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@ Original motivations: topological defects

® Phase transitions in the early universe

Theoretical aspects

+« Original motivations:
topological defects

4 Triggered by the spontaneous breakdown of the fundamental

% Formation obtopological

defects Intel’aCtIOnS [Kirzhnits:1972,Kobsarev:1974, Kibble:1976]

< Akelian Higgs strings
aongs of varpys bpes ® Example: Abelian Higgs model and U (1) symmetry
% Dynamics of infinitely
Oth|n strings

% The simplest case: £
Nambu—Goto strings h

1
(Du®)" (D*®) — - Hy H' — V/(®),

% Temporal gauge
< String dynamics )\

¢ Intercommutation of D,LL — au —1_ ’l:gB'u, V(q))

Abelian Higgs s{rings 8

(122 — n?)” + O(6%2[?)

Nambu—Goto simulations
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« Original motivations:
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% Formation of topological
@ defects

< Abelian ' tiggs strings
< Strings of various types
and oéns

‘b[@uamics of infinitely
thin strings

¢ The simplest case:
Nambu—Goto strings

< Temporal gauge

)

< String dynamics
« Intercomutation of
Abelian Higgs strings

I\anu—Goto simulations

Qlyt%al modelsO
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\/

Perspectives and
conclusion

O

Formation of topological defects

® Kibble—Zurek mechanism: /. < dy

- ® Conserved topological charge
<¢>:W/ele =0 V P gl g
do
j{ (S) ds = 2mn
ds

® Invariance group M of the vacuum

For G — H and Vg € G, one has

M = {g(I)()/CI)Q EH} Ng/H

® Homotopy groups and defects

mo(M) = {I} = Jdomain walls
w1 (M) = {I} = dcosmic strings
ma(M) = {I} = Fmonopoles
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Abelian Higgs strings

® Field profiles within a Nielsen-Olesen vortex

Theoretical aspects

« Original motivatjons:
topological defect H

“Formation of topological eXos
defects @ — nVH(Q)e 9

+« Abelian Higgs strings

< Strings of various types
and origins O BFL — 5,1,9

*» Dynamics of infinitely g

thin strings
% The sir‘best case:

Nambu—Goto strings Wlth
O

Oor
H
(&)

3 3

< Temporal gauge

« String dynamics

@1tercommutation of mnp — \/Xan mp = 977\/

Abﬁan Higgs strings

Nambu—Goto simulations

Analytical models 40 60

Co@nological signatures

) Q . N
tring non-Gaussianities

with Planck ° @ Stress tensor integrated over transverse directions

Perspectives and

conclusion

O A 22 (H2-1)2 X (0,Q)
Ttt — _Tzz — nV (aQH)2 i Q . i ( ) 4 5 ( Q?)
0 4 9= o0
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° 7 /59




Theoretical aspects

« Original motivations:
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< Abelian Higgs strings

< Strings of various types
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< Dynamics of infinitely
thin strings

% The simplest case:
Nambu—Goto strings

< Temporal gauge
< String dynamics
< Intercommutation of

Abelian Higgs strings
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String non-Gaussianities
with Planck
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O

Strings of various types and origins

Topological defects @

* GlObal St”ngs [Davis:1985, Durrer:1998rw,

Yamaguchi:1999yp]

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

McGraw:1998|

4+ K- and DBI-strings [gabichev:2006cy,

Babichev:2007tn, Sarangi:2007mj]

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

Peter:1992tal

Line-like energy density distributions

4+ Semi-local strings: energetically
favoured for my > my

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

4+ 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]

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

Ca rter stri ngS [Carter:1989xk, Carter:1992vb, Carter:1994zs, Carter:2000wv]

4+ Infinitely thin strings with an internal structure: U #= T

4+ Two-dimensional models of current carrying strings
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()  Dynamics of infinitely thin strings

— ® String = two-dimensional worldsheet located at: z# = X#(£%)
eoretical aspects

e o Induced metric on the <tring. OXM DX"
nduced metric on the string: Yqp = guv 9Er DEb

< Formation of topological
defects O

<& ﬁlian Higgs strings
O Strings of various types ® Carter's covariant formalism

and origins

« Dynamics of infinitely

thin strings 4+ First fundamental form: projector onto the string worldsheet

% The,simplest case:
Nambu=Goto strin@

< Temporal gauge aXﬂ 6XV ( J_MV — g,l,by — qMV’
% String dynamics _
« Intercommutation of q/’”/ f— fyab — < V — qa va
Abelian Higgs strings 85& 85() K 12

- i i p — & T P
Nambu—Goto simulations L KNV — q yvlLL q o
Analytical models
Cosmological signatures 4+ Stress tensor in its eigenvector basis: u® = —1, v? =1, u®v, =
String noCr)I—Gaussianities
with Planck

Uy wo Vo [T 2 o wo v j98%
Perspectives and T - UU u TU v = (U T)u Uu Tq 3
conclusion

O g’ = —utu’ + oM
C;) O
) 4+ For a barotropic equation of state U = U(T)
O 0 _ U =
() PO — P=1P —_— “ 7
: . va 0 — K J_O.<T 1>’U, vau 9 / 59



@ The simplest case: Nambu—Goto strings

® Llorentzinvariance — U =T — KMt =

Theoretical aspects
« Original motivations: O
topological defects

4+ Equations of motion

< Formation of topological
defects 1

< Abelian Higgs strings l’( |

< Strings of various types /_ry @
and origins

& D)@mics of infinitely

i i 4+ Can also be directly obtained from: & = —U/d2§\/—7

Nambu—Goto strings

( /—_,y,yabaqu) _|_F/ij,yabaaXz/abXp — 0

I

< Temporal gauge

« String dynami

® In Friedmann-Lemaitre background: 7 = ¢Y and o = ¢2

. oOXH o0X"
Nambu—Goto simulations * Tra nsverse ga Uge: g,uI/
Analytical models 87_ 80-

« Intercommutation of
Abelian Higgs strings

= X"X,, =0

Cosmological signatures

String non-Gaussianities

o Plemat 4+ Equation of motion: ¢ =

Perspectives and
conclusion

: e 2da .4\ o, 1[X*
. Xt 4= X0 ) xH— 2| —
+<6+adX0 ) e\ €
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@ Temporal gauge

® Gauge fixing complete by identifying 7 with the background time

Theoretical aspects

« Original motivations:
topological defects

( /
4
% Formation of topological 2 ){ 2

defects. . . X . X — 07 E = —_—, 8 —|— 2H€X2 o O’
< Abelian Higgs strlr@s —
1 — X2

