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Homotopy group < topological defects

- Kibble mechanism, 1976
— — originally proposed for defects generated in a continuous phase transition.

Topological defects depend on the homotopy groups ([El{£#%) of the manifold of
degenerate vacua.

For symm breaking G — H, degenerate vacua form a manifold .Z = G/H, a homotopy
group m () is defined by the set of mapping Sk

- f (G/H) # 1, (2 — k)-dim topological defects defects form

« k=2 = monopoles (E#F), 0-dim pointin the core

» k=1 = cosmic strings (F85%), 1-dim string in the core

« k=0 = domain walls (B5E%), 2-dim surface in the core



’t Hooft-PolyakoV monopole 't Hooft, NPB, 74; Polyakov, JEPT Lett., 74

> A gauge SU(2) symmetry with an adjoint scalar 1 1[ & ol-id?
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© After @ gains the VEV, (©)=U@ |y U@
SU(2) is spontaneously broken to U(1) ‘ SUQ2)
- The @ VEV does not have to be a constant in the gauge space U(1)
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- This field configuration leads to an energy condensation, referring to the monopole mass

4y , o , ,
M,ono = — f(A/€7) In the BPS limit, /e — 0, f(1/e?) — 1
€

Most energy is restricted in the narrow radius R ~ 1/v



Monopoles in GUT framework Preskill, Ann. Rev. Nucl. Part. Sci., 1984

Pati-Salam monopoles

© Gauge symmetry G,,, = SU4).x SU2); X SUQ2)g

- ( SU4)
*\SU3) x U(1)

© SU4),. is spontaneously broken to SU(3),.x U(1)z_, ) = m(CP*) =Z

~ The breaking of SU(2) — U(1) can be embedded into SU(4) — SU3) x (1)

~ Monopole arises from the breaking of Pati-Salam symmetry.
Its property is determined by the embedding of SU(2) into the gauge space of SU4)




Monopoles in GUT framework

SU(5) monopoles

- Gauge symmetry SU(S5), broken to SM gauge
symmetry directly via an adjoint 24-plet Higgs

SUB),. X SU2); X U(1)y
Zx X 72,

SUQDS) = S(UB) X U2)) ~

=272
SO(10) monopoles: two scales
SO(10) —» SU4),. x SU2), X SU(2),

SU@), — SUGB). X U(l)z_;

Preskill, Ann. Rev. Nucl. Part. Sci., 1984




Monopoles 1s a general prediction of GUTs

{SO(10) -
/ O/) \
[ Gsi )

Gy = SU@), X SU2), X SU(2),

Gs, = SUG5) x U(1)

Gy = SU4), xSU2), xU(1),

Gy = SUQB) XSUQR); XSUR)pxU(1)5_;
Gir1 =SUQB) XSUR); xU(1)yxU(1)p_;

() cosmic string
(embedded string)

monopole

C: parity y; < WRC

flip: isospin flippingu < d, v < e

' domain wall
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GUT monopole problem  'tHooft, NPB, 1974; Zeldovich & Khlopov, PLB, 1978; Preskill, 1979

- Monopoles as topological defects are produced during cosmological phase transition,
referring to spontaneous symmetry breaking of certain non-Abelian gauge symmetry.

Typical distance between monopoles is around the Hubble length scale at phase
transition, L_ ~ H;!. Thus, the initial number density n, ~ H;.

- Monopoles, once they are produced, evolve as matter during Hubble expansion. The
number density today is given by

3
H>D a(t,)
n = — 3Hn — Dn? L n () = ( : ) M

a(tp)
> GUT monopole problem: GUT monopoles M, .~ Mgr/agur = 10'° GeV,
H, ~ 0.1 M; /M o« Their energy density fraction Q... = M%)/ p. IS given by

3 4
_ SEGMmonOH 101 Tk, S 1
MM T 3H2(1 + Zgy)? 1015 GeV

> Inflation is the standard way to solve the GUT monopole problem




Solving monopole problem via slingshot effect?

= Maximilian Bachmaier’s talk

Magnetic Monopoles Connected by a String

G3221 — SU(B)CXSU(Z)LXSU(z)RX U(I)B—L

First Phase Transition: G — ... x U(1) Second Phase Transition: ... x U(1) — ... x TN)
\ =27 l monopole
g
/ G311 = SUQ) XSUQR) XU(1)pxU(1)p_
\\\&/ m =7 l string

P. Langacker, S. Pi (1980) GSM — SU(3)CXSU(2)LX 1 X U( 1 )B_L
X. Martin, A. Vilenkin (1997)
G. Dvali, J. S. Valbuena-Bermiudez, M. Zantedeschi (2022)
Maximilian Bachmaier NEFMMS 2026 (12.09.2026) 3

The slingshot effect does not apply to PS or SU(5) monopoles.

(Gl Ggyp) = Z 71(Gypo/ Ggyp) = 0

%)

71'1:()



Monopoles are point-like objects, how do they affect GWs?

