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Background and Motivation

» CMB Power Spectrum accepted test bed for
COSMIC STriNgs Gu/c < 1.5 x 107 Gpuan/c < 3.2x 1077

» Cosmic strings ARE non-Gaussian. Bispectrum?

Computed in arXiv:0908.0432 (Hindmarsh, Ringeval, Suyama)
arXiv:0911.2491 (DMR, Shellard)

Symmetry suppressed signal but a possibility...

All-sky maps generated by Ringeval and Bouchet
arXiv:1204.504 | and in Planck arXiv:1303.5085 Gu/c* < 8.8x 107
with bispectrum extracted via modal methods(see Shellard talk) ;

i
o Trispectru m?¢ NOT symmetry suppressed signal. Possibly competitive.. :
See arXiv:091 [.1241, arXiv:0911.2491 and arXiv:1012.6039 Gu < 1.1 x 107°
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Methodology

» 2 approaches... UETC approach & ‘wake model
UETC

ﬁac(kaaaaapw“)Xa(k?T,) = Sc(k77-/)

(%aXi) = [[ arar"Guo(r)G1ur") (Bulr)5")

UETC are the source functions for the Einstein-Boltzmann solver
(decomposed into coherent basis functions)
Pen, Spergel, Turok arXiv:9/704 1 65

Don't really need full Einstein-Boltzmann hierarchy for our study. Instead
just get Green's function from simple matter + radiation equations

) N
= : c 2e T
5C+350—§(9> < Ay M) >_47TG@+,

1
3

Albrecht & Stebbins '92

. SAag % S
or + k70 350 Sy Avelino, Shellard, Wu, Allen arXiv:9712008

n
518\,()(, = 47TG/ dn’ /d?’x’ Gn (X;n,n)0,(x',n),
i

Tuesday, 4 February 2014



How to calculate the UETCY

USM developed by Battye, Albrecht and Robinson... scaling on superhorizon scales emerges
due to modelling of decay of string segments

K
Z Ng(7)] 1/2 @Z TOH(T g/l
=1l

Recent analytical advances have greatly improved the computational speeds
Avgoustidis, Copeland, Moss, Skliros arXiv: 1209.246 |

2f(7-177'27£7Lf) 27 s : 27 27
Ok, )0k, 1)) = d 0 db d dx O(k,m)0(k, 1),
(©(k, )0 (k, ) | o [ soas [ aw [ axekmen)

1673
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Power Spectrum

UETC approach

(04 (k,mO%L (K1) = (27)°6° (k — k) \/%C#(k, 1)

” g Cy(kn', kn")
Ps(k)=62/ dn’/ dn'" Ge (ks m, )G (ks my ) ———=2
i i vi'n”

General form Of UETC Durrer, Kunz arXiv: 971 1 133, Bevis, Hindmarsh, Kunz, Urrestilla arXiv:0605018, 1005.2663

5=« 62l =l

80

( 2E_|_ Y — B e
— z< 08\ - =
3 in _ 8 75/ (r/2 4p-12) z=6.1340e-01,1.0104e+00,1.6112e+00,
r2 r—2
C+ (z’ r) =1 = 60 )\ 2.1668e+00, 2.7643e+00, 3.3984e+00
2 2 2 \
+€—z In(r)*/2A P Z 1 sol \
\ % \ \‘-\
40} \“\\
- 30} ’ "
20} \
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2F, R Al 10
C.(k AN e~ 7 In(r)“/2A S J
U e g o Thanks to |on,

o’ David
String correlation model gives

& k2 52 2 k2% 52
Cy(kn, kn') =~ 4ﬁ2\/7777’£/ ds_ [@4 exp (— = _> + §V(3_)2 exp (— 5 _>] exp(—k*v?n? /6)
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2067 120ty - 3
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Explanation of superhorizon form of UETC

At any scale R the volume in each horizon volume can be regarded as a random process pr(x,n) = pr(n)+dpr(x,n).