< Strings of various types 0

and origins T = X - n — < /
4

< Dynamics of infinitely —

thin strings ]_ X

< The simplest case: X —I— 27’[ (]. - XZ) — — — O

Nambu—Goto strings & e

* Temporal gauge \

« String dynamics
% Intercommutation of

Abelian Higgs strings . .
® Bennet—Bouchet equivalent equations [gouchet:1988 Bennett:1989,Bennett:1990]

Nambu—Goto simulations

Analytical models

Cosmolggical signatures

4+ Lightcone-like coordinates: u = /sda — 7 and v = /sda + 7

String non—Gaussiagties , ,
with Planck = 5
Perspectives and . — X = = X =
conclusion 4+ Left and right movers: p(7,u) = — — X and ¢(1,v) = — + X

E E

O op I oq oL 3 .
L= -H-PE-D]. 5= -H-TF-D. - =-H(1-F-]
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String dynamics

® Propagation of left- right-moving waves

E

Theoretical aspects

< Original motivations: ) . Z 1 . .

topological defects 4+ In Minkowski (H =0): X(7,0) = = [ploc+7) + ¢loc — 7)]
< Formation of topological 2

defects

% Abelian Higgs strings 4+ In FLRW spacetime: damped and interactions on Hubble scales

< Strings of various-types
and origins

VDEN S Gy ® |Interaction between strings is microphysics dependent

thin strings

<& simplest case:

Naibi-Goto strings 4+ Abelian Higgs strings with my, ~ my: P ~ 1 and formation of 2
% Temporal gayge k|n kS

« String dynamics

% Intercommutation of

AbelianOHiggs strings \/
Nambu—@to simulations

Analytical models - E——

CosSological signatures

String non-Gaussianities

with Planck
N

Perspectives and
D conclusion

4+ Cosmic superstrings: P < 1 (presence of extra-dimensions)
O
4+ (p, q)-strings: charge conservation = Y-junctions, kinematic

= ConStraIntS and klnkS pl’0|lferatlon [Copeland:2007nv, Bevis:2009az, Binetruy:2010bq,

Steer:2013nea]

12 / 59




Intercommutation of Abelian Higgs strings

® Standard case

% Original motivations:
topological defects

% Formation of topological
defects

éAbe@n Higgs strings
% Strings @arious types
and origins

¢ Dynamics of infinitely
thin strings

s The simplest case:
Naml@—Goto strings

* Temporal gauge .
% String dynamic

% Intercommutation of

Abelian Higgs strings

O
o)

Nambu+Gbto @nulations

Analytical models

Cosmological signatures

String non-Gaussianities
with Planck ~

) Perspectives and
onclusion
4

O
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Nambu—Goto simulations

< A small matter era run
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O *3‘6osmo|ogical attractor
% Scaling of the ener,
! g & @
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@1 > ggwardsO

Relaxation
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O
< Loop distribution in
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@ Outline

Nambu—Goto simulations
A small matter era run (movie)

Theoretical aspects

Nambu—Goto simulations

A small matte era ur Cosmological attractor
movie
*3‘Cosn’@gical@ttractor Scahng Of the energy den5|ty
*» Scali h . .
6n§{’ty“g ees Relaxation towards scaling
“(CFlaxation towards Loop distribution in scaling

ing
< Loop distribution in
scaling O ®)

O

Analytical fodels

Cosmological signatures

@)
StrinéDnon—GaBsianities
with Planck

Perspectives and

Oconcll(s'lpn
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@ Nambu—Goto simulations

® Goal: getting realistic statistics of string networks in FLRW

Theoretical aspects

4+ Only one parameter : U

% A small matter era run
(movie)

" ottt i 4+ Nambu—Goto networks are already complex: non-linear and

# Scaling of the en _ 1
§ocalne 5 A non-local properties
< Relaxation towards
lin . . . .
B ® Method: solve numerically the string evolution in FLRW
scaling
Analytical models 4+ From some representative initial conditions vachaspati:1984]
C logical si ur . . .
S — 4+ |C are mostly irrelevant due to the existence of a cosmological

String non-Gaussianities
with Planck attractor [Bennett:1989,Allen:1990,Albrecht:1989,Ringeval:2005kr,Vanchurin:2005pa]

Perspectives and O
conclusion

= ® Numerical parameters

o2

Real loop Numerical loop
Comoving box size =1
Initial correlation length ¢. = 1/100
Initial resolution length ¢, = 1/2000
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A small matter era run (movie)

-, L

Q o AL A -
\ . I} j:ﬂ- o 4 o \: fr—)

i

Cosmic Stﬁhgé Sirnulation in FLRW épacélame

Comoving Box Size: | Hubble scale: 0.1230




@ Cosmological attractor

® Long strings (¢ > dy,) rapidly reach a scaling evolution

Theoretical aspects

+ Energy density evolves as radiation/matter (oc 1/d?) instead of
(movie) _ naively expected p o 1/a?
«» Cosmological attractor
j;i(s:iiii/ng of the energy d2 d2
Rlelaxatlon towards IOOO p— 284 :l: 09 pOO = 378 :l: ]_7
zSaEcl)r;gp distribution in U mat U rad
scaling
Analytical models
g;jmological signatures 4+ Kibble mechanism: formation of loops that transfer some energy to
Sting non- Gaussianities sub-horizon length scales
Perspec.ti@séa ] . . )
conclusion ® A similar mechanism happens to loops themselves due to their
5 self-intersections
o}
o5 14 dpo U dn  S(«a)
With a = — =Sa)—- — —=
5 dy’ da ( )dﬁ dae  ad}
O
O)
O : : i : :
4+ The scaling function S(a) can be determined from simulations
4+ But only for a. < a < 1 where a, involves physical effects not
¢ O accounted in the Nambu—Goto model
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Theoretical aspects

Nambu—Goto simulations
% A small matter era ruf’
(movie)

o « Cosmological attractor

% Scaling of the energy

density

hxation towards
scaling O
< Loop. distribution in
scaling

Analytical models O

Scaling of the energy density

® Scaling of the energy densities for loops and long strings

[Ringeval:2005kr,Blanco-Pillado:2013qja]

