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Motivation

• As we all know, GW offer us a unique opportunity to test
theory well beyond photons and neutrinos can do.

• In particular, theories of Modified Gravity.
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Specific Gauss-Bonnet Model

S =

∫
M

√−g d4x
[
R

2κ
− 1

2
∇µφ∇µφ− V (φ) + f(φ)R2

GB + Lrad
m

]
,

where κ ≡ 8πG = 1/M2
PL and R2

GB := R2 − 4RµνR
µν +RµνρσR

µνρσ

is the Gauss-Bonnet (GB) term.
The coupling between the scalar field, φ and the GB term is
driven by a function of the scalar field f(φ), which is arbitrary.
In this work,

f(φ) = αeγφ,

which is the so called dilatonic-Einstein coupling (often
appearing in String Theory but can be studied independently).
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The modified Friedmann equations can be written as:

H2 =
κ

3

(
ρ{φ+GB} + ρrad

)
≡ κ

3
ρtot ,

Ḣ = −κ
2

[
(ρ{φ+GB} + p{φ+GB}) + (ρrad + prad)

]
≡ −κ

2
(ρtot + ptot) ,

φ̈ + 3Hφ̇+ V ′ − f ′R2
GB = 0 ,

where ρtot and ptot can be interpreted as the total energy
density and the pressure of the Universe.
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Gauss-Bonnet theories have been used in the past for

• Inflation [Jinsu Kim talk]

• Quintessence

• Recently for WIMPS [2303.05813 ]

• In [2303.05813 ], we have considered a model for which
V (φ) = 0 because we wanted to study conditions not
coming from inflation but from BBN

• We put constraints on the model parameters using the fact
that in a modified cosmological scenario the WIMP
annihilation cross section at freeze-out 〈σv〉f required to
predict the correct relic abundance is modified compared to
the standard value 3×10−26 cm3s−1
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• Equations for H2 and Ḣ can be re-arranged into a set of
three coupled differential equations for the quantities φ, φ̇
and H.

• We fix the boundary condition at BBN (T = TBBN = 1

MeV) φ(TBBN) ≡ φBBN, φ̇(TBBN) ≡ φ̇BBN and H(TBBN)
≡ HBBN.

• We can in fact parameterize the physical observables in
terms of only the following parameters

φ′BBN = φBBN + φ0, α
′ = αe−γφ0 , γ.

or equivantly

ρBBN, α′ = αe−γφ0 , γ.
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• To give the sense of the motivation we can look at how our
GB scenario can open up the parameter space for the
WIMP masses and relic abundance in comparison to GR
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What we found interesting is that considering different
evolutions of the universe, via the GB f function leads to open
up the WIMP parameter space.
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GW Production from SM Plasma

• Physical processes ranging from microscopic particle
collisions to macroscopic hydrodynamic fluctuations induce
gravitational waves in any plasma in thermal equilibrium
[1504.02569, J. Ghiglieri and M. Laine]. 2011.04731, A. Ringwald, J.

Schütte-Engel and C.Tamarit / F. Muia, F. Quevedo, A. Schachner, G. Villa

2303.01548, JCAP

• For the largest wavelengths the emission rate is
proportional to the shear viscosity, η(T, k̂), of the plasma.
In the Standard Model at T > 160 GeV, the shear viscosity
is dominated by the most weakly interacting particles,
right-handed leptons, and is relatively large.

• The evolution of the density of the GW is simply given by

(∂t + 4H)ρ(t)GW = 4
T 4

M
2

P

∫
d3k

(2π)3
η(T, k),

• All the information of the plasma is encoded in η(T, k).
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Near to the peak of the GW signal η(T, k̂) can be computed
using the HTL (Hard Thermal Logarithmic) methods Braaten,
Pisarksi, Soft Amplitudes in Hot Gauge Theories: A General
Analysis, Nucl. Phys B, 1990

η(T, k̂) =
1

16π
k̂fB(k̂)

