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CosmoLattice

* GW spectrum through EoM

 GW spectrum through equal time correlator (ETC)

\- GW spectrum in different cosmologies ,




Domain walls

Def.: r'I'opological defects from spontaneously broken discrete symmetry J
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Domain walls

Def.: :ropological defects from spontaneously broken discrete symmetry J
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Creation of
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domains with
differentvacuum

expectation values
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credits: Cosmolattice

But what is a domain wall?

Domain wall

* Tension g ~ MV

[ Domain wall:

localizedin 2D

\_ surface

~

Large energy density

J
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Model and numerical details

1

A
L= _gMV8M¢8y¢ - Z(‘i)z — 772)2

2

Bxpanding Universe

a(t) = a(7;) (1 + %(fr — T@-))p

2

:a,/a p:

N

Equation of State

Equation of Motion

/dsz = a?(7) (d’r2 — de) \ /(;/)
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Only relevant scale separation




Model and numerical details

Initial conditions Lattice limitations
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/ Small Gaussian fluctuations in Fourier space \ At least one Hubble patch Resolution by 2 grid points
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Domain wall dynamics: the scaling regime

* Interplay between expansion of the Universe
and recombination of domain wall network

Curvature radius

* Characteristic length scale [,
Average distance

Numerical Analytical
f' Press et al., Astrophys. J., 1989\ * Hindmarsh, PRL, 1996
Hindmarsh et al., PRD, 2003 * Hindmarsh, PRD, 2003

Avelino et al., PRD, 2005
Avelino et al., PLB, 2005
Martins et al., [1110.3486], PRD
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Domain wall dynamics: the scaling regime

o>
H_

Number of domain walls per
Hubble volume

Scaling ~ O(1)

= 2Ac H

Pdw ™

Numerical

/ gA \

Pdw = a(T)V

IWI
A = (Az) 225 5

+
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Press et al., Astrophys. J., 1989
Curvature
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Domain wall dynamics: the scaling regime

Number of domain walls per
Hubble volume
Scaling ~ O(1)
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Numerical
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Domain wall dynamics: the scaling regime

Dynamics described by VOS model

(ar

dt

&(t) = (t/t0)/L(2)

Chopping parameter\

(1 4+ 3v")HL + ¢v

= (1 —v?) (k"”é”) — SH’U)

curvature/momentum parameter

/

Martins et al., PRD, 2016
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Gravitational wave spectrum: EoM approach

Cosmo/Lattice: solve the EoM of the GW perturbation

0*hi; Ohi
Yo 9 (¥]
012 +2H or

|

B 1 Oh;; Oh;;
Pew = 327Ga?*(T) \ O Ot

— V?hij = 167GT;;"

(8;90;0)"
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Gravitational wave spectrum: EoM approach

Cosmo/Lattice: solve the EoM of the GW perturbation

@hgj 8h33

N

(i (I, )i (K, 1)) =

1 dpew
Sng: (log —

pedloghk

1K
P; (k,t)

pe 643G

(27)*P; (k,1)0®) (k — K)

27 .. |
OMij | oy i
OT2 ot
GW perturbation ‘l'
B 1
Pew = 327Ga?(T)
Cosmo/Lattice
/ dk \
P! 647?‘@ —k B
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Gravitational wave spectrum: EoM approach

Cosmo/Lattice: solve the EoM of the GW perturbation

GW perturbation

CosmoLattice

Ohij

— V?hij = 167GT;;"

~ 327Ga? (1)

-

Pgw (t

—kP

647?‘@
(s (O, )iy (€, 1)) =

1 dpgw

(27)*P; (k,1)0®) (k — K)

Qg =

<ah@j Ohi; > (0:0050)" "

or Ot

Numerical setup:

(+ White noise spectrum with k., = m\
e |nitial Hubble size H; = m

* 8 Hubble volumes at the end

e 2 grid point resolution

Pe 647?*(;? h

\ ~ pedlogk

 Radiation dominated Universe
\_ o S




Gravitational wave spectrum: EoM approach

10-%

T =25/m

Comoving momentum
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Gravitational wave spectrum: EoM approach

10-%

IR peak determined
by Hubble scale 1077

k ~ 2nH

Comoving momentum
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Gravitational wave spectrum: EoM approach

10-%

IR peak determined
by Hubble scale 1077

k ~ 2nH

UV peak due to
discretization

Comoving momentum
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Gravitational wave spectrum: EoM approach

