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{ Inflation

(p)Reheating

1stO-PhT

Cosmic Strings

B-modes @ CMB
extra ingredients: shift symm (U1, SU2, ), …
O(Phi^2) induced GWs: PBH, NG
High Freq: unlikely observable, spectroscopy
Violation of relativistic bounds (CMB)

EW @ BSM: Potentially observable @ LISA

BSM/Dark Sectors: observable @ any freq 
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BSM/GUT: Observable multi-freq

NG I vs NG II vs Fld Th
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Eq. Of State

Computation
Accuracy

Fine-tuning
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Spectrum Reconstruction

Other observables: NG, Chirality, Polarisations

—> param —> physics

Realism 
of SGWB 
detection 
program
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(p)Reheating
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Cosmic Strings

B-modes @ CMB
extra ingredients: shift symm (U1, SU2, ), …
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High Freq: unlikely observable, spectroscopy
Violation of relativistic bounds (CMB)

EW @ BSM: Potentially observable @ LISA

BSM/Dark Sectors: observable @ any freq 
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1stO-PhT

Cosmic Strings

B-modes @ CMB
extra ingredients: shift symm (U1, SU2, ), …
O(Phi^2) induced GWs: PBH, NG
High Freq: unlikely observable, spectroscopy
Violation of relativistic bounds (CMB)

EW @ BSM: Potentially observable @ LISA

BSM/Dark Sectors: observable @ any freq 
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{

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{

Eq. Of State

Computation
Accuracy

Fine-tuning

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{Detectability

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{
Spectrum Reconstruction

Other observables: NG, Chirality, Polarisations

—> param —> physics

Dani

Ema

David

Realism 
of SGWB 
detection 
program



GW Sources

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{ Inflation

(p)Reheating

1stO-PhT

Cosmic Strings

B-modes @ CMB
extra ingredients: shift symm (U1, SU2, ), …
O(Phi^2) induced GWs: PBH, NG
High Freq: unlikely observable, spectroscopy
Violation of relativistic bounds (CMB)

EW @ BSM: Potentially observable @ LISA

BSM/Dark Sectors: observable @ any freq 

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{
<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{
BSM/GUT: Observable multi-freq

NG I vs NG II vs Fld Th

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{

Eq. Of State

Computation
Accuracy

Fine-tuning

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{Detectability

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{
Spectrum Reconstruction

Other observables: NG, Chirality, Polarisations

—> param —> physics

Dani

Ema

David

Chiara ?

Realism 
of SGWB 
detection 
program



GW Sources

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{ Inflation

(p)Reheating

1stO-PhT

Cosmic Strings

B-modes @ CMB
extra ingredients: shift symm (U1, SU2, ), …
O(Phi^2) induced GWs: PBH, NG
High Freq: unlikely observable, spectroscopy
Violation of relativistic bounds (CMB)

EW @ BSM: Potentially observable @ LISA

BSM/Dark Sectors: observable @ any freq 

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{
<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{
BSM/GUT: Observable multi-freq

NG I vs NG II vs Fld Th

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{

Realism 
of SGWB 
detection 
program

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{

Eq. Of State

Computation
Accuracy

Fine-tuning

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{Detectability

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>

{
Spectrum Reconstruction

Other observables: NG, Chirality, Polarisations

—> param —> physics

Dani

Dani

Ema

David

Chiara ?



GW Sources

<latexit sha1_base64="W+0ThRk55Kl0+Ampl7Zd35IBMY4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByN/c7T6g0j+WjmSboR3QkecgZNVbq9EWgKMNBtebW3RxklXgFqUGB5qD61R/GLI1QGiao1j3PTYyfUWU4Ezir9FONCWUTOsKepZJGqP0sP3dGzqwyJGGsbElDcvX3REYjradRYDsjasZ62ZuL/3m91IQ3fsZlkhqUbLEoTAUxMZn/ToZcITNiagllittbCRtTG4CxCVVsCN7yy6ukfVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTWgBgwk8wyu8OYnz4rw7H4vWklPMHMMfOJ8/SpuPig==</latexit>
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Parameter Dependence (Peak amplitude)

Chaotic Models:
where q is the so called resonance parameter

q ⌘ g
2
�
2
i

!2
⇤

. (2.6)

