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[M. M. Anber, L. Sorbo (0908.4089)]
[J. Cook, L. Sorbo (1109.0022)]
[N. Barnaby, E. Pajer, M. Peloso (1110.3327)]

- Very efficient energy transport Axion -> Gauge fields

[N. Barnaby, M. Peloso (1011.1500)]
[A. Linde, S. Mooji, E. Pajer (1212.1693)]
[E. Bugaev, P. Klimai (1312.7435)]
[N. Bartolo et al (LISA) (1610.06481)]
[J. G. Bellido, M. Peloso, C. Unal (1610.03763)]
…..

Very rich phenomenology:
PBH
GWs
Non Gaussianities
…

[K. Freese, J. A. Frieman, A. V. 
Olinto (PRL 65,3233 1990)]
…Axion-inflation
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� ! �+ cShift symmetry
•The model:

•Why so interesting?
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|A+| � |A�|- Chiral instability

Introduction
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Constraint equations:

The model

Dynamical equations: @ FLRW

V =
1

2
m2�2
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CosmoLattice
[D. G. Figueroa, A. Florio, F. Torrenti & W. Valkenburg (2006.15122)]
[D. G. Figueroa, A. Florio, F. Torrenti & W. Valkenburg (2102.01031)]

[D. G. Figueroa, M. Shaposhnikov (1705.09629)]
[J. R. C. Cuissa , D. G. Figueroa (1812.03132)]

2- Lattice gauge-invariant and shift symmetric.

1- Full equations of motion: inhomogeneities allowed!
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3- Strong backreaction during and until the end of inflation
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✏H = 1From the linear regime

Our lattice study
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Alternative proposals:
[A. Caravano, E. Komatsu, K. D. Lozanov, J. Weller (2204.12874)]
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The only one 
that satisfies 
all conditions

Continuum Lattice

[D. G. Figueroa, M. Shaposhnikov (1705.09629)]
Discretisation procedure
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Outline

1. Uncovering the strong backreaction regime
1. General features
2. (Electro)magnetic slow-roll
3. UV sensitivity 

2. The effect of the potential 

3. GW generation and detectability prospects
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Backreaction-less

1. Uncovering the strong backreaction regime
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•Strong: Inflationary period exponentially grows 
with the coupling value!

•Mild: Re-entry in inflation.

•Weak: Backreaction only after end inflation, no 
extension of inflation.

[J. R. C. Cuissa and D. G. Figueroa (1812.03132)]
[Adshead et al (1909.12842), (1909.12843)…]
Preheating:
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Extrapolations
<latexit sha1_base64="P4Pk3n1N1nLfgr4hcddnyKBF1nE="></latexit>

ω! = 25 → !Nbr ↑ 10 ↓ 12
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ω! = 30 → !Nbr ↑ 15 ↓ 18
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ω! = 35 → !Nbr ↑ 18 ↓ 25

Linear fits approximately 
supported, but preferred 

mild curvature

Linear

Power-Law

Local 
backreaction

Homogeneous 

9



°1.0 °0.5 0.0 0.5 1.0 1.5
N

Æ§ = 14

°2 °1 0 1 2 3 4 5
N

Æ§ = 18

°0.4 °0.2 0.0 0.2 0.4 0.6 0.8
N

10°3

10°2

10°1

100

Ω/
Ω t

ot

K

V

G

EM

Æ§ = 12

Weak Mild Strong

Local backreaction of 
the electromagnetic 

term feeds the gradients

EM backreaction quite 
after standard slow-roll 

Comparable kinetic and 
gradient contribution 

during inflation

Still first 
crossing almost 

at 0 efold

Re-entry 
due to the EM 
backreaction 

Interplay between 
V and EM in the 

re-entry

EM>K before 0 efold 
prevents the end of 

inflation 

End of inflation when 
V=EM

EM slow-roll

1.1 General features


10



°1 0 1 2 3 4 5
N

10°3

10°2

10°1

100

Ω/
Ω t

ot

Total

Magnetic

Electric

Æ§ = 18

Strong

Homogeneous

Local

End of inflation

<latexit sha1_base64="DjhcUiGIIs8qJrmtGMegN0VIj1E=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIVDdCqQguK9gHdIYhk6ZtaCYZkoxQhlm48VfcuFDErR/hzr8xbQfU1gMXTs65l9x7wphRpR3nyyqsrK6tbxQ3S1vbO7t79v5BW4lEYtLCggnZDZEijHLS0lQz0o0lQVHISCccX039zj2Rigp+pycx8SM05HRAMdJGCuyyJ0ciSD0ZwesMXsKfZyML7IpTdWaAy8TNSQXkaAb2p9cXOIkI15ghpXquE2s/RVJTzEhW8hJFYoTHaEh6hnIUEeWnsyMyeGyUPhwIaYprOFN/T6QoUmoShaYzQnqkFr2p+J/XS/Tgwk8pjxNNOJ5/NEgY1AJOE4F9KgnWbGIIwpKaXSEeIYmwNrmVTAju4snLpH1adWvV2u1Zpd7I4yiCMjgCJ8AF56AObkATtAAGD+AJvIBX69F6tt6s93lrwcpnDsEfWB/foeuXdg==</latexit>ωE = ωB

