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Motivation

A new window to explore the universe

Current and planned projects to detect GWs designed and optimised to search for GWs in the nHz to 10 kHz
frequency range
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Motivation

A new window to explore the universe

Current and planned projects to detect GWs designed and optimised to search for GWs in the nHz to 10 kHz

frequency range which is particularly well-motivated by known astrophysical sources
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A new window to explore the universe

Challenges and Opportunities
of Gravitational Wave Searches above 10 kHz

It is highly motivated to consider also GWs at higher frequencies
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Motivation

In cosmology, GWs may be the only way to observe certain epochs before Big Bang Nucleosynthesis
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Motivation

Log(1+z)
« Signals at frequencies above the range of
the existing laser interferometers corres-
pond to gravitational waves produced at
temperatures = 100 GeV

Log(f [Hz])

Log(T [GeV])

[Figueroa, Caprini 1801.04268]
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Motivation

« “There are hardly any known astrophysical objects small and dense enough to potentially emit at frequencies
beyond 10 kHz with a sizeable amplitude. Any discovery of gravitational waves at higher frequencies would
thus indicate new physics beyond the Standard Model of particle physics, linked for instance to exotic
astrophysical objects (such as primordial black holes or boson stars) or to cosmological events in the early
Universe such as phase transitions, preheating after inflation, oscillons, cosmic strings, ..., etc., ...”

[Aggarwal et al., “Challenges and Opportunities of Gravitational Wave Searches above 10 kHz", 2501.11723]
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Motivation

« “There are hardly any known astrophysical objects small and dense enough to potentially emit at frequencies
beyond 10 kHz with a sizeable amplitude. Any discovery of gravitational waves at higher frequencies would
thus indicate new physics beyond the Standard Model of particle physics, linked for instance to exotic
astrophysical objects (such as primordial black holes or boson stars) or to cosmological events in the early
Universe such as phase transitions, preheating after inflation, oscillons, cosmic strings, ..., etc., ...”

[Aggarwal et al., “Challenges and Opportunities of Gravitational Wave Searches above 10 kHz", 2501.11723]

« In order to assess the discovery potential of UHF GW detection for new physics beyond the Standard Model,
one has to determine the

UHF GW floor - the inevitable UHF GW background from known sources and physics
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Motivation

« “There are hardly any known astrophysical objects small and dense enough to potentially emit at frequencies
beyond 10 kHz with a sizeable amplitude. Any discovery of gravitational waves at higher frequencies would
thus indicate new physics beyond the Standard Model of particle physics, linked for instance to exotic
astrophysical objects (such as primordial black holes or boson stars) or to cosmological events in the early
Universe such as phase transitions, preheating after inflation, oscillons, cosmic strings, ..., etc., ...”

[Aggarwal et al., “Challenges and Opportunities of Gravitational Wave Searches above 10 kHz", 2501.11723]

« In order to assess the discovery potential of UHF GW detection for new physics beyond the Standard Model,
one has to determine the

UHF GW floor - the inevitable UHF GW background from known sources and physics
*  Will consider here the UHF GW background from the high-temperature plasma in the

« Sun and other main-sequence stars

« Early Universe
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GWs from a Thermal Plasma

Mechanisms for GW production in a thermal plasma

In a thermal plasma, GWs are produced through
1. microscopic and
2. macroscopic

mechanisms

DESY. | Towards the Determination of the UHF GW Floor | Andreas Ringwald, Quantum Sensing meets UHF GWs, MITP, Mainz, 30 June - 11 July 2025 Page 16



GWs from a Thermal Plasma

In a thermal plasma, GWs are produced through
1. microscopic and

2. macroscopic

mechanisms, respectively, corresponding to

1. particle collisions emitting gravitons and

2. GW emission sourced by hydrodynamic
fluctuations.
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GWs from a Thermal Plasma

In a thermal plasma, GWs are produced through
1. microscopic and

2. macroscopic

mechanisms, respectively, corresponding to

1. particle collisions emitting gravitons and

2. GW emission sourced by hydrodynamic
fluctuations.

The former applies to frequencies much larger than
that of collisions in the thermal plasma, so that there
is sufficient time for them not to interfere with each
other
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GWs from a Thermal Plasma

In a thermal plasma, GWs are produced through
1. microscopic and

2. macroscopic

mechanisms, respectively, corresponding to

1. particle collisions emitting gravitons and

2. GW emission sourced by hydrodynamic
fluctuations.

The former applies to frequencies much larger than

that of collisions in the thermal plasma, so that there

is sufficient time for them not to interfere with each
other (for the Sun, > 1016 Hz)
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GWs from a Thermal Plasma

In a thermal plasma, GWs are produced through ‘0’ p i
i CCOIN 14019
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GWs from the Thermal Plasma in the Sun and Other MS Stars

Solar GWs from particle collisions  [S. Weinberg, Physical Review 140 (1965) B516]
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GWs from the Thermal Plasma in the Sun and Other MS Stars

