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Axion solution:

Strong CP Problem:
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QCD dynamics aligns the vacuum to preserve CP:

[Peccei-Quinn ’77
Weinberg-Wilczek ’78]
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The axion is the Goldstone boson of a spontaneously  
broken U(1) global symmetry.

At T> f symmetry is restored:

As T decreases X relaxes to the bottom of the potential 
with a random phase.
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fa > Max[HI , TR]
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Initial misalignment scans over all values. Possible in 
principle to compute axion abundance.

Initial misalignment is constant over visible universe.

[Gorghetto-Villadoro ’18]

Two scenarios:

PQ broken during inflation:

PQ broken after inflation:



[Grilli Di Cortona et. al.’15]



If axion is DM will be likely found in the next decade!

Experiments:

[Irastorza, Redondo ’18]



All axion experiments are insensitive to UV completion.
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1st order PQ phase transition produces gravity waves:

Supercooling:
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[see Azatov ’19]



Is the PQ phase transition 
1st or 2nd order? 

* The question is only tangible if f< Hi. We assume: fa = 1011GeV
<latexit sha1_base64="FCpJq2/TusYCev3moIUYjh3V4cM="></latexit>



�X(|X|2 � f2/2)2 + (yXQQc + h.c.)
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1. There are no massless bosonic states coupled to X where PQ is restored

2. Fermion contribution to 1-loop Coleman-Weinberg has wrong sign

3. Potential is always well approximated by m2(T )|X|2 + �(T )|X|4
<latexit sha1_base64="PuEF6/plg5G0/zFYuuGU8N5PyP0="></latexit>

- KSVZ axion:

PQ phase transition is second order:

PQ breaking needs to be non-minimal to realise a 1st 
order phase transition
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[Dev, Ferrer, Zhang,Zhang ’19]
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In the regime where                                    we can deviate from the previous case �XH � �X
<latexit sha1_base64="TpiXHGKwNbcgUlUg/8QujzdkMd0="></latexit>

1.  tuning of the electroweak VEV:

2.  matching to the Higgs mass:

However:
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= .12
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= O(100GeV)2
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what about the Higgs portal?:
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expanding the potential in the limits h, v ⌧ f, �XH � �X
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the needed deviation from quadratic + quartic happens for
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Needs too large couplings!



1. In order to generate a 1st order PT the Higgs should not 
be the Higgs.

2. Enhanced gravity waves are produced in supercooling 
regime. This requires the thermal barrier to last long 
enough.
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scale
invariance

We will thus look for approximately conformal scalar 
theories.

Necessary ingredients:



Weak coupling



Radiative breaking is a common property of massless scalar 
theories.
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[Gildener, Weinberg ’76]

Radiative symmetry breaking:
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Due to RG evolution we can choose the potential at 
some scale to vanish on a ray in field space.
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�ijkl = O(e2)
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[Coleman, Weinberg ’73]
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Effective potential:

At 1-loop the flat direction is lifted
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Finite temperature:

Around the origin the fields are massless so thermal 
corrections are always important:

A barrier is generated where the universe is trapped. The 
phase transition is 1st order and very slow because breaking 
of classical conformal invariance is small.
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one-loop + thermal

one-loop
thermal + extremely high T

The tunnelling rate is:


Nucleation temperature:


�(Tn) = H(Tn)
4
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<latexit sha1_base64="uWLQeE9hCnmeMmc4qVUQvhFIkk0="></latexit><latexit sha1_base64="uWLQeE9hCnmeMmc4qVUQvhFIkk0="></latexit><latexit sha1_base64="uWLQeE9hCnmeMmc4qVUQvhFIkk0="></latexit><latexit sha1_base64="uWLQeE9hCnmeMmc4qVUQvhFIkk0="></latexit>

�(T ) ⇡ T 4

✓
S3/T

2⇡

◆ 3
2

exp(�S3/T )
<latexit sha1_base64="Ta2ul6IdUy49wGHzAkEjrY3vFdA="></latexit>



Approximation:

�tunnel
<latexit sha1_base64="OtKioGA255AAbaGsx3B/77sUVU0="></latexit>

V ⇡ �2 � �4
<latexit sha1_base64="502Wzz6SMsRINaTtw2IY8967EHM="></latexit>

log
�

f
= log

ĝ�

T
+ log

T

ĝf
<latexit sha1_base64="nvwyZJKISmyOQvxGpefb1ADxn+Q=">AAACNHicbVDLSgMxFM34rPU16tJNsAiCUGZ8oAuFghvBTYW+oFNKJs1MQzPJkGSEMsxHufFD3IjgQhG3foNpO0JtPRA4nHMuN/f4MaNKO86rtbC4tLyyWlgrrm9sbm3bO7sNJRKJSR0LJmTLR4owykldU81IK5YERT4jTX9wM/KbD0QqKnhND2PSiVDIaUAx0kbq2nceEyH0Aolw6ikaRihLg+x6Wu0jnYZZbsLaMZwyaxn8DQRZ1y45ZWcMOE/cnJRAjmrXfvZ6AicR4RozpFTbdWLdSZHUFDOSFb1EkRjhAQpJ21COIqI66fjoDB4apQcDIc3jGo7V6YkURUoNI98kI6T7atYbif957UQHl52U8jjRhOPJoiBhUAs4ahD2qCRYs6EhCEtq/gpxH5k2tOm5aEpwZ0+eJ42TsntaPr8/K1Wu8joKYB8cgCPgggtQAbegCuoAg0fwAt7Bh/VkvVmf1tckumDlM3vgD6zvH5d4rJo=</latexit>



Approximation:

�tunnel
<latexit sha1_base64="OtKioGA255AAbaGsx3B/77sUVU0="></latexit>

V ⇡ �2 � �4
<latexit sha1_base64="502Wzz6SMsRINaTtw2IY8967EHM="></latexit>

Just a quartic potential!!