Matter era

Radiation era

O 10 20 30 50 20 60 80 100
S
CosmologicaQsignatur,eg Qy@"’ N — a=0023 | +,§; o — 0=0.035_
e q / o e 0=0.013 1 %[ L e 0=0.020| |
String non-Gaussianities 5 > 7T --- 0=0.007| - [ om --- 0=0.012|_
with PlanciP R AN —— 0=0.006 NE q/.°+n, i i —— 0=0.009| |
— = % SLTTN -+ 0=0.005 1 '5° O 7/ -+~ 0=0.007|_|
Perspectives and ) °+'\9 ' z \f’-’+f5 .
conclusion s > 3 ng
O & <
<°‘
N N
O
Og
O d? d;
Poo-B|  =284409  po-t| =378417
O U U
mat rad
2
dpo X U= S(a) (time independent)
o
® o . 19 / 59




Theoretical aspects

Nambu—Goto simulations

% A small matter era run

(movi@

< Cosmological attractor

% Scaling of the energy
density

% Relaxation towards
scaling

< Loop distribution in
scaling

Analytical models
\9)

Cosmological signatures

String non-Gaussianities
with Planck

Perspectives and
conclusion

O

Relaxation towards scaling

® Transient effects last longer for smaller loops

Matter era

w
<o+\’Q

b
+
‘207

(dp/dor) d, 7 U
) @

+
‘207

<

o

a=1.1e-3
0=4.3e-4
a=1.6e-4
0=6.4e-5
a=2.4e-5

=
o

30
nfl,

50

® NG simulations do not incorporate GW = do not describe o < a.
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Theoretical aspects

Nambu—Goto simulations

< A small matder era run
(movie)

% Co ologi@attra oD
%Ggaling of the energy
density

< Relaxation towards
scaling
% Loop distribution in
scaling

O \,
Analytical models

O Cosmological signatures

Stri@ non-Gaussianities
with Planck

Perspectives 8d
conclusio
)

) O

Loop distribution in scaling

By the end of the run

Scaling parts

Matter era
10 ;
- L oop scaling regime spreading to small scales
SO H
N :
0% S
E N
o SJEL
N
N
S
1035_ SN

\\ Scale free distribution

. Kibbleloops

m-D-:
i 102=—
(o]
e}
=
Sl e - - :
1()1E_stlll evolving at time r]end%
10°
E SO E
BN : \¥;
J-0§| |||||||I IEIIIIIIII 1 |||||||I |||||||F
1% Oin() 102 10 10°
a
. 1 60 +0.21
p OV _0.15
and rad
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Theoretical aspects

Nambu—Goto simulations

A small matler era run
(movie)
« Cosmological/attractp

#Ggaling of the energy
density

% Relaxation towards
scaling

< Loop distribution in
scaling

Analytical models

Cosmological signatures

Stri@ non-Gaussianities
with Planck

Perspectives 8d
conglusiof
)

) O

Loop distribution in scaling

® By the end of the run

3
(dn/da) o d,;

Non-scaling parts

10

10°E

=
o

=
(=}
N

. Matter era
10°F
10" o _
:
10
10°
® Scaling form S(«)
and

Scaling parts

Matter era

Loop scaling regime spreading to small scales

: \ Scale free distribution

Kibble loops

\HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ I

f’I 1 ||||||I Igl ||||||I 1 1 ||||||I | 1 IIII\ITE
1% Oin() 102 10t o, 10°
a
e +0.21
p = 1.60 75
rad

Co

—0.12
= 0.21 4113

rad
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Theoretical aspects

O . .
Nambu—Goto simulations

Analytical models

< Polchinsky-Rocha model

“Inclusion of
gravitational backreaction

< Cosmological loop
distribution

«» Relaxation effects are
accounted

«» Some numerical values

«» Extension to vortons

Cosmological signatures

String non-Gaussianities
with Planck

Analytical models
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Nambu®Goto simulations

Analytical models

< Polchinsky-Rocha model

<& Inclusiona(cl-ygDO
gravitational-backreaction
< Cosmological loop
distribution

*» Relaxation effé¢ts are
accounted

< Some numerical valdes

+» Extension to vortons

Cosmological signatuyes

String non-Gaussianities
with Plamck

Perspectives and
conglusion

Outline

Analytical models
Polchinsky-Rocha model
Inclusion of gravitational backreaction
Cosmological loop distribution
Relaxation effects are accounted
Some numerical values
Extension to vortons
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(U  Polchinsky-Rocha model

Theoretical aspects

Nambu—Goto simulations

Analytical models
¢ Polchinsky-Rocha model

< Inclusion of o
gravitational backreaction

< Cosmological loop
distribution

+» Relaxation effects are
accounted

< Some numerical vdRies

O Extension to vortons

Cosmological signatures
Y

Strir@wng(z)aussianities .

with Planck
Perspectives and
gonclusion O
O
O . o
NG
O
)
O
O O
O 5 o

No fragmentation, no reconnection, loops from long string only

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

4+ Predicts a power law scaling function

S(a)x a2 = p=2(1-Yx)
4+ Parameter x can be inferred from the long string scaling

From Martins & Shellard simulations, they independently found

pmat = ]-57 prad ~ ].8

In the PR model y is related to two-point functions (Hindmarsh:2008dw]
1 o\ °X
<XA(0)XB(J’)> = §5ABT(0 —d)  T(o)~t*—¢ (—)

Agreement with simulations suggests that all neglected effects mostly
renormalise C,
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@ Including loop’s gravitational radiation

® Boltzmann equation + PR production function

Theoretical aspects
Nambu-Goto simulations 4+ PR loop production function (from string shape correlations)

Analytical models
+¢ Polchinsky-Rocha model

< Inclusion of 5%
gravitational backreaction t 7)(67 t) =C <_)

t

< Cosmological loop
distribution
% Relaxation effects are

accounted 4+ In an expanding universe

«» Some numerical values

< Extension to vortons d d
Cosmological signatures <a3 d_/,;> — a/37) (67 t)

Sotring non-Gaussianities dt
with Planck

@erspectives and

conclusion A 4+ A loop shrinks due to G.W. emission (v = £/t) (aen:1002

@)
o ¢
— = —yq ~ 100GU

® Evolution equation [rocha:2007ni

0 [ sdn 0 [ zdn\ 4
a (CL @) — ’Yd@ (a @) =a P(g,t)
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@ Inclusion of gravitational backreaction

® PR model + GW emission + GW backreaction jiorenz2010sm]

Theoretical aspects

Nambu-Goto simulations 4+ Allows us to extrapolate numerical simulations to small ¢
:
4 Polchinsky-Rocha model 4+ Boltzmann equation (”yd = FGU)

