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Cosmological attractor
< Cosmic strings

< Cosmological evolution
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Cosmic strings

® Topological defects

+

+

Global strings [Davis:1985, Durrer:1998rw,

Yamaguchi:1999yp]

Non-Abelian strings vilenkin:1984r,
Dvali:1993qp, Spergel:1996ai, Bucher:1998mh,

McGraw:1998|

K- and DBI-strings (abichev:2006cy,

Babichev:2007tn, Sarangi:2007mj]

Current-carrying strings
[Witten:1984eb, Davis:1988ip,Carter:1989dp, Peter:1992dw,

Peter:1992tal

+

® Line-like energy density distributions

Semi-local strings: energetically
favoured for my > my

[Vachaspati:1991, Hindmarsh:1991jq, Achucarro:1999it]

Cosmic superstrings: bound
states made of p F'-strings and
q Dl—bl’a NE [Witten:1985fp,Copeland:2009ga,

Sakellariadou:2008ie, Polchinski:2004ia, Davis:2008dj]

Nambu—Goto strings: Lorentz
Invariant two-dimensional
WOI’|dSheet [Goto:1971ce,Nambu:1974]

Carter St”ngs [Carter:1989xk, Carter:1992vb,

Carter:1994zs, Carter:2000wv]

® Simplest: Nambu—Goto strings, one parameter: U

S = —U/dem/— , Yab = G X4 XY, (induced metric)
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Cosmological attractor

< Cosmic)strings
< Cosmological evolution

< Scaling of the energy

density
\_/

Loop distribution

Stochastic GW

Conclusion

Scaling of the energy density

® Scaling of the energy densities for loops and long strings
[Ringeval:2005kr,Blanco-Pillado:2013qja]

Matter era Radiation era
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Scaling of the loop distribution

® By the end of the run

Cosmological attractor

Loop distribution

Scaling parts

% Scaling of the loop
distribution

% Polchinski-Roch

Matter era
model 10°

* GV& emission a ; Loop scaling regime spreading to smzill scales E
backreaction M3 : -
N : -
% Cosmological attractor - SN E
Stg)chastic GW L Qit;Q 5 N
A 107 Ny Scale free distribution . Kibble loops 3
Conclusion o : ]
o :
T F 3
O E A ;
z o =_still evolving at time n_, d _
10° J 3
@) 1()'15_ | | | T?
107 (M) 107 0o, 10°
a
. Co .
® Scaling form S(«) = — with
(o} ap
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® p p— ]_4]. —0.07 p T ]‘60 —0.15
mat and rad
Co = 0.09 00 C, = 021,013
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mat rad
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Scaling of the loop distribution

® By the end of the run

Cosmological attractor

Loop distribution Non-scaling parts Scaling parts
« Scaling of the loop
distribution
i i Matter era Matter era
«» Polchinski-Rocha model 10°C - . 10°E g 3
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Cosmological attractor

Loop distribution

< Scaling of the loop
distribution

% Polchinski-Rocha model

< GW emission @d
backreaction

< Cosmological attractor
O

Stochastic GW

(Conclusion

Polchinski-Rocha model

® No fragmentation, no reconnection, loops from long string only

[Polchinski:2006ee,Dubath:2007mf,Rocha:2007ni]

4+ Predicts a power law scaling function

S(a) cc ™% = p=2(1-Y)

4+ Parameter y is related to two-point functions [Hindmarsh:2008dw]

<XA(U)XB(J’)> _ %5ABT(O' — o) T(o) ~1t* — <g)2x

Agreement with simulations suggests that all neglected effects mostly
renormalise C', but not

= use the PR model to understand the loop distribution down to the
length scales unreachable with numerical simulations

+ Boltzmann equation. ..
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@ Including loop’s gravitational radiation

® Boltzmann equation + PR production function

Cosmological attractor

4+ PR loop production function (from string shape correlations)

< Scaling of the loop
distribution

D

% Polchinski-Rocha model

< GW emission and 5% _
PP(Lt) = (;)

. 10
< Cosr@loglcal attractor

Stochastic GW

4+ In an expanding universe

Conclusion
© d ( ,dn ;
— — | = 0.t
dt(a d€> aP(1)
o O
O O 4+ A loop shrinks due to GW emission (v = £/t) iaten1902)
) d/
— = —v4 ~ 50GU
: dr Yd
O
o EVOlUtIOﬂ eq Uat|0n [Rocha:2007ni,Lorenz:2010sm]
o
0 [ sdn 0 [ sdn 3
— — | —Ya= — | = 0.t
ot (a’ df) Y, (“ dE) aP(L1)
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@ Inclusion of gravitational backreaction

