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Cosmic string signals: computing CMB maps

Christophe Ringeval
Centre for Cosmology, Particle Physics and Phenomenology

Institute of Mathematics and Physics

Louvain University, Belgium

Geneva, 15/04/2015
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Planck 2013 results XXV: arXiv:1303.5085
CR, F. R. Bouchet: arXiv:1204.5041

CR: arXiv:1005.4842
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● Two-dimensional worldsheet surface located at xµ = Xµ(ξa).

● Lorentz invariance along the string (τ ≡ ξ0 σ ≡ ξ1)

S = −U

∫

dτdσ
√−γ, γab = gµνX

µ
,aX

ν
,b (induced metric)

● String motion in FLRW (TT gauge: X0 = τ , Ẋ · X́ = 0)

Ẍ+2H
(

1− Ẋ
2
)

−1

ε

(

X́

ε

)′

= 0, ε̇+2HεẊ
2
= 0, ε =

√

√

√

√

X́
2

1− Ẋ
2

● Hubble damped propagation of left- right-moving waves

H = 0 ⇒ X́(τ, σ) =
1

2
[~p(σ + τ) + ~q(σ − τ)]
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● Vacuum tubes ⇒ no static gravitational effects (T = U)

● Do have General Relativity effects on light and thus on
CMB! (Gott-Kaiser-Stebbins)

● Nambu-Goto stress tensor

√−g Tµν = U

∫

dτdσ

(

−1

ǫ
X́µX́ν + ǫẊµẊν

)

δ4(x−X)

● ISW from Nambu–Goto stress tensor + linearized Einstein equations:
[Hindmarsh 94, Stebbins 95]

Θ(n̂) ≡ δT

TCMB

= −4GU

∫

X ∩xγ

[

u(n̂) · Xn̂−X

(Xn̂−X)2

]

ǫdσ

u = Ẋ − (n̂ ·X ′) ·X ′

1 + n̂ · Ẋ
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● At small angular scales, in 2D transverse Fourier space (k · n̂ ≃ 0):

Θ ≃ 8πiGU

k
2

∫

X ∩xγ

(u · k) e−ik·X dσ

● Flat sky simulation over 7.2◦ [Fraisse, CR, Spergel, Bouchet 07]
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● One-point functions

g1 ≡
〈

(Θ− Θ̄)3

σ3

〉

≃ −0.22± 0.12

g2 ≡
〈

(Θ− Θ̄)4

σ4

〉

− 3 ≃ 0.69± 0.29.

● Gradient magnitude

|∇Θ| ≡

√

(

dΘ

dα

)2

+

(

dΘ

dβ

)2
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● Dedicated to string NG with Planck ⇒ all sky

✦ Each simulation is a box of initial resolution 20003 (movie box)

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

● This can be done with 3072 CS runs

● In which we propagate the CMB. . .
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● Sky pixelized with 200 000 000 lines of sight

✦ Each direction receives cumulative contributions from all CS

✦ Account for roughly 1017 iterations

● Parallelization implementation

✦ MPI over the 3072 boxes + reduction

✦ OpenMP over the 200 000 000 pixels

✦ Vectorization of the most inner loop (string segments)

● Code development performed on the CP3-cosmo cluster (100 cores)

● Reasonable computing time demands a 100 TeraFlops computer :-/

✦ The Planck collaboration has a few. . . (thanks to J. Borrill)
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● National Energy Research Scientific Computing Center (Berkeley U.S.)

● The “Hopper” Cray XE6 machine (world rank 8 in Nov 2011)

✦ More than 6000 nodes with Dual processor 24 cores

✦ 3D Cray Gemini: Maximum injection bandwidth per node 20 GB/s
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● Full sky synthetic string map of 2× 108 pixels [Ringeval:2012tk, Ade:2013xla]

● Temperature anisotropies

-100.0  100.0 

 

∆T/T/(Gµ/c2)

● ×4 for tests and string challenges
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● Full sky synthetic string map of 2× 108 pixels [Ringeval:2012tk, Ade:2013xla]

● Gradient magnitude

0  10000 

 

|∇(∆T/T )|/(Gµ/c2)

● ×4 for tests and string challenges
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● Small spherical distorsions on the edges and smoother temperature
contrasts
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● Source term is more complex

✦ Transverse and traceless stress tensor in Fourier space

k4τij(t,k) = U

∫

ǫdσ

{

1

2

(

kikj + k2δij
)





(

k · Ẋ
)2

−
(

k · X́
ǫ

)2




+ k4

(

ẊiẊj − X́iX́j

ǫ2

)

+ k2
(

kikj − k2δij
)

(

Ẋ
2 − 1

2

)

+ k2
k · Ẋ
ǫ2

k(iX́j) − k2
(

k · Ẋ
)

k(iẊj)

}

e−ik·X

● Main difficulty: time sampling

✦ One needs hij(f, n̂) = Gret ∗ τij today

✦ A given f today requires a zf all sky time sampling at redshift z

✦ However GW maps do not need CMB angular resolution. . .
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