< Inclusion of
gravitational backreaction

< Cosmo@ical loop a 3 dn (9 3 dn 3
distribution — e — . I == P E t .
+ Relaxation effects are at (a dg ) ﬂyd a€ (a dé a ( ) )

accounted
N .
«» Some numerical values

% Extension to vortons

Cosmological signatures 4+ Postulated piecewise scaling loop production function
String non-Gaussianities :
with Planck t P

Perspectives and

. 14
conclusion t5P (,y — E, t) X 72)(—3

Yo K Vd K Yoo S'1
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Cosmological loop distribution

® Can be completely solved analytically (see arXiv.1006.0931)

Theoretical aspects

ambu—Goto simulations e . . . an
® From any initial loop distribution Ni,;i(¢), one gets F(v,t) = — (v, t)

< Polchinsky-Rocha model

% Inclusion of

ravitational backreaction
% Cosmological loop t4]-"('y > ye, t) = t 4 @inji\3 t4 NGy 4y 1 — tini t\ oy 4+~ )2X—3f Yd
distribution = & tis o ini “Vini d . d EE—

¥+
+» Relaxation effects are n d

accounted Sl + ~ )QX—3 ( t >2X—|-1 (aini )3 f( Yd  tini )
< I o d )
Some numerical values tini a vy 4 g ¢
< Extension to vortons 4
t aini\ 3 i
4 4 2xc—3 7d
@smological signatures t"F(vr < v < e, t) = < ) ( lnl) tini Nini{ [’Y + 74 (1 = )] t} + Cc(y +vg) xe fc( )
. tini a t Y+ 74
tring non-Gaussianities
. 2x+1 .. ..
th Planck _ t X a 3 0 t
wi anc Oy + ’Yd)2X 3 ( ) ( 11’11) f d ini
Perspectives and tini a Y+ g t
conclusion 3
®) < v+ va >
4 al ——t
+K<’Yc+7d> Ye + 74
Y+ 74 a(t)
8 O 4 3
t Qs e s
4 ini 4 in 2ve—3 7d
t 7:(0<’y<w7,t)=< ) ( ) tiniNini{[’erwd (1— 1>]t}+cc(’7+7d) xe fc(—)
tini a t v+ 74
o
O
_ tini _
WT(t)=(7c+7d)T—vd, p=3v—2x —1
0 f(z) = 5F; (3 —2x, pspn + 15 ) fe(z) = 5F; (3 — 2Xc, pes pe + 15 @)
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http://arxiv.org/abs/1006.0931

Theoretical aspects

Nambu—Goto simulations

Analytical models

¢ Polchinsky-Rocha model

% Inclusion of

ravitational backreaction
+ Cosmological loop
distribution

+» Relaxation effects are
accounted

% Some num@rical values

% Extension to vortons

@smological signatures

String non-Gaussianities
with Planck

Perspectives and
conclusion

Cosmological loop distribution

® Can be completely solved analytically (see arXiv.1006.0931)

® Scaling attractor does not depend on N;,; nor on GW backreaction

details
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http://arxiv.org/abs/1006.0931

Theoretical aspects

Nambu—Goto simulations

Analytical models

¢ Polchinsky-Rocha model

< Inclusion of
gravétational backreaction

+ Cosmological loop
distribution

D\
% Relaxation effects are
accounted

«» Some numerical values

% Extension to vortons

Cosmological signatures

String non-Gaussianities
with Planck

Perspectives and
conclusion

O O

0

Relaxation effects are accounted

® Example: transition radiation—matter

EF ()

1014 T TTTTTIT [ |||||||. [ |||||||. T T TTTTIT [ |||||||. T TTTTTIT T TTTTTIT [ |||||||| T T TTTTIT
i ' ——— z=3059
= : ---- z=2000
1012_—_ ________________ S z=1000
TS —~ z=100
- :\\\\ - 7=50
1010_ ~ — z=2
10°F
106__
10*
10°F
o§_ : :
10 yC mat yc rad : yd =
| |||||||| | |||||||| | |||||||| | |||||||| | |||||||| | |||||||| | |||||||| | |||||||| 1 LI
10” 10° 10" 10° 10°  10® 10° 107 10™ 10
y

28 / 59




@ Some numerical values

® Density parameter of cosmic string loops (assuming 7. < 74 < 1)

Theoretical aspects

NambuE&oto simulations 3 \

tical models . U
b Pchi% —oha model po 12 t4.F(’7, t)’y dfy 37T2C GU

— t2 0 = Qo _
p (1 — x)sin(2my) yal=2x
2

*?{(n\ﬂusion of O
grdvitational backreaction o
% Cosmological loop C — CO(]. - V)S p, X — ]. —
distribution (O

« Relaxation effects are

accouned o

- -
- - +  With NG typical values and v4 ~ 100GU (yqto < 380kpc)

+» Extension to vortons

/

D

Cosmological signatures

Q. ~ 0.10(GU)**? < 107> (with current CMB bounds on GU)

String non-Gaussianities

with Planck

Perspec.tives

conclusion ® Number density of cosmic strings loops in a box of size L (today)
L/t

O 3 4 C
3 = / tAF (v, t) dy ~
0 (7 ) ! %‘1%1_2X
o
o O 5 4+ From PR model ppochinskizoorg: e ~ 10(GU ) T2X (.o < 8 pc)
. t3np ~ 6.1 x 107°(GU) ™% > 5.5 x 107% Mpc™*
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Extension to vortons

® Boltzmann equation for current carrying loops fpeter2013i: n(¢, ¢, N)

Theoretical aspects

Nambu—Goto simulations
N
Analytical models

9 [ 3 & n N N 9 [ 3 & n
e 3|79~ (w1 75) + e (J5 )| 3 [T 0 aa

gravitational backreaction

< Cosmological loop E
distribution —
+» Relaxation effects are )\
accounted

«» Some numerical values
«» Extension to vortons Vi

Cosmological signatures

String non-Gaussianities

with Plan&R o 7
+"—domain |
Perspectives and®
conclusion ; = 102
— g
“0”-domain | L
gv :,
£
O )
O
O O O ~ -
“~7 domain [I[]|] -
tini t

® Again exactly solvable for any N,i(¢) (see arXiv:1302.0953)


http://arxiv.org/abs/1302.0953

Theoretical aspects

Nambu—Goto simulations

Qnalytical models

) % Power Spectrum of
string induced anisotropies
« String-induced CMB

distorsions
< Small angles and flat

sky limit

O‘t‘ 5 ic@rom oops e e
e g Cosmological signatures
« String effects since last

O scatteping

< Basic non-Gaussi@n
estimators
« Observable string

corr@ors

< Bispectrum of string
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Theoretical aspects

