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Introduction to cosmic strings



What is a cosmic string ?

Cosmic string

A cosmic string is a one dimensional topological defect!. May
form when the vacuum manifold has non-contractible loops.

Example: Mexican hat potential
e Vacuum manifold is a circle M = S*!

e Fundamental group II; (M) = Z

e \We expect strings to be formed in most models of
spontaneous symmetry breaking?

!Kibble 1976
2 Jeannerot, Rocher, and Sakellariadou 2003



Cosmic string evolution

Energy scale Width Linear density
GUT : 106 GeV 2x107* m  Gu~10°
3x10"° GV 5x107 " m  Gu~107Y
10® GeV 2x107* m  Gu~10722
EW:100 GeV 2x107¥m Gu=10~3

Nambu-Goto strings: one dimensional limit

e Width of the string very small compared to other length scales in the problem.
e String modeled as a line with mass per unit length 1 oc 7

e The Nambu-Goto action which minimizes the area swept by the string
S = —M/drda \/—dety

Yab: the induced metric on the string, 7 is a time-like and o a space-like coordinate along the string




Nambu-Goto strings in flat spacetime

Cosmic string dynamics

In flat spacetime, it satisfies a wave equation whose solution is

X(t,0) = %[a(t _ o) +b(t+0)],

For a closed loop X(¢,0 + £) = X(t,0): it oscillates with a pe

a/2 _ b/2 -1

L
iod T'= —.
rio 3

Cosmic strings emit gravitational waves:

e Oscillation




Nambu-Goto strings in flat spacetime

Cosmic string dynamics

In flat spacetime, it satisfies a wave equation whose solution is

X(t,0) = %[a(t —o)+b(t+a), a?=b?=1.

For a closed loop X(t,0 + £) = X(t, 0): it oscillates with a period T =

N s

Cosmic strings emit gravitational waves:
e Oscillation

e Kink: when X’ is not continuous



Nambu-Goto strings in flat spacetime

Cosmic string dynamics

In flat spacetime, it satisfies a wave equation whose solution is

X(t,0) = %[a(t —o)+b(t+o), al=b%=1.

For a closed loop X(t,0 + £) = X(t, 0): it oscillates with a period T =

N s

Cosmic strings emit gravitational waves:

e Oscillation )

e Kink: when X’ is not continuous
1 A
e Kink-kink collision ._A



Nambu-Goto strings in flat spacetime

Cosmic string dynamics

In flat spacetime, it satisfies a wave equation whose solution is

X(t,0) = %[a(t —o)+b(t+a), a?=b?=1.

For a closed loop X(t,0 + £) = X(t, 0): it oscillates with a period T = g

Cosmic strings emit gravitational waves:

e Oscillation

e Kink: when X’ is not continuous e
e Kink-kink collision ‘\\e

e Cusp: when X2 =1



Nambu-Goto strings in flat spacetime

Cosmic string dynamics

In flat spacetime, it satisfies a wave equation whose solution is

X(t,0) = %[a(t —o)+b(t+a), a?=b?=1.

For a closed loop X(t,0 + £) = X(t, 0): it oscillates with a period T =

N s

Cosmic strings emit gravitational waves:
e Oscillation
e Kink: when X’ is not continuous
e Kink-kink collision

e Cusp: when X2 =1




Signature in terms of gravitational waves (GW)

The waveform of the gravitational wave arriving at the detector is known! and looked for in GW
detectors
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!Vachaspati and Alexander Vilenkin 1985; Damour and Alexander Vilenkin 2000.



Signature in terms of gravitational waves (GW)

The waveform of the gravitational wave arriving at the detector is known! and looked for in GW
detectors
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The uncorrelated sum of all the GW signals produced by cosmic string loops constitutes a Stochastic

Background of GW.
1 dpaw

pe dln f

!Vachaspati and Alexander Vilenkin 1985; Damour and Alexander Vilenkin 2000.

