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Motivation

1. LHC will not discern many LOW energy signatures of
GUT models

2. Instead Gravitational Wave experiments can discern many
models from each other

3. GUT have many predictions

3.1 Gauge Coupling Unification, Proton Decay, etc.
3.2 Topological Defects: Monopoles, Cosmic Strings, Domain

Walls (Intense Research in the last three years)

Can we really distinguish models (uncertainties, Model
Building fine-tuning) ?
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Discerning SO(10) Models according their Topological
Defects
Topological Defects are a measure of Homotopy Groups

π(S2) = 0, No defect π(T ≈ R2/Z2) = Z2
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Quasi-Complete Classification of GUT models according to their
Topological Defects Jeannerot, Rocher, Sakellariadou, ph/0308134

following T. W. B. Kibble, “Topology of Cosmic Domains and

Strings”, J. Phys. A, vol. 9, pp. 1387-1398, 1976.

1 → Monopoles, 2 → Cosmic Strings, 3 → Domain Walls

There are two possible assignments for the hypercharge Y that reproduce the SM and
they depend on whether it is only included in SU(5) or also in SO(10). In the first case

Y

2
= Z. (4.3)

It is used for SSB via the Georgi-Glashow model [64]; we add no subscript to SU(5). In
the second case

Y

2
= −1

5
(Z + V ), (4.4)

and it is used for the breakings via the flipped SU(5) model [65], in which case we add
the subscript F, i.e. we write 5F. In SO(10), all the standard model fermions of each
family plus a right-handed neutrino belong to the 16-dimensional representation. The
decomposition of the 16 under SU(5) and SU(5)F is given in Refs. [64, 65].

Thus, there are two ways of embedding SU(5) × U(1)V ⊃ SU(3)C × SU(2)L × U(1)Z

in minimal SO(10) GUT, but there is only one way for SU(2)R [63]. Here V is related to
the third component I3

R of SU(2)R and to B − L, which is contained in SO(10) by

V = −4I3
R − 3(B − L) , (4.5)

and to Z by

Z = −I3
R +

1

2
(B − L) . (4.6)

Thus, in the first case,
Y

2
= −I3

R +
1

2
(B − L) , (4.7)

while in the second case
Y

2
= I3

R +
1

2
(B − L) . (4.8)

We list below the SSB schemes of SO(10) via SU(5) sub-groups. We indicate the type
of defect(s) formed at each phase transition

SO(10)

⎧
⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

1−→ 5 1V

⎧
⎪⎪⎨
⎪⎪⎩

2 (2)→ 5 (Z2)
1−→ GSM (Z2)

1−→ 3C 2L 1Z 1V
2 (2)−→ GSM (Z2)

1,2 (1,2)−→ GSM (Z2)
1−→ 5F 1V

2′ (2)−→ GSM (Z2)
0 (2)−→ 5 (Z2)

1−→ GSM (Z2)

(4.9)

SO(10) can also break via the left-right symmetric groups GPS ⊃ SU(3)C × SU(2)R ×
SU(2)L × U(1)B−L, in which case the assignment of the hypercharge is given by Eq. (4.8).
As explained in the previous section, a discrete symmetry know as D-parity (noted as
ZC

2 ) can appear, leading to the formation of walls bounded by strings; such configurations
are not problematic for cosmology. However, if inflation takes place before the formation
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are

SO(10)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1−→ 4C 2L 2R −→ Eq. (4.10)
1,2−→ 4C 2L 2R ZC

2 −→ Eq. (4.11)
1,2−→ 4C 2L 1R ZC

2 −→ · · ·
1−→ 4C 2L 1R −→ · · ·

1,2−→ 3C 2L 2R 1B−L ZC
2 −→ · · ·

1−→ 3C 2L 2R 1B−L −→ · · ·
1−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
1 (1,2)−→ GSM (Z2)

(4.12)