Nambu—Goto simulations

Analytical models

@)
Cosmological signatures

< Power spectrum of
string induced anisotropies
« String-induced CMB
distorsions

< Small angles and flat
sky limit

« Systematics frg?n loops
not in scaling
O & String effects since last
scattering
< Basic non-Gaussian
estimators
< Observable string
correlators
< Bispectrum of string
induced CMB anisotropies
«» Bispectrum comes from
expansion
% Isoscele triangle
cconfigurations
< Compatible with small
angle simulated maps

String non-Gaussianities
with Planck

Perspectives and
conclusion

Outline

Cosmological signatures

Power spectrum of string induced anisotropies
String-induced CMB distorsions

Small angles and flat sky limit

Systematics from loops not in scaling

String effects since last scattering

Basic non-Gaussian estimators

Observable string correlators

Bispectrum of string induced CMB anisotropies
Bispectrum comes from expansion

|soscele triangle configurations

Compatible with small angle simulated maps
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Theoretical aspects

Nal%u—Goto simulations

@nalyticad; models

Cosmological signatures
< Power spectrum of
string induced anisotropies

% String-induced CMB
distorsions

< SmaIPangIeg)and flat
sky limit

« Systematics frém (oops
not in scaling

% String effects sir(ce? last
(Scattering

% Basic non-Gaussian
estimators

« Observable s&sing
correlators
“~Bispectrum’of string
induce@CMB anisotropies
«» Bispectrum comes from
expansion

“ Isosceleé triangle
configurations

@Compatib@with small

5 angle simulated maps

O
String non-Gaussianities
with Planck ~

Perspective% and .

conclusion

®

Power spectrum of string induced anisotropies

External source of cosmological perturbations: DX = S [purrer1097ep,

Bevis:2006mj,Urrestilla:2007sf,]

Mo

(X1 (10, B) X (0, ) / G ()G (m)(ST (o7, k) (1, B))dnds

Abelian string simulations [sevis:2010g]

1 1
<ST5> X Wf/u/pa k\/ nm’, W

Planck + WP + ACTSPT +
B I C E P2 [Lizarraga:2014xza]

Fraction (at £ = 10) < 2%
Tension GU < 3 x 107
Dominate at ¢ > 30007

I(+1)C, T / 21 [uK?]
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(U  String-induced CMB distorsions

® Nambu—Goto strings (U = T'): no static gravitational
effects

Theoretical aspects

(Nambu—Goto simulations

e ® Do have General Relativity effects on light and thus on
T CMB (Gott-Kaiser-Stebbins)

<& P@er spectrum of
string induced anisotropies /

+ String-induced CMB
distorsions

< Small angles and flat

sky limit @

& ystemeties from loops ® ISW from Nambu—Goto stress tensor + Einstein equations: [Hindmarsh 94,
< String effects since last Stebbins 95]

scatteri

O «» Basic non-Gaussian

estimators 5T X °
.:oOblsetrvable string @(/ﬁ/) = = —4GU/ [u(’fl) . —éL] (1 + ’]/’\I, . X) dO-
correlators XA . X_L

< Bispectrum of string
induce@®CMB anisotropies

A / /
# Bispectrum comes from . mn - X . X .
expansion 'U,:X— ( ) . XJ_EXn—X
*2'|506'e|e triangle ]_ —'— ’)/”\), . X

configuration

< Compatible with small

shgle simulated maps ® At small angular scales, in 2D transverse Fourier space (k- n >~ 0):

String non-Gaussianities
cwith Planck 8 ; GU
e .
Perspectives and @ ~Y —_— (’u, . l) e_/L l-X dO‘
conclusion l2 X A
~

O
O
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Small angles and flat sky limit

@ Statistics: 1000 independant maps on a 7.2° field of view

Theoretical aspects

B = oo Sl o ® Temperature anisotropies from long strings and loops in scaling
Qnalytical models [Fraisse:2007nul]

Cosmological signatures

REDSHIFT

< Power spectrum of
string inducé anisotropies
% String-induced CMB ' ' ' ' e . Ny 726
distorsions 4 g [T S IO ’ e
% Small angles and flat
sky limit

IO

o® Systemati€s from loops
not in scaling

“ 5tring effects since last
scattering

«» Basic non-Gaussian

esﬁors
< rvable string

correlators
Bispectrum of string
induce@)’.‘MB anisotropies

O Bispectrum come3 from
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Theoretical aspects

Nambu—Goto simulations

Analytical models

Cosmological signatures

< Power spectrum of
string induced anisotropies
< Striinduced CMB
distorsions

« Small angles and flat
sky limit

% Systematics from loops
not in scaling

Systematics from loops not in scaling

® Maps with no loops or with all loops

no loops all structures, including IC effects

(O*Oinf)/(cu) (O*OOH)/(GU)

—38.6 -25.7 -12.9 0.0 12.9 25.7 38.6 —24.2 —-16.2 -8.1 0.0 8.1 16.2 24.2

® Mostly renormalize the amplitude by at most a few percents
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Theoretical aspects

Nambu—Goto simulations

Analytical models

Cosmological signatures

< Power spectrum of
string induced anisotropies
% String-induced CMB
distorsions

< Small angles and flat
sky limit

« Systematics from loops
not in scaling

% String effects since last

scattering

< Basic non-Gaussian
estimators

< Observable string
correlators

. o .

< Bispectrum of string
induced CMB anisotraopies
< Bispectrum comes from
expansion

< Isoscele triangle O
configurations O

< Compatible with small
angle simulated maps

String non-Gaussianities
with Planck

Perspectives and
conclusion

String effects since last scattering

ISW from strings explains the power spectrum at the large multipoles

100 I Sy

1

1(1+1)C, / 21t [(GU)” units]
S
T
1(+1) C, / 21t (uK)

| Ll
100 1000 10000
|

P L

Amplitude at £ = 1000: (£ + 1) Cy/(27) ~ 14 (GU)?
4+ Compatible with Abelian Higgs power spectrum

Variance: 02 ~ (150.7 £ 18) (GU )?

