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Introduction
[o] lele)

Cosmic Strings

What are cosmic strings?

o Cosmic strings are line-like
defects produced in GUT phase
transitions in the early Universe
(Kibble 1976).

@ After formation, the cosmic
string network undergoes

m stretching,

m intercommutation events and

m energy loss by gravitational
radiation.

Source: J. Rocha (2008)

Under these effects, the network rapidly reaches a scaling regime.
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Introduction
ooeo

Cosmic Strings

What are cosmic strings?

e Energy density po ox 1/d?:
strings never dominate the
Universe at late times.

@ Long cosmic strings are
characterized by their tension U

(or dimensionless GU, G = m_?).

@ Once a candidate for structure
formation, now constrained by
WMAP to contribute < 10%.

Source: J. Rocha (2008)

t
for aoc t: dy(t) = 1
— VUV

from CMB: GU <7 x 10~7
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Introduction
[o]e]e] )

Cosmic Strings

Cosmic string loops

\ _ @ Loops are formed at intersection
—> —> or auto-commutation events
\\\ 7N (P =1 for Nambu Goto).

@ Loops evacuate energy density

O Q from the network so that scaling
e g is reached.

TN . @ Cosmic string loops are
Source: J. Rocha (2008) characterized by their length £.

We study the number density distribution n(¢, t)
of cosmic string loops of size ¢ at time t.
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Introduction
0@00

String Networks and Loop Formation

Distribution of loops

At which size are cosmic string loops typically formed?

@ ‘“one scale model” (Kibble 1976):
length ¢ given by typical distance between long strings, i.e. (fraction
of) the horizon size d,

e but simulations (Ringeval et al. 2005) indicate that there is also a
loop population at smaller ¢!
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Introduction
0@00

String Networks and Loop Formation

Distribution of loops

At which size are cosmic string loops typically formed?

@ ‘“one scale model” (Kibble 1976):
length ¢ given by typical distance between long strings, i.e. (fraction
of) the horizon size d,

e but simulations (Ringeval et al. 2005) indicate that there is also a
loop population at smaller ¢!

. dn Sla
using o = £/ dy,: o= a(d3) ,
h

S(a)=CaP
S(a) is the “scaling function”, where C, and p are fixed from simulations

But:
Simulations do not include the gravitational wave emission (GW) of loops
which dominantes for scales o < avg o< ['GU.
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String Networks and Loop Formation

The Polchinski Rocha model of loop formation

Polchinski & Rocha (2006, 2007):
@ consider stretching the dominant process for long cosmic strings and
add loop formation as a perturbation
@ loop production function obtained from tangent vector correlators
along long strings in scaling

e with d () the average loop number and do the unit distance along
the long string, it is found that

1 2x
% x5 <i) loop production (LP)
g

power law shape in good agreement with simulations
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Introduction
[e]e] lo)

String Networks and Loop Formation

The Polchinski Rocha model of loop formation

Polchinski & Rocha (2006, 2007):

@ consider stretching the dominant process for long cosmic strings and
add loop formation as a perturbation

@ loop production function obtained from tangent vector correlators
along long strings in scaling

e with d () the average loop number and do the unit distance along
the long string, it is found that

KEVRRENE

2x
a\t ' ion (LP
do dédt x 3 ) oop production (LP)

power law shape in good agreement with simulations

Rocha (2007):
@ study evolution of loop number density with LP and GW
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Introduction
oooe
String Networks and Loop Formation

Extending the Polchinski Rocha model

The emission of gravitational waves (for & < aq = I'GU) renders the
cosmic string loops smoother and smoother on short scales.

No (or much less) loops should be formed below the scale of gravitational
backreaction (BR) given by a. = T (GU)" "X

here: I, T coefficients with I ~ 102, T~ 10

Our approach:
@ Use Polchinski Rocha loop production function with coefficients
adjusted to numerical simulations in the region a > ag.
@ Account for gravitational wave emission.
@ Change loop production function below o, to phenomenologically
include gravitational backreaction.
@ Do not neglect transient solutions.

