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Aftermath product of a Ph.T.



Introduction to Cosmic Defects

Topology of cosmic domains and strings

T W B Kibble

Blackett Laboratory, Imperial College, Prince Consort Road, London SW7 2BZ, UK

Received 11 March 1976

Abstract. The possible domain structures Wthh can arlse in the universe in a spontaneously
broken gauge theory are studied. It is ShC al I domain walls, strings or
‘monopoles depends on the homotopy groups of the manifold of degenerate vacua The
subsequent evolution of these structures is investigated. It is argued that while theories
generating domain walls can probably be eliminated (because of their unacceptable
gravitational effects), a cosmic network of strings may well have been formed and may have
had important cosmological effects.

Kibble pioneered the study of topological
defect generation in the early universe.



Introduction to Cosmic Defects

’1Sot0py sub group 5 at o 01t ), i.e. the sbrop of transformations leaving
(¢) unaltered, then the orbit may be identified with the coset space M= G/H.

__Physically H is_ te .\i_,'b unbroken symmetries, and M_ls themamfoiﬁ of

Vacuum
M=G/H Manifold



Introduction to Cosmic Defects

6. W Cbhclusions and diséussion

il
L

On thxs basis we showed that a omam structure can beexected > arise. The

is non- f 7 connected components we find an n-phase emulsion. The
- formation of cosmic strings requires that 7r;(M) be nontrivial, i.e. that M is not formed
of simply connected components. Finally, monopoles can form if wz(M) is nontr1v1al

M= G/H
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Introduction to Cosmic Defects

Z00LOGY:

monafes: 0(3) texture: (non-topological)

MICRO-PHYSICS ====)p COSMIC DEFECTS
— (M = G/H)
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Domain Walls

Cosmic Strings

DEFECTS: Aftermath of PhT — .
Cosmic Monopoles

Non — Topological

CAUSALITY & MICROPHYSICS = Corr. Length: £(t) = A(t) H~1(t)

(Kibble' 76)

SCALING: A(t) =const. — A~1 => k/H ?kt
comoving momentum \'
conformal time
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Stochastic GW backgrounds

dpc;w _ 1 3.
dlogk " = mpca " Y

<hij (k, t) hi; (K, t)> = (21)3 P; (k,1)6® (k — k')

Define: hij (X, t) = a(t)hij (X, t)

FOM: Bzy (x,t)— <V2 | a(t)> Bij (x,t) = 167G a(t)HiTjT (x,1)

Green Function

7‘

| e /
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DEFECTS: GW Source — {T;,}TT « {0;00,¢, F;E;, B;B;}TT

UTC: (T (k)T (K, 1)) = 2m)3 117 (K, t1, 1) 6% (k — k')
(Unequal Time Correlator)

GW spectrum: Expansion UTC

Chow (k, ) ox Mglf‘l(t) [ dtidts a(ti)a(ts) cos(k(ty — t2)) 112(k,ty,ts)

/ O\

Comoving Conformal
Scale Time




GWs from a scaling network of cosmic defects

DEFEC
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GWs from a scaling network of cosmic defects

DEFECTS: GW Source — {T;,}TT « {0;00,¢, F;E;, B;B;}TT
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GWs from a scaling network of cosmic defects

DEFECTS: GW Source — {T;,}TT « {0;00,¢, F;E;, B;B;}TT
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GWs from a scaling network of cosmic defects

VEV -
GW today: Scaling @ RD

l)“Q(o)

Fiy, (SCALE INV.))

M, rad

Defect type

!

= / dridxo\/r115c08(21 — 22)U (21, T2)
0

DGF, Hindmarsh, Urrestilla, PRL 2013



GWs from a scaling network of cosmic defects

VEV -
GW today: Scaling @ RD

S = (s O —Z(ML) 0, Fy, (SCALE INV.!)

Defect type

!

