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Axion fragmentation
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Include fluctuations:     ϕ → ϕ0(t) + δϕ(x, t)
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��k = 0

<latexit sha1_base64="p2/Ef7lhi1GmfNHT1QxQfG2WVVs="></latexit>

• The oscillating potential induces a 
parametric resonance


• Fluctuations grow exponentially


• Kinetic energy transfer ϕ0 → δϕ

<latexit sha1_base64="DS+KNC/m58Rm/vVrt/0gh9JGuUU="></latexit>
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i
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Study the field evolution on a potential with periodic features
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The relaxion mechanism
Motivation

•  an ALP with an almost flat potential


• Higgs —  coupling (via a small breaking of the shift sym.) 
 

• Some mechanism to stop the evolution as

ϕ

ϕ

Cure the EW hierarchy problem without new physics at the EW scale, in cosmology

µ
2
h|H|2 = (⇤2 � g⇤�)|H|2
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vEW ⌧ ⇤
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The relaxion mechanism
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�+

1

2
(⇤2 � g⇤�)h2 + ⇤4�n

c hhin cos �
f
+ . . .

<latexit sha1_base64="qz4M6+MVHUzFlc+w7CyHXPexVVI="></latexit>
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Hubble friction:
slow-roll

⇤/g
�

V (�)

hhi = vEW

t

hhi

Graham, Kaplan, Rajendran, 1504.07551 
Phys.Rev.Lett. 115 (2015) 22, 221801

Known issues:


•  (down to meV)


• 


• super-Planckian field excursion


• CC

HI < GeV

Ne ∼ 105 − 1050
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Energy dissipation
Hubble friction during inflation
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• Assume slow-roll: 


• Stop when 


• Strong friction regime

·ϕ = V′ /(3HI)

V′ = 0

<latexit sha1_base64="hEukbr575otXlzHt5tvtRexx2wA="></latexit>
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Kinetic misalignment
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Kinetic misalignment
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An axion with large kinetic energy can evolve over many fundamental periods
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V(θ)
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i = 0

Misalignment Mechanism

θ

V(θ)

θ

i

Kinetic Misalignment Mechanism

<latexit sha1_base64="UHWnNTneKOPybQXl/Q9uODXeCU0=">AAACB3icbVC7SgNBFJ31GeNr1VKQwSBYhd0Q1MIiYKGFRQTzgOwmzM7OJkNmH8zcFcKSzsZfsbFQxNZfsPNvnCRbaOKBgcM59zH3eIngCizr21haXlldWy9sFDe3tnd2zb39popTSVmDxiKWbY8oJnjEGsBBsHYiGQk9wVre8Gritx6YVDyO7mGUMDck/YgHnBLQUs88cgJJqF3Bjh+Dkwx4t4IvsXOrJ/ikW+2ZJatsTYEXiZ2TEspR75lfehBNQxYBFUSpjm0l4GZEAqeCjYtOqlhC6JD0WUfTiIRMudn0jjE+0YqPg1jqFwGeqr87MhIqNQo9XRkSGKh5byL+53VSCC7cjEdJCiyis0VBKjDEeBIK9rlkFMRIE0Il13/FdEB0MKCjK+oQ7PmTF0mzUrbPytW7aql2ncdRQIfoGJ0iG52jGrpBddRAFD2iZ/SK3own48V4Nz5mpUtG3nOA/sD4/AGMH5fb</latexit>

1

2
�̇2 < ⇤4

Co, Hall, Harigaya, 1910.14152, PRL

An inspiring idea:

• Delayed oscillations (axion DM with smaller ) [Co, 

Hall, Harigaya, 1910.14152, PRL, Chang, Cui, 1911.11885, PRD]


• Baryogenesis mechanism (axiogenesis) [Co, Harigaya, 
1910.02080, PRL]


• Generate kination era, thus enhancing pre-existing 
GW signals [Co et al, 2108.09299, Gouttenoire, Servant, 
Simakachorn, 2108.10328, 2111.01150]


• Boost the GW signal from the axion — Dark 
photon coupling [Co, Harigaya, Pierce, 2104.02077, JHEP, 
Madge, Ratzinger, Schmitt, Schwaller, 2111.12730]


• Axion minicluster spectrum [Barman, Bernal, Ramberg, 
Visinelli, 2111.03677]

fa
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Setup
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�

V (�)

Define 


Assumptions:


• “visible wiggles” 


• weak Hubble friction


• for simplicity 


Relaxion: neglect growth of barriers

m2 = Λ4
b/f2

Λ4
b/f > μ3

μ = H = 0

<latexit sha1_base64="jEcaXTSQRPaAPRV6naaKVY3IxE8="></latexit>
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b cos
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f

Scalar field evolving over a potential with periodic wiggles (and possibly a tilt)
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Equations of motion
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�(~x, t) ! �(t) + ��(~x, t)

Eom in Fourier space

<latexit sha1_base64="zSs/j8unUasA/da2bdyElUn7EwM="></latexit>
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Back-reaction: better studied 
using energy conservation

<latexit sha1_base64="jEcaXTSQRPaAPRV6naaKVY3IxE8="></latexit>
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Growth of fluctuations
Neglecting back-reaction
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For  the eom is a Mathieu equation··ϕ = 0

�̈�k +

"
k2 +

⇤2
b

f
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�̇0t

f

#
��k = 0

<latexit sha1_base64="3nso9ERVjT1PrD59rW9dciOV3oo="></latexit>

y00 + (� + ✏ cosx)y = 0

<latexit sha1_base64="M+OoFaemopGHMQDZ+iiyCw+gRhE=">AAACD3icbZDLSgMxFIYz9VbrbaxLN8GiVYQyI4K6EAoudFnBVqFTSiY9taGZZEgy4lD6Bm58FTcuFHHjwq07fRrTy0KrPwQ+/nMOJ+cPY8608bxPJzM1PTM7l53PLSwuLa+4q/malomiUKWSS3UVEg2cCagaZjhcxQpIFHK4DLsng/rlDSjNpLgwaQyNiFwL1maUGGs13a20WMS7eDtoATfEUgCxZlwKHFCp8e0OTvEx9ppuwSt5Q+G/4I+hUC4mbyX1la803Y+gJWkSgTCUE63rvhebRo8owyiHfi5INMSEdsk11C0KEoFu9Ib39PGmdVq4LZV9wuCh+3OiRyKt0yi0nRExHT1ZG5j/1eqJaR82ekzEiQFBR4vaCcdG4kE4uMUUUMNTC4QqZv+KaYcoQo2NMGdD8CdP/gu1vZK/Xzo6t2mcopGyaB1toG3kowNURmeogqqIojv0gJ7Qs3PvPDovzuuoNeOMZ9bQLznv3zplnKo=</latexit>
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 f