Qew(In f) =




Number of cosmic string loops N (¢, t)

Continuity equation for the loop distribution

%(aBJ\/’) + 5;( % a3J\/> — (1) P4, 1)



Number of cosmic string loops N (¢, )

Continuity equation for the loop distribution

x5 o) = GEED

Loop production function

e One-scale model «ibble 1985 p
P, t) = C5<Z — a)
e VOS model Martins and Shellard 1996

L] CVOS model Auclair, Blasi, et al. 2023

P, t) = C6 E = a(t)}

e Power-law loop production function Lorenz, Ringeval, and Sakellariadou 2010; Auclair, Ringeval, et al. 2019

5 AN
P, t) = C(Z)




Number of cosmic string loops N (¢, t)

Continuity equation for the loop distribution

% (a®N) + % <a3N> =d®(t) P(L,t)

o dl/dt = —T'Glpr . vikenkin 1981

e Energy lost to cusps J. J. Blanco-Pillado and Olum 1999
o Energy lost to kinks Matsunami et al. 2019; Hindmarsh, Lizarraga, et al. 2021

df/dt = 7L7(€)FGILL Auclair, Steer, and Vachaspati 2020

|\/|u|t|p|e popu|ations Hindmarsh and Kume 2023 QéﬁvH) = fNGng\IVCD




GW constraints on vanilla cosmic string
models



Constraints on Cosmic Strings Using Data from the Third Advanced LIGO—-Virgo Observing Run
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Constraints on Cosmic Strings Using Data from the Third Advanced LIGO—-Virgo Observing Run
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Scenarios / Interpretations of the PTA signal
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. Figure: EPTA Credits: Antoniadis et al. 2023
Figure: Bayes factors for NANOGRAV 15 years credits: Afzal et al. 2023
e First-order phase transitions (PT) e Inspiraling supermassive black hole binaries
e Cosmic strings (STABLE/META/SUPER) (SMBHBs)
e Domain walls (DW) e Scalar-induced GWs (SIGW)



Future constraints on cosmic strings
from GWs




The Science of the Einstein Telescope 2503.12263

— ETA(ly) —— ET2L(ly) == Gu=10""" G =107 G =101
107° sest ET-A(10yr)  +++ ET2L(10yr) == Gp=10"'° Gp =108

Model A Model B

10° 10! 10? 10° 10! 10? 10°
[ [He] [ [Hz]

Figure 2.14: Forecast power-law-integrated GWB sensitivity of ET, compared with signals
from local Nambu-Goto strings of various tensions Gp. We consider both the triangular
configuration for ET with 10 km arms, and the 2L configuration with 15 km arms, misaligned
as in [16]; the solid black curves corresponds to one year of observations, while the dotted
black curve corresponds to 10 years. The left and right panels show the predictions for
models A [814] and B [815] of the loop network, respectively. Both models predict that, in
the triangle configuration, ET will be sensitive to Gy = 1071% after one year of observations
with SNR > 1.
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The Science of the Einstein Telescope 2503.12263

—— Model A
1074 Model B
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Figure 2.16: Expected rate of detected bursts in Einstein Telescope as a function of the
string tension for models A and B. In case ET does not detect bursts from cosmic string
cusps, the orange hatched region is excluded after 4 years of observations and the blue
hatched region is excluded after 8 years.
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Cosmic string gravitational wave backgrounds at LISA 2508.05395

Conventional templates

MQew (Y0P /08Q5 — 1) x 100 %

107]2
---- BOS
—vos -
NR L0 10
10-13 . . { . -20 " . I .
10°° 1074 10°° 102 107! 1 107 10 10 1072 107 1
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Figure 3. Left Panel: GWB spectra from a local cosmic string network for Gu = 5 x
107111071, 10712, ..., 107 %, obtained using the VOS model (Sect. 3.1, solid blue) and the BOS

model (Sect. 3.2, dashed orange). The g, g.s evolutions correspond to Saikawa-Shirai [185]. The
top gray dotted line is the LISA (AA-channel) noise sensitivity, while the other two gray lines are
the PLS curves with SNR = 100 and 10, respectively, and with Tops = 75% x 4 = 3 years (see
Eq. (5.6) for LISA PLS curve definition). Right Panel: The % relative difference of the predictions
from the VOS and BOS modelings, for different tensions Gu. Note that QP (f) < QEQP(f) for
all LISA frequencies.
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Cosmic string gravitational wave backgrounds

Including small loop population: LRS model

FQow R Qew
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Figure 5. GWB spectra from the LRS model (discussed in Section 4.1.1) of different Gy are shown
in red, in comparison to the GWB spectra from the BOS model in dashed orange (which includes
de running of g., g.s, contrary to the LRS modeling). The LRS spectra have their high-frequency
part enhanced by the existence of small-loop populations.
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Cosmic string bursts in LISA and repeated bursts (2023) 2305.1165 (PRD), 2306.08331 (PRD)

Motivations
e New observational signature in LISA, complementary to other detectors

e Impact of repetitions on sky-localization and parameter reconstruction

0.0 02 04 0.6 0.8 10
Time [Yz]
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Is fragmentation important?




