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* GWs from metastable cosmic strings

« Spontaneous U(1)_, breaking as the
origin of the hot early Universe

 Ultra-high frequency Gws — a future probe?

radio telescope EDGES
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cosmic strings in a nutshell

© one-dimensional topological defects formed in an early Universe phase transition

© symmetry breaking pattern G — H produces cosmic strings iff IT,(G/H) # 1

© form cosmic string network, evolves through

string (self-)intersection & loop formation

emission of particles and gravitational waves
Allen & Shellard "90
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metastable cosmic strings

. Vilenkin "82; Leblond, Shlaer, Siemens "09;
consider 50(10) — Gsp X U(l)B—L — Gsum Monin, Voloshin *08/09: Dror et al *19

I (Gsm x U(1)/Gsm) =11, (U(1)) #1  —9  cosmic strings
1, (SO(10)/Gsar) = 1 —p N0 cosmic strings
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metastable cosmic strings

. Vilenkin "82; Leblond, Shlaer, Siemens "09;
consider 50(10) — Gsp X U(l)B—L — Gsp Monin, Voloshin 08/09; Dror et al 19

I (Gsm x U(1)/Gsm) =11, (U(1)) #1  —9  cosmic strings
1, (SO(10)/Gsar) = 1 —p N0 cosmic strings

resolution: no topologically stable cosmic strings

SO(10) = Gsm x U(1)p-1 generates monopoles
metastable
string &
monopole
network
Gsy xU()p_p = Gsum generates cosmic strings,
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metastable cosmic strings

Vilenkin "82; Leblond, Shlaer, Siemens "09;

consider 50(10) — Gsp X U(I)B—L — Gsum Monin, Voloshin *08/09: Dror et al *19

I (Gsm x U(1)/Gsm) =11, (U(1)) #1  —9  cosmic strings

1, (SO(10)/Ggnr) = 1

— No cosmic strings

resolution: no topologically stable cosmic strings

50(10) — GSM X U(l)B_L

cosmic inflation

GSM X U(l)B_L — GSM

Ly~ pexp(—7x®), & =m?/p

Probing the GUT scale with GWs

generates monopoles

metastable

_ string &
dilutes monopoles monopole

network
generates cosmic strings,

decay via nucleation of monopoles

@~ v%_;  string tension
m ~ vgur monopole mass
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metastable cosmic strings

. Vilenkin "82; Leblond, Shlaer, Siemens "09;
consider 50(10) — Gsp X U(l)B—L — Gsp Monin, Voloshin 08/09; Dror et al 19

I (Gsm x U(1)/Gsm) =11, (U(1)) #1  —9  cosmic strings
1, (SO(10)/Gsar) = 1 —p N0 cosmic strings

resolution: no topologically stable cosmic strings

SO(10) = Gsy x U(1)p—r, generates monopoles
metastable
o _ string &
cosmic inflation dilutes monopoles monopole
network
Gsy x U1 p_1 — Gsum generates cosmic strings,

decay via nucleation of monopoles

2 . .
U~ vg_ string tension
Ly~ pexp(—mk?), K*=m?/u oot

m ~ vgur monopole mass

see also David Dunsky's talk
Probing the GUT scale with GWs 4124 Valerie Domcke - CERN



gravitational wave signal - SGWB

see eg. Auclair, Blanco-Pillado, Figueroa et al "19

gravitational wave emission from integration over loop distribution function:
GW power spectrum of a single loop

87 f(Gu)?
Qaw(f) = 3H2 m # of loops emitting GWs

observed at frequency f today
2n Zmax

# of loops with length ¢ at time t

with £ =2n/((1+ 2)f)

cosmological history
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gravitational wave signal - SGWB

see eg. Auclair, Blanco-Pillado, Figueroa et al "19

gravitational wave emission from integration over loop distribution function:

GW power spectrum of a single loop

87 f(Gu)?
Qaw(f) = 3H2 m # of loops emitting GWs

observed at frequency f today

# of loops with length ¢ at time t

with £ =2n/((1+ 2)f)

cosmological history

Nl 2) = N (€, 2)yo0 x e Talli—ta)+1/20GRE—t)] s 9(at, — £(t,))  finite CS life time

number density decay due to monopole loop production only
for stable strings ~ production and GW in scaling regime

