
hQTQHQ;B+�H .272+ib � :`�pBi�iBQM�H q�p2b

Z�Bb�` a?�}

"�`iQH _2b2�`+? AMbiBimi2
.2T�`iK2Mi Q7 S?vbB+b �M/ �bi`QMQKv

lMBp2`bBiv Q7 .2H�r�`2

:X G�x�`B/2b- _X J�DB- �X hBr�`B

9yi? *QM72`2M+2 QM _2+2Mi .2p2HQTK2Mib BM
>B;? 1M2`;v S?vbB+b �M/ *QbKQHQ;v U>1S kykjV

lMBp2`bBiv Q7 AQ�MMBM�- AQ�MMBM�- :`22+2
�T`BH ke- kykkApril, 2023If



Non-SUSY SO(10)

Usually broken via one or more intermediate steps to the SM

G = SO(10)/Spin(10)

H = SU(3)c ⇥ U(1)e.m.

⇧2(G/H) ⇠= ⇧1(H) ) Monopoles

⇧1(G/H) ⇠= ⇧0(H) = Z2 ) Cosmic Strings (provided
G ! H breaking uses only tensor representations)

Z2 ⇢ Z4 (center of SO(10))
[T. Kibble, G. Lazarides, Q.S., PLB, 1982]

Intermediate scale monopoles and cosmic strings may survive
inflation.

Recent work suggests that this Z2 symmetry can yield
plausible cold dark matter candidates.
[Mario Kadastik, Kristjan Kannike, and Martti Raidal Phys. Rev. D 81 (2010), 015002; Yann Mambrini,
Natsumi Nagata, Keith A. Olive, Jeremi Quevillon, and Jiaming Zheng Phys.Rev. D91 (2015) no.9,
095010 ; Sofiane M. Boucenna, Martin B. Krauss, Enrico Nardi Phys.Lett. B755 (2016) 168-17]
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Breaking Chains

R. Jeannerot, J. Rocher, and M. Sakellariadou, Phys. Rev. D 68, 103514 (2003)
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Breaking Chains

D. I. Dunsky, A. Ghoshal, H. Murayama, Y. Sakakihara, and G. White, Phys. Rev. D 106, 075030 (2022)
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Topological defects in GUTs

GUT ! GI ! GII ! SM Topological defects
GUT ! GI GI ! GII GII ! SM

E(6) ! G3L3R3CD !
G2L2R3C1LRD ! SM

Unstable Z2-strings
+Z3-monopoles

Stable monopoles Domain walls+
embedded strings

E(6) ! G3L3R3C
!

G2L2R3C1LR /D ! SM Z3-monopoles Stable monopoles Embedded strings

E(6) ! G2L2R4C1XD
! G2L1X4C

! SM

Unstable Z2-strings
+ stable monopoles+
unstable Z2-monopoles

Domain walls Embedded strings

E(6) ! G2L2R4C1X /D
! G2L1X4C

! SM
Stable monopoles+

unstable Z2-monopoles
No defects Embedded strings

SO(10) ! G2L2R4CD !
G2L2R3C1B�LD ! SM

Z2-strings
(stable uptoMII )
+Z2-monopoles

Stable monopoles Domain walls+
embedded strings

SO(10) ! G2L2R4CD !
G2L2R3C1B�L /D ! SM

Unstable Z2-strings+
Z2-monopoles

Domain walls+
stable monopoles Embedded strings

SO(10) ! G2L2R4C /D !
G2L2R3C1B�L /D ! SM Z2-monopoles Stable monopoles Embedded strings

SO(10) ! G2L2R4CD !
G2L1R4C

! SM
Unstable Z2-strings+

Z2-monopoles
Domain walls+
stable monopoles Embedded strings

SO(10) ! G2L2R4C /D !
G2L1R4C

! SM
Z2-monopoles Stable monopoles Embedded strings

J. Chakrabortty, RM, S. F. King, PRD 99 (2019) 095008
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*QKTQbBi2 hQTQHQ;B+�H ai`m+im`2b BM SO(10)

