Parametric resonances in domain

walls and cosmic strings

Daniel Jiménez-Aguilar

U.nlverSIty Of the Basque Country Universidad  Euskal Herriko
Bilbao, Spain del Pais Vasco  Unibertsitatea

Saturnalia 22 Workshop, University of Zaragoza
December 20, 2022

Based on
https://arxiv.org/abs/2209.12945
https://arxiv.org/abs/2212.06194

In collaboration with Jose J. Blanco-Pillado, Jon Urrestilla and Jose M. Queiruga

s 2012722


https://arxiv.org/abs/2209.12945
https://arxiv.org/abs/2212.06194

CONTENTS

1. Motivation

2. Internal excitations of domain wall strings
2. 1. Static solution and spectrum of perturbations
2.2 Radiation from shape mode excitations
2.3. Radiation from zero mode excitations

3. Dynamics of bare domain wall strings
3. 1. The Nambu-Goto action

4. Dynamics of excited domain wall strings
4.1. Parametric resonances in field theory simulations
4 2. Dynamical excitation of the shape mode

5. Dynamics of excited global strings
5.1. Static solution and bound states
5.2. Parametric resonances in field theory simulations

6. Conclusions

2 20/12/22



1. MOTIVATION

To understand the discrepancies between Field Theory (FT) and Nambu-
Goto (NG) simulations of cosmic strings.

FT simulations: equations of motion coming
from FT action. Computationally challenging.

NG simulations: infinitely thin strings,
equations of motion coming from NG action.
Less costly computationally.

Strings in large scale FT simulations do not
behave as the NG action predicts.

mmsd> Different predictions regarding
gravitational wave emission.
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1. MOTIVATION

Possible explanation: strings in FT simulations are endowed with
extra energy that may alter their expected (NG) dynamics.

Extra energy can be stored in the cores of the strings for long periods
of time in the form of bound states.

Does this extra energy play a relevant role in the dynamics of strings?

==> Domain walls in 2+1 dimensions (domain wall strings)
==) Global strings in 3+1 dimensions
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2. INTERNAL EXCITATIONS OF DOMAIN WALL STRINGS

2.1. Static solution and spectrum of perturbations

Real scalar field in 241 dimensions:

V(g) = (/) —n°)

S = / d*x ngamayqs -V (qb)]
|
d—V3p+ A (¢ —1*)p=0 /\ . ¢

Mass of small fluctuations about the vacuum: m = v2An
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2. INTERNAL EXCITATIONS OF DOMAIN WALL STRINGS

2.1. Static solution and spectrum of perturbations

d—V3p+A(¢* —1*)p=0

Spatially homogeneous solutions: String thickness: 0 ~ m™

= +n (vacuum)
¢ = 0 (unstable) |
Static domain wall string solution:
mx
O () = ntanh (77) -
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2. INTERNAL EXCITATIONS OF DOMAIN WALL STRINGS

2.1. Static solution and spectrum of perturbations

Spectrum of perturbations around the static domain wall solution:

Eq. of motion

(b(t,x,y) :¢K ($)—|—¢(t,x,y) —— ?L—

V2 + X [3¢% —n?] ¥ =0

_fqlv,, (z) + U () fn (.CC) — Q%fn (1) ) (L, 3,7) ei(kny_wnt)fn (z)

QZ T Scattering states

Bound state (shape mode)

n

|—> Zero mode

2 2
_wn_kn
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2. INTERNAL EXCITATIONS OF DOMAIN WALL STRINGS

2.1. Static solution and spectrum of perturbations

Zero mode. It corresponds to rigid translations of the string.

potor = [ o (%) =

Scattering modes. Travelling waves in the asymptotic limit (radiation).

) 4 2 6
o) = o (55) <1 2~ L ()] 0, = Vo

Shape mode. Deformation of the core of the string.

fi(x) = \/?Sinh (%) cosh ™ (%) L0y = ?m

Due to the non-linearities, it couples to the scattering
modes and its energy is slowly radiated away.
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2. INTERNAL EXCITATIONS OF DOMAIN WALL STRINGS

2.2. Radiation from shape mode excitations
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2. INTERNAL EXCITATIONS OF DOMAIN WALL STRINGS

2.2. Radiation from shape mode excitations

o (t,x) = dr (x) + A(t) fi (x)cos (Qt) + R(t,z), R(t,z): radiation field

Energy stored in the shape mode: AE o A2 A ) 1
0.02 \/121 (0)7% + at
0.01
Manton and Merabet, 1997
121 0
-0.01 @
-0.02 | LI
0 — | | | LT
-0.03 AR RARAIRIAR! ) 7: decay time scale
-0.02 . ‘
’004 | | | | | 0 | | | ooql

o 2 4 6 8 10 12 14 16 18 20 x10%

Number of oscillations
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2. INTERNAL EXCITATIONS OF DOMAIN WALL STRINGS

2.3. Radiation from zero mode excitations

The zero modes also couple to the scattering states.
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2. INTERNAL EXCITATIONS OF DOMAIN WALL STRINGS

2.3. Radiation from zero mode excitations

The string can also radiate if it is highly curved.