Solar GWs from particle collisions

[Garcia-Cely, AR, 2407.18297, subm. to PRL]
Obtained by thermally averaging individual graviton

emission rates,
dr(z)
d3
/S Z < dwdV >
Collisions 1

Here i runs over the different processes:

hax e e
Bremsstrahlung f % 5 .
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GWs from the Thermal Plasma in the Sun and Other MS Stars

Solar GWs from particle collisions

[Garcia-Cely, AR, 2407.18297, subm. to PRL]
Obtained by thermally averaging individual graviton

emission rates,
dr(z)
d3
/S Z < dwdV >
Collisions 1

Here i runs over the different processes

Bremsstrahlung j; %\E

Photoproductlon § N W\;h Nh
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GWs from the Thermal Plasma in the Sun and Other MS Stars

Solar GWs from particle collisions

[Garcia-Cely, AR, 2407.18297, subm. to PRL]
Obtained by thermally averaging individual graviton
dw

emission rates,
dr@ (r)
d3
=)
Collisions 7

Here i runs over the different processes:
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TABLE S1. Emission rates of gravitons, h, from the indicated process in the non-relativistic limit. p; (p;) denotes the initial
(final) momentum of the colliding particles in the center-of-mass frame, and F; is total kinetic energy.
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GWs from the Thermal Plasma in the Sun and Other MS Stars

Solar GWs from hydrodynamic fluctuations f (Hz)
[Garcia-Cely, AR, 2407.18297, subm. to PRL] 1012 10™ 10'° 1018 102
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GWs from the Thermal Plasma in the Sun and Other MS Stars

[Garcia-Cely, AR, 2407.18297, subm. to PRL]

At frequencies below all collision frequencies, GWs sourced

by the shear viscosity, n, of the plasma,

d3rnT

un

dP B 16Gw? /
S

dw 7
Hydrodynamics

Due to the significant mass ratio between protons and
electrons, the primary source of shear viscosity may be
attributed to momentum transfer involving protons, which
according to Landau-Spitzer theory predicts

n ~ myvp /oy
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GWs from the Thermal Plasma in the Sun and Other MS Stars

[Garcia-Cely, AR, 2407.18297, subm. to PRL]

At frequencies below all collision frequencies, GWs sourced

by the shear viscosity, n, of the plasma,

d3rnT

un

dP B 16Gw? /
S

dw 7
Hydrodynamics

Due to the significant mass ratio between protons and
electrons, the primary source of shear viscosity may be
attributed to momentum transfer involving protons, which
according to Landau-Spitzer theory predicts

n~ mpvp/agfp)
For better accuracy, used the parametrisation of the
viscosity of a one-component non-relativistic plasma

obtained via state-of-the-art simulations

[Daligault et al., Phys. Rev. E 90 (2014) 033105]
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GWs from the Thermal Plasma in the Sun and Other MS Stars

Complete solar GW spectrum confronted with experiments

[Garcia-Cely, AR, 2407.18297, subm. to PRL]
Many orders of magnitude below characteristic strain sensitivity of current and planned helioscopes:
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GWs from the Thermal Plasma in the Sun and Other MS Stars

Complete solar GW spectrum confronted with experiments

[Garcia-Cely, AR, 2407.18297, subm. to PRL]

Many orders of magnitude below characteristic strain sensitivity of current and planned helioscopes:
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GWs from the Thermal Plasma in the Sun and Other MS Stars

Stochastic GW spectrum from all main-sequence stars confronted with experiments
[Garcia-Cely, AR, 2407.18297, subm. to PRL]

Many orders of magnitude below experimental sensitivities of current and planned experiments:
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GWs from the Thermal Plasma in the Early Universe

GWs from particle collisions

[Ghilieri,Laine "15; Ghiglieri,Jackson,Laine,Zhu '20; AR,Schutte-Engel, Tamarit "20]
At small wavelength, corresponding to large wave num-
bers, k > T, sourced by particle collisions

L) © :i :::{
Cs) + L) T Bsiy f \i T :T

9)+(I)s|g < Wwf N--Tﬁ --Tw l\:‘%

(I)S(g) + (I)g(-

Figure 2. t-channel 2 < 2 scatterings contributing to gravitational wave production (further
processes are obtained with u and s-channel reflections). The notation is as in figure 1, with the
double line indicating a graviton. Up to numerical prefactors, the amplitudes squared originating
from these processes, after summing over the physical polarization states of the gravitons and
Standard Model particles, correspond to the cuts shown in egs. (2.36)—(2.38) (cf. section 2.4).
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GWs from the Thermal Plasma in the Early Universe

[Ghilieri,Laine "15; Ghiglieri,Jackson,Laine,Zhu '20; AR,Schutte-Engel, Tamarit "20]
At small wavelength, corresponding to large wave num-
bers, k > T, sourced by particle collisions S ——

d’k k
[8,5 + 4H(t)] PCGMB (t) =4 GN T4 / n (T,

Particle collisions

1t
b K I% _
&~ 0.01r
<
~ 4
— 10747
g e g =
Dyig) T Pys) + sy & va - e, W = ] . :
--------------- 2 _ Shear viscosity effects
~ 107 ¢
\
1 0—8 L
Figure 2. t-channel 2 < 2 scatterings contributing to gravitational wave production (further
processes are obtained with u and s-channel reflections). The notation is as in figure 1, with the I k / T < a2
double line indicating a graviton. Up to numerical prefactors, the amplitudes squared originating 1 0_1 oL ~ 1
from these processes, after summing over the physical polarization states of the gravitons and L L
Standard Model particles, correspond to the cuts shown in egs. (2.36)—(2.38) (cf. section 2.4). 10—4 0.001 0.010

