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The early Universe as a GW factory

High-energy processes in the early Universe source high-frequency GWs

Example: the SM 

Ghiglieri-Laine’15
Ghiglieri-Jackson-Laine-Zhu’20

Ringwald- Schütte-Engel -Tamarit’20
Muia-Quevedo-Schachner-GV’23

UV sensitive!

(take-home: not a crazy theorist idea)
See also: Roshan - White ‘24
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allowing for a worldsheet CFT description reads:

𝑑 𝐸 =
𝑒𝛽𝐻𝐸

E
,  𝛽𝐻 ∼  𝛼′  Brandenberger – Vafa’89

• The thermodynamics is well understood. 

• Equilibrium distributions in 3D noncompact directions with branes:

Abel-Barbón-Kogan-Rabinovici ‘99
Deo-Jain-Tan ’88, ’89, ‘91
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A Hagedorn phase in cosmology

The thermodynamics is dominated by highly excited open string degrees of freedom.

An explicit analysis with Boltzmann equations for typical strings reveals that:

• They source the expansion of the Universe.

• They reach thermal equilibrium (nontrivial with expansion!).

• They source out of equilibrium gravitons.

• They eventually decay into SM degrees of freedom.

Note: do not need (but compatible with) inflation.

This talk
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Graviton production rate: what to compute?

In a thermodynamic setup we are interested in typical behaviour.

Consider the averaged semi-inclusive decay rate:

These sums can be replaced by a trace by inserting projectors:

Amati-Russo’99
Mañes’03

Kawamoto-Matsuo’13

+
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Graviton production from a highly excited string

After the dust settles, we find a greybody spectrum at the Hagedorn temperature:

The contribution to the GW spectrum per e-fold thus reads:
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Gravitational waves from the Hagedorn phase

In terms of the fractional energy density and fidutial values, we find:

Assuming standard cosmology

1) Large amplitude

2) Similar peak frequency as SM.

3) Amplitude larger than the SM prediction for a 
given reheating (Hagedorn) temperature.



Conclusions and future directions

• GWs at large frequencies provide an incomparable 
opportunity to test (very) High Energy Physics.

• Our setup predicts more model-dependent remnants, 
including closed string moduli and axions. It would be 
interesting to study further implications of this scenario
for DM, etc.

• We have, at the moment, ignored the important issue
of moduli stabilization. This is an obvious future 
direction.
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• GWs at large frequencies provide an incomparable 
opportunity to test (very) High Energy Physics.

• Our setup predicts more model-dependent remnants, 
including closed string moduli and axions. It would be 
interesting to study further implications of this scenario
for DM, etc.

• We have, at the moment, ignored the important issue
of moduli stabilization. This is an obvious future 
direction.

Thank you!



Bonus: Proposed detectors (Dec. 2020)

Adapted from Aggarwal et al’20
Sensitivities not shown (but challenging!)



The early Universe as a GW producer
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