First instability band:

|k � kcr| < �kcr

<latexit sha1_base64="OlrOrl9oVCYa5YIcHYTOa+pherA=">AAACE3icbVC7SgNBFL0bXzG+Vi1tRoMggmFXBBUsIjaWEcwDkiXMTibJkNkHM7NC2AT8BBsL/RAbC0VsbezyN85uLEzigcs9nHOHufe4IWdSWdbIyMzNLywuZZdzK6tr6xvm5lZFBpEgtEwCHoiaiyXlzKdlxRSntVBQ7LmcVt3eVeJX76iQLPBvVT+kjoc7PmszgpWWmubhoIeOUK/Z8LDqCi8mYjhAF6jRolzhSb1p5q2ClQLNEvuX5Iu7oyeN51LT/G60AhJ51FeEYynrthUqJ8ZCMcLpMNeIJA0x6eEOrWvqY49KJ05vGqJ9rbRQOxC6fIVS9e+LGHtS9j1XTyYrymkvEf/z6pFqnzkx88NIUZ+MP2pHHKkAJQGhFhOUKN7XBBPB9K6IdLHAROkYczoEe/rkWVI5LtgnhfMbncblPaTIwg7swQHYcApFuIYSlIHAA7zAG7wbj8ar8WF8jkczxrjDNkzA+PoBlHmi2A==</latexit>

�kcr =
⇤4
b

2f �̇0

<latexit sha1_base64="CSA5CoAOUX94y8dR3d+hoRIcx3E="></latexit>
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�̇0

2f

<latexit sha1_base64="9xc0aFLD7H61v4oxXZsHzV7x8zc=">AAACDnicbVC7SgNBFL0bjcb4ilraDMaAVdgNglooES0sI5gHZMMyO5lNhsw+mJkVwrJgb+MX+A82ForYWtv5K4LgJLHQxAPDHM65d+be40acSWWaH0Zmbj67sJhbyi+vrK6tFzY2GzKMBaF1EvJQtFwsKWcBrSumOG1FgmLf5bTpDs5GfvOaCsnC4EoNI9rxcS9gHiNYackplAaO7WPVF35CRIqOke0JTBK7Gyo76jPHTJOKlzqFolk2x0CzxPohxerJ1+79+We25hTe9Qsk9mmgCMdSti0zUp0EC8UIp2nejiWNMBngHm1rGmCfyk4yXidFJa10kRcKfQKFxurvjgT7Ug59V1eORpfT3kj8z2vHyjvsJCyIYkUDMvnIizlSIRplg7pMUKL4UBNMBNOzItLHOg+lE8zrEKzplWdJo1K29stHlzqN0xsYIwfbsAN7YMEBVOECalAHArfwAE/wbNwZj8aL8TopzRiTG7bgD4y3b2auoGw=</latexit>

Exponential growth

<latexit sha1_base64="DS+KNC/m58Rm/vVrt/0gh9JGuUU="></latexit>
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Back-reaction on the zero mode
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Credit: 
R. Sato
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Estimate the back-reaction
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Energy in fluctuations grows (energy cons.)


Equate the two exprs. for 


Evolution of the zero-mode:

δρ
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t = 0
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t = �tamp
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kcr
<latexit sha1_base64="3wP6LDuyqEVhNzo6PAtDz+6OsDc=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgxpJIUVdScOOygn1AE8JkMm2HzkzCzEQooXs3/oobF4q49Qfc+TdO2ixs64ELh3Pu5d57woRRpR3nxyqtrW9sbpW3Kzu7e/sH9uFRR8WpxKSNYxbLXogUYVSQtqaakV4iCeIhI91wfJv73UciFY3Fg54kxOdoKOiAYqSNFNjVceBxpEeSZ1hOz72IMI3gghjYNafuzABXiVuQGijQCuxvL4pxyonQmCGl+q6TaD9DUlPMyLTipYokCI/RkPQNFYgT5WezX6bw1CgRHMTSlNBwpv6dyBBXasJD05mfqJa9XPzP66d6cO1nVCSpJgLPFw1SBnUM82BgRCXBmk0MQVhScyvEIyQR1ia+ignBXX55lXQu6u5lvXHfqDVvijjK4ARUwRlwwRVogjvQAm2AwRN4AW/g3Xq2Xq0P63PeWrKKmWOwAOvrFwmXm68=</latexit>

kcr � �kcr
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kcr + �kcr

Energy “inside” the instability band


Growth stops when  exits the inst. band kcr
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Back-reaction on the zero mode

17

The axion is stopped in a finite time
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Back-reaction on the zero mode

18

Analytic calculation

Solve the eom in 5 distinct regions

1. oscillatory (WKB)


2. transition (Airy functions)


3. exp. growth (WKB)


4. transition (Airy functions)


5. oscillatory (WKB)  
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Zero-mode evolution

19
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NLO analysis
Are the linear results robust?

20

Yes.

