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Why topological defect’

* Old subject.

A. Vilenkin et al. + many others, 40+ years ago.

* Beautiful topic

Can reveal fascinating info about BSM physics.

Cosmo implications well studied.
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S0, why the recent interest”?




ravitational wave signal

Gravitational-wave frequency at the present time, f[Hz]
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Gravitational wave signal
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Gravitational wave signal
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Defect networks

Two stages of of symmetry breaking

G- H-K

Example 1: monopole-string network
7 (G/H) # 1 — monopoles, m;(H/K) # 1 — strings

f 7,(G/K) = 1 — string monopole network unstable

Example 2: string wall network
7 (G/H) # 1 — strings, my(H/K) # 1 — walls

If 7,(G/K) = 1 — string wall network unstable




Defect networks

Mayle not crazy.

32175

3217 2
3211 321
SO(10)
321
321
Monopoles
Strings
Domain Walls

® Inflation Required

Dunsky, Ghoshal, Murayama, Sakakihara, White, “gastronomy” 2111.08750




Toy model

Two scalar: ¢, and ¢,

2 2\ 2
(% (%
£ = 1Du6n P+ 1D,6a 4w (Jor = ) 4 (100 = 2 )+ o (0300° 4 e

(1) = vy, () =V,

Assume v, > v, two stages U(1) = Zy — 0

Formation of string-domain wall network.




String+wall network

Two possible configurations
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Production of the network

* Production after reheating (post inflationary).
Dunsky, Ghoshal, Murayama, Sakakihara, \White, “gastronomy”, 2111.08750

00
5 = (1x102GeV)2
910 SKA LISA BBO CE |
2 & |
5 DECIGO P |
L 0\}\} |
< - -
= L |
U B f—— i
G 10—12 L |
10-13
10—14 | ‘
1077 100 10°

f [17]
Network collapse cuts off the GW spectrum.




Our work

A least the 1st stage is followed by
another period of inflation.

~ 60 e-fold
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Our work

~ 60 e-fold
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Why is this plausible?




Our work

~ 60 e-fold

<

Why is this plausible?

If the scales of the two stages are well separated, easy to fit
iNn another stage of inflation in between.

Rolling inflaton can trigger the 1st phase transition.

Natural to have the second period to be thermal inflation.

To have sizable GW signal, second stage of (thermal)
inflation expected! (More on this later)




GW from disk bounded by
string

Oscillation and radiation
t) ~ 7 (t ( ! )
r(t) ~ 7(t) cos )
Radiation power and rate:
_dE N <Q2> 1 d3 4 4t : N ToT?
P 7 (O‘TFT COS (%))‘ ~ Mf2>1

Codt T 8tME, T StM,
d(o7?) o g

T —TwanloT | ViR o = wall tension
Pl

P =




GW from disk

H; ' : size/time of production

r.—l

wall

oscillation

collapse




GW from disk

| oscillation | collapse I
3
It Wall energy density
QGW % GHp - ) . . _3 i
T T, Red-shift like a - after re-entry
J

T,: temperature at wall production

2
using H ~ L ~I,..1—= Q o
[~ 3 7~ 7 wall GW ~

1/2
Mp, MY?T,




Post Inflationary production




Post-inflationary production

2 472
V=_m1¢1+...

Vg, =0) ~ m12v12

(71/2

GW ~ 75
Mpi Tp

. (L)m Vg =0\
=\ My, T4

Large Qgw = V(g =0) > T,

o % mv2,

Vacuum domination, inflation!




Post-inflationary production

In the context of thermal phase transition:




Post-inflationary production

. my
Using 1,~—
Y
512 v, 172 yvll/z
L6w ¥ — %<_> 5 K="
MPI Tp MPl ny

Sizable gravitational wave = large K

_ 4. 72
However, V@1 =0 ywvi_ A
T]‘j m?

Hence, before second phase transition and during (m,v))?x > T > m,/y,
¢, trapped at origin and vacuums energy dominates = thermal inflation




Back to our work




Network production and evolution.

Phase transition 1

g/ —/ 1\ |\




Network production and evolution.




Network production and evolution.

o 4

horizon re-entry

-1
Hre




DIsk







Belt

scaling-like
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GW from disk #-=#.

