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AdS/CFT correspondence

Perturbation theory
(p...0) = (do...00) + Mb1...¢1) + A2(pa...b2) + ... +non-analytical?+solitons?

renormalization

QFT [Snormenzalon, T

AdS/CFT correspondence

CFT AN/ dual theory
AdS/CFT quasiclassical =~
Zill] =—m—m— Zags = e M|,
correspondence approximation

strong coupled Acer > 1 with Acpr ~ ﬁ

dual theory Apgs < 1 weak coupled
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Correlators within AdS/CFT

dSads[¥]

Solutions of EoM: =0

0y

Near the conformal boundary: 1(x, z) % 2972 9o (x) + 22 1 (x)
Z—

CFT sources: J ~ 9p(x) with weightd — A

Solutions: = Zags|yugs[t0] = ZerrlJ] = / D[*fields of CFT*] e =S~

_ IEAY (Y _ (9SS 0" Spaas
G, =(0...0) = (5./) logZ[J]‘J:O = = <51/)0> Sads[¥] = — ( sun - 5yl
——

=0 due to EoM
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Electroweak baryogenesis (Motivation)

Baryon asymmetry problem - matter more than anti-matter

Sakharov’s conditions < first order phase transition (i.e. CPT-violation)

unbroken symmetry broken symmetry

(¢) =0 O , (#) #0

A NNN

NN

SU(2)L x U(1)y = U(1)em isacrossover (nota PT); BSM physics?
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Composite Higgs model

L="Lsv+ Lcu + Lit,, Lcu - strongly coupled with G inner symmetry

(g invariant) spontaneous (’H invariane) Goldstone bosons > Higgs boson
vacuum breaking vacuum phase transition

s _ T |(Oaxa O = | . 80(5)—=80(4) (O4x4 O symmetry
EIJ*(II]I\IIJ)*g [( 0 §> +77/T/]§ low energy ( 0 S - breaking

Y1y is a condensate of the SO(5)-inn.sym. fundamental fields ;
£ is NB-bosons, n is “radial” fluctuations, ¢ is background field

Sector of matter 4‘12



Holographic Model

AdS/CFT
Dual theory:  Sadgs = Sgrav.+¢ + Sx + Sgauge + S«sm” + Sint. “sm”+x ———— Ssm+cH

Sgrav.+¢» Sx and Sgauge can have a PT ‘ S«gm» and Sint. «sm” + x Shouldn’t have a PT

1 1
Matter sector:  Sx = ¢ /d5x\/ ge? [29"” Tr (VGXTVbX> - VX(X)]
S

Vi(X) = Tr ( - %x’x — a(XTX)2 + BIXTX)® + O(XS))

N 2 )

Xy £J,Jz + —WZUZ‘“’ + ..., Jyaresources for CH condensate X,
27 VN

Our contribution: _AdS/CFT

. fixed fixed]|OAdS
X[XIJ7gab 7¢ ]J/J:O

S 4-dimensional dual 5-dimensional ~ T2 /12

ector of matter ~ T

(and the following Veft. cH [ZIJ]
for the matter sector) ’extrema




Phase transition

o) ‘(@)o =0 = <<<P>0, VGH‘(@)O)

Effective potential extremal values and the
positions allow one to judge about PT:
= trivial minimum (vacuum) only =
there is no PT;

= non-trivial true vacuum with the
potential barrier = 1-st PT;

= non-trivial true vacuum without a
potential barrier = there is no PT.

A CH
‘((p) — Minima — Maxima  — Trivial minima 0 Veff
T non-trivial minima g_arier
becomes the true vacuum \Sappears
inflection
‘1-st order PT !
iis possible
Veff Ve Veff
(9) () )

The extrema of the effective quantum potential Veg: T is the plasma temperature,
() is the vacuum expectation.
Unscaled schematic illustration! Data in real scale are Phys. Rev. D 108, 115011.

PT and GW i6 21
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Picks of the GW spectrum estimated within Holographic Composed Higgs model. There
is only the scalar part produced during initial collisions of the bubble walls (i.e. sound
and turbulence contributions are not currently included in the rough estimate.)