(3) No effective mass term 

(4) The oscillating term has a 
constant amplitude 
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k2 +

⇤2
b

f
cos

�0

f

�
��k = 0

<latexit sha1_base64="Fk28tLqzvbUme9N6JbcoC1Em4R4="></latexit>

(h��2i+ h�2i)�2

<latexit sha1_base64="fn7ToP1MtFQoMUkStmOSFQAkcbw=">AAACJHicbZDLSgMxFIYz9VbrbaxLN8EiVoQyUwQVNwUXuqxgL9CpJZOetqGZzJBkhFL6MG58E3HjwgsudOGzmHa6qNUDgT/ffw7J+f2IM6Ud59NKLSwuLa+kVzNr6xubW/Z2tqrCWFKo0JCHsu4TBZwJqGimOdQjCSTwOdT8/sXYr92BVCwUN3oQQTMgXcE6jBJtUMs+z3uciC4H7LWBa+JFPXZb9GTCjvDU9egMPsTJtWXnnIIzKfxXuFORKx3EjwX5lS237DevHdI4AKEpJ0o1XCfSzSGRmlEOo4wXK4gI7ZMuNIwUJADVHE6WHOF9Q9q4E0pzhMYTOjsxJIFSg8A3nQHRPTXvjeF/XiPWndPmkIko1iBo8lAn5liHeJwYbjMJVPOBEYRKZv6KaY9IQrXJNWNCcOdX/iuqxYJ7XDi7NmlcoqTSaBftoTxy0QkqoStURhVE0T16Qi/o1Xqwnq136yNpTVnTmR30q6zvH8O4p0o=</latexit>

(1) Fluctuations 
mildly non-linear

(2) Linear regime 
for a significant 
fraction of the time

Periodic potential
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Lattice results

21

• O(1) agreement


• Non-linear effects make fragmentation 
more efficient (2 —> 1 scattering)

Zero mode evolution

Morgante, Ratzinger, Sato, Stefanek, 2109.13823, JHEP
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GKR relaxion

23

• Strong Hubble friction —>  stops as soon as 


• Weak friction —> fragmentation stops the relaxion

ϕ V′ = 0
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e:     

f:     

g:     

mϕ ∈ [139,169 GeV]
mϕ ∈ [14,37 GeV]
mϕ ∈ [3,9 GeV]

Stopping without inflation
“self-stopping relaxion”

24

No need for a strong Hubble friction  relaxation after inflation⟹
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Main difference: ·ϕ ∼ Λ2 < ·ϕSR
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Stopping without inflation
“self-stopping relaxion”

25

No need for a strong Hubble friction  relaxation after inflation⟹
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Initial conditions require some care + extra assumptions:


• Thermal history? V(T)?  (*)


• Abundance? Over-abundant if it dominates the energy 
budget (but it decays before BBN)

T < 𝒪(100) GeV

(*) see papers by A. Banerjee, G. Perez, et al
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h:     mϕ ∈ [0.2, 3 GeV]

Relaxion driving inflation?

26

 can drive a period of inflationϕ

102 103 104 105 106
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10-9

h

0
2
4

• Needs super-Planckian field excursions


• How to generate sufficient amount of 
perturbations?


• reheating  fragmentation?⟷

log10 Ne
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Large fluctuations
δϕ ≳ 2πf

28

Large fluctuations can populate multiple minima


Bubbles/walls dynamics?


Relaxion: problematic


• Effect on vEW negligible


• Issue with c.c.:   (on very small scale)


• Domain walls would over-close the Universe

‣ During inflation, diluted away

‣ After inflation is more tricky

δV ≫ Λ4
cc
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Large fluctuations
δϕ ≳ 2πf

• Relevant scales: , , 


• Unfortunately, on the lattice, 


• Need to extrapolate and/or use analytic arguments


• Actually avoided: on large scale fluctuations 


• Caveat: on separated Hubble patches inflation can lead 
to different initial conditions

Rcrit = Λ2
b/μ3 c δtamp H−1

L ≪ Rcrit ≪ c δtamp ≪ H

≪ 2πf

29

EM, W. Ratzinger, R. Sato, B. Stefanek 
2109.13823, JHEP 12 (2021) 037
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Kinetic misalignment

31

Co, Hall, Harigaya, 1910.14152, PRL

Kinetic misalignment: the axion rolls over many wiggles before getting trapped

mailto:emorgant@uni-mainz.de


Enrico Morgante 
JGU Mainz

emorgant@uni-mainz.de PADUA 13/09/2022

Kinetic misalignment

32
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Summary
Fragmentation: a built-in effect with important consequences


Relaxion


• Provides additional friction


• New parameter space with a viable inflationary scenario


• Relaxion after inflation [Self-stopping relaxion]


Axion-like particles 

• Can be relevant in other constructions such as kinetic misalignment

34
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Examples: QCD relaxion

36
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Tilts the potential and moves 
the minimum to
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✓QCD ⇠ O(1)

Slope must disappear after 
inflation
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Free parameters: g, g′ , Λ, Λb, f, HI,
·ϕ0

• Precision of the mass scanning: 


• UV construction 


• Higgs tracks the minimum of the potential 


• Strong Hubble friction 


• “Visible barriers” ==> stop: 


• Inefficient fragmentation


•

gΛ(2πf ) < m2
h

Λb < 4πvEW

| ·v/v2 | < 1

H > (2πf )/ ·ϕ

f = Λ4
b/(gΛ3)

Λ < f < MP
<latexit sha1_base64="OiS3+dJnFF/Q1UDEtfQQixAuElo=">AAACEXicbVC7TsMwFHV4lvIqMLJYVEgdSpVU5TFWYihjkehDakLluE5r1XYi20GqovwCC7/CwgBCrGxs/A1O2wFajmTp6Jx7r+89fsSo0rb9ba2srq1vbOa28ts7u3v7hYPDtgpjiUkLhyyUXR8pwqggLU01I91IEsR9Rjr++DrzOw9EKhqKOz2JiMfRUNCAYqSN1C+UeN+NRhS6VMCeY98nZ9XzFJah40G37HKkR5InDdJO+4WiXbGngMvEmZMimKPZL3y5gxDHnAiNGVLKTI+0lyCpKWYkzbuxIhHCYzQkPUMF4kR5yfSiFJ4aZQCDUJonNJyqvzsSxJWacN9UZjuqRS8T//N6sQ6uvISKKNZE4NlHQcygDmEWDxxQSbBmE0MQltTsCvEISYS1CTFvQnAWT14m7WrFuajUbmvFemMeRw4cgxNQAg64BHVwA5qgBTB4BM/gFbxZT9aL9W59zEpXrHnPEfgD6/MHBXabTA==</latexit>

m� 2 [10�25, 1]GeV
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• Super-Planckian field excursion (mostly)


• Small Hubble rate


- 


• Huge number of efolds 


- Large field excursion: 


- Long enough inflation stage: 


- Relaxion subdominant: 


• Fine tuning in the inflationary sector?