In the tunnelling region


F ⇡ ĝ2

24
�2T 2 � ��eff

4
�4 log

M

T
<latexit sha1_base64="E1kfOwtVstRimpXmARtDLKxa5Ds="></latexit>

[Witten ’80]

log
�

f
= log

ĝ�

T
+ log

T

ĝf
<latexit sha1_base64="nvwyZJKISmyOQvxGpefb1ADxn+Q=">AAACNHicbVDLSgMxFM34rPU16tJNsAiCUGZ8oAuFghvBTYW+oFNKJs1MQzPJkGSEMsxHufFD3IjgQhG3foNpO0JtPRA4nHMuN/f4MaNKO86rtbC4tLyyWlgrrm9sbm3bO7sNJRKJSR0LJmTLR4owykldU81IK5YERT4jTX9wM/KbD0QqKnhND2PSiVDIaUAx0kbq2nceEyH0Aolw6ikaRihLg+x6Wu0jnYZZbsLaMZwyaxn8DQRZ1y45ZWcMOE/cnJRAjmrXfvZ6AicR4RozpFTbdWLdSZHUFDOSFb1EkRjhAQpJ21COIqI66fjoDB4apQcDIc3jGo7V6YkURUoNI98kI6T7atYbif957UQHl52U8jjRhOPJoiBhUAs4ahD2qCRYs6EhCEtq/gpxH5k2tOm5aEpwZ0+eJ42TsntaPr8/K1Wu8joKYB8cgCPgggtQAbegCuoAg0fwAt7Bh/VkvVmf1tckumDlM3vgD6zvH5d4rJo=</latexit>



S3

T
⇡ A3

log(MT )
<latexit sha1_base64="RGksgKK/aCtnMLQsnmwKHi4mpwA="></latexit><latexit sha1_base64="RGksgKK/aCtnMLQsnmwKHi4mpwA="></latexit><latexit sha1_base64="RGksgKK/aCtnMLQsnmwKHi4mpwA="></latexit><latexit sha1_base64="RGksgKK/aCtnMLQsnmwKHi4mpwA="></latexit>

Bounce action can be computed analytically:


Supercooling:


Tn ⇡
p

MHI exp

✓
1

2

q
�A3(ĝ) + log2(M/HI)

◆

<latexit sha1_base64="S2GlutRngmNSYM6iadVXjyV/RYE="></latexit><latexit sha1_base64="S2GlutRngmNSYM6iadVXjyV/RYE="></latexit><latexit sha1_base64="S2GlutRngmNSYM6iadVXjyV/RYE="></latexit><latexit sha1_base64="S2GlutRngmNSYM6iadVXjyV/RYE="></latexit>

Tn &
p

MHI ⇠ 0.1f

✓
f

MPl

◆ 1
2

<latexit sha1_base64="1Y0e2/CrAFhhoYHsOfPms4DvBjQ="></latexit>

PT duration:


�

H
= �4 + T

@(S3/T )

@T

����
Tn

= �4 +
1

log(M/Tn)

S3

T

����
Tn

<latexit sha1_base64="keJZcveQr7RU7Cgf6mrEmZ2oXXc="></latexit><latexit sha1_base64="keJZcveQr7RU7Cgf6mrEmZ2oXXc="></latexit><latexit sha1_base64="keJZcveQr7RU7Cgf6mrEmZ2oXXc="></latexit><latexit sha1_base64="keJZcveQr7RU7Cgf6mrEmZ2oXXc="></latexit>

For strong supercooling gravity waves enhanced!


A3 = 18.897
m(T )

��effT
<latexit sha1_base64="hPx0y02zHN2u8qJu7DCE+C4yDos="></latexit>

[Brezin, Parisi]



Reheating:

HI/(2⇡)
<latexit sha1_base64="tkRooOUOX2K7ogtQUfwWm5wrE3s="></latexit>

ĝT
<latexit sha1_base64="stytYGXOCEdfkk1euhSt+cmOZow="></latexit>

If thermal transition too slow symmetry will be broken by 
de Sitter fluctuations:


Nmax ⇡ log
Tc

HI
⇡ 15

<latexit sha1_base64="1MQZb9Wo9rQuit9t7bWtbGudWrE="></latexit>

TRH = TI min

✓
1,

�

HI

◆1/2

<latexit sha1_base64="pxcELXaaj/WxxMtJCrBQtr8+Kqk="></latexit>

TI =

✓
��eff

16⇡2

30

NL

◆1/4

f
<latexit sha1_base64="yLLPbjnInXZyv3ZbZmPTU135FMI="></latexit>

TR is the temperature that enters the GW signal!




Example:

L = � F 2

4g2
+ |DµS|2 + |@µX|2 � V + (yXQQc + h.c)

<latexit sha1_base64="+pLA3+SZvXchlm8ZWt4tO3XHoDg="></latexit><latexit sha1_base64="+pLA3+SZvXchlm8ZWt4tO3XHoDg="></latexit><latexit sha1_base64="+pLA3+SZvXchlm8ZWt4tO3XHoDg="></latexit><latexit sha1_base64="+pLA3+SZvXchlm8ZWt4tO3XHoDg="></latexit>