Final magnetic dominance

Initial electric dominance

Homogeneous: complete electric dominance

1.2 (Electro)magnetic slow roll
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1.3 Full vs Homogeneneous: PS
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1.4 UV sensitivity

k=aH

No noticeable changes
during inflation

<latexit sha1_base64="fTwPtwx9klvGx/HAaYYzWNiFojo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVDdC0Y0rqWAf0I4lk2ba0CQzJBmlDP0PNy4Uceu/uPNvzLSz0OqBwOGce7knJ4g508Z1v5zC0vLK6lpxvbSxubW9U97da+koUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK8yv/1AlWaRvDOTmPoCDyULGcHGSvc9gc2IYJ7eTC/cUr9ccavuDOgv8XJSgRyNfvmzN4hIIqg0hGOtu54bGz/FyjDC6bTUSzSNMRnjIe1aKrGg2k9nqafoyCoDFEbKPmnQTP25kWKh9UQEdjJLqRe9TPzP6yYmPPdTJuPEUEnmh8KEIxOhrAI0YIoSwyeWYKKYzYrICCtMjC0qK8Fb/PJf0jqperVq7fa0Ur/M6yjCARzCMXhwBnW4hgY0gYCCJ3iBV+fReXbenPf5aMHJd/bhF5yPb7kYkgQ=</latexit>

N = 0

Peak always remains
 sub-Hubble!

During the re-entry period, 
excitation moves towards UV scales

Re-entry period

<latexit sha1_base64="K/qVAjO/I5wcd5WnlCb83R4QLrk=">AAACFnicbZDNSgMxFIUz9a/Wv1GXboJFcKF1pkrtRii60Y1UcdpCZyiZNG1Dk5kxyQhl6FO48VXcuFDErbjzbUzbWWjrgcDHufdyc48fMSqVZX0bmbn5hcWl7HJuZXVtfcPc3KrJMBaYODhkoWj4SBJGA+IoqhhpRIIg7jNS9/sXo3r9gQhJw+BODSLicdQNaIdipLTVMg+v4Rk8LloH7n2M2rDfSlzBoVMbHqV4dTuErqQcFstWrmXmrYI1FpwFO4U8SFVtmV9uO8QxJ4HCDEnZtK1IeQkSimJGhjk3liRCuI+6pKkxQJxILxmfNYR72mnDTij0CxQcu78nEsSlHHBfd3KkenK6NjL/qzVj1Sl7CQ2iWJEATxZ1YgZVCEcZwTYVBCs20ICwoPqvEPeQQFjpJEch2NMnz0KtWLBLhdLNSb5ynsaRBTtgF+wDG5yCCrgEVeAADB7BM3gFb8aT8WK8Gx+T1oyRzmyDPzI+fwBYNZxj</latexit>

N = 320, kUV/kIR → 280
<latexit sha1_base64="MiYPId8kgkbIFMtdCUlJATrD858=">AAACFnicbZDNSgMxFIUz9a/Wv1GXboJFcKF1RmrtRii60Y1UcdpCZyiZNG1Dk5kxyQhl6FO48VXcuFDErbjzbUzbWWjrgcDHufdyc48fMSqVZX0bmbn5hcWl7HJuZXVtfcPc3KrJMBaYODhkoWj4SBJGA+IoqhhpRIIg7jNS9/sXo3r9gQhJw+BODSLicdQNaIdipLTVMg+v4Rkslq0D9z5GbdhvJa7g0KkNj1K8uh1CV1IOi/ZJrmXmrYI1FpwFO4U8SFVtmV9uO8QxJ4HCDEnZtK1IeQkSimJGhjk3liRCuI+6pKkxQJxILxmfNYR72mnDTij0CxQcu78nEsSlHHBfd3KkenK6NjL/qzVj1Sl7CQ2iWJEATxZ1YgZVCEcZwTYVBCs20ICwoPqvEPeQQFjpJEch2NMnz0LtuGCXCqWbYr5ynsaRBTtgF+wDG5yCCrgEVeAADB7BM3gFb8aT8WK8Gx+T1oyRzmyDPzI+fwBj4Jxq</latexit>