Fragmentation in Minkowski Copi and Vachaspati (2011)

e Family of artificial loops with no angular
momentum

e Loops fragment significantly

e Stable loops are &~ squares with angular
momentum

FIG. 2. A sample initial loop with 10 harmonic modes. The
darker, thicker segments of the loop are nearer the viewer.

13



Fragmentation in Minkowski

e Family of artificial loops with no angular
momentum

e Loops fragment significantly

e Stable loops are &~ squares with angular
momentum

Copi and Vachaspati (2011)

Modes  Initial  Stable
Source  Segments (M)  Loops (N) Loops

Sp 287 10 20 561
CA 10 200
Present work 10,000 3 1,000
10,000 10 3,000

10,000 20 1,000 63,490

10,000 30 1,000 96,207

— 10,000 10 1,000 128,764

— 10,000 50 1,000 157,968

50,000 10 1,000 32,158

— 50,000 50 1,000 162,157

 Loops were also run with 256 segments without producing.
significantly more small loops

P The loops were rerun with 800 segments resulting in almost no
new daughter loops being produced.

TABLE 1. Parameters from_studies of loop fragmentation.
Modes refers to M in Eq The numbers provided here
are for the ned by SP and used by CA:
see the discuss for more details. For SP see

and for CA see [4]

13



Fragmentation in Minkowski Copi and Vachaspati (2011)

e Family of artificial loops with no angular

momentum Modes  Tnitial  Stable
Source  Segments (M) Loops (N) Loops

e Loops fragment significantly sp 12{’% 10 20 561
CA 601 10 200 5,723

. Present work 10,000 3 1,000 8,308

e Stable loops are &~ squares with angular 10000 10 3000 04628
10,000 20 1,000 63,490

momentum 10000 30 1,000 96,207

— 10,000 40 1,000 128,764

— 10,000 50 1,000 157,968

50,000 10 1,000 32,158

— 50,000 50 1,000 162,157

“ Loops were also run with 256 segments without producing

e Realistic loops? enifcantly mere sl loope

P The loops were rerun with 800 segments resulting in almost no
. new daughter loops being produced.
e Expanding background? g oo b
TABLE I. Parameters from studies of loop fragmentation.
. . Modes refe
e Typical fragmentation scale? are for th
see the discussion
and for CA see

ype A” loops defined by SP and used by CA;
r Eq. (@) for more details. For SP see

e Scaling with time?

13



The evolution of a network of cosmic string loops Copeland, Kibble, Steer (1998)

on of  on(tt)
o = bz, oL+ Jim, [n(¢,t)€] 6(6) — 3Hn(¢,t) (2.9)
+ / A0 — (€ n(f — ¢, 1)df < Term 1 (2.10)
0
+ /OOBM 0 (l, 1)l  Term 2 (2.11)
4
— (et / A+ 050,00, t)de < Term 3 (2.12)
0
0/2
— n(e,t) / B(', ¢ — ¢ 0)ar « Term 4. (2.13)
0

Figure: Rate equation including collisions and fragmentations of loops
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The evolution of a network of cosmic string loops Copeland, Kibble, Steer (1998)

Firstly suppose that £ < y < £/2. On these scales the loop is, by assumption, a
Brownian random walk, and we take B to be given by

v ¢ _
B(f—y,y;4)=(£—:fm (5>>y>>£>7 (3.3)

where ¥ is another relative velocity. To obtain equation (B3), consider one of the &
segments of the loop, and another such segment m =y /€ steps away. Then the straight

14



The evolution of a network of cosmic string loops Copeland, Kibble, Steer (1998)

critical value of ¢ was found to depend on a ratio of parameters of the model (9.3.3). In
an expanding universe we were also able to make some predictions for how we believe a
network of cosmic string loops might evolve. We suggested that either the loops disappear,
or that infinite strings are formed (section 9.4). These results may prove interesting in

light of the problems with the standard cosmic string scenario of structure formation [2].

