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Question raised:

What are the largest predictions for primordial
gravitational-wave backgrounds beyond the kiloHertz
that leave no signal at LIGO/Virgo, ET, LISA, PTAs?
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Ultra-high frequency gravitational waves

For discussion on detection challenges,
See Ellis and Tito D’Agnolo [2412.17897]
& Aggarwal et al [2501.11723]




Gravitational Waves (GWs)

& Particle Physics

Gravitational Waves are not only a messenger to
learn about

gravity, general relativity, astrophysics, black holes
& compact objects but also potentially a project to
learn about

new fundamental particle physics at energy scales
which are not accessible at particle colliders.



Gravitational Waves (GWs)

& Particle Physics

Short-cut argument:

frequency of GWs of cosmological and macroscopic origin
are proportional to H (Hubble rate) « ,/p, . & T-

Larger frequency —> larger H —> Larger temperatures &
energy scales

High-frequency GWs : window on early universe particle
physics at energy scales > electroweak scale



This talk

Within standard Einstein gravity (no modified gravity!)

Non-standard physics comes from particle physics,
not from the gravity side



Two types of gravitational-wave (GW) signals
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Note: Astrophysical signals can lead to a stochastic background if they cannot be resolved.



cosmic evolution

superposition of GW generated by an enormous number of causally independent sources,
arriving at random times and from random directions.

Individual waves are not detectable, sources can not be resolved but instead we can only
observe a Stochastic GW Background. For most of the cosmological sources, it is
homogeneous, isotropic, gaussian and unpolarized and appears as a noise in the detector.
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Probing high-energy physics with

gravitational waves

Interaction
rate of GW

~~Taw(T) G*T° [ TY° 1
H(T) T2/Mp1 B

Expansion
rate /

GW produced below the Planck scale are decoupled: They
propagate freely in the universe until today.

They do not loose memory of conditions when produced.

They retain spectral shape, typical frequency and intensity
characteristic of production mechanism, encoding information
about particle physics at high-energy scales that cannot be probed
by colliders.
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(]
(2]
1 58
(]
=
c
=
°
2
2
S
(V]
<
L
[T
o
0
=
T
]
14

Energy density
of GW background:

Quantum
Fluctuations|

\ N

Inflation)
InflatiocniEnds

unconstrained - __, well-tested
Big-bang nucleosynthesis (BBN)

Electromagnetic-
wave probes

SG i

Dark Ages
« First Stars & ‘Galaxies Form
?Moder'n_'Uni.\'/e;

200 Million yrs 13.8 Billion yrs

Age of the Uninerse

BICEP2 Collaboration/CERN/NASA
~——

4
aW GW Qprod \ ... The universe is Probes non-standard

Ptoday = Pprod expanding. cosmological evolutions
Qtoday

" its production mechanism = particle physics beyond the Standard Model (BSM)

10



What can we learn on particle
physics and cosmological

history from primordial
gravitational waves?
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Cosmological History
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Cosmological History
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Cosmological History
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Cosmological History
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Cosmological History
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Cosmological History
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Cosmological History
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Cosmological History
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Probing the cosmological history with

Gravitational Waves

Primordial | Cosmological dark ages:
Inflation | Reheating, Phase transitions,

y | Baryogenesis, Dark Matter...

h |
X | — — — K——K—
Mp; <1016GevV 10°GeV  EW  QCD MeV eV

| ]

CMB LIGO LISA EPTA CMB
VIRGO NANOGrav
ET SKA
CE

Current and future GW experiments constitute a new avenue of

investigation In particle physics and cosmology.
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The landscape of current & future GW experiments
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Primordial GW

Tensor perturbations of Friedmann-Robertson-Walker metric:

ds® = —dt® + a*(t)[(6i5 + hij)dz'da’]

Wave equation:

hij + 3H hj + k* h;;

(167G1L,." )

Source:
Tensor anisotropic stress

=Transverse Traceless component )
of the energy-momentum tensor of the source = (77, — 5P Pim)Tim
Py = 85 — ik
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Well-known cosmological sources

-> Cosmological Phase Transitions ( ioroiastmne sources)

(C. Caprini’s talk tomorrow)

-> Cosmic Strings (Long-lasting sources)
(This talk)

-> Inflation

-> Reheating of the universe

see
-review 1801.04268
-1912.02569 (cosmic strings)
-PhD thesis P. Simakachorn
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Beyond-the-Standard Model benchmark sources