N = 480, kUV/kIR → 415
<latexit sha1_base64="n6IWlDtoEyzOWS1SRJGKMaA9QKs=">AAACGXicbZDNSsNAFIUn/tb6F3XpZrAILqQmVVI3QtGNbqSKaQtNCZPJtB06k8SZiVBCXsONr+LGhSIudeXbmLZZaOuBgY9z7+XOPV7EqFSG8a3NzS8sLi0XVoqra+sbm/rWdkOGscDExiELRctDkjAaEFtRxUgrEgRxj5GmN7gY1ZsPREgaBndqGJEOR72AdilGKrNc3biGZ/DYqFYOnfsY+XDgJo7g0G6kRzle3abQkZRDWLEso+jqJaNsjAVnwcyhBHLVXf3T8UMccxIozJCUbdOIVCdBQlHMSFp0YkkihAeoR9oZBogT2UnGl6VwP3N82A1F9gIFx+7viQRxKYfcyzo5Un05XRuZ/9XaseqedhIaRLEiAZ4s6sYMqhCOYoI+FQQrNswAYUGzv0LcRwJhlYU5CsGcPnkWGpWyaZWtm5NS7TyPowB2wR44ACaoghq4BHVgAwwewTN4BW/ak/aivWsfk9Y5LZ/ZAX+kff0AwQCdDA==</latexit>

N = 3072, kUV/kIR → 2660
14

Power to UV scales

Considerable amount of extra e-
folds: extreme UV sensitivity



1.4 UV sensitivity: convergence?
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Convergence
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Fixed IR and 
increasing UV

<latexit sha1_base64="UZBkxg5xwBB7PKJTpIejeNhXIuU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVDdC0Y0rqWAf0A4lk2ba0CQzJplCGfodblwo4taPceffmGlnodUDgcM593JPThBzpo3rfjmFldW19Y3iZmlre2d3r7x/0NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GN9kfntClWaRfDDTmPoCDyULGcHGSn5PYDMimKd3syu3X664VXcO9Jd4OalAjka//NkbRCQRVBrCsdZdz42Nn2JlGOF0VuolmsaYjPGQdi2VWFDtp/PQM3RilQEKI2WfNGiu/txIsdB6KgI7mYXUy14m/ud1ExNe+imTcWKoJItDYcKRiVDWABowRYnhU0swUcxmRWSEFSbG9lSyJXjLX/5LWmdVr1at3Z9X6td5HUU4gmM4BQ8uoA630IAmEHiEJ3iBV2fiPDtvzvtitODkO4fwC87HN4ALkfA=</latexit>

N = 0

<latexit sha1_base64="e4oT08SBt9AfCOs9aFepiBmTTBo=">AAACCnicbZDLSsNAFIYnXmu9RV26GS2Cq5KIVDdC0Y0rqWAv0IQwmUzaoZNJmJkIJWTtxldx40IRtz6BO9/GSZtFbf1h4OM/5zDn/H7CqFSW9WMsLa+srq1XNqqbW9s7u+befkfGqcCkjWMWi56PJGGUk7aiipFeIgiKfEa6/uimqHcfiZA05g9qnBA3QgNOQ4qR0pZnHjkRUkOMWHaXX82wlzkigoQHuWfWrLo1EVwEu4QaKNXyzG8niHEaEa4wQ1L2bStRboaEopiRvOqkkiQIj9CA9DVyFBHpZpNTcniinQCGsdCPKzhxZycyFEk5jnzdWSwr52uF+V+tn6rw0s0oT1JFOJ5+FKYMqhgWucCACoIVG2tAWFC9K8RDJBBWOr2qDsGeP3kROmd1u1Fv3J/XmtdlHBVwCI7BKbDBBWiCW9ACbYDBE3gBb+DdeDZejQ/jc9q6ZJQzB+CPjK9fAzSbHg==</latexit>

