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l. Introduction

[1] Study of "Phases of Universe" of universe is interesting and important!

Years after the Big Bang
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l. Introduction

[1] Study of "Phases of Universe" of universe is interesting and important!

[2] In addition to particle energy densities,
There exist various topological defects, whose existence is rather

ubiquitous.

A

UV [G]

I, (G/H) = Domain Wall

! I, (G/H) = Cosmic String

I, (G/H) = Monopole

IR [H]
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l. Introduction

[1] Study of "Phases of Universe" of universe is interesting and important!

[2] In addition to particle energy densities,
There exist various topological defects, whose existence is rather

ubiquitous.

"Generalized Symmetries and Topological Defects"

- Physics with generalized symmetry is new, promising possibility.
- In general, topological defects, often new types, appear in those cases.
- Top. Defects might be the best probe for some physics.

E.g. TQFT-couplings, global structure of SM, ...
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[3] Topological Defect Dominance

Pmon ~ Pmatt ~ E

Pst ~ ‘;—3 ~ t% ~ Drad (infinite string in scaling regime)
ot? o e : : .
Pw ™~ 3~ 7 (infinite wall in scaling regime)
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[3] Topological Defect Dominance

1
Pmon ~ Pmatt ~ 3 monopole Problem
ut U . pe .. . .
Pst ~ 3~ 2~ Prad (infinite string in scaling regime)
ot> o :
Pw~ 3~ Domain Wall Problem



l. Introduction

DED | RD RD MD DED

[4] Domain Wall Dominance (DWD)

Pw
Prad

~t

- DWD is natural to occur: in RD,

- DWD is stopped by making DWs unstable

(i) explicit breaking of discrete symmetry = V};,s
(ii) walls bounded by strings

(iii) symmetry restoration

(iv) Lazarides-Shafi mechanism
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[4] Domain Wall Dominance (DWD)

Pw
Prad

~t

- DWD is natural to occur: in RD,

- DWD is stopped by making DWs unstable

(i) explicit breaking of discrete symmetry = V};,s
(ii) walls bounded by strings

(iii) symmetry restoration

(iv) Lazarides-Shafi mechanism

- Several fascinating features of DWD (this talk)!



Il. Domain Walls in RD

[1] DW Formation (Kibble-Zurek mechanism)

Consider Z, case for concreteness.

! e ,___::ldmnmn walls o 2nd-order PT: f ~ Tc_1

e 1st-order PT: ¢ can be larger

Either case, by causality

< a(t) f(f aaéz = a(t) fot(aH)_1 dlna

—_
correlation length
https://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures two.php
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[1] DW Formation (Kibble-Zurek mechanism)

Consider Z, case for concreteness.

o domanwalls g 9nd-order PT: & ~ T,1

'“‘\ e 1st-order PT: ¢ can be larger
*/ . |
s Either case, by causality
+
L S
—_— S T d —
correlation length a(t) f(:: a(z — a(t) fot(aH) 1 dlna

https://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures two.php

According to Percolation Theory,
o If p; > p. then infinite (plus/minus)-cluster appears.

e Typically, p. < 0.5 for 3d case (p, < 0.31 for cubic lattice)

e Finite clusters of size : ng « s~®e=Bs*? (a, f dependsonp.)



II. Domain Walls in RD

[2] DW network

Consider Z, case for concreteness.

_
correlation length
https://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures two.php

e DW-network dominated by one-infinite wall of complicated topology
e Some finite closed walls, with typical size R ~ &

e Walls with R > ¢ exponentially rare
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[3] Evolution of DW network
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[3] Evolution of DW network

(aH)
(1) tension: fr ~%

. stretch out the irregularities
speed-up the wall in the cosmic plasma
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II. Domain Walls in RD

[3] Evolution of DW network
(3) For sufficiently large walls, v is determined by the balance

o v Got?
fr~frict 7~z @ V-~

(4) If the dissipation time t; ~ R/v is t; ~t (Hubble time)

v ~ (Got)/? ~ 2 o 4172
Mp

R ~ vt ~ (Go)1/2t3/2 ~ 2

e s . 1 _
(5) DW becomes relativisticat t, ~—, R ~t, ~ H(t,) 1



II. Domain Walls in RD

[3] Evolution of DW network

(6) As t = t,
M2
0 oR? ¢ {(a) Pw ~ _t2£ ~ pc(tr)
W ~N —_—~ - A~ T
R® K (b) Pw ~ ti

r

Mp L .
(7) py, ~ 2~ 0.(t,) means DW energy starts dominating the universe
Tr

(8) py, ~ ti shows the scaling (self-similar) solution

r



II. Domain Walls in RD

[3] Evolution of DW network

(6) As t = t,
M2
0 oR? ¢ {(a) Pw ~ _t2£ ~ pc(tr)
W ~N —_—~ - A~ T
R® K (b) Pw ~ ti

r

(7) py, ~ 2~ 0.(t,) means DW energy starts dominating the universe

(8) py, ~ 2 shows the scaling (self-similar) solution

tr

(9) On super-horizon:
Both aimplitude and wavelength conformally stretched out.

Shape of DW remaining unchanged.
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[1] RD — DWD at ty,eq

(1) pw ~ ~ Pc~ 2 = tweqNG_

o 1 1
t o

(2) R —> t during t <t,,.,, afterthat R « a(t)

o

(3) pyw ~ =~ % . p,, Sscales like single- co -wall.
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=

[2] Evolution in DWD

(1) pw ~ % ~ % . py Scales like single- oo -wall.

