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Gravitational Wave Gastronomy

Definition:

( Dictionary

« A savory variation of Gravitational Wave Astronomy.

« The search for gravitational wave signatures from the “eating” of one topological
defect by another. Observed to occur in hybrid topological defects (i.e. domain walls

bounded by strings, and strings bounded by monopoles.)

»  Seasoned with equal parts of gravitational wave physics, early universe cosmology,
and grand unification.



Outhne

Appetizers: Gravitational Wave (GWs) basics, as probes of the early
universe, and relationship to Grand Unified Theories (GUTs)

Entree: Dynamics and the GW signatures from hybrid topological defects

Dessert: Outlook for distinguishing GUT symmetry breaking chains by
such GW signatures



Gravitational Wave Basics: Emission

Electromagnetism

Accelerated electric charges — Electromagnetic
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Electromagnetic waves oscillate charges up and down
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Gravity

« Accelerated masses — Gravitational
radiation
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- Gravitational waves stretch and squeeze space
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Gravitational Wave Basics: Detection

« Most GW detectors take R S . i
advantage of this incredibly SESEEES ‘
small stretch and squeeze of
space via laser interferometry

» For ex, Laser Interferometer
Gravitational-Wave Beam  Light

splitter detector

Observatory (LIGO) -' e =» XX' . Light waves cancel

each other out

P .M n Light waves hit
the light detector

Nature



Gravity Waves as Probes of the Early Universe

. History of the Universe
- Early universe

transparent to GWs

Quantum
Fluctuations
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Age of the Universe

Electromagnetic waves (optical light) °

BICEP2 Collaboration/CERN/NASA

Gravitational waves
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Gravitational Waves and GU'T's

- Grand Unified Theories (GUTs) intimately tied to gravitational waves:
- True symmetries of nature are restored at high temperatures in early universe

- As the universe expands and cools, gauge symmetries describing nature
spontaneously break

GG, > Gi1— - = Gsum
. (Colliders
UHiVGISG Y R S



Gravitational Waves and GU'T's

- Grand Unified Theories (GUTs) intimately tied to gravitational waves:

- When breaking, many gauge groups leave behind topological relics if non-
trivial vacuum WQ—D(Gj/Gj—l—l) £ ()

D = 0 — Monopoles form D =1 — Cosmic Strings form D = 2 — Domain Walls form

B < »

- Topological defects massive and can accelerate to relativistic speeds source of GW!



Hybrid Topological Delects

- For some chains, strings bounded by monopoles, or walls bounded by strings



Hybrid Topological Delects

- For some chains, strings bounded by monopoles, or walls bounded by strings

monopoles

G

> H < /(1)
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Hybrid Topological Delects

- For some chains, strings bounded by monopoles, or walls bounded by strings

monopoles strings\

> H G

strings\

G s Hx 7 =l

> H x U(1)
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Hybrid Topological Delects

- For some chains, strings bounded by monopoles, or walls bounded by strings

monopoles strings strings
\

> H G

walls
» H X Zo s H

G » H x U(1)

o ~_°9

- Tension force of string or wall causes (relativistic) oscillations



Hybrid Topological Delects

- For some chains, strings bounded by monopoles, or walls bounded by strings

monopoles strings\
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Gravitational radiation (Unique fingerprints of chains)



Hybrid Topological Delects

- For some chains, strings bounded by monopoles, or walls bounded by strings

monopoles strings\

> H G

strings\

G s Hx 7 =l

> H x U(1)

o ~_°9

- Tension force of string or wall causes (relativistic) oscillations

v

Gravitational radiation (Unique fingerprints of chains)

v

Decay



Four Course Menu

- Monopoles eating strings (nucleation) See previous talk by Valerie Domcke!
- Strings eating monopoles (collapse)
- Strings eating walls (nucleation)

- Walls eating strings (collapse)



Symmetry Breaking Chains

Group abbreviations

5l = SU(5) < Uill)
32175 Bl UG
X SU(Q)L X SU(Q)R

(5)
4972 = S
32122\ 3221 = SU(3). x SU2)r x SU(2)r x Uil &
3211 321 3911 — SU(3). < SU@); < U)y <l
a2l — SU( )C X SU(Q)L X U(l)y

321 D = D-Parity

SO(10)