Preheating, first-order phase transitions, cosmic strings
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Upper theoretical bound

fmax df

GW as extra radiation: / = Qaw(f) £0.230a4.0ANeg where ANPPNOMB <9
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Characteristic strain: h,

he ~ 1.26 x 107 ¥ (Hz/ faw )V Qawh?.
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Characteristic Frequencies for causal

(and short-lasting) sources

1, temperature of the universe at time of emission
f.  frequency at time of emission

observed T,

frequency: f ~ f_N(f)( )?O ]\i
>|< * Pl

H- = Hubble rate at T+

7. x10° 10" GeV

If 1.~ 100 GeV: (Electroweak scale)

f 10739 GeV ~ 10730 x 10% Hz_ )
T {TsA |

If 1, ~ 1()1 0GeV: (PeC_“_‘umn scale)

1 '
Joe ~ TO@(H*) —> f~100 Hz ET ' 29




Low-freq. lim
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Ultra-high frequency GWs: current constraints

characteristic GW strain: h,

he ~ 107 (Hz/ faw)V Qawh?

Servant, Simakachorn [2312.09281]
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Ultra-high frequency GWs: primordial signals
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Ultra-high frequency GWs from cosmic strings
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Gravitational Waves from

cosmic strings

recent reviews: [1909.00819, 1912.02569]

Network of cosmic strings
[Allen & Shellard, 1990]
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Gravitational Waves from

cosmic strings

7T1 (G/H) # 1d ] L] L] ] L] ] L]
Cosmic string: Line-like topological defect arising

field space physical space
V(o) B after spontaneous U(1) symmetry breaking at some

energy scale n.

The broken symmetry can be either local or global;

—> local or global (axionic) cosmic strings.

string tension: ,u ~ 772
» <’1, local
HTT T \immg/H), global

2
7
1016 Gev>

2
String tension: Gy ~ <L> ~7x 1077 <
Mip)

Axionic strings: n=f,
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Loop formation & scaling regime

After the network formation, the string network keeps producing loops.

String intercommutation: loop formation depletes energy from the network.

/’ﬁ GW emission
> S (particle production
= - ’\f\,’ for global strings)

Cosmic strings do not overclose the universe.

The energy density of the network tracks the total energy density of the Universe

Scaling regime:  pue(t) ~ p/t* =~ Gupiot(t)

a3 for matter
Poo X t™% o< { a=? for radiation

a O for kination
37



GW from cosmic strings

Cosmic strings: Long-lasting source of GW

The produced loops decay into particles and GW.

Local-string loops decay dominantly into GW while global-string loops decay
dominantly into Goldstone radiation.
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GW from local cosmic strings

Superposition of many loop populations producing GW at time t and of many oscillation kth-modes,

Qcow (fow)

~ 15
t ~
a(to)

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

tform

GW from a loop

‘.' <. P. Simakachorn PhD The5|s
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cosmic string (local)

loop production @ ¢, loop emission @ Z

t ~1;/G
) #

Relation between observed frequency & Hubble radius at emission
In radiation era

a 1\ 2
f ~ H L (for loops produced and
i a G emitting GW in the
0 ,u radiation era)

J
( the delayed emission happens at a/a; = (t/t;))"?>= 1/ (Gp))
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Relation between observed frequency &

Hubble radius at emission

The broad band GW spectrum is the result of the superposition of GW generated
by many populations of loops produced at different temperatures.
Each emits GW at frequency it ~ 2k /1

k : GW mode number of loop oscillation

I: loop’s size

The GW contribution at higher frequencies comes from smaller
loops produced at higher energy scales.

Time of GW emission for local strings: t~ o /(2T G )t
In contrast, global strings ~
quickly emit GW after Ioop t 2 tz ti : time of loop formation

production:

For a loop population created at temperature T, the GW spectrum is sourced maximally at

a GW frequency today that is higher for local strings compared to global strings. 41



Gravitational Waves from Cosmic strings
Gu=10"",IN=50, a=0.1
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Short-lasting vs long-lasting primordial sources
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Gravitational Waves from cosmic strings
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Gravitational Waves from cosmic strings
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Fraction of energy density in GW today: Qgw h?
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GWs from Grand Unified Theory

metastable cosmic strings
Missed at LIGO/Virgo and at LISA, visible at ET
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GW energy—density fraction today: Qcwh?
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LOCAL STRINGS

VS
GLOBAL STRINGS

See comparison in Appendix F of [1912.02569] .