V = �S |S|4 + �X |X|4 + �XS |S|2|X|2
<latexit sha1_base64="rDRfHfW6JBuAfNAnx46fSdY6ZeQ=">AAACKHicbVDLSsNAFJ34rPUVdelmsAiCUJJS0IViwY3LSm0baGOYTCbt0MmDmYlQ0n6OG3/FjYgi3folTtMgtvXAwOGcc7lzjxszKqRhTLSV1bX1jc3CVnF7Z3dvXz84bIko4Zg0ccQibrlIEEZD0pRUMmLFnKDAZaTtDm6nfvuJcEGj8EEOY2IHqBdSn2IkleToN61r2GUq7yGnAUeN0WMVnv8qFhxZ80pqNcZZrJJZFUcvGWUjA1wmZk5KIEfd0d+7XoSTgIQSMyRExzRiaaeIS4oZGRe7iSAxwgPUIx1FQxQQYafZoWN4qhQP+hFXL5QwU/9OpCgQYhi4Khkg2ReL3lT8z+sk0r+0UxrGiSQhni3yEwZlBKetQY9ygiUbKoIwp+qvEPcRR1iqbouqBHPx5GXSqpRNo2zeV0u1q7yOAjgGJ+AMmOAC1MAdqIMmwOAZvIIP8Km9aG/alzaZRVe0fOYIzEH7/gE/J6RA</latexit><latexit sha1_base64="rDRfHfW6JBuAfNAnx46fSdY6ZeQ=">AAACKHicbVDLSsNAFJ34rPUVdelmsAiCUJJS0IViwY3LSm0baGOYTCbt0MmDmYlQ0n6OG3/FjYgi3folTtMgtvXAwOGcc7lzjxszKqRhTLSV1bX1jc3CVnF7Z3dvXz84bIko4Zg0ccQibrlIEEZD0pRUMmLFnKDAZaTtDm6nfvuJcEGj8EEOY2IHqBdSn2IkleToN61r2GUq7yGnAUeN0WMVnv8qFhxZ80pqNcZZrJJZFUcvGWUjA1wmZk5KIEfd0d+7XoSTgIQSMyRExzRiaaeIS4oZGRe7iSAxwgPUIx1FQxQQYafZoWN4qhQP+hFXL5QwU/9OpCgQYhi4Khkg2ReL3lT8z+sk0r+0UxrGiSQhni3yEwZlBKetQY9ygiUbKoIwp+qvEPcRR1iqbouqBHPx5GXSqpRNo2zeV0u1q7yOAjgGJ+AMmOAC1MAdqIMmwOAZvIIP8Km9aG/alzaZRVe0fOYIzEH7/gE/J6RA</latexit><latexit sha1_base64="rDRfHfW6JBuAfNAnx46fSdY6ZeQ=">AAACKHicbVDLSsNAFJ34rPUVdelmsAiCUJJS0IViwY3LSm0baGOYTCbt0MmDmYlQ0n6OG3/FjYgi3folTtMgtvXAwOGcc7lzjxszKqRhTLSV1bX1jc3CVnF7Z3dvXz84bIko4Zg0ccQibrlIEEZD0pRUMmLFnKDAZaTtDm6nfvuJcEGj8EEOY2IHqBdSn2IkleToN61r2GUq7yGnAUeN0WMVnv8qFhxZ80pqNcZZrJJZFUcvGWUjA1wmZk5KIEfd0d+7XoSTgIQSMyRExzRiaaeIS4oZGRe7iSAxwgPUIx1FQxQQYafZoWN4qhQP+hFXL5QwU/9OpCgQYhi4Khkg2ReL3lT8z+sk0r+0UxrGiSQhni3yEwZlBKetQY9ygiUbKoIwp+qvEPcRR1iqbouqBHPx5GXSqpRNo2zeV0u1q7yOAjgGJ+AMmOAC1MAdqIMmwOAZvIIP8Km9aG/alzaZRVe0fOYIzEH7/gE/J6RA</latexit><latexit sha1_base64="rDRfHfW6JBuAfNAnx46fSdY6ZeQ=">AAACKHicbVDLSsNAFJ34rPUVdelmsAiCUJJS0IViwY3LSm0baGOYTCbt0MmDmYlQ0n6OG3/FjYgi3folTtMgtvXAwOGcc7lzjxszKqRhTLSV1bX1jc3CVnF7Z3dvXz84bIko4Zg0ccQibrlIEEZD0pRUMmLFnKDAZaTtDm6nfvuJcEGj8EEOY2IHqBdSn2IkleToN61r2GUq7yGnAUeN0WMVnv8qFhxZ80pqNcZZrJJZFUcvGWUjA1wmZk5KIEfd0d+7XoSTgIQSMyRExzRiaaeIS4oZGRe7iSAxwgPUIx1FQxQQYafZoWN4qhQP+hFXL5QwU/9OpCgQYhi4Khkg2ReL3lT8z+sk0r+0UxrGiSQhni3yEwZlBKetQY9ygiUbKoIwp+qvEPcRR1iqbouqBHPx5GXSqpRNo2zeV0u1q7yOAjgGJ+AMmOAC1MAdqIMmwOAZvIIP8Km9aG/alzaZRVe0fOYIzEH7/gE/J6RA</latexit>

S
<latexit sha1_base64="lYnL8EhTkmuOmD/foa7qkWRIbFg="></latexit>

X<latexit sha1_base64="Juq9y2TPe9JmSz0mwbGcNZYHU/M="></latexit>

�
<latexit sha1_base64="flzNZWnR7qaEcBR1Ez/LkcgJd3o="></latexit>

(S ,X) = (sin↵ , cos↵)
�p
2
, sin2 ↵ =

p
�Xp

�X +
p
�S

<latexit sha1_base64="PzCoVyEO4CxWhFnIPULWUdEOeHQ="></latexit>

flat d
irectio

n

Flat direction:


�XS = �2
p

�S�X
<latexit sha1_base64="VcO1tjlNRey4YWRKooMlEL4OQMs="></latexit>

[see Hambye, Strumia, Teresi ’18]