Depending on the potential, the resonance parameter may be written as proportional to the
expression provided in Eq. (2.6), with a proportionality factor4 of order ⇠ O(1). However,
this is purely conventional, and what really matters is, of course, the dimensionless ratio
/ g2�2

i
!2
⇤

captured in Eq. (2.6).
In most relevant situations in the early Universe where parametric resonance takes place,

the oscillatory field � is considered to be initially in a homogeneous classical field configuration,
whereas the field � is considered to be a quantum field, initially in vacuum. The scalar field �

can be promoted into a quantum operator by means of the standard quantization procedure

�(x, t) ⌘ a(t)X(x, t) =

Z
dk

(2⇡)
3 e

�ik·x
h
âk�k(t) + â

†
�k�

⇤
k(t)

i
, (2.7)

where the creation/annihilation operator satisfy the canonical commutation relations

[âk, â
†
k0 ] = (2⇡)

3
�
(3)

(k� k0
), (2.8)

with other commutators vanishing. The (initial) vacuum state is defined as usual, given by
âk|0i = 0. Given our choice of Eqs. (2.7), (2.8), we note that the mode functions �k have
dimensions of (Energy)�1/2. From Eq. (2.5) we obtain the EOM for the latter as

d
2

dz2
�k +

�

2
+ q'

2
�
�k ' 0 ,  ⌘ k

!⇤
, (2.9)

where we have discarded the term / 1
a
d2a
dz2 in the rhs of the equation, as it is negligible

at sub-horizon scales 
2 � 1

a(
da
dz )

2
,
1
a
d2a
dz2 . Given the oscillatory nature of ', Eq. (2.9) can

exhibit unstable solutions of the type � ⇠ e
µq()z, with µq() some complex exponent.

For certain values of {q,}, Re[µ] > 0, causing an exponential growth of the given field
mode amplitude. It is precisely this unstable behavior, occurring only within finite-momenta
’resonance bands’ with Re[µ] > 0, that we call parametric resonance. For a thoughtful
description of the phenomena of parametric resonance in the early Universe see [15]. For a
fit-parameter analysis based on numerical simulations of parametric resonance in the early
Universe, see [59].

2.1 Spectrum of gravitational waves

The exponential growth of the �k modes experiencing parametric resonance, generate a sig-
nificant anisotropic stress ⇧ij ⇠ @i�@j�, which in turn creates gravitational waves (GW), as
we will see next. Gravitational waves correspond the transverse and traceless (TT) degrees
of freedom of metric perturbations,

ds
2
= �dt

2
+ a

2
(t) (�ij + hij) dx

i
dx

j
. (2.10)

4
For example, in the case of a quartic potential V (�) = ��4/4, Eq. (2.6) states that q = g2/�, matching

exactly the resonance parameter definition in the Lamé equation [7]. Therefore, in this case, there is no need

to add any proportionality constant. However, in the case of a quadratic potential V (�) = m2
��

2/2, with

m� some mass scale, one normally defines the resonance parameter as q ⌘ g2�2
i /4m

2
�, introducing the extra

factor 1/4 to match the resonance parameter definition in the Mathieu equation, see [6].
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(DGF, Torrentí, PRD 2017)

Resonance 
Param.

INFLATIONARY PREHEATING

⌦(o)
GW ⇠ A2 !6

⇢m2
p

q�1/2

Figure 9. The top panels show the time-evolution of the GW spectra ⌦GW(, z) for the quadratic
preheating model, for both q = 21000 (top-left) and q = 100000 (top-right). The spectra are depicted
at times z = 0, 5, 10, . . . , and go from red (early-times) to blue (late-times). The bottom panels show
the same quantities, but zoomed to observe the peak better.

GW are also populated. During this displacement, a peak forms at a given scale p > M .
We will refer to the final amplitude of this peak as ⌦

(f)
GW(p). As the position of this peak

cannot be properly observed in the top panels of Fig. 9, we have plotted the same spectra
in the bottom panels, zooming in the last stages of GW production. The position p clearly
indicates the transition from short to large momenta, so that for  > p, the amplitude of
the GW spectra starts decreasing significantly. It constitutes therefore an estimate of the
maximum momenta attained by the GW spectra, due to the population of UV modes outside
the initial radius  . M , when the system becomes non-linear at z & zbr.