Relative fluctuation of O(1) on each horizon scale such that /{(dpr(x,n)?) = (%)3/2 or(n)
Ry B TIRYY (S
e (3pr(x, m)0pR(x, 1)) = (E> PR(M) X (E) PR(12) X (@) = p3Pr(M)PR(N2)

27 /R '
RMS? = (6pr(x,m1)0pr(x,72)) = /0 d’ke™*(6pr(k, m)opr(k,n2))

White noise implies that this signal varies as Amp*/R3. Since p(n;) o< 1/5? (scaling) then

2 77% 1 Ui e
RMS* ~ s
s VN2 \\7)2

)
~
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Analytic predictions (matter dominated universe)

5 27?Eﬂ’_fl

. = t 3
Superhorizon scales, k < n~* Pseq(k,n) = € e
L l 1<k —1 S b
arge scates, 1 - K K K Tgq Pseq(k,m) = €kn = (\/ 27TA—27T)
Small scales, 77;]1 <Lk P2, (k,m) ~ STl i AU
Zeai il 2l T

Using numerical Green's
fEienRs for matter+radiation
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Matter Power Spectrum

Abelian-Higgs plot...
again thanks to Jon & David

1 00 T T T T T T T T
i Power Matter CMBACT

3%(1/x)**1 .2
25%(x/0.01)*+0.8

10 |-

. . CMBACIEBIEE
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‘Wake Model’

Variation on wake model by Brandenberger and collaborators

Approach:View the wake as having zero-width @/ i

but with surface density proportional to the PR
predicted width s

Brandenberger

Zel'dovich approx to get the width r=a(z+ 1)
dr/dn =0 d =~ |2z| = 49|

2 6
Y+ ;w/ — Ew — () (matter era)

Initial conditions due to conical deficit angle  ¥06m) =0,  ¢'(x,m) = —4rGpvsy,0(z),

2
ow(mm)  4ums (1

. : : £(ni) _
— <E> == ok, n,m) :/d‘gxe“"x@ :/dzemzzé(z)aw(g’m)/ rdrdpe™+
C C 0

_ 0wl M) 1o e yy2 J1(ELE(m:))
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Power Spectrum
‘Wake’ model approach

dn

5100, )2 = (2m)2 (aw(nam)g(m)QY/l

Pc

<\51(k,77,m)l2>ﬁ=/47

B /n?? dni51(k,77,77i)2>ﬁ - /?:7 dn; |:;1 <27T§(771)2 Uw(gc 77@))2 /11 dzlu [Jlkf;C;((?Zz))z(ll__/j;))} :|
dia— U_I/;Ldm,
Predictions:

For large scales, such that k&(n;) < 1
2
P(k,n) ~(27)? (4;1) vat (

For small scales, with k&(n;) > 1

pik) = (5] e (525)(5)
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Issues with wake-model:
) Valid only for matter dominated regime

2) Neglect perturbations outside turnaround surface => do not
expect to be accurate on reasonably large scales => appears to be
issues on observational scales with such models

Advantages:

Very simple model allowing for a check of calculations
for approximation of matter dominated regime
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Bispectrum
(61, m)de(kz, m)dc(ks, m) = (2m)*6% (ky + ko + k) Bk, bz, ks, 7).

UETC apprOGCh B(k1, k2, ks, n) = € /77 dm /’7 dns /n dnsIlo_; [Ge(ka;n,ma)] B(21, 22, 23,71, T2).

(4 (k1,m)04 (ko,12)O+ (k3,m3)) = &g B4 (K1, k2, ks, n1,m2,m3) (2m)°6°% (k1 + ka2 + k3).

_ 12 /e el i
ey L o
5—|—<Zlaz27z37r17r2) = Ef)(217227z3) exXp (_ Za Zczz lﬂ(’l"a)2/2A2) ) (LEa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79
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5+<21722,23,T1,T2) = E—(|—3)(217227Z3) exXp (_ Za ZCZL lIl(’f'a)2/2A2> ) (Qfa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79

String correl model gives

o b S 67 tho& tKo¢ 72
B(k1, k2, k3, mi,m2,m3) = 8N3€—2?%—2 NG erf (%) erf ( \/26 ) exp (—g(kﬁ?ﬁz + K3nis) | -
QUG — gy

Ky = \/k3k3 — K35/ko.
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Bispectrum
(61, m)de(kz, m)dc(ks, m) = (2m)*6% (ky + ko + k) Bk, bz, ks, 7).

UETC apprOGCh B(k1, k2, ks, n) = € /77 dm /77’7 dns /77 dnsIlo_; [Ge(ka;n,ma)] B(21, 22, 23,71, T2).

(4 (k1,m)04 (ko,12)O+ (k3,m3)) = &g B4 (K1, k2, ks, n1,m2,m3) (2m)°6°% (k1 + ka2 + k3).