= / dridxo\/r115c08(21 — 22)U (21, T2)
0

—

V PhT (1st 2nd ) V Defects (top or non- top )

) DGF Hmdmarsh Urrestllla PRL 2013



GWs from a scaling network of cosmic defects

enerqy scale
gy constants

Total GW Spectrum - -

O O V ! ke .
R2Q0L = h20') (ﬁ> FyY + B (f)
p

32 [*
RD F((]R) = §/ dx1dzo (xlazg)l/Q cos(x1 — x2) Urp (21, T2)
0
32 (v/2—-1)% [~
MD Fl(]M) — 3 (\/—2 ) / d.CL'lde (1’1562)3/2 COS(CEl — CEQ) UMD(QJl, ZUQ)

eq

DGF, Hindmarsh, Lizarraga, Urrestilla, PRD 2020
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More on GW from Defect Networks
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Other works on GWs from
Global String Networks

Don’t agree with scale invariance !

e_g_ Chang & CUl JCAP 06 (2021) 034 ® e-Print: 2101.11007 [hep-ph]
PDU 29 (2020) 100604  e-Print: 1910.04781 [hep-ph] e.g. Gorghetto et al
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https://arxiv.org/abs/2101.11007
https://arxiv.org/abs/2101.11007
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This is a hot topic because it can probe axions as DM
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So when do cosmic strings form ?
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So when do cosmic strings form ?
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So when do cosmic strings form ?

Cosmic strings form !

_‘.‘ — 27T
TNl .
HIGGS '
STRINGS .
(Higgs Min, |
Pot. Energy Max) ™ W ; I i

2D SLICE:

HIGGS
PHASE

Dufaux et al PRD 2010



So when do cosmic strings form ?

Intensity of magnetic energy density
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Dufaux et al PRD 2010



IF Defects are Cosmic Strings ...
Further emission of GWs !(vienkin 81)



IF Defects are Cosmic Strings ...

Intercommutation
~ \6"

Loops are formed !

N



IF Defects are Cosmic Strings ...

Loops are formed !

Gravitational Waves emitted !
(releasing the loops' tension)

Image Credit: Google
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Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n
= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
l and many others |

"extra" emission on top
of Irreducible background
(only for strings)



Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
and many others !
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Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
and many others !

dp© , [t a(t)\’ [eHO
T =I'Gu /t dt/( CL0> /0 dlin(l,t) P((a,/a(t))fl)

expansion
history



Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
and many others !

A PG’ /t*to dt <a(t) ) | /OO“/H@ dlin(l,t) P((ao/a(t)) 1)

' A

expansion lenath number
history 9 density



Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
and many others !

0 to a/H(t)
dp”:m,ﬂ/ dt<a(t)> / . dlin(l,t) P((ao/a(t)) f1)

' / \
expansmn number
history length density

( Nambu- Goto)
simulations



Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
and many others !

0 to a/H(t)
Wl _rop | dt(“”) [ 7> Ja() 1)

df
/ \v GW power emission

number
length density

( Nambu-Goto)
simulations

expansmn
history



Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
and many others !

: b g o/ H(1)
dp():m,ﬂ/ dt< (t)> / ’ dllnltP Ja(8) 1)

df
/ \v GW power emlssmn

number

expansmn

history length density X 1 / ( l
( Nambu-Goto)
simulations features

(kinks,cusps,...)



Modeling

Model 11

| Model I

I

Analytical . |

. r%ach ~ Blanco-Pillado,| | Lorenz, |

( Sr%metric Olum, - Ringevald,

| P Shlaer | Sakellariadou {
 dependences) e |
e —————  ——————

Direct fit to Nambu-GOTO
simulations In expanding universe

e-Print: arXiv:1909.00819 [astro-ph.CO]


https://arxiv.org/abs/1909.00819

Modeling

Model | | Model II

Analytical

ADDroach ~ Blanco-Pillado,| | Lorenz, |
arameiric ~ Olum  Ringevald,

| P Shlaer | Sakellariadou |
' dependences) |
S —————————————

Calibrated
via simulations
(allows extra-
polation regime)

simulations In ex

Model Il

Direct fit to Nambu-GOTO

panding universe

e-Print: arXiv:1909.00819 [astro-ph.CO]


https://arxiv.org/abs/1909.00819

Modeling

What about lattice simulations ?

