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● Based on −→

● Numerical parameters

lc

l r

Numerical loopReal loop

Comoving box size = 1

Initial correlation length ℓc = 1/100

Initial resolution length ℓr = 1/2000
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● Same scaling law for long strings (ℓ > dh) and loops (ℓ ≡ αdh)
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∣
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● Transient effects last longer for smaller loops
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Matter era

● NG simulations do not incorporate GW ⇒ do not describe α < αc
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● By the end of the run

Scaling parts
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● By the end of the run

Non-scaling parts
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● No fragmentation, no reconnection, loops from long string only

S(α) ∝ α2χ−2 ⇒ p = 2(1− χ)

● Parameter χ inferred from long string scaling

✦ From Martins & Shellard simulations, they independently found1

pmat ≃ 1.5, prad ≃ 1.8

✦ Related to two-point functions

〈

X́A(σ)X́B(σ′)
〉

=
1

2
δABT (σ − σ′) T (σ) ≃ t̄2 − c1

(

σ

ξ̂

)2χ

● Suggests that all neglected effects mostly renormalise C◦

1hep-ph/0606205, arXiv:0709.3284

http://arxiv.org/abs/hep-ph/0606205
http://arxiv.org/abs/0709.3284
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● PR model + GW emission + GW backreaction to extrapolate

numerical simulations to small ℓ ≡ γt

✦ Boltzmann equation (γd = ΓGU )

∂

∂t

(

a3
dn

dℓ

)

− γd
∂

∂ℓ

(

a3
dn

dℓ

)

= a3P(ℓ, t).

✦ Postulated piecewise scaling loop production function

γ
c

χ
c =1

χ
c =3

χ
c =10

t
5

γ

P

γ∞

t5P

(

γ =
ℓ

t
, t

)

∝ γ2χ−3

γc ≪ γd ≪ γ∞ . 1
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● Can be completely solved analytically (see arXiv.1006.0931)

● From any initial loop distribution Nini(ℓ), one gets F(γ, t) ≡
∂n

∂ℓ
(γ, t)

t
4F(γ ≥ γc, t) =

(

t

tini

)4 ( aini

a

)3
t
4
ini Nini

{[

γ + γd

(

1 −
tini

t

)]

t

}

+ C(γ + γd)
2χ−3

f

(

γd

γ + γd

)

− C(γ + γd)
2χ−3

(

t

tini

)2χ+1 ( aini

a

)3
f

(

γd

γ + γd

tini

t

)

,

t
4F(γτ ≤ γ < γc, t) =

(

t

tini

)4 ( aini

a

)3
t
4
ini Nini

{[

γ + γd

(

1 −
tini

t

)]

t

}

+ Cc(γ + γd)
2χc−3

fc

(

γd

γ + γd

)

− C(γ + γd)
2χ−3

(

t

tini

)2χ+1 ( aini

a

)3
f

(

γd

γ + γd

tini

t

)

+ K

(

γc + γd

γ + γd

)4













a

(

γ + γd

γc + γd

t

)

a(t)













3

,

t
4F(0 < γ < γτ , t) =

(

t

tini

)4 ( aini

a

)3
t
4
ini Nini

{[

γ + γd

(

1 −
tini

t

)]

t

}

+ Cc(γ + γd)
2χc−3

fc

(

γd

γ + γd

)

γτ (t) ≡ (γc + γd)
tini

t
− γd, µ ≡ 3ν − 2χ − 1

f(x) ≡ 2F1 (3 − 2χ, µ;µ + 1; x) fc(x) ≡ 2F1 (3 − 2χc, µc;µc + 1; x)

http://arxiv.org/abs/1006.0931
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● Can be completely solved analytically (see arXiv.1006.0931)

● Scaling attractor does not depend on Nini nor on GW backreaction

details
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http://arxiv.org/abs/1006.0931
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● Example: transition radiation–matter
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● Boltzmann equation for current carrying loops: n(ℓ, t,N)

∂

∂t

[

a
3J (ℓ, t)

∂2n

∂ℓ∂N

]

−
[

γdΘ

(

ℓ− N√
U

)

+ γvΘ

(

N√
U

− ℓ

)]

∂

∂ℓ

[

a
3J (ℓ, t)

∂2n

∂ℓ∂N

]

= a
3J (ℓ, t)P(ℓ, t)δ

(

N −
√

ℓ

λ

)

ℓv

ℓ

tini t

“0”–domain

“+”–domain

“−”–domain

● Again exactly solvable for any Nini(ℓ) (see arXiv:1302.0953)

http://arxiv.org/abs/1302.0953
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● CMB trispectrum from strings is sensitive2 to
〈

X́A(σ)X́B(σ′)
〉

T∞(k1,k2,k3,k4) ≃ ǫ4
v̄4

t̄2
Lξ̂

A

(

c1ξ̂
2
)

−1/(2χ+2)

f(χ)g(k1,k2,k3,k4)

f(χ) =
π

χ+ 1
Γ

(

1

2χ+ 2

)

[4(2χ+ 1)(χ+ 1)]
1/(2χ+2)

● Geometrical factor scales as kρ: ρ = 6 + 1/(1 + χ)

g(k1,k2,k3,k4) =
κ12κ34 + κ13κ24 + κ14κ23

k21k
2
2k

2
3k

2
4

[

Y 2
]−1/(2χ+2)

Y 2(k1,k2,k3,k4) ≡ −κ12

(

k23k
2
4 − κ2

34

)χ+1
+ 	,

● This is a consistency relation for loops production mechanism

2arXiv:0911.1241, arXiv:0908.0432

http://arxiv.org/abs/0911.1241
http://arxiv.org/abs/0908.0432
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● From arXiv:1204.5041: Temperature anisotropies

-100.0  100.0 

 

∆T/T/(Gµ/c2)

● All sky bispectrum computed in Planck XXV (arXiv:1303.5085)

● Trispectrum?

http://arxiv.org/abs/1204.5041
http://arxiv.org/abs/1303.5085


bC

bC

bC

bC

bC

bC

bC bC

bC

bC

bC

Full sky string CMB map

Nambu–Goto simulations

Analytical models

Signatures

❖ Loops and CMB

trispectrum

❖ Full sky string CMB map

Conclusion

14 / 15

● From arXiv:1204.5041: Gradient magnitude

0  10000 

 

|∇(∆T/T )|/(Gµ/c2)

● All sky bispectrum computed in Planck XXV (arXiv:1303.5085)

● Trispectrum?

http://arxiv.org/abs/1204.5041
http://arxiv.org/abs/1303.5085
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● Nambu–Goto loops in scaling: one length scale dh ∝ t

✦ Have a scale-free distribution: t4
dn

dℓ
(γ, t) ∝

(

ℓ

t

)2χ−3

✦ Without dissipation (GW) ∃ non-scaling structures which

cascade down to smallest lengths + memory of IC (ℓc, ℓr)

✦ With dissipation (GW), non-scaling structures are radiated away

and the loop distribution reaches scaling on all length scales

with universal power law exponents uniquely determined by χ

Ω◦ =
3π2C

(1− χ) sin(2πχ)

GU

γ1−2χ
d

≃ 0.10× (GU)0.59

t3nL =
2χc − 2χ

2χc − 1

C

γdγ
1−2χ
c

≃ 6.1× 10−5(GU)−1.65

● Non-scaling loops

✦ Peak at ℓr and are loop radiation! (link with String Theory?)

✦ Does limℓr→0 NG ≃ AH? (nH0
≃ 5.5× 10−6 Mpc−3 is small)
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