Ve↵ =
2�S�X + 3

2g
4 sin4 ↵� 3

2y
4 cos4 ↵

16⇡2
�4

✓
log

�

f
� 1

4

◆

<latexit sha1_base64="B8GHB3Uh1neH3qkczYbnSIY2jIs="></latexit>

Masses:


Effective potential:


M⌧ = (4�X�S)
1/4� , MA = g sin↵� , MQ = y cos↵

�p
2

<latexit sha1_base64="XDP+Z6BklWPjLAwTWg74E9tpukQ="></latexit><latexit sha1_base64="XDP+Z6BklWPjLAwTWg74E9tpukQ="></latexit><latexit sha1_base64="XDP+Z6BklWPjLAwTWg74E9tpukQ="></latexit><latexit sha1_base64="XDP+Z6BklWPjLAwTWg74E9tpukQ="></latexit>

Bounce action:


S3

T
⇡ 1

log(M⌧/T )
Max


150

(�X�S)3/4
,

250

g3 sin3 ↵

�

<latexit sha1_base64="8PMXoKDpd7pzeVMVMDW13W7b6aU="></latexit>



results: pure quartics
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f = 1011GeV, g = 0
<latexit sha1_base64="41uPkxadvRqDdMJl0Fw3Z7MW0U4="></latexit>

approximate analytic solution works remarkably well!



results: pure quartics
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<latexit sha1_base64="41uPkxadvRqDdMJl0Fw3Z7MW0U4="></latexit>

�/H
<latexit sha1_base64="u1saAx/Nkr6w0DnZ9CU4As4F/qk="></latexit>

Supercooling enhances 




results: gauge coupling dominance
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<latexit sha1_base64="+oTCucOIKyfBEkFZGKJXgjYo4Ig="></latexit>



results insensitive to the improvement of the potential

results: gauge coupling dominance
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<latexit sha1_base64="+oTCucOIKyfBEkFZGKJXgjYo4Ig="></latexit>



Gravity Wave Signal
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Strong Coupling



A beautiful class of models are composite axions based on 
SU(N) gauge theories with massless vector-like fermions:

(Nc, 3) + (N̄c, 3̄) + (Nc, 1) + (N̄c, 1)

15 = 8� 3� 3̄� 1

SU(4)⇥ SU(4)

SU(4)U
SU(3)c

These theories undergo a 1st order phase transition:

Singlet is the axion!

Dynamics as in QCD:

[Pisarski, Wilczek ’84]3  NF < 4N
<latexit sha1_base64="HDDuXUrDb46GRpUfoD545ip4fXU="></latexit>

N � 3
<latexit sha1_base64="SDiB8XbwLT6EAruOgl7aT51yrZ8="></latexit>

Transition expected to be rapid -> no supercooling.



Weakly coupled models can be understood as a combination 
of a dilaton and the axion.

The same can be realized at strong coupling:


spontaneous
breaking Dilaton

Explicit breaking:

CFT+
g

⇤✏
O

<latexit sha1_base64="Mt06XGWdQVhPlBQIdRxVlcx/ILc=">AAACFnicbVDLSsNAFJ34rPUVdelmsAiCWBIf6LJYEBeCFfqCJpbJZNIOnUzCzEQoIV/hxl9x40IRt+LOv3HaZqGtBwYO59zDnXu8mFGpLOvbmJtfWFxaLqwUV9fWNzbNre2mjBKBSQNHLBJtD0nCKCcNRRUj7VgQFHqMtLxBdeS3HoiQNOJ1NYyJG6IepwHFSGmpax6ljghh9aqeHTqBQBj2YOrc6LyP7h0SS8oinmkJIwZvs65ZssrWGHCW2DkpgRy1rvnl+BFOQsIVZkjKjm3Fyk2RUBQzkhWdRJIY4QHqkY6mHIVEuun4rAzua8WHQST04wqO1d+JFIVSDkNPT4ZI9eW0NxL/8zqJCi7clPI4UYTjyaIgYVBFcNQR9KkgWLGhJggLqv8KcR/pdpRusqhLsKdPniXN47J9Uj67Oy1VLvM6CmAX7IEDYINzUAHXoAYaAINH8AxewZvxZLwY78bHZHTOyDM74A+Mzx8xQZ7K</latexit>

shallow 
potential

L =
N2

16⇡2
[(@')2 � �(g('))'4]

<latexit sha1_base64="LYc3PLVBoWudGwhvxRNrm+68HYw="></latexit>

Dilaton EFT:

CFT
<latexit sha1_base64="ZasFsCVAtvuOv8shyuZj88BT8eE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVih48FArisUK/sF1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZya+sbm1v57cLO7t7+QfHwqKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2MK7N/PYTVZpFsmEmMfUFHkoWMoKNlR7TnhKodteYon6x5JbdOdAq8TJSggz1fvGrN4hIIqg0hGOtu54bGz/FyjDC6bTQSzSNMRnjIe1aKrGg2k/nF0/RmVUGKIyULWnQXP09kWKh9UQEtlNgM9LL3kz8z+smJrzxUybjxFBJFovChCMTodn7aMAUJYZPLMFEMXsrIiOsMDE2pIINwVt+eZW0LsreZfnqoVKq3mZx5OEETuEcPLiGKtxDHZpAQMIzvMKbo50X5935WLTmnGzmGP7A+fwBkzeQLw==</latexit>