321

Monopoles
— Strings

Domain Walls

® Inflation Required




Gravitational Wave Basies: Computing Signal

- dpcw 1 2
- Measure strain through Qcw = ~x Strain
dlﬂf pcrlt
-« Recipe:
' O PGW
Estimate: Pew GO 3 —» oow o Faw <AL X n e — Qaw ~ = <

Emission
: L .
f ~ scale size of system] = x Redshift
Emission




Gravitational Wave Basies: Computing Signal

- Measure strain through Qcw = o Strain”
dIn f Pcrit
« Recipe:
Estimate: Pow ~ G<Q2> — paw ~ Paw X NG S D itaee —— Qaw ~ i < ha
PBG
Emission
G f ~ scale size of System‘_1 X Redshift
Emission
dogw (1) altly dn(l,t') dP(l,t') df’
Exact: GW(f) | My(f)‘ —— df CL(t)4 dl df/ df

Weinberg 72 T T T T
Expansion  Source Density Power Redshift




Strings Bounded by Monopoles

o 9



Monopoles Eating Strings (Nucleation)

See previous talk by Valerie Domcke!

» Occurs in following scenario

Monopole formation




Monopoles Eating Strings (Nucleation)

» Occurs in following scenario

Monopole formation — Inflation



Monopoles Eating Strings (Nucleation)

» Occurs in following scenario

Monopole formation — Inflation —— String formation

e
>



Monopoles Eating Strings (Nucleation)

» Occurs in following scenario

Monopole formation — Inflation —— String formation — Wait... “

e
>



Monopoles Eating Strings (Nucleation)

» Occurs in following scenario

Monopole formation — Inflation —— String formation — Nucleation

- String rest mass converted to
monopole kinetic energy
Decay via gravitational radiation O
- Before nucleation, strings evolve as pure string network
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Monopoles Eating Strings (Nucleation)

» Occurs in following scenario

Monopole formation — Inflation —— String formation — Nucleation

- String rest mass converted to
monopole kinetic energy
Decay via gravitational radiation u
- Before nucleation, strings evolve as pure string network




Monopoles Eating Strings (Nucleation)

Monopole Nucleation Spectrum

102 — NANOGrav
;Standard String Spectrum &, > J
LISA
- Standard, flat, string spectrum % CE
: . 9 , >
at high frequencies, /“decaying < DECIGO
spectrum at lower frequencies
. BBO
i 7
(i 1 10°
f|Hz]

See also Dror '19, Buchmuller 21



Strings Fating Monopoles (Collapse)

- New menu items: 1) Enhanced Kibble-Zurek mechanism, 2) Monopole-antimonopole annihilation,
and 3) GW Spectrum Langacker-P1 ‘80, Holman "92, Vilken 96 and ‘97

» Occurs in following scenario
Inflation —> Monopole formation

Um
Originally estimate Zurek’s
by Kibble Enhancement

Zurek ‘85, Murayama ‘09



Strings Fating Monopoles (Collapse)

» Occurs in following scenario

Inflation —> Monopole formation

VUrn
nm(T) = 107°—"T" (Freeze-Out Abundance) ‘

Mp;




Strings Eating Monopoles (Collapse)

Strings Fating Monopoles (Collapse)

Occurs in following scenario

Inflation — Monopole formation — String formation — Annihilation

i\
w0 )l ‘

L~ @
- String rest mass converted to ‘/ &2

monopole kinetic energy




Strings Eating Monopoles (Collapse)

Strings Fating Monopoles (Collapse)

» Occurs in following scenario

Inflation — Monopole formation — String formation — Annihilation

0\

1

N (T = Uu)l/g '/‘
[
- String rest mass converted to ‘//‘
monopole kinetic energy /‘

o—©




Strings Eating Monopoles (Collapse)

Monopole Network Evolution

- String rest mass converted to monopole kinetic energy — Decay via friction &

1
1l =~ 2 X imfu2

gravitational radiation

Imax

Potential gravitational wave signal if Upyax ~ 1

String induced monopole motion generates friction with plasma

e g Jalancel gl L . Udrag ~ 75
Vilenkin ‘82

E Ll
~ Monopole-bounded string lifetime -
5T2v2 ( p g ) 1 Rwd v vod vod vl ol vl vl vl ol vl vl vl vl il vl

Feo 07 D o8 100 110 Ak
v R /1 |GeV]