Δϕclass > Δϕquant ⇒ H3
I < V′ = gΛ3

Ne ≳ 105 − 1060

Δϕ ≳ Λ/g

Ne > H2
I /(gΛ)2

HI > Λ2/MP103 104 105 106 107 108 109 1010
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Examples: new TeV fermions
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Add new fermions and a confining gauge group
<latexit sha1_base64="J6zv13yGx7REOvbPRYNsvSLiG/M="></latexit>

L = �mNNN
c �mLLL

c + yHLN
c + eyH†

L
c
N +

�

f
G eG+ h.c.

•  ~ left- (right-) handed leptons


•  singlets

L(Lc)
N, Nc

Integrating out  and with  one getsL ⟨NNc⟩ = 4πf3
π′ 

•  confining at a scale 


•

G fπ′ 

mN ≪ 4πf ≪ mL

<latexit sha1_base64="s9i0RAdG5XL3sq+q7Mk5P2b//FU="></latexit>

yey
mL

(4⇡f3
⇡0) hh2i cos�/f

…but few TeV. “Coincidence” problem?fπ′ 
, mL ≲
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V (�, H) = �g⇤3
�+

1

2
(⇤2 � g⇤�)h2 + ⇤4�n

c hhin cos �
f
+ . . .

<latexit sha1_base64="qz4M6+MVHUzFlc+w7CyHXPexVVI="></latexit>

Relaxion as a pNGB:

f

F

EWSB

<latexit sha1_base64="k1fpZSZPSp6s5rlt6VcmisQXhcs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FD3qsYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6W3u956o0iyWj2aWUF/giWQhI9jk0jCJ2Khac+vuAmideAWpQYH2qPo1HMckFVQawrHWA89NjJ9hZRjhdF4ZppommEzxhA4slVhQ7WeLW+fowipjFMbKljRoof6eyLDQeiYC2ymwifSql4v/eYPUhDd+xmSSGirJclGYcmRilD+OxkxRYvjMEkwUs7ciEmGFibHxVGwI3urL66R7Vfea9cZDo9a6K+IowxmcwyV4cA0tuIc2dIBABM/wCm+OcF6cd+dj2VpyiplT+APn8wcX945N</latexit>

�

A “clockwork” construction generates F ≫ f

<latexit sha1_base64="rAlVDy1RIVQDMWI60bCXVKY2fZs=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0UQhJJIUVdSENSFQgX7gCaGyXTSDp1kwsxEKCF/48ZfcSOoiC79E6dtFtr2wMDhnHu4c48fMyqVZX0bhYXFpeWV4mppbX1jc8vc3mlKnghMGpgzLto+koTRiDQUVYy0Y0FQ6DPS8gcXI7/1SISkPLpXw5i4IepFNKAYKS155nkTOpKG0LnRmS56qEIHc+kEAuHUifs0Sy8zeARvvWCOFWSeWbYq1hhwltg5KYMcdc98c7ocJyGJFGZIyo5txcpNkVAUM5KVnESSGOEB6pGOphEKiXTT8Z0ZPNBKFwZc6BcpOFb/JlIUSjkMfT0ZItWX095InOd1EhWcuSmN4kSRCE8WBQmDisNRabBLBcGKDTVBWFD9V4j7SBehdLUlXYI9ffIsaR5X7JNK9a5arl3ldRTBHtgHh8AGp6AGrkEdNAAGT+AFvIMP49l4NT6Nr8lowcgzu+AfjJ9fjF6l1g==</latexit>

V ⇠ ⇤4 cos
�

F
+M4

f cos
�

f

mailto:emorgant@uni-mainz.de


Enrico Morgante 
JGU Mainz

emorgant@uni-mainz.de PADUA 13/09/2022

Exponential scale separation
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<latexit sha1_base64="sWqkTpIZK4gc1LsBV5yoH014qHw="></latexit>

L = �f

2

NX

j=0

@µU
†
j @

µUj +
m2f2

2

N�1X

j=0

⇣
U†
jU

q
j+1 + h.c.

⌘ <latexit sha1_base64="OaLQ74zSOqfhwDQvVzJhkX5ad6A=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiZS1I1QcKHLCvYBbQyT6U077eTBzEQsIb/ixoUibv0Rd/6N0zYLbT1w4XDOvdx7jxdzJpVlfRuFldW19Y3iZmlre2d3z9wvt2SUCApNGvFIdDwigbMQmoopDp1YAAk8Dm1vfD31248gJIvCezWJwQnIIGQ+o0RpyTXLTXeErzA8pKwXM3d06meuWbGq1gx4mdg5qaAcDdf86vUjmgQQKsqJlF3bipWTEqEY5ZCVeomEmNAxGUBX05AEIJ10dnuGj7XSx34kdIUKz9TfEykJpJwEnu4MiBrKRW8q/ud1E+VfOikL40RBSOeL/IRjFeFpELjPBFDFJ5oQKpi+FdMhEYQqHVdJh2AvvrxMWmdV+7xau6tV6jd5HEV0iI7QCbLRBaqjW9RATUTRE3pGr+jNyIwX4934mLcWjHzmAP2B8fkD6HuTvw==</latexit>

Uj = ei⇡j/f

Assume spontaneously broken . Lagrangian for the Goldstones:U(1)N+1

<latexit sha1_base64="cngsmIWhOr9f8FQmq910xSbTWlY=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WPOixgv2A7bZk02wbmmyWJCuUpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsbm1vVPcLe3tHxwelY9P2lqmitAWkVyqbog15SymLcMMp91EUSxCTjvh5Hbud56o0kzGj2aa0EDgUcwiRrCxki/6NdTjHEX92qBccavuAmideDmpQI7moPzVG0qSChobwrHWvucmJsiwMoxwOiv1Uk0TTCZ4RH1LYyyoDrLFyTN0YZUhiqSyFRu0UH9PZFhoPRWh7RTYjPWqNxf/8/zURDdBxuIkNTQmy0VRypGRaP4/GjJFieFTSzBRzN6KyBgrTIxNqWRD8FZfXiftWtW7qtYf6pXGXR5HEc7gHC7Bg2towD00oQUEJDzDK7w5xnlx3p2PZWvByWdO4Q+czx/f/pBd</latexit>

m2 ⌧ f2

<latexit sha1_base64="V3V2a6l9bRxD9xsRyvem+ZxXMaA="></latexit>

= �
1

2

NX

j=0

@µ⇡j@
µ⇡j +

m2

2

N�1X

j=0

(⇡j � q⇡j+1)
2 +O(⇡4)

<latexit sha1_base64="8YqQCMnAI2kCIg7E8jZcm3Kl0gg="></latexit>

M2
⇡ = m2

0

BBBBBBB@

1 �q 0 . . . 0
�q 1 + q2 �q . . . 0
0 �q 1 + q2 . . . 0
...