(i) H? = %p = a(t) xt? (a~tY2[RD], a ~ t¥3[MD])

s 2 1
(i) p+3HA+w)p=0 = Wapg=—35 Wrg =7, Wnqg =0)
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[2] Evolution in DWD

(2) comoving Hubble radius

a |[RD]
(aH)™! o q(1+3w)/2 - al/?  [MD]
a~'? [DWD]

Fora~t* - d~AA—1Dt*? (>0 for DWD, < 0 for RD/MD)



I1l. Domain Wall Dominance

r the Big Bang
e
1 billion

.

o O - - e i S
B o> Fullylonised g i
I = —= » - - £
a2 1
shift + 1

A a « t2/3

(aH)™ ! « ql/?

Inflation RD DWD RD RD

Ayeq aq Aeq Ina



I1l. Domain Wall Dominance

(aH)™1

A
a x eflt

Inflation

(aH) ! « e~ H1

o t1/2/\

(aH)™ ! < a

RD

a o« t?

(aH)™! oc g~ 1/2

DWD

RD

a « t2/3

(aH)™ ! o q1/2

RD

[3] Key features of DWD

Ayeq

Ina

(1) (aH)™1 atearly times, e.g. tweq < t <ty , can (much) larger than

naive extrapolation based on RD universe only

= No. of Hubble patches and characteristic wavelength observable
today can be quite different.
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[3] Key features of DWD

(1) (aH)~1 at early times, e.g. tweq < t <ty , can (much) larger than
naive extrapolation based on RD universe only

= No. of Hubble patches and characteristic wavelength observable
today can be quite different.
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(aH)™1

A a « t2/3
a e

Ht

—1 1/2
(aH)™! o e~HE (aH)™" x a
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axt
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Inflation RD DWD RD RD
Ayeq aq Aeq In a

[3] Key features of DWD
(2) Decrease in (aH)™! during DWD-phase
= preservation of GW produced before and during DWD!

= New probes of early universe.
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[3] Key features of DWD
(2) Decrease in (aH)™! during DWD-phase
= preservation of GW produced before and during DWD!

= New probes of early universe.
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= New probes of early universe.



I1l. Domain Wall Dominance

(aH)™!
A

Inflation

Ayeq aq Aeg Ina
[3] Key features of DWD
(2) Decrease in (aH)™! during DWD-phase
= preservation of GW produced before and during DWD!

= New probes of early universe.
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(aH)™!
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[3] Key features of DWD
(2) Decrease in (aH)™! during DWD-phase
= preservation of GW produced before and during DWD!

= New sensitive probes of early universe.



IV. Gravitational Waves with Domain Wall Dominance

[1] GW production

(1) In scaling regime (SR) during RD

GW Power: Pyf ~ G (Q;;0;;) ~ Go?t?  [Quadrupole formulal

cf. Since R ~t, Qi ~ Myt?, M, ~ot? = (Q; ~at

pSE ~ nPSE ~ G o? t2/ t3~ G o2/t

(aH)‘l k ~ (aH)(t)
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6
GW Power: Pg%,WD ~ G (QijQij> ~ Go RE K Pg%
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(2) During DWD
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GW Power:; Pg%,WD ~ (G (QijQij> ~ Go R K PgSvf/2
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(aH)™!

[1] GW production

(2) During DWD

6
GW Power: Pg%,WD ~ G (QijQij> ~ Go RE K Pg%

N2 o
r~R(EE—) ~HT (for HH1 < R)

oH~°
R

_o\ 2
Qij ~ Myr* ~ (dH™?) (HTZ) ~
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[1] GW production
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[2] Evolution of GW

Linearized Einstein eq:  hy + 2H hy — V*h, = 16mGa*Il""
(cf. A=%, (1)) =d/dn, H = aH)
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1 - i 1
h;(a, k) ~ E(cle‘k” + ce ) o -
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[2] Evolution of GW

Linearized Einstein eq:  hy + 2H hy — V*h, = 16mGa*Il""
(cf. A=%, (1)) =d/dn, H = aH)

(1) sub-horizon modes (k > aH )

1 - i 1
h;(a, k) ~ E(cle‘k" + ce ) o -

(2) super-horizon modes (k «< aH )
hy(a, k) ~ a®
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[2] Evolution of GW

Linearized Einstein eq:  hy + 2H hy — V*h, = 16mGa*Il""
(cf. A=%, (1)) =d/dn, H = aH)

(1) sub-horizon modes (k > aH )

1 - i 1
h;(a, k) ~ E(cle‘k" + ce ) o -

(2) super-horizon modes (k «< aH )
hy(a, k) ~ a®

Transfer function: h;(ag, k) = T(a,, k) hy(a,, k)
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(aH)™
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Inflation
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(aH)™1

A

Inflation

(iii) kypeqg < k <acHg: T(ag k)= (

Ae Qyeq Aq

a

aeq Ina
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(aH)™1

A

Inflation
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[3] Instantaneous GW Power Spectrum P

(1) 222 (t, ke) = Pgw (te)P (k)

'©
i
>
-
©
v
i
©
O

_1 _
PDF: P(k,) = —11//+1 ke’ O(ke — kmin(te))

kmin te)
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[3] Instantaneous GW Power Spectrum

(1) 222 (t, ke) = Pgw (te)P (k)

-1
PDF:  P(ke) = = =

ke_v @(ke _ kmin(te))

(2) GW energy spectrum observed today

L0 () = [, dt a(®) IT(@, 1)1 pgu(®) P (%)

2 . h? dpgw k—V+1 (V < 5)
h ‘Q‘gw(k) — pcodlogk (tO) X {k_4 (V > 5)

Numerical simulations: Qg,, cc k™t vs k~17~18

> v~2-—3
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[4] Results
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Gray dashed
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[4] Results: v = 2
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[4] Results
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https://arxiv.org/abs/1703.02576