_ 12 /e el i
xa:kanm 7“1—%, T2_Ea 7“3—%-
5+<21722,23,T1,T2) = E—(|—3)(217227Z3) exXp (_ Za ZCZL lIl(’f'a)2/2A2> ) (Qfa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79

String correl model gives

.1 3575 67 tk LK. T2
B(k1, ko, ks, m,n2,m3) ~ 8N3€—2?%—2 NG erf (7265) erf ( \/265) exp (—g(kﬁ?ﬁz + K%W%s)) :
5k3 — Kig

Ky = \/k3k3 — K35/ko.

Assuming matter domination:
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Bispectrum
(61, m)de(kz, m)dc(ks, m) = (2m)*6% (ky + ko + k) Bk, bz, ks, 7).

UETC apprOGCh B(k1, k2, ks, n) = € /77 dm /77’7 dns /7777 dnsIlo_; [Ge(ka;n,ma)] B(21, 22, 23,71, T2).

(4 (k1,m)04 (ko,12)O+ (k3,m3)) = &g B4 (K1, k2, ks, n1,m2,m3) (2m)°6°% (k1 + ka2 + k3).

_ 12 /e el i
xa:kanm 7“1—%, T2_Ea 7“3—%-
5+<21722,23,T1,T2) = E—(|—3)(217227Z3) exXp (_ Za ZCZL lIl(’f'a)2/2A2> ) (Qfa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79

String correl model gives

o b S 67 tho& tKo¢ 72
B(k1, k2, k3, mi,m2,m3) = 8N3€—2?%—2 NG erf (%) erf ( \/26 ) exp (—g(kﬁ?ﬁz + K3nis) | -
QUG — gy

Ky = \/k3k3 — K35/ko.

Assuming matter domination: Equilateral limit: k, = k.
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Bispectrum
(61, m)de(kz, m)dc(ks, m) = (2m)*6% (ky + ko + k) Bk, bz, ks, 7).

UETC apprOGCh B(k1, k2, ks, n) = € /77 dm /’7 dns /77 dnsIlo_; [Ge(ka;n,ma)] B(21, 22, 23,71, T2).

M4

(O (k1,m)O+(ka,m2)04 (ks, m3)) = ¢ B+ (k1, k2, ks, 11, m2,m3) (27)6° (k1 + ko + ks).

_ 12 /e el i
xa:kanm 7“1—%, T2_Ea 7“3—%-
5+(21722,23,T1,T2) = E—(|—3)(217227Z3) exXp (_ Za ZCZL lIl(’f'a)2/2A2> ) (Qfa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79

String correl model gives

1 35%° 67 thot tKo¢ 72
B(k1, k2, k3, m1,m2,m3) ~ 8ji° 5—2?—\/]{%2 R23erf (%) erf( v: exp —g(k27712—l—K2277%3) :

Ky = \/k3k3 — K35/ko.

! . . 6
Assuming matter domination:  Equilateral limit: ko = k. By(k k. k.n) ~ 20 47753 ( U )
' 500 3k% \ 7eq
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Bispectrum
(8 (1, m)3e (kz, 1)e (s, 1)) = (2m)°6° (ka + ke + k) B(kr, ko, s, ).

UETC apprOGCh B(k1, k2, ks, n) = € /77 dm /’7 dns /7777 dnsIlo_; [Ge(ka;n,ma)] B(21, 22, 23,71, T2).

(O (k1,m)O+(ka,m2)04 (ks, m3)) = ¢ B+ (k1, k2, ks, 11, m2,m3) (27)6° (k1 + ko + ks).

T2 3 e

xa:kanay T1:773, 2_771’ : 772.
54_(21,22,23,7“1,7“2) = E—(|-3)(217227Z3) exXp (_ Za ZCZL lIl(’f'a)2/2A2> ) (Qfa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79

String correl model gives

1 35%° 6 tk tK 02
Bk, ko, k3, 1,12, m3) ~ 8j1° 297 \/ka; R23erf (7265) erf ( \/265) exp (_E<k27712 + K2277%3)) :
= /k3k3 — w33 /ko.
: : : 2 6
Assuming matter domination: Equilateral limit: k, = k. el O ) eq (1
‘ 500 3k* \ Meq
. 74
s Bo 339
By 67T042v2 (87G ) 5 — 367 ﬁ.
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Bispectrum
(8 (1, m)3e (kz, 1)e (s, 1)) = (2m)°6° (ka + ke + k) B(kr, ko, s, ).

UETC apprOGCh B(k1, k2, ks, n) = € /77 dm /’7 dns /77 dnsIlo_; [Ge(ka;n,ma)] B(21, 22, 23,71, T2).