The SSB patterns listed above and the type of defect indicated above the arrows,
contain all the information one needs to address the question of whether cosmic strings
(topological or embedded) are expected to exist in models which are compatible with both
particle physics and cosmology. The acceptable models must be consistent with proton
lifetime measurements, solve the GUT monopole problem with inflation, and explain the
baryon asymmetry of the universe. Inflation takes place when the rank of the group is
lowered and non-thermal leptogenesis (i.e. B-L breaks at the end of inflation) is efficient.
For GUTs based on gauge groups which have rank less or equal to five such as SO(10)
or SU(6), in each SSB pattern, there is one single choice for the phase transition where
hybrid inflation can take place. In SO(10), non-thermal leptogenesis always takes place
at the end of inflation. On the other hand, for GUTs based on gauge groups which have
rank greater than five, there may be more than one choice for the phase transition which
leads to inflation. In these GUTs where inflation can take place at different stages in the
SSB patterns, B-L is not necessarily broken at the end of inflation. Models satisfying all
constraints must lead to efficient leptogenesis; B-L must be broken at the end of inflation.

Since in standard hybrid inflation SSB takes place at the end of inflation, in the
schemes which are consistent with cosmology from a defect point of view, inflation can
only take place during a given phase transition, with no monopoles or domain walls at
this or at a subsequent phase transition.

For SO(10), we find that there are 68 SSB patterns which do not lead to formation
of unwanted defects after inflation and all these models lead to the formation of cosmic
strings (topological cosmic strings or embedded ones) at the end of inflation. More pre-
cisely, we find that there are 34 SSB patterns with cosmic strings (topological defects) and
unbroken matter parity, i.e. GSM×Z2. There are 21 SSB patterns leading to cosmic string
formation, but with broken R-parity. Finally, there are 13 SSB schemes with embedded
strings. In SO(10), when embedded strings are formed, R-parity is always broken. In
all these models, B-L is broken at the end of inflation and leptogenesis is efficient. As
discussed earlier, the proton lifetime measurements require unbroken R-parity. There are
therefore only 34 SSB patterns which satisfy all the constraints and they all lead to the
formation of topological cosmic strings at the end of inflation.
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of domain walls, then these would become cosmologically catastrophic; this situation is
forbidden. Another Z2 appears when SO(10) is breaking via GPS [60]; indeed, it is not
SO(10) but its universal covering group Spin(10) which is really broken to [(Spin(6) ×
Spin(4))/Z2](×ZC

2 ) (We remind to the reader that SU(4) × SU(2) × SU(2) ∼ Spin(6) ×
Spin(4).) The quotient Z2 results from the non-trivial intersection of Spin(6) and Spin(4)
and implies the formation of monopoles.

The SSB patterns of GPS and GPS with D-parity down to GSM (Z2) are respectively
given by

4C 2L 2R

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1−→ 3C 2L 2R 1B−L

{
1−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
2′ (2)−→ GSM (Z2)

1−→ 4C 2L 1R

{
1−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
2′ (2)−→ GSM (Z2)

1−→ 3C 2L 1R 1B−L
2 (2)−→ GSM (Z2)

1 (1,2)−→ GSM (Z2)
(4.10)

and

4C 2L 2R ZC
2

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1−→ 3C 2L 2R 1B−L ZC
2

⎧
⎪⎪⎨
⎪⎪⎩

3−→ 3C 2L 2R 1B−L −→ · · ·
1,3−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
2′,3 (2,3)−→ GSM (Z2)

1−→ 4C 2L 1R ZC
2

⎧
⎪⎪⎨
⎪⎪⎩

3−→ 4C 2L 1R −→ · · ·
1,3−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
3 (2,3)−→ GSM (Z2)

3−→ 4C 2L 2R −→ Eq. (4.10)
1−→ 4C 2L 1R −→ · · ·

1,3−→ 3C 2L 2R 1B−L −→ · · ·
1,3−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
1,3 (1,2,3)−→ GSM (Z2).