PT and GW

fo,



Large D limit

Dual theOI’y: SAdS == Sgrav‘+¢ + SX + Sgauge + S“SM” + S int. “SM” + X

Sx is considered (without fluctuations);  Sgrav.+¢ and Sgayge are left

1 a
Sgrav.+(;5 = E /d5X |g‘62¢ [ -R+ 2|A| - 49 b80¢ab¢ - Vr]b(gb)}

(0)

1
Sgrav.+¢ Within large D limit: gop = g, + Bg(l) 2)

1
ob T ﬁgab + ... [Emparan’20]
S\ D1
near-AdS, (Poincaré patch): A(z) = 14+o(e®), B(z) = 1+o(eP), f(2) = 1<Z> +0(e?)
H

2 2
ds? = A(z) (f(z)dt2 + ;j(; + B(2) dQDQ> EaiN % (—y?dr* + dy?)+o(e P)dQp_»

The simplest case for dilaton in AdS ¢ — (¢')?>+m?(¢?+24) =0 no Lie symmetries

Sector of ﬁravit¥ 8‘37



Large D limit for black branes and GHY

For the black brane with normal n, tangent velocity u* and extrinsic curvature Ky

2 1
<VKUA—T—FUAKAB—UBVBUA)P(?—O(D), PAB:5AB+UAUB

for “flat” metric 7z (i.e. without any horizon) [Bhattacharyya’16]

(M —u")(nB —u

g 1 . ,
gas = s + 003 ) +0 (D) ; w‘horizon = lisascalar function
Sgrav. = / R dVolp —|—/ K dVolp_y
M M

EH without BH GHY
no PT with PT

AFgay ¢ ASghy; | 2] Smatter[9as]; ST. with D8/D8/D4.
Sector of ﬁravit¥ 9‘37



Effective CFT within large D limit
/dd+1xx/jg <R+ dd—-1) L2F2) o /W (Rz— 912F2+4(Vw)2+112>

167Gy 1 167G

Einstein-Maxwell RN-AdSg; 1 Einstein-Maxwell-dilaton ~ RN-AdSs

i g2

N

2 55‘8RN—Ad52 . asymptotic diffeomorphism

b L L "
Ta = . . X’ ‘> X/ + E"
’8RN—AdSQ /*h 5hab ’ (gauge invariant)
_ usual anomalous
(55 + 5/\)7—“ = transformation T~ term A# - AM + GMA
%) 3Qd 1 7T3 1
anomalous _ _ -1 ,d-1 _ _ by Cardy
= = = r, = ScFT = Tc=— (
term 27TGQ 27TGd+1 0 3 462 formula
& 1 A
CFTy—; reproduces o . __ Area 5
Al : > s=—Tc=— = [Guo’1l6]
Bekenstein-Hawking for RN-AdS, 4 ¢ 3 4G, Gd+1



Hawking-Page PT within large D limit eff. CFT

*something that looks like a conclusion*

Hawking-Page
Finermatads = =PV —————— Fgy = M — TS — uQ — pV

phase transition

. Sgrgrav 1+ Sgauge asymptotic RN-AdSy ¢ (unknown) solutions
(or “near-AdS x any-compact” for top-down approach),

e RN-AdS2 (RN-AdS3) solutions in leading 1/d order,

. Porder . central charge of CFTy (CFT ),
asymptotic
N ) e g
. —>fcar yls free energy and Hawking-Page phase transition (in RN-AdSy.1),
ormula
| AdS/CRT confinement/deconfinement-like PT for CH model

(as it works for AdS/QCD).

Sector of ﬁravit¥ almost there‘lZ



Thank you for your attention!

Phys. Rev. D 108, 115011 (matter sector only)

Systemofunits: 1l =c=h=kg=nmn=e=i=—1=2kg




Holographic model

Lcy - strongly coupled = considerN >1 = Zcu[J] = Zags]J]

The dual theory: Zpqs[J] ~ exp [ — Saqs|J] ) is weakly coupled =- quasiclassical limit
P

The asymptotic behavior near the conformal border 9AdS of the dual theory fields
defines the sources of the CH operators (i.e. the correlator functions)

Xy ,Zi()J £J/JZ—|- 72/‘12 + ... Xy :AdSs <du:aL Y Rl’g

VN

Holography is the duality between strongly coupled theory on the border
and weakly coupled (quasiclassical) bulk theory.

F = —Tlog Zch ~ TSags o Voly - F In homogeneous case (x = x(2)): F o Veg[x]

Backug slides 13412



Finite temperature

f [ bound
conformal boun ary\//“

OAdS |
L

Z ZHorizon

/D 75 ©.J hdsicFt eXP(—SAdsW)HZ:O), AdS/CFT ¢0( ) <O>

AdS/CFT

P1(x)

. iclassical . .
EoM solutions % boundary part Syads T CFT generating function
asymptotic approach

Backug slides 14412



Action of the holographic model

iR
Stot = Sgrav+¢ + Sx + Sa + Ssm + Sint,  Sa = NG / d°x\/|91e®9° g"FupFeq

1 ; N
Seravis = g / o*xy/lgle® | — R+ 2IA| — 49™ 06050 — Vo()], a,b=0,...4
S — et / dixy/|g®
nt e ‘ |

1 1
Se= g / dx+/[gle? [anbTr (VeXTVox) = ()|

cyB Tr TyAM +Cka_LTI' TkAN + L
Iz i »

VoX = 0X + [Aa,X], Aq=0

Vi(X) = Tr ( - %XTX - %()(Tx)2 + L2§(XTX)3 + o(xs))

N . 2T L
L-Xy~ £JUZ+ WZUZJ + ...

