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Gravitational waves (GWs) as tools
for charting the early-Universe cosmology and high-energy particle physics.
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Gravitational waves (GWs) as tools
for charting the early-Universe cosmology and

Many GW sources...(mostly BSM physics)
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Gravitational waves (GWs) as tools
for charting the early-Universe cosmology and

Many GW sources...(mostly BSM physics) Many ways to detect...
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characteristic GW strain: A,

Current status of UHF GW experiments

h. ~ 10718 (Hz/ faw) vV Qcawh?. Modified from Fig. 1 of Servant, Simakachorn [2312.09281]
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characteristic GW strain: A,

Current status of UHF GW experiments

h. ~ 10718 (Hz/ faw) vV Qcawh?. Modified from Fig. 1 of Servant, Simakachorn [2312.09281]
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Current status of UHF GW experiments

h. ~ 10718 (Hz/ faw) vV Qcawh?. Modified from Fig. 1 of Servant, Simakachorn [2312.09281]
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UHF regime = A golden window for new physics

gReasons: e UHF window is clean from standard astro signals (e.g., from binaries of massive objects).
Servant, Simakachorn [2312.09281]
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UHF regime = A golden window for new physics

gReasons: e UHF window is clean from standard astro signals (e.g., from binaries of massive objects).
Servant, Simakachorn [2312.09281]
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UHF regime = A golden window for new physics

'gReasons: e UHF window is clean from standard astro signals (e.g., from binaries of massive objects).
Servant, Simakachorn [2312.09281]
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UHF regime = A golden window for new physics

gReasons: e UHF window is clean from standard astro signals (e.g., from binaries of massive objects).
Servant, Simakachorn [2312.09281]
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Cosmic strings and their GW background (GWB)

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

field space physical space Network of
B B strings "™~
eg. V(®)~ \(|®|* —n?)? String’s width w ~ mq)l ~ (\5\77) ! e N

120 >

//’/ /1/"'\/‘ <.

A topological defect from spontaneous At late times, string’s width « horizon size = 1D object
(global or local) symmetry breaking ) 0
at the energy scale 77 String tension: Gu ~ [ —— ) ~7x 1077 !

[Kibble, '76] Mp 1016 GeV
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Cosmic strings and their GW background (GWB)

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

field space physical space Network of
. B strings _— |
eg, V(®) = A(]®|" —n°)? String’s width w ~ mg' ~ (Vn) ™! Pt

//, @

A topological defect from spontaneous At late times, string’s width « horizon size = 1D object
(global or local) symmetry breaking ) )
at the energy scale 77 String tension: Gu ~ [ —— ) ~7x 1077 !

[Kibble, '76] Mp 1016 GeV

a I
. : w GW emission from loops

V) (+ particle production for global strings)
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Local strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23
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'Local strings!| and their GWB
Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23
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]iLOCﬁl strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23
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|]L0Cal strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

kmax to . _E) 5 ~
F(k) 2/ 00 a(
Qaw (fow) = kE 1 wa Gu Noop (t) [a(to) dt,

pC 0 tform

# of loops produced along cosmic history
(from production time until today)
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10-10 ~d Not so large UHF signals due to
~12 . € .
< 1077 %3 observations @ low-frequency.
% 5 1071 i\
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£ Qewh?> <1078 = Gu <1077
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These low-frequency constraints do not apply

if strings shut down the GW production at later times.
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|]L0Cal strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

max t ~ 5
0 = | a(t) -
Qw (o Ly 22 pwgy? / noop (7 [ ] a7,
wfaw) pcO Pt fGW torm () a(to)

# of loops produced along cosmic history
(from production time until today)
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String network

These low-frequency constraints do not apply

if strings shut down the GW production at later times. decays!
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Metastable cosmic strings

(Also see talks of S. Antusch and S. King)

Multiple-step phase transitions = Hybrid defects

E.g., Grand unified theories, hybrid inflation models, post-inflationary axion

Buchmoiiller, Domcke, Schmitz+

[1912.03695, 2102.08923, 2107.04578, 2307.04691]

Vilenkin, Everett ‘82
Hiramatsu+ [1012.4558, 1202.5851]

King, Pascoli, Turner, Zhou [2005.13549, 2106.15634]

Murayama+ [1908.03227, 2111.08750]

SO(10)

[Dunsky+ 2111.08750]

32175

3217,
3211 321

321
321

Monopoles
Strings

Domain Walls

® Inflation Required

string-monopole

e 7
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and many others..