✏ ⌧ 1
<latexit sha1_base64="qGUY+UMepzvJIit89XokExJPV/Y=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0f6MFDwIvHCOYB2TXMTjrJkNnZZWZWCUv+w4sHRbz6L978GyfJHjSxoKGo6qa7K0wE18Z1v52l5ZXVtfXCRnFza3tnt7S339BxqhjWWSxi1QqpRsEl1g03AluJQhqFApvh8GbiNx9RaR7LezNKMIhoX/IeZ9RY6cHHRHMRS+ILQbxOqexW3CnIIvFyUoYctU7py+/GLI1QGiao1m3PTUyQUWU4Ezgu+qnGhLIh7WPbUkkj1EE2vXpMjq3SJb1Y2ZKGTNXfExmNtB5Foe2MqBnoeW8i/ue1U9O7CjIuk9SgZLNFvVQQE5NJBKTLFTIjRpZQpri9lbABVZQZG1TRhuDNv7xIGqcV76xycXderl7ncRTgEI7gBDy4hCrcQg3qwEDBM7zCm/PkvDjvzsesdcnJZw7gD5zPH8GikgI=</latexit>



To realise the axion the CFT should have a global 
symmetry U(1)xSU(3) where U(1) is anomalous and 
spontaneously broken:

@µj
µ
PQ =

K

16⇡2
Ga

µ⌫G̃
aµ⌫

<latexit sha1_base64="aQefYqGtQvBwKHJE2/ubZ0I4gso="></latexit><latexit sha1_base64="aQefYqGtQvBwKHJE2/ubZ0I4gso="></latexit><latexit sha1_base64="aQefYqGtQvBwKHJE2/ubZ0I4gso="></latexit><latexit sha1_base64="aQefYqGtQvBwKHJE2/ubZ0I4gso="></latexit>

h0|jµPQ(p)|ai ⇠
N

4⇡
f pµ

<latexit sha1_base64="xa47/dl9MslbDpU31p0RR8yGp+8="></latexit><latexit sha1_base64="xa47/dl9MslbDpU31p0RR8yGp+8="></latexit><latexit sha1_base64="xa47/dl9MslbDpU31p0RR8yGp+8="></latexit><latexit sha1_base64="xa47/dl9MslbDpU31p0RR8yGp+8="></latexit>

g(') =
⇣'
⇤

⌘✏
g0

<latexit sha1_base64="mdERPbhUQjmldsifVgBbAeb0+U0="></latexit><latexit sha1_base64="mdERPbhUQjmldsifVgBbAeb0+U0="></latexit><latexit sha1_base64="mdERPbhUQjmldsifVgBbAeb0+U0="></latexit><latexit sha1_base64="mdERPbhUQjmldsifVgBbAeb0+U0="></latexit>

� = �0 + �0(0) g ('/⇤)✏ + . . .
<latexit sha1_base64="knAWMEgpubbnr64xcQ7YqYiG9pg="></latexit><latexit sha1_base64="knAWMEgpubbnr64xcQ7YqYiG9pg="></latexit><latexit sha1_base64="knAWMEgpubbnr64xcQ7YqYiG9pg="></latexit><latexit sha1_base64="knAWMEgpubbnr64xcQ7YqYiG9pg="></latexit>
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<latexit sha1_base64="0491yZkNWT2DFBbS85XHEXsnBxI="></latexit><latexit sha1_base64="0491yZkNWT2DFBbS85XHEXsnBxI="></latexit><latexit sha1_base64="0491yZkNWT2DFBbS85XHEXsnBxI="></latexit><latexit sha1_base64="0491yZkNWT2DFBbS85XHEXsnBxI="></latexit>
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16⇡2
�0✏

✓
log

'

f
� 1

4

◆

<latexit sha1_base64="+FTsk+GWNGerOldiCIu7cHVvPJk="></latexit><latexit sha1_base64="+FTsk+GWNGerOldiCIu7cHVvPJk="></latexit><latexit sha1_base64="+FTsk+GWNGerOldiCIu7cHVvPJk="></latexit><latexit sha1_base64="+FTsk+GWNGerOldiCIu7cHVvPJk="></latexit>

✏ ⌧ 1
<latexit sha1_base64="tQtKnmXKUk3TzcdpWIbUKVCoCWA=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQ8OKxgv2AJpbNdtIu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7O0Vd7e2d3brxwctnSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4upn67UdUmify3oxTDGI6kDzijBorPfiYai4SSXwhiNerVN2aOwNZJl5BqlCg0at8+f2EZTFKwwTVuuu5qQlyqgxnAidlP9OYUjaiA+xaKmmMOshnV0/IqVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif143M9FVkHOZZgYlmy+KMkFMQqYRkD5XyIwYW0KZ4vZWwoZUUWZsUGUbgrf48jJpndc8t+bdXVTr10UcJTiGEzgDDy6hDrfQgCYwUPAMr/DmPDkvzrvzMW9dcYqZI/gD5/MHv16R+w==</latexit><latexit sha1_base64="tQtKnmXKUk3TzcdpWIbUKVCoCWA=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQ8OKxgv2AJpbNdtIu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7O0Vd7e2d3brxwctnSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4upn67UdUmify3oxTDGI6kDzijBorPfiYai4SSXwhiNerVN2aOwNZJl5BqlCg0at8+f2EZTFKwwTVuuu5qQlyqgxnAidlP9OYUjaiA+xaKmmMOshnV0/IqVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif143M9FVkHOZZgYlmy+KMkFMQqYRkD5XyIwYW0KZ4vZWwoZUUWZsUGUbgrf48jJpndc8t+bdXVTr10UcJTiGEzgDDy6hDrfQgCYwUPAMr/DmPDkvzrvzMW9dcYqZI/gD5/MHv16R+w==</latexit><latexit sha1_base64="tQtKnmXKUk3TzcdpWIbUKVCoCWA=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQ8OKxgv2AJpbNdtIu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7O0Vd7e2d3brxwctnSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4upn67UdUmify3oxTDGI6kDzijBorPfiYai4SSXwhiNerVN2aOwNZJl5BqlCg0at8+f2EZTFKwwTVuuu5qQlyqgxnAidlP9OYUjaiA+xaKmmMOshnV0/IqVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif143M9FVkHOZZgYlmy+KMkFMQqYRkD5XyIwYW0KZ4vZWwoZUUWZsUGUbgrf48jJpndc8t+bdXVTr10UcJTiGEzgDDy6hDrfQgCYwUPAMr/DmPDkvzrvzMW9dcYqZI/gD5/MHv16R+w==</latexit><latexit sha1_base64="tQtKnmXKUk3TzcdpWIbUKVCoCWA=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQ8OKxgv2AJpbNdtIu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7O0Vd7e2d3brxwctnSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4upn67UdUmify3oxTDGI6kDzijBorPfiYai4SSXwhiNerVN2aOwNZJl5BqlCg0at8+f2EZTFKwwTVuuu5qQlyqgxnAidlP9OYUjaiA+xaKmmMOshnV0/IqVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif143M9FVkHOZZgYlmy+KMkFMQqYRkD5XyIwYW0KZ4vZWwoZUUWZsUGUbgrf48jJpndc8t+bdXVTr10UcJTiGEzgDDy6hDrfQgCYwUPAMr/DmPDkvzrvzMW9dcYqZI/gD5/MHv16R+w==</latexit>