...
...

. . .
...

1 + q2 �q
0 0 0 . . . �q 1

1

CCCCCCCA

Exactly 1 massless-eigenvector
<latexit sha1_base64="53aSHMHE/5qoTr2x5bGJ0BIjtzg=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVRIp6kYouNCVVLAPaGqYTCfttJNJnJkIJeQH3Pgrblwo4ta9O//GSZuFth64cDjnXu69x4sYlcqyvo3CwuLS8kpxtbS2vrG5ZW7vNGUYC0waOGShaHtIEkY5aSiqGGlHgqDAY6TljS4yv/VAhKQhv1XjiHQD1OfUpxgpLbnmAXIteA4dXyCcOAFSA4xYcp26Vprc3w1TJ6Lu0DXLVsWaAM4TOydlkKPuml9OL8RxQLjCDEnZsa1IdRMkFMWMpCUnliRCeIT6pKMpRwGR3WTyTQoPtdKDfih0cQUn6u+JBAVSjgNPd2b3ylkvE//zOrHyz7oJ5VGsCMfTRX7MoAphFg3sUUGwYmNNEBZU3wrxAOlglA6wpEOwZ1+eJ83jin1Sqd5Uy7XLPI4i2AP74AjY4BTUwBWogwbA4BE8g1fwZjwZL8a78TFtLRj5zC74A+PzBzgvm7g=</latexit>

a0 =
N0

qj
⇡j

identify  with the relaxion a0 ϕ

Choi, Im, 1511.00132, JHEP 
Kaplan, Rattazzi, 1511.01827, PRD  
… 
Kim, Nilles, Peloso, hep-ph/0409138, JCAP
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Couple the first and last sites to Chern-Simons terms of a confining gauge group
<latexit sha1_base64="w/26IzaZ5MMd4s4x6/WRoPRppWo="></latexit>

L � ⇡0

16⇡2f
Gµ⌫

eGµ⌫ +
⇡N

16⇡2f
G0

µ⌫
eG0µ⌫

<latexit sha1_base64="jSy7AN+OJ2yHtI6ksG/jGE6HvfY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9CQVBPUsF+SLuWbJptQ5PsmmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3kFhaXllfyq4W19Y3NreL2Tl1HiSK0RiIeqWaANeVM0pphhtNmrCgWAaeNYHAx9htPVGkWyTszjKkvcE+ykBFsrHR/ic7R48MNCjvFklt2J0DzxMtICTJUO8WvdjciiaDSEI61bnlubPwUK8MIp6NCO9E0xmSAe7RlqcSCaj+dHDxCB1bpojBStqRBE/X3RIqF1kMR2E6BTV/PemPxP6+VmPDMT5mME0MlmS4KE45MhMbfoy5TlBg+tAQTxeytiPSxwsTYjAo2BG/25XlSPyp7J+Xj2+NS5SqLIw97sA+H4MEpVOAaqlADAgKe4RXeHOW8OO/Ox7Q152Qzu/AHzucPB7uPSA==</latexit>

F = qNfPotential for the zero-mode: where
<latexit sha1_base64="9G+i+RZzzrsc1F6Mm/nesn7Gb18=">AAACLnicbVDLSsNAFJ3UV62vqks3g0WoCCWRoG6EglhduKhgH9CkYTKZtEMnD2YmQgn5Ijf+ii4EFXHrZzh9INp6YOBwzj3cuceNGRVS11+13MLi0vJKfrWwtr6xuVXc3mmKKOGYNHDEIt52kSCMhqQhqWSkHXOCApeRlju4GPmte8IFjcI7OYyJHaBeSH2KkVSSU7xslpGjH8JzaN2olIecWteEFo6E5XOEU2VmaS2DRz++3zVnbD9ziiW9oo8B54kxJSUwRd0pPltehJOAhBIzJETH0GNpp4hLihnJClYiSIzwAPVIR9EQBUTY6fjcDB4oxYN+xNULJRyrvxMpCoQYBq6aDJDsi1lvJP7ndRLpn9kpDeNEkhBPFvkJgzKCo+6gRznBkg0VQZhT9VeI+0j1IFXDBVWCMXvyPGkeV4yTinlrlqpX0zryYA/sgzIwwCmogmtQBw2AwQN4Am/gXXvUXrQP7XMymtOmmV3wB9rXN/jPp3A=</latexit>

V (a0) = ⇤4
F cos

a0
F

+ ⇤4
f cos

a0
f

f

F
Choi, Im, 1511.00132, JHEP 
Kaplan, Rattazzi, 1511.01827, PRD 
Giudice, McCullough, 1610.07962, JHEP 
Craig, Garcia Garcia, Sutherland, 1704.07831, JHEP 
Giudice, McCullough, 1705.10162 
 
Fonseca, Lima, Machado, Matheus, 1601.07183, PRD 
Fonseca, von Harling, Lima, Machado, 1712.07635 JHEP 
[non-abelian symmetry, continuous limit straightforward 
(warped extra-dimension)]
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Idea: dissipate kinetic energy with production of SM gauge bosons
<latexit sha1_base64="Hb6YlGmCReKy+n9Upe0OvUqnkRw="></latexit>

L =
1

2
(@�)2 +

1

2
(@h)2 � 1

4
(Wµ⌫)

2 � V (�, h)� �

4f
Wµ⌫

fWµ⌫ +
⇡↵

2
h2WµW

µ

When  is light there is a tachyonic instabilityW
<latexit sha1_base64="PDMXHkKb5pi/6avHYkPDUqRmJco="></latexit>

Ẅ± + (k2 +m2
W ± k

�̇

f
)W± = 0

The growth of  slows down WW̃ ϕ
<latexit sha1_base64="z0ebtqC46UbnJ8ODQ547je07OoM="></latexit>

�̈+ @�V +
1

4f
hWfW i = 0

<latexit sha1_base64="KbfVBSzRDiwguJpMcALBUdEMxoE="></latexit>

hWfW i = 1

4⇡2

Z
dkk3

d

dt
(|A+|2 � |A�|2)