N, (¢,t) = 0.18 t=3/2(¢ + 50Gut)~>/* emission
Blanco-Pillado, Olum, Shlaer ‘14

Buchmiller, VD, Schmitz 21
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gravitational wave signal - SGWB

see eg. Auclair, Blanco-Pillado, Figueroa et al "19

gravitational wave emission from integration over loop distribution function:

GW power spectrum of a single loop

87 f(Gu)?
Qaw(f) = 3H2 m # of loops emitting GWs

observed at frequency f today

# of loops with length ¢ at time t

with £ =2n/((1+ 2)f)

cosmological history

Nl 2) = N (€, 2)yo0 x e Talli—ta)+1/20GRE—t)] s 9(at, — £(t,))  finite CS life time

number density decay due to monopole loop production only
for stable strings ~ production and GW in scaling regime

N, (¢,t) = 0.18 t=3/2(¢ + 50Gut)~>/* emission
Blanco-Pillado, Olum, Shlaer ‘14

Buchmiller, VD, Schmitz 21

GW contribution from loops > GW contribution from segments
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gravitational wave spectrum

stable cosmic strings metastable cosmic strings
(highly cor%ined by PTA) discovery space for LISA, LIGO & beyond

e |
PTA Tl LISA L LGo
[

1078

z 10710¢
o
G
od
-
1072
-14 . . .
10710 107
\/E ~ USO(lO)/UU(l) f [HZ] Buchmuiller, VD, Schmitz "21

IESROERE S Goux Wih va-1 S vur can be tested with GWs
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NANOGrav: A first glimpse of the SGWB?

Pulsar timing array NANOGrav, Sept 2020:

“Our analysis finds strong evidence of a
stochastic process, modeled as a power-law,
with common amplitude and spectral slope
across pulsars.”

lOFF A T T T L -
s ; ]
'g 05~ -
N T N - : | - _—
o 00F | SJ Y- - ~However, we find no statistically significant
Lj - - ) evidence that this process has quadrupolar
2 _oskE . spatial correlations, which we would consider
< B = i necessary to claim a GWB detection
10 A ] consistent with General Relativity.*
0 50 100 150
€ (deg)

NANOGrav collaboration “20
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Parkes Pulsar timing array

PPTA 21, 2107.12112

1.0
<
. = 0.5+
N g
o = ] A
< /,\/b;- g 0.0
: g
=l NI —
IS %
= —0.5
<:3 _
~
_]_.O T ! I 1 I I
0 30 60 90 120 150 180
Y Angle between Earth — pulsar baselines, ( [deg]
amplitude and spectral tilt no significant deteption of _
compatitive with NANOGrav quandropolar spatial correlation

Maybe. Stay tuned fo_
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metastable cosmic strings at PTAs ?

107"¢ PTA bound (2015) 1
9.2 5
107°}
N | .
| S B~ |
C 09—t _
™ 10 r NANOGrav o, SRS ey e - H\—‘
"“"-"g"' *fj.?‘ "_. _ __M :
C 10-1{] ]
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10—12 -
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Cosmological B-L breaking

Buchmiiller, VD, Schmitz "12,
. . . Buchmiller, VD, Kamada, Schmitz "13+'14
extend SM by gauging U(1);, & adding 3 RH neutrinos: Buchmiller, VD, Murayama, Schmitz “19

U(1)g, unbroken: hybrid inflation

U(1), breaking: cosmic strings, tachyonic preheating \\\“\\
i\

U(1)s, broken: reheating, leptogenesis, DM
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Cosmological B-L breaking

Buchmiiller, VD, Schmitz "12,
. . . Buchmiller, VD, Kamada, Schmitz "13+'14
extend SM by gauging U(1);, & adding 3 RH neutrinos: Buchmiller, VD, Murayama, Schmitz “19

U(1)g, unbroken: hybrid inflation
U(1)s, breaking: cosmic strings, tachyonic preheating