 Fit for N = 2048 simulation (5 simulations)

0.8+ !III;III!IIIIII}}}III}_:
- g 18 |

0.6/ : )

oal - A=087+0.05

0.2r i
0 5 10 15 20 25 30

* Scaling reached at the end
of the simulation

e Consistent with values
obtained in Saikawa et al.,
JCAP, 2014 and Vikman et
al., JCAP, 2024
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Gravitational wave spectrum: EoM approach

e Fit for N = 2048 simulation (broken power law)

QOPeak(r) =

Fgw

GA%0* S(x)

pe(T)

Qe () = () x S ( 5

k
2mH

-

o

b

C

: subhorizon modes slope
: width of the peak
e Tp :position of the peak
* €ow : GW efficiency

/
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Gravitational wave spectrum: EoM approach

 Fit for N = 2048 simulation (5 simulations)

| » Fit done at final simulation
time

0.100

<
:b ~ k—l.Sli0.0Q
<t 0.050}
o |
T~
7

1* GW data used up to
i momentum cutoff

0.5 1 5 10
k/(2nH)
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Gravitational wave spectrum: EoM approach

 Fit for N = 2048 simulation (5 simulations)

| » Fit done at final simulation
time

0.1000

<
{ o~ 1.31£0.02 {* GW data used up to
<t 0.050] |
S_D,, _
T~

&

momentum cutoff

o 4 Radiation domination )
0.010 N €ow b c T,
0.005% R | 2048 0.35 £ 0.04 1.31 +20.02 | 1.15£+£0.33 | 0.85 = 0.04

0.5 1 5 10
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Gravitational wave spectrum: ETC approach

CosmoLattice + modifications: Equal Time Correlator

0*hi; Ohi;
7 9 1]
012 +2H or

— V?hi; = 167GT;;"
Anisotropic stress
7 7T
hij = ahi; | T = = a’pg H.U
Caprini et al., PRD, 2009

Energy density of source

I’

Fourier space: hf + (kQ —
J a

k

) 25

- Tosin(k(t—71")) .
Solution: [h%‘?(:k_:f T) — 167-1-0/ dT! C;]I]( (T T ))@3(7_!)05( )HTT(k - )J




Gravitational wave spectrum: ETC approach

: 1 . N
GW energy density:  p,(7) = 327 Cal(r) <(hiJ _ th,;j) (7, X)>
Subhorizon modes hf; ~ kh; > Hhi;

1 d°k d’q _, - .
| ~ ,—ix-(k—a) (pl (e ) )/*
Pew (7) 327Ga’(T) / (27)2 (271')39 ( ”( 7) ”(qj ™))

Substitute solution

7w ad(r

i ik

dpgw 2G K* [T ' 3 3 2
dn g k) = y | dm [ dmza (11)a”(72)ps (1) ps(72) cos [k(11 — 72)] TT*(k, 71, 72)
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Gravitational wave spectrum: ETC approach

dpgw 2G K* [T ' 3 3 2
dlﬂk(T’ k) = ) dm [ dm a’(11)a”(12)ps(m1)ps(m2) cos [k(m1 — 72)| 117 (K, 71, 72)

7w ad(r

<H3;T(k? Tl)HgT*(anQ» = (2m)%0) (k — Q)T (k, 71, 72)

Unequal Time Correlator (UTC)
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Gravitational wave spectrum: ETC approach

7w ad(T) .

dpgw 2G K* [T ' 3 3 2
d hlk(T’ k) = d7 dre a”(m1)a”(m2)ps(m1)ps(m2) cos [k(1y — 7o) II°(k, 71, 72)

<H3;'T(k? ﬂ)ﬂg}“(q@)) = (2m)%0) (k — Q)T (k, 71, 72)
Unequal Time Correlator (UTC)

* During scaling, the UTC can only depend on k through the variables © = k7

HQ(}C, 71, ’TQ) = (Tng)S/QOT(.’lTl, :1;‘2)

28



Gravitational wave spectrum: ETC approach

* For domain wall system during radiation domination: a(7) = Q?adHO'r
de ~ G‘A'QO-Q -~ T4
Constant &W Pe
/ dw 64 5 12 o 0 2_4 T \
Qo (1, k) = ?G A0 Qg (7). HE T Fy, ()
T 1 [ ; 5/2 T
Fi.(x) = g daq dxg (129)°* cos(z1 — 29)Cy, (1, T2)