Through the AdS/CFT correspondence this can be realised 
in 5D “Randall-Sundrum” type models

ds2 =
L2

z2
(dxµdx

µ + dz2)
<latexit sha1_base64="lJ7x2ST6YdUgbZNxCNNTfOMK3T0="></latexit>

U(1)⇥ SU(3)
<latexit sha1_base64="7yQYc6kL9kQklRbwT8jHo+wWuK0=">AAAB+nicbVBNT8JAEN36ifhV9OhlIzGBC2nVRA8eSLx4xGiBBBqyXbawYbttdqcaUvkpXjxojFd/iTf/jQv0oOBLJnl5byYz84JEcA2O822trK6tb2wWtorbO7t7+3bpoKnjVFHm0VjEqh0QzQSXzAMOgrUTxUgUCNYKRtdTv/XAlOaxvIdxwvyIDCQPOSVgpJ5d8ipuFXeBR0zjO69yVu3ZZafmzICXiZuTMsrR6Nlf3X5M04hJoIJo3XGdBPyMKOBUsEmxm2qWEDoiA9YxVBKzys9mp0/wiVH6OIyVKQl4pv6eyEik9TgKTGdEYKgXvan4n9dJIbz0My6TFJik80VhKjDEeJoD7nPFKIixIYQqbm7FdEgUoWDSKpoQ3MWXl0nztOY6Nff2vFy/yuMooCN0jCrIRReojm5QA3mIokf0jF7Rm/VkvVjv1se8dcXKZw7RH1ifP1ErkhA=</latexit><latexit sha1_base64="7yQYc6kL9kQklRbwT8jHo+wWuK0=">AAAB+nicbVBNT8JAEN36ifhV9OhlIzGBC2nVRA8eSLx4xGiBBBqyXbawYbttdqcaUvkpXjxojFd/iTf/jQv0oOBLJnl5byYz84JEcA2O822trK6tb2wWtorbO7t7+3bpoKnjVFHm0VjEqh0QzQSXzAMOgrUTxUgUCNYKRtdTv/XAlOaxvIdxwvyIDCQPOSVgpJ5d8ipuFXeBR0zjO69yVu3ZZafmzICXiZuTMsrR6Nlf3X5M04hJoIJo3XGdBPyMKOBUsEmxm2qWEDoiA9YxVBKzys9mp0/wiVH6OIyVKQl4pv6eyEik9TgKTGdEYKgXvan4n9dJIbz0My6TFJik80VhKjDEeJoD7nPFKIixIYQqbm7FdEgUoWDSKpoQ3MWXl0nztOY6Nff2vFy/yuMooCN0jCrIRReojm5QA3mIokf0jF7Rm/VkvVjv1se8dcXKZw7RH1ifP1ErkhA=</latexit><latexit sha1_base64="7yQYc6kL9kQklRbwT8jHo+wWuK0=">AAAB+nicbVBNT8JAEN36ifhV9OhlIzGBC2nVRA8eSLx4xGiBBBqyXbawYbttdqcaUvkpXjxojFd/iTf/jQv0oOBLJnl5byYz84JEcA2O822trK6tb2wWtorbO7t7+3bpoKnjVFHm0VjEqh0QzQSXzAMOgrUTxUgUCNYKRtdTv/XAlOaxvIdxwvyIDCQPOSVgpJ5d8ipuFXeBR0zjO69yVu3ZZafmzICXiZuTMsrR6Nlf3X5M04hJoIJo3XGdBPyMKOBUsEmxm2qWEDoiA9YxVBKzys9mp0/wiVH6OIyVKQl4pv6eyEik9TgKTGdEYKgXvan4n9dJIbz0My6TFJik80VhKjDEeJoD7nPFKIixIYQqbm7FdEgUoWDSKpoQ3MWXl0nztOY6Nff2vFy/yuMooCN0jCrIRReojm5QA3mIokf0jF7Rm/VkvVjv1se8dcXKZw7RH1ifP1ErkhA=</latexit><latexit sha1_base64="7yQYc6kL9kQklRbwT8jHo+wWuK0=">AAAB+nicbVBNT8JAEN36ifhV9OhlIzGBC2nVRA8eSLx4xGiBBBqyXbawYbttdqcaUvkpXjxojFd/iTf/jQv0oOBLJnl5byYz84JEcA2O822trK6tb2wWtorbO7t7+3bpoKnjVFHm0VjEqh0QzQSXzAMOgrUTxUgUCNYKRtdTv/XAlOaxvIdxwvyIDCQPOSVgpJ5d8ipuFXeBR0zjO69yVu3ZZafmzICXiZuTMsrR6Nlf3X5M04hJoIJo3XGdBPyMKOBUsEmxm2qWEDoiA9YxVBKzys9mp0/wiVH6OIyVKQl4pv6eyEik9TgKTGdEYKgXvan4n9dJIbz0My6TFJik80VhKjDEeJoD7nPFKIixIYQqbm7FdEgUoWDSKpoQ3MWXl0nztOY6Nff2vFy/yuMooCN0jCrIRReojm5QA3mIokf0jF7Rm/VkvVjv1se8dcXKZw7RH1ifP1ErkhA=</latexit>