® PR model + GW emission + GW backreaction {iorenz2010sm]

Cosmological attractor

Loop distribution 4+ GW baCkI’eaCtion: Ye = 20(GU)1+2X [Polchinski:2007]

< Scaling of the loop
distribution

4+ Postulated piecewise scaling loop production function

% Po(chinski-Rocha model
< GW emission and

5
backreaction tP

“ Cosmological attractor - E , 5
Stochastic 8W t 7) ,y — ¥7t X /y X—

Conclusion

Yo K Vd K VYoo S'1

Y

O
O
O :
O Y, v, '
: ® Allows us to extrapolate numerical simulations to small ¢
O ® Boltzmann equation can be completely solved analytically (see
0 arXiv.1006.0931)
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http://arxiv.org/abs/1006.0931
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Cosmological attractor

+ Scaling“of the Toop

distribution O

% Polchinski-Rocha model
< GW emission and
backreaction

% Cosmological attractor

Stochastic GWQO

Conclusion

O

Cosmological attractor

o o d
® From any initial loop distribution Nj,;(¢), one gets F(v,t) = d_Z(%t)
® Scaling attractor does not depend on N;,; nor on GW backreaction
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Cosmological attractor

Loop distribution

< Scaling“of the loop
distribution O
< Polchinski-Rocha model

< GW emission and
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< Cosmological attractor
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Conclusion

O

Cosmological attractor

® From any initial loop distribution Nj,; (), one gets F(~,t)

details
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Cosmological attractor

Loop distribution O
Q)

O

(O GW bursts
< Loop visibilityydomains
« Result
« String tensiohl) °
dependency

< Microstructcje effects
Conclusion

CMB constraints on long strings

® Full sky synthetic string map of 2 x 108 PIXelS [Ringeval&Bouchet:2012tk, Ade:2013xa]

® Planck imposes: GU < O(1) x 1077

-100.0 I S 00.0

AT/T/(Gp/e?)
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@ Gravitational wave bursts from loops

® Leading order for a loop of T'=/¢/2, frequency w,, = 27n/T

Cosmological attractor

Loop distribution

Stochastic GW 1, vV - GU 6iwn|r| wv ur  — TH TV VK
by (@, r|R) = T |r] ¢ O =TI + 10T

% Loop visibility domains

% Result 100 twpn - X | dXF
# String tension I/~L f— dO-e eXp -
dependency € 2 2 d(je
< Microstructure effects
Conclusion

o ® Maximal GW emission when [pamourgvilenkin:2001]

+ Both I have saddle points: 7 = X, =X_ = cusp

{7 2/3
5 Qbeam = 02, =T (\/ﬁwg) : CH o @~ 4/3

4+ One I¥ has a saddle point and X:F discontinuous = kink

Qbeam — 2779beam7 C'LW X w_5/3

4+ Both Xi are discontinous: two kinks collide

Dpeam = 4T, C* o2
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@ Stochastic GW spectrum

® Time-averaged GW strain power [k = (w,wn)| for one loop

Cosmological attractor

Loop distribution 2
[— . GU(1 .
T — 2 2) = | S e b 4 2] Ol - (e 2)
< Loop visibility domains X(Z)
¢Result 52 % af 1 2
e C7=Capl™ =510
% Microstructygre effects
Conclusion
® Integrating over all loops
O O
(GU)%w? AV F(4, z)
QS W _ d dé A eam 767
5 v () 67rH2 //Z Bz 71 1 2) “beam(@:6:2)
O O (14 2)° o _ _
X C (w, £,2)Olw —wi(l, 2)] O|hy(w) — he(w, £, 2)
e XZ(Z) | |
°0

where h, (w) is solution of:

/ / dadt fz) g i‘:]-"(é ) Apeam (@, £, 2)Ow — wy (£, 2)]

X O |he(w, l, z) — hy(w)]
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(U  Loop visibility domains

@® Separation between stochastic and non-stochastic GW from a kink

Cosmological attractor

Loop distribution

Stochastic GW f=1Hz

“* GW bursts = IR RPN LI 1L NS K £ LSRN L L EDEEN BUELLIL RSN o AL BN IR L UDENENE NENL L EDENEN Y ILIUENENE ENELLULENENE [ THIW- =TT

% Loop visibility domains yoo 100 /I\ ..........