Power law behaviour at small scales

(+1)Cp o £7F with p= 0.88970 000
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Theoretical aspects

Nambu—Goto simulations

Analytical models

N\
Cosmological signatures

< Power spectrum of -
string indu@ed anisotropies
% String-induced CMB
distorsions 5

< Small angles and flat
sky limit

< Systematics from loops
not in scaling

% String effects since last
scattering

«» Basic non-Gaussian
estimators

« Observable string
correlators

% Bispectrum of Gtfing
induced CMB anisotropies

< Bispectrum comes from

expansion o
< Isoscele triangle %
configuration, O

< Compatible with small
angle simulated maps

String non-Gaussianities
with Planck

Perspectives and
conclusion

Basic non-Gaussian estimators

® Gradient magnitude

VO| =

@
do

2

In[1+19,01/(0U)]

de
dg

2

® One-point functions

g2

Probability Density

1077

~ —0.22 = 0.12

— 3 ~ 0.69 = 0.29.




Theoretical aspects

Nambu—Goto simulations

Analytical models

Cosmological signatures

< Power spectrum of
string induced anisotropies
% String-induced CMB
distorsions

< Small angles and flat
sky limit

< Systematics\from loops

not in scaling

% String effects since last
scattering

«» Basic non-Gaussian
estimators

« Observable string
correlators
. o .
< Bispectrum of string
induced CMB anisotropies
< Bispectrum comes from
expansion

P ® .
< Isoscele triangle
configurations

< Compatible with small
angleéi)mulated maps

String non-Gaussianities
with Planck

Perspectives-and
conclusion

Not enough for detection?

® Experimental beam damps the signal: PLANCK 217 GHz
4+ One-point function is nearly Gaussian, up to the rare events.

4+ Gradient magnitude is sensitive to all: inf + SZ + stgs

17.01/(cU)

19.01,/(GU)
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@ Three-point function of the CMB anisotropies

® Non-vanishing skewness = 3-pts function £ 0

Theoretical aspects

A A

Nambu—Goto simulations <ék1 @k ®k3> — B(k]_, k27 k3)(27‘(‘)25(k1 _|_ k2 _l_ k?))

Analytical models

Cosmological signatures
< Power spctruof
string induced anisotropies

% Stiihg-induced CMB ® From ISW, can be evaluated analytically at small angle

distorsions
< Small angles aond®t
sky limit

2

[Hindmarsh:2009qk, Ringeval:2010ca]

Ot' Systematics from loops
ot in scaling 4+ Calculation easier in the light cone gauge (instead of temporal)

«» String effects since last
scattering

r=X'+X = u=X
estimators

< Observable string O

correlators 1 k. k k . . . cab
% B : . 1 2 3 a .
% Bispectrum ofst:ﬁpies B(kl, k2’ k3) — ’563 o A B C / dUldO'QdO'g <Xi4XQBX36'€Z5 ka Xb>

induced CMB anis

< Bispectrum comes from 1
expansion

# Isoscele triang] ' A _ YA -
 lsoscele triangl with X' = X% (0,), a,b € {1,2,3}, e = 81GU
< Compatible with small

angle simulated maps ® Assuming X and X are Gaussian random variables

String non-Gaussianities
with Planck

Perspectives and <CABCeiD> — 1 <CABCD> 6_<D2>/2

conclusion
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@ Observable string correlators

® Expand everything in terms of two-point correlators

Theoretical aspects

Nambu—Goto simulations

O Analytical models <CABCD>
A
< Power spectrum of 2
string induced anisotropies <D >
« String-induced CMB

distorsions ©
g oy ECS an et I'(oc—o')= <[X(J) / dal/ dooT (07 — 03)

« Systematics frgm loops
not in scaling

T TR (o~ o) = (X (o) - X(o)]- X(o)) = / doy M (o1 — o)

* Basic nog=zaussian

1
Z5AB [lﬁlcﬂ(glg) -+ kgH(O'Qg)} V(O’12>—|— Q

1
2[’(: ng(O'lg) + ko - k3r 0'23 + ki - kQF(012)]

estQ1ators

< Observable string
< Bispectrum of string .
induced CMB anisotropies ® Depend on three functions

** Bispe€jum comes from
expansion

« Isoscele triangle . . / /
configurations <XA(U)XB(U )> _5ABV(O- — O )
< Compatible with small 2

angle simulated maps

Stripg non-Gaussianities <XA (O.)XB (O_/) >

wit lanck

1

|
>,
N
=
9

|
q\

Perspectives and

conclusion <XA (O->XB (OJ)> 2
O 41 / 59
e

|
|
(@Y%)
AN
vy
o
Q
|
Q



Theoretical aspects

Nambu~Goto simulations

Analytical models

Cosmological signatures

< Power spectrum of
string induced anisotropies
% String-induced CMB
distorsions

“ Small @Ies and fIaO
O

sky limit

« Systematics from loops
not in scaling

% String effects since last
scattering

< Basic non-Gaussian
estimators

< Observable string
correlators

< Bispectrum of string
induced CMB anisotropies

< Bispectrum comes from
expansion

« Isoscele triangle
configurations

% Compatible with s@hll
angle simulated maps

String non-Gaussianities
with Planck

Perspectives and
conclusion

O
N ®

Bispectrum of string induced CMB anisotropies

® Integration can be done at large wavenumbers: ko =k, - kp > 1

2 LET 1

4 4 4
kika3 + koka1 + k3k12

B(kl, 1{12, 1{33) = —637'('6()

A &2 K2k

(%23/‘631 + K12K31 + K12K23

)3/2

® Sensitive to the (averaged projected) small scales o — 0 [Hindmarsh:1905]

V (o)

1
t?o?, (o) ~ ~ 052

2¢

T (o)

€ =T"(c0)]

M, (9)

\ -
‘z .
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@ Bispectrum comes from expansion

Theoretical aspects ® Proportional to ¢y = é<X : X> =+ 07
Nambu—Goto simufations . ,
(Analtical models 4+ Light cone gauge + FLRW + X, X Gaussian random variables

lCosmoIogical signatures

< Power spectrum of . . . .9 , 2 . , 2 — 55
ring induced anisotropies . _ . . — 7
G <X X> _ <X > <X > <X X> Ho2t

distorsions

< Small angles and flat

sky limit

« Systematics from loops .

Ty s e (0 4+ For H > 0 = co > 0: breaking of time reversal invariance
< String effects since 6t

scattering

< Basic non-Gaussian . . . . . .
estimators ® String bispectrum exists only in an expanding universe
% Observabié string

correlatdrs *
< Bispectrum of string

induced CMB anisotropies

4 Decays as a power law at small scales
expansion
+ Isostéle tangle b

configugations ® 4 This is the CMB temperature bispectrum (what you see!)

< Compatible with small

angle sifulae maps s As opposed to primordial (fxr.)