I3 O due to the complicated nature of the rate equation, we have been unable to verify

ot resERto R e e eI, The reasons for this were indicated in section 9.5.

Figure: Final lines of Daniele Steer's PhD thesis

14



Nambu-Goto simulations with a new twist

Nambu-Goto simulations

e Loops are objects
e Fragmentations/collisions are events

e Can we store and use this information?

15



Nambu-Goto simulations with a new twist (Preliminary)

1201 | fragnentations|

a1 ISTEP LABOLD LABOLDA LAGELT LAGELS LGTHI LGTHI3 TIMEXCHG  ENEROLD ENERNEW/OLD ENERNEW
o 1 1o o3 100 esoasss  ojoacs 3325EH00 0045670 3232533000

1 oo o6 0w o8 4000 Gowe 007099 300 2284179 3229856000

31 aosw o 039 0540 4077 GioSaN1  OO70S25 IESE0 2027634 3233624000

31 aos0 os0 041 042 101 eiosat0 O07odoE 3232357000 004oE2s 3232307000

4 1 asw o 0% 0ss 0Ma 4TS 00703 NG00 101630 3221445000

ssat asse sewwn et st sTeens 1 1 lomo  ooonsz  ooonist 000203t

Nambu-Goto simulations sz asses sz sreswz sieswa seeRs 1 1 lowo  ooonst 0000713 0000438
ssey asseo oz srows semue sTeR7 1 1 100000 00003 0000503 0001s22

ss4 asse Siewwe Sreewe sreews sTeens 1 1 loo:s 00005 000026 0000283

0990974 0016182 o003z 0012328

e Loops are objects s e o e o s s

e Fragmentations/collisions are events ttisions

ISTEP LABOLD LABOLD.1 LABELT LABEL3 LGTHI1 LGTHI3 TIMEXCHG ENEROLD ENERNEW/OLD ENERNEW.

e Can we store and use this information? o1 e s a7 e aoeis oordss a0 raozam szissso

23 1 20579 20572 20580 20580 2243018 1995975 0070477 1115060000 992315400 21073760
28 1 20588 20577 20589 20589 1238993 2231363 0070475 615903900 1109306000 17252100
25 1 20587 2058 2050 20500 2007384 3470356 0070478 1490176000 1725270000 3215.4460
38 1 20606 20602 20607 20607 83380 5626405 0070489 414421400 2798631000 32130520
9457 28571 5767930 5768076 5768079 5768070 12 285240 0999664 0000282 228209900 2282192
9471 28573 5767880 5768099 5768106 5768106 20 25436 0999709 0015755 203619000 2036347
9481 28575 5768107 5767724 5768125 5768125 254442 16 0999747 203624800 0007147 2036320
9505 28578 5768132 S76B131 5768172 ST6EIT2 254431 21 oge71 203607200 0016843 2036281
9533 28580 5768191 5767654 5768227 5768227 285189 16 0999as 228176700 0012092 2281897

215655 rows x 11 columns

15



Nambu-Goto simulations with a new twist

(Preliminary)
A
4
ve
hV
T
/N\
Nambu-Goto simulations v
e Loops are objects )\P\. 1
P ! S S S
e Fragmentations/collisions are events ?/
e Can we store and use this information? \,.
/'/‘l/.\f”"i; ‘<

15



Nambu-Goto simulations with a new twist (Preliminary)

Nambu-Goto simulations

e Loops are objects
e Fragmentations/collisions are events

e Can we store and use this information?

15



Fragmentation in Nambu-Goto simulations (Preliminary)

—— Fragmentations
107 4 Collisions

10 5

103 4

102 4

Number of events per unit time in a comoving volume

T T
107! 10°
Time of exchange (physical)
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Fragmentation in Nambu-Goto simulations (Preliminary)
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Fragmentation in Nambu-Goto simulations

dP(y)/dy

—— 7 € [le-04, 1e-03]

102 4

10" 4

100 4

v € [1e-03, 1e-02]
— 7 € [1e-02, 1e-01]

——— oy 32

T
107!