SO(10) #`2�FBM; pB�,
SU(5)⇥ U(1)�-
SU(4)c ⇥ SU(2)L ⇥ SU(2)R-
�M/ SU(5)⇥ U(1)X U~BTT2/ SU(5)VX

q2 }M/ +QKTQbBi2 iQTQHQ;B+�H bi`m+im`2b i?�i BM+Hm/2,
� M2irQ`F Q7 Z bi`BM;b r?B+? /2p2HQT KQMQTQH2b �M/ im`M BMiQ
M2+FH�+2b rBi? i?2 bi`m+im`2 Q7 Z2 bi`BM;b-
/mK##2HHb +QMM2+iBM; irQ /Bz2`2Mi ivT2b Q7 KQMQTQH2b- Q`
KQMQTQH2b �M/ �MiBKQMTQH2b-
bi�`}b?@HBF2 +QM};m`�iBQMb-
TQHvTQH2 +QM};m`�iBQMb- �M/
r�HHb #QmM/2/ #v � M2+FH�+2X



.mK##2HH +QM};m`�iBQM BM
SO(10) #`2�FBM; pB� SU(5)⇥U(1)�

6B;m`2, SO(10) KQMQTQH2 +�``vBM; U(1)Y 5 *QmHQK# ~mt �M/ U(1)� 5

K�;M2iB+ ~mt im#2X

6B;m`2, .mK##2HH +QMbBbiBM; Q7 �M SO(10) KQMQTQH2 U`2/V@�MiBKQMQTQH2
U;`22MV T�B` +QMM2+i2/ #v � U(1)� 5 ~mt im#2X

kkyNXyekRepk k kfKQMQTQH2/mK##2HHn�7i2`1qnal8�XTM;

kkyNXyekRepk k kfKQMQTQH2/mK##2HHn�7i2`1qnal8#XTM;

6B;m`2, SO(10) KQMQTQH2 �M/ /mK##2HH +QM};m`�iBQMb �7i2` i?2 1q #`2�FBM;X

Moosa dos

Boggess ooo
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ai�`}b? +QM};m`�iBQM BM
SO(10) #`2�FBM; pB� SU(5)⇥U(1)�

6B;m`2, ai�`}b?@HBF2 +QM};m`�iBQM rBi? � +2Mi`�H KmHiBKQMQTQH2 +QMM2+i2/ iQ
}p2 SO(10) �MiBKQMQTQH2b #v U(1)� Z5 im#2bX



L2+FH�+2 +QM};m`�iBQM BM
SO(10) #`2�FBM; pB� SU(5)⇥U(1)�

6B;m`2, L2+FH�+2 Q7 KQMQTQH2b U`2/V �M/ �MiBKQMQTQH2b U;`22MV +QMM2+i2/ #v
U(1)� Z10 im#2b- r?B+? +�``v ?�H7 i?2 ~mt Q7 i?2 Z5 im#2b �M/ +Q``2bTQM/ iQ �
`Qi�iBQM #v 2⇡/10 �HQM; U(1)�X h?2b2 im#2b +�M #2 i?Qm;?i Q7 �b ?v#`B/
bi`m+im`2b +QMbBbiBM; Q7 � Z2 im#2 UK�;2Mi�V �M/ irQ Z5 �MiB@im#2b U#Hm2V



‘Schwinger’ Monopole

SU(4)c⇥SU(2)L⇥SU(2)R ! SU(3)c⇥U(1)B�L⇥SU(2)L⇥U(1)R

! SU(3)c ⇥ SU(2)L ⇥ U(1)Y (1)
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L2+FH�+2 +QM};m`�iBQM BM
SO(10) #`2�FBM; pB� 4� 2� 2

