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Thermal Production off Gravitational VWaves

Standard Model

* Just like any other particle, GVWs
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* This process Ii”s extremély slow

* GW:s never reach thermal
equilibrium

[J. Ghiglieri, G. Jackson, M. Laine, Y. Zhu]
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Thermal Production off Gravitational VWaves

Standard Model
* Just like any other particle, GWs are

produced thermally through scatterings T =107 GeV
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*  GWs never reach thermal equilibrium

Production optimal for k~T

* Modes with k> T Boltzmann suppressed
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Thermal Production off Gravitational VWaves

Standard Model

Just like any other particle, GWs are

produced thermally through scatterings “T=10" GeV
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This process is extremely slow

3 T2
mp, mpi

* GWs never reach thermal equilibrium

Production optimal for k~T

*  Modes with k> T Boltzmann suppressed

* IR modes are enhanced 17

12 [J. Ghiglieri, G. Jackson, M. Laine, Y. Zhu]
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The SM GW. background

* Guaranteed GW background

* Amplitude highly sensitive to the LISA ET
maximal temperature T..

// /
DECIGQ
* Possible to probe with CMB_S4 by \-/

BBO

measuring Neys
u-DECIGO

* Signal peaked at f~ 104" Hz

*  Well understood hydrodynamic and

Boltzmann limits —— SM: T, =my
. . SM: T, =10'° GeV
* moderate uncertainty in the —— SM: T, =10 GeV

intermediate regime

[Laine, Ghiglieri][J. Ghiglieri, G. Jackson, M. Laine, Y. Zhu] [Ringwald Schutte-Engel Tamarit]
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I'ne GV production rate In tne real=tame
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Horizon effect on the SM GW. background

The scaling in the
hydrodynamic limit is usually

) F\° T
hﬂgw(f)m<H—Z) N

But changes slope due to the

horizon suppression for
f —— SM: Ty, =my

Ty < Tentry(f) =4 - 107 GeV —— SM: T, = 10% GeV

Hz — SM: T, =10 GeV
f 4
hQQgW(f) X (H_Z)
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Horizon effect on the SM GW. background

The scaling in the

°
1073

hydrodynamic limit is usually [\
10—10 LISA \
3 -15 DECIGQ
f T 10 \./
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But changes slope due to the
horizon suppression for
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Different GV production; regimes
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=xample 1: Heavy: Neutral Leptons

GW energy density Strain

Planck

UHF-GW searches

u-DECIGO

~—— HNL: Ty =my, F= 1072
—— HNL: Ty, =my, F= 1074
—— HNL: T, =my,, F= 107°
——  SM: T, =my

2
* HNLs have a renormalizable Yukawa coupling F' to the SM Y0 O.QTF—

* They saturate the bound for a specific frequency f-.

Juraj Klari¢ 36/43



=xample 1: Heavy: Neutral Leptons

GW energy density Strain

Planck

UHF-GW searches

u-DECIGO

~—— HNL: Ty =my, F= 1072
—— HNL: Ty, =my, F= 1074
—— HNL: T, =my,, F= 107°
——  SM: T, =my

2
* HNLs have a renormalizable Yukawa coupling F' to the SM Y0 O.QTF—

* They saturate the bound for a specific frequency f-.

Juraj Klari¢ 3//43



=xample 1: Heavy: Neutral Leptons

GW energy density Strain

Planck

UHF-GW searches

u-DECIGO

~—— HNL: Ty =my, F= 1072
—— HNL: Ty, =my, F= 1074
—— HNL: T, =my,, F= 107°
——  SM: T, =my

2
* HNLs have a renormalizable Yukawa coupling F' to the SM Y0 O.QTF—

* They saturate the bound for a specific frequency f-.

Juraj Klari¢ 38/43



=xample 1: Heavy: Neutral Leptons

GW energy density Strain

Planck

UHF-GW searches

u-DECIGO
u-DECIGO

~—— HNL: Ty =my, F= 1072
—— HNL: Ty, =my, F= 1074
—— HNL: T, =my,, F= 107°
——  SM: T, =my

2
* HNLs have a renormalizable Yukawa coupling F' to the SM Y0 O.QTF—

* They saturate the bound for a specific frequency f-.

Juraj Klari¢ 39/43



=xample 1: Heavy: Neutral Leptons

GW energy density Strain

Planck

UHF-GW searches

u-DECIGO

~—— HNL: Ty =my, F= 1072
—— HNL: Ty, =my, F= 1074
—— HNL: T, =my,, F= 107°
——  SM: T, =my

2
* HNLs have a renormalizable Yukawa coupling F' to the SM Y0 O.QTF—

* They saturate the bound for a specific frequency f-.

Juraj Klari¢ 40/43



=xample 2: ALPs

GW energy density Strain

LIGO-VIRGO [/,
Planck

ET

LISA / c\iB HD
B—7 cE

< DECIGQ,
Ny

BBO

UHF-GW searches

u-DECIGO
u-DECIGO

max = £, = 1010 GeV
01 GeV
, =10 GeV

* Non-renormalizable interactions:
- 53 1 221, b
Y., §<T,{n§(ng_1)o‘_2 n 2fMe ) (2T
f</5 (87 127 AIR
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Example 3: Other non-renormalizable interactions

GW energy density, T, = A=my, GW energy density, T, = A =10 GeV

LIGO-VIRGO [/,
/ Planck

Planck

2

u-DECIGO

o o a
| T |

[}
=<

* For a generic NR interaction we expect:

* For d=8 there are unavoidable interactions coming from graviton exchanges
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Outlook and conclusions

Thermal primordial gravitational waves can lead to high-frequency
oravitational waves with no known astrophysical backgrounds

Thermal fluctuations lead to an unavoidable SM background

Feebly coupled particles can dominate of the SM background by
orders of magnitude

Detection still very challenging!

Hydrodynamic & horizon supressions are extremely important for
accurate predictions!

Same formalism could be applied to other scenarios out of
thermal equilibrium (e.g. reheating)
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