What is the “full scaling regime”?
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Towards the Cosmological Attractor
0@000

Evolution Equation

Loop number density distribution n(¢, t)

LPF
loop production function a 283 dn =a*P(4,t)
P, t) dt ds ’

no. density distribution

of cosmic string loops
of size £ at time t

GW BR
gravitational wave gravitational back—
emission yq reaction 7.
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Towards the Cosmological Attractor
00e00
Evolution Equation

Loop number density distribution n(¢, t)

LPF
loop production function a 283 dn =a*P(4,t)
P, t) dt ds ’

GW takes

over LP shrinking by GW emission

o ( 3dn) ) ( 3dn>
o \9 55 ) a9 5
ot ds ov ds
no. density distribution = PP, 1)
of cosmic string loops '

of size £ at time t

GW BR
gravitational wave gravitational back—
emission yq reaction vy
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Towards the Cosmological Attractor
(o]e]e] le]
Evolution Equation

Loop number density distribution n(¢, t)

LPF
loop production function d 33@ =a*P(4,t)
Pl t) dt \© d/ ’

ngvr tLal/;es Bé?f;:tzl’g shrinking by GW emission:
19} 3dn o 3dn
o (75) o (%)
no. dengity d;stribution =3P, )
of cosmic string loops
of size £ at time t .
new: smoothing by BR
19} 3dn o 3dn
o (75) o (%)
GW BR =a'P(L 1)
gravitational wave gravitational back—
emission yq reaction vy

Yd > Ve
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Towards the Cosmological Attractor
(o]e]e] le]
Evolution Equation

Loop number density distribution n(¢, t)

LPF
loop production function d 33@ =a*P(4,t)
Pl t) dt \© d/ ’

GW takes BR cuts . .
over LP off LP shrlnkmg by GW emission:
19} <3dn> o <3dn>
—\9 7 ) Va5 \q —
ot de ol de
no. density distribution =3P, )
of cosmic string loops
of size £ at time t .
new: smoothing by BR
o ( 3dn> ) ( 3dn>
=) la—;
ot de oL de
GW BR =a'P(L 1)
gravitational wave gravitational back—
emission yq Va4 > Ve reaction e change of variables:

@ (£,t) — (v,t) with v =

® F(y,t)=dn/dl

s
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Towards the Cosmological Attractor
(o]e]e]e] ]

Evolution Equation

Evolution of F(~, t)

(a3 F)

0(°F) 0(a°F)
o

ot

— (v +74) = a°tP(y, t)

@ v4 = [GU: GW emission scale, y. = T (GU)***X: gravitational BR scale
@ P(v,t) piecewise, but continuous for v > v, and v < ¢

@ variable ranges for v and t:

B 0 <7 < Ymax (horizon-sized loops)
Bty <t<ty

What is a phenomenological form for P?
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Towards the Cosmological Attractor
O@0000

Loop Production Function

Shape of the loop production function P(~, t)

@ Polchinski Rocha: t>P(y,t) = cy?X~3
@ for v > 74, fix parameters ¢ and x from simulations

(this includes “loops from loops” etc.)

@ assumption for v < 7. t3P(7,t) = ¢ X3

@ impose continuity at v = ., i.e. ¢ = C,Yg(xfxc)
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Towards the Cosmological Attractor
O@0000

Loop Production Function

Shape of the loop production function P(~, t)

@ Polchinski Rocha: t>P(y,t) = cy?X~3
@ for v > 74, fix parameters ¢ and x from simulations

(this includes “loops from loops” etc.)

@ assumption for v < 7. t3P(7,t) = ¢ X3

@ impose continuity at v = ., i.e. ¢ = C,Yg(xfxc)

1 < xc < oo: details of smoothing

solve evolution equation
in the two domains

and choose initial conditions
%=10
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Towards the Cosmological Attractor
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Loop Production Function

Solving the evolution equation
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Towards the Cosmological Attractor
[e]e] lele]e)

Loop Production Function

Solving the evolution equation

3(333 ) 3 CV2X 3, Y > Ye
+ 7. =a’t
(’y d) 8’Y Cc’72X“ 3» Y <Y

The solutions to this equation with a o t¥ are:

2xc—3
_ G (v +a) X

Fv.t)=———7—"R (3 = 2Xe, fhei pre + 1

Yd +Ic(vt + 7at)
He tt

Y+ a

@ . =3v—2x.—1
@ Z.(x) are two unknown functions related by continuity:

To(x) = I(x) + K(’Y(l 1‘4%)4 [a<’yc i,yd )]3 ,

where K is a constant
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Towards the Cosmological Attractor
[e]e] lele]e)

Loop Production Function

Solving the evolution equation

AaF)

ot

0@F) 5 [ ™3, y>n
—|— =a°t _’
(’7 ’yd) 8"}/ CC’Y2XC 37 ,Y < ’YC

The solutions to this equation with a o t¥ are:

2xc—3
_ G (v +a) X

Fv.t)=———7—"R (3 = 2Xe, fhei pre + 1

Yd ) Z(yt 4 7at)
; +
He t

Y+ a

@ . =3v—2x.—1
@ Z.(x) are two unknown functions related by continuity:

To(x) = I(x) + K(’Y(l 1‘4%)4 [a<’yc i,yd )]3 ,

where K is a constant

@ The unknown functions can be fixed from the initial loop number
density distribution Ni,i(€) at tin;.
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Towards the Cosmological Attractor
[e]e]e] lo]e)

Loop Production Function

With Z(x) and Z.(x) fixed, the solution has three parts:

HF 2 e, ) = <;>4 (2)3 i Nini{ [w+wd (1 - ti:i)} r} + C(w+wa)2’(—3f<77d>

tinj

2x+1 ,, N3 o

ox—3( *t a Yd

Oy g X ( ) ( m,) f( d m,>
t; a Y+vgqg t

ini

a Y +7d
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Towards the Cosmological Attractor
[e]e]e] lo]e)

Loop Production Function

With Z(x) and Z.(x) fixed, the solution has three parts:

£\ a2 N3 b
HF(y 2 e, 1) = <t7> (E) thi Nini{ [w+wd (1 - ‘:")} r} + C(w+wa)2’(—3f<77d>
ini a

ini

2x+1 ,, N3 o

ox—3( *t a Yd

Oy g X ( ) ( m,) f( d m,>
t; a Y+vgqg t

ini

Y +7d

ini

4 £ \* (amni\? 4 fini 2xc—3 vd
tF(vr S v <ve,t)=|— — ) tini Niniy v +va (1= — )| tp + Cely +vq) fol ——
t

4 a v+ 74

’Y+’Ydt 3
2x+1 L. - 4 |7
_ t a 3 Y4t Ye + 7,
*C(‘Y*”Yd)zx 3( ) (lﬂl) f( d ml>+K( c d Ye + vq
t

ini a Y+rg ¢ Y+ 74 a(t)
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Towards the Cosmological Attractor

[e]e]e] lo]e)
Loop Production Function

With Z(x) and Z.(x) fixed, the solution has three parts:

£\ a2 N3 b
HF(y 2 e, 1) = (t ) (E) thi Nini{ [w+wd (1 - ‘:")} r} + C(w+wa)2’(—3f<77d>
ini a

ini Y+ 7a

2x+1 ;5 .\ 3 i

2y —3 t a Yd t;

— Cly 4 vq)?X (7) (ﬂ) f(;ﬂ
tini 2 y+oa ot

4 £ \* (amni\? 4 fini 2xc—3 vd
EF(vr < v < e, t) = — ) tini Niniy v +va (1= — )| tp + Cely +vq) fol ——
t; a t

ini

Y+ 74
’Y+’Ydt 3
2x+1 L. - 4 |7
_ t a 3 Y t, Ye + 7,
_ C(7+’Yd)2X 3( ) ( llll) f( d m\) +K( c d Ye + vq
tini a Y+rg ¢ Y+ 74 a(t)

HF(y <yt

4
t a2 :\3 feos ’Y
4 2 - d
= ( ) (ﬂ) tiniNiI,i{I:'Y+’Yd (17 ﬂ)}r}JrCc(Werd) Xc 3&(7)
tinj a t

Y+ va
2xc+1 N -
2 _ t a; Yd t;
= Colv +7q)?Xe 3 (—) (—"“) fc(ifm'
tini a Ytyg ot

where C = ¢/, f(x) =,F, (3 — 2x, p; 1 + 1; x) to simplify notations

tini

(A)'c + A)'d) t

— 7d
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Towards the Cosmological Attractor

O000e0
Loop Production Function

Why three?

PR
\e’bm -——P:%‘ij‘— _):eL(LOCPS | QD“OO Y2
2 ; | shgo <y <
‘ : ‘ “on-site production” vs.
] i " “produced and shrunk”
(] [ 2 .
sl V<Y
<€ : : 'fél “non-contaminated”
' ' 2
[ |
'L 4 'ﬁ ; > g Solution 3 dies out when
tr) = that is at
L & oy Y 3o v-(t;) =0, that is a

x t*rftiniif}/c
S & © T

tini Yd
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Towards the Cosmological Attractor
O0000e