(Image: David Daverio)



Modeling

What about lattice simulations ?

Abelian-Higgs Simulations

* Loops formed ! ... but decay into scalar/gauge fields

* |t loops disappear... then no GW ?

*

There is an irreducible GW emission from the long
string network, but negligible vs NG loop GW emission

So ... next results based on Nambu-Goto strings !



Modeling
Nambu-Goto

Infinitely thin: H~! > m™!




Cosmic strings loops: GW background

. to a o/ H(t)
dp"” :FGMQ/ dt( (t)> / = dun (0 P ao/a( ))f1)

df
/ \v GW power emlss_lon

expansmn number

history length density x 1 / ( l
( Nambu-Goto)
simulations features

(kinks,cusps,...)



Cosmic strings loops: GW background

Example of GW emission from Loops

e.g. Sanidas et al 2012



Cosmic Strings Network: Loop configurations

Example of GW emission from Loops

loop

size
(relative to

horizon)

Sanidas et al 2012



Cosmic Strings Network: Loop configurations

Example of GW emission from Loops

e el —

1 Latest Nambu-Goto
Slmulatlons a ~ (. 1

a=10"° o= 10710

_s a=1078
a =10

loop

size
(relative to

horizon)



Model Il (BOS) vs Model Iil (LRS)

Model Il

Model Il

I
107} Y LlSA 1 10~
oo : ;
: /\1" 'I.I “"- .'.:
; ] 107°
Z
G
~ 107
10—13
) |3 6 10—15 1 1 1 1 1
10 10 10-° 10 10-3 1 10 106
frequency (Hz)

10—15 | |
1079 10°° 103 1
frequency (Hz)



Model Il (BOS) vs Model Iil (LRS)

10—13 B

1079 10°° 10-3 1 103 106 1071
frequency (Hz)

107°° 1073 1 103 10°
frequency (Hz)

Gu~ 1071 —10717
@ LISA: Very large parameter space !



Model Il (BOS) vs Model Iil (LRS)

10—13 B

A .
M .
M .
M U
. )
. ¥
. o
. .
. U
. ’
. ’
’- -.

109 1076 103 1 103 106 107
frequency (N2)

107° 1076 1073 1 103 106
frequéncy (Hz)

Gp > 10"17=

Y |
FERREERERERERE L

@ LISA: Very large parameter space !



GW background constrained by LISA

CMB PTA (today) PTA (future)
Gun~10"" Gu~ 10" Gu~ 10"



GW background constrained by LISA

CMB PTA (today) PTA (future)
Gun~10"" Gu~ 10" Gu~ 10"

LISA improve: O(10') O(10%) O(10°)



GW background constrained by LISA

CMB PTA (today) PTA (future)

'+ Best constraints on Comic Strings
LISA { - (actually only way to obtain them)
. * Discovery, or stringent constraints




Cosmic Strings Network: Loop configurations

GW from string loops # GW from "Infinite"-Strings
(particular emission) (irreducible emission)

=7.0¢

/;/
=197
1077
y

f[Hz]

10719 10-17 1071% 10713 10 107°

-15 -10 -5 0 5 10
log,,f (Hz)

Vilenkin, Vachaspati, Bouchet, Siemens et al, DGF, Hindmarsh, Lizarraga, Urrestilla,
Sanidas et al, Blanco-Pillado et al, ... 1981 - 2020  work in progress 2013-2020




EARLY UNIVERSE in GWs v

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,

\ Enhanced Scalar Pert. » Enhanced GWs

V scalar Preheating

Reh_eating <>gauge Preheating Large GW (high freq)
fermion Preheating

Hybrid Preheating, High Freq.