String-domain wall

M

M. Gorghetto /t- domain wall

See also decaying defects

via Hubble-induced phase transition [see the talk by Javier Rubio]

Kamada, Yamada [1407.2882] Bettoni, Domenech, Rubio [1810.11117]



Example of metastable cosmic strings

cnergy Symmetry breaking #1 O M Monopole formation @ energy scale m,,
scale M
A . N Diluting monopoles,
Inflation / N\ otherwise monopole domination.

Symmetry breaking #2 \/ String formation @ energy scale 7
Decay of strings u ﬂ Monopole nucleation and strings decay
M
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Example of metastable cosmic strings

cnergy Symmetry breaking #1 M Monopole formation @ energy scale my,
scale M
A . N Diluting monopoles,
Inflation /N otherwise monopole domination.

Symmetry breaking #2 \/ String formation @ energy scale i
Decay of strings (/ ﬂ Monopole nucleation and strings decay

Nucleation rate per unit length:

(assuming thin strings and point-like monopole) Fd — ﬂ e ™ with =
Vilenkin ’82, Preskill, Vilenkin 93 Monin,+ 08 27T 77
Beyond thin soliton approx. :
Dvali+ 2210.14947, Chitose+ 2312.15662

monopole scale -
string scale

happens when T'4l(tpk) = H(thk)
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Example of metastable cosmic strings

cnergy Symmetry breaking #1 M
scale M
/
A Inflation > \/

Symmetry breaking #2 ‘\/

Decay of strings

Monopole formation @ energy scale m,,

Diluting monopoles,
otherwise monopole domination.

String formation @ energy scale

(’ '\ Monopole nucleation and strings decay
Y M

Nucleation rate per unit length: | |
ale

(assuming thin strings and point-like monopole) ', = ﬂe TR with = My | ONOPOIE 5 >

Vilenkin 82, Preskill, Vilenkin 93 Monin,+ 08 27T 77 String Scale

Beyond thin soliton approx. :
Dvali+ 2210.14947, Chitose+ 2312.15662
happens when T'4l(tpk) = H(thk)
Two effects on loops: ()
brk _ _ stable —I'g|l(t—tprk) -
Moop = Mloop @(tbrk - t’b)e 3 )] Y M

‘ 1. Shut off loops production
Y M
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!

dominant factor to suppress GWB



Large GWB @ UHF from metastable cosmic strings

Servant, Simakachorn [2312.09281]

Strings get cut @ late times = Infrared (IR) cutoff:

1
: t _5 3 —T(k—25
suppressed GW at low-frequencies aw =~ MHz (10 /GM) 2 e i (7 20)

= Cosmic Evolution

Ty AL Ll R R UL B
7 -

1077 ¢ stableinetwork
Q =
o)

/ (s -
= 108 ¢ \L/ //q’ ({/\, :
@) (o) -
a + / Nf . &=
= & TV e S

100 ¢ VAR AN : .

& o E
@
| GUT string: Gu = 10~° ©-

10_10 1E1T|Ile Ll L1l 1 |||||llg |h T RETIT BRI Lol

102 104 10° 108 1010

GW frequency: fow [Hz]

The GWB can saturate the AN, +GW bound,
even if no signal is observed at sub-kHz experiments.

Any UHF experiment with sensitivity
slightly better than AN, ~GW bound probes into GUT-scale physics.

PLANCK 2024, Lisbon (06.06.2024) — Peera Simakachorn (IFIC, Valencia U.)
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Other signatures of particle physics @ UHF: UV cutoffs

UHF signal from smaller loops at earlier times.

T

~572 104 GeV]?
faw ~ 50 kHz [ L ] [10 ] loop ~ H™ 1 ~ 1071 GeV [ - ]

1010 GeV | | Gu

cusp

1D description breaks e.qg., 2112.1109

small-scale structures (e.g., cusp and kink).

E.g. GW emission is inefficiently
due to particle production from cusps if

G,u )3/4

faw > féw ~ GHz X/8 (105

V(®) ~ (B — 12
w e mg = (V)

Other UV cutoffs: the network formation, thermal friction, and particle production from kinks.
Auclair, Steer, Vachaspati [1911.12066], Gouttenoire, Servant, Simakachorn [1912.02569], Servant, Simakachorn [2312.09281]

dE
dt

L 3/4
1172

loop
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Other signatures of particle physics @ UHF: UV cutoffs

UHF signal from smaller loops at earlier times.

