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Phase Transition in Strongly-coupled Gauge theory

 Composite -

• axion

• RH neutrino

• Higgs

 GUT

 SUSY breaking

Critical temperature
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Bubb le nucleation Bubb le collision

Release of bubble wall energy

(deconfined)
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Bubb le nucleation Bubb le collision

Release of bubble wall energy

• dominant channel of bubb le nucleation?

• thermally-assisted tunneling?

This work: 

(deconfined)

Holographic Phase Transition via thermally-assisted Tunneling 3Arpon Paul,   University of Minnesota



AdS

CFT

4D CFT

5D 

Geometry

AdS-S
RS

(slice of AdS)
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AdS-S

Low THigh T

RS

(slice of AdS)

extra dimension RG scale of 4D theory
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Deconfined Confined



• Below T
c

:

Thermal fluctuation

True

vacuum

False

vacuum
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Bubble nucleation in 5D

Holographic Phase Transition via thermally-assisted Tunneling 7Arpon Paul,   University of Minnesota



• Size of the extra dimension, i.e, location of the IR brane?

• Make          dynamica l   radion                

• For stabilization of the size, a radion potentia l must be 

generated with a minimum 

• Introduce an additiona l sca lar field with a bulk and brane 

potentia l.

• This Goldberger-Wise scalar generates the 4D effective 

action for the radion :

RS

(slice of AdS)
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• 4D effective action for the radion

. :

• location of the IR brane



RS

Equate energy density

on both sides

AdS-S

• Euclidean equation of motion of 

• Regularity at the origin:

• Equate energy density on both sides :

• periodic in Euclidean time 
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• Solve the equation of motion:

• under the boundary conditions:

• independent solution ( O(3) symmetric )  classica l thermal fluctuation  (top row)

• dependent solution    quantum tunneling  (bottom row)

• At very low temperature O(4) symmetric
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Prefactor 
4

Action• Bubble nucleation rate:

• Competes with the Hubble expansion

(Saddle-point approx. of the path integral)

• At nucleation temperature  :

( H is the Hubble rate)
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N
c

No. of colors of the gauge theory

Compare action : thermal fluctuation VS tunneling

nucleation rate,

T
q

Classical-to-quantum transition

temperature
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Nucleation Temperature

N
c

No. of colors of the gauge theory

tunneling 

dominates

Dashed lines show           estimation only using the sub-dominant independent solution, below        . 

i) ii)[in units of KK scale]
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radion mass:



Gravitational Wave Signal – Dominated by Tunneling

Fig: The abundance of the stochastic GWs as a function of frequency due to 

collisions of bubb les nucleated via thermal tunneling.

Requires tunneling.  Only thermal fluctuation   NO nucleation!
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Holographic Phase Transition via thermally-assisted Tunneling

• We studied first-order phase transitions between strongly-coupled phases in finite temperature Yang–

Mills theories.

• O(3) symmetric (near T
c
) and O(4) symmetric (near zero T) solution were known, …              ……

but not the dependent thermal bounce.

• For vacuum decay in flat space, thermal bounces connect to the O(4) bubble as T →0, but this 

is non-trivia l in holographic setup when the zero-temperature limit is unclear.

• We showed that even for one can obta in a potentia lly observable GW signa l if 

supercooling is sufficiently strong.

• Next: the full 5D solution – a gravitational instanton interpolating between the two geometries?
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Summary
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• Partition function of the geometry, 

from the Euclidean path integra l:

where,

• Free Energy:

• Below T
c

, barrier between true & false 

vacuum   first-order phase transition
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• Size of the extra dimension, i.e, location of the IR brane?

• Make          dynamica l   radion                

• For stabilization of the size, a radion potentia l must be 

generated with a minimum 

• How?

• Introduce Goldberger-Wise (rea l) sca lar field 

with bulk and brane potentia l:

RS

(slice of AdS)
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• Integrate out the fifth dimension

to generate the 4D effective action for radion

field                    :
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