Phase Transition(s): Large GW{
\V4
Thermal / W

Universe cogmic Defects{

Thermal 1st-O EW PhT @ LISA Freq.
Irreducible GW

String (loops): Large GW



EARLY UNIVERSE in GWs v

'cures' hBB

Scalar: CMB AT anisotropies

» o eventually Galaxies)

Inflat

d GWs

h Freq.

| ' Thermal 1st-O EW PhT @ LISA Freq.
Thermal {}

- Irreducible GW
Universe cogmic Defects{

String (loops): Large GW



OUTLINE

Gravitational Wave Backgrounds

1) Cosmology/GR + GW def. v/

2) GWs from Inflation v/

\oC
{ 3) GWs from Preheating v/

4) GWs from Phase Transitions ./

5) GWs from Cosmic Defects v/
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1) Cosmology/GR + GW def. v/

2) GWs from Inflation v/
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{ 3) GWs from Preheating v/

4) GWs from Phase Transitions ./

5) GWs from Cosmic Defects v/



OUTLINE

Gravitational Wave Backgrounds

1) Cosmology/GR + GW def. v/

2) GWs from Inflation v/

\oC
{ 3) GWs from Preheating v/

4) GWs from Phase Transitions ./

5) GWs from Cosmic Defects v/

Early
Universe



OUTLINE

Gravitational Wave Backgrounds

1) Cosmology/GR + GW def. v/

2) GWs from Inflation v/

\oC
3) GWs from Preheating v/

4) GWs from Phase Transitions ./

5) GWs from Cosmic Defects v/

Late Universe 6) Astrophysical Background(s) «<——— IF there is time ...

Early
Universe



OUTLINE

Gravitational Wave Backgrounds

1) Cosmology/GR + GW def. v/

2) GWs from Inflation v/

\oC
3) GWs from Preheating v/

4) GWs from Phase Transitions ./

5) GWs from Cosmic Defects v/

Late Universe 6) Astro Background and Observations

Early
Universe
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Late Universe (0 <z < 10)

Masses in the Stellar Graveyard
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Late Universe

(0 <z 5 10)

Mostly
unresolved

binaries !




(0 <z510)

Late Universe

200
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(0 <z 5 10)
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Late Universe (0 <z 5 10)

Black Holes
Neutron Stars
White Dwarfs




(0 <z510)

Late Universe

1 dpr’
Pe dlogf

Qaw (f) =

¥ 00 oc ors
C C ﬂxg



Late Universe (0 <z < 10)

1 dp(;w 271' 2
() —

<o ;e Gw (/) p. dlogf 3H2f :()

e

& !
L) T Characteristic
\/' o strain
o aivs S
Y e °_/
°_4

!
'G. F.\J:/\o
o‘/_\ .\_/‘
N



For binary population:

number

comoving
density )



Late Universe (0 <z < 10)

1 Clp(;w 27T 2
. . Qew (f) o dlog f 3H2f =(f),
e
— dn comoving
N L) — For binary population: — ( number )
. g < density
e

dn 1 dE
—9 d g GW
/ /O L 1x 2,




Late Universe (0 <z < 10)

0 _ 2h?
S o GW(f) De legf 3H2 f (f)
e
— dn ([ comoving
N R \ — For binary population: — ( number
£ < density

f_z/ dzdn 1 / dEcw
0

dz1+z"" df.

— E.S. Phinney

°_ S

- astro-ph/0108028 source-frame
N

energy spectrum



https://inspirehep.net/authors/993478
https://arxiv.org/abs/astro-ph/0108028
https://inspirehep.net/authors/993478
https://arxiv.org/abs/astro-ph/0108028

)

> dn 1

d
zdzl+z

fr

fr=f(1+2)

T

Source frame
frequency



0 = = —— f?hi(f),
< e Gw (/) p. dlogf SHgf ()
e
o\/ .
—~N AG . , [ dn 1 , dEcw
e, he(f)===1 dz fr
o~ T C 0 dz 1+ z df , B
o\_/. o f?“_f(l_i_z)
Vs 3y
/e .~ dEcw 7w 1 (GM)5/3
— S df, T 3G 1/3f1/3
\ve n " fr=Ff(1+2)
L T e Chirp 3/5
L I _ 2/5 ( _mim
T mass M = (71 +m2) (mﬁwﬁz)
.‘/—\. ‘/-\
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Late Universe (0 <z 5 10)