Hook & Marques-Tavares, 1607.01786, JHEP 
Fonseca, EM, Servant, 1805.04543, JHEP 
Fonseca, EM, 1809.04534, PRD
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<latexit sha1_base64="PDMXHkKb5pi/6avHYkPDUqRmJco="></latexit>

Ẅ± + (k2 +m2
W ± k

�̇

f
)W± = 0

EW scale


• tachyonic growth starts when 


• Impose this happens at 


• Field velocity 

·ϕ ≳ mW f

h ∼ vEW

·ϕ = min(Λ2, V′ /HI)

<latexit sha1_base64="3StklAWYiv9eq+7PTCSRR/Rj3mI=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuSlKKuiyI6MJFBfuAJobJdNIOnUnCzKRQQv7Ajb/ixoUibt2682+ctFlo64GBwzn33rn3+DGjUlnWt7G0vLK6tl7aKG9ube/smnv7bRklApMWjlgkuj6ShNGQtBRVjHRjQRD3Gen4o8vc74yJkDQK79UkJi5Hg5AGFCOlJc88GXsOR2ooeHrVyaAjKYdOIBBOnVs9pY8ealkaZJ5ZsarWFHCR2AWpgAJNz/xy+hFOOAkVZkjKnm3Fyk2RUBQzkpWdRJIY4REakJ6mIeJEuun0ngwea6UPg0joFyo4VX93pIhLOeG+rsx3l/NeLv7n9RIVXLgpDeNEkRDPPgoSBlUE83BgnwqCFZtogrCgeleIh0inoXSEZR2CPX/yImnXqvZZtX5XrzSuizhK4BAcgVNgg3PQADegCVoAg0fwDF7Bm/FkvBjvxsesdMkoeg7AHxifP1p4nOM=</latexit>

vEW ⇠ ⇤2

f

<latexit sha1_base64="KSEccge8e1wNHWeWAKkDZammqgg=">AAACFHicbVDNS8MwHE39nPOr6tFLcAiCMFod6nEg4gQPE9wHrLOkWbqFJW1J0sEo/SO8+K948aCIVw/e/G9Mtx5080Hg8d7vl+Q9L2JUKsv6NhYWl5ZXVgtrxfWNza1tc2e3KcNYYNLAIQtF20OSMBqQhqKKkXYkCOIeIy1veJn5rRERkobBvRpHpMtRP6A+xUhpyTWPR67DkRoInly1UuhIyqHjC4STvnOrr+mhh9M0qbk30E9ds2SVrQngPLFzUgI56q755fRCHHMSKMyQlB3bilQ3QUJRzEhadGJJIoSHqE86mgaIE9lNJqFSeKiVHvRDoU+g4ET9vZEgLuWYe3oyCyBnvUz8z+vEyr/oJjSIYkUCPH3IjxlUIcwagj0qCFZsrAnCguq/QjxAuhKleyzqEuzZyPOkeVK2z8qVu0qpep3XUQD74AAcARucgyqogTpoAAwewTN4BW/Gk/FivBsf09EFI9/ZA39gfP4AmsqejQ==</latexit>

vEW ⇠ g⇤3

HIf
or

Two key points (but not enough time)


•  should not contain 


• Thermalisation reduces the efficiency of 
the mechanism

WW̃ FγF̃γ
<latexit sha1_base64="wXXxwxzqr+VjFb9669GAqCxgb8E="></latexit>

�

4f
(g22W

a
µ⌫W̃

aµ⌫ � g21Bµ⌫B̃
µ⌫)

Hook & Marques-Tavares, 1607.01786, JHEP 
Fonseca, EM, Servant, 1805.04543, JHEP 
Fonseca, EM, 1809.04534, PRD
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Main advantage: no need for strong Hubble friction. Works as well after inflation


• No worries for the inflationary sector


• (In principle) some observable features? GW? —> actually not, but…


Disclaimer: 

• Backreaction not under control (more complicate than eg axion inflation)


• Recent claim: Schwinger pair production of SM fermions kills the model

Gauge bosons production

45

Domcke, Schmitz, You, 2108.11295

Hook & Marques-Tavares, 1607.01786, JHEP 
Fonseca, EM, Servant, 1805.04543, JHEP 
Fonseca, EM, 1809.04534, PRD
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Sources: PQ violation, trapped misalignment
<latexit sha1_base64="WxQ2jWu2bMnHB0l0thdncsc3rUU="></latexit>

V (P ) = �(|P |2 � f2)2 +

✓
Pn

Mn�4
+ hc

◆

-2º -º 0 º 2º
µa = a/fa

0.0

0.2

0.4

0.6

0.8

V
N

=
3(

µ a
,T

)/
m

2 º
f

2 º

0.05

0.13

0.21

0.28

0.36

0.44

0.52

0.59

0.67

0.75

T
(G

eV
)

Di Luzio, Gavela, Quilez, Ringwald 
2102.00012 JHEP, 2102.01082, JHEP

Non-trivial evolution of V(T), 
in a  symmetric worldZN<latexit sha1_base64="gMe5FEH6H9GMq0y/Npr+E0Wbecc=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4EJqIkXdCAUXuqxgH9DEMplOmqGTmTAzEUrIxl9x40IRt36GO//GaZuFVg9cOJxzL/feEySMKu04X1ZpYXFpeaW8Wllb39jcsrd32kqkEpMWFkzIboAUYZSTlqaakW4iCYoDRjrB6Gridx6IVFTwOz1OiB+jIachxUgbqW/vNeEl9GQkoHcMyX1GvSSiJ2Het6tOzZkC/iVuQaqgQLNvf3oDgdOYcI0ZUqrnOon2MyQ1xYzkFS9VJEF4hIakZyhHMVF+Nn0gh4dGGcBQSFNcw6n6cyJDsVLjODCdMdKRmvcm4n9eL9XhhZ9RnqSacDxbFKYMagEnacABlQRrNjYEYUnNrRBHSCKsTWYVE4I7//Jf0j6tuWe1+m292rgu4iiDfXAAjoALzkED3IAmaAEMcvAEXsCr9Wg9W2/W+6y1ZBUzu+AXrI9vnXWVLw==</latexit>