Loop Production Function

Asymptotic expansions

With Z(x) and Z.(x) fixed, the solution soon has two parts:

ini 7

4
t aini \ 3 tini ~
4 2x — d
( ) (72) et Nani{ [ (1= 22 ) e} + e 3f<+7>
v+ 74

4
CF(Y 2 e, t) =

tini a
2x+1
t X a;:\3 5, P
= C( X3 ( ) ( 1n1) f< d m;)
tini a Yt+ya ot
4
t an; \ 3 i L Yd
AFO <y < e t) = (—) (225 s M [+ 70 (1= 22)] €] + ol + e 3&(—)
tini a t Y+ 74

Y+ a 3
4 a| —t
7d tini)+K('YC+'Yd) Ye +7d

2x+1 ;5 .\ 3
oy 3 t a
— C(v + )X (—) (ﬂ) f(i—

tini a Y+vg t Y+ 74 a(t)
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Towards the Cosmological Attractor
O0000e

Loop Production Function

Asymptotic expansions

With Z(x) and Z.(x) fixed, the solution soon has two parts:

4

t aini \ 3 . B -

Ay > e, ) = ( ) (ﬂ) t?r,if\";..;{{erwd (17 —““)] r}+c(w+wd)2X 3f<7d )
4 a t ¥+ 74

ini

2x+1 L, . \3 P

2x—3 [ _t 2 d

— Cly 4 vq)?X (7) (ﬂ) f( m')
t; a Y+vqg t

ini
4 t\* rani\3 4 . tinj 2xc—3 d
tFO< v <ve,t)= — ) tini Niniy [Y+va (1l — — )|ty + Clv +7a) fo|l ——
tini a t Y+ 74
3
Y+
d t)

2x+1 3 4 a(

_ t aini Yd  tini 4

*C(’Y+’Yd)2x 3( ) ( m;) f( d lnl)+K(7(‘ ’Yd) Yo + vd
t

ini a Y+va ot v+ 74 a(t)

After traces of Ni,; have vanished:

7<% <7 Yo <V <K< 7d Y > 7d
T L o/ tF o~ CyX 3
T 2-2x 4 T 2-2x va

C, x from simulations

independent of x.! smooth matching
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Towards the Cosmological Attractor
o] ]

Attractor in the Radiation Era

Scaling solution in the radiation era

_ oy v=1/2
Xc = 2
—4
: 74 =10
o
10°~ ) _
= oy > Yo = 10 6
Lo’
E
104i C, x from Ringeval
et al. (2005)
10°[
E
o Y,
10 Y, d
Cvid il il il il
10°  10° 107 100° 10° 10* 100° 10 10" 10°

Y
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Towards the Cosmological Attractor
O®0000

Relaxation Towards Scaling

Relaxations and processes

The loop number density distribution F (v, t) undergoes two relaxations:
from initial distribution Nj,i(£) to radiation scaling solution Fi (v, t«)
from radiation scaling solution F. (7, t.) to matter scaling solution
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Towards the Cosmological Attractor
O®0000

Relaxation Towards Scaling

Relaxations and processes

The loop number density distribution F (v, t) undergoes two relaxations:
from initial distribution Nj,i(£) to radiation scaling solution Fi (v, t«)
from radiation scaling solution F. (7, t.) to matter scaling solution

Model cosmological background in terms of z using (Hp, Q,,,Qm,):

fa(2) ~ 1 1
rad o 2H0\/Qr0 (1 + 2)2
2 1

tma )
t(Z) 3Ho ng (1+z)3/2

@ good approximation apart from transition and for z > 2

@ instantaneous transition from radiation to matter at

9 Quny 9
L= = (14zy) 1
716 Q, 16 (1 T Za)

@ h=0.72, Quyh* =0.13, Qyh* = 2.471 x 107°
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Towards the Cosmological Attractor
00e000

Relaxation Towards Scaling

Relaxations and processes

The loop number density distribution F (v, t) undergoes two relaxations:
from initial distribution Ni,;i(¢) to radiation scaling solution F. (7, t.)
from radiation scaling solution F,. (7, t.) to matter scaling solution

There are two relaxation processes:
“sweeping leftwards”: Nini[l > di(tini)] =0
damping of terms with NVip;

4

4 t 3ni\3 4 . tini oy Yd

F(y > ve,t) = ( ) (i) Nl (v +va (1= 25 | eb + ey + v)?X 3 —4—
tini a t Y+ 4

ini

2x+1 ;5.\ 3 L

2y — t a Yd t;

Oy 4 yg)?X 3 (7> (ﬂ) f<7ﬂ
t; a Y+vg t

ini
4 t\* rani\3 4 tini 2xc—3 vd
tFO< v < ve,t) = — ) tini Niniy [Y+va (1 - te+ Ce(v +vq) fo| ———
tini a t Y+
3
v+
d t)