@ring non-Gaussianities
~with Planck

Gives a negative skewness by integration

Perspectives and
conclusion

()
O
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Isoscele triangle configurations

® \Wavenumbers such that k; = ko = k and ks = 2k sin(0/2)

Theoretical aspects

Nambu—Goto simulations 9 N . 9

Analytical ppredels - 3 v Lg 1 1 _|_ 4 COS 9 S111 (9/2)
N ng@(k,@) — —€ TTCo—= N . 3

A g2 sin? ¢

< Power spectrum of
string induced anisotropies

% String-induced CMB

distorsions
< Skl angles and flat V 3 - \/g

sky limit O ® Amplified on elongated triangles; &= at 6§, = 2 arccos
« Systematics from loops
not iscaling O
% String effécts sinceast
scattering C@ T =
< Basic non-Gaussian 40 3
estimators = 3
% Observable string 30 =
correlators o 2 E
< Bispectrum of string S 20F =
induced CMB anisotropies = g E
«» Bispectrum comes from >~ 10 = 3
gxpansion g : -
« Isoscele triangle o2 0 e =
configurations Z g E
< Compatible with small = -10 = 3
angle simulated maps E g E
:)String non-Gaussianities ,; 20 E
with Planck g E
. 30 =
Perspectives and g 3
aonclusion E E
» 0 3
E 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | IE
0O 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3

0 (rad)
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Theoretical aspects

Nambu—GonimuIations
@

. a
Ana@tlcal models

< Power spectru m6f

string induced anisotropies

@Strln&lnduced CMB
storsions

< SmaII angles a@flat

sky limit

« Systematics from loops
not in scaling

% String effects s(i%ce last
scattering O

< Basic non-Gaussian
estimators

« Observable string

rreiRtors
% Blsglectrum of string

md@d CMB anlscEDoples

% Bispectrum comes from
expansion
soscele triangle
) configurations

< Compatible with small
angle simulated maps

String non-Gaussi@ities
with Planck

) Perspectives and O

conclusion o)
O ‘e O
o0 O

Compatible with small angle simulated maps

S
(2m)?

® Estimator: O, (x)

@kl (w>®k2 (w)@kg (m)dm

@lW (l) —il-x

B koks = dpda

(2m)*

® Power-law and dependency in 6 recovered

w=301T

— 0=0.20rad

10

7

T T L1111
¥
i

10

10-2
1 1 1 1 1 1 |

10000

\\\\\H'

- [10+1)/2r) %% by, [(GU)° units]

\\\\\H'

\\\\\H‘
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\\\\\\I‘
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Theoretical aspects

Nambu—Géto simulations
Nt

Analytical models

Cosmological signatures

String non-Gaussianities
with Planck
% Kidling the transparent

Ouniverseowith @Q')ngs O
< Massively parallebray
tracing method

 After 3 millon o String non-Gaussianities with Planck

cpu-hours 0O

«» Comparison between

ffat and full sky O

< Non-Gaussian seaeches
dJor cosmic strings

Persinves and

conclusion
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@ Outline

String non-Gaussianities with Planck
o . Filling the transparent universe with strings
Nambu—Goto simulations - .
Analytical models Massively parallel ray tracing method
Cosmological signatu?res After a mi”iOn Of CpU-hOU I's
String non-Gaussianities Comparison between flat and full sky

with Planck

% Filling t@e transparkd Non-Gaussian searches for cosmic strings

universe with strings

Theoretical aspects

< Massively pal@eI@/
tracing method

< Aft@a million of
cpu-hours

+ Comparison between
flat and full sky

< Nén-Gaussian sea@e@
for cosmic strings CQ

Perspectives ar@
conclusion O

O

OO
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@ Filling the transparent universe with strings

® Searching for string NG with Planck requires full sky = simulations

Theoretical aspects

Nambu-Goto simulations + Each simulation is a box of initial resolution 2000® (movie box)

S + Have to be stacked to fill 13 billion light years (HEALpix)

Cosmological signatures

String non-Gaussianities
with Planck

¢ Filling the transparent
universe with strings

% Massively parallel gay
Ctracing method

< After a million of

cpu-hours

«» Com@arison between

flat and full sky (")

% Non-Gaussian searches

for cosmic strings

Perspectives and
conclusion’

o

O

® This can be done with 3072 CS runs
® In which we propagate the CMB. ..
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@ Massively parallel ray tracing method

® Sky pixelized with 200 000 000 lines of sight (4 times Planck maps)

Theoretical aspects

Nambu-Goto simulations 4 Each direction receives cumulative contributions from all CS

Analytical models

017

4+ Account for roughly 10" iterations

. . o
Cesmological signatures

String non-Gaussianities

with Planck .
< Filling the transparent

universe with strings

Parallelization implementation

% Massively parallel ray 4 MPT over the 3072 boxes + reduction

tracing method

& Af ion of .

o 4+ OpenMP over the 200000000 pixels

«» Comparison between

ARG 4 Vectorization of the most inner loop (string segments)

« Non-Gauyssian searches
for cosmic strings

Perspectives a@ ® Code development performed on the CP3-cosmo cluster (100 cores)
. O ® Reasonable computing time demands a 100 TeraFlops computer :-/
OF 4 The Planck collaboration has a few. .. (thanks to J. Borrill) :)

O o
()
®
O
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Theoretical aspects

Nambu—Goto simulations

Analytical models

Cosmological signatures

String non-Gaussianities
with Planck

% Filling the transparent
universe with strings

< Massively parallel ray
tracing method

< After a million of
cpu-hour,

< Comparison between
flat and fuﬁgsky

% Non-Gaussian searches
for cosmic strings

Perspectives and
conclusion

O O
o O = 5
O O
O
- O
O
O O
O

512 nodes / 12K cores runs at NERSC

® National Energy Research Scientific Computing Center (Berkeley U.S.)
® The "Hopper" Cray XE6 machine (world rank 8 in Nov 2011)
4+ More than 6000 nodes with Dual processor 24 cores

4+ 3D Cray Gemini: Maximum injection bandwidth per node 20 GB/s
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After a million of cpu-hours

® Full sky synthetic string map of 2 X 108 PIXelS [Ringeval:2012tk, Ade:2013x1a]

Theoretical aspects

Nambu-Goto simulations ® ITemperature anisotropies
Analytical maodels
)

Cosmological signatures

String non-Gaussianities

with Planck
< Filling the transparent
universe with strings O

< Massively parallel ray
tracing method

«» After a million of
cpu-hours

s Comparison between
flat and full sky

% Non-Ggussian searches
for cosmic strings

@)
Per@ectives and
conclusion

-100.0 I N 100.0

AT/T/(Gu/c?)