Loops from global strings : short-lived
Loops from local strings : long-lived.

—> different GW spectra in both frequency and amplitude.



LOCAL STRINGS vs GLOBAL STRINGS

Global strings: no gauge field, instead massless Goldstone mode, with
logarithmically-divergent gradient energy.

Loops quickly decay into axion particles.
GW are mainly produced at the time of the loop production.

local n
QGW — QI’ )
M
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LOCAL STRINGS versus GLOBAL STRINGS (ma=0)
107,

—
LIGO 05 L

n = 104 GeVé

10-16!

10-16!

101 10 106 104 102 1 102 10° 1010 10 10° 10% 102 1 102 10°
frequency of GW fow [Hz] frequency of GW fow [Hz]
spectral shape global loops
changes with n decay fast.
local loops live longer To reach the same amplitude as the

before decaying local strings, global strings need a
(& lifetime depends on n) larger n since GW production is not

the leading energy loss.
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Metastable local cosmic strings

Multiple-step phase transitions —> Hybrid defects

[Dunsky+ 2111.08750] string-monopole

32175

3217,
3211& \321

321
321

SO(10)

Monopoles
Strings

Domain Walls

® Inflation Required

String network late decay due to nucleation of monopole-antimonopole pairs

e

U

monopole scale -
string scale



Large GW backgrounds @ Ultra-high frequencies

from metastable local cosmic strings

Infrared (IR) cutoff: )
S o~ MHz (107° /Gp) ? e~ 5 (n725)

w Cosmic Evolution

Ty RLLL - M T T T
Sy i -
10 : stable:network
- O)Q \\\\
A P b z N
= 10°%: o ) o :
c - 4 V/i N 'i,° . =
C:l: ¥ ” / N/ -'g
109¢ 7 < o 3
ar
a:
10 ET CE GUT string: GE = 10~° ©.
10_ | Ll Ll (Y EEEE| L1l [ ANEEN A 1l Ll : Lol L1l
10° 10 10° 10° 1019

GW frequency: fow [Hz]

Any UHF experiment with sensitivity
slightly better than AN_~GW bound probes into GUT-scale physics.
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Detectability of GWs from metastable local strings
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UV cutoffs

UHF signal from smaller

T 1075
~ kH
Jaw = 50 kHz [1010 GeV] [ Gu |

N[

1D description breaks e.q.,
small-scale structures (e.g., cusp and kink).

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

e 3/4
faw > faw =~ GHz X!/8 (1055)
scalar
self-coupling
V(®) = A(|2]* - n?)

w e gt = (V)

cusp

oops at earlier times.

loop ~ H™1 ~ 1071 GeV [

101 GeV 2
T

2112.1109

3/4

loop
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UV cutoffs

UHF signal from smaller loops at earlier times.

T 107572
~ 50 kH
Jew = 50 kHz [1010 GeV] [ Gu ]

1D description breaks e.g.,
small-scale structures (e.q., cusp and kink).

E.g. GW emission is inefficiently
due to particle production from cusps if
GHz A'/®

G 3/4
(50°%)
scalar

self-coupling
V(2) = A(|2[* - n*)?
w~mg' ~ (Vn)!

fow > fow =

UV cutoft in the GW spectrum.

loop ~ H™1 ~ 1071 GeV [

GW signal strngth: h*Qcw

cusp

101 GeV 2
T

2112.1109
dE 3/4

dt

NP L
e

loop

cusp

~ Thermal

10 10° 107 10° 10M

GW frequency: fow [Hz]
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UV cutoffs

Depend on scalar potential parameters

I 3/4
form g« (Tform> 4 cusp _ 1 G,u
ow =~ 182 GHz V) [ 106,75 ] aw =~ 62.3 kHz, / 5.\ 10—
1 3 1/4
i _ Gu \2 | g.(T) |* kink 1 Gpu
e~ L gl ot ~ 2.79 GHz, |
cw = 045 GHz By (10—11> [106.75] GW . B \ 10—

B.~ NAV* and By ~ NepA~ /2

Cutoff positions

GW frequency: fow [Hz]