3∑
i=1

dim̂
2
Di

ln

(
4

1

m̂Di

k̂2 + 1

)
, k & 3T,

where the Debye masses are

m2
Di

=


d1

11
6 g

2
1T

2, d1 = 1,

d2
11
6 g

2
2T

2, d2 = 3,

d32g23T
2, d3 = 8.

k̂ := k/T , m̂Di
= mDi

/T .

k̂ =
1

T
2πfToday

aToday
a

, a(T ) = a0
T0
T

g
1/3
∗0

g∗(T )1/3
,

k̂ =
1

T
2πfToday a0

T

a0T0

(
g∗(T )

g0∗

)1/3

= 2π
1

T0
fToday

(
g∗(T )

g0∗

)1/3

.
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• In Standard Cosmology, if the GW are emitted in the
radiation era, there is a simple relation with regards the
temperature [1504.02569, J. Ghiglieri and M. Laine]:

Note that if one now assumes η(T, k̂), k̂ and g∗(T ) are
independent of the temperature [a good approximation up to
the order of magnitude], we have

ΩGW(f)h2

Ωγ0h
2

= λ

[
ainTin
a0T0

]4
Tin − Tend

MP

T 2
in√
ρ
k̂3 η

(
T, k̂

)
,
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• In other cosmologies, the evolution of the universe may be
diverse and hence the way GW propagate

ρ(tend)GW =
4

a4(tend)

∫ aend

ain

da
a3

H

∫
d3k

(2π)3
T 4

M
2

P

η
(
T, k̂

)
,

• H2 = 1

3MP
2 ρTot..

• H2 = κ
3

(
ρ{φ+GB} + ρrad

)
, in GB cosmologies and therefore

can change drastically the way we can see GW today.
• For an arbitrary evolution

ΩGW(f)h2

Ωγ0h
2

= Ωγ
λ

MP

∫ Tin

Tend

dT

(
g∗0

g ∗ (T )

)4/3

T 2 k̂3
η(T, k̂)√
ρTot.

F (T ),

F (T ) ≈ 1,

assuming there is not a huge change in the degrees of
freedom.
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• The basic behaviour is controlled by how big ρTot. increases
or decreases with respect to the radiation density, as it can
be seen by looking at the temperature dependence on

ΩGW(f)h2

Ωγ0h
2
≈ Ωγ

λ

MP

∫ Tin

Tend

dT

(
g∗0

g ∗ (T )

)4/3

T 2 k̂3
η(T, k̂)√
ρTot.

,

and remembering ρrad. ∝ T 4.

• The peak frequency has only a minor dependence on the
temperature and therefore it does not change much

k̂ =
1

T
2πfToday

aToday
a

, a(T ) = a0
T0
T

g
1/3
∗0

g∗(T )1/3
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• For α̃ = −1, γ = 1:
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• For α̃ = 1, γ = 1:
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• For α̃ = −1, γ = −1:
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• For α̃ = 1, γ = −1:
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• Hence for some cases, we will be able to set a limit on the
reheating temperature

• In these cases, the limit on reheating temperature can be
drastically reduced in comparison to the SM

• In other cases, it could be increased and therefore change
the panorama of some particle physics processes we know
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• We all know however that current and experimental efforts
are far below the peak frequency for these kind of signals
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• The Resonant Detector proposed in 2203.15668 by
Herman, Lehoucq and Füzfa has the potential to start
probing the required frequency region.

Electromagnetic Antennas for the Resonant Detection
of the Stochastic Gravitational Wave Background
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Some stochastic gravitational wave background models from the early Universe has a cut-o↵
frequency close to 100 MHz, due to the horizon of the inflationary phase. To detect gravitational
waves at such frequencies, resonant electromagnetic cavities are very suitable. In this work, we study
the frequency sensitivity of such detectors, and show how we could use them to probe this cut-o↵
frequency and also the energy density per frequency of this stochastic background. This paper paves
the way for further experimental studies to probe the most ancient relic of the Universe.