27 VN

Backug slides 15412



Geometry

1
Sgrav+s = 3 /d5x \g|e2¢[— R+ 2|A| — 46 0,4 0pd — v¢<¢)}, a,b=0,...4
P

12 dz?

ds? = 2—2A(2)2(f(2)d72 it d)72), 6 = B(2)

4

- ) 1
f=1—-—, = 22, Zy = —.
Z,‘_l, =2 H T

Backug slides 16412



Effective field theory

A / Dpe s =: "V

I'[(¢)] = W[J] — W J= /X.ddx< Ket[0{)] —|—Veff[<¢>}> - effective action
=0if (¢)=const

1
Effective potential: V.= ——1T
p eff VOl4

. _ or =const  §Vegf J=0 . -
Equation of motion (EoM): =F/ {)zconst Vet 10 0 gives extrema condition

6(¢) 5(¢)

Effective theorx aﬁﬁroach 17‘12



Effective potential

Extrema condition: Veg|
AdS/CFT: Gy < boundary term of dual theory Syaqs

extrema Veff‘J:O < Go;

AdS/CFT o
=Gy =W[J=0] =——— SAdS‘wO

Volx Veﬁ‘ HAdS

extrema

Extrema condition & duality: J =19 =0; duality: (¢) =1

5Veff AdS/CFT d ’ o with assumption
5<¢> - 57% (S[(/}Hé)Ads) ‘wo:O =0 ( (¢p)=const >
gives vacuum expectation values:  {(¢)min1, (¢)min2,... } — possible vacuums

Extrema positions and values {((qﬁ)min iy Ve[ (&) min i]) } = phase transitions

Effective theorx aﬁﬁroach 18‘12



Gravitational Waves

The spectrum of the gravitational waves can be estimated as
(within the approach of relativistic velocity of the bubble walls v,, ~ 1)

—2 2 1
Qewh? = 1.67-10-5kA [ 2 a g« \ 73
aw 0710w (H> <l+a (100)

Only scalar waves! Sound waves and turbulence are not included!
We estimate only scalar waves produced during initial collisions.

hB T (8:)%

fo =1.65-10"°Hz -
0 2" 3 H, 0.1Tev \100

(Qewh?, fy)-curve is the estimation GW amplitude (peak value).
It does not contain the spectral shape S(fy) (in this case S(fy = fg’eak) =1).

Effective theorx aﬁﬁroach 61‘12



Temperature estimations

Experimental restrictions < mass of the lightest predicted particle.

O4x4 0) ] AdS/CFT <O4X4 0)
Sy = + Xy —
u=¢' [( 0 i € duslto. 0 x

m,, ~ ms, fluctuation mass ~ slope of the “hat”.

(@) = X(2)+ox(t.%,2) = EoMy[x] = oMz [x+oy] =229 [om? = 4,

S_ 11 o
77TZ|-| B 2H = 2m2

Effective theorx aﬁﬁroach 62‘12




Bubble free energy

thi (l 3
Free energy of a bubble: F[Vg] % AR — " R3 (Fout — Fin)
apprOX|mat|on 4
b m B ] Fe & F(Re): ifR > R,
WSon | bubbles grow and PT occurs.
B Fc
Lo
Hx T +0(7)

1/ ~ appear — collide time
1/H, ~ universe expansion

o =13 v =30
K ! van10-1l,  Col
e ~v=15 vy=50 ) 6 .
. ] 10° > = >10°
0.295 H,

T/m

Effective theorx aﬁﬁroach 63‘12



Holographic effective potential

Zenly /7999 eXp( o] — /d4x @(X)J()Q) def oWl

Ll{p)] = W[J] - /d4X %J(X) - Effective Action

5J J=0
L or Homogeneus _ _ Effective
EoM: 5oy J Solution = () = constpia = I'= —VolaVert — poionyia|

extrema condition

AdS/CFT N quasiclassical quasiclassical

Ads = | — :
correspondence approximation 9Ads  non-perturbative

1 S ’ __ boundary term of the bulk theory
Vol, 29| 9aas |~ defines quantum effective potential

Effective theorx aﬁﬁroach 64‘12
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“Extrema’ curves