J

Determines the spectrum fully
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Gravitational wave spectrum: ETC approach

Expected behavior UTC:

(e Sharply peaked along diagonal 1 = T2 )
* Decay rapidly away from diagonal

Figueroa et al ., JCAP, 2009

’ Power IaW along dlagonal Hindmarsh et al, PRD, 2010
1 Albrecht et al, PRL, 1996
CT Figueroa et al, PRL, 2013
dw(mﬂ :E) X —

_ z Y,

Assuming correlator strongly localized around diagonal:

271 g <6 Convergence spectrum implies
T log [ ]
Fio(z)| o a4 q > 2
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Gravitational wave spectrum: ETC approach

We were able to compute the ETC using Cosmo/Lattice + modifications:

<TTT k ’II'_ TTT*

wa(k T,T) = a?

= (2m) q(’i(rﬂ k—q) dw(k T, T)

TTT HTT

— (,1'
ps t] Caprini et al., PRD, 2009

3 de(.?;' :I:)
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Gravitational wave spectrum: ETC approach

We were able to compute the ETC using Cosmo/Lattice + modifications:

<TTT k ’II'_ TTT*

wa(k T,T) = a?

= (2m) q(’i(%) k—q) dw(k T, T)

TTT HTT

— (1
ps t] Caprini et al., PRD, 2009

de(m .TL’)]
FIT!
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Gravitational wave spectrum: ETC approach

We fit up to the same momentum cutoff as in the EOM case

N = 2048 N = 2048
1 T T T : ' ' ' T
: 0.010
— 0.001
=
B o p—3:02:£0.02
4l
~ 107
@) : o
107°¢
10_10 MR | L 1 PR S T W T T T Y T W N ]-0_6
5 10 50 100 500 1000 5000 ' - .
5 10 20 100
X
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Gravitational wave spectrum: ETC approach

We fit up to the same momentum cutoff as in the EOM case

N = 2048

(L

10

N = 2048

Convergence

N[w—&ozio.oz

L

[ I

10 20 100
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Gravitational wave spectrum: ETC approach

We were able to compute the ETC using Cosmo/Lattice + modifications:

<TTT k ’II'_ TTT*

wa(k T,T) = a?

= (2m) q(’i(%) k—q) dw(k T, T)

TTT HTT

— (1
ps t] Caprini et al., PRD, 2009

de(m .TL’)]
FIT!
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Gravitational wave spectrum: ETC approach

We were able to compute the ETC using Cosmo/Lattice + modifications:

<TTT k, T) TTT* = (2m) 3503) (k — q) dw(k T, T)

TTT HTT

— (1
ps t] Caprini et al., PRD, 2009

wa(k T, T) pdw chw 'T gj)]
Depends on cosmology FIT!

For radiation: ~ ’7‘3
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Gravitational wave spectrum: ETC approach

100}
50[

~ (mT)S.OI:I:O.QT

3o (k.7 7) (g

15 20 25 30



Gravitational wave spectrum: ETC approach

Relate to GW spectrum and provide cross-check of expected spectral shape

> Use O (z,z) data/fit to compute FL (z) in one of the following two approximations:

Totally incoherent
(5(7‘1 — Tg)
k

(ML (k, )TIET™ (q, 7)) = (27)36@) (k — q)

Hﬁw(k‘,ﬁ,ﬁ) ‘ Fgw X 33_1

Totally coherent
. T —
(57 (1, m ) IEP (4, 72)) = (27)%6) (k — @) /I3, (b, )y 1R, (o) T Fg X

2
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Gravitational wave spectrum: ETC approach

Relate to GW spectrum and provide cross-check of expected spectral shape

GW from ETC

0.100;" _q
0.010
= 00010 o~ T
Eﬂ% 10—4
hil _ Incoherent
10 O Coherent
10—6— ----- CosmoLattice
10—7-4.-.| N B A B -
5 10 50 100 500 1000 5000

UV peak due to
discretization effects

No sign of
appearance of
plateau-like region

UTC to compute
rigorously GW signal
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Gravitational wave spectrum: other cosmologies

T3, (ky 7, 7) =[a? (7) o (1) 7| (2, 2)

Cosmology dependent Defect dependent
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Gravitational wave spectrum: other cosmologies