L
<latexit sha1_base64="L9THPETy5pRG6vaz3II1OS9sJQg=">AAAB6HicbZC7SgNBFIbPxluMt6ilIItBsAq7imghGLCxsEjAXCBZwuzkbDJmdnaZmRVCSGllY6GIrU9h6yvY+Qz6EE4uhSb+MPDx/+cw5xw/5kxpx/m0UnPzC4tL6eXMyura+kZ2c6uiokRSLNOIR7LmE4WcCSxrpjnWYokk9DlW/e7FMK/eolQsEte6F6MXkrZgAaNEG6t01czmnLwzkj0L7gRy5+9fd7tvpe9iM/vRaEU0CVFoyolSddeJtdcnUjPKcZBpJApjQrukjXWDgoSovP5o0IG9b5yWHUTSPKHtkfu7o09CpXqhbypDojtqOhua/2X1RAenXp+JONEo6PijIOG2juzh1naLSaSa9wwQKpmZ1aYdIgnV5jYZcwR3euVZqBzm3aP8ccnJFc5grDTswB4cgAsnUIBLKEIZKCDcwyM8WTfWg/VsvYxLU9akZxv+yHr9AbSdkVA=</latexit>

zIR
<latexit sha1_base64="oDK8hl+zF3I2ciuL6I/o4w/yjmw=">AAAB8XicbVC7SgNBFL0bXzG+Eq0kzWAQrMKuIlpYBGy0S8Q8MLuE2clsMmR2dpmZFeKSv7CxUMTWf7Gw069x8ig08cCFwzn3cu89fsyZ0rb9ZWWWlldW17LruY3Nre2dfGG3oaJEElonEY9ky8eKciZoXTPNaSuWFIc+p01/cDn2m/dUKhaJWz2MqRfinmABI1gb6e6hk7oyRNc3o06+ZJftCdAicWakVCm4xe/a/ke1k/90uxFJQio04ViptmPH2kux1IxwOsq5iaIxJgPco21DBQ6p8tLJxSN0aJQuCiJpSmg0UX9PpDhUahj6pjPEuq/mvbH4n9dOdHDupUzEiaaCTBcFCUc6QuP3UZdJSjQfGoKJZOZWRPpYYqJNSDkTgjP/8iJpHJedk/JpzaRxAVNkoQgHcAQOnEEFrqAKdSAg4BGe4cVS1pP1ar1NWzPWbGYP/sB6/wEcHpN8</latexit>

z
<latexit sha1_base64="3HJm6FupuU8gxYL5tR7EdLjed7w=">AAAB6HicbZC7SgNBFIbPxluMt6ilIItBsAq7imghGLCxTMBcIAlhdnI2GTM7u8zMCnFJaWVjoYitT2HrK9j5DPoQTi6FJv4w8PH/5zDnHC/iTGnH+bRSc/MLi0vp5czK6tr6RnZzq6LCWFIs05CHsuYRhZwJLGumOdYiiSTwOFa93sUwr96gVCwUV7ofYTMgHcF8Rok2Vum2lc05eWckexbcCeTO37/udt9K38VW9qPRDmkcoNCUE6XqrhPpZkKkZpTjINOIFUaE9kgH6wYFCVA1k9GgA3vfOG3bD6V5Qtsj93dHQgKl+oFnKgOiu2o6G5r/ZfVY+6fNhIko1ijo+CM/5rYO7eHWdptJpJr3DRAqmZnVpl0iCdXmNhlzBHd65VmoHObdo/xxyckVzmCsNOzAHhyACydQgEsoQhkoINzDIzxZ19aD9Wy9jEtT1qRnG/7Iev0B+lWRfg==</latexit>

[flat space, Choi ’03]

Aµ|z=L = Aµ|z=zIR = 0
<latexit sha1_base64="KB4Yf4qbcDnl5+jh7JTqVa9fets="></latexit>

Gµ5|z=L = Gµ5|z=zIR = 0
<latexit sha1_base64="R6+p8TxTmW4wvPghjqj2RUXR8ts="></latexit>

L5 = � 1

4g2
PQ

FMNFMN +
1

4g23
Ga

MN
GaMN +

K

192⇡2
✏MNOPQAMGa

NO
Ga

PQ

<latexit sha1_base64="skiamWYrwgus+F+nh8pmITm8wrs="></latexit>

�GW
<latexit sha1_base64="8nqWs4QauqRbBS9xVM7Vkz6Efwo=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QA8eAh70GME8ILuE2clsMmRmdp2ZDYQl3+HFgyJe/Rhv/o2TZA+aWNBQVHXT3RUmnGnjut9OYWV1bX2juFna2t7Z3SvvHzR1nCpCGyTmsWqHWFPOJG0YZjhtJ4piEXLaCoe3U781okqzWD6acUIDgfuSRYxgY6XArw9YN/OVQHetSbdccavuDGiZeDmpQI56t/zl92KSCioN4VjrjucmJsiwMoxwOin5qaYJJkPcpx1LJRZUB9ns6Ak6sUoPRbGyJQ2aqb8nMiy0HovQdgpsBnrRm4r/eZ3URNdBxmSSGirJfFGUcmRiNE0A9ZiixPCxJZgoZm9FZIAVJsbmVLIheIsvL5PmWdU7r14+XFRqN3kcRTiCYzgFD66gBvdQhwYQeIJneIU3Z+S8OO/Ox7y14OQzh/AHzucPUG+Ryg==</latexit>