L'y _
F(t) ~ H ' exp (— 2a11 (t — Fw;u))

It
—1
Hre O .“s
—1 F—l
Hre wall

oscillation collapse




GW: string vs wall

Wall mode:

String mode:

For disk:

Wall domination:

— 2

ot > H = 1ﬂGW > FS'[I'

Pgw(wall) > Pgyw(string)

string length




GW from disk: osoiHation

I’Ir_e1 IS
<
0

1
H e ! T I_‘wall ‘t

| oscillation I | collapse I

Oscillation stage: ¢ < '}

wall

)
8QGW, 0SsC Ni (O'Hre Fwall T\
Olnk |_p— T4 H \ T
wall

Wall energy density
Red-shite like a > after re-entry




GW from disk: osoiHation

I’Ir_e1 IS
<
0

_ -1
H re ! T I_‘wall 't

| oscillation I | collapse I

Oscillation stage: ¢ < '}

wall

0 QGVV, oscC. 1 Ijvvall T ’
~ T (UHre
Olnk |_p— T4 H \Te
wall ;)

~ 1 an - 1




GW from dISK oscﬂ\atlon

>
H T t
| oscillation I | collapse I
Oscillation stage: r < T' )},
8QGW OScC. 1 I' 11 T 2I{r 1 3
, wa ~ e x k
Ik |, _p ~ga(oHe) = 7 Mp T3 T3

all

radiation frequency, red-shifted : k - T = constant




GW from disk: osoiHation

I’Ir_e1 IS
<
0

_ |
: 0 ;
i >
H! T an t
| oscillation I | collapse I

aQGVV, OSC.
Olnk

)
t:Fv_valll Mfl)IHrle/2F3/2 Hye

wall




GW from disk: Cpl\apse

>
H t
| oscillation I | collapse I
Collapse stage: 7~ k™!
8QGW, col. 1 Ir ’ I'c _ 2 o He ’
~ —0He | (7 Hye )“| & 73
Olnk |,_p1 TIp Tre I M}4)1Hre r3/2|\ k




GW from belts

Y 3 Y
Poelts ~ olwH? =~
w X W 1 4 1
PG\;;/' ~ W (O'w E
Pl
NG/
GW ~ ~ T
Mg, Mg,
0]
I I wall ~ 7 5
: 2
1 MPI

w= H

o H?

re




GW from belts

O

wall ~ I
M Pl

u 1
FStr ~ M2 f
Pl

[y > Ty, for 2 > Hrgl




=Nd point of strip collapse

Zy wall ey String annihilation
/N
7135
N/




=Nd point of strip collapse

N
—4 1 S
/ m\
Zo wall 9 String bundle
\W/
pang




GW from rings

1. o : :
H, " : Size of the ring at production

GW from

Wall mode: frequency = H.,

String mode: frequency = H,




GW from rings

lﬂwall > FS'[I‘




GW from rings: wall mode

Oscillation

62QGW, ring, wall osc.
OlnkdIn H),

(7)) - e
Hre MEL)IHI:.[e/2 F3/2 Hre ) ~ re




GW from rings: wall mode

collapse

aQQGW, ring, wall col.
Olnkdln H,

“\ He. 4 ip1/2p32\ K ) T
t=I—1 re MPIHre r




GW from rings: wall mode

wall mode H, |

E
=
g
g
G
f

Adding up all possible H,




GW from rings: fat string mode

Fat string oscillation Fat string end

Effective string tension: u.4 &

8QGVV, ring, fat str
Olnk

1 O-H]% T 3]‘—‘SG%V, ring
=1 -~ T4 Hre Tp H

() g () - 5
Hee) Mo H{TS2\H,) = 7 g




GW from rings, thin string

Similar to the usual cosmic string




GW from rings: strings

Vi




GW from rings:

fat striny thin string H, | wall mode H, |
2 =
% )
f f

A AN




GW (total)

INagw ~ 2 ) kN
Olnk t:Fv;a,lll 3Mfl) Hrle/riv/jl H,e )

In comparison with post inflation production

([ k \? [ Tyan ) *?
’ k 5 Fwalla
FWall Hre

FWall 5 k 5 Hre

k> H,.