For T'> Teweo =~ 160 GeV, complete leading order approxi-
mation for has been obtained for the SM [Ghiglieri,Jackson, Laine,zhu 20]
and then extended to generic weakly interacting BSM

extension (gauge fields, fermions, scalars) [AR,Schiitte-Engel, Tamarit ‘20]
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GWs from the Thermal Plasma in the Early Universe

[Ghilieri,Laine "15; Ghiglieri,Jackson,Laine,Zhu '20; AR,Schutte-Engel, Tamarit "20] 9 AH (4 / e T4 d3k ST k
At large wavelengths, corresponding to small wave num- 0 +4H(1)] poamp(t) = 4G T\
bers, k < T, they are sourced by macroscopic hydrodyna- N

mic fluctuations, described by the shear viscosity of the 1t
plasma

Y

&~ 0.01

Shear viscosity inversely proportional to a scattering cross <
~

section and therefore large for a relativistic plasma in which - 10741 Particle collisions
H H H < L

there are some weakly interacting particles = Shear viscosity éffects

In the Standard Model (SM), for temperatures well above =

the electroweak crossover, 1 > Teweo =~ 160GeV | and in 10781
leading-log (LL) approximation: [ k/T < o

10—10 L
shear _ , 4 0.001 0.010 0.100 1 10
mrem(T) = - [Arnold,Moore, Yaffe '00] 10
’ 91(T)*In(5/m1,sm(T))
k)T
A migm(T) 11 . .
2 s (T) = LST% =0 (T)? [AR,Schiitte-Engel, Tamarit 20]

Debye thermal mass of hypercharge gauge boson
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GWs from the Thermal Plasma in the Early Universe

Robust prediction of Cosmic Gravitational Microwave Background (CGMB)

Assuming radiation domination all the way to matter—radiation equality, resulting “CGMB” power spectrum

depends mainly on the maximal temperature of the primordial plasma after reheating, T.:
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GWs from the Thermal Plasma in the Early Universe

Robust prediction of Cosmic Gravitational Microwave Background (CGMB)

Assuming radiation domination all the way to matter—radiation equality, resulting “CGMB” power spectrum

depends mainly on the maximal temperature of the primordial plasma after reheating, T.:
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Summary: UHF GW Floor from Thermal Plasma

Lots of unexplored discovery space for new physics and exotic sources

CGMB for low reheating temperature around electroweak cross-over and GW background from MS stars:

0* 90° 10° 90° 10° 90° 90" 40" 10¥ HW*® 10 90" ¢ 1Y 90"° 1? 10
11l Ll L1 i 11 | FARTIn| L1y

1018 ¥ PR SRR T :’,nnnul TR ERTTT B RIS AR TR B S AR THTT B SRR TT B S AR B SR TT ol vl v 1018
jcs OSQAR i £ 10'
10™ 3 £ 10"
10'% % = 10'”
. 104 ALPS I ~v —axo £10°°
o 10°% F 10°
= 1% F 10°
= 0% ¥ 10*
8 23 ¥ .5
S 107 x r 10
< oX ¥ 0
g 10°% F10
S 1073 1077
@ 4 4
= 10 ¥ 10
w 1071 F107°
o g ¥ r -8
g 10 3 ¥ 10
= 1070 3 £ 107"
—~ = 3
4§ 10—12:: :: 10—12
2, 1074 4 ¥ 107"
TR M st
g}o 10 X % {10
£ 107° 3 2z 1071
g 4n-20 % E 20
&5 10 E s F10
1072 4 Current exp. -8\ Astrophysical bounds Main-sequence stars 4 1072
—24 N K, A-24
18_26 : - Exp. in development (solid: broad, dotted: res.) == Potential stochastic signal : 18_26
L 3
10728 1 — Proposed exp.(solid: broad, dotted: res.) HFGWPlotter 10728
10—30! T T " AL L "'""I T IIIIIII|/'HH"| UL T T \ 10_30

10" 107 40* w0’ 10 40> 10" WY MW" W® Tt 40 10 0¥ 90* 1W* 167
GW frequency f [Hz|

DESY. | Towards the Determination of the UHF GW Floor | Andreas Ringwald, Quantum Sensing meets UHF GWs, MITP, Mainz, 30 June - 11 July 2025 Page 36



High Frequency Gravitational Wave Plotter

Interactive web applications for visualizing and analysing sensitivity curves for GW experiments

Francesco Muia, Andreas Ringwald, Carlos Tamarit,

“High frequency gravitational wave plotter: Noise-equivalent strain”, https://doi.org/10.5281/zenodo.15720342

“High frequency gravitational wave plotter: Stochastic signals”, https://doi.org/10.5281/zenodo.15720443
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