T
1072

T T
1074 1073
y = Lenita/Lparent

(Preliminary)
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A model of cosmic string loop
fragmentation




Our simplified model 2508.11596

Copeland et al. 1998 but...

e No collisions A =0
e Only sub-Hubble loops = loop production function

e Simplified ansatz for the fragmentation function B

on ol an(L,t)

op = )z = = lim [n(6,0)0] 5(0) — 3Hn(L,1) (2.9)
+ /0 A= Ol (- ¢ 0)d0 — Term 1 (2.10)
+ /;(’ B(L, ¢ — 6 0)n(C,t)de « Term 2 (2.11)
— () /:O A+ €0, 0)n(e 8l < Term 3 (2.12)

/2
— n(t,t) /0 B¢ — 05 0)de' < Term 4. (2.13)

17



Our simplified model 2508.11596

Copeland et al. 1998 but...

e No collisions A =0

e Only sub-Hubble loops = loop production function

e Simplified ansatz for the fragmentation function B

Bly>& -y 0) = (&j{%@(y—ﬁH g (%) ¢ —v).

New Boltzmann equation - linear Integro-Differential Equation (IDE):

. 0/2
[*HN] + % [zaS(t)N] =P B)PE ) — PONEE [ By, 0)dy
3

)
ot
at 2¢

+a®(t) 3 B¢, )N (t, L) dL + a*(t) e B(L —¢,L)N(t, L)dL .

17



Unconnected Loop Model (ULM) — the idea 2508.11596

e Fragmentation rate = decay time

2/2
i = B(y,£) dy
3

18



Unconnected Loop Model (ULM) — the idea 2508.11596

e Fragmentation rate = decay time

2/2
i = B(y,£) dy
3

e Probability to be still alive &/
t
G(t) = exp {—/ ! dt} e v
B )
-/

18



Unconnected Loop Model (ULM) — the idea 2508.11596

e Fragmentation rate = decay time

2/2
i = B(y,£) dy
3

e Probability to be still alive &/
t
G(t) = exp |:—/ ! dt} /j . v
B )
o Lifetime b < >/
At =G7H(X), X € U(0,1)
) & /j At

18



Unconnected Loop Model (ULM) — the idea 2508.11596

e Fragmentation rate = decay time

2/2
i = B(y,£) dy
3

e Probability to be still alive &/
t
G(t) = exp |:—/ ! dt} q . v
b )
o Lifetime b < >/
At =G7H(X), X € U(0,1)
y o /_7 At

e The size of the fragmented loop y satisfies

/2
/By, ay=x [ B0y, X eu(.

18



Unconnected Loop Model (ULM) — does it work? 2508.11596

10% sources

102 101
o/t
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Unconnected Loop Model (ULM) — does it work? 2508.11596

10* sources
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Unconnected Loop Model (ULM) — does it work? 2508.11596

10° sources
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Unconnected Loop Model (ULM) — does it work? 2508.11596

10® sources

10*

103

n()

10?

10!

100

10~ 1=
103
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Unconnected Loop Model (ULM) — does it work? 2508.11596

107 sources
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Unconnected Loop Model (ULM) — does it work? 2508.11596

10% sources

19



Integro-Differential Equation (IDE) solver in scaling units 2508.11596

Scaling units: v = £/t and n(y) = t*N (¢, t)

- v/2
FG”% — Bv—=4)n(y) — n(v)/g # dz = —-Cé(y — )
a X 2y xZ
,/QW 7(&7)3/271(2) de[Y Wn(Z) dz .

Technical details

e Intermediate integrals

e Boundary at «

Adaptative steps: convergence and integral reconstruction

Solve for Inn(v)

e Implicit scheme — W_1(z)

20



Agreement between different methods 2508.11596

10° sources 108 sources

n(7)

21



Comparison between the two methods 2508.11596

o W o ]

o Parallelisable e Adding new features is trivial: GW radiation,
e Not manifestly scaling particle production, etc...

e Accurate on small scales e Accurate on large scales

e Discrete - fine structure e Fast and in finite time

e Numerical stability e Access to full distribution




Conclusion

e Observations are already here and will be more and more precise

There are tensions in our current approach to cosmic string predictions

e There are hints that fragmentation may play a role

Built a consistent (though idealized) model of fragmentation and numerical techniques to solve it

e ULM and IDE are complementary (consistency check, scaling VS non-scaling...)