M4

(O (k1,m)O+(ka,m2)04 (ks, m3)) = ¢ B+ (k1, k2, ks, 11, m2,m3) (27)6° (k1 + ko + ks).

i 3 e
xa:kanm 7“1—%, Tz—aa 7“3—%-
54_(21,22,23,7“1,7“2) = E—(|-3)(217227Z3) exXp (_ Za ZCZL lIl(’f'a)2/2A2> ) (Qfa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79

String correl model gives

1 35%° 67 thot tKo¢ 72
B(k1, k2, k3, m1,m2,m3) ~ 8ji° 5—2?—\/]{%2 R23erf (%) erf( v: exp —g(k27712—l—K2277%3) :

e \/k§k§ 0 “33/k2'

: : ' 2 6
Assuming matter domination:  Equilateral limit: ko = k. By(k k k) ~ 22 2ea (1
| 500 3k \ 7jeq
3 4 Jea s Bl s
B = i 25(; (87G 1)’ 35, 27 U Squeezed limit k = k1 = ko > ks,
Qv 9 o
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Bispectrum
(8 (1, m)3e (kz, 1)e (s, 1)) = (2m)°6° (ka + ke + k) B(kr, ko, s, ).

UETC apprOGCh B(k1, k2, ks, n) = € /77 dm /’7 dns /77 dnsIlo_; [Ge(ka;n,ma)] B(21, 22, 23,71, T2).

M4

(O (k1,m)O+(ka,m2)04 (ks, m3)) = ¢ B+ (k1, k2, ks, 11, m2,m3) (27)6° (k1 + ko + ks).

i 3 e
xa:kanm 7“1—%, Tz—aa 7“3—%-
54_(21,22,23,7“1,7“2) = E—(|-3)(217227Z3) exXp (_ Za ZCZL lIl(’f'a)2/2A2> ) (Qfa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79

String correl model gives

1 35%° 67 thot tKo¢ 72
B(k1, k2, k3, m1,m2,m3) ~ 8ji° 5—2?—\/]{%2 R23erf (%) erf( v: exp —g(k27712—l—K2277%3) :

e \/k§k§ 0 “33/k2'

: . : 2 6
Assuming matter domination: Equilateral limit: k, = k. el O ) eq (1
' 500 3k% \ 7eq
3 4 . .
. Bo 335 T Squeezed limit kK = k1 = ko > ks,
15 = (e por= = (87Gp) 5 — 367 — ey
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Bispectrum
(0c(k1,m)dc(ka,m)dc(ks,n)) = (2m)°0° (k1 + ko + k3) B(ky, ko, k3, 1)

UETC apprOGCh B(k1, k2, ks, n) = € /77 dm /’7 dns /77 dnsIlo_; [Ge(ka;n,ma)] B(21, 22, 23,71, T2).

M4

(O (k1,m)O+(ka,m2)04 (ks, m3)) = ¢ B+ (k1, k2, ks, 11, m2,m3) (27)6° (k1 + ko + ks).

i 3 e
xa:kanm 7“1—%, Tz—aa 7“3—%-
54_(21,22,23,7“1,7“2) = E—(|-3)(217227Z3) exXp (_ Za Zczz lIl(’f'a)2/2A2> ) (Qfa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79

String correl model gives

1 35%° 67 thot tKo¢ 72
B(k1, k2, k3, m1,m2,m3) ~ 8ji° 5—2?—\/]{%2 R23erf (%) erf( v: exp —g(k27712—l—K2277%3) :

57 \/k§k§ 0 “33/k2'

! ' : 2 6
Assummg matter domination: Equilateral limit: k, = k. B (R Bo 4eq (1
' e 500 3k4 \ Neq
e 35 7 S ol Wais s =k = 6 k Bs(k,k, k )~Bongq 20‘(")6
By = 61— = (87Gp)*=36n & i, queczed UM K = Ry = fz > K3, SSUR MRS e N
Qv 9 o g = 1l
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Bispectrum
(0c(k1,m)dc(ka,m)dc(ks,n)) = (2m)°0° (k1 + ko + k3) B(ky, ko, k3, 1)

UETC apprOGCh B(k1, k2, ks, n) = € /77 dm /’7 dns /77 dnsIlo_; [Ge(ka;n,ma)] B(21, 22, 23,71, T2).

