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“rospects tor GW detection
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“irst-order PTs and RS

ntroduced to address Higgs
nierarchy

- Dual interpretation: CFT is broken

at a scale dictated by IR brane
location

- At high T, symmetry is restored: IR

orane hidden behind a black
orane horizon

- PT proceeds by nucleating

oubbles of IR brane

AdS bulk: d

UV brane

9,
§2 = 2ky

dx"dx, — dy?

IR brane
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RS PT may pe strongly supercooled

RS with the usual Goldberger-Wise ‘e -
stabilization™ tends to exhibit very 3 E
supercooled PT - B
. . 1073 .

Results in large GW signal peaked arounc T ;
mHz for a TeV-scale PT; nice target for future & = E
detectors _ §
1075 -

It you're unfamiliar with Goldberger-Wise, that'’s fine - the 1072 | A id—l B 'Jl

details don't matter. Basically, you need some way to stabilize )
the size of the extra dimension, and it's a simple way to do so.

fig. from Csaki, Geller, Heller-Algazi, Al, 230110247 5



Soft walls: more suptle than you think!

- Conformal symmetry can be broken by the brane, or by a soft wall: o curvature singularity
N the bulk

- Not just a curiosity:

. This happens in stringy warped compactifications see Buchel, 210315188, 1809.08484, 241115950

- Recent work suggests PT dynamics are dramatically different  see Mishra, Randall 2401.09633

- GW signatures have not been studied much*

*Aside from some results in specific holographic QCD models and in models that do not exhibit confinement at low temperature.



What sort of GW signals ShOLﬂd we expect from a
soft wall PT7
Would we be aple to see them at future detectors?
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‘ne co.

ds?® = e 24W) [dt2 — da:idmz-] — dy?,

UV brane

dphase

—A(Yy)

S:/d5m\/§

1 1

5zt t §9A33A¢3B¢ - V(9)
/
2
=
P(y) =
o0
S

/.
Note: the 5D gravity EFT breaks down

near the singularity, but this isn't
important for our results.




- Here are the Einstein equations (which also imply the scalar EOM):

,{2 ¢/2 — 3 A//

K2V (d(y)) = —6A" +

- There's a clever trick to construct solutions to them.

[ecnnical aside: superpotentia

3

= AII
2 o

tricl



Tecnhnical aside: superpotential trick

. Given a “superpotential” W|¢@], can construct solution to Einstein equations

K2
. A(y) = ?W[Qb]
_ 1awlg)
.cb(y)—2 ”
LW\t K
.V(¢)—8< ) ) 6W[§b]

- Often easier to make statements regarding confinement, etc. in terms of superpotential



Contining sott walls, generally
see 0/07/1324, 0/071349, 090 /0301

. Asymptotic superpotential W[¢g] ~ ¢" exp KI/¢/\/§ leads to confinement for
n>01<v<?2*

. Near-wall geometry described by A ~ — 1/v*1log(1 — y/y,) + O[loglog(1 — y/y)]** and
¢ ~ — 1/vlogvk(y, — y)

» Can think of v as parametrizing the hardness of the wall

**The subleading term matters for v = 1; I'll talk about this

*v > 2is pathological. See Gubser, hep-th/0002160 | o
at the end, time permitting.



T'he hot phase

- Introduce a “blackening factor” b(y)

- Singularity hidden behind horizon, where b(y;,) = 0

dy? 7
ds? = e 24W) [p(y)dt? — dxidx;] — .
N
% o—AY) 'g .
— = ﬁ
O =
> P(y) E
- =
R7,
/ 13

(in cold phase: y, = y,)



[emperature, entropy, iree energy

. Standard trick for T - require absence of 1

_ =1 _ = —A(yn)|p!
conical defect Ih=p "= 47r6 ‘b (yh)‘
+ (at thermal equilibrium, 1,4, = 1) g — 2_7;6—314(.%).
K

- Bekenstein-Hawking for entropy:
- Note: 5 (Ms/k)3 ~ N**
. Free energy froms = — df/oT

*remember N, it'll show up again later o’



Analytical solutions in the hot phase

(there aren't many)

- Constant (super)potential: AdS-Schwarzschild
- A(y) = ky, ¢ = const.