® x4 for tests and string challenges 51/ 50




After a million of cpu-hours

® Full sky synthetic string map of 2 x 10% pixels [Ringeval:2012tk, Ade:2013xta

Theoretical aspects

Nambu—Goto simulations o Gradient magnitUde
Analytical models
|\

Cosmological signatures

String non-Gaussianities

with Planck
< Filling the transparent
universe With strings O

< Massively parallel ray
tracing method

«» After a million of
cpu-hours

«» Comparison between
flat and full sky

% Non-Ggussian searches
for cosmic strings

O
Per@)ectives and
conclusion

o NN

- 10000

IV(AT/T)|/(Gp/c?)

® x4 for tests and string challenges 51 / 50
A A



Theoretical aspects

Nambu—Goto simulations
\J

Analytical @odels

o
Cosmological signatures
% O

String non-Gaussianities
with Planck

< Filling the transparent
universe with strings

< Massively parallel ray?
tracing method

% After a miflion of O
cpu-hours

+«» Comparison between
flat and full sky

Comparison between flat and full sky

® Small spherical distorsions on the edges and smoother temperature
contrasts

Gnomic projection Flat Sky

-70.0 —46.7 —23.3 0.0 23.3 46.7 70.0
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Comparison between flat and full sky

® CMB angular power spectrum match

Theoretical aspects

Nambu—Goto simulations
\/

Analytical @odels

o
Cosmological signatures —_ — = flat sky
O

String non-Gaussianities —— al sky
with Planck 100

< Filling the transparent
universe with strings

< Massively parallel ray®

tracing meté?od
% After a miflion of O
cpu-hours

«» Comparison between
flat and full sky

< Non-Gaussian s hes
for cosmic strings

®I
1(1+1)C, / 21t [(GU)2 unitg

Perspectives and 10 — —
conclusion C ]
O i I
O - -
O 1 I | | 1 1 1
o 10 100 1000 10000
o I
O
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Theoretical aspects

Nambu—Goto simulations

Analytical models

o &mologﬁtal signatures

String non-Gaussianities

with Planck

O * Filling the tra@sparent
universe with strings
% Mi3ssively parallel ray
tracing method
< AftdOamillion of
cpu-hours
< Comparison between
flg and full sky

% Non-Gaussian searches
for cosmic strings

Perspecti@gs and®

conclusion
- O
O
O 5
Q)
S
()
O )
()
O
()

Non-Gaussian searches for cosmic strings

® Full sky bispectrum [ade:20134a)
4+ Different methods used

o
(e ]
o .
o s  Modal bispectrum
ol
=X
= s Wavelets
<
of . . .
=1 m  Minkowski functionals
ot
o P =S
0 55 o\
100 2000
{’.101500 o 500 1000 1()21500

® Planck constraints on cosmic strings non-Gaussianities

N2 =0304+021=GU <88 x 107"
Real space = GU < 7.8 x 10~

® Very robust (ISW only) but slightly weaker than power spectrum
bounds GU < 1.3 x 1077 = 3.2 x 10~"
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Theoretical aspects

Nambu—Goto simulations

Analytical models @)

U

Cosmological signatures

String non-Gaussianities
with Planck

' Perspectives and
5 conclusion
% Four-point funcfion of

the CMB anistropies

< Loops an%l\@?)
trispectrum o O
é*@xample: kite
quadrilaterals

Perspectives and conclusion

«» Conclusion )

O
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@ Outline
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Four-point function of the CMB anistropies

® Same method as for the bispectrum with new features [Hindmarsh:2000es]

<ék1ék2ék3ék4> — T(ky, ko, k3, ka)(27)26 (k1 + ko + ks + ky)

o kkap ke,
T A K2 K2 2K

/d01d02d03d04 <X{4XQBX3CXfei5abk“'Xb>

® Flat directions: sensitive to higher order in the correlators

2x
Polchinski-Rocha model = T'(0) ~ t* — ¢; <g>

® Irispectrum sensitives to the string microstructure!
+ 0<xy<1lc >0
4+ NG: power-law exponent of the loop distribution

4+ Other strings: related to the mean square velocity
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@ Loops and CMB trispectrum

heorcticallasnects ® CMB trispectrum from strings is sensitive to <XA(0)XB(0’)>
Nambu—Goto simulations
Analytical models —4 A _
G LE [ o\ 1/ (2xH2)
OCleogical signatures TOO(k17 I{:2, kj3, k4) ~ 645_2? (01€2> f(X)g(kl, kQ, k:3, k4)
String non-Gaussianities

with Planck

/A
FO0) = F(
conclusion
®Fout-point function of X + 1 2X + 2
th CMB anistropies
+ Loops and CMB

) e+ Do e

trispectrum

e ® Geometrical factor scales as k”: p=6+1/(1+ x)
< Conclusion
e K12K34 + K13K24 + K14K23 —1/(2x+2)
ki,ko k3, ky) = Y?
O OO 9( 1, 2,3, 4) k%k%k%k‘i [ }
+1
o OO Y2(k1, kg, kig, kt4) = —Kk12 (kgk‘i — /ﬁ)%4)x -+ O,
Os
@,
-, - ® Thisis a consistency relation for loops production mechanism
o ©°
®e
()
@)
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Example: kite quadrilaterals

® Geometrical factor for kites: boost on elongated

Theoretical aspects

@mbu—Goto simulations 2

5 cos®(a) [1 — 2 cos(2a) cos(0)] 1

Analytiéal’ models k ; k; , k , k —

Cosmological@natures g( ! ’ ’ 4) Sln2(9/2) kpy2/(2+2x) (9, CY)

String non-Gaussianities ]_

with Planck p = 6+ ——

Perspectives and 1 -+ X
conclusion
% Four-point function of

°the CMB anistropies
% lcoops and CMB
trispectrum ® Bump for parallelograms at = 7 — 2a (Y

« Example: kite
quadrilaterals 30 . T T T T T

T
. \
% Conclusion L v
: — a=T11U8
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Conclusion
® Currently: no string non-Gaussianities = GU < 7.8 x 1077
® Future improvements
4+ Searching for string induced trispectrum =— window on their
nature (trispectrum)
4+ Next Planck data release + polarization 4+ small scales experiments
(BB [Seljak 06])
® Other observables than CMB: signal o< (GU)?34
4+ Galaxy surveys
4+ GW direct detection (strongly depent on the loop distribution)
4+ 2lcm
® Detecting strings would give a lower bound on the energy scale of

inflation!
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