INTRODUCTION

The stochastic gravitational wave background
(SGWB) is the most ancient relic of the Big Bang.
This is the analog of Cosmic Microwave Background
(CMB) for gravitational waves (GWs), potentially
giving information about the early ages of the Universe,
before the formation of atoms and nuclei, glimpsing
directly when fundamental interactions supposedly
splitted. Maggiore [1] described SGWB first as isotropic,
gaussian and stationary, and its frequency dependence is
contained in a one-sided power spectral density. Recent
works have detailed SGWB at high frequencies [2–6]. In
the review [4], a variety of possible sources of stochastic
background are considered, which mostly arises from
hypothetical physics of the early universe : (pre)heating,
oscillons, cosmic strings, inflation, to name but a few.
Most of these hypothetical sources can be characterized
by two parameters, first the energy density ⌦GW per
logarithmic frequency sampling, and then some of po-
tential sources have a cut-o↵ frequency in the MHz-GHz
band. This is due to GWs trapped in the horizon at
the epoch of the end of inflation [7]. To detect GWs at
such high frequency, Electromagnetic (EM) detectors
should be considered. Their working principle is based
on wave resonance mechanism and was discovered by
Gertsenshtein [8], although this author worked it out
for GW generation. Detection can be achieved with
the so-called inverse Gertsenshtein e↵ect, which can be
physically described as follows. A GW fundamentally
constitutes of a local volume distortion . If we put a
magnetic field on the way of this spacetime distortion,
the passing GW will modify the EM flux by a↵ecting the
volume, giving rise to an induced EM field from Lenz’s
principle. This induced EM field betrays the passage of
a GW, as it inherits the frequency from its gravitational

⇤ nicolas.herman@unamur.be
† leonard.lehoucq@ens-paris-saclay.fr
‡ andre.fuzfa@unamur.be

progenitor, all features that constitute a specific response
of EM detectors based on inverse Gertsenshtein e↵ect.
Some detector proposals were made just few years after
Gersenshtein’s discovery [9–19]. Recently, this topic
of EM detection of GW has seen a renewal of interest
after first GW detection by LIGO [20], with proposals
based on the inverse Gertsenshtein mechanism [21–25].
These kind of detectors are complementary with other
detection techniques to detect the whole spectrum of
GWs. For instance, interferometers can detect GWs
in the mHz to kHz band. EM detectors can theo-
retically detect any GW frequency, but the induced
field intensity and detector dimensions make it suitable
for high frequencies, from kHZ to THz. Research on
(Ultra-)High Frequency GW is currently active. The
review [4] lists potential sources and detectors for those
frequencies. We focus here particularly on resonant EM
detectors, already described in [26], by treating directly
the detectors frequency response and apply this to the
experimental SGWB search. Resonant detectors are
indeed suitable to spot on a narrow frequency range, and
are especially interesting to isolate the cut-o↵ frequency
of SGWB. We claim resonant EM detectors of GWs are
promising tools for the detection of SGWB, allowing
to reveal the position of its power spectrum cut-o↵
frequency and the variation of the related cosmic energy
density with the frequency.

I. PROPOSED EXPERIMENTAL SETUPS

SGWB detection antennas are based on the conversion
of GWs into EM fields through the inverse Gertsenshtein
e↵ect. Precisely, we consider resonant detectors where
the interaction of the passing GWs with some external
magnetic field induces excitation of EM modes into a cav-
ity. The energy induced into the resonator by the passing
GW is faint, due to the weakness of the gravitational cou-
pling. However, the root-mean square (rms) value of the
induced power inside the cavity is proportional to the
strain of the incoming GW. More details about detector
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Please let me know if you know more about proposals
in the MHz and GHz region.
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Conclusions

• GW will probe the evolution of our universe in a way
photons or neutrinos cannot

• Modified gravities can be tested without the need of ad-hoc
mechanisms, using the GW coming from the Standard
Model plasma

• GUT theories can also produce similar GW and modified
theories of gravity can be tested in the same way: by
confronting its predictions to Standard Cosmology

• No experiments are currently planned to probe the
required region in frequency and sensitivity but this kind of
studies constitute a solid science case that can provide a
motivation to develop experiments probing that region



Motivation GB Model GW from SM Plasma Evolution in SC vs GB cosmologies Conclusions

ありがとう!