N = Nend

Common evolution

During backreaction, different 
evolution depending on UV 

coverage
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Lack of UV resolution distorts
the power spectrum, and the self-
consistent background evolution
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1.4 UV sensitivity: convergence?
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<latexit sha1_base64="C1RxSHoaARFT9TQ/guo7o3DmWIs=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVUnsRil48SQX7Ae1Ssmm2jWaTJckKZel/8OJBEa/+H2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN28Hg99dtPVGkmxb0Zx9SP8FCwkBFsrNS6vTyvVmr9YsktuzOgZeJlpAQZGv3iV28gSRJRYQjHWnc9NzZ+ipVhhNNJoZdoGmPyiIe0a6nAEdV+Ort2gk6sMkChVLaEQTP190SKI63HUWA7I2xGetGbiv953cSENT9lIk4MFWS+KEw4MhJNX0cDpigxfGwJJorZWxEZYYWJsQEVbAje4svLpHVW9qrl6l2lVL/K4sjDERzDKXhwAXW4gQY0gcADPMMrvDnSeXHenY95a87JZg7hD5zPHwXTjiE=</latexit>

N = 3648

Enormous separation of 
scales required!

Slowly converging…
Not yet…
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Summary & Conclusions 1

17

• Local physics and gradients play a crucial role in U(1)-axion inflation

• Strong backreaction leads to notable inflation extension

• This phase is related to “(electro)magnetic slow-roll”

• The dependance of the extension with the coupling is ~ linear

• UV scales more relevant for strong backreaction: 


• Bad separation of scales   fake physics of high couplings

What if we go beyond 
<latexit sha1_base64="kG9FSROGN9uscs7euuuOQ33cU9U=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNyUJUt0IRTcuK9gHNGmZTCft0JkkzEyEErpz46+4caGIW3/BnX/jpM1CWw9cOJxzL/fe48eMSmVZ30ZhZXVtfaO4Wdra3tndM/cPWjJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2xzeZ334gQtIovFeTmHgcDUMaUIyUlvrmcavixiN6Bq+gGwiEU3uaOlPeczK15/TNslW1ZoDLxM5JGeRo9M0vdxDhhJNQYYak7NpWrLwUCUUxI9OSm0gSIzxGQ9LVNEScSC+d/TGFp1oZwCASukIFZ+rviRRxKSfc150cqZFc9DLxP6+bqODSS2kYJ4qEeL4oSBhUEcxCgQMqCFZsognCgupbIR4hHYfS0ZV0CPbiy8uk5VTtWrV2d16uX+dxFMEROAEVYIMLUAe3oAGaAINH8AxewZvxZLwY78bHvLVg5DOH4A+Mzx/n1ZgY</latexit>

V (ω) =
1

2
m2ω2 ?
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• Many single-field inflationary models


• Low tensor-to-scalar ratio favoured


• U(1) gauge-axion inflation models commonly:


• Quadratic potentials


• Natural Inflation potential


• Why go beyond?


• Dependance on the potential of new results?


• Range of validity of homogenous 
backreaction approach?

2. The effect of the potential
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• We consider a diverse set of potentials:


• Traditional: Natural, Chaotic


• Favoured: -attractors, Starobinsky


• UV motivated: Monodromy


• Others: Hilltop

α

Start of backreaction

End of inflation

Our set


19



0 1 2 3 4 5
N

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

≤ H

Monodromy

Starobinsky

Hilltop

Chaotic

Natural

Æ°attractor(2)

Æ°attractor(2)
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• What coupling value?

• SBR limit  

Between mild and strong  
 
and +5%, +10%, +15% 
and +20%


• Better comparison with 
relative values

20

Quantitative differences already present



2.1 Dynamics
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Qualitatively same for all 
potential

Quantitative differences
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2.2 Parametrisation


~ Linear growth universal Slope depends on the 
slope… of the potential
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2.2 Homogeneous?


<latexit sha1_base64="jFZ/q4KzB6+gU4wq3jN3ydX/NWg=">AAACFXicbVBNSwMxEM36WetX1aOXYBE8SNkVqR6LiniSCvYDuqVk02kbmmSXJCuUZf+EF/+KFw+KeBW8+W/Mtj1o64OBx3szzMwLIs60cd1vZ2FxaXllNbeWX9/Y3Nou7OzWdRgrCjUa8lA1A6KBMwk1wwyHZqSAiIBDIxheZn7jAZRmobw3owjagvQl6zFKjJU6hWP/Crgh2BfEDCjhyW3aSXwlMMhuin3NBPbwRLhOO4WiW3LHwPPEm5IimqLaKXz53ZDGAqShnGjd8tzItBOiDKMc0rwfa4gIHZI+tCyVRIBuJ+OvUnxolS7uhcqWNHis/p5IiNB6JALbmR2vZ71M/M9rxaZ33k6YjGIDkk4W9WKOTYiziHCXKaCGjywhVDF7K6YDogg1Nsi8DcGbfXme1E9KXrlUvjstVi6mceTQPjpAR8hDZ6iCblAV1RBFj+gZvaI358l5cd6dj0nrgjOd2UN/4Hz+AIkNnm0=</latexit>

!Nend → 1eF

Local backreaction: 

First bump, then smooth growth for all cases  
No oscillations.