57



Reconstruction of the scalar potential via GWs

UV cutoff in the GW spectrum

e.g., from cusp,
. ., =
moves with the string’s fatness &
wemgt = (Vg Th =
3/4 fgo f
G P
cusp 1/8 H 2
aw =~ GHz A (10_5 5 10710 =
\ 4 .
10-11 b L _
% :ET N = ~ ~ Thermal "1
V(P \(|®|? 2\ 2 10-12 Cer ’ = Qplesma
~ _ T e v i vl ol il ol il 1l Sl 1
( ) - (’ | 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)
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Global (axionic) strings

IR cutoff of GW spectrum fixed by axion mass

String-domain wall

Strings attached to domain walls -> collapse

Network decays when H ~ m,
Corresponding IR cutoff frequency:

s N Qo Mg 2
Gw(ma) = 94 nHe () (157 15ay)
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UHFGWSs from Global (axionic) strings

N 0—22 V)
= ~stable strings
Small UHF signal

Light axion (m,

e AN_+Goldstone bound
fo <O —3) x 10" GeV

Y

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

e Pulsar-timing arrays

f, < 2.8 x 10 GeV

Y

Servant, Simakachorn [2307.03121]

Heavy axion (m, > GeV)
= IR cutoff in UHF

Small signal, even for large f,.

GWB is diluted by matter domination
from axions produced from string collapse.

Servant, Simakachorn [2312.09281]
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% Thermal plasma
10-2° sl

10 103 10° 107 109 1011
GW frequency: fow [Hz]

60



characteristic GW strain: h,

UHFGWs from local and global (axionic) strings

(Best cases)
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~~~~ p
SO . Ll
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ppEranging . sl 2
1095 "y L E
LISA s, w x
B . S < - U
s (@] (@) (=) W
= 78 8
10_24 ﬂAreS O@O,,', AEDGE . ;
@C\/I"IIIII“\ X
o <
Local strings - RN
;3 ~~~~ 5) (@)
10728 o GeV: L N, K= 26 “@/V @ 5 p:
= A\ 16 GeV A T] < <
1= 10 0,
= 5% ~'s)
= n < 7 -
. o Se o o4
» Global (axion) strings . =
0T > S >
- p ~
-36 sma R
10 T‘ﬂeﬂ“a\ o2 ~~‘~
1040 ol ol oot vt ot oo oot oot ol e vl ol 1T Mk Lol T i i
107° 107! 103 107 10M 101 10%°

GW frequency: few [Hz]

Low-frequency slope is changed by the modified causality tail during the axion matter domination.
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Conclusion

Ultra-High frequency regime (beyond kHz) : A window to explore new
physics above 1010 GeV.

An experiment slightly more sensitive than the ANeff bound
could probe the Universe at ultrahigh energy scales.

Signals from metastable strings: access the scalar potential (e.g. self-
coupling /) via the observation of the UV cutoff in the spectrum.

Signals from axionic strings are suppressed and would require
exquisite sensitivity.
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Extra material




self—coupling: A
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Frequencies limits

The lowest frequency of GW is that of those GW produced today with
the largest possible source size, i.e., the Hubble horizon today:

fGW,lowest = Hgy ~ 10~ 18 Hz.

The highest frequency of typical primordial GW arises from the highest
energy scale H,... =M,

13
fGW,highest ~ 10" Hz.
(For experts: It is possible to find

primordial GWs which go around this
argument and have larger frequencies)
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Largest possible amplitude

Early produced GW act as an effective number of neutrino relics which
is strongly constrained by Cosmic Microwave Background (CMB)
measurement and by Big Bang Nucleosynthesis (BBN) predictions

fmax df 6
—Qaw(f) <5.6 x 100°AN,
f

BBN,CMB f

AN, <0.2

2

log™" [maX(ﬁT:fmin)} for flat spectrum,  2cw = Qaw « for fuin < f < fmax

Qaw .« < 5.6 x 107°AN,, - 4

fpeak

~1
B [1 — (E>B] for peak, Qaw(f) = Qaw(f/ fpeak)”

\
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GW spectra are sensitive to the cosmological history

Fraction of energy density in GW today: Qgwh?
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What if the universe is not radiation-dominated at high energies?