13, (k, 7, 7) =[a*(7) P2y (1) P C (2, )|

Cosmology dependent Defect dependent

Kination: w = 1 Exotic: w = 2/3
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Gravitational wave spectrum: other cosmologies

T3, (k, 7, 7) =[a*(7) P2y (1) P C (2, )|

Cosmology dependent Defect dependent
Kination: w = 1 Exotic: 1) — 2/3

0.010F 0.010¢

= 0.001; = 0.001
B : o 2:87%0.02 5
B S—
~o - 2

D 10—4_ %O 10_4

’ -5

109, 10
10 20 o0 100 10 20 50 100
xr =kt
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Tgw(k,7,7)/(mn")

Gravitational wave spectrum: other cosmologies

T3, (k, 7, 7) =[a*(7) P2 (1) P C (2, @)

Cosmology dependent Defect dependent
Kination: w = 1 Exotic: 1) — 2/3
2

Expected: ~ T Expected: ~ T2‘33

50~ 100:

~ (mT)l.78i0.20 ~ (mT)2,18j;D.10

10;

Bk, 7,7) /()

20 30 40
mT 43




Gravitational wave spectrum: other cosmologies

13, (k, 7, 7) =[a*(7) P2y (1) P C (2, )|

Cosmology dependent Defect dependent

Kination: w = 1 Exotic: w = 2/3

0|5I1 | | '5"“1'0 | | .0.5”1 | | Iil')lll(]
k/(2rH) k/(2nH)
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Conclusion

 Domain walls enter scaling regime, independent on % S§
initial conditions

. . Od —1.31+0.02
GW spectrum through EoM: ngv" ~ k

 ETC results: ng(,’j[j’ m) o 3:02=0.02

* Emission of GWSs in other cosmologies

- GW spectrum appears to be independent
on cosmology

Cosmo N w Eaw b C Tp q

Rad | 4096 | 1/3 | 0.363 £0.004 | 1.49 £0.04 | 2.09 £ 0.13 | 1.02 £ 0.01 3+ 0.04

Kin 2048 1 0.47 + 0.02 1.2+£0.02 | 1.8344+0.25 | 2.24 +£0.11 | 2.87 = 0.02

(

Rad | 2048 | 1/3 | 0.35+0.04 1.31 002 | 1.154+0.33 | 0.85 £ 0.04 | 3.02 = 0.02
' (
(

Exotic | 2048 | 2/3 | 0.40 £ 0.02 1.30 003 | L.794+0.32 | 1.59 4+ 0.08 | 2.86 = 0.03 "



Back up



Domain wall dynamics: the scaling regime

m/H; = 10 and keyt/m = 5 for N? = 256°

log(m/H) = 3.48
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Gravitational wave spectrum from domain walls

* Production of gravitational waves through domain wall dynamics during scaling

ﬁrom using quadrupolh
formula:
...... 4
Pgw ~ GQz‘jQij Qz,g ~ ol




Gravitational wave spectrum from domain walls

* Production of gravitational waves through domain wall dynamics during scaling

ﬁrom dimensional arguments using quadrupola
formula:

Py ~ GQ;;Q; Qij ~ oL

Pt
Scaling[pgW ~ f;v ~ GO‘2
ﬁ)m simulations: Saikawa et al., JCAP zcm

3
Wil Fs 1) = Qggvak(t) { Efp}:akgl ; i ;peak
fpeak peak

€ A2Go?
Openi(t) = B =7 Joeak(t) = H(t) f

pe(t)
\ / .




Gravitational wave spectrum: EoM approach

 Fit for N = 2048 simulation (5 simulations)

10— * Fit done at final simulation
: | time
_70l
£ 10-71E Z — N . e GW data used up to
~ = = ANE
=~ momentum cutoff
- W~
X ?
z 10773t
o0 -
G i
10"
10‘75; .
0.1 0.5
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Gravitational wave spectrum: EoM approach

e Fit for N = 4096 simulation (1 simulation)

e Fit done at final simulation
time

e GW data used upto
momentum cutoff
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Gravitational wave spectrum: EoM approach

* Fit for N = 4096 simulation (1 simulation)

E;W/(GAQO_Q/pc)

C 0.010f
0.005

0.100F
0.050"

~ k—1.49:|:0.04

0.5

k/(2mH)

10

Fit done at final simulation

time

GW data used up to
momentum cutoff
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Gravitational wave spectrum: EoM approach