Monotonical growth of end of inflation 

Homogeneous backreaction: 

Oscillatory pattern 
Clustered around     

<latexit sha1_base64="76mCJEfUXSZPUhyjcI8imfSUWTs=">AAAB/nicbVDLSsNAFJ3UV62vqrhyM1gEVyURqS6LblxJBfuAJoTJZNIOnZmEmYlQQsBfceNCEbd+hzv/xkmbhbYeGDiccy/3zAkSRpW27W+rsrK6tr5R3axtbe/s7tX3D3oqTiUmXRyzWA4CpAijgnQ11YwMEkkQDxjpB5Obwu8/EqloLB70NCEeRyNBI4qRNpJfP3I50mOMWHaX+5krOSQizP16w27aM8Bl4pSkAUp0/PqXG8Y45URozJBSQ8dOtJchqSlmJK+5qSIJwhM0IkNDBeJEedksfg5PjRLCKJbmCQ1n6u+NDHGlpjwwk0VYtegV4n/eMNXRlZdRkaSaCDw/FKUM6hgWXcCQSoI1mxqCsKQmK8RjJBHWprGaKcFZ/PIy6Z03nVazdX/RaF+XdVTBMTgBZ8ABl6ANbkEHdAEGGXgGr+DNerJerHfrYz5ascqdQ/AH1ucPnf2V7Q==</latexit>

Nend



13 14 15
Æ§

3

4

5

6

7

8

¢
N

b
r

Æ ° attractor(4)

19 20 21 22 23
Æ§

0.5

1.0

1.5

2.0

2.5

¢
N

b
r

Monodromy

15 16 17 18
Æ§

1.0

1.5

2.0

2.5

3.0

3.5

4.0

¢
N

b
r

Natural

Local

Homogeneous

25

2.2 Homogeneous?


No linear growth in homogeneous 
Clustering ~1eF



• Universal behaviour


• Extension of the inflationary phase


• Magnetic slow-roll


• Scale dependence and UV sensitivity (not shown)


• Homogeneous does not give a good description in any case


• Case by case studies required, relevant for phenomenology: GWs, CMB scales (?)

26
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3. GW generation @ inflation: Asses possible observability

[LISA CosGW (1610.06481)]

<latexit sha1_base64="TpoDRHx0WFfEoD2bnmF1uWMFlxg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQ+qhuh6MaFiwr2AU0IN5NpO3TyYGYihFB/xY0LRdz6Ie78G6dtFlo9MHA45x7uneMnnEllWV9GaWl5ZXWtvF7Z2Nza3jF39zoyTgWhbRLzWPR8kJSziLYVU5z2EkEh9Dnt+uPrqd99oEKyOLpXWULdEIYRGzACSkueWXWAJyPwcudWhwKYXJ6ceWbNqlsz4L/ELkgNFWh55qcTxCQNaaQIByn7tpUoNwehGOF0UnFSSRMgYxjSvqYRhFS6+ez4CT7USoAHsdAvUnim/kzkEEqZhb6eDEGN5KI3Ff/z+qkaXLg5i5JU0YjMFw1SjlWMp03ggAlKFM80ASKYvhWTEQggSvdV0SXYi1/+SzrHdbtRb9yd1ppXRR1ltI8O0BGy0TlqohvUQm1EUIae0At6NR6NZ+PNeJ+PlowiU0W/YHx8Ax1WlG8=</latexit>

ω! = 35

•Relevant parameters?  

•Any insight from local 
backreaction procedure?  
(Lattice) 

•Would the signal be 
detectable?

GW signal from particle 
production during 

axion inflation

27



2. GW generation

<latexit sha1_base64="acORdvEjMBog5t58pwIPKTEKSXE="></latexit>

ḧij(x, t) + 3Hḣij(x, t)→
↑2

a2
hij(x, t) =

2

m2
p

!TT
ij (x, t)

<latexit sha1_base64="iPh77a1wGx64r3hH/b8GERiO19c="></latexit>

üij(x, t) + 3Hu̇ij(x, t)→
↑2

a2
uij(x, t) =

2

m2
p

!e!
ij (x, t)

<latexit sha1_base64="Arz+aU8gTIkKaVM7Z3KTsqm+cGE="></latexit>

hij(k, t) = !L
ij,kl(k̂)ukl(k, t)