Fraction of extra energy
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k=0/R
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Processes of energy loss:

1) Coupling to the scattering
states (perturbative
radiation)

2) High curvature (non-
perturbative radiation)
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3. DYNAMICS OF BARE DOMAIN WALL STRINGS

3.1. The Nambu-Goto action

Coordinates of the string : X* (50, £ 1) A worldsheet  world volume

¢¥ and ¢! are the string worldsheet coordinates worldline

\

time

¢
Yab — gaﬁaaXaabXB 55‘?@
Worldsheet metric

particle
= /Toodaz = (%\) m?

Energy per unit length
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3. DYNAMICS OF BARE DOMAIN WALL STRINGS
3.1. The Nambu-Goto action

The NG equation of motion
should be valid in the
absence of shape mode and
high curvature regions.

0 ——




3. DYNAMICS OF BARE DOMAIN WALL STRINGS

3.1. The Nambu-Goto action

9|/n
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3. DYNAMICS OF BARE DOMAIN WALL STRINGS

3.1. The Nambu-Goto action

91/

In white: Nambu-Goto prediction
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations

The shape mode alters the equation of state of the string.

For ¢ (t,z,y) = ¢ (x) + 0 (t) f1 (z), with 0 () ~ A cos (Qt),

9 VX, ' 9 VX '
~ 1+ A? ~ —u |1+ 20t
Ha “( 3v/2 1) ) s 8v2 7 A7 cos (260t)

Oscillating tension — Amplification of transverse perturbations

Rayleigh, 1887
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations

1
S = /d2§\/—7 {—u + —~9,00,60 — V (6)

2
8a [\/ —y (,U/yab — Tab) abXp] — () T?: energy-momentum tensor of 6

l X' =1 (t,y) = D (t) cos (woy)

6’2 Mathieu equation

. 5

D —+ Wp (1 — — | D=0 Amplification of wiggles of frequency wg = Ql
9!
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.2. Parametric resonances in field theory simulations

-10 -5 0 5 10

X

19 20/12/22

[
=

12 |@]/n

y
b & A vV O N & o =

s
(S




4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations

Instability for wg = €21 /2

¢ (L, z,y) = ¢k (x) + A(t) f1 (2) + D (t) fo (x) cos (woy)

L b L(A,A,D,D)

A(t) + g 1+ CiDA(6)] A(t) + 6CoA%(1) + 22 A1) + 3;72 D*(t) = 0,
D(t) + [wg + 6CLA(t) + 3C1A%(t)] D(t) + 9?93( t)=0,
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations

D+wiD =0— D = D cos (wyt) '

ve 3 I 302 2_ ...IE.IE:-IIIIE-j;‘-
A+ A+ 72D =0 wO/Ql

21 20/12/22

While D is small: sf
A+gA=O—>A=ACOS(Qlt) A
D+ (wg +6C2A4) D =0 -l

A

When D is big:




4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations

1
S = /d2§\/—7 [(a +BR)O — u+ gfyabﬁaﬁﬁbé’ —V (0)] o
Einstein tensor (=0

‘R: Ricci scalar of the string worldsheet /

Mc.:b _ 2(0:’-|— ﬁe) Gab _I_H,Yab _I_Tu:uhlJ
0o [V/—=7 (M —28F) 9,X"] =0

Fab _ ,Yac,ybdvcvdg L ’Yﬂbvc (,chvde) _

Xt =9 (t,y) = D (t) cos (woy)

. 208 ..
D+w§(1+—6 )D:()

Instability for

wWo 291/2

14
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations

9|/n
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations

ot 2,y) = ¢x (x) + A(t) f1 (z) cos (ksy) + D1 (t) fo (x) cos (kry) + D2 (t) fo (x) cos (k2y)

L (A,A,Dl,Dl,Dg, Dg)
3 |
A(t) + 5 [1+ k2] A(t) + C3D1(t)Da(t) = 0,
Dy(t) + ki Dy(t) + C5A(t) Da(t) = 0,

i} , )
Mettler. 1967 D (t) + k3 Do(t) + C5A(t) Da(t) = 0,

S ks s ks . 3
Amplification for ki = w _2|_ and ko = Y 5 , with wg = \/— + k2
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.1. Parametric resonances in field theory simulations

The energy stored in the shape mode decays faster due to the resonance phenomena.