P = ⇢ ei�/f
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A lot of work has been done in monodromy inflation
<latexit sha1_base64="4MWTZs9YUieRD+T5amiHZonsqUY="></latexit>

V (�) = Vsmooth + ⇤4 cos
�

f
<latexit sha1_base64="w4l4tm/El0KFoFqO01nPRlRzSm0=">AAACFnicbVDNS8MwHE3n15xfVY9egkPwMEdbh3oceNDjBPcBazfSLN3CkrYkqTDK/gov/itePCjiVbz535h1PejmC4HHe79H8nt+zKhUlvVtFFZW19Y3ipulre2d3T1z/6Alo0Rg0sQRi0THR5IwGpKmooqRTiwI4j4jbX98PfPbD0RIGoX3ahITj6NhSAOKkdJS3zxzA4Gw7UDec6Abj2jPcSsVVx/o8qR3nmlage4gUrJvlq2qlQEuEzsnZZCj0Te/dA4nnIQKMyRl17Zi5aVIKIoZmZbcRJIY4TEakq6mIeJEemm21hSeaGUAg0joGyqYqb8TKeJSTrivJzlSI7nozcT/vG6igisvpWGcKBLi+UNBwqCK4KwjOKCCYMUmmiAsqP4rxCOke1K6yZIuwV5ceZm0nKp9Ua3d1cr1m7yOIjgCx+AU2OAS1MEtaIAmwOARPINX8GY8GS/Gu/ExHy0YeeYQ/IHx+QOp2Zya</latexit>

1

2
m2�2 , µ3� , . . .

<latexit sha1_base64="NiF0M1oDKeLzMmAw4D0lhnIU+Z4="></latexit>

V =
1

2
m2�2


1 + ↵ sin

�

�MP

�

<latexit sha1_base64="AK5eE/sMn7tlETb3IXEo63JZrH4="></latexit>8
<

:

m = 2.5⇥ 10�5MP

↵ = 5⇥ 10�4

� = 3⇥ 10�2

Small wiggles regime: V′ > 0

Small (perturbative) influence 
on the zero-mode evolution

See e.g. 
• Flauger, McAllister, Pajer, 

Westphal, Xu 0907.2916, JCAP

• Pahud, Kamionkowski, Liddle, 

0807.0322, PRD

+ others (before/after Planck)
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Monodromy and misalignment
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Berges, Chatrchyan, Jaeckel, 1903.03116, JCAP

Chatrchyan, Jaeckel, 2004.07844, JCAP

<latexit sha1_base64="JDk0a1MnX7OrbLGTaIdmgjuOkVQ=">AAACIHicbVBLSwMxGMzWV62vVY9egkWoCGV3KdaLUPCgBw8V7AO625JNs21o9kGSFcrSn+LFv+LFgyJ6019jdrsHbR0IDDPzJfnGjRgV0jC+tMLK6tr6RnGztLW9s7un7x+0RRhzTFo4ZCHvukgQRgPSklQy0o04Qb7LSMedXKV+54FwQcPgXk4j4vhoFFCPYiSVNNDr7YodjekpvIS2xxE2Lej3rVTqW/AM2rfqqiHq16CNQ5ElUg96A71sVI0McJmYOSmDHM2B/mkPQxz7JJCYISF6phFJJ0FcUszIrGTHgkQIT9CI9BQNkE+Ek2QLzuCJUobQC7k6gYSZ+nsiQb4QU99VSR/JsVj0UvE/rxdL78JJaBDFkgR4/pAXMyhDmLYFh5QTLNlUEYQ5VX+FeIxUC1J1WlIlmIsrL5O2VTXPq7W7WrlxnddRBEfgGFSACeqgAW5AE7QABo/gGbyCN+1Je9HetY95tKDlM4fgD7TvH2SLoLs=</latexit>

V (�) =
1

2
m2�2 + ⇤4 cos

�

f

Presence of the wiggles can induce  
particle production


Can act as a ‘warm’ DM component

ϕ
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Amplification
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<latexit sha1_base64="YuLwDRiotVAaP5WdCWL6ZPwy4rY="></latexit>

ukcr(t) '
r

2

kcr
exp

✓
⇡⇤8

b

4f �̇2 |�̈+H�̇|

◆
sin (kcrt+ �)

 for efficient fragmentation≫ 1

<latexit sha1_base64="YT0tvgk59oQg3c2pFQvEtVJmgBY="></latexit>

uk(t) =
e�ik⌧

a
p
2k

<latexit sha1_base64="ia6cxfOPQh0GTeNpUFROCu1cS4c="></latexit>

d3⇢

dk3
=

1

(2⇡)3
1

2a2
k
2
cr|ukcr |2 ⇡ 1

(2⇡)3
k
4
cr

a4
exp

✓
⇡⇤8

b

2f �̇2 |�̈+H�̇|

◆
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Hubble friction and slope

• : the slope accelerates the field, contrasting the effect of fragmentation


• : Hubble suppresses the growth of fluctuations if  
(but it contrasts )

μ3 ≠ 0

H ≠ 0 H δtamp > 1
μ3 ≠ 0
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<latexit sha1_base64="B4lWEep4kcOHKCBZYGiNle9KExs="></latexit>

µ
3
< 2H�̇0 +

⇡⇤8
b

2f �̇2
0

 
W0

 
32⇡2

f
4

e�̇
2
0

!!�1

: product logarithm or Lambert-W functionW0
<latexit sha1_base64="45Yw2hsWmf9gUSwq/LiPy7iMVOE=">AAAB8XicbZDNSsNAFIVv/K31r+pS0MEiuCqJiLoRC25ctmCbYhvLZDpph04mYWYillBw4xu4caGIW1/AF/AF3PkMvoRJ6kJbDwzzcc4d5t7rhpwpbZqfxtT0zOzcfG4hv7i0vLJaWFuvqyCShNZIwAPZcLGinAla00xz2gglxb7Lqe32z9LcvqZSsUBc6EFIHR93BfMYwTqxLm1Er2x0gm7y7ULRLJmZ0CRYP1A8fd96q37dbVfahY9WJyCRT4UmHCvVtMxQOzGWmhFOh/lWpGiISR93aTNBgX2qnDjreIh2E6eDvEAmR2iUub9fxNhXauC7SaWPdU+NZ6n5X9aMtHfsxEyEkaaCjD7yIo50gNLxUYdJSjQfJICJZEmviPSwxEQnS0qXYI2PPAn1/ZJ1WDqomsVy+RYy5WATdmAPLDiCMpxDBWpAQMA9PMKToYwH49l4GZVOGaMbNuCPjNdvlxSTqw==</latexit>
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Lattice results
Dependence on the initial spectrum