~572 10 GeV1’
faw =~ 50 kHz[ L ] [10 ] loop ~ H™t ~ 10710 GeV[ © ]

1010 GeV | | Gu T

cusp

1D description breaks e.qg., 2112.1109 »

: dE s
small-scale structures (e.g., cusp and kink). — o
cusp 100p

E.g. GW emission is inefficiently

due to particle production from cusps if servant, Simakachorn [2312.09281

10_75 LBLRLLLLL I R LLLL I L | ""'“* U UL U LU ULy LLLLLL) I == L B mr T [
G 34 5 _
cusp 1/8

fGW>fGW ~ GHz A (105) CE

®

V(@) =~ A(|®[* — 7?)? o

w~mg' ~ (VAn)™! &
R : i — , Q% - ET A ~ ~ Thermal
i ° i ' ~ lasma

UV cutofl in the GW spectrum.| 10205 o i s i o

| f 10 103 10° 10/ 10° 101!

GW frequency: few [Hz]

Other UV cutoffs: the network formation, thermal friction, and particle production from kinks.
Auclair, Steer, Vachaspati [1911.12066], Gouttenoire, Servant, Simakachorn [1912.02569], Servant, Simakachorn [2312.09281]
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Reconstruction of the scalar potential via GW
Servant, Simakachorn [2312.09281]

UV cutoff in the GW spectrum

e.g., from cusp, 107" ¢ BEN-GW 1 Gu= 10°°
. e o = o .--"" S T
moves with the string’s fatness & | ;e — ~
w:mgl = (\5\77)_1 < i:: == — ~ ‘-""1,,\

il i o "‘ ~ %
® 10003 * 1
3/4 < = N U
G + i ’ * -
cus 1/8 M 2 ‘ -
Gli]vp ~ GHZ )\ / < = TCU 10_10:;__"_ Gu= 10—11 .
].O ) - 'l ET:\_;___H'-'—H‘TT:\'—-T\:
* é 10_11:—" T . S o \L
O P OET = ~ ~ Thermal "4

2 212 ] ’ = QPlesma
V @ ~ A @ _ 107 E ™ i il i il il ol ol 1l Sl
( ) (’ ‘ 77 ) 10 103 105 107 109 1011
How to extract the UV cutoff if GWB is detected. GW frequency: fow [Hz]

e Detect directly the cutoff (need some luck)

e Several detectors at different frequencies.
Detect the flat part and the UV slope, = UV cutoff at the intersection (more generic)

PLANCK 2024, Lisbon (06.06.2024) — Peera Simakachorn (IFIC, Valencia U.) 12



Conclusion

UHF regime (beyond kHz) =
A golden window for new physics (above 10'° GeV)

So far..the theoretical AN, .~GW bound is the strongest.

But any experiment slightly more sensitive than this bound
will probe into the Universe at ultrahigh energy scales.

18 o I |||||||| I ||IIIII| T TTI T Ty T III||||| oy IIIIIII| Iﬁlllllllll I Illllllldllllllll T TTTIN 1 IIIII& I TTTTTH .
Eg. 1 — 1E Large UHF signal
w X .
3 3 from metastable strings.

The reconstruction
of scalar potential

A (e.g., self-coupling 1)
Inflation followed " ==~ ‘ is possible Via

ARCADE
IAXO (SPD) |AXO (HE

characteristic GW strain: h,

by kination £ 4 X520\
the observed UV cutoff
1073 : in th t !
heat\ng In e spec rumo
P;e o0 GeV Ther mal PeYiis cev
10730 ir f Zuunl b X :
104 101 102 10° 108 Lol Servant, Simakachorn [2312.09281]

GW frequency today: fow [Hz]
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Conclusion

UHF regime (beyond kHz) =
A golden window for new physics (above 10'° GeV)

So far..the theoretical AN, .~GW bound is the strongest.

But any experiment slightly more sensitive than this bound
will probe into the Universe at ultrahigh energy scales.

~/ I |||||||| I ||IIIII| T T ey 1 III||||| FTTTmmy 1 IIIIIII| I IIIIIII| I Illllllldllllllll LTI T IIIII& [ TTITTH

m
'
S
1

Large UHF signal
from metastable strings.

EDGE

The reconstruction
of scalar potential

A (e.g., self-coupling 1)
Inflation followed " ==~ ‘ is possible Via

ARCADE
IAXO (SPD) |AXO (HE

characteristic GW strain: h,

by kination £ 4 X520\
the observed UV cutoff
1073 : in th t !
heat\ng In e spec rumo
P;e o0 GeV Ther mal PeYiis cev
10730 ir f Zuunl b X :
104 101 102 10° 108 Lol Servant, Simakachorn [2312.09281]

GW frequency today: fow [Hz]

‘We also look at global strings or axionic strings...