23



Conclusion

e Observations are already here and will be more and more precise

There are tensions in our current approach to cosmic string predictions
e There are hints that fragmentation may play a role
e Built a consistent (though idealized) model of fragmentation and numerical techniques to solve it

e ULM and IDE are complementary (consistency check, scaling VS non-scaling...)

e Calibrate B on NG simulations

e Comparison with NG and AH simulations

23



Thank you




Cosmic string interpretation: NANOGRAV

N I SUPER-+SMBHB
. Bl SUPER
e NANOGRAV seems to favor Superstrings
but...
i — .
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Figure: Azl et al. 2023



Cosmic string interpretation: NANOGRAV

N I SUPER-+SMBHB
. Bl SUPER
e NANOGRAV seems to favor Superstrings
but...
* Qaw(f) = Qaw(f)/P |
e — .
—0.5F E
o —LOF
& -15F
2
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—25F i
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—12 11 —2 =i
logyg G logyo P

Figure: Azl et al. 2023



Cosmic string interpretation: NANOGRAV

N I SUPER-+SMBHB
. Bl SsuPER
e NANOGRAV seems to favor Superstrings
but... .
o Qw(f) = Qaw(f)/P
o Not a detection of P
e — .
—0.5F
Q —1.0F
& -15F
2
—2.0F
—2.5F i
i .
—12 —11 -2 -1
logyg G logyo P

Figure: Azl et al. 2023



Cosmic string interpretation: NANOGRAV

' " BN STABLE-N + SMBHB
e NANOGRAV seems to favor Superstrings
but...
o Qaw(f) = Qaw(f)/P | A
e Not a detection of P % ~15 E
e Not a detection with SMBHB Z% -16 3

YBHB

L

L L L H
—-12  -10 —16 —15 4 5
logy G log,o ABHB YBHB

Figure: Azl et al. 2023



Cosmic string interpretation: NANOGRAV

B STABLE-N + SMBHB

NANOGRAV seems to favor Superstrings
but...

Qaw(f) = Qaw(f)/P w‘ T
Not a detection of P

Not a detection with SMBHB

STABLE-C  Only cusp emission
STABLE-K  Only kink emission

BOS model = { STABLE-M  Only fundamental mode
STABLE-N  Numerical GW emission

[ ]

|
—
=
1

|
—
=

1

)
logyo ABHB

YBHB

L L L L H
-12 -10 —16 —15 4 5
SUPER Factor 1/P logyo G logyo ABHB YBHB

Figure: Azl et al. 2023



Cosmic string interpretation: EPTA

[ BOS model
1 LRS model
{=_1 BOS+SMBHB model
i~ 1 LRS+SMBHB model

e EPTA studied the BOS? and the LRS?
models

5 N o
5 =) 3

Posterior distribution

0.5

—115 —11.0 -105 —100 -95 -90 -85
logyy G

0.0

Figure: Antoniadis et al. 2023

?Jose J. Blanco-Pillado, Olum, and Shlaer 2014,
bLorenz, Ringeval, and Sakellariadou 2010.
“Quelquejay Leclere et al. 2023.



Cosmic string interpretation: EPTA

[ BOS model
1 LRS model
{=_1 BOS+SMBHB model
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What is the deal with Nambu-Goto
models?



Model LRS

Lorenz, Ringeval, Sakellariadou (2010)

e Loop number density of all loops
Cosmological evolution of cosmic string loops
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Model LRS Lorenz, Ringeval, Sakellariadou (2010)

e Loop number density of all loops

° Ana|ytica| model of 2.2. Loop production function
Polchinski-Rocha The scaling law of Eq. implies that, once the scaling regime is reached, #'F(v,t)

should be a function of v only.
t"P(7,t). Following Refs.
law, namely

From Eq. (I2)), we expect the same to happen for
, we moreover assume that this function is a power

PPy, 1) =™, (13)
where ¢ and y are two parameters that will be fixed to fit Eq. (2). However, according to
our discussion of Sec.[1] the above expression is only valid for a range of v values where
gravitational backreaction effects can be neglected. Hence, Eq. holds for values of

~ greater than
Qe

fe

~ T(GU), (14)

1—-v
where T is a number O(10) [50]. The parameter x in this expression is expected to
be the same as in Eq.