• Analytic results obtained for a Bunch-Davies 
vacuum


• Exponential amplification —> Log dependence of 
the amplitude of the initial instability band


• Subsequent evolution dominated by the spectrum 
induced by 2->1 processes

51

<latexit sha1_base64="KbiCtUFrN7/bllLvQoBLL8cqkNc="></latexit>✓
d⇢

d log k

◆

k0
cr

! x

✓
d⇢

d log k

◆

k0
cr

<latexit sha1_base64="XOw/wSmlpDAgy/DLp4hGCvYoW6s="></latexit>
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⇤4
b

log

✓
x
16f4
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◆
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Lattice results
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Particle spectrum

Instability band k~kcr

2—>1 scattering k~2kcr

Higher peaks (non-perturbative)

<latexit sha1_base64="/W/iz9iyiqh/zwed0GpKv13XvkE="></latexit>

d⇢(2)

d log k
⇡ k2�kcr

29⇡3

⇤8
b

f6

1

t
exp

✓
4�kcrt

◆

<latexit sha1_base64="oH56rC9aQOi6BCnECMM8oJEBQtc="></latexit>

⇥


1

k2 + 4�k2cr
+

1

(k � 2kcr)2 + 4�k2cr
+ . . .

�
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Gauge bosons production

53

Idea: dissipate kinetic energy with production of SM gauge bosons

<latexit sha1_base64="PDMXHkKb5pi/6avHYkPDUqRmJco="></latexit>

Ẅ± + (k2 +m2
W ± k

�̇

f
)W± = 0

Hook & Marques-Tavares, 1607.01786, JHEP 
Fonseca, EM, Servant, 1805.04543, JHEP 
Fonseca, EM, 1809.04534, PRD

<latexit sha1_base64="0cF9UDkwebzOQesFNJeeYGm7ugs=">AAACBnicbVDJSgNBEO2JW4zbqEcRG4PgQcKMBOMxEEGPEcwCmSH09NQkTXoWunuUMOTkxV/x4kERr36DN//GznLQxAcFj/eqqKrnJZxJZVnfRm5peWV1Lb9e2Njc2t4xd/eaMk4FhQaNeSzaHpHAWQQNxRSHdiKAhB6Hljeojf3WPQjJ4uhODRNwQ9KLWMAoUVrqmodOIAjNnKTPRlk5GLWw88B8UIz7gFtds2iVrAnwIrFnpFi9cis1enZU75pfjh/TNIRIUU6k7NhWotyMCMUoh1HBSSUkhA5IDzqaRiQE6WaTN0b4RCs+DmKhK1J4ov6eyEgo5TD0dGdIVF/Oe2PxP6+TquDSzViUpAoiOl0UpByrGI8zwT4TQBUfakKoYPpWTPtE56J0cgUdgj3/8iJpnpfsi1L5VqdxjabIowN0jE6RjSqoim5QHTUQRY/oGb2iN+PJeDHejY9pa86YzeyjPzA+fwD7aJsE</latexit>

�

4f
WfW

Constant barriers  fragmentation always active:  stops when  is still large⇒ ϕ ⟨h⟩

After inflation: dead 

During inflation: still OK

Consequences II
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Arguments against bubbles
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<latexit sha1_base64="AcvnyCP2cCCeN65BdPCfmv/y+UI=">AAACAnicbVC7SgNBFJ2NrxhfMVZiMxjEpHDZFVHLgEUsI5hNILuE2ckkGZyZXWZmxbAEG3/FxkIRW1t/wE6/xsmj0MQDFw7n3Mu994Qxo0o7zpeVWVhcWl7JrubW1jc2t/LbBU9FicSkjiMWyWaIFGFUkLqmmpFmLAniISON8OZi5DduiVQ0Etd6EJOAo56gXYqRNlI7vytKXhn6inLok7u4dORXEecIeuV2vujYzhhwnrhTUqwcJh+2/C7U2vlPvxPhhBOhMUNKtVwn1kGKpKaYkWHOTxSJEb5BPdIyVCBOVJCOXxjCA6N0YDeSpoSGY/X3RIq4UgMemk6OdF/NeiPxP6+V6O55kFIRJ5oIPFnUTRjUERzlATtUEqzZwBCEJTW3QtxHEmFtUsuZENzZl+eJd2y7p/bJlUmjCibIgj2wD0rABWegAi5BDdQBBvfgETyDF+vBerJerbdJa8aazuyAP7DefwCo3piy</latexit>

n(V ) ⇠ exp(��V )

<latexit sha1_base64="hOMdzntwuvr+8dbtTqoJ324mLXw="></latexit>p
h��2i ⇡ (0.1� 1)⇥ 2⇡f

1. On the lattice, exponential suppression of large bubbles 
 
 
 
extrapolate to  

2. On small scales  (where most of the energy is)

V → R3
crit

Δx ≲ m−1

on small scales (lattice)
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Arguments against bubbles
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3. On scales larger than , fragmentation proceeds independently


- multiple instances of the same quantum experiment


- each time one samples the quantum (stochastic) initial condition


- finite size of the box  finite variance

c δtamp

⇒
<latexit sha1_base64="Py++IlZPtS60gLK7Qk43W+969iI="></latexit>

�(�̇0�tamp)

2⇡f
⇡

1

2

✓
log

8⇡f2

�̇0

◆�3/2

⇥O(10) ⇡ 0.01� 0.1

 fluctuation is  away (but we don’t know the distribution)𝒪(1) (10 − 100)σ

Δx ≳ c δtamp
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on super-Hubble scales

56

H−1

4. Different Hubble patches during inflation have different initial conditions


• Induced inflationary fluctuations 


• Variation in  controlled by 


• Expect 1 DW of area  at any time  overclosure, CC


• Avoided imposing 

δϕ ∼ HI /(2π)

Δϕfrag HI

H−2 ⇒

δ(Δϕfrag) ≪ 2πf
(sub-GeV in original 
relaxion construction)

Arguments against bubbles
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