M4

(O (k1,m)O+(ka,m2)04 (ks, m3)) = ¢ B+ (k1, k2, ks, 11, m2,m3) (27)6° (k1 + ko + ks).

i 3 e
xa:kanm 7“1—%, Tz—aa 7“3—%-
54_(21,22,23,7“1,7“2) = E—(|-3)(217227Z3) exXp (_ Za Zczz lIl(’f'a)2/2A2> ) (Qfa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79

String correl model gives

1 35%° 67 thot tKo¢ 72
B(k1, k2, k3, m1,m2,m3) ~ 8ji° 5—2?—\/]{%2 R23erf (%) erf( v: exp —g(k27712—l—K2277%3) :

57 \/k§k§ 0 “33/k2'

! ' : 2 6
Assummg matter domination: Equilateral limit: k, = k. B (R Bo 4eq (1
' ’ 500 3k4 \ Neq
e 35 7 S ol Wais s =k = 6 k Bs(k,k, k )~Bongq 20‘(")6
By = 61— = (87Gp)*=36n & i, queczed UM K = Ry = fz > K3, SSUR MRS e N
Qv 9 o g = 1l

Folded limit, k = ko ~ k3 = k1/2,
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Bispectrum

(0c(k1,m)0c(ka,m)dc(k3,m)) = (2m)°0° (k1 + ko + k3) B(k1, k2, k3, 7).

UETC apprOGCh B(kl,kz,k;g,,n)263/ndn1/7:d772/7:

M4

(O (k1,m)O+(ka,m2)04 (ks, m3)) = ¢ B+ (k1, k2, ks, 11, m2,m3) (27)6° (k1 + ko + ks).

i 3 e
xa:kanm 7“1—%, Tz—aa 7“3—%-
5+(21722,23,T1,T2) = E—(|-3)(217227Z3) exXp (_ Za Zczz lIl(’I"a)2/2A2> ) (Qfa > 1)

VWhat about superhorizon scales...use volume argument to show B, o r1 /79

String correl model gives

135 @6 67 tk LK. T2
B(k1, ka, ks, m1,n2,m3) ~ 8° = — = erf (—26) erf < 25) exp (——<k27712 + K2277%3)) :
523

SRRy V6 V6

5 \/k§k§ 0 “%3/k2'

Assuming matter domination:  Equilateral limit: ko = k.
3 4 o o
. Bo 335 T Squeezed limit kK = k1 = ko > ks,
By e 2 = (87Gp) 9 —~ 3672 w2 kaTleq > 1

Folded limit, k = ko ~ k3 = k1/2,

6

Bg(k,k,k,n) =

BS(k7 kv k3777) o

BF(2]€7 ka k7 77) e

BO 477301
500 3k4

By ngq 20y

-
Teq

dﬁSHS’L:l [gc(ka; 77777a)] 5(751, 22,23,T1, ?“2)-

6

375 k2ks /67

By 772(1 2¢y

(77

n

375 k2 K5 /67

(

neq

6
neq) .

)6.
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Bispectrum
‘Wake’ model approach

Valid for matter domination, use to check against UETC results

Y

i (aw(n,m)g(n,m)) /dﬁ Ji(k110.6(n,m5)) 1 (ka1 &(m,ms))J1 (k3L &(m,m4))

4m k11 ko k3

Small Scales - Squeezed Limit:

du; dp J1(k+/1 — ] 2u; \ > 5 pd
B(k,k,kg,n)k3<<k ~Uo ( u) / dn; 3/ i 2 om;) %2ua4( u) (a(n))) Teq

k2(1 — 12)

Small Scales - Folded Limit: B(k,k,2k,n) ~ 2 (%) oty (_"’7) Tleq

Small Scales - Equilateral Limat:

duza\” 3vad In(27) cos?(Bz — 3w /4) Ay ° 3o In(2m) ( a(n) : Neq
5 212 33 2 SN 47233 afep /S

B (

Different behaviour in equil limit. Why!?

Tuesday, 4 February 2014



s it measurable!?
BE™ (ky, ko, k3) = 2PF (k1) PF (k) F® (k1, k) + 2 perms,

: 5 1k -k (ki  ko\ 2 (ki -ky\?
E0e ko) = 4= £
e S (k2+k1)+7< k1k2>

Ba(k, k. K)/ Bk, k. )=o) L ey
Lz 9
Nl ‘|‘Zeq (Ueqk)
So possibly will dominate for k> 1/4/(1+ 2

Py (k) = S
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Conclusions

Revisited analytic method to calculate UETC

Comparison to simple wake model

Calculation of Matter bispectrum carried out for both
approaches

Preliminary investigations indicate the bispectrum may
be competitive with the CMB (but probably not better)

TO DO:

Can refine approach using One-Scale model instead of keeping parameters
fixed (not valid for radiation-matter transition)

Bispectrum probably underestimated by using Green's function for matter
domination
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