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@ Formation of Topological Defects
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Prediction of Topological Defects

e Topological defects may appear during the SSB of a group G down
to its subgroup H.

e Non-trivial homotopy group II;(M) of the vacuum manifold
(M = G/H) implies formation of topological defects.

e Various types of topological defects which can be formed are :
domain walls (k = 0), cosmic strings (k = 1), monopoles (k = 2)
etc
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Example : Domain wall

V()

e Stationary solution :

6(z) = ntamh (1/3n7).

o Energy density :
£ = %’ftsech‘l(\/gnz).

o Energy per unit area :
on zy plane = Wall!

o L=3(0u0)* - 3(¢* —n?)?

@ Vacuum manifold consists of
two disconnected elements :

() = £n: Ho(M) = Zs.

o Boundary conditions:
¢ — +n as z — +oo.
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Vachaspati et. al. arXiv:1506.04039
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String Loops and Gravitational Waves

@ Strings inter-commute, form
loops, radiate GWs and the
evolution of the network enters
a ‘scaling’ regime.

@ Scaling energy density
ps ~ p/t2. Critical density:
pe ~ 1/Gt? in RD and MD.

Image source: ctc.cam.ac.uk

@ Loops of initial length [; = at; decay via emission of gravity waves.

GW — 1.Gu?  with k=1,2,3, ...

o The redshifted frequency of a normal mode k, emitted at time ¢,
as observed today, is given by
Fo a(t) 2k

~aty) at; — TGu(t —t;)’

with I = Zrk
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Stochastic Gravitational Wave Background

Rinku Ma

[ s N
— String loops form and decay
during radiation dominance

Loops form during radiation and
decay during matter dominance

— Loops form and decay E
during matter dominance

Resultant stochastic gravity waves
N\ J
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Sousa, Avelino, Guedes, PRD 101 (2020) 10, 103508
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Topologically Unstable Cosmic Strings

o Consider G 2 H ® U(l) Mo, pp
with G being simply connected and 11, (G/H) = IIo(H) = I.

o Strings formed at M;; connect monopole-antimonopole (M M)
pairs formed at Mj.

e Strings are topologically unstable: I'y = 4- exp (fwm?w/u) with
p~ wM? and mpy ~ (47/g) M.

T L T

[ -

e However, strings are practically stable unless two breaking scales
are very close (v = (m?3,/p)'/? < 9).
Preskill, Vilenkin, Phys. Rev. D 47 (1993)

Rinku Maji (LSSU) GWs from MSS in SUSY D-flat B-L @ IBS Daejeon 10/ 26



Formation of Metastable Strings (MSS)

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

The lifetime of decay of the strings via quantum mechanical
tunneling is much smaller than the age of Universe.

@ The strings form a network of stable strings before the time

ts < 1/\/Pd.

e The strings network disappear at a time t, ~ 1//ITqI'Gu

Leblond, Shlaer, Siemens, PRD 79 (2009) 123519
Buchmuller, Domcke, Schmitz, JCAP 12 (2021) 006
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Example in GUT

S0(10) YTy SU(3). x SU(2)1 x SU2)r x U(1)p—1
Mr, SU(3), x U)o, x SU2), x U(1)k
Mor, SU(3). x SU2)1, x U(1)y-.

e Symmetry breaking SU(2)r — U(1)r produces monopoles.

o U(l)r x U(1)p—r — U(1)y generates cosmic strings which are not
topologically stable. These strings connects a monopole to its
antimonopole.
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Metastable Strings and GWs

. . 1076
@ The strings inter-commute and

. . 107 E
form loops which decay into 3 E
: : 1070F E
gravitational waves. « F ]
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e String loops larger than at, ok 1
are absent. 5 :
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e Gravitational wave spectrum in the low frequency region
(f S1/TGute(1 + z.)) becomes suppressed.
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e Stable domain walls contradict standard cosmology.