In Fourier
Recover physical dof

<latexit sha1_base64="TCxfkVWHDobiGq1sqAWQVcjxLbQ="></latexit>

!L
ij,kl(k̂) = PL

ik(k̂)P
L
jl(k̂)→

1

2
PL
ij(k̂)P

L
kl(k̂) TT projector

Continuum Lattice

[J. Garcia-Bellido, D.G. Figueroa, A. Sastre (0707.0839)]

<latexit sha1_base64="+LKXGuws7ZyIwwRe25Plv9btd5A="></latexit>

!TT
ij = (ωiεωjε→ EiEj →

1

a2
BiBj)

TT
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1- Consider a set of strong couplings
<latexit sha1_base64="bUOzHsnoTCbCRzbnHw8kUUVXhVs=">AAACEHicbZC7SgNBFIZn4y3GW9TSZjCIFhJ2ExNthKCNhUUEc4FsCGdnZ5MhsxdmZoWw5BFsfBUbC0VsLe18G2eTFJp4YIaP/5yfmfM7EWdSmea3kVlaXlldy67nNja3tnfyu3tNGcaC0AYJeSjaDkjKWUAbiilO25Gg4DuctpzhddpvPVAhWRjcq1FEuz70A+YxAkpLvfyxDTwaQC+xb7XJhfGlVTm1cclMr5TKKZUrvXzBLJqTwotgzaCAZlXv5b9sNySxTwNFOEjZscxIdRMQihFOxzk7ljQCMoQ+7WgMwKeym0wWGuMjrbjYC4U+gcIT9bcjAV/Kke/oSR/UQM73UvG/XidW3kU3YUEUKxqQ6UNezLEKcZoOdpmgRPGRBiCC6b9iMgABROkMczoEa37lRWiWila1WL07K9SuZnFk0QE6RCfIQueohm5QHTUQQY/oGb2iN+PJeDHejY/paMaYefbRnzI+fwAV65lp</latexit>

ω! = 15, 20, 25, 30, 35

2- Divide spectral range into partially superimposed 
patches

3- Every patch: from very sub-Hubble to very 
super-Hubble

4- Extract GW power spectrum

5- Concatenate all patches: whole cosmic 
evolution

Strategy:

2. GW generation @ inflation: procedure

Possible observability at low 
frecuencies:

deep inside inflation

Work in
 progress
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Might be affected by different phenomena at the end 
on inflation (PBH dominance…) 

We keep open the parameter window

3. GW generation @ inflation: procedure

Some notes on the procedure:

<latexit sha1_base64="3F8/6Q/4OWhywQzEa6OV2zIGsj8="></latexit>

!e!
ij → EiEj ↑

1

a2
BiBj

3- GW generated only through the tachyonic 
excitation of the gauge modes

1- Preheating bounds 
<latexit sha1_base64="tXO+dtNV19paZftDde1PI6FEwK4=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXYlRMugjYVFBPOA7LLcnZ1Nhsw+mJkVwpLCxl+xsVDE1o+w82+cJFto4oGBwzn3cOceP+VMKsv6Nkpr6xubW+Xtys7u3v6BeXjUlUkmCO2QhCei74OknMW0o5jitJ8KCpHPac8fX8/83gMVkiXxvZqk1I1gGLOQEVBa8syqAzwdgZc7tzoUwNThVErJImw3PLNm1a058CqxC1JDBdqe+eUECckiGivCQcqBbaXKzUEoRjidVpxM0hTIGIZ0oGkMEZVuPj9iik+1EuAwEfrFCs/V34kcIiknka8nI1AjuezNxP+8QabCSzdncZopGpPFojDjWCV41ggOmKBE8YkmQATTf8VkBAKI0r1VdAn28smrpHtet5v15l2j1roq6iijKjpBZ8hGF6iFblAbdRBBj+gZvaI348l4Md6Nj8VoySgyx+gPjM8fdhGX+w==</latexit>