Goldberger-Wise scalar.
M<< 1/L^2



Axion =

Z L

0
APQ
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1

g2s
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1

g20
+

L

g23
log

zIR
L

<latexit sha1_base64="7d8byqm2xAUY1lltebSH7tsvuqE="></latexit>

f2
a =

2

g2PQ

L

z2IR
<latexit sha1_base64="zO71ZeXMoKOki2DCyQVRyP41wAc="></latexit>

At T> 1/zIR the theory is in the deconfined phase

F ⇠ �N2T 4
<latexit sha1_base64="AAHgEhxJqve473KDOBQ4HszYZiE=">AAAB+HicbVC7SgNBFJ1NfMT4yKqlzWAQbAy7UdHCIiCKlUTIC5JNmJ3MJkNmZpeZWSGGfImNhSK2foGtrYXgh9g7eRSaeODC4Zx7ufceP2JUacf5shLJhcWl5dRKenVtfSNjb25VVBhLTMo4ZKGs+UgRRgUpa6oZqUWSIO4zUvV75yO/ekukoqEo6X5EPI46ggYUI22klp25bCjK4QG8buZhqXnUsrNOzhkDzhN3SrKF5Hvl7fP7otiyPxrtEMecCI0ZUqruOpH2BkhqihkZphuxIhHCPdQhdUMF4kR5g/HhQ7hnlDYMQmlKaDhWf08MEFeqz33TyZHuqllvJP7n1WMdnHoDKqJYE4Eni4KYQR3CUQqwTSXBmvUNQVhScyvEXSQR1iartAnBnX15nlTyOfcwd3xj0jgDE6TADtgF+8AFJ6AArkARlAEGMbgHj+DJurMerGfrZdKasKYz2+APrNcf2q+VrA==</latexit>

In 5D this corresponds to a black hole geometry: [Witten ’98]

large-N at finite T confined phase

1/z
<latexit sha1_base64="OZpHWaZYxseP5Vzicgd4wHEyWRI="></latexit>

1/z
<latexit sha1_base64="OZpHWaZYxseP5Vzicgd4wHEyWRI="></latexit> z�1

IR
<latexit sha1_base64="5UE9390SO87EZaYvRSd5O4zV5TE="></latexit>

z�1
h

<latexit sha1_base64="OobRVHKJUsCvnBJxNI5Wy90Hs7w="></latexit>

AdS - Schwarzschild Randall-Sundrum



exploiting duality

large-N at finite T confined phase

¯\_(ツ)_/¯
'

<latexit sha1_base64="sn4x9ikrvgF/2XCkueNLxDaloFI="></latexit>

�N2T 4
<latexit sha1_base64="2TYzIIsxgzdXS7qKKjt0eLYu0wY="></latexit>

f
<latexit sha1_base64="aoeoPal29DKIBMmWhkDK5KtkfLk="></latexit>

AdS - Schwarzschild Randall-Sundrum

1/z
<latexit sha1_base64="OZpHWaZYxseP5Vzicgd4wHEyWRI="></latexit>

1/z
<latexit sha1_base64="OZpHWaZYxseP5Vzicgd4wHEyWRI="></latexit> z�1

IR
<latexit sha1_base64="5UE9390SO87EZaYvRSd5O4zV5TE="></latexit>

z�1
h

<latexit sha1_base64="OobRVHKJUsCvnBJxNI5Wy90Hs7w="></latexit>



¯\_(ツ)_/¯
'

<latexit sha1_base64="sn4x9ikrvgF/2XCkueNLxDaloFI="></latexit>

�N2T 4
<latexit sha1_base64="2TYzIIsxgzdXS7qKKjt0eLYu0wY="></latexit>

f
<latexit sha1_base64="aoeoPal29DKIBMmWhkDK5KtkfLk="></latexit>
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<latexit sha1_base64="gaeoIYkvbbEqTrKmu/AyAnSbvK0="></latexit>
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<latexit sha1_base64="3V24EwhttxjVLnOWbN0Qyq/NynA="></latexit>

[Creminelli, Nicolis, Rattazzi; Servant, Von Harling; Bruggisser et al;  Baratella, Rompineve, Pomarol]

different “guesses” lead to similar results

Bounce:



Bounce action can be estimated within dilaton EFT:


'
<latexit sha1_base64="sn4x9ikrvgF/2XCkueNLxDaloFI="></latexit>
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16⇡2
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f
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<latexit sha1_base64="gaeoIYkvbbEqTrKmu/AyAnSbvK0="></latexit>

avoid discussing the CFT potential 
by matching the gradient energy

to the free energy

[Agashe et al ’19]

'̇2|'=0 ⇠ 16⇡2T 4
<latexit sha1_base64="xTujWZ1fqauD0rTcSB9pjKRttAk="></latexit>

S3

T
= 28.5

N2

16⇡2
⇥ (16⇡2b)1/4

|�0✏ log(f/(cT ))|3/4
<latexit sha1_base64="0VVWNglE5/tbxw1SzFPzzsl/a1Q="></latexit>

O4 bounce also relevant.



S3 and S4 bounces

most of the effects encoded in the size of the free-energy
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Gravity wave signal

Reach similar to weakly coupled models.

β/H = 1

β/H = 2

β/H = 10
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 Simplest axion models have 2nd order PT.

 First order PT realised in theories with no scales.

 Gravity wave-signal is within the reach of exp. 