Strings Eating Monopoles (Collapse)

Monopole Burst Spectrum

e PGW, burst ~ nm(v,u) X PGW KT

/ 1E)Exac’c recipe with d—source of monopole-bounded strings at Uy,
N e
~ Gu® (Roughly same as pure strings) 3
Leblond 09 . LB CE
e BBO
- &
e =
PGW ,burst | 4/3 3 DECIGO
» QGrVV,burst ~ — X Q1"ad ~ 10 (G,U) / ~ _16§ <]
pBG (V) = 107
< 3
1/3 o
fburst = ]. a,(/U,U,) o 1O8HZ ( vm ) ;_ (Umyvu) _ (1016 GeV, 1015 Ge\/)
[ a(to) 101°GeV 10720
_ (U, v,) = (10"° GeV, 10" GeV)
. . 105 (Vs v,) = (10" GeV, 10" GeV)
» Qgw < f~'and In f at high frequencies, ol sl vl v ol ol ol il sl vl Al Ll il sad i il

- , 107 10° 10”
f° atlower frequencies

f [Hz]



Domain Walls Bounded by Strings

—

Kibble ‘82, Everett ‘82



Strings Eating Domain Walls (Nucleation

» Occurs in following scenario

String formation

G



Strings Eating Domain Walls (Nucleation

» Occurs in following scenario

String formation = —— Inflation



Strings Kating Domain Walls (Nucleation)

» Occurs in following scenario

String formation = —— Inflation —— Wall formation

By,




Strings Kating Domain Walls (Nucleation)

» Occurs in following scenario

String formation = —— Inflation —— Wall formation —> Wait... “

By,




Strings Eating Domain Walls (Nucleation

» Occurs in following scenario

String formation = —— Inflation —— Wall formation —> Nucleation

- Wall rest mass converted to string kinetic

energy (string expands and eats wall) ‘

- Before nucleation, walls evolve as pure wall network




Strings Eating Domain Walls (Nucleation

» Occurs in following scenario

String formation = —— Inflation —— Wall formation —> Nucleation

-_—

- Before nucleation, walls evolve as pure wall network

- Wall rest mass converted to string kinetic
energy (string expands and eats wall)




Strings Eating Walls (Nucleation)

Pure Wall Network Evolution

- One-scale model and “infinite” (superhorizon) wall network

' ' gR: &
Typical separation and wall curvature same scale R pe s e

3

o~ v, (Wall mass per unit area)

- Network reaches scaling regime, similar to infinite string network R/t = O(1) constant

- Domain wall energy density grows with respect to background energy density!

(Leads to “domain wall problem”)



Strings Eating Walls (Nucleation)

Domain Wall Gravitational Wave Amplitude

- Gravitational wave power sets amplitude of spectrum H
N

e (o2 Eo e
-4H — Pow— = Olip | ~ 1
gy PGW npw L cw ; ir ]l %  powil] (12 a(tr) o
a(t)
t k. alt
QGW max %IOGW( F) Q]ra,d o (GOtF)ZQrad fpeak ~ a( F) (Observed peak frequenCY)
7 pe(tr) tr a(to)



Strings Eating Walls (Nucleation)

String Nucleation Rate

- We saw domain wall size grows with time &>~

- Eventually, energetically favorable to lose wall mass and nucleate strings

E = y2nR — owR’ L s eeee Em |

07 ... Nucleation

- » Emnergetically \\\ Radius

oL v Forbidden >

0.0

i
T 2 —().22—

[qox oe °E Ll = / dr+/ urE _,u_2 =

0

O- =
- ae

e e i e s NN |
0.0 0.3 0.5 0.8

- WKB tunneling rate per unit area

E/u2m Ry,




Strings Eating Walls (Nucleation)

String Nucleation Rate

- We saw domain wall size grows with time &>~

- Eventually, energetically favorable to lose wall mass and nucleate strings

. Do e e e L g s e e L s D
B — ol — on ki Lt an e e _
0.2 P ~. Nucleation :
; e i EﬂergetiCaHy \\\\ Radius
0.1 //’ Forbidden AN

- Bounce action formalism S
S e
= -
3 B 02
167 R = o
L' o aexp( 2 ’fs) - o2 —0.32—
_04F

- Exponentially sensitive! Large separation of string and e Ee o L e . SN ‘

domain wall scales long-lived wall network v datan il -



Strings Eating Walls (Nucleation)

String Nucleation on Walls Spectrum

» Walls eaten when A4 > Anax ~ Lat?

