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motivation:

[Peccei-Quinn; Weinberg-Wilczek]

axion solution to the strong CP suggests new physics at very high scale fa & 109GeV
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high scale <=> weak coupling

lots of low energy precision probes,
any possibility to access the high scale

new physics directly?



�X(|X|2 � f2/2)2 + (yXQQc + h.c.)
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[KSVZ]

1st order phase transition for PQ symmetry?

motivation:

[Peccei-Quinn; Weinberg-Wilczek]
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any gravity waves signals?

models are well defined, so we can check

axion solution to the strong CP suggests new physics at very high scale fa & 109GeV
<latexit sha1_base64="Or85usS8+gtANbOlztowVYGwhjE="></latexit>



the typical PQ breaking sector

�X(|X|2 � f2/2)2 + (yXQQc + h.c.)
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displays a second order phase transition for several reasons:

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

PQ breaking needs to be non-minimal 
in order to have 1st order transition!

m2(T )|X|2 + �(T )|X|4
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[KSVZ]

[see Ferrer et al]exploting the portal coupling with the Higgs is not enough

[Benedict’s talk]with more than one Higgs it can be done



weak coupling



radiative PQ breaking

[Gildener, Weinberg ’76]
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collections of fields (some charged under PQ)

RG evolution generically implies existence of a flat direction at a scale 

• dynamics mainly controlled by the field      that spans the flat direction
• radiative corrections lift the flat direction and stabilize     close to  

�
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�e↵(µ) = �ijkl(µ)ninjnknl , �e↵(⇤) = 0, �i = ni�
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radiative PQ breaking

the beta function of the effective quartic needs to be positive at the reference scale

Ve↵(�)
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finite temperature corrections

for such extremely flat potentials, thermal corrections are always important
[Witten]
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              even for          
one can expand formally at high-T 

close to the origin

T ⌧ f
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       where g is a typical coupling of     to other light fieldsmi ⇠ ĝ�
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effective potential at finite temperature

close to the origin of field space all states are massless
barrier lasts for arbitrarily small temperatures!

tree-level + 

one-loop +

one-loop +     

F (�;T )� F (0;T )
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negative quartic in the relevant region:



Supercooling in scale invariant models

the integral of the bounce solution can be done exactly [Brezin, Parisi]
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the small deviation from scale invariance implies sizable supercooling
therefore right after the critical temperature Hubble becomes constant

we derive a lower bound on the nucleation temperature

Tn &
p

MHI ⇠ 0.1f

✓
f

MPl

◆ 1
2

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

T
4
ne

�S3/Tn = H
4
I

<latexit sha1_base64="MUcY2p6WAdwBMRJ6GWau3qtnRvo="></latexit>



recap on the scenario

V =
�ijkl
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scalars (and gauge interactions) with a flat direction

S3/T = #/ log(M/T )
<latexit sha1_base64="kVFNQ/XZPp0n6pyT0RJC7/EQeuc="></latexit>

action with slow time dependence
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sizeable supercooling (no plasma)

minimized for sizeable supercooling

this scenario has the maximal effect 
on the amplitude of gravitational wave power spectrum 

generated during the bubble collisions

�/H = (S3/T )/ log(M/T )
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an explicit example at weak coupling



two complex scalars: one PQ and one gauged
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[see related Hambye, Strumia, Teresi]
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it is lifted by the running induced by quartic and gauge interactions



two complex scalars: one PQ and one gauged

� F 2

4g2
+ |DµS|2 + |@µX|2 + (yXQQc + h.c)� �S |S|4 � �X |X|4 � �XS |S|2|X|2
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[see related Hambye, Strumia, Teresi]
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analytic approximation works very well as compared to the full numerical thermal potential



expectations for gravity waves

β/H = 2

β/H = 5

β/H = 16
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strong coupling



it is tempting to classify the weakly coupled case as a combination of

axion + dilaton

is there an analog in the regime of strong coupling?



axion/dilaton: the generic setup 

strongly coupled large-N CFT at finite temperature with global Peccei-Quinn U(1) and SU(3)c

tiny deviation from scale invariance realizes a 1st order phase transition with supercooling
(in the same spirit as in the weakly coupled case)

breaking of scaling invariance at a scale        triggers also PQ breakingf
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The only chance to say something quantitative 
is offered by a CFT which delivers a light dilaton

(it is an assumption)

we are led to the class of holographic deconfinement/confinement transitions



deconfinement/confinement PT

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>

light dilaton expectedlarge negative free energy

at sufficiently low temperatures confined phase preferred

+ spontaneously broken PQ+ unbroken PQ

[Creminelli, Nicolis, Rattazzi;
Randall, Servant;…]



a simple parametrization for the dilaton potential

�g = ✏g + aN
g3
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it induces a running of the quartic in the dilaton EFT

expression of the potential valid for breaking by a single spurion
classical scaling dominates over quantum effects (Coleman Weinberg)
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analytic approximations
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at large supercooling, tunnel happens very close to the origin
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quartic evolving with temperature
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also we expect S4 dominate at small temperature

for small epsilon we recover exactly the weak coupling regime



expectations for gravity waves
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conclusions?
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Models of radiative PQ breaking have a chance to be seen in LIGO



PQ phase transition

high scale can be tested w/ gravity waves if fortune assists

class of models with supercooling in the range of Advanced LIGO

and in general for earth-based interferometers (ET)

Future directions (in progress!)

explore different high scale phase transitions

what happens below the minimum nucleation temperature?



additional material



finite temperature corrections
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same structure 
as Coleman-Weinberg potential

high temperature expansion



from an holographic approach

[Goldberger, Wise;…]

• Generically there is a barrier close to the origin
• Detuning of IR tension    can remove the barrier 
• Dynamics mostly controlled by region where tunnelling happens
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it is then similar to the single spurion potential



5D model with axion as gauge field
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Spontaneous breaking of U(1) as gauge field in 5D with BCs

Aµ|z=L = Aµ|z=zIR , Gµ5|z=L = Gµ5|z=zIR
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need also to include SU(3)c in the bulk



S3 and S4 bounces

most of the effects encoded in the size of the free-energy
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slightly more challenging to get O(1) for   �/H
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