In Fig. 10 we show the position p and amplitude ⌦GW(p) of the peak in the GW
spectra, extracted from our lattice simulations for different values of q. We observe that as
we increase q, the position of the peak p in the saturated spectra moves to the UV, while
the amplitude of the peak decreases. We have found the following fits to the peak amplitude
and position,

p ⇡ 48

⇣
q

104

⌘0.67
, ⌦

(f)
GW(p) ⇡ 3.8⇥ 10

�6
⇣

q

104

⌘�0.43
. (3.40)

Let us remark that the fit for q . 25000 should be taken with a ’grain of salt’, as the position
of the peak is not so clearly distinguishable (given that the spectral amplitude flattens out).
Not surprisingly, we see that the linear prediction for the peak position at p ⇠ q

1/4 is not
well verified, given that the location indicated in Eq. (3.40) corresponds to the final peak,
measured after the system became non-linear and ceased to source GWs. The mentioned
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Parameter Dependence (Peak amplitude)

Chaotic Models: fo ⇠ 10
8 � 10

9
Hz⌦(o)

GW ⇠ 10�11 , @

Large amplitude ! … at high Frequency !

Very unfortunate… but unobservable !
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Parameter Dependence (Peak amplitude)

Chaotic Models: fo ⇠ 10
8 � 10

9
Hz⌦(o)

GW ⇠ 10�11 , @

Large amplitude ! … at high Frequency !

Very unfortunate… no detectors there !

INFLATIONARY PREHEATING



Parameter Dependence (Peak amplitude)

Chaotic Models: fo ⇠ 10
8 � 10

9
Hz⌦(o)

GW ⇠ 10�11 , @

Large amplitude ! … at high Frequency !

⌦GW / q�1/2 Spectroscopy of particle couplings ?

different couplings 
… different peaks ?

INFLATIONARY PREHEATING

DGF & Loayza, work in progress



Parameter Dependence (Peak amplitude)

Hybrid Models: ⌦(o)
GW /

✓
v

mp

◆2

⇥ f(�, g2) fo ⇠ �1/4 ⇥ 10
9
Hz,

⌦(o)
GW ⇠ 10�11 , @

Large amplitude !
(for v ' 1016 GeV)

realistically speaking …          

fo ⇠ 10
8 � 10

9
Hz

fo ⇠ 10
2
Hz

{ � ⇠ 0.1

(natural)

� ⇠ 10
�28

(fine-tuning)
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Cosmic Strings Network: Loop configurations

Stochastic gravitational wave backgrounds and early universe cosmology. 94

, The final spectrum today of the GWs produced by the loops of a string network,

emitted all through cosmic history from an initial time t⇤ until today to, is then

d⇢
(o)

df
⌘ �Gµ

2

Z
to

t⇤

dt

✓
a(t)

ao

◆3 Z ↵/H(t)

0

dlln(l, t)P((ao/a(t))fl) (191)

Given that the power radiated by the population of cosmic loops from a string

network, comes from the contribution through all the cosmic history evolution of the

string network, it is convenient to express the above results in terms of a redshift integral.

This can be easily done by ...

Before we move on, it is important to note that the above spectral mode emission

Pn / 1/nq+1, or equivalently P(fl) / 1/(fl)q+1, is based on the asymptotic behavior

expected for large n. Hence, this modeling might be inaccurate for the lower harmonics,

specially for n = 1. Since Eq. (191) was derived independently of the functional form

of P(fl), it might be interesting to compute the GW emission assuming that only the

fundamental mode n = 1 of the GWs harmonics is emitted. This can be modeled by

simply considering a Dirac Delta distribution as P(fl)�(1)(fl � 2).

8.2.1. Cusps, kinks, and other features Summary of expressions based on asymptotic

behavior of the waveform, and comparison to previous formulas. Brief discussion about

rare event emissions.

8.2.2. Constraints

9. Conclusion

Appendix A. Gravitational wave propagation equation

In this appendix, we derive the propagation equation for GWs...

Appendix B. Detecting gravitational waves through their e↵ect on photon

propagation

We will discuss in the next section how cosmological GW backgrounds can be detected

with CMB experiments, pulsar timing observations and interferometric experiments.