‘3‘Res:u|t . E A e
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dependency O or—- /0 AT

% MicrostructureCeffects g -':':':':':':':':':':Z':':':':'?

Conclusion =¥ L2y A
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(U  Loop visibility domains

@® Separation between stochastic and non-stochastic GW from a cusp

Cosmological attractor

Loop distribution

Gu=10"

% GW bursts EETTTTI [T [T TTTIT TTTTI [ [T [T TTTTI [T [T [T
< Loop visibility domains 0FE —
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Cosmological attractor
Ctipop distribution

* G EE ursts

<« Loop visibility domains

< String tension
dependency

% Microstructure effects

Conclusion

Result

® Analytical approximation: w,.... o< (GU)~U+2%) and wy,.. < (GU)™!
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Result

y,=Yy,=FGU (GU=10")

Cosmological attractor
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Ctipop distribution - _
o — 1l cusp
W 107 F —— 1 kink B
G ursts C -—- 1 collision 3
<« Loop visibility domains =N no thermal history |]
« String tension 10 N
dependency 10 = E
% Microstructure effects C E
Conciucion iﬁ : __.___.*.;.;.;.;..\....\. ............................................................................. :
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n Sl ]
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® Previous works assumed that GW backreaction = GW emission = peak
at knee location
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Cosmological attractor

Loop distribution

String tension dependency

® One cusp per oscillation

I cusp: o =3
< GW bursts [T T T T TN T[T T [ T T[T T T T T T |
T -
< Loop visibility dohains 10 E - E
% Result O C 3
+ String tension 3| ]
dependency 10 E \ 3
< Microstructure effects - = ]
Conclusion 10'9 = =
10 L ]
O 10 " F =
. ED 11 - .
w2 -
<G 10 F ~
-12 i |
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10 = GU lO_13 =
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O - 15 7
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O
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Cosmological attractor

Loop distribution

Stochastic GW

% GW bursts

< Loop visibility dohains
< Result

« String tension
dependency

% Microstructure effects

IO

Conclusion
O
O
O
o)
O
O
O

String tension dependency

® One kink per oscillation
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Cosmological attractor

Loop distribution

Stochastic GW

% GW bursts

< Loop visibility dohains
< Result

« String tension
dependency
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% Microstructure effects

Conclusion
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String tension dependency

® One collision per oscillation
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@ Microstructure effects

® Number of kinks and cusps is not known but:

Cosmological attractor

Loop distribution 4+ Loop formation mechanism = N, = N?/4
4+ Total radiated GW power < T'GU?
Ei;:p:;b: dor:ns 4+ ForI'=050 this yields: N, <11 N, <133
dependency
® Three prototypical models

o 4+ Model 2C: N, = 2, no kinks (and no collisions)

- 4+ Model LNK: Only kinks with NV, < 20
@) 4+ Model HNK: Only kinks but 20 < N, <133
0
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Cosmological attractor

Loop distribution

Stochastic GW

s GW bursts

% Loop visibility domains

% Result
< String tension O
dependency
Conclusion O O
O

O
O 50
O

Microstructure effects

Number of kinks and cusps is not known but:

+ Loop formation mechanism = N, = N2 /4

4+ Total radiated GW power < T'GU?

4+ ForI' =50 thisyields: N, <11 N, <133

Three prototypical models

GU=10"
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10°E E
107 g E
10° E =
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10" 2C =
E — LNK (Nk=10) 3
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Cosmological attractor

Loop distribution

@)
Stochastic GW

Conclusion
«» Observational
constraints

OOO

Observational constraints

® From both PTA and LIGO/VIRGO stochastic bounds

® Bayesian analysis marginalized over N,

Model: 2C

— LIGO
— EPTA
— LIGO+EPTA

Model: LNK

— LIGO
— EPTA
— LIGO+EPTA

Model: HNK

~15.0 —13.5 —12.0 =105 -9.0 -7.5 —6.0

~15.0 —13.5 —12.0 =105 —9.0 —7.5 —6.0

— LIGO
— EPTA
— LIGO+EPTA

—150 —13.5 -12.0 -10.5 -9.0 —75 —6.0

log(GU) log(GU) log(GU)
® Two-sigma upper bounds for GU
Model | LIGO EPTA LIGO + EPTA
2C GU<11x10719 | GU<34x107" | GU<1.0x 1071
LNK | — GU <68x107" | GU<72x 10"
HNK | GU <88 x 107 | GU<64x107" | GU <6.7 x 10714
MIX | GU<14x107®% | GU<11x107" | GU <5.9x 10712
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