1 dpGW 27T 27
0 —

o\/‘. —
S e e T A frdEGW
N T c? 0 dz 142" df,

.’/\;. fr:f(1+z)
T (] Using:
N ,/‘:ﬂ. g:
= - e A Re) pimymy)

o = pimy, my y

, dz _ dzdmdm,dV
o Z zampam / <

L e | Mass \ .
- 5 N Merging function 1T H ()
e Rate (distribution)



Late Universe (0 <z < 10)

() — 2h2
. e cw (/) p. dlogf 3H2f (1)
e
N C “\‘ N hg(f) ég —9 dZ dn 1 f dEGW
- ety Tdz1+27 df,
:/\;. fer(l—l—z)

4G5/3f—2/3

o M (my, m,) dt,
37122 dmydm,p(my,my) [ dz'R(Z)

0 (1+2)13 dz




£ e.g. BH Binaries B )
C (from LIGO/VIRGO) T14 (14 2)/2.9)%6



Example: Stellar mass Black Hole population
(for LISA collaboration)

Qo AT GW Spectrum
1 x 10—12 :_ n - |
5.x 1073} Sl
WOY’k in i '”lﬁl" |
Fpagr’@ﬁé ‘ |

—

[Babak, Caprini,
DGF, Karnesis,
Nardini, Marcoccia,
Pieroni, Ricciardone,
Sesana, Torrado]

] .iil

i

0.001 0.002

0.005 0010 0.020
f [Hz] (frequency)




€ o0smoGW — Gravitational Wave Backgrounds

Summary &
Perspective



Gravitational Wave Backgrounds

| Cosmological | | Astrophysical |

Early Late
Universe Universe



Gravitational Wave Backgrounds

" Probe of High
Energy Physics

— o Sy —

| Cosmological | | Astrophysical |

Early Late
Universe Universe



Gravitational Wave Backgrounds

" Probe Binary
- Population(s) |

| Cosmological | | Astrophysical |

Early Late
Universe Universe



Gravitational Wave Backgrounds

1 Cosmologlcal\ | Astrophysical |

Early Late
Universe Universe



Gravitational Wave Backgrounds

1 Cosmologlcal\ | Astrophysical |

Early Late
Universe Universe



Gravitational Wave Backgrounds

Cosmologlcal ,'.

Early Late
Universe Universe



Gravitational Wave Backgrounds

Cosmologlcal ,'. :
) "W _Foreground " o

Early Late
Universe Universe



Signal Analysis

POWER SPECTRUM RECONSTRUCTION

Y\

Automatised cz:mgzglnt —
Binning |/ a pon
e 7 S ... | Analysis
g 10~ _,(_J, \
O )
QO 107 ok
o N
; ;
B Ny
Frequency [Hz] Frequency [Hz]
Code SGWBinner Pieroni & Barausse 2004.01135 )

(Caprini et al 1906.09244 )



https://arxiv.org/abs/1906.09244
https://arxiv.org/abs/1906.09244
https://arxiv.org/abs/2004.01135
https://arxiv.org/abs/2004.01135

Signal Analysis

SIGNAL SEPARATION

Reconstruction
Combining experiments over foreground

: BN LIGO+LISA Inputs and generated data
b =<5 | B LIGO+LISA+TianGo
1.05 feael= : E
= < 3 ™
D I 5w
> | J—
Q N Lk 8 10-11 4
- 100 == - \, \T _______________ CD 10-12 4
5 5
— : O 10-4 10-3 10-2 Signal reconstruction
2x10° 11
D o5 i Frequency [Hz] =
= i S B N
| += 10!
: O
I q) 10~
0.90 . . ! — ; C%
107Y 2x107Y 5x107Y 107'® 2x107'® 5x107*® 107% = o
] [} 10—1
String Tension O

Freg ugncy [HZ]

(from 2012.07874 )

(from 2004.01135))



https://arxiv.org/abs/2012.07874
https://arxiv.org/abs/2012.07874
https://arxiv.org/abs/2004.01135
https://arxiv.org/abs/2004.01135
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Current Constraints

107>

107"}

1079} Direct 1  — Planck
= PTA Detection | __ ppra
Q) 10—11 B u
C — LVKO3
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Current & Planned Direct Detection

— PPTA

— LVKO3

— CMB (Ad.)
— CMB (Hom.)




Current & Planned Direct Detection I

— PPTA

— LVKO3

— CMB (Ad.)
—— CMB (Hom.)

Res.

AEDGE

BBO

10-17 \ ‘ . | . ‘ \ . . | . ‘ | ! . 5
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Full Experimental Landscape
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CMB Latest Analysis

log10(f/HZ)
- -11 9
10—4 | | | | I | | | | | | | |
1076
108
= CMB - low frequency
= = Slow roll Planck/BK limit
X = CMB - second order w/NAS
':':; 1010 * CMB - second order : delta source
ol = (CMB - shortwave (adiabatic)
CMB - shortwave (homogeneous)
- = BBN
10—12
10—14
1016 I I | | I | I | I I |_ -
-4 2 4 6

log1o(k/Mpc—1)

(from Copeland et al 2004.11396)



Latest PTA
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Gravitational Wave Backgrounds

1) Cosmology/GR + GW def. v/

2) GWs from Inflation v/

\oC
3) GWs from Preheating v/

4) GWs from Phase Transitions ./

5) GWs from Cosmic Defects v/

Late Universe 6) Astro Background and Observations

Early
Universe



OUTLINE

Gravitational Wave Backgrounds

Early
Universe

Late Universe

1) Cosmology/GR + GW def.

2) GWs from Inflation

3) GWs from Preheating

4) GWs from Phase Transitions

5) GWs from Cosmic Defects

6) Astro Background and Observations



OUTLINE

Gravitational Wave Backgrounds

Early
Universe

Late Universe

complicated,
but robust

1) Cosmology/GR + GW def.

2) GWs from Inflation
3) GWs from Preheating
4) GWs from Phase Transitions

5) GWs from Cosmic Defects

6) Astro Background and Observations



OUTLINE

Gravitational Wave Backgrounds

complicated,
but robust

Intensive search
1) Cosmology/GR + GW def. | """~ "~ o

Extra ingredients

2) GWs from Inflation — | = enhance GW

: _| . |High amplitude,

UE_a”y 3) GWs from Preheating - ke detection
niverse

4) GWs from Phase Transitions

5) GWs from Cosmic Defects

Late Universe 6) Astro Background and Observations



OUTLINE

Gravitational Wave Backgrounds

Early
Universe

Late Universe

complicated,
but robust

Intensive search
1) Cosmology/GR + GW def. | """~ "~ o

Extra ingredients
= enhance GW

/

2) GWs from Inflation —

3) GWs from Preheating -

High amplitude,
unlike detection

4) GWs from Phase Transitions—

5) GWs from Cosmic Defects —

—>

EWPT (1stO)
observable

6) Astro Background and Observations

GUT-PT
observable




OUTLINE

Gravitational Wave Backgrounds

Early
Universe

Late Universe

complicated,
but robust

Intensive search
1) Cosmology/GR + GW def. | """~ "~ o

Extra ingredients
= enhance GW

/

2) GWs from Inflation —

3) GWs from Preheating -

High amplitude,
unlike detection

4) GWs from Phase Transitions-—

EWPT (1stO)
observable

5) GWs from Cosmic Defects —

6) Astro Background and Observations ——

GUT-PT
observable

foreground




Propaganda, Part |

\_

from the Early Universe

- . - )
" Review on Gravitational Waves

J

Caprini & Figueroa
arXiv:1801.04268




Propaganda, Part Il

For you early universe numerics ...

Figueroa, Florio, Torrenti, Valkenburg, arXiv: 2102.01031

('GW computation' module about to be available)

Il I I =N =N =N == = = = Il = =

---------- I I I
B2 | 1. I [ I e """ == === -
i %‘ I 1 i i — i i
- ﬂ 7 . L i i A\ i i
1 O - E i 0 -~ 1 1
M o " - i " e 8 i
. 4 I n . i i yal\ ) N N
I I I | I I I
[ JES ‘l [T S S ey VT o 1 1 1 .
i - -
s — Grav. Wave emission L : !
= 7Cosmic Strings Non-linear dynamics - =| Whatever |-

you want !



https://arxiv.org/abs/2102.01031
https://arxiv.org/abs/2102.01031

Physical Problem * Choose Lattice: dt, N, dx

* Choose Algorithm 60(6t")
* Choose Param: g, m, ...

* Init Conditions
* Eqgs. of Motion

* Choose Observables



http://www.cosmolattice.net/
http://www.cosmolattice.net/

Physical Problem * New Physical Problem

* Choose Lattice: dt, N, dx
* Choose Algorithm 56(51")
* Choose Param: g, m, ...

* Init Conditions
* Eqgs. of Motion

* Choose Observables



http://www.cosmolattice.net/
http://www.cosmolattice.net/

Physical Problem * New Physical Problem

* Choose Lattice: dt, N, dx
* Choose Algorithm 56(51")
* Choose Param: g, m, ...

* Init Conditions
* Eqgs. of Motion

* Choose Observables

(Coomalattice : platform for field theories,
You choose the problem to solve !


http://www.cosmolattice.net/
http://www.cosmolattice.net/

http://www.cosmolattice.net/

> W[dlﬂc@(current public version) :
> Scalar-gauge dynamics [U(1) & SU(2) interactions]

» Multi-dimensional Parellization (you write serial !)

> Symplectic Integrators 50(6t%) - 60(6t'°)
» Modular, Symbolic language, Field algebra


http://www.cosmolattice.net/
http://www.cosmolattice.net/

http://www.cosmolattice.net/

> @aama‘éaﬂ'éce(current public version) :
> Scalar-gauge dynamics [U(1) & SU(2) interactions]
» Multi-dimensional Parellization (you write serial !)

> Symplectic Integrators 50(6t%) - 60(6t'°)
» Modular, Symbolic language, Field algebra

> &mgﬁaﬂ‘c’c@(package upgrades towards 2022/beyond) :

e _ AT[TT
\/ > Gravitational waves [1/;=2II;" f > Non-Canonical Kinetic Terms
v/ > Axion-like couplings OF, » Non-symplectic integrators v
v/ > Non-minimal coupling &P °R > + { > Arbitrary Initial Conditions v
\/ » Cosmic String Networks /‘\’{r pl > Fluid Dynamics
22X >
... AR \



http://www.cosmolattice.net/
http://www.cosmolattice.net/

Coming (hopefully) this Summer/Fall ...

(osmolattice

School 2022 ?




Coming (hopefully) this Summer/Fall ...

chool 2022 ?

@Valencia:




Now ...

~ 800-I1sh slides
afterwards...



Now ...

~ 800-I1sh slides
afterwards...

Thanks for
your attention !



BACK SLIDES

CMB anisotropies due to defects



CMB Defects
(Back) SLIDES



Cosmic Microwave Background

|Temp-anisotropies
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Durrer et al, JCAP 2014
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Cosmic Microwave Background

0.100

0.050

B-modes

INF: r = 0.2 + Lensing
INF: r = 0.2, No Lensing
SOSF: fio = 0.055 + Lensing
SOSF: fio = 0.055, No Lensing
INF: r = 0.0, Just Lensing
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Cosmic Microwave Background

B-modes

(SOSF = Defects)
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