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Phage Trangition in Strongly-coupled Gauge theory
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Thiswork: < dominant channel of bubble nucleation?

» thermally-aggisted tunneling?
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« Below T, :
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Creminelli, Nicolis, Rattazzi(2002)
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(glice%%AdS) » Size of the extra dimengion, /g, location of the [R brane?

» Make pr dynamical = radion @ (Z,T)

per » For stabilization of the gize, a radion potential mugt be
' generated with a minimum = @min = PIR
® W |  [ntroduce an additional scalar field with a bulk and brane
S pofgnﬁa[. Goldberger, Wise(1999)
+~ PIR—> p PUV

» Thig Goldberger-Wige gcalar generates the 40 effective

action for the radion o (¢, Z) :

S~ [ daya (~5007 - Vi)
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« 4D effective action for the radion
p(t,%):

V(©)/|Vinin|

5, ~ [ dtoyg (~5002 - V(o)

« o ~ location of the [Rbrane
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V » Euclidean equation of motion of ¢ (7, 7)

2
0fp+ 070+ =00 = V() =0,

+ Regularity at the origin:

Orp|,._o=0.

* 1/T periodic in Euclidean time 7

+ Equate energy density on both sides :
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» Solve the equation of motion:

2
8390—|—872,(,0—|— ;a,,(p—vl(gp) — () 10

« under the boundary conditions: 0

=

Orp|,._g=0. ?

n (,0(7‘,7“) :@(T+1/T7T)

4 |
_ T 74

[(0-0)2 + (0r9)?] p =

- 0

(a) T = 0.017, (b) T = 0.05T.

» 7independent golution ( O(3) eymmetric ) = clagsical thermal fluctuation
+ 7-dependent golution = quantum tunneling

» Atverylow temperature = Ol<4) eymmetric
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« Bubble nucleation rate;

ﬁ Action

D(T) = A(T)e” ")

$

Prefactor ~ T4

» Competeg with the Hubble expangion

» At nucleation temperature T), :

r(T,) ~H*
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Compare action : thermal fluctuation VS tunneling

nucleation rate,
I(T) = A(T)e BT

T, = Claggical-to-quantum trangition
temperature
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Nucleation Temperature 13,
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--- Daghed lines show 77, estimation only using the sub-dominant =independent golution, below 75, .
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Gravitational Wave Signal - Dominated by Tunneling

N,,m},
— 6,0.1
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a3, 0.1
e 6.09 [ Te=10°GeV

Fig: The abundance of the etochastic GWs ag a function of frequency due to
colligiong of bubbleg nucleated via thermal tunneling.
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Summary

» We gtudied firgt-order phage trangitiong between gtrongly-coupled phageg in finite temperature Yang-
Mills theorieg.

« O(3) eymmetric (near T,) and O(4) eymmetric (near zero T) golution were known,
but not the 7dependent thermal bounce.

- For vacuum decay in flat gpace, thermal bounces connect to the O(4) bubble ag T — O, but thig
is non-trivialin holographic setup when the zero-temperature limit i¢ unclear.

» We showed that even for T, ~ 10® GeV one can obtain a potentially obgervable GW gignal it
supercooling ig gutficiently strong.

» Next: the full 50 golution - a gravitational ingtanton interpolating between the two geometries?
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Thermodynamics of Black Holes
in Anti-de Sitter Space

S. W. Hawking! and Don N. Page?

I University of Cambridge, Department of Applied Mathematics and Theoretical Physics, Silver
Street, Cambridge, England
2 Department of Physics, The Pennsylvania State University, University Park, PA 16802, USA

Abstract. The Einstein equations with a negative cosmological constant admit
black hole solutions which are asymptotic to anti-de Sitter space. Like black
holes in asymptotically flat space, these solutions have thermodynamic
properties including a characteristic temperature and an intrinsic entropy
equal to one quarter of the area of the event horizon in Planck units. There are
however some important differences [rom the asymptotically flat case. A black
hole in anti-de Sitter space has a minimum temperature which occurs when its
size 18 of the order of the characteristic radius of the anti-de Sitter space. For
larger black holes the red-shifted temperature measured at infinity is greater.
This means that such black holes have positive specific heat and can be in
stable equilibrium with thermal radiation at a fixed temperature. It also implies
that the canonical ensemble exists for asymptotically anti-de Sitter space,
unlike the case for asymptotically flat space. One can also consider the
microcanonical ensemble. One can avoid the problem that arises in asymptoti-
cally flat space of having to put the system in a box with unphysical perfectly
reflecting walls because the gravitational potential of anti-de Sitter space acts
as a box of finite volume.

(C) 1998 International Press
Adv. Theor. Math. Phys. 2 (1998) 505-532

Anti-de Sitter Space, Thermal Phase
Transition, And Confinement In Gauge
Theories

Edward Witten

School of Natural Sciences
Institute for Advanced Study
Olden Lane, Princeton, NJ 08540, U. S. A.

Abstract

The correspondence between supergravity (and string theory) on
AdS space and boundary conformal field theory relates the thermo-
dynamics of N' = 4 super Yang-Mills theory in four dimensions to
the thermodynamics of Schwarzschild black holes in Anti-de Sitter
space. In this description, quantum phenomena such as the sponta-
neous breaking of the center of the gauge group, magnetic confinement,
and the mass gap are coded in classical geometry. The correspondence
makes it manifest that the entropy of a very large AdS Schwarzschild
black hole must scale “holographically” with the volume of its hori-
zon. By similar methods, one can also make a speculative proposal for
the description of large NV gauge theories in four dimensions without
supersymmetry.
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L La

Partition function of the geometry, gamrn

s T =T, from the Euclidean path integral:
g 7 = /DQMN e~ 95l9mN]
§ where,
L?,: T<TC S5N/d5$\/§(R—A5)—|—
» Free Energy;
' ' ¥ 5D Geometr
AdS-S RS ! F— TlogZ
(deconfined) (confined)

L

Blackhole
W

« Below T,,barrier between true & falge
vacuum -> firgt-order phage trangition
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(dice%%AdS) » Size of the extra dimengion, /g, location of the [R brane?

» Make pr dynamical = radion @ (Z,T)

s » For stabilization of the size, a radion potential mugt be
o generated with a minimum = ¢Ymin = PIR
\@ \\\\ E * HOU)? Goldberger, Wise(1999)
wpRe P S + Introduce Goldberger-Wige (real) scalar field X (»)
1
$.= [@avs (-0 -v) - ¥ [devamuio
i=UV,IR
with bulk and brane potential:
4 _ . 2
P U(X) _ 2€2X2 + §€3X37 UUV(X) BUV(X UUV) )

Ur(x) = 20qrX -
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* [ntegrate out the fitth dimengion
S ~/d5x\/§(R—A5)+SX+... :

to generate the 40 effective action for radion
field © (2, ¥)

V(©)/|Vinin|

5, ~ [ dtovg (~500° - V(o))
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