PLANCK 2024, Lisbon (06.06.2024) — Peera Simakachorn (IFIC, Valencia U.)
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Axionic (or global) strings >tring-domain wal

OQaw X 774 or f;l with f : Peccei-Quinn symmetry-breaking scale

Strings attache to domain walls and collapse: 1Tgec ~ 10” GeV\/ma/GeV

Light axion (m, < 10722 eV)
= ~stable strings
Small UHF signal

e AN_Goldstone bound
fa SO(1—3) x 10" GeV

Y

Cui, Chang ’21, Hardy, Nicoleuscu, Gorghetto ‘21

e Pulsar-timing arrays

f, < 2.8 x10Y GeV

Y

Servant, Simakachorn [2307.03121]
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Axionic (or global) strings >tring-domain wal

OQaw X 774 or f;l with f : Peccei-Quinn symmetry-breaking scale

Strings attache to domain walls and collapse: 1Tgec ~ 10” GeV\/fma/GeV

Light axion (m, < 107 eV) Heavy axion (m, > GeV)

= ~stable strings = IR cutoff in UHF
Small UHF signal

Small signal, even for large f,.

e AN, 4Goldstone bound GWB is diluted by matter domination
from axions produced from string collapse.
fo S O(1—3) x 10'° GeV P g coflap
Servant, Simakachorn [2312.09281]
Cui, Chang ’21, Hardy, Nicoleuscu, Gorghetto ‘21 L B B B B B B L L L
10713 ;5T
=
.. S
e Pulsar-timing arrays L g6
15 =
fo S 2.8 x 107 GeV 0
£ 10719
Servant, Simakachorn [2307.03121] =
&0
(V)]
10—22
=
@)
10-25 . Thermal plasma

10 10 10° 10 10° 101!
PLANCK 2024, Lisbon (06.06.2024) — Peera Simakachorn (IFIC, Valencia U.) GW frequency: fow [Hz] 14



‘IConclusion!

UHF regime (beyond kHz) =
A golden window for new physics (above 10'° GeV)

So far..the theoretical AN, .~GW bound is the strongest.

But any experiment slightly more sensitive than this bound
will probe into the Universe at ultrahigh energy scales.

I |||||||| I ||IIIII| T T ey 1 III||||| FTTTmmy 1 IIIIIII| I IIIIIII| I Illllllldllllllll LTI T IIIII& [ TTITTH

10—18

m
‘0

Large UHF signal
from metastable strings.

EDGE

1021

The reconstruction
of scalar potential

A (e.g., self-coupling 1)
Inflation followed " ==~ ‘ is possible Via

10724

ARCADE
IAXO (SPD) |AXO (HE

107

10—30 =

characteristic GW strain: h,

by kination £ 4 X520\
the observed UV cutoff
1073 : in th t !
heat\ng In e spec rumo
P;e — o0t GV Ther mal PeYiis cev
10730 ir f Zuunl b NS, 1 11 :
104 101 102 10° 108 Lol Servant, Simakachorn [2312.09281]

GW frequency today: fow [Hz]

GW signal in UHF from axion strings is suppressed,
i.e., requiring at least sensitivity 4, ~ 10731,

Thank You!
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Back-up

PLANCK 2024, Lisbon (06.06.2024) — Peera Simakachorn (IFIC, Valencia U.)
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UHF GWB from local and global (axionic) strings