U(1)s, broken: reheating, leptogenesis, DM

Inverse temperature M./ T

=77 | gauge 402 10" 10° 10 10> 10°
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"4 | B-LHiggs ] R
+ inflaton i
N % 1045? S _
. right-handed I
i 40
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@
i z : G
radiation + 0 10357 ]
B-L asymmetry '% F ( N th
v 1P
gravitinos 103%0" ]
- higgsino/wino DM i
|:| tachyonic preheating 1025; -
,,,,, p fastprocess N R R T R R R N I
—_pp slowprocess 100 101 102 103 104 105 106 107 108

Scale factor a/apy _
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leptogenesis

ne(M,M7)
10%3¢ f
10125 f thermal and non-thermal
] contribution to leptogenesis
10 G
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parameter space

Buchmiiller, VD, Schmitz "12,
Buchmiiller, VD, Kamada, Schmitz 13+ 14
Buchmiuiller, VD, Murayama, Schmitz "19

1{}12

100 PeV parameters:

Minimal dark 1 m
inimal dar ] ?}B_L,Trh,ml,m3/27mLSP

matter mass

1{'}1 1

min

106

100 MeV

10° 10 MeV

-~ M sp ]

3 o0l T T *=o observables:

2 10 Ay, ng, Q

£ 10 PeV ] syNs,34DM 5 TB

E 10°F Maximal dark _

g matter mass 100 TeV ]

= max -

5 18] —= —x=0 -

2 : ] viable parameter space well
g § ; constrained, in particular

£ w : B-L breaking scale ~ O(1) x 10 GeV
2 ; :

— metastable cosmic strings

X=0] = mimemrmimsmimr i mi e

1MeV . x . ; . .
0 1x10® 2x10"® 3x10® 4x10"® 5x10® 6x10°
Symmetry—breaking scale vg_1 [GeV]

X
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Probing the GUT scale with GWs

parameter space of metastable strings

ve-L / [In(8 g?/A)]'? [GeV]
102 10"

Buchmiiller, VD, Schmitz "12

Buchmdller, VD, Murayama, Schmitz "20

B | S

1
1
1
1
1
1
1
|
|
1
1
1

LISA ob_servable_

10'°

7}
6l =
_ %'
5 1 [ 1 [ L 1 L 1
10712 1010 1078 1078
Gy

metastable GUT- scale strings arm
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Probing the GUT scale with GWs

parameter space of metastable strings
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Prospects for GW searches

9.2

9.0
Design Sens.

8.8}

8.2t

8.0 LISA Sens.

78, e R
-11 -10 -9 -8 -7
LogoGu

PTA hint will be probed with interferometers
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challenges in UHF GW detection

BBN bound

rly\Universe
B hysics

Theorists are joyful people
>

frequency

CMB/BBN bound constrains energy
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challenges in UHF GW detection

A \/
BBN bound \/ \/
rly\Universe T
B hysics T~
y \\\8\8/\/ o,
Experimentalists live 27
Theorists are joyful people on a slippery slope
> >
frequency frequency
QGW XX f2hg

CMB/BBN bound constrains energy experiments measure displacement
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challenges in UHF GW detection

BBN bound

rly\Universe
B hysics

Theorists are joyful people
>

frequency

Experimentalists live
on a slippery slope

T~ \OUOQ’

>

frequency

Qaw o< f2h?

CMB/BBN bound constrains energy

experiments measure displacement

Ultra-High-Frequency GWs: A Theory and Technology Roadmap

; u m éZElez Oct 2021
Opportunities of mn ,,,,,,,,,,,,,,,,,,,,
I Overview
Wave Detection

Timetable
Registration
Participant List
Videoconference

Communications

2 THworkshops.secretaria.

T2 18 Ouobar JTE S
Ceganise:

L T e e e L T Tt ]

SIS P L ]y S A ) Rl ek ” o

s aE T R N e e 'l"_':""l'_

e L T R e R ] s

D il e g = {

i R T ]
b e mmy e s m e b i i S s
A ey CEEE L P R 1T Ry s e e

Probing the GUT scale with GWs

This workshop is part of the Ultra-High-Frequency Gravitational Waves initiative (see the website of our
initiative) and comes after a first meeting held at ICTP in Trieste in 2019 (see the website of the
first workshop) that led to a review paper on the subject.