(4.11)

The SSB schemes of SO(10) via the left-right groups with associated defect formation
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A sample of models studied in the literature

SO(10)
MGUT−−−−−→

54
(SU(4)C × SU(2)L × SU(2)R) /Z2 × ZC

2

MR−−−→
126

GSM
MEW−−−−−→

10
GSU(3)C×U(1)Y

,

SO(10)
MGUT−−−−−→

126
SU(5)× Z2

MR−−−→
45

GSM
MEW−−−−−→

10
GSU(3)C×U(1)Y

,

SO(10)
MGUT−−−−−→

16
SU(5)

MR−−−→
45

GSM
MEW−−−−−→

10
GSU(3)C×U(1)Y

,

SO(10)
MGUT−−−−−−−−−→

210,126,126
SU(3)C × SU(2)L × SU(2)R × U(1)B−L

MGUT−−−−→
16

GSM

MEW−−−−−→
10

GSU(3)C×U(1)Y
,

SO(10)
MGUT−−−−−−−−−→

210,126,126
SU(3)C × SU(2)L × U(1)R × U(1)B−L

MGUT−−−−→
16

GSM

MEW−−−−−→
10

GSU(3)C×U(1)Y
,

SO(10)
MGUT−−−−−→

210
SU(4)C × SU(2)L × SU(2)R × ZC

2

MIn−−→
210

SU(3)C × SU(2)L × SU(2)R × ZC
2

MB−L−−−−→
126

GSM
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A sample of models studied in the literature

Kibble, Lazarides, Shafi, Phys. Rev. D 26, 1982

SO(10)
MGUT−−−−−→

54
(SU(4)C × SU(2)L × SU(2)R) /Z2 × ZC

2

MR−−−→
126

GSM
MEW−−−−−→

10
GSU(3)C×U(1)Y

,

SO(10)
MGUT−−−−−→

126
SU(5)× Z2

MR−−−→
45

GSM
MEW−−−−−→

10
GSU(3)C×U(1)Y

,

SO(10)
MGUT−−−−−→

16
SU(5)

MR−−−→
45

GSM
MEW−−−−−→

10
GSU(3)C×U(1)Y

,

SO(10)
MGUT−−−−−−−−−→

210,126,126
SU(3)C × SU(2)L × SU(2)R × U(1)B−L

MGUT−−−−→
16

GSM

MEW−−−−−→
10

GSU(3)C×U(1)Y
,

SO(10)
MGUT−−−−−−−−−→

210,126,126
SU(3)C × SU(2)L × U(1)R × U(1)B−L

MGUT−−−−→
16

GSM

MEW−−−−−→
10

GSU(3)C×U(1)Y
,

SO(10)
MGUT−−−−−→

210
SU(4)C × SU(2)L × SU(2)R × ZC

2

MIn−−→
210

SU(3)C × SU(2)L × SU(2)R × ZC
2

MB−L−−−−→
126

GSM

Chakrabortty, Lazarides, Maji, Shafi, 2011.01838
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A sample of models studied in the literature
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SO(10)
MGUT−−−−−−−−−→

210,126,126
SU(3)C × SU(2)L × U(1)R × U(1)B−L

MGUT−−−−→
16

GSM

MEW−−−−−→
10

GSU(3)C×U(1)Y
,

One model of Olive et al. 2009.01709 with Starobinksy-like inflation

LISA

NANOGrav LIGO

FOPT→ 10

10- 10- 0.01 10 10

10-

10-

10-

10-11

10-

10-

f(Hz)

Ω
G
W
h2

Figure 2: SGWB for case D, Eq. (6). DW are predicted but the gravitational waves are not observed in the
plot as they are very weak, at most 10�29 in the range shown.

6 Examples of Direct Breaking to SU(3)C ⇥ SU(2)L ⇥
SU(2)R ⇥ G

In this section we present an example of Eq. (6).

Monopoles Cosmic Strings???y
???y

GSO(10)
1�������!

210,126,126
SU(3)C ⇥ SU(2)L ⇥ U(1)R ⇥ U(B�L)

2�!
16

⇥GSM
0�!
10

SU(3)C ⇥ U(1)Y

x???
x???

