non-
thermal leptogenesis [28,29], which dominates in our model over 
thermal leptogenesis for Trh � 1010 GeV [1]. The resulting baryon 
asymmetry can be estimated as

ηB � ηnt
B � Csph

g0∗,s

g∗,s

g∗,ρ

gγ

π4

30 ζ(3)
ε1

Trh

γ M1
, (17)

with Csph = 8/23 denoting the sphaleron conversion factor, g∗,ρ =
g∗,s = 915/4, g0∗,s = 43/11, and gγ = 2 counting (effective) num-
bers of relativistic degrees of freedom and ε1 � 2 × 10−6 M1/(
1010 GeV

)
[30–32] parameterizing the C P asymmetry in N1 de-

cays. This agrees with the result obtained solving the correspond-
ing Boltzmann equations within a factor of two [1]. The gray shad-
ing in Fig. 1 indicates the region where leptogenesis falls short of 
explaining the observed baryon asymmetry.
Fig. 1. Viable parameter space (green) for hybrid inflation, leptogenesis, neutralino 
DM, and big bang nucleosynthesis. Hybrid inflation and the dynamics of reheating 
correlate the parameters v B−L , Trh, m3/2 and m̃1 (black curves). Successful lep-
togenesis occurs outside the gray-shaded region. Neutralino DM is viable in the 
green region, corresponding to a higgsino (wino) with mass 100 ≤ mLSP/GeV ≤ 1060
(2680).

Gravitino masses of O (1) TeV or larger point to a neutralino 
LSP, which is produced thermally as well as nonthermally in grav-
itino decays [33]. Gravitinos are in turn generated in decays of the 
B −L Higgs field at a rate



3/2
S = x

32π

( 〈S〉
MPl

)2 m3
S

M2
Pl

, (18)

as well as from the thermal bath (for a discussion and refer-
ences, see [34]). The parameter x in Eq. (18) encodes details 
of the unspecified SUSY-breaking sector, and for definiteness, 
we will assume all gaugino masses to be significantly lighter 
than m3/2. Taking into account that gravitinos must decay early 
enough to preserve big bang nucleosynthesis (BBN) [35] and 
mLSP � 100 GeV [36], a higgsino or wino LSP can account for 
the observed DM relic density in the green-shaded region of 
Fig. 1. It is highly nontrivial that neutralino DM and leptogene-
sis can be successfully realized in the same parameter region. In 
summary, the viable parameter region of our model is given by 
v B−L � 3.0 · · ·5.8 × 1015 GeV, m3/2 � 10 TeV · · ·10 PeV, and x � 0.4.

5. Gravitational waves

The network of CSs formed during the B − L phase transition 
acts as a source of GWs [27]. The dominant contribution is ex-
pected to come from long-lived, sub-horizon CS loops that eventu-
ally decay emitting gravitational radiation. Modeling the evolution 
and GW emission of a CS network is a challenging task, result-
ing in several competing models in the literature. Among others, 
major questions are the ansatz for CSs (field theory versus Nambu–
Goto), the correct loop number density and the most efficient 
GW production channel (see Ref. [37] and references therein for a 
comprehensive review). Moreover, for metastable strings, the GW 
production from fast-moving monopoles requires further investi-
gation [12,13]. For concreteness, we will base our analysis on the 
BOS model [38], but the arguments presented here can easily be 
applied to any other CS model.
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Fig. 2. GW spectrum for Gμ = 2 × 10−7. Different values of √κ are indicated in dif-
ferent colors; the blue curve corresponds to a CS network surviving until today. The 
dot-dashed lines depict the analytical estimate (25). The (lighter) gray-shaded areas 
indicate the sensitivities of (planned) experiments SKA [39], LISA [40], LIGO [41]
and ET [42], the crosses within the SKA band indicate constraints by the IPTA [43].

The present-day GW spectrum can be expressed as [37]

�GW( f ) = ∂ρGW( f )

ρc∂ ln f
= 8π f (Gμ)2

3H2
0

∞∑
n=1

Cn( f ) Pn , (19)

where ρGW denotes the GW energy density, ρc is the critical en-
ergy density of the universe, Gμ denotes the dimensionless string 
tension, H0 = 100 h km/s/Mpc is today’s Hubble parameter, Pn �
50/ζ [4/3] n−4/3 is the power spectrum of GWs emitted by the nth
harmonic of a CS loop, and Cn( f ) indicates the number of loops 
emitting GWs that are observed at a given frequency f ,