H.__ is an independent parameter, not tied to string/wall parameters

Small H,, enhances GW signal

6
Qcrh? o 10-8[ " (5.3 x 10719 GeV)3/2(
TOafpeak 106 Gev FW&H

fpeak

10=14.G -eV) 1/2

l Hie

~ 2)(10_3 HZ( 106.75 v g*’p(TFwall) 1/ Hre
)

Ty Gs,s(IT,, 1 106.75 10—13 GeV

) (5.3 % 1019 GeV)1/2
["wan | |




GW (total)

10~
) string+wall ~ -—- - rings —-—- strings
10 _ — — disks —-—- scaling ]
1061 post-inflation ]
~  1078f
E
@) -10}
S 10
10—12_
10—14_
: .* o :
10—16 d"x R (;\ '/'\~3i{\] \\ i
[ A A T T T
10710 1078 10°° 1074 102 10° 10° 10*

/2 =108 GeV 613 = 106GeV Taw ~ 5.3 x 10719GeV  H,, = 10714 GeV




Global string bounding wall

£ >w

Axion radiation dominantly from the string.

Radiation will damp wall oscillation, with k ~ i.
w

¢
Pxop X YaHKE R Yoft—, p~ vy 7y~ 60

YaM
I'nge R aa_w2 ~ }’a//tk2




Global string bounding wall

£ >w

dlow?)
- = (Fwall + 1—‘NGB)GWK
dt
o Yt
Cyvan = =5  DI'ngg ® ——= = yuk®
wa MI%I NGB oW YoM

Threshold where T, .;, = I'ngr

k ~
Mpv, 7,




Global string bounding wall

1
— ® k < kygp GW radiation dominates




Global string bounding wall

1
W ~ k < kngp GW radiation dominates
1
— R k> kygp
w
Goldstone radiation dominates, efficiently reducing w.
2%
c>w O . I ya r - k ’
o R O e Yo
N Mpv, y4'?

Additional factor of k=2 during axion radiation domination




Global string bounded disk

—1 —1
H_. > kNGB

. 1‘ o

-1 —1 —1
Hl‘e I wall I NGB t

GW radiation down to kg, ~ AXion radiation
domination, efficiently

downsizing




Global string bounded disk

-1 -1
re NGB

>
H I r
aﬂGVV, col. - 1 (O‘H ) (waau ) ] FW&H ( i )2
Olnk p—r=1 Tf‘fwan Tre D¢ot
2 2
H,
2 (—) , Hyo <k < kxas
N o k




Global string bounded disk

—1 —1
H. < kNGB

_ : o

-1 —1
Hre I_‘NGB t
Axion radiation domination, Axion radiation domination,
oscillation collapse




Global string bounded disk

—1 —1
H. < kNGB

| . °

: >
H! NGB
89GVV, oscC. - O'2 ( k )3
T 1/2 frawall \3/2
Ok lory,t ah il (ril) " \ P
2 4
aQGVV, col. -~ o Hye
| wall =1 g4 prl/2 11 \3/2
Olnk iorgay ™ MAH (Dglh) ™7\ K




Glolbal string bounded ring

GW radiation first, then axion

H'> k7! C |
re NGB radiation dominates

( L 3 Pwa 3/2
(—> (—H) ’ k 5 FW&H?
all Hre

Iy
kY
- aQGW N 27‘(‘0‘2 < (H—re> ; 1_‘wall S k 5 Hr67
3lnk o ~ 4 1/2 3/2
=Ly SMpiHre Ty, %, Hye Sk S knae
Hye (kxg\’
k> k .
\ i ( 2 ) 5 ~ NGB




Glolbal string bounded ring

H.' < kits  Axion radiation dominated

0Qaw 210

L\ 32
\ ( ) : I'¥4s Sk < ke,

L 3
( NGB) ) k z kNGB'

_ 1 1/2 3/2
Ok [y =1 3MA H Tl




Glolbal string bounded ring

1072

10-4F string+wall ~ -—- - rings

— — disks —-—- scaling

106}
| x

~ 1078
E .
&) ~10[
S 10 |
10—12'_
10—14._
10—16._
10—10.