(BeSt CGSGS) Servant, Simakachorn [2312.09281]
10-16,
=TT T T T Ty T LIRLLL L L L A ORI R L L L L
I o O =
~~~ X I 8 L
asteroid Sel <
ranging .. Seo X o
10—20 ~~~~ o) BAW g " é
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< "9 ) & 4 - B 5
- o v (@] 0
. L v Q @]
= 4 = HATES %0¢”". AEDGE ~._05 S @
.(_U 10_ C@O',ll’ “C §~~ (@) =
e OG Ty ~~ e § (2
0 . O Tl Sl G/V = U
> Local strings ¢
@)
> 3
e
)
o
Q
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O
Q]
-
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i
@)
~40 E ol ool ol ool ool e et et ot oot ot conmd cenmd ool el T il ™ Lk i
10
10~ 1071 103 10/ 10! 1010 109

GW frequency: fow [Hz]

Low-frequency slope is changed by the modified causality tail during the axion matter domination.
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Detectability of GWB from metastable local strings

10_ L 111 111 111 11 011/ 11 R A1 [ WAL I MLV (211 AL ALl
[ 5 . SKA
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string tension: Gu = (/mp))?

1076 :
Servant, Simakachorn [2312.09281] . sl
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< E
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UV cutoffs in cosmic-string GWB
Servant, Simakachorn [2312.09281]

)3/4

form g« (Tform) i cusp _ 1 G,u
form 189 GHz VA [ oo ] FESP ~ 62.3 kHz, / 5 (1011
' — G,LL 2 g*(T) 1 kink 1 G:u

e~ 1 ~ 2.79 GH

si-owon () [50] e T (10

>1/4

B, ~ N A"V and By ~ Ny~ /2

Cutoff positions

107 104 10° 108 1010
GW frequency: fow [Hz]
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Reconstruction of scalar potential with UHF GWB

Servant, Simakachorn [2312.09281]
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GWB from string segments

Servant, Simakachorn [2312.09281]

MM

Currently, there are several uncertainties in calculating the GW from segments.

10_6 I I I I I I I I I '“;
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1012 Ly . ;, loops K
’ ”
. '/, == loop—segments
- ’ - 5
N /!  --- long—str. segments
’ ’ ’
10—14 f
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108, WS IIoIiIiiionI
a 10710 R A loop—segments
Cj: o
. ' - --- long-str. segments
= ’
1022,
W, =2 Ml =50 Ml =100
10-14;
10 103 10° 107 10° 10!
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See more details also in Buchmiller, Domcke, Schmitz [2107.04578]

For going beyond the thin soliton approximation
see Dvali, Valbuena-Bermudez, Zantedeschi [2210.14947].
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Pulsar timing array constraints
on postinflationary axion

Servant, Simakachorn [2307.03121]

Using NANOGrav 15-year data
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Axion mass: m, [eV]
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Axion matter domination from axionic string decay
Servant, Simakachorn [2312.09281]

Axion string-wall system decays. = Axion-matter domination Axions decay into photons
106.75 1% / mq \ % [1012 GeV
Taec ~ 107 GeVy/m,/GeV Taom =~ TaecGi(Thec o~ 4, a )2 |2 eV
d eVy/ma/Ge 4 decG(Thec) T, o~ 4.2 MeV [g*(Tm)] (TeV) [ - ]

Duration of Axion B — Gdom _ 3v/10 My, ga Mpi ’ <1
snati = - 2 1/2 ’
matter domination Gend 647 g*/ (Tdom)T(?om

Gay = 1.920er, /(27 f4)
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Suppressed UHF GWB from axion strings
Servant, Simakachorn [2312.09281]
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PLANCK 2024, Lisbon (06.06.2024) — Peera Simakachorn (IFIC, Valencia U.)



The scale-invariant local-string GWB during radiation-domination
(simple argument)

Fraction of energy density O B PGW prod Aprod ’ _ PGW prod Ptot,prod
in GW today oW Ptot,0 a - Ptot,prod Ptot,0
constant
Long-lasting Inflationary GW Cosmic-string GW:
(scale-invariant) tensor perturbation: A% ~ (H/Mp,)* PGW X Pstring—network & Prot
(PGw! Pro)prod = CONStant in the so-called “scaling regime”

Gouttenoire, Servant, Simakachorn, 2111.01150

cosmological evolution

<

radiation

flat spectrum

GW amplitude: QGW

GW frequency fow
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GW from cosmic strings b

generated from spontaneous symmetry breaking at an energy scale #

Local cosmic strings Global cosmic strings
UL R L DU IR ' UL IR 10_8 AL R LU LR BRI L LRI UL LU LU IR B R LU B LU BRLRLRRLL

LIGO O5 ]
n = 10'* GeV:

10'3 GeV'
012 GeV

] 10714 -
10_16§ [PS, Thesis] 10_16? [PS, Thesis] -
10710 10® 10° 10* 102 1 10% 10% 1010 10® 10°° 10* 102 1 10% 10%
frequency of GW fgw [Hz] frequency of GW fgw [Hz]
QS o /G o< n Q&P o g
( -3 0.1x50x10~ 1/2 T g« (T) i -
T < (2 x 107 Hz) ( TGy ) (e ) [g*(TO)] (local strings),
GW = .
—6 0.1 T L(T) | 4 :
TemperatuIe of \(4.7 x 107% Hz) (%) (%) [%] (global strings),

the Universe

Primordial black-hole archeology with GW from cosmic strings [2304.04793] Peera Simakachorn (IFIC) @ Cosmo'23 (11.09.2023)



Local metastable strings can explain PTA data super well?

The Bayes factor for explaining t

9.0
% 8.5
8.0

7.5

The best-fit region is excluded by LVK bound,
and on top of that the strings with Gy > 107> are in tension with AN_~GW bound

r

he PTA data should be smaller than NG15 analysis.
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>
=
2
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logyo G
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Modified from NANOGrav [2306.16219]
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