> GWs via cosmic strings:
It may influence cosmic string evolution, and thus change the
spectrum of GWs via cosmic strings

> GWs via GUT phase transition:
Solving the monopole problem does not require the inflation
fully after GUT phase transition. If phase transition happens
during inflation, inflated GW spectrum is predicted.



GWs via cosmic strings are widely predicted in GUTSs
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Unwanted topological defects:
monopoles and domain walls

In any breaking chains, inflation has to been
introduced to inflate unwanted defects

Gy = SU@) - X SU2), X SU2),
Gs, = SU5) X U(1)y

ch: W, < Yy

G, = Gy or Gyyy,
G351 =SUQB) - X SUR); X SUR2)p X U(1)p_;
Gy =SU@A) X SUR); x U(1)y
Gy =SUQB)-XSUQR), X U(1)g X U(1)5_;
Gy =SUQB) - X SUR), X U(l)y X U(l)y

Gov = SUQB) - X SU2); X U(1)y
King, Pascoli, Turner, YLZ, 2005.13549
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Mechanism of GWs via cosmic strings in GUTs

GW via cosmic strings T, (U(l)) =Z

~ Most GUTs include U(1);,_,;, denotes the scale as My_;

- Spontaneous breaking of U(1),_; generates cosmic strings.

© Strings intersect and intercommute to form loops and cusps

~ Loops oscillates via gravitational radiation Vanchurin, Olum. Vilenkin, 0511159

sound waves

P

Q\

Another mechanism: GW via GUT phase transition?

— —require technigue developments to measure high-frequency GW, see e.g., 2011.12414, 2310.06607
11



Predictions of GWs via cosmic strinnnon-SUSY GUTs
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Tensions between NANOGrav and GWs via cosmic strings
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Metastable strings: decaying via monopole-antimonopol pairs

O

Monopole

Nucleation

Vilenkin, NPB(1982); Preskill, Vilenkin, 9209210;

Leblond, Shlaer, Siemens, 0903.4686: Monin, Voloshin,
0808.1693: Buchmuller, Domcke, Schmitz, 2107.04578
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E \/’_< ~ (8,9) = Mgyr ~ Mg_;

Buchmuller, Domcke, Schmitz, 2307.04691

A GUT inflation separates the GUT

breaking and B-L breaking in the
time scale is required.

1077

1078

107°

10~

f [Hz]

Antusch, Hinze, Saad, Steiner, 2307.04595

See also Lazarides, Maji, Moursy, Shafi, 2308.07094
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Realisation in GUT models

GUTs meet PTA 2023

MAG GWs in SUSY SO(10) GUTs
TianQi AIO . . .
lanQin Fu, King, Marsili, Pascoli, Turner,
YLZ, 2308.05799
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GUT breaking during inflation

© Locating the GUT PT during inflation can also solve the monopole problem.
And if the PT is first order ...

Nt = 60 reheating (Rh)

S | | :
s | inflation -1 < ACDM -
S ,
E 1
O)
O :
- ,
O |
O ! :
. time
m )
Ny > N, >0 Qoo ~ 107° ( ™ SRéeV) e W1 ALy = Ty, @ssumed

- Explicit model constructions, underway ...

SU(5) inflation,  Vilenki, Shafi, PRL, 1984
Smooth hybrid inflation, Lazarides, Panagiotakopoulos, hep-ph/9506325
Shifted hybrid inflation in PS model, Jeannerot, Khalil, Lazarides, Shafi, hep-ph/0002151, ...



GWs trom phase transition during inflation: formalism

The mechanism was originally proposed in [An, Lyu, Wang, Zhou, 2009.12381, 2201.05171 ]

We repeat and generalise the formalism to PT happens at any e-folds to the end of inflation (=reheating),
and interpret the formalism in a more transparent way (in my opinion)

Conformal frame ds* = a*(r)|dr* — dx*|, dr = adr

GWSs as perturbation of the metric  ds* = a*(7) [drz — (6, + hyj(z, x))dx'dx/
EOM of GWs  h/(z,X) + 2a(t)H hi(z,X) — V*h;(z,X) = 162Gya*(7)0,(7, X)

Fourier Trans.  h/(z,k) + 2a(v)H hi(t, k) + k*h;i(z, k) = 162G\a*(7)6,(7, k)

h%nf(r, K) = coskr + krsinkr
GW metric proportional from 7’ to 7 (z' < 7) is given by
h(r,k) = sinkz — kt cos kt

(T K) = 16EGN[dT O(t — T)Clz(T)G (7, K) X &(7,7'; K)

oh, h, oh,17! "oh, h, oh, 17!
1 1 2 ]’ll(T, k)-l- 2 2 1
ot h, Or , 0t hy Ot

- T=7

Green function:  Z(z, 7 k) =

h,(7, K)

d =7

17



GWs trom phase transition during inflation: formalism

GW propagation in Inflation (Inf) era GW propagation in Radiation Domination (RD) era
h, (2" k) = C M (™ K) + CY M (2™, K) h, (TP, K) = C2 PP, k) + C, iy P(2RP, k)
h{nf(’[, K) = coskr + krsinkr hFD (. k) = COS kt h;D(T, k) = Sin k7

kT kT

h;nf(r, K) = sinkz — krcoskr

Matching between the end of Inflation and the beginning of RD (ignoring the influence of reheating)