'16—4'
f (Hz)

/2 =108 GeV  ol/3 = 10°GeV Faw ~ 5.3 x 10719 GeV

1078 107°

H.. = 1071 GeV  kneg ~ 10713 GeV




Some benchmarks
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113 \° 753 % 10719 Gev'\ V2 (1014 Gev | /2
9 N 8 o : e e
QGWh T0, fpeak =2l <106 GeV) < FW&H ) ( Hre )
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Comparisons

source

spectral shape

gauge str. + inf. + wall
global str. (w; 2 kngp) + inf. + wall

Y

global str. (w; < kngp) + inf. + wall

f3—>f3/2—>f_1
f3—>f3/2—>f_1—>f_3
f3_>f3/2_>f_3

primordial metric perturbation
secondary GW (log-normal F)
secondary GW (Dirac delta F)
secondary GW (k"R — E~"UV)

phase transition, turbulence, analytical
phase transition, turbulence, numerical
phase transition, sound wave

domain wall

cosmic gauge string

gauge string in kination domination
supermassive black hole binary

fnT%f”T—Q
f31n? f — cutoff
f21n? f — cutoff
f3 1Il2f N f—2nUV
fgﬁf_7/2
flﬁf_S/S
7O g
7o !
f3/2%f0_>f—1
fl'— 72 bump
f2/3




A model of thermal inflation

V(gr) = —mi|é1]° + Vip(e1)

V D y?T? |61

Radiation became subdominant at 7T; ~ /miv1

Inflation ends, phase transition complete at T, < m; /y

| T 1 2
Inflation lasts  Nipe ~ ln(—) ~ = ln(y Ul)
Tf 2 mi

Efficient renheating: g, ~ e 2Ninf[J. ~




More dignifieo
W = X (¢20-2 — v3) + Adpid_o +ygr9pyp  F-flat direction ¢o¢_o = 03

Soft breaking stabilizes: @2 = ¢p_9 ~ v9

2,2 2
~ 2 2 Y Moty 4 12 |91
Vausy g2  ~Meoit| 1] + ﬁ@ﬂ 111< 12
2
~ 22 2 m
‘/thermaI,|gb1|2 ~y T |¢1| H,e ~ soft
Mpy
~ 2 ~ 2 2a1
VSU’S’T,tri. ~ _mSOft)\(gblgb—2 + hC) ~ —msoft)\vva COS (v_)
1

~ ~ 2 ~ 2
Mg ~ \/AmsoftrUZ 0 =~ Myv] = \/)\msoftv2?)1




10—16'_

01/3\ S~
Q]O\Q ~ -

10_118—1(5

1078 1070 1074 102
fpeak (HZ)
foeak| ocmigo 2 Qawh’ x o
To TOafpeak

Can in principle measure m,

1/2

m

—1
soft




Conclusions

* More observations of stochastic gravitational wave
in the coming decades.

* Jopological defects are prominent sources.

* Topological defect networks give promising signals.

Generic to expect a period of inflation between two stages of
phase transitions.

Sizable gravitational wave signal. Shapes can be very
informative.




Why topological defect

* Old subject.

A. Vilenkin et al. + many others, 40+ years ago.




Why topological defect

* Old subject.

A. Vilenkin et al. + many others, 40+ years ago.

* Perhaps, old = new trend?

Dark photon (mili-charge), B. Holdom, 1985

Axion, Peccei and Quinn 1977, F. Wilczek 1978, S.
Weinberg 1978. Invisible, 1979-1981




GW from Strings and walls

Well studied.

Review by Renzini et al, 2202.00178
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Global string bounded

£ >w

wall P I string P r
& o o2 o H
GW —wea A2 0 GW ——w? S —
MP2’1 MP2’1 Mlglw ’ MI%I I_Ire7
NGB ﬁ(f>, o2 NneB | £ LH.H,
T\ W TOo Q0 mo
. < ~1 O -1 pwall —1
re ~o O-/:u = Hre < /«LH Hre ~ FNGB
re

Axion induced decay happens after horizon re-entry




Wall does not dominate
rom the beginning
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Dunsky, Ghoshal, Murayama, Sakakihara, White, “gastronomy”2111.08750




Qcw AT T,: temperature at wall production

Assuming thermal phase transition

172 1/2
Vi > yvi
Mp,

1/2 4 12 -4
yv r V
f Qgw~1—>—=>>1 ,y — =(y1 ) <1

m
I,~—, Lgw~ 12
y my

1/2 21,2 1/2
ml mivi my

Assuming phase transition just happens at 7,

- - 4 ) 1/2
If no inflation, T > m{vi — T, > (m;v,)




Why topological defect

* However, do more harm than good?

Can’t (easily) be dark matter.

Lead to disaster: wall, monopole domination

* Can get rid of them

Inflation + other mechanisms.

bias induced wall collapse, confine monopoles, ...

Any signals?




GW from rings, thin string

-1
1—1wa11




Qg (f)

Review by Renzini et al, 2202.00178
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