These three kinds of experiments rely on the e↵ect of GW on the propagation of photons,

wether photons propagating from the epoch of last scattering in the case of the CMB,

electromagnetic pulses emitted by pulsars in the case of pulsar timing observations,

or photons in laser beams in the case of interferometers. Therefore, before describing

these experiments in more detail, we first discuss in this sub-section how GW a↵ect the

propagation of electromagnetic signals. We will follow the analysis performed by Sachs

and Wolfe [33, 34] for the CMB, and apply it also to pulsar timing observations and

interferometric experiments.

number
densitylength GW power 

emission
expansion

history

Extra emission of GWs ! (Vilenkin ’81)

Cosmic string loop  (length l) oscillates under tension μ 

    emits GWs in a series of harmonic modes

/ 1/(fl)q+1

features
(kinks,cusps,…)

GW power emission

and many others !
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Figure 1. Cosmic string SGWB curves (all in red) near various relevant values of Gµ. The dashed
orange curve is the EPTA sensitivity, and the darkest red curve just below is for Gµ = 10

�10. The
dash-dotted dark orange curve is the (projected) SKA sensitivity, and the dark red curve just below
is for Gµ = 10

�13. The dotted black curve is the LISA PLS; the red curve whose peak passes through
it, and the light red curve just below, are for Gµ = 10

�15 and 10
�17 respectively.

next few years. However, as the limit on ⌦gw becomes stronger and one probes lower values
of the tension, one can see that the peak of the SGWB moves towards high frequencies and
outside of the PTA frequency bands. This makes future bounds less strong than one would
have thought because the PTA frequency band will then be at the steep section of the SGWB
curve. Eventually, the SKA collaboration will become more competitive, potentially setting a
bound of Gµ = 2⇥ 10

�13, three orders of magnitude stronger than current PTA constraints.
An important point to make here is that if any of these observations detect a SGWB,

one will probably have to wait for LISA before one can elucidate the origin of such back-
ground. It is therefore interesting to see that if Gµ is in the range of values accessible by
PTA experiments, the higher-frequency part of the SGWB signal will be well within LISA’s
sensitivity curve. The spectrum for Gµ = 10

�13 in figure 1 shows how such a curve might
appear in LISA.

Looking at the curves for Gµ = 10
�15 and 10

�17 in figure 1, it is clear that for lower
string tensions, PTA-type experiments become irrelevant for detecting a background and at
this level LISA becomes the right instrument to probe these light strings [81]. The “bump” of
the SGWB will pass directly through the LISA sensitivity band, as shown for Gµ = 10

�15,
and Gµ = 10

�17 is the order of the lower bound on tension that LISA will set.

5.1.1 The high frequency regime

As we can see from the SGWB curves shown in figure 1, the spectrum becomes flat at very
high frequencies. This can be understood analytically using a scaling number density of loops
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Figure 2. Idem as figure 1 but using the loop number density from Model III [127].

as well as a simplified cosmological background that describes the evolution of the Universe
deep in the radiation era. The combination of these two facts allows us to find an expression
(following Method I) for the spectrum of the form

⌦
plateau
gw (ln f)I =

64⇡G2µ2
⌦rad

3

 1X

n=1

Pn

!✓Z
dx nr(x)

◆
. (5.1)

This shows that indeed the SGWB is flat in this regime, but also that it only depends on
two properties of the network of strings: the averaged total power emitted by a loop, and the
total number of loops. Using the results of Model II, we find

⌦
plateau
gw (ln f)I ⇡ 8.04⌦rad

r
Gµ

�
. (5.2)

This is a relevant result as it tells us that the value of the high-frequency plateau only depends
on Gµ and the total �. In particular, it does not depend on the exact form of the loop’s power
spectrum, nor on if the GW emission is dominated by cusps or kinks, but rather depends only
on the total radiation emitted by the loops.

Similarly, we can perform the same kind of computation using Method II. Starting with
eq. (4.11), and taking the cosmological background to be in the radiation era, we find 13

a good agreement for the plateau with the expression found in eq. (5.2). This is expected,
given that the plateau only depends on quantities that must be identical in both methods.
However, given the different nature of the calculations performed in both methods, this is a
good consistency check.