Cn( f ) = 2n

f 2

zmax∫
zmin

dz
N (� (z) , t (z))

H (z) (1 + z)6
, (20)

which is a function of the number density of CS loops N (�, t), 
with � = 2n/((1 + z) f ), selecting the loops that contribute to the 
spectrum at frequency f today. The loop number density can be 
estimated analytically and improved with input from numerical 
simulations. In particular, for loops generated and decaying in the 
radiation-dominated (RD) era, it can be estimated as [37,38]

Nr(�, t) = 0.18

t3/2(� + 
Gμt)5/2
, (21)

where 
 � 50 parametrizes the CS decay rate into GWs, �̇ =
−
Gμ. The integration range in Eq. (20) accounts for the lifetime 
of the CS network, from the formation at zmax � Trh/(2.7 K) un-
til their decay when the decay rate of a string loop with average 
length �̄ � 13 Gμ/H equals the Hubble rate, �̄ 
d = H . The latter 
condition yields

zmin =
(

70

H0

)1/2

(
 
d Gμ)1/4 , (22)

which coincides with the estimate found in [12].
For a sufficiently long-lived CS network, the spectrum features 

a plateau over many orders of magnitude in frequency, account-
ing for the GW production from CS loops during the RD era. The 
amplitude of this plateau is [37]

�
plateau
GW � 8.04�r

(
Gμ

)1/2

. (23)




Fig. 3. Constraints on the CS parameter space from GW searches. The orange, red, 
and purple regions are excluded by the existing bounds from EPTA [44], LIGO 
O2 [41] and PLANCK [45], respectively. The shaded green and blue regions indi-
cate the prospective reach of LIGO at design sensitivity and of LISA. The hatched 
region indicates the viable parameter space from Fig. 1.

A finite lifetime of the CS network leads to a suppression of the 
GW spectrum at low frequencies. Focusing for simplicity only on 
the RD era, we note that the scaling of the integrand of Eq. (20)
with z changes at z� = 
/2 Gμ f tref z2

ref, with tref = t(zref) denot-
ing an arbitrary reference time during RD. One can verify that, for 
zmin � z� (corresponding to large frequencies), �GW( f ) becomes 
scale-invariant, whereas for zmin � z� , we find �GW ∝ f 3/2. With 
this, we can estimate the turn-over point f∗ of the spectrum by 
solving zmin = z� for f ,

f∗ � 3.0 × 1014 Hz e−πκ/4
(

10−7

Gμ

)1/2

. (24)

In summary, we arrive at a simple estimate for the GW spectrum 
from a metastable CS network,

�GW( f ) = �
plateau
GW min

[
( f / f∗)3/2,1

]
. (25)

Fig. 2 shows the GW spectrum obtained by numerically evaluating 
Eq. (19) (see Ref. [37] for details) as well as the analytical estimate 
Eq. (25). The shaded regions indicate the power-law-integrated 
sensitivity curves of current and planned experiments [46]. We see 
that, for Gμ = 2 × 10−7, the constraint from the European Pulsar 
Timing Array (EPTA) [44] enforces 

√
κ � 8. The analytical estimate 

accurately explains the plateau value and the f 3/2 drop-off at low 
frequencies, showing overall good agreement with the numerical 
result.

Comparing the predicted GW spectrum (25) with the observa-
tional bounds and prospects depicted in Fig. 2, we can map out the 
regions in the κ – Gμ parameter plane that are already excluded or 
that will be probed in the near future, see Fig. 3. In particular, cos-
mological B − L breaking with stable CSs is excluded, as are GUT 
monopole masses above m = 5.4 × 1016 GeV. Assuming a mild hi-
erarchy between the GUT and B −L scales, m/v B−L � 6, the entire 
remaining parameter space is testable with LIGO.

6. Conclusions

We have presented a minimal extension of the SM with 
U (1)B−L symmetry that simultaneously explains inflation, lepto-
genesis, and neutralino DM. Gravitinos are unstable and heavier 
than 10 TeV. Remarkably, the viable parameter space of our model 
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automatically implies a large stochastic signal in GWs that is well 
within the reach of LIGO’s design sensitivity. It would be interest-
ing to relax some of our model-building assumptions, such as the 
underlying flavor model, in future work. However, the general phi-
losophy behind our model — inflation ending in a GUT-scale phase 
transition in combination with leptogenesis and dark matter in a 
SUSY extension of the SM — provides a testable framework for the 
physics of the early universe. A characteristic feature of this frame-
work is a stochastic background of gravitational waves emitted by 
metastable cosmic strings.
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