6B;m`2, h?2 �MiBKQMQTQH2 Q7 i?2 #Hm2 KQMQTQH2 Bb i?2 #`QrM KQMQTQH2- �M/
i?2 �MiBKQMQTQH2 Q7 i?2 `2/ KQMQTQH2 Bb i?2 ;`22M KQMQTQH2X h?Bb M2+FH�+2 Bb
� `2�HBx�iBQM Q7 i?2 Z2 bi`BM;X



SQHvTQH2 +QM};m`�iBQM BM
SO(10) #`2�FBM; pB� 4� 2� 2

6B;m`2, � TQHvTQH2 +QM};m`�iBQM rBi? i?2 i?`22 im#2b 7`QK i?2 `2/
i`BKQMQTQH2 �7i2` i?2 #`2�FBM; Q7 U(1)BL ⇥ U(1)R i2`KBM�iBM; QM QM2 ;`22M
U�MiB@`2/V �M/ irQ #Hm2 KQMQTQH2bX



L2+FH�+2 +QM};m`�iBQM BM
SO(10) #`2�FBM; pB� 6HBTT2/ SU(5)

6B;m`2, L2+FH�+2 +Q``2bTQM/BM; iQ Z2 bi`BM;b BM i?2 ~BTT2/ SU(5) KQ/2HX



Walls Bounded by Strings

Consider the breaking chain

SO(10)
54�! SU(4)c ⇥ SU(2)L ⇥ SU(2)R
126��! SU(3)c ⇥ SU(2)L ⇥ U(1)Y .

The first step leaves unbroken the discrete symmetry ‘C’ (also
known as ‘D’) that interchanges left and right, and conjugates the
representations.

The 126 vev breaks ‘C’ which produces domain walls

Thus we end up with walls bounded by strings.
Similar structures also arise in axion models.

É-__

~



q�HHb #QmM/2/ #v � L2+FH�+2 BM
SO(10) #`2�FBM; pB� SU(5)⇥U(1)�

6B;m`2, 1K2`;2M+2 Q7 � Z2 /QK�BM r�HH UQ`�M;2V 7`QK 2�+? b2;K2Mi Q7 i?2
M2+FH�+2 /m2 iQ i?2 #`2�FBM; Q7 i?2 Z2 bm#;`QmT Q7 U(1)� #v i?2 o1o Q7 �
⌫
c@ivT2 >B;;b }2H/ �M/ Bib +QMDm;�i2- rBi? i?2 M2+FH�+2 mHiBK�i2Hv #2+QKBM;

i?2 #QmM/�`v Q7 i?2 Z2 r�HHX



Walls Bounded by Strings [J. Makinen, V. Dmitriev, et al. (Nature, 2019)]
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Cosmic Strings from SO(10)

Cosmic Strings arise during symmetry breaking of G ! H if
⇡1(G/H) is non-trivial. Consider

SO(10)
MGUT
�! SU(4)⇥ SU(2)L ⇥ SU(2)R

MI
�! SM ⇥ Z2 Mass

per unit length of string is µ ⇠ M2
I , with MI ⌧ MP . The strength

of string gravity is determined by the dimensionless parameter
Gµ ⌧ 1. For this talk Gµ ⇠ 10�12 or so, such that strings,

analogous to monopoles, can survive inflation.

Cosmic 
Horizon

Closed 
Loop

Open
Strings

20 / 60to
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Stochastic Gravitational Waves from Strings

Unresolved GWs bursts from string loops at different cosmic era
produces the stochastic background.

Loops that are formed and decay during radiation produce a plateau in
the spectrum in the high frequency regime.

Loops that are produced during radiation dominance but decay during
matter dominance generate a sharply peaked spectrum at lower
frequencies.

Loops that are produced and decay during matter domination also
generate a sharply peaked spectrum which, however, is overshadowed by
the previous case.