; 1 1 167k l———————
r Y Y & i
a ., gl b 9 10 ANeg, > 0.3
o ’
=
av}
f dpei(to. ] S r
& PGW \ L0, S O |
Qaw(f) = 0f 10 7 2 L
e ! Cl; 10~ 10 EX = LISA BBO '
- < Sy SKA I
i 10 DECIGO |
<f k> f > fpeak 10_14 , |
~ QGW,maX - 3 // i
I g € 3
\ N
f S fpeak 10—18 \y //
fpeak

- {1 spectrum at high frequencies,

f° decaying spectrum at lower frequencies Pl
Hiramatsu 2014



Walls Eating Strings (Collapse)

» Occurs in following scenario
Inflation —>  String formation

e
>



Walls Eating Strings (Collapse)

» Occurs in following scenario
Inflation —>  String formation —  Wall formation —— Eventual collapse

- Wall rest mass converted to string Q &

kinetic energy

Wall-bounded strings oscillate and  fstring ¥ £ _, R — O

decay via gravitational radiation = fow = oR

Q=



Walls Eating Strings (Collapse)

» Occurs in following scenario
Inflation —  String formation —>  Wall formation — Eventual collapse

- Wall rest mass converted to string Q ’

kinetic energy

Wall-bounded strings oscillate and  fstring ¥ £ _, R — O

decay via gravitational radiation = fow = oR

Q=



Walls Eating Strings (Collapse)

» Occurs in following scenario
Inflation —  String formation —>  Wall formation — Eventual collapse

- Wall rest mass converted to string Q ’

kinetic energy

l

Wall-bounded strings oscillate and  Jfstring ® 4 __ p

Q=

C

decay via gravitational radiation = fow = oR



Walls Eating Strings (Collapse)

» Occurs in following scenario
Inflation —  String formation —  Wall formation —— Eventual collapse

- Wall rest mass converted to string ‘
kinetic energy

Wall-bounded strings oscillate and  Jfstring ® 4 __ p

&

Q=

C

decay via gravitational radiation = fow = oR



Walls Eating Strings (Collapse)

Dynamices of Domain Wall Bounded Strings

» Combine domain wall and string Nambu-Goto actions

S = — [ / d2€\ e ) dgfw e 12 """" Circular String-Bounded Wall m———

Pure String Loop========

1.0

- Identify boundary of domain wall with string radius 0
!

E.O.M. of circular string boundary < 04

=

0.2§

String dominates dynamics for [rs| < Re 0

_> -

02
Domain wall dominates dynamics for [rs| > R. |

—0.4F




Walls Eating Strings (Collapse)

Evolution of String-Wall Network

e e
| v, = 10" GeV
. e . - v = 10" GeV
- Effect of wall tension on the infinite string network? | \<RC>tDW>
. Case 1: 051 \ \
- ReC]'pe: tDW - RC § : Constant Horizon Fractiog/;\ g
= SiYe -
2 = £%
1a) Solve velocity averaged Naglbu-Goto E L SNgse
- H P 1
E.O.M one-scale model (P~ = 55 = 73) E: =
Martins, Shellard 96 e e e s e
1.0 i
1b) Once wall tension begins affecting N wemwrew [T
i v, = 1013 GeV
evolution, infinite strings of curvature radius R N Be< o)
behave like wall bounded strings of radius R _05F \{k/ :
Clich E - Qzon Fraction - g
s — |2 %,
ok ﬁg oS gé ?Z; %Z\ﬁ.ize
2) Piecewise connect with solution of = | ‘
: : = A g
circular string-bounded wall ALl il il vl
10 10 10 1 10 10



Walls Eating Strings (Collapse)