These spectra
assume a
Standard

Model
radiation era
at high
energies

[Simakachorn]
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GWs from the Standard Model plasma

1,  temperature of the universe at time of emission
f«  frequency at time of emission

observed T o
frequency: f ~ f*?o ~ OFE

BN

Instead f< ~ T« _.> cancellation 1010

f ~To/27 ~5.10 Hz

hard-modes L

J. Ghiglieri and M. Laine, 1504.02569

[Simakachorn]

103 105 107  10° 10

A Ringwald, J.Schiitte-Engel and C.Tamarit, 2011.04731
. 8 frequency of GW fgw [Hz]

A Ringwald and C.Tamarit, 2203.00621
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GWs from inflation

a: scale factor of the universe

w: equation of state of the universe

inflation

Q ~ a1—3w ~ f_2 (14-3w)
GW

w=1/3, radiation era —> scale-invariant spectrum

inflation

w=0, matter era —> () ~ f —2
GW
flation
w=1, kination —> Q ~ f

GW

The GW spectrum from inflation encodes the full cosmological evolution
of the equation of state of the universe!
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Gravitational Waves from cosmic strings

In non-standard cosmology
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Amplification of inflationary GW from

axion-induced kination era

_ < cosmic evolution
10 9 . .

= Einr = 1.6 x 10" GeV

fa~1010GeV
Nkp =5

standard cosmology

10~ 1 10
Frequency f [Hz]

[Gouttenoire et al 2108.10328 & 2111.01150]
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Amplification of GW from local cosmic strings due
to an axion-induced kination era

é}‘ sta?ndar'g :éosinology 5
c: o
10120 ¢ <ig i ‘
< S/ 7 81/ CE
10° 10° 1073 1 10° 10°

Frequency f [Hz]

[2111.01150]
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Amplification of GW from global cosmic strings
due to an axion-induced kination era

10-° 1079 1'3 1 103 100
Frequency f [Hz]

[2111.01150]
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Gravitational Waves from inflation & local cosmic strings

in non-standard cosmology induced by rotating axions

Exp =1TeV,Gu =107

BBO &
DECIGO -

Combined

— — Inflation

[2111.01150]
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Gravitational Waves from inflation & global cosmic strings
in non-standard cosmology induced by rotating axions

' U g iz
i 5 SKA LISA
- : combined

““- lobal—strin ':
g g . M

— + inflation A

[2111.01150]
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Consider the cosmological perturbation theory on the isotropic-homogeneous
expanding Universe, described by the Friedmann-Robertson-Walker metric,

ds? = —dt* + a*(t)(6;; + hyj)dx'da?,

GW: tensor perturbation satisfying the
transverse traceless condition

The equation-of-motion follows from the linearized Einstein equation,

. \V&:

hz'j (X, t) + 3thj (X, t) — hz'j (X, t) — 167TGH;-T]-T (X, t),

transverse-traceless part of the

a?
anisotropic stress tensor defined by
a’Ilij = Tyj—pa®(dij+hij)
Fourier decomposition:

. : L2
hij(k,t) + 3Hhg(k,t) + Ehij(k, t) = 167 GIL;; " (k, ),
2 limits:

oscillatory behavior redshifted
by expansion

{Ak(k) etk 4 ix((Tl;)e—ikT’ for k> aH (sub-horizon),

T _dr’ .
A (k) + B\ (k) f aZ(r) for k < aH (super-horizon), stays frozen and later re-enters the
horizon and starts oscillating

dt = dt/a is the conformal time



Early-universe production process operates within a causal patch ( AGW = H-1),
much smaller than the horizon size today,

1
)\GW,O < Hprod CLO] N Q_1/2 T()] 2.10" 13 [100 GGV]
gt~ oHSY lap] Y (T, T, ’

Primordial GW sources from many uncorrelated patches randomize the
amplitude of hijj (x, t) observed today and contribute to the stochastic GW

background.

For an isotropic, homogeneous, unpolarized, stationary, and gaussian
background, the correlation function reads ;.. (x 7)h,(x, 7)) = 2 / d(log k) hg (k, T)

dimensionless

: : characteristic
<hij(Xa t)hij(x, t)> <h;’j (x, T)h;;j (x, 7’)> strain
PGW = 327G N 327w Ga? '
21,2 -—
— / log k) k“he(k, 1) _ /d(logk) dpGW) Due to h2¢ ~ a=2 for
167 Ga () dlog k sub-horizon mode, the
GW energy density of
k*h2(k,70) _ paw (f) [ @proa )" some mode k redshifts
Qewolf) = 167Gal Ptot.0 ( ag ) ! as radiation a=4.

he ~ 1.26 x 107 (Hz/ faw) vV Qawh?.