2x+1 3 4 "’(

_ t aini Yd  tini 4

*C(’Y+’Yd)2x 3( ) ( m;) f( d lnl)+K('YC ’Yd) Ye + Va4
t

ini a Y+va ot Y+ 74 a(t)
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Towards the Cosmological Attractor
000@e00

Relaxation Towards Scaling

Initial distribution and relaxation

T AL s ma sy Vachaspati & Vilenkin (1984):

random walk model

td Nni(0) = G <%)5/2

where 1 < G < (GU)~%/*

L Y £)
10°  10° 107 10° 10° 10° 10° 10° 100 10
Y

@ no damping (cancellations)

1+a(y) _ 7+
14 ziy; 2+

@ “sweeping”’ complete at
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Towards the Cosmological Attractor
0000e0

Relaxation Towards Scaling

Relaxation from radiation to matter

For v = 2/3, the »F; function becomes a polynomial expression:
1 X
f(x) = 1-—
(x) (1 —x)22x ( 2— 2x>

e damping of N, complete by (v > v4)

1/(3/2-3
1+ z4(v) _ Cu 16/ XR),Yz(XM —xp)/(3/2=3x5)
1+ z,

C

R

@ “sweeping” less efficient

for large v, zg ~ 300, but intermediate scales 7. < v < 74 relax last
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Towards the Cosmological Attractor
00000e

Relaxation Towards Scaling

Relaxation from radiation to matter

10% T MR B i ) e L L e e S e
—--- z=3059
---- 222000
7777777777777777 --- z=1000
o Tho - z=100
L . -~ z=50
1010% — z=2
10°F
: L
< 10°
10°F
10°F
of
10 vc mat Yerad yd 0t
10°  10® 10’7 10° 100° 10* 10° 1% 100 1
y
4 = 107*, 7o(rad) = 107°, y4(mat) = 1077 “production resumed”
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Conclusions

@ We studied the evolution of the cosmic string loop number density
distribution dn/d{(¢, t)
m using the Polchinski Rocha model for loop production with
numerically adjusted coefficients,
m including emission of gravitational waves and
m including smoothing by gravitational backreaction.

e dn/dl(4,t) rapidly assumes a a universal form on all length scales,
insensitive to the details of the backreaction.

@ Our study may be extended by
m recalculating the GW constraints using the new loop distribution,
m using the parameters to describe other energy loss mechanisms or
m considering the case P # 1 (cosmic superstrings).
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Conclusions

Can cosmic string loops be Dark Matter?

in the matter era:

9 1 Yd
4
tF(y > e, t) = (1— )
¢ Y2=2X(y + 7a) 2-2x v+
Coy?Xe =2 1
By < v, t) = —L (1+ 74 )
Y+ 74 2Xe =27+ 7a
2
+K('Yc+’7d>
Y+ Ya

use these calculate loop energy density:

U Ymax 4
Po=1a t"F(v, t)ydy,
0
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Conclusions

Can cosmic string loops be Dark Matter?

in the matter era: then one finds Qo = po/perit:
2
C 1 3 C GU
CE(y > e t) = (1 _ Yd ) Q. — '
R e e 2-2x 7+ 74 ° (1—x)sin(2my) 73—2X
2xXc—2 H H
By < e t) = Coy?© ( Lt Ya ) which for our parameters is
v+ 2Xc =27+ 4
" (% ﬂd)z Q, ~0.10 x (GU)%*® < 107°
Y+ Ya

for current GU values

use these calculate loop energy density:
Cosmic string loops are

not a suitable DM
candidate.

U Ymax 4
Po=1a t"F(v, t)ydy,
0
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Conclusions

How far to the nearest loop?

L/t
t3n, = / t* F (v, t) dy
0
ny: number density of loops with length ¢ < L at t
for 7. < va < L/t:

By = 2xc — 2X C

2xc. — 1 ’Yd’}/é_zx .
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Conclusions

How far to the nearest loop?

L/t
t3n, = / t* F (v, t) dy
0
ny: number density of loops with length ¢ < L at t

for 7. < va < L/t:

B 2xc — 2X C
‘ 2x.—1 ’Yd’Yé_zX .
with our parameters: today t = to for GU ~ 7 x 107 7:
-5 — —
np ~ 6.1 x 10 (GU),1.65 ng ~ 5.5 x 10 61\/IpC 3

t3
loops from very light cosmic
strings more numerous
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