3), given that the gravitational backreaction length scale is
precisely derived from the same two-point correlators used in the PR model to obtain
Eq. (see Ref. [50]). In our phenomenological approach, we consider 7. as a free



Model LRS Lorenz, Ringeval, Sakellariadou (2010)

e Loop number density of all loops

e Analytical model of
Polchinski-Rocha Cosmic string loop distribution on all length scales and at any redshift 18
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Model LRS Lorenz, Ringeval, Sakellariadou (2010)

e Loop number density of all loops

e Analytical model of

Polchinski-Rocha Cosmic string loop distribution on all length scales and at any redshift 18
. T e A B e e e e e
e Matching on the loop number
0 10°E .
density
o°F

e 40 ppcl in initial conditions

Caveats <

e Small-scales are very

model-dependent

10 Toma Yera Y
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e “Energy balance”

e “Legacy code”




Model BOS

Blanco-Pillado, Olum, Schlaer (2014)

e Loop production function of stable loops =

FIG. 2. The loop production rate f,(a) scaled by a2, as a function of a on a logarithmic scale.
Because [ a%2f,da = [a®/2f,dIna, the area under the curve on the left gives the contribution of

each region of o to Eq. (16). The

right-hand panel is the same with a logarithmic vertical scale.
Notice that the non-scaling peak at a ~ 10~ contributes a negligible fraction of loops.

FIG. 8. The loop production rate f(a) scaled by a2, The non-sealing peak represents a subdom-
inant contribution to the total number of loops, although it may contribute significantly to the
small loop sub-population. The dotted line shows the approximation of Eq. (30). Note that the
non-scaling peak would be more prominent in these graphs if we were to use the scaling energy
instead of the rest mass of the loops. See the corresponding fignres in [48]. This is due to the fact
that most of the energy of the small loop population s in kinetic energy, not rest mass.



Model BOS Blanco-Pillado, Olum, Schlaer (2014)

e Loop production function of stable loops
e Analytical model “one-scale model”

e Infer the loop number density

Using Egs. (16) and (17), and a delta-function approximation for f,(a) peaked at the
typical loop production size a = 0.05, we can approximate the loop spectrum by

~0.520(0.05 — a)
(a+TGu/2)"?’

n,(a) (18)

where © is the Heaviside step function



Model BOS Blanco-Pillado, Olum, Schlaer (2014)

03
e Loop production function of stable loops
e Analytical model “one-scale model”
e Infer the loop number density -
e Also measured the loop number density in
(2019)
%looor

FIG. 1. Loop de
simulations of
differes
Compare with more than 7 orders of magnitude in Fig. 3 of Ref. [16] and 14 orders of magnitude
in Fig. 9 of Ref. [19]

iation era at the conformal times listed, computed from five
has been multiplied by #2% to make small

aling loop densi

rtical scale ranges only

of a factor of 3 in loop density.



Blanco-Pillado, Olum, Schlaer (2014)

Model BOS

% n(x)

e Loop production function of stable loops
e Analytical model “one-scale model”

e Infer the loop number density

e Also measured the loop number density in ‘
(2019) [
[ [ I [ 1383 X
| | | | 1942
[ 2727 —o—
[ | | | 3828 —e \
| | | s34 —a—
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FIG. 2. Loop densities in the matter era at the conformal times listed, computed from two si
50. The scaling loop density has been multiplied by 22 to make small differences
e ranges only over of a factor of 3 in loop density ared with 6

orders of magnitude in Fig. 3 of Ref. [16] and 11 orders of magnitude in Fig. 6 of Ref. [19].



