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Motivation

At strong coupling often no quasiparticles

Conserved charges and light Goldstone modes dominate at long wavelengths
Correlation length & diverges close to a transition = Universality?

Amplitude mode has gap ~ &2 = Effective theory?

Use holography to carry out microscopic computations

Lessons for EFT?



Field Theory Setup - Microscopics

 Relativistic field theory (with global [J/( 1)) at finite temperature 7" and chemical

potential ,

» Charged operator O, transforms as 0, — e ~14° O,

» Phase transition with (O ) # OatT < T,

» Couple to external gauge field A , and scalar source /

55 = [d”x (284, + 03 87+ 0, 67%)



Field Theory Setup - Microscopics

» Generating function W|g . A .4, A"| depends on external gauge field A,

background metric g, and complex source /

* Functional differentiation gives the VEVs

(TH = L oW (JH) = ,-5_W (0 ) = i5_W
VETR I - SA V&
» Invariance under gauge transformations 0A, = — 0 0\, 04 =1gA0A

V(I = ig ((0,)0 = (03)1)

* Invariance under coordinates transformations

V,(T™) = F*¥ (J.) + V*A(0%) + V*2* (0,)



Hydro away from critical point

Normal phase:

« Express T/w and ]ﬂ as functions of the fluctuations 7, v*, u

* Solve the closed system

V (TW) = F (T} + VYA (0%) + V1% (0,) Vv (J% = ig (WWW _ <@3;>z)
Broken phase:

» Include phase ¢ of condensate in the description (O, ) = (0, ), e'q”

* Impose Josephson relationy = A, + 0,8 + -+

« Amplitude of VEV hasgap w,., o« | 7T — T .| — remains frozen

gap



Order Parameter - Current Sector

* Ignore dynamics of stress tensor and conjugate variables 7 and v*

* Focus on coupled sector of charge and order parameter

—Charge diftusion

« Normal phase (k2 > a)gap)

5]t:)(n5//t+"°v 5]i:_/1(1)%(ai5ﬂ_Ei)+“.,

° Superﬂuid phase (k2 < wgap)

SI' =y, 0 — 32 0%+ -, ST ==y, (09 + A)) = A7 (0O — EN) + -

Supercurrent —"



Hydro away from 7'

Normal phase (7 > k% > o

Superfluid phase (k* < T, @

W

gap)

gap)

— + )ﬂk

Ab 24

Charge diffusion

(/16% + X XjJ 53) k*

Second sound

Current susceptibility y,, goes to zero close to the transition

Third bulk viscosity £, blows up

Y17 G4 Stays finite

Donos, Kailidis, Pantelidou



Hydrodynamicsat 7 < 7.

S Hydro poles
Higgs pole

T<T.

* At 7"< T linear response is dominated by hydro poles

» Higgs mode is integrated out

* AsT'— T Higgs pole becomes gapless — Transport coefficients blow up

» Include Higgs mode in hydro description



Effective Field Theory

I[dentify order parameter iy and integrate out gapped degrees of freedom
Introduce UV cutoff A

Long wavelength Boltzmann distribution P[y, y*| = Z~! ¢~/ Wolvy”]

Partition function Z = JDl// Dy* e~ Wolw.y™]

Free energy w = — k1 InZ



Ginzburg - Landau Mean Field Theory

|y ]

n: o b'(T)
— D 2 / 2| 4
Wo—Jd X<2m(T)va\ +a'(T) | w|” A 5 2 )+Wn(T,...)

m(l)=m-++ --- b'T)y=b'+-- a()=T,a(l-T/T)+ ---

* Most probable configuration extremises G-L energy potential

i 0 I > T,
‘ ‘ — T o
& <(1-T/T) ,T<T,

a2

2b’
» Thermal fluctuations significant for D < 4 or finite N

(T—-T.)*

» Second order transition AF/vol = —



Critical Dynamics - Model A

* Scalar order parameter ¢,

» Postulate stochastic kinetic equation —External Force

SW,
oy

Kawasaki
h> 0,

Halperin, Hohenberg

athI:_FO (

ST . Thermal noise
» Introduce finite kinetic coefficient [

* Thermal fluctuations of modes beyond cutoff A captured by Gaussian noise ¢/,

(0,(t,x)) =0 (0,(1,x)0,(t,X")) =26, Do(t —1t') 6(x — X')



Critical Dynamics - Model F

0 W() 5

oy =—21 r