October 16, 2022 10 / 16tTIlÉfg
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Stochastic Gravitational Wave Background

String loops form and decay

during radiation dominance

Loops form during radiation and

decay during matter dominance

Loops form and decay

during matter dominance

Resultant stochastic gravity waves

10
-11

10
-7 0.001 10.000 10

5
10

-13

10
-12

10
-11

10
-10

10
-9

10
-8

f (Hz)

�
G

W
h

2

Sousa, Avelino, Guedes, PRD 101 (2020) 10, 103508
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GWs without Inflation and Observational Prospects

G�
=10

-9

G�
=10

-11

G�
=10

-13

G�
=10

-15

G�
=10

-17

G�
=10

-19

G�
=10

-21

NANOGrav 12.5 yrs

B
B
O

C
E

D
E
C
IG
O

E
T

H
L
V
K

L
IS
A

P
P
T
A

S
K
A

10-10 10-7 10-4 0.1 100 105
10-20

10-17

10-14

10-11

10-8

f (Hz)

�
G

W
h

2

Stringent constraint from PPTA: Gµ ! 10−11.

Provisional GWs signal in NANOGrav: Gµ ∼ 10−10.
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Evolution of Strings in Inflationary Cosmology

The mean inter-string distance at cosmic time t (temp = T ):

dstr = p ξ(φI) exp(Nstr)
(
tr
τ

) 2
3 Tr

T

Inter-string sepera-
tion at production
ξ = min

(
H−1,m−1

eff

)

Expansion
during Infla-
tion

Expansion dur-
ing Inflaton
oscillations

Expansion
after reheat-
ing

The string network re-enters the post-inflationary horizon at cosmic time
tF if

dstr(tF ) = dhor(tF )

with dhor(tF ) =

{
2tF (radiation dominance)
3tF (matter domination).

Chakrabortty, Lazarides, Maji, Shafi JHEP 02 (2021) 114
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String Loops and Gravitational Waves

After horizon re-entry the strings inter-commute and form loops at any
subsequent time ti.

Loops of initial length li = αti decay via emission of gravity waves.

The redshifted frequency of a normal mode k, emitted at time t̃, as
observed today, is given by

f =
a(t̃)

a(t0)

2k

αti − ΓGµ(t̃− ti)
, with k = 1, 2, 3, ...

October 16, 2022 8 / 16I-III
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Inflation, GWs and PPTA bound

G
�=

2.7
×10

-11G
�=

4.6
×10

-11

G
�=

14×
10
-11

G�=
40×10

-11

tF�9.5×10 9
sectF�4.5×10 10
sec

PPTA

Without Inflation (tF=10-25sec)

Minimum tF from PPTA

10-10 10-9 10-8 10-7 10-6

5× 10-12

1× 10-11

5× 10-11

1× 10-10

5× 10-10

1× 10-9

f (Hz)

�
G

W
h

2

Partially inflated strings re-enter horizon at time tF in post-inflationary
universe and decay via emission of GWs.

Modified GWs spectra from ‘diluted’ strings can satisfy the PPTA bound.
Lazarides, Maji, Shafi, PRD 104 (2021) 9, 095004
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String Loops and Gravitational Waves

After horizon re-entry the strings inter-commute and form loops at any
subsequent time ti.

Loops of initial length li = αti decay via emission of gravity waves.

The redshifted frequency of a normal mode k, emitted at time t̃, as
observed today, is given by

f =
a(t̃)

a(t0)

2k

αti − ΓGµ(t̃− ti)
, with k = 1, 2, 3, ...
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J2i�bi�#H2 ai`BM;b
h?2 K2i�bi�#H2 bi`BM; M2irQ`F /2+�vb pB� i?2 a+?rBM;2`
T`Q/m+iBQM Q7 KQMQTQH2@�MiBKQMQTQH2 T�B`b rBi? � `�i2 T2`
bi`BM; mMBi H2M;i? Q7

�d =
µcs

2⇡
exp(�⇡cs), cs =

m2

µcs

r?2`2 m ⇠ MG Bb i?2 KQMQTQH2 K�bb �M/ cs [m�MiB}2b i?2
K2i�bi�#BHBiv Q7 +QbKB+ bi`BM;b M2irQ`F rBi? p

cs ⇠ 10 #2BM;
i?2 bi�#BHBiv HBKBi �b i?2 HB72iBK2 Q7 +QbKB+ bi`BM;b #2+QK2b
H�`;2` i?�M i?2 �;2 Q7 i?2 lMBp2`b2X