* Fit for N = 4096 simulation (1 simulation)

w/ (GAQO_Q /pc)

o’ 0.010¢
0.005"

0.100F
0.050¢

time

* Fit done at final simulation

~ 149004 1 o GW data used up to
| momentum cutoff

0.5

4 Radiation domination )
N €Eow b C Ty
2048 | 0.35x£0.04 | 1.31£0.02 | 1.15£0.33 | 0.85 £ 0.04
\ 4096 | 0.363 +0.004 | 1.49+0.04 | 2.09 +0.13 | 1.02 £ 0.01

-
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UTC of domain walls in general cosmology

HE'T
p

p
) and  paw(7T) = Aﬁ?(?‘)

a(t) = a; (

fwf
1

From similar computations as in the radiation dominated case: 3(1+w)

16 G2 4252 Z_ 2p
Vo (T, ) = ;‘2" a; (%) TP Py (1),

1 X I
Fi (z) = %/ dazl/ dxs ($1$2)2p+1/2 cos (x1 — x2) CL (1, z2)

Spectrum does not depend on the cosmology if integral is not dominated by lower boundary
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Strings and their UTC

_2G kS

a(t) =

QU

rad

Hor

Everything together:

Pcs ~ ﬁHZ(’r)

String tension

5 (k, 71, 72) = (1172)* 2Oy (1, 22)

/
Qo (T, k) =

-

1 dpgw

16

pedlnk 3
FI(x) E/ diBl/ dzor/Z 122 cos (21 — x9) CL (21, 2)

(Gﬂ)zﬂrad(T)FE;(m) ;

~

J

e a,4(T)/ d'rl/ d7mo (13(’?‘1)a3(’?‘2)pc5(7‘1)pcs(’?‘2) cos [k(T1 — T2)] Hgs(k,ﬂﬁg)
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Strings and their UTC

g , 1 dpgy, 16 A
QEE:H(TT‘ k:) = e dl]i‘;; - E(GM)QQTdd(T)Fg(m) ?
Fl(z)= /3: dxq /I dzor/Z 122 cos (21 — x9) CL (21, 2)
N y

Figueroa et al ., JCAP, 2009

The function CCTS(:U,:E) decays faster than 2
‘ Integral is dominated by lower boundary at large «

16

Qo = E(Gﬂ)Qde(fr)Fg;(:c — 00) = const.

large k
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Domain wall solution: introducing a bias

* Make symmetry slightly approximate (energy bias)
[Important time scales ]
| Domination
4
a Pdw — Prad A
Vo) v 3 M,
n " fdom = 7757
iny
0r  effect | 4V ~ d

Planck mass

Annihilation

& g oH 5 pPv A
* Creates volume pressure force (Annihilation when N o
< ‘ t nn — a1

- J




	Dia 1: Gravitational Signatures of Domain Walls
	Dia 2: Exciting times
	Dia 3: Exciting times
	Dia 4: Exciting times
	Dia 5: Domain walls
	Dia 6: Domain walls
	Dia 7: Domain walls
	Dia 8: Domain walls
	Dia 9: Model and numerical details
	Dia 10: Model and numerical details
	Dia 11: Domain wall dynamics: the scaling regime
	Dia 12: Domain wall dynamics: the scaling regime
	Dia 13: Domain wall dynamics: the scaling regime
	Dia 14: Domain wall dynamics: the scaling regime
	Dia 15
	Dia 16
	Dia 17
	Dia 18
	Dia 19
	Dia 20
	Dia 21
	Dia 22
	Dia 23
	Dia 24
	Dia 25
	Dia 26
	Dia 27
	Dia 28
	Dia 29
	Dia 30
	Dia 31
	Dia 32
	Dia 33
	Dia 34
	Dia 35
	Dia 36
	Dia 37
	Dia 38
	Dia 39
	Dia 40
	Dia 41
	Dia 42
	Dia 43
	Dia 44
	Dia 45
	Dia 46: Back up
	Dia 47: Domain wall dynamics: the scaling regime
	Dia 48: Gravitational wave spectrum from domain walls
	Dia 49: Gravitational wave spectrum from domain walls
	Dia 50
	Dia 51
	Dia 52
	Dia 53
	Dia 54
	Dia 55
	Dia 56
	Dia 57: Domain wall solution: introducing a bias