13
Note that in order to make this comparison, one should express the result in terms of the total power

emitted �. We give in appendix A the calculation of � in terms of the parameters Nq, g1, g2.
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Figure 1. Cosmic string SGWB curves (all in red) near various relevant values of Gµ. The dashed
orange curve is the EPTA sensitivity, and the darkest red curve just below is for Gµ = 10

�10. The
dash-dotted dark orange curve is the (projected) SKA sensitivity, and the dark red curve just below
is for Gµ = 10

�13. The dotted black curve is the LISA PLS; the red curve whose peak passes through
it, and the light red curve just below, are for Gµ = 10

�15 and 10
�17 respectively.

next few years. However, as the limit on ⌦gw becomes stronger and one probes lower values
of the tension, one can see that the peak of the SGWB moves towards high frequencies and
outside of the PTA frequency bands. This makes future bounds less strong than one would
have thought because the PTA frequency band will then be at the steep section of the SGWB
curve. Eventually, the SKA collaboration will become more competitive, potentially setting a
bound of Gµ = 2⇥ 10

�13, three orders of magnitude stronger than current PTA constraints.
An important point to make here is that if any of these observations detect a SGWB,

one will probably have to wait for LISA before one can elucidate the origin of such back-
ground. It is therefore interesting to see that if Gµ is in the range of values accessible by
PTA experiments, the higher-frequency part of the SGWB signal will be well within LISA’s
sensitivity curve. The spectrum for Gµ = 10

�13 in figure 1 shows how such a curve might
appear in LISA.

Looking at the curves for Gµ = 10
�15 and 10

�17 in figure 1, it is clear that for lower
string tensions, PTA-type experiments become irrelevant for detecting a background and at
this level LISA becomes the right instrument to probe these light strings [81]. The “bump” of
the SGWB will pass directly through the LISA sensitivity band, as shown for Gµ = 10

�15,
and Gµ = 10

�17 is the order of the lower bound on tension that LISA will set.

5.1.1 The high frequency regime

As we can see from the SGWB curves shown in figure 1, the spectrum becomes flat at very
high frequencies. This can be understood analytically using a scaling number density of loops
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Figure 2. Idem as figure 1 but using the loop number density from Model III [127].

as well as a simplified cosmological background that describes the evolution of the Universe
deep in the radiation era. The combination of these two facts allows us to find an expression
(following Method I) for the spectrum of the form

⌦
plateau
gw (ln f)I =

64⇡G2µ2
⌦rad

3

 1X

n=1

Pn

!✓Z
dx nr(x)

◆
. (5.1)

This shows that indeed the SGWB is flat in this regime, but also that it only depends on
two properties of the network of strings: the averaged total power emitted by a loop, and the
total number of loops. Using the results of Model II, we find

⌦
plateau
gw (ln f)I ⇡ 8.04⌦rad

r
Gµ

�
. (5.2)

This is a relevant result as it tells us that the value of the high-frequency plateau only depends
on Gµ and the total �. In particular, it does not depend on the exact form of the loop’s power
spectrum, nor on if the GW emission is dominated by cusps or kinks, but rather depends only
on the total radiation emitted by the loops.

Similarly, we can perform the same kind of computation using Method II. Starting with
eq. (4.11), and taking the cosmological background to be in the radiation era, we find 13

a good agreement for the plateau with the expression found in eq. (5.2). This is expected,
given that the plateau only depends on quantities that must be identical in both methods.
However, given the different nature of the calculations performed in both methods, this is a
good consistency check.

13
Note that in order to make this comparison, one should express the result in terms of the total power

emitted �. We give in appendix A the calculation of � in terms of the parameters Nq, g1, g2.
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FIG. 1: The GW energy density per logarithmic frequency
interval Ωgw(f)h2 of a cosmic string network with Gµ/c2 =
10−7, α = 10−3 and n∗ = 1. The black (solid) line is the full
spectrum from the network due to loops formed in both radi-
ation and matter eras, whereas the red (dashed) line is that
from the radiation-dominated era and the blue (dot-dashed)
line is from the matter-dominated era. The grey shaded area
shows the frequency window probed with the highest sensi-
tivity by PTA experiments with duration between 5 and 10
years.