Inflation UB�L

1013 GeV x???
Reheatingx???

x???
x???

FOPT

Supersymmetry Breaking EW FOPT

Possible sources of SGWB from GUT to the SM with no low-scale DW.

(In Darkblue) (18)

11
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LISA

NANOGrav LIGO

FOPT→ 101� G��

10
-8 10

-5 0.01 10 104

10
-��

10
-��

10
-��

10
-11
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-9

10
-7

f(Hz)

Ω
G
W
h
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Variation Following Khalil and Sil, 1108.1973 with Chaotic inflation

SO(10)
MGUT−−−−−−−−−→

210,126,126
SU(3)C × SU(2)L × U(1)R × U(1)B−L

MGUT−−−−→
16

GSM

MEW−−−−−→
10

GSU(3)C×U(1)Y
,

Monopoles Cosmic Strings???y
???y

GSO(10)
1�������!

210,126,126
SU(3)C ⇥ SU(2)L ⇥ U(1)R ⇥ U(B�L)

2�!
16

⇥GSM
0�!
10

SU(3)C ⇥ U(1)Y

x???
x???

x???
Inflation UB�L

1013 GeV

Restoration & LE Breakingx???
Reheatingx???

x???
x???

FOPT

Supersymmetry Breaking EW FOPT

Possible sources of SGWB from GUT to the SM with no low-scale DW.

(In Darkblue) (20)

7 Conclusions
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A Production of GW from First Order Phase Transi-

tions

Cosmological FOPT originate form a discontinuity in the entropy when there exist a metastable
vacuum that eventually decays into the true vacuum of the theory. This event occurs through
bubbling, that is, the process where regions of space get first to the true vacuum state and
overcome the barrier separating the two vacua of the theory. Bubble dynamics produces
GW through two basic mechanisms: (i) bubble collisions, generating sound waves, and (ii)
turbulence, both producing energy that releases into the GW. In the case of turbulence, it
happens when bubble expansion causes macroscopic motion in the surrounding plasma. The
total stochastic GW background measured from FOPT is the sum of the contributions from
bubble collisions and turbulent motions. However, not all the SGWB are detectable, weak
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LISA
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Variation with Low Energy Domain walls
Possible when introducing a bias parameter (which renders
approximate a symmetry)

Monopoles Cosmic Strings, DomainWalls???y
???y

GSO(10)
1�������!

210,126,126
SU(3)C ⇥ SU(2)L ⇥ U(1)R ⇥ U(B�L) ⇥ ZC

2
2�!
16

⇥GSM
0�!
10

SU(3)C ⇥ U(1)Y

x???
x???

Inflation UB�L

1013 GeV x???
Reheatingx???

x???
x???

FOPT

Supersymmetry Breaking EW FOPT

Possible sources of SGWB from GUT to the SM with no low-scale DW.

(In Darkblue) (19)

12



Motivation Discerning SO(10) Models Summary /Outlook: Computational Improvements

LISA

NANOGrav LIGO
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Very extreme case of DW annihilation Temperature of 0.1 GeV
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SO(10)
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210
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210
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Chakrabortty, Lazarides, Maji, Shafi, 2011.01838

CS appear before inflation
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Summary/ Outlook: Computational Improvements

1. Rather than a general analysis we focus on models that
have been developed and satisfy phenomenological
constraints

2. Possible to discern models from each other but need to
improve both theoretical calculations
2.1 For example, as far as theoretical uncertainties from model

building we have

Uncertainty (A) Uncertainty (B)
Cosmic String 30% 30%
FOPT
β 15% 30%
α 10% 30%

New approach of computing FOPT parameters in Croon, Gould,

Schicho, Tenkanen, White, 2009.10080

2.2 And simulations: bring the attention of a more detailed
simulation of CS growth, understanding DW scenarios and
characterizing better FPOT parameters

3. We are just at the beginning of an exciting era of SGWB in
the context of models BSM
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