Evolution of String-Wall Network

L) e S s s e ibe b e G e e s e T e
i vM:1015 GeV
I kjalom(}e\/
- After attaching to strings, network evolves like |\ (e tow
1 . 1 51
usual string network if R < R, e o \
tDW - RC E i Constant Horizon Fractiog/;\
3 2\e
= 2o T\
: : \ 5 =3 iNG,
- After R > R., domain wall tension dominates, 0.0/ 5 I Nsize
. . i e Z
collapses (eating begins) LT T
TG 0 d0e e A 1 10 L - e
t/R.
P e e O S e L e R P R e O R ne I
i i vuleizGe\/
- Network collapse at t. ~ Max(R.,tpw), as first : \”?Rf@fﬁv
pI‘OpOSEd by Everett, Vilenkin ‘82 and Martin, Vilenkin ‘96 s \\/
- oDstaD orize .
Case 2: & - e Bactio “Re
tpw > R, i}% E = E@L %‘f?,?
. . . . %é > g% < 6:\81@_\_
- Domain wall bounded strings oscillate with - L *
constant mass before decaying via GW i REREERUTIN SO
10 10 10 1 10 10

SINHp,

SINH



Walls Eating Strings (Collapse)

Gravitational Power of String-Bounded Wall

(.. . i .
» Quadrupole formula, Pow = 25 (@i Qi) for string loop PEree) o Gu? and wall PS2Y ~ GoMpw

!

Pow’ 2 Pow'™® when R > R,

- In reality, expect highly relativistic string to dominate

GW emission

« Numerically compute P, =

T

2
7

/dQ\TZ;(k, o

for circular string-bounded wall solution

Weinberg 72

o7
104 -

10° -

o
10 = < Pure String Limit

Paw /Gp? = T'(R)
Pl/GMQ

10~1 1 10 10°



Walls Eating Strings (Collapse)

Gravitational Wave Amplitude

« Can estimate Q¢w and frequency of GW spectrum similar to strings

Energy density of largest wall bounded strings after collapse evolves as

: M >
Cl(t*) PDW (tdecay) o DW R Z R 1
t — t* — Q ~ Qrad tdeca s — PR 5 i A 2
pDW( ) /0( )DW ( a(t) ) e PBG (tdecay) § F(R)Guz GO'
Opw ts , ,
0 Sy e (Growth over string spectrum requires tpw > R, )
strings C

Poay by o L " . . . |
ecay "~ ~ 10° H e Relatively high f
e rar A el (R) ((107(}6\/)3) (101 GoV)? oo o)



Walls Eating Strings (Collapse)

Gravitational Wave Amplitude

- Can confirm simple estimates more precisely

g e e e
d h? i
QGWhQ = 1 ’Od?W s b ;KA LISA BgBCO CE g
i DECIGO
dpcw (t) /t dt,a(t’)4 / dldn(l,t’) a0 df o
g . el dl dil il =
@

o 8

Expansion One-scale model Power Redshift ool § §
ST
° Stgndard, .ﬂat, string spectrum at high fre.quenaes, B/ S SR e
f° decaying spectrum at lower frequencies 00 40 & o dee . L0

f [Hz]
- Domain wall “bump” before decay if tpw > R.



Overview ol Spectra

Generally high
frequency signal?

IR | UV

Monopoles eating strings 2
(Nucleation) f

Strings eating monopoles

3
(Collapse) f
Strings eating domain walls f3
(Nucleation)
Domain walls eating strings f3
(Collapse)

1052

107

1=

10
10—10
10—11
10—12
10—13
10—14
10—15
10—16
10—17
10—18
10—19
10—20
10—21

Monopole nucleation on strings

E— 1016
r 10%°
i 10
3 1013
- 1012
101
3 1012
10°
- & s
: 107
3 10°
- 10°
3 _ 10*
3 1
3 o
- ] 10
e o e Y S P O o e S Ay DR S RO A T e

5 8 9

h

B LISA

Il DECIGO

- BBO

B SKA

B CE

NANOGrav

B GAIA

] THEIA

B aLIGO

1 I\I\|\I\II!I&I‘I\I\IIrI)|\I\I\I\}I’III\I\I\!|!I\I\I\I\|Il|l|!|\||II|II

2 4 6 8 10 1 14 16

R

String nucleation on monopoles



(onclusions

Gravitational waves provide amazing view into early universe and

high energy physics
Colliders Grand Unification?
BlIL . 1
T T T T - Energy
10 10* 107 101103 1016 1010  (GeV)

GUT symmetry chains with hybrid topological defects produce unique
gravitational wave fingerprints upon being “eaten”

These signatures may allow us to understand our universe at a
fundamental level



Thank youl