At k)| = TRO(ARP k) On K| = 0P, k)

Rh Rh Rh
1 C o dr [ d’k 2
GW energy densit — hl(z,k |
& g N T 30aGra(0) ), T, | 23V 51
And the ratio to the critical energy densit hQew(f) = ~ Yaw
9y y oW p. dlogk | 1 =1,k = 27a, f

PS. Matching from RD to Matter Domination (MD) and further to Vacuum Domination (VD) eras are also
considered. These periods induce no new effect, thus ignored in the discussion. 18



GW spectrum: inflated vs uninflated

Inflated GW Uninflated GW
—~ 2 flat
hzﬂ(}w(f) — thgw(feN*) X Sif) h2Q o (f) = h” doGw o IR
\/

redshift

Instant-source approximation S(f) = So(f) + 5:(f)

[y(1—¢)] sin[y(1 —e)] )’ 2 o

So(f) = {COS y(2 O _ sl 3 2 } y= = Derived in [An et al, 2009.12381]

y y a,H,

] ] sin[2y(1 — (2 — ‘ 2y(1 — 31
Sl(f):yex{ LA POY Sl i gl y(3 2l +€—<—2+1>} Our correction

B} _ y Y _ y y \Y

_ 1 y+A /2 a*AT
Transitory-source approximation S(f) = S(f) =— dy S(f) A, = y

19



GW spectrum: inflated vs uninflated
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Three bands of frequencies

Infrared (IR) Ultraviolet (UV) Far Ultraviolet (FUV)
Wave length A, = 2md > H;! I, < H'< 2, “Rn H'> ), “Rn
k Ay a,

A quantity with subscript * means its value during phase transition, which happens during the inflation

The Hubble rate is the same as that during inflation H, = H, ¢

The coming factor is much smaller than that at reheating a, = ag, e Vs
Co-moving momentum k<< a,H, a, H, < k< ag,H, k> ap H,
a,H, a,H, Apnt apnts
< <f< >
Frequency tOday f 2ray, 27ay Y 2ray / 2ray

GW propagation to the radiation domination (RD)

2

—1 a2 _ l a
AL | agy lsm ket — K hoY ~ L diy cosly — )] sin(kt — ye) hir o~ a sm[kr+y(1 — 2¢)]

RD = k a(r) aRhH Dk al)

cos[2y(1 —e)] + 1
Deformation function S(f )IR SUHT = : 2y S(f e ag
Rh

Frozen Oscillation and partial dilution Dilution as radiation




Deformation function in three regimes
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Source of GWs during phase transition

- GWs via bubble collisions in FOPT

2 1/3
=~ HN\( p 100 (a + b)(FIFPey
h2Q =127x 1070 x [ = L) | =
(7 = 127 x 1076 x ( . ) ( ) ( ) L

Prot 8x

ﬁ T g 1/6
freak — 37 8 MHz X | — a =X
H, ) \ 1015 GeV / \ 100

a=238,b=1

Kosowsky, Turner, Watkins, PRD, 92;
Huber, Konstandin, 0806.1828
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Inflated GWs via GUT phase transition Instant source approximation

10_8 - } ! I IIIIIII.|:' RN
- '_— I__::VK -
\ TianQin Y
1071 NANOGrav15 -5/ PRS0 05
S.KA Ta|j|
~12 - uAres
. 10
O
$
= 10
10—16
N, = :—
-18 [ 1
10 = i | IIIIIII| | ’ / ‘ | IIIIIII| | IIIIIII|
BIH, =5 107" 1078 107° 107% 1 100 10%

T, = Top = 10'° GeV v, = 1 f [Hz o



Inflated GWs via GUT phase transition transitory source approximation
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Inflated GWs via GUT phase transition

transitory source approximation
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Testable region respect to the peak of GW spectrum
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Application to other phase transition (e.g. Pati-Salam)
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Application to other phase transition (e.g. Pati-Salam)
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Conclusion

@ Monopoles are general predictions in GUTs. Inflation is required to solve the GUT
monopole problem.

@ As point-like objects, monopoles do not radiate GWs directly, but can influence GWs
generated from phase transition or other topological defects.

@ Monopoles play a role in GWs via cosmic strings.
» String can be metastable via the decay to monopole-antimonopole pairs.
* The process solves the tensions between NANOGrav and GWs via cosmic strings.
 Requirement: scales for monopoles and strings are nearby, naturally released in SUSY GUTs and

flipped SU(D).

@ A scenario of GUT phase transition with testable GWs and without monopole problem

* |t happens during inflation and the phase transition is strong first order
* \We generalise the formalism to phase transition at any e-folds before before the end of inflation
* We specify three frequency bands: IR, UV and FUV.

» Testable regimes: e-folds 15 — 36, 100 Hz — nHz; ppr/p, > 1072, 5 < f/H, < 100

Thanks and questions ... 0