The aim of this meeting is to foster the thatis
frequency gravitational wave detection. In particular, we will discuss

¥ to get to ultra-high-

« the science case for UHF-GW searches

= new detector concepts

« feasibility studies and construction of prototypes for proposed detector concepts

« coordinating an international effort to support collaborations working on UHF-GW detectors

The workshop will combine theoretical developments regarding GW sources in different parts of the
ultra-high-frequency band with experimental concepts aiming at probing them.

Each day we will have a discussion session with the aim of setting up working groups around one or
more detector concepts and/or theoretical aspects of sources, which will be encouraged to continue

their work after the end of the workshop, hopefully contributing to the technology development that is
needed to make concrete progress in the field.

17 /24

all talks available online:

1st workshop
http://indico.ictp.it/event/9006/

2nd workshop:
https://indico.cern.ch/event/1074510/

Valerie Domcke - CERN
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searching for UHF GWs

0.75 m interferometer

_10 ‘magnon

SOURCES LEGEND
| BBN bound

holometer

-15} 1
i | === Inflation (extra-species)

levitated sensors

IAXO HET

Inflation (effective field theory)

-20r

| == Inflation (scalar perturbations)

TAXO
SPD

ALPS I —— Preheating

= Qscillons

INIJ I OSOAR

[AXO

| | == Phase transitions

—
7 Li-Baker

| = (COSMIC strings
T | = Metastable strings

Gauge textures

..

" | == Cosmic gravitational

5 10 ' 15 ? " microwave background
logo(f/Hz)

Bulk accoustic wave devices
at UWA

Living Review on sources & detectors: https://arxiv.org/abs/2011.12414
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radio telescopes as UHF GW detectors?

Detection of cosmological sources at high frequencies (MHz — GHz) is challenging.

- compensate small coupling with cosmologically big detector:  vb, carcia-cely
PRL 126 (2021) 2, 021104

cosmic magnetic fields B

19/24 Valerie Domcke - CERN



radio telescopes as UHF GW detectors?

Detection of cosmological sources at high frequencies (MHz — GHz) is challenging.

- compensate small coupling with cosmologically big detector:
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radio telescopes as UHF GW detectors?

Detection of cosmological sources at high frequencies (MHz — GHz) is challenging.

- compensate small coupling with cosmologically big detector:

GW source

cosmic magnetic fields B

@ promising, but significant
improvements needed
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radio telescopes as UHF GW detectors?

Detection of cosmological sources at high frequencies (MHz — GHz) is challenging.

- compensate small coupling with cosmologically big detector:

GW source

cosmic magnetic fields B

@ promising, but significant
improvements needed

¢ a lot of room for new ideas
(laboratory & cosmo)
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Conclusions & Outlook

© Metastable cosmic strings are a fairly generic byproduct of GUTs
with large stochastic GW signals possible at PTAs, LIGO or LISA

—» testable with upcoming GW detectors
© Excess noise observed in NANOGrav and PPTA data may be the
first glimpse at a SGWB ?
© Cosmological B-L breaking can link hybrid inflation, reheating,

leptogenesis and dark matter production at GUT scale — testable !

* UHF GW frontier: challenging, plenty of room for new ideas

Probing the GUT scale with GWs 20/ 24 Valerie Domcke - CERN
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backup slides
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GWs from segments

=
o
C
(9
Y

10-12 _:.;';# Il / f{‘:
_,a::' l'm j: | segment n100ps |
o) Alcontibutions, k=8 .é.ffg.'if‘.ﬁE‘?:.if‘i'."l.f”‘!’.'."ﬂs1\
10-10 108 1076 1074 0.01 1 100
f [HZ]
Probing the GUT scale with GWs 22/ 24

Valerie Domcke - CERN



Prospects

—8.0:—
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BBN bound

photons neutrinos

radiation energy after electron decoupling: / / /
Prad = 35 ( ( ) (3.046 + ANcs5) )

at BBN or CMB decoupling:

7 4 4/3

PGW (T) < Aprad(T) = (pGW) 3
P~ TBBN,CMB

- at BBN, CMB decoupling ~ 5 % GW energy density allowed

0 0 \4/3 :
. Paw _ 0 [ 9s pew (T) _5 L 1n—6 note: constraint
today: 0 Q) (m) (T) <1077ANepr ~ 10 on total GW energy

- today, energy fraction < 10° (for GWs present at BBN / CMB decoupling)
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