6B;m`2



Zm�bBbi�#H2 ai`BM;b

h?2 bi`BM;b �`2 MQi iQTQHQ;B+�HHv bi�#H2 �M/ +QMM2+i
KQMQTQH2b �M/ �MiB@KQMQTQH2bXƘ
>Qr2p2`- i?2B` HB72iBK2 Q7 /2+�v pB� [m�MimK K2+?�MB+�H
imMM2HBM; Bb H�`;2` i?�M i?2 �;2 Q7 i?2 lMBp2`b2- �M/
i?2ƘKQMQTQH2b �`2 T�`iB�HHv BM~�i2/X
h?2`27Q`2- i?2 bi`BM;b K�F2 `�M/QK r�HFb rBi? bi2Tb Q7 i?2
Q`/2` Q7 i?2 ?Q`BxQM �M/ 7Q`K � M2irQ`F Q7 bi�#H2 bi`BM;b
#27Q`2 i?2 ?Q`BxQM `22Mi`v Q7 i?2 KQMQTQH2bXƘ
q2 +�HH i?2b2 [m�bB@bi�#H2 bi`BM;b �b i?2v 7Q`K � bi�#H2
M2irQ`FƘmMiBHƘi?2 ?Q`BxQM `22Mi`v Q7 KQMQTQH2bX



Quasi-stable Cosmic Strings

Example:

SO(10)
MGUT���! SU(4)c ⇥ SU(2)L ⇥ SU(2)R
MI��! SU(3)c ⇥ U(1)B�L ⇥ SU(2)L ⇥ U(1)R
MII��! SU(3)c ⇥ SU(2)L ⇥ U(1)Y .

Strings formed atMII connect monopole-antimonopole (MM̄ ) pairs
formed atMI .

Strings are topologically unstable: �d = µ

2⇡ exp
�
�⇡m2

M
/µ

�
with

µ ⇠ ⇡M2
II
andmM ⇠ 10MI .

Strings are practically stable if (m2
M
/µ)1/2 & 8.7.

Lazarides, Maji, Shafi JCAP 08 (2022) 042
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Gravitational Waves from Quasi-stable Strings

Intermediate scale magnetic monopoles, created prior to the cosmic
strings, experience partial inflation.

The strings reenter the horizon (tF ) earlier than theMM pairs (tM ),
form random walks with step of the order of the horizon, and
inter-commute generating loops which decay into gravitational waves.

As monopoles reenter the horizon we obtain monopole-antimonopole
pairs connected by string segments which also decay into gravitational
waves.

Lazarides, Maji, Shafi JCAP 08 (2022) 042
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Gravitational Waves from Quasi-stable Strings

Long string loops and segments are absent.

Gravitational wave spectrum in the low frequency region is reduced.
10
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tM = 1 sec

GWs spectra.

G� = 10-10 , tM = 1 sec, tF = 10-11 sec
-------------------

Decaying loops t<tM

Decaying loops teq>t>tM

Decaying loops t>teq

Decaying MSM
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Different components.

Lazarides, Maji, Shafi JCAP 08 (2022) 042
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Summary

Unification of all forces remains a compelling idea.

Grand unification explains charge quantization, predicts
monopoles and proton decay.

Also explains tiny neutrino masses via seesaw mechanism.

Intermediate scale monopoles and cosmic strings may survive
inflation.

In non-SUSY inflation with Higgs potential, r & 0.01 (minimal
coupling to gravity).

SUSY and Non-SUSY models o↵er plausible dark matter
candidates such as TeV mass higgsino, axions....

SUSY o↵ers compelling inflation models

Search for primordial gravity waves, monopoles, cosmic
strings, dark matter and proton decay.
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