oS 3 - .
TX =0 = XﬂJz—i— o— (§J5+¢2J> logz | 2% 4 o(2°)
X

__ givethe sourses
for CFT operators

Knowing the extrema of the effective potential and its values at these points,
we can judge abut the phase transition

from EoM SV e
. £ extrema condition is
Vegf = ——-—S = for effective : Voly—— = J = — J=0
¢ Vol, *loads action () absence of sources
“extreme” solutions extrema
Wer a new condition

z—0 3 5 .
t —
X — 0z° + 0(z°) must give 50) =

1 oV, )
= - = [XSOI.(Z;Ja 0)] ‘ = {o1,...,0,} -extrema

Ve ) so J=0

e aE :'%ggHrce) dual to (), vacuum average of the effective theory 140 ;12

T




Nucleation ratio

Baryogenesis generates enough asymmetry (enough efficient)
if there is one bubble per Hubble volume

2\ 4 .
Nucleation: a740-% iy — (L _ Expansion of
Ratio € (7) Mp the Univerce

Bubbles produced 1/(Hubble time x volume)
per timexspace volume

F = F[{¥), R] - Free energy of the bubble; R is the radius of the bubble

Hubble horizon (time, volume, radius) — speed of receding object behind it is greater than the

speed of light (Don’t confuse with cosmological horizon)
Bubble appears with a certain size. It defines with “micro-physics”.
oF

If its radius is grater, then critical one R | deros the bubble grow. Otherwise, it bursts.
e

It gives F¢ =] F(Rc) and defines nucleation ratio and “viability of the model”.

Effective theorx aﬁﬁroach 141‘12



Estimations of the nucleation ratio

— AU oK —:

0.001 [ E
10-23 E
r
m*
10-43 E
] _m = 100TeV]
10763 ) m = 10TeV i
mt,

0.280 0.282 0.284 0.286 0.288 0.290 0.292
T/m

Effective theorx aﬁﬁroach 142‘12



Potentials of CFT and the dual theory

Vy = 02x2 +anx* +agx®, a2<0,a,<0,a6>0 nobarrier
Vgt = ba(0)? + ba(p)* + bg(w)S, by >0, by <0, bg >0 there’s a barrier

in details:

Veer = Vete[(¢)] describes a quantum objects at the border. V, is a dual classical
potential in the bulk.

35Sy
ox=0

Vegr = _%MSMS’@A includes the solutions of the EoM in bulk. In other

words, V¢ includes physics of AdS

Effective theorx aﬁﬁroach 143‘12



Conditions for the dual theory potential

Ay
(X)) = 7;(2 T Ax* + 62 X is the expantion of a more general theory

Suggestions:

= The potential V, always has true vacuum with Epp, (Vy Gy 00). So we may use

any even power x" instead of the last term .

= The expansion of V, has certain sign of the second term A > 0
(the first one m? chosen for the theory to be conformal in AdS).

= Higher orders of the expansion don’t give new minima at the considered
temperatures.

The certain parametrization has been chosen with respect to the “symmetries”

“Scaleinvariace”, | _ Conformality near A —1 D
defining VN X ; the AdS border : Af _3= m* = BETP)
the coefficents X X (“correct” conformal weights) =+ =
Dis for the Large D limit. But its usage doesn’t give any results.
(to keep interaction constants finite at D — o)

Effective theorx aﬁﬁroach 144‘12



SM - CH modelinteractions

thin walls

3 . .
A7R%) — “"R3 (Fout — Fin) — physical units are required
approximation 4

= Fix the Parameters (Interaction with Standard Model - bulk gauge fields)

= Physical Units (Infrared Regularization and finite temperature - “radial”
heavy fluctuations)

Wt + By < JF~ A" -bulk G gauge field

The physical values can be estimated without gauge field:

= 0 0 1
ZIJ:<\I/I\I/J> gT |:< 4x4 X>+nl :|£ = ?O(\/QTQNNIRNmnzloTeV

m, < X — X+ 6X - correction of the background field = 7 -pNG boson

Effective theorx aﬁﬁroach 145‘12



CH gauge field

L= Lo+ Lom+ B, Tr (Ty]“) + W, Tr (T,J“) +3 %0 +he.
r

=Linteractions

SO(5) x U(1) : Ay = ANTH + Auy Ty

SO(5) — SO(4) :  AKTK = A9T9 + AT
N——" —— ——
0(5) €S0(4)  €50(5)/S0(4)

€s
SO(4) = SU(2) x SU(2) :  AKTH = Altk 1 AlRTE
€su(2).  eSU(2)r
HAdS )
, holographic gauge: A, =0

z=0

~  dual
conserved currents: J, & Au(t,x,z)

o &l J(A, U, ¢,...) — composite operators of the CH fields

Effective theorx aﬁﬁroach 146‘12
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