Y. B. Zeldovich, I. Y. Kobzarev, L. B. Okun, Zh. Eksp. Teor. Fiz. 67, 3-11 (1974)

e Upper bound on comoving monopole number density from
MACRO: Yy, = ny/s 2 10727,

M. Ambrosio et al. [MACRO Collaboration], EPJC 25, 511 (2002)

o Pulsar Timing Arrays (PTAs)

@ found evidence of a stochastic background which can be explained
by superheavy “metastable” strings G ~ 1076 — 1072,
@ put a contraint “undiluted stable” cosmic strings : G < 10710,

in the nanoHertz frequencies.  arXiv:2306.16219,...

e LIGO-VIRGO 03 data rules out G > 107 around decalz
frequencies.
PhysRevLett.126.241102
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Stable cosmic string '-"-" S 3 4
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@ The GWs from MSS explain PTA data at nanoHertz frequency,
but violate the bound from LIGO-VIRGO third observing run!

@ An early matter domination can reduce the spectra at high
frequencies.
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@ Type I Metastable Strings from D-flat U(1)p_1, and GWs
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MSS from Breaking of SUSY U(1)p_1 D-flat Direction

SU(3)e x SU(2), x SU2)r x U(1)p_1,
M8, SUB)e x U(1)p-r x SU2), x U(1)R
Mor, SU(3), x SU(2), x U(1)y-.

Two SU(2)r doublet chiral superfields ®; and & with B — L
charges +1.

U(1)p—r is broken along D-flat direction of the potential with the
scalar components |¢1| = |p2| = ¢/V/2.

@ Before SSB there will be ‘thermal inflation’ from the flat potential.

o The strings formed after inflation will experience an early matter
dominated era after thermal inflation.
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Type I String from the Breaking of D-flat U(1)p_

@ The scalar mass mg is much smaller than the vev (¢p), and hence
mg << my, the vector boson mass.

e The correlation lengths for scalar (mgl) is much larger than that

for gauge field (my').

@ There is an attractive force between the strings, they can zip
together and can form energetically favorable higher winding
strings.
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String Tension

e String tension for a winding number N, is expressed as:

S N’LU
M ~c1(1+ c2ln Ny)

7T¢(2)

with the coefficients:

oo A2 U4
""n(rR) " m2(R)

2.6 57
Co =~ —+

In(R) In?(R)

where, R = m%,/mi >> 1.

Cui, Martin, Morrissey, Wells, Phys. Rev. D 77 (2008) 043528
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Scaling Regime for Type I Strings

@ Scaling energy density
ps ~ p/t2. Critical density:
pe ~ 1/Gt? in RD and MD.

e String with winding I
number N enters the
‘scaling regime’: .
Qn = L2 2N 006mes upbo .

N = ps(N) pc. H
constant with time. I i

=
T

22227
o

DR —

1 L | L 1 L |
10 20 30 40

log,, (t/ Gev' )

o Maximum value of winding

number at time #: Cui, Martin, Morrissey, Wells, Phys. Rev. D 77

(2008) 043528
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String-loop Dis

@ The loop distribution in a radiation dominated universe:

Lty 0180(0.18t —1)
n(7 S) - t:5/2(1+FGLL57Ct)5/27

n(lts ) 0180018t — 1~ TGps.c(t —ts)) [~Ta(it—ta)+§Cna,clt—ta)?)]
n(l,t > ts) = 13721 5 T Gjra o1)5/2 e

e Early matter domination era continues from ¢, till t; = I’;l.

e Early matter era:

0.27 — 0.45(1/t)0-31

n'm(lat < td) - +2 (l -+ FG/Lt)Q

0(0.18t — ).

o ts =1/y/Ts, and I" ~ 50.
Buchmuller, Domcke, Schmitz, JCAP 12 (2021) 006
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Gravitational Waves from Meta-stable Strings

3

Qewh?

Qewh?

60=6x10"5 GeV,
mg=30TeV, Vi =8.1
Without Zippering
With Zippering

69=6x1015 GeV,

Vx=8.1
my=

RM, Park, arxiv:2308.11439




MSS from D-flat breaking and NANOGrav 15 year data

Bl MSS my =20 TeV

15 16 776 80 84
logo(¢o/GeV) NG

o log;o(do/CGeV) = 15.90 + 0.55, \/x = 8.04 +0.15
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@ Summary
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@ The topology of BSM symmetry can be probed via GWs from the
defects.

e Gravitational wave spectrum from MSS from D-flat breaking of
U(1)p—r can explain the PTA data around nanoHertz frequencies.

e Early matter domination after the thermal inflation suppresses the
GWs around the decaHertz frequencies and satisfy third run
LIGO-VIRGO bound.
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