9

¢(t=0,2,y) = ¢ (x) + Af (x) + eD f, (x) cos (7y>
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.2. Dynamical excitation of the shape mode

The shape mode can play a relevant role in the
dynamics of the strings for t < 7.

AN

Decay time scale of the shape mode

However, we should not expect it to be important at
cosmological time scales t >> 7.

Can the shape mode be reexcited?

29 v—



4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS
4.2. Dynamical excitation of the shape mode

20/12/22




4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.2. Dynamical excitation of the shape mode

Only wiggles of frequency wg = €21 /2 can repopulate the shape mode.
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.2. Dynamical excitation of the shape mode

wWo %91/2
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4. DYNAMICS OF EXCITED DOMAIN WALL STRINGS

4.2. Dynamical excitation of the shape mode

Amplitude
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5. Dynamics of excited global strings

5.1. Static solution and bound states

Complex scalar field in 3+1 dimensions:

V (ol = 5 (8]* )’
S = [z i0,6°9"6 ~ V (0]

. \
6=+ (16 —n*) ¢ =0

Relg)
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5. Dynamics of excited global strings

5.1. Static solution and bound states

Static global string solution: ¢, (r,0) =nf (r)e? | N =1

(N > 1 solutions are unstable)

T T T

The presence of other strings at an average
distance r = R prevents the energy from
diverging.

R
[bs = fcore T 27”72 log (5)

10 15 20
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5. Dynamics of excited global strings

5.1. Static solution and bound states

Radial part Angular part

Expanding about the vacuum,

p=V2+E, a=n0+x

L = %aﬂgaﬂg + %@LX@“X — %)\77252 ‘ Radial perturbations are massive: m, = \/Xn

‘ Angular perturbations are massless
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5. Dynamics of excited global strings

5.1. Static solution and bound states

Radial perturbations: ¢ (7,0, 2,t) =7 [f (r) + s (1) cos (w;t — ka)] e’

d2sU) 1 ds()
dr? r dr

. . 1 1
FU ()9 () =020 (), U) m2 =2 32 0) — 1]+, 9 =w? — K

D.ﬂﬁ T T T
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5. Dynamics of excited global strings

5.1. Static solution and bound states

¢ (r,0,t) = ¢s (r,0) + s\ (r) A, (t) e + R(r,0,t), R(r,60,t): radiation field

>
o
~~
Ny
~—
I
>

2(0) + ajt a; = 0.00218 , ap =2.77x 1077

|
< 04 | 0.2 4 < 04 F 0.2 .
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—02 i 02 L |
_ » l B —0.8 | -
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5. Dynamics of excited global strings

5.2. Parametric resonances in field theory simulations

Oscillations of the shape mode can amplify the zero modes (0,¢s, 0y ps)

-20
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5. Dynamics of excited global strings
5.2. Parametric resonances in field theory simulations
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5. Dynamics of excited global strings

5.2. Parametric resonances in field theory simulations

. 3 1
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5. Dynamics of excited global strings

5.2. Parametric resonances in field theory simulations

The energy stored in the shape mode decays faster when the amplification takes place

08 No amplification
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5. Dynamics of excited global strings

5.2. Parametric resonances in field theory simulations

Massless radiation is emitted as a consequence of the resonance

1:2

Massive
08
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6. CONCLUSIONS

* Non-linear interactions between the internal modes give rise to resonance phenomena which are
not captured by the Nambu-Goto action. These processes are responsible for a faster decay of the
energy stored in the shape mode.

Domain wall strings

* The Nambu-Goto action provides a good description of the dynamics as long as the shape mode is
not excited and there are no regions of high curvature.

* Presumably, the shape mode does not play a relevant role at late times in a cosmological setting.
Collisions of wiggles do not repopulate it unless the frequency of the waves is half the frequency of
the shape mode.

Global strings
 The amplification of zero mode perturbations enhances the emission of massless radiation. This
could be relevant for calculations of axionic dark matter abundance from cosmic string networks.

Future plans:
- Can string reconnections excite the shape mode?
- Spectrum of perturbations and role of bound states for local strings.
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