D. Intercommutation probability

Whenever two field theory cosmic strings collide they
exchange partners with an intercommutation probability
p = 1 [70]. This is not necessarily the case for cosmic su-
perstrings however, which intercommute with a reduced
intercommutation probability p < 1. This can be at-
tributed to the extra dimensions in which cosmic super-
strings are moving, with a successful intercommutation
requiring their collision in all dimensions and not just in
the three spatial dimensions visible to us. If p < 1 then
the scaling density of long strings is increased in order
to increase the number of intersections per unit time and
hence allow the network to lose the requisite amount of
energy necessary to maintain scaling. This will increase
the number of loops and hence will increase the ampli-
tude of the SGWB by a uniform scaling. There is, how-
ever, some controversy as to the exact dependence on p.
Jones, Stoica and Tye [19], argued that the self-similar
length scale, L, of the cosmic string network should scale
as L ∝ pt, which would mean that ρ∞ ∝ L−2 ∝ p−2.
In that case, even a small decrease in p would lead to a
dramatic increase in the amplitude of the SGWB. How-
ever, in such a case the inter-string distance ds, due to
the higher string density, is smaller than the length scale
of the network L, whereas in the one-scale model L ∼ ds,
suggesting that this argument needs to be modified.
Sakellariadou [83] has performed simulations of cosmic

superstring networks in Minkowski spacetime which sug-
gest that L ∝ p1/2t, implying that ρ∞ ∝ p−1. It was
suggested the discrepancy with the results of Jones et
al. stems from the small-scale structure of cosmic stings,

which ensures more intersection points when two strings
collide, and therefore there are more chances for success-
ful loop production.
There are two techniques used to model the dynam-

ics of strings in the Nambu-Goto approximation: one
is the Minkowski spacetime approach used in [83]; the
other is to model the expansion of the Universe. The
results of such simulations are reported by Avgoustidis
and Shellard in [84, 85]. They find that when p ≤ 0.1
then ρ∞ ∝ p−0.6, whereas for 0.1 < p ≤ 1.0 they find
ρ∞ ∝ p−1. They also suggest that small-scale structure
is responsible for the difference from the ρ∞ ∝ p−2 scal-
ing law and they propose a simple two-scale model which
describes quite accurately their simulation results. The
difference in the scaling laws of [83] and [85] has to do
with fitting model parameters to results of fundamen-
tally different simulations, so the exact reasons for this
discrepancy are not easy to trace.
In this work we will not make a judgement on the pre-

cise dependence of the scaling density of infinite strings
as a function of p except that it can be modeled by a
power law

A(p) =
A(1)

pk
, (25)

where k is the model parameter and A(1) = 52 and
A(1) = 31 in the radiation and matter eras respectively.
The results of [83] suggest that k = 1, whereas those
of [84, 85] suggest k = 0.6 for p ≤ 0.1 and k = 1
for 0.1 < p ≤ 1.0. The consequence of this assump-
tion is that the amplitude of the SWGB will scale as
Ωgw(f) ∝ p−k independent of f .

III. CHARACTERISTICS OF COSMIC STRING
INDUCED SPECTRA

A. Low frequency cut-off due to newborn large
loops.

As we mentioned in Sec. II B, each cosmic string loop
emits GWs into an ensemble of harmonics defined by
fn = 2nc/ℓ. This means that there is a low frequency
cut-off on the GWs that a cosmic string network emits,
defined by the first emission mode of the largest loops
present. The largest loops are those created at the
present time t0 and have length ℓ0 = frαdH(t0), with
a corresponding low frequency cut-off f0 ∝ 1/αt0. The
redshifted frequencies of the GWs emitted by loops pre-
viously born will always be higher than f0 in both the
radiation- and matter-dominated eras. For example, in
the radiation era the frequency of the first emission mode
of a loop formed at time t1 redshifted to the present is

f1 ∝ t1/6eq /α(t1/21 t2/30 ) > f0, where teq ≈ 25, 000 yrs is the
time of radiation-matter equality. The same calculation

in the matter era gives f1 ∝ 1/α(t1/31 t2/30 ), which is also
greater than f0. To demonstrate the strength of this in-
equality, in the matter era, the GWs of the first emission
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