. b(y) =1 —exp4k(y — y;) (approaches 1in deep UV, y = — o0, and vanishes at y;)

- Exponential (super)potential: describes behaviour near a soft wall
. A(y) = — 1/v7log(1 — yly), ¢ = — 1/vlog v°k(y, — y)

c b(y) = 1= [y — W/, =y~



A simple ansatz

.+ UV limit (y = — 00): constant potential

- IR limit (y — y,): exponential potential

k y <yi =ys — 1/kv?

1 .
V2 (Ys—y) Y > Yi-

- Stitch together: 4/ — {

This parametrizes a family of
confining softwallsfor 1l < v < 2.*

*Again, v = 1 needs a separate treatment,
which I'll get to later.

16



Phase diagram (v = \/5)
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How do we study bubbles?

-FE'S, compute a bounce action, etc.

‘ne phase transition

deally, wed find a solution to 5D Euclidean-time

This is really hard! Instead, take the equilibrium

solution, but with y, a function of bub

coordinate p

Reduces to a standard 4D problem (compute eff.

action for y,(p) and study tunnelling)

O

e radial

—0.8

_16)

Yn —

III|I|I|I

II|III|III|III

Tmin

39

0.90

0.95

1.00
17T,

1.05

1.10

18

1.1



Parametrizing the bounce

interior exterior

l_’ Y
Y

&
o
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Effective potential (v = \/5)
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ci Coleman /7 Linde 83

.+ Tunnellingratel” ~ T*e>
- Bounce* interpolates b/w vacud

. This is minimized by the solution to the
Fuclidean-time EOM

*for experts: the O(3)-symmetric bounce dominates
over the O(4) one throughout this work

Bounce preliminaries
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Bounce action (v = \ﬁ)

regime
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FInding the nucleation temperature

105 L o b b o

- PT completes when
[~ H* > T ~ T8/Mf,11 10

I o s = 1

- S0 S, ~4logMy/T =~ 140 for T, ~ TeV 103

LTI
I IIIIIIII

T.~ TeV threshold
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B B R R B R B R SR R R
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(T_ Tmin)/(Tc — Tmin)
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Nucleation temperature (v = \/5)
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(Gravitational waves

. Controlled by inverse duration f/H L | L L L LY L B
20000 - —
. pIH = TdS,/dT - -
T, i -
15000 - —
Qe x H2/ 2 /H S -
» Qow X H/P7 foeark < P o000E- -
» For comparison: for RS with Goldberger-Wise 5000:_ v=14/2 /
stabilization, f/H ~ 10 is typical : =18 -
oL L | | I I A A BN B B A

0 10 20 30 40 50

Note: apy is order-one, and | take v, & 1. N
25



Gravitational wave signals
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T'he edge case

. Recall W[¢@] ~ ¢P* exp Kvgb/\/g leads to confinement forl <v <2andp >0

. Forv = 1, asymptotic geometry near the soft wall:

A~ —logk(y,—y) — plog(—logk(y, — y))

- Some special cases: (this is the subleading

term that we ignored for
v > 1)

.+ p = 0: linear dilaton / gapped continuum spectrum

2

.+ p = 1/2:linear KK spectrum m; &« n

27



Metric ansatz redux

. Stitch together UV and IR behaviour:

A(y) =9 ; (1 o,

log k(ys _y)

. (match at y, such that A'(y) is continuous)

- Numerically compute phase diagram, tunnelling, etc.

Yy <Y;
) Yy > Y.

28



qualitatively si

what we saw

0.2
milar to

0erore
0.1

—0.2

~dge case: phase diagram

'°\\ except the linear

© dilaton: this one’s a
second-order PT

29



BIH

Edge case: GW signals
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Summary
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. Future goals: full 5D computation?
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