ω! ↭ 14
[Adshead et al (1909.12842) & (1909.12843)]
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2- Well inside inflation, negligible backreation.
Backreaction less solution valid 

until onset of non-linearities

<latexit sha1_base64="kG9FSROGN9uscs7euuuOQ33cU9U=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNyUJUt0IRTcuK9gHNGmZTCft0JkkzEyEErpz46+4caGIW3/BnX/jpM1CWw9cOJxzL/fe48eMSmVZ30ZhZXVtfaO4Wdra3tndM/cPWjJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2xzeZ334gQtIovFeTmHgcDUMaUIyUlvrmcavixiN6Bq+gGwiEU3uaOlPeczK15/TNslW1ZoDLxM5JGeRo9M0vdxDhhJNQYYak7NpWrLwUCUUxI9OSm0gSIzxGQ9LVNEScSC+d/TGFp1oZwCASukIFZ+rviRRxKSfc150cqZFc9DLxP6+bqODSS2kYJ4qEeL4oSBhUEcxCgQMqCFZsognCgupbIR4hHYfS0ZV0CPbiy8uk5VTtWrV2d16uX+dxFMEROAEVYIMLUAe3oAGaAINH8AxewZvxZLwY78bHvLVg5DOH4A+Mzx/n1ZgY</latexit>

V (ω) =
1

2
m2ω2

Back to



1 2 5 1010-36

10-33

10-30

IC: vacuum solution
<latexit sha1_base64="XgdRECogQeYOxv/am17WVUuruok=">AAAB8nicbVBNTwIxFHyLX4hfqEcvjcTEE9klBj0SvXjERJAEVtItXWjotk3bNSEbfoYXDxrj1V/jzX9jgT0oOEmTycx76ZuJFGfG+v63V1hb39jcKm6Xdnb39g/Kh0dtI1NNaItILnUnwoZyJmjLMstpR2mKk4jTh2h8M/Mfnqg2TIp7O1E0TPBQsJgRbJ3U7SktlZVo/Fjrlyt+1Z8DrZIgJxXI0eyXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj95is6cMkCx1O4Ji+bq740MJ8ZMkshNJtiOzLI3E//zuqmNr8KMCZVaKsjiozjlyIWc5UcDpimxfOIIJpq5WxEZYY2JdS2VXAnBcuRV0q5Vg3q1fndRaVzndRThBE7hHAK4hAbcQhNaQEDCM7zCm2e9F+/d+1iMFrx85xj+wPv8AfTXkQ4=</latexit>

→ k2

super-Hubble excitation
<latexit sha1_base64="Doe9i7mXts9756BJ/8xymWHa1NE=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiQi1Y1Q1IUrqWAf0IQymU7boZNJmJkINRR/xY0LRdz6H+78GydtFtp6YOBwzr3cMyeIOVPacb6thcWl5ZXVwlpxfWNza9ve2W2oKJGE1knEI9kKsKKcCVrXTHPaiiXFYcBpMxheZX7zgUrFInGvRzH1Q9wXrMcI1kbq2PveNeUaeyHWA4J5eju+cJ2OXXLKzgRonrg5KUGOWsf+8roRSUIqNOFYqbbrxNpPsdSMcDoueomiMSZD3KdtQwUOqfLTSfoxOjJKF/UiaZ7QaKL+3khxqNQoDMxkllLNepn4n9dOdO/cT5mIE00FmR7qJRzpCGVVoC6TlGg+MgQTyUxWRAZYYqJNYUVTgjv75XnSOCm7lXLl7rRUvczrKMABHMIxuHAGVbiBGtSBwCM8wyu8WU/Wi/VufUxHF6x8Zw/+wPr8AeIllN4=</latexit>

!N = 10

~30-40 patches of 
N~200 in total until end of 

slow roll inflation 
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Mode by mode evolution

Tachyonic growth

3. GW generation @ inflation: procedure
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4 6 8 1010-17

10-16

10-15

10-14

10-13

10-12

Power Spectrum of 
<latexit sha1_base64="6IEFCPMXj6hqrcGCpWbRrBoFopw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kD0YuM9w==</latexit>

h

ICs starting at 0

Sequential cut-off in the 
source: 

remove non-classical 
contribution
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Saturation at 
super-Hubble 

scales

3. GW generation @ inflation: procedure
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3. GW generation @ inflation: procedure
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3. GW generation @ inflation: procedure
Re-cast information: 

saturated super-Hubble value
with “error” bands for every patch
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How does this compare with the 
vacuum prediction?

3. GW generation @ inflation: procedure

All the way up to end of slow roll inflation
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<latexit sha1_base64="AJ/yscRAvF6QDG8EOM/+dkmNAVs=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZWYo1Y1Q1EWXFewDOg8yaaYNTWaGJFMow/yIG3/FjQtFXLgR/8b0sdDWA4HDOedyc0+QMCqVaX4ba+sbm1vbhZ3i7t7+wWHp6Lgt41Rg0sIxi0U3QJIwGpGWooqRbiII4gEjnWB0O/U7YyIkjaMHNUmIy9EgoiHFSGnJL1WdO8IU8ode5ggOxwjn8Bo6oUA4sxuenWdOQj0bcs/2Z4mE5blfKpsVcwa4SqwFKYMFmn7p0+nHOOUkUpghKXuWmSg3Q0JRzEhedFJJEoRHaEB6mkaIE+lms+tyeK6VPgxjoV+k4Ez9PZEhLuWEBzrJkRrKZW8q/uf1UhVeuRmNklSRCM8XhSmDKobTqmCfCoIVm2iCsKD6rxAPkW5G6UKLugRr+eRV0rYrVq1Su6+W6zeLOgrgFJyBC2CBS1AHDdAELYDBI3gGr+DNeDJejHfjYx5dMxYzJ+APjK8fgs+hlQ==</latexit>

!vac
h =

2H2

ω2m2
pl
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Onset of non-linearities
EM ~1%
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3. GW generation @ inflation: today

1- Number of extra e-folds in 
inflation

<latexit sha1_base64="dMq0azhKT7jp/9N1xFILgk/GcbI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlEqsuiLlxJBfuAJoTJdNoOnZmEmYlQQsCNv+LGhSJu/Ql3/o2TNgttPXDhcM693HtPGDOqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqyiRmLRwxCLZDZEijArS0lQz0o0lQTxkpBOOr3K/80CkopG415OY+BwNBR1QjLSRAvvAuyZMI48jPcKIpbdZkHqSw1BmgV11as4UcJG4BamCAs3A/vL6EU44ERozpFTPdWLtp0hqihnJKl6iSIzwGA1Jz1CBOFF+Ov0hg8dG6cNBJE0JDafq74kUcaUmPDSd+a1q3svF/7xeogcXfkpFnGgi8GzRIGFQRzAPBPapJFiziSEIS2puhXiEJMLaxFYxIbjzLy+S9mnNrdfqd2fVxmURRxkcgiNwAlxwDhrgBjRBC2DwCJ7BK3iznqwX6936mLWWrGJmH/yB9fkDXxWYAg==</latexit>

!Nbr

2- Details of evolution from the 
end of inflation to RD

<latexit sha1_base64="WqoMMpJfYrY0o8NwWbSRYagjxKk=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVZIi1WXRLlxJFfuAJoTJdNIOnUnCzEQoIVs3/oobF4q49Q/c+TdO2iy09cCFwzn3cu89fsyoVJb1bZRWVtfWN8qbla3tnd09c/+gK6NEYNLBEYtE30eSMBqSjqKKkX4sCOI+Iz1/cpX7vQciJI3CezWNicvRKKQBxUhpyTOh0yJMIYcjNcaIpTeZlzqCw7tW5kjKYd0zq1bNmgEuE7sgVVCg7ZlfzjDCCSehwgxJObCtWLkpEopiRrKKk0gSIzxBIzLQNEScSDedfZLBE60MYRAJXaGCM/X3RIq4lFPu6878Yrno5eJ/3iBRwYWb0jBOFAnxfFGQMKgimMcCh1QQrNhUE4QF1bdCPEYCYaXDq+gQ7MWXl0m3XrMbtcbtWbV5WcRRBkfgGJwCG5yDJrgGbdABGDyCZ/AK3own48V4Nz7mrSWjmDkEf2B8/gAczJn3</latexit>

!NRD → 2

Redshift affected by:

From comoving wavenumber 
to frequency domain

Exact numbers only from lattice 
simulations
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3. GW generation @ inflation: today

Huge uncertainty in the 
prediction

Detectability subject to 
strong backreaction details 

until the end of inflation

Dedicated lattice 
studies needed
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3. GW generation @ inflation: today
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Summary & Conclusions 3: GWs in axion inflation
Realistic detectability prospects are subject to:  

•Accurate gravitational wave (GW) production modelling.  

•Accurate understanding of cosmic history:
•Non-trivial effects during strong backreaction not only affect high frequencies, but 
the whole signal.
•Dedicated full lattice simulation for strong couplings are required.
•We intend to apply the same patching procedure (technically difficult) 

•Chirality?
• Preheating bounds?
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Final remarks and questions
•  Electromagnetic slow roll as a featuring characteristic of SBR

•  General and independent of the potential

•  Some potentials might be used to test the range of validity of such regime

•  What’s beyond EM SR for even larger couplings?

•  GW detection prospects depend strongly on the full local backreaction dynamics

•  Indirectly: extension of inflation

•  Directly: full spectrum shape

•  Many new questions (less certainty), not the end of the story

•  Case by case study required: potentials? Couplings?

•  Exact predictions only from lattice simulations.

•  Also in other models: SU(2)…
40