Model BOS Blanco-Pillado, Olum, Schlaer (2014)

Loop production function of stable loops

L]
e Analytical model “one-scale model”
e Infer the loop number density

1 an expand
e cosmol

a non-
a new

ogical friction,

e Also measured the loop number density in
(2019)

o flect to be negligible for any loop of size signil
smaller than the Hubble distance. We have checked that this is not an important ¢
letting non-self-intersecting loops oscillate a number of times before being removed. The

Small-scales are neglected 1 ppcl

e Fragmentations are neglected

Scaling is assumed for 5P




Model BOS Blanco-Pillado, Olum, Schlaer (2014)

e Loop production function of stable loops
e Ana Iytical model “one-scale model” Appendix A: Infinitely difficult cosmic string loops

; We have identified some new features of Nambu-Goto cosmic strings which are impractical
o Infer the |Oop number dens|ty to faithfully simulate. One of these features can be called a “skipping stone.” It occurs in

particular h to good approximation is piec

Tncar with five or six Kinks, and which collides with a long straight segment of string. The

e Also measured the loop number density in collision may oceur in such a way as to break off a loop again immediately afterward, one
(2019)

s energy but precisely the same shape.

The problem is that the smaller loop will then repeat this process, skipping off the long
string again and again, losing encrgy cach time, but never changing shape. Just as a skipping
stone leaves behind a geometric series of ripples, this loop will perform (in the Nambu-Goto
approximation) an infinite number of intercommutations, leaving behind a geometric series
of kinks on the string.

o Small-scales are ne glected 1 ppcl Such a physical process represents a nightmare for a numerical simulation which Las 1o
minimum resolution, since each of these ripples will be recorded and evolved.
. To avoid the tremendous computational resources required to simulate these rare skipping
) Fl’agmentatlons are neglected stones all the way down to the minimum size set by the floating point resolution, we have
intentionally failed to perform a certain, very small number of intercommutations. These
e Scaling is assumed for t°P




Limits

We will compare our results with those of Refs. [16} 20]. Both references claimed that
the scaling loop distribution at small z was a power law, which we will write n(z) = Ca~".
In that notation, Ref. @] found

2

o Matter era is steeper than ~~ C=0.08%0.05 B =2.600% (radiation) (1)
C=(15+05)x107? B =2417008 (matter) . (2)

Meanwhile, in Ref. @] we found

C=0.18
C=027

. (radiation) (3)
2.0 (matter). (4)

by extrapolating from the loop production function.

Figure: Blanco-Pillado, Olum (2019)



Limits

e Matter era is steeper than v~

2

%2 n(x)

0.1 o L L ye
%10 1x10° 1x10° 00001 0.001 0.01

FIG. 2. Loop densities in the matter era at the conformal times listed, computed from two simu-

of size 750. The scaling loop density has been multiplied by 2 to make small differences

scale ranges only over of a factor of 3 in loop density, comp
- [16] and 11 orders of magnitude in Fig. 6 of Ref. |

orders of magnitude in Fig. 3 of R

Figure: Blanco-Pillado, Olum (2019)




Limits

e Matter era is steeper than v~

e Efficiency factor F in VOS

2

lengths at formation. The effect of relaxing this assumption was studied in ref. [95], where

it was found that considering a distribution of lengths generally leads to a decrease of the
amplitude of the SGWB. To account for this effect, we introduce a second factor, F, which
in ref. [101] was estimated to be O(0.1) for Nambu-Goto strings. Taking these correction

factors into account, we rewrite the loop production function in (3.13) as
e ; .
flx) = I3 Co(x—arf)=Ad(x—arf) . (3.15)
-

[101] J. J. Blanco-Pillado, K. D. Olum and B. Shlaer, Phys. Rev. D89, 023512 (2014),
[1309.6637], 10.1103/PhysRevD.89.023512.

Figure: Probing the gravitational wave background from cosmic
strings with LISA (2019)



Limits

o Matter era is steeper than v 2

e Efficiency factor F in VOS
e Disagreement with Field-Theory

simulations - how is energy
transported to smaller scales

Revised bounds on local cosmic
strings from NANOGrav observations

Jun’ya Kume®"¢ and Mark Hindmarsh®¢

completely unknown. In Ref. [53], (a part of) this uncertainty in their distribution was pa-
rameterised by allowing a fraction fxg of loops to survive to radiate only gravitationally.
Subsequently in Ref. [2], it was assumed that all the AH loops would have the same length
distribution as in an NG network n(l,t), and hence that the distribution of NG-like loops
would be fngn(l,t). Then the SGWB from NG-like distribution in the AH string network is
quantified as

QA = fyefNO). (2.1)

We follow this quantification and discuss possible models of NG loop distributions in the rest
of the section.
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