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GW spectrum from Cosmic Strings

Evolution of the universe
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@ 'opological defects generated during
spontaneous-symmetry-breaking with =(G/H) # 1

Vig) 1 T\,

.. : ) . .-. 4'_ . . s .;};:.;‘V-

PR I P

> ¢ U(l) — 1 I ¢
;eF A%, <48

° o . SNy %! T
v o WO Y SN .\)\'-\ TN
- .""—“TAH' . . Ny

Fibble 1970 @n [Allen & Shellard 1990]

® Nambu-Goto approximation
2
—P® 1D classical objects with tension: [/ ~ <§b>
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® GW spectrum generated by string

- -
® Assume strings
® Use GW from string as a probe of the

Early Universe



Stucture of the talk
A) GW spectrum from CS

@ Scaling regime
@® Number of loops

@ Beyond Nambu-Goto: massive radiation

B) Probe non-standard cosmology
and particle physics

@ Early Matter era induced by heavy unstable particle
(e.g. superstring moduli, U(1) dark photon, ALPs, PBHs)

@ Early intermediate inflation

(e.g. supercool first order phase transition)
20
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GW power radiated by a loop

G 1444 2
@® AQuadrupole formula: PGW ~ ? <Q100p)

Q{;Op ~ mass X length?/time® ~ 4 (length ~ time)

-» independent of the length the loop
@ NG simulation, e.g. Blanco-Pillado 17:  Pgyw =I'Gu* T'=50

@® Mode-dependence:
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k2 kink-kink collisions
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The loop size distribution

@ Our assumption:
P(a) = o(ax — 0.1)

Loop size distribution P(a)
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The loop size distribution

@ Our assumption:
P(a) = o(a — 0.1)
@ Based on NG simulations:

Loop size distribution P(a)

(NG sim. Blanco-Pillado 14')

/

" — P(a) = &(a - 0.1)
- NG simulation

10~° 107 10> 103 10" 10 10°
f [Hz]
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The loop size distribution

@ Our assumption:
P(a) = 6(ax — 0.1)

@ Based on NG simulations:
(NG sim. Blanco-Pillado 14')

® Loophole:

—P NG simulations are
iInsensitive to small-
structure (UV scale)

> Polchinski-Rocha
analytical model

Loop size distribution P(a)

107" DECIGOE

10-50 — P(a) = &(a - 0.1)

- NG simulation
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The loop size distribution

@ Our assumption:
P(a) = o(a—0.1)
@ Based on NG simulations:

Loop size distribution P(a)

(NG sim. Blanco-Pillado 14')

® Loophole:

—p NG simulations are
Insensitive to small- %
structure (UV scale) G

DECIGO CE

/

Polchinski-Rocha
—> Y — P(a) = 6(a - 0.1)

analytical model 15
10 . .
- NG simulation

—§ P(a) highly sensitive — Analytical BBO
10—17
to UV scale 10-° 10" 10> 10> 10" 10 10°

Lorenz et al. 10’, Ringeval 17°, Auclair et al. 19’, LISA-CosWG-1
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The loop size distribution

@ Our assumption:
P(a) = o(a—0.1)
@ Based on NG simulations:

Loop size distribution P(a)

(NG sim. Blanco-Pillado 14')

® Loophole:

—p NG simulations are
Insensitive to small- %
structure (UV scale) G

DECIGO CE

> Polchinski-Rocha
analytical model

a/ P(a) = &(a - 0.1)

-15
10 - NG simulation

—§ P(a) highly sensitive — Analytical BBO

10—17
to UV scale 10° 107 105 10-2° 10" 10 103

Lorenz et al. 10’, Ringeval 17°, Auclair et al. 19’, LISA-CosWG-1
—-’ Energy conservation?  Blanco-Pillgdo et al. 19’



The GW spectrum

- = loop formation time 3 ok a(t)
- . . > [(t) = foa(te)”
f = GW emission time at; — TGu(t —t;).

GW energy Beyond NG approx: Emitted power into GW
density redshift Massive radiation 1 — 50 (NG sim. Blanco-Pillado 17
o |ad : [ Gy
Qow(f) = Y — | di |dao Ot ——) -
; pc tOSC v B a(to) | l a k4/3
Loop a(t)]” Ceprl2;)
density X Tj) ' d_'l‘ - Pl a t4l © O — fose)
redshift )] df
— Mln[IF ’ tfl‘lCthH
Loop size distribution ; ;
n
Pa)=8a—01) oo _ L oo
dtl- X axt, dtl- Fr|ct|on stops

(NG sim. Blanco-Pillado 14')
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The GW spectrum

- = loop formation time 3 ok a(t)
— f a(to)’ _
Oéti — FG,M(t — ti).

~

t = GW emission time

GW energy Beyond NG approx: Emitted power into GW
density redshift Massive radiation 1 — 50 (NG sim. Blanco-Pillado 17
o [Gu?
Qew(f) = Z —| JeA/3
k pc “losc . R
Loop a(t)]” Ceprl2;)
density X Tj) ‘ d_i . Pla) - N t-4 ‘ @)(fi - OSC)
redshift a) | df
= Mln[IF ’ tfl‘lCthn
Loop size distribution ; ;
n 1
P(G) _ 5(61 - Ol) loop _ ploop
dtl- uXaxt, dtl- Fr|ct|on stops

(NG sim. Blanco-Pillado 14')
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Beyond Nambu-Goto

® Nambu-Goto approximation
2
—P 1D classical objects with tension: [/ ~ <¢>

- Valid when curvature radius >> string thickness

N

\ Cosmological Microscopic

® NG approx. violated by small-scale structure

N
\\
]

- Massive Particle production loop _

/3
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Beyond Nambu-Goto

Blanco-Pillado, Olum 98’

part. K : 1/2
Pklnk Nk / €~ H
€ Matsunami et al. 19’
Ppart ~ N _C .
cusp ] with €.~ u\/rl
—fP No GW emission when: Ppart > PGW — FG//tz

kink/cusp ™~

Auclair, Steer, Vachaspati 19’
/A\ Disagreement with Lattice Field Theory simulations from

Hindmarshetal. 977 / 08 / 17

- Predict much more massive particles and no observable GW
/8
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The GW spectrum

- = loop formation time 3 ok a(t)
- . . > [(t) = foa(te)”
f = GW emission time at; — TGu(t —t;).

GW energy Beyond NG approx: Emitted power into GW
density redshift Massive radiation 1 — 50 (NG sim. Blanco-Pillado 17
o |ad : [ Gy
Qow(f) = Y — | di |dao Ot ——) -
; pc tOSC v B a(to) | l a k4/3
Loop a(t)]” Ceprl2;)
density X Tj) ' d_'l‘ - Pl a t4l © O — fose)
redshift )] df
— Mln[IF ’ tfl‘lCthH
Loop size distribution ; ;
n
Pa)=8a—01) oo _ L oo
dtl- X axt, dtl- Fr|ct|on stops

(NG sim. Blanco-Pillado 14')
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Summary part A

® P,y =IGy’ =50 independent of loop length

@ String network follows scaling regime L ot

—P Conspiracy between Hubble expansion and loop fragmentation

/’t //t dnloop C ff(t )
Csq 1: = — X — Csq 2: =V x
P 72 12 dt, ot l

@® onochromatic loop size  P(a) = 6(a —0.1)

;é Lorenz et al. 10’, Ringeval 17°, Auclair et al. 19° who predict many small loops

@® Beyond NG approx : massive radiation due to cusps and kinks

;é Hindmarsh etal. 977 / 08 / 17 who predict no observable GW at all



B) Probe of non-standard cosmology

and particle physics

—P Early Matter era

—§ Early intermediate inflation
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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Non-standard Matter era
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1) Planck-suppressed decay

- Planck-suppressed
interactions

c m;

Ex 1: scalar oscillating
moduli

1

Px = Em;%(/ﬁg
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1) Planck-suppressed decay

- Planck-suppressed
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1) Planck-suppressed decay

- Planck-suppressed
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Probe superstring theories up to 1019 GeV!
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1) Planck-suppressed decay
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1) Planck-suppressed decay

- Planck-suppressed
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2) Dark photon U(1)p

—p Massive dark photon

+
Kinetic mixing
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- Width

- DM mediator

—§ Entropy injection
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2) Dark photon U(1)p

—p Massive dark photon

+
Kinetic mixing

< D elFyFp

- Width

- DM mediator

—§ Entropy injection
Berlin, Hooper, Krnjaic 16’

Cirelli, YG, Petraki, Sala 18’

Gu=10"" - ¥ =TpITsy
dark photon = mediator of DM in U(1)p
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2) Dark photon U(1)p

—§ Massive dark photon Gu=10"" = U(1)p - F = Tp/Tem

Kinetic mixing
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- Width

—§ Abundance fixed by
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- Assume thermal
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4) PBHs

Landscape of constraints on PBHs
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4) PBHs
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- PBHs abundance
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- PBHs abundance

Landscape of constraints on PBHs
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- PBHs abundance
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- PBHs abundance
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4) PBHs

Landscape of constraints on PBHs
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Intermediate inflation era

e.g. supercooled 1st Intermediate Inflation: E; = 100 TeV
order phase transition (Gu=10",T =50, a=0.1)
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Intermediate inflation era

e.g. supercooled 1st Intermediate Inflation: E; = 100 TeV
order phase transition (Gu=10",T =50, a=0.1)
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Intermediate inflation era

e.g. supercooled 1st Intermediate Inflation: E; = 100 TeV
order phase transition (Gu=10",T =50, a=0.1)
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Intermediate inflation era
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Intermediate inflation era
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Intermediate inflation era

e.g. supercooled 1st PT
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Intermediate inflation era

e.g. supercooled 1st PT

Creminelli, Nicolis, Rattazzi 01’
Randall, Servant 06’

Intermediate Inflation: Ei,; = 100 TeV
(Gu = 100", r=50, a = 0.1)

-9
Konstandin, Servant 11’ 10

Iso, Serpico, Shimada 17’ B :
Von Harling, Servant 17’ 107104/ Standard -
Bruggisser, Harling, Matsedonskyi, Servant 18’ 5 ¥ < N = 25\2
Hambye, Strumia, Teresi 18’ 1011 § e T
Baratella, Pomarol, Rompineve 18’ i 5 4, 5

Agashe, Sundrum et al 19’ o[l RN
Delle Rose, Panico, Redi, Tesi 197 %% 10 "¢ 1, SR

Von Harling, Pomarol, Pujolas, Rompineve 19’ (;5 : ;’ 4/
- G 10_1 3 = - a d “\‘ Q‘\\\“‘s‘ 3
Correlation length =
stretched outside 10714, o Gster ¥
. S 2 N\
Hubble horizon osl N vart. prod. X

. (cusp)

—P Loop formation frozen |

107'° | ‘

10° 10° 102 1 10° 10° 10°

134 f (HZ)



Intermediate inflation era

e.g. supercooled 1st PT
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Intermediate iInflation era

Scaling: L <t
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Intermediate inflation era
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Intermediate inflation era

Intermediate inflation
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CONCLUSION

® o5caling regime and beyond, loop size
distribution, massive radiation..

® S matter era caused by heavy cold relic

Model-independent: 1s>7, 2107
Probe superstring scales and ALPs mass up to 1019 GeV

Dark photon: e > 107! and my < 10'° GeV

PBH: 10° g S Mppyy S 107 g

® Second inflation: 102 GeV < E,; < 10'3 GeV

Reach larger scales due to freezing effects during Ne e-folds after inflation



Metastable cosmic string
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Metastable cosmic string
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Temperature - frequency relation

® Remember for 1st order PT:

—Pp “LISA is a window on TeV”

(a*> T. o, 1/4
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dg 1 TeV 100




Temperature - frequency relation

® Remember for 1st order PT:

—Pp “LISA is a window on TeV”

f~10H, [ = — — (1.9 mH 1 z )"
“\ 4 f=d mZ)(l%V)(ﬁ)

Loop formation at t; GW emission at t-



Temperature - frequency relation

® Remember for 1st order PT:

—p “LISA is a window on
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Loop formation at t; GW emission at t-



Temperature - frequency relation

® Remember for 1st order PT:

Einstein Telescope
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Loop formation at t; GW emission at t-



String network evolution

| _ M

—P Velocity-dependent One-Scale (VOS) model ) ., = E
ﬂ = (1 = %) k() 2H\7- Newton’s law

dt L _ Curvature VS Hubble expansion

Energy conservation

Hubble exp. VS loop formation

) )
= Thermal friction: v = 2H? + v with 1. = Ho__F
cp pT3

L, Ly
Negligible for T lower than: 7}, ,, ~ 40 PeV
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G
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Peak-like spectrum

Non-standard cosmo. before rad. era
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Money plots
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Money plots
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VOS vs Scaling
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VOS vs Scaling
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VOS vs Scaling
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VOS vs Scaling
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VOS vs Scaling
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Intermediate inflation era

Scaling: L <t

start

Inflation: L <« a3

N

a — astart €

end

Lxa (L>>t)

2N

a — astart €

re—enter

Scaling: L <t
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Consequences of

® _ong-standing source of GW

From network formation until today a N

# GW from 1st order PT

® [lat GW spectrum during radiation
Freq /' % Loops smaller

> { Loops produced earlier - more [oops
GW emission earlier - more redshift

-» 2nd Conspiragy



String network formation

® Can be topological defects generated during
spontaneous-symmetry-breaking [Kibble 1976]
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@n [Allen & Shellard 1990]

® Nambu-Goto approximation
2
—P® 1D classical objects with tension: [/ ~ <§b>




String network evolution
Energy density:  p_ = pu/L*

® Two competing dynamics:

1) Hubble expansion: [ xa — p_, & a=’

- Would over-close the universe
2) Loop fragmentation: Massless

radiation

[Borrowed from Peera Simakachorg]

Global Local



String network evolution
Energy density: p_ = ulL?

® Two competing dynamics:

1) Lxa—p, xa~
- Would the universe
2)

® Conspiracy between 1) and 2)
—p Scaling regime: [ ot

—P . { CL:: during radiation

a during matter
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Consequences of

® _ong-standing source of GW

From network formation until today e N

# GW from 1st order PT

® [lat GW spectrum during radiation

- Conspiracy between number
of loops and redshift factor

-%» Deviation from flat in matter,
kination, inflation..
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GW spectrum from Cosmic Strings

@® Emitted power into GW ;
Pgw =T Gu*
['=150 1

@ Current bound by pulsar arrays :

Gu > 107" = (¢) > 103 GeV

012 /

107141

1078

o""i—

@ Reach of future interferometer: 10-16!

Gu=10"" > (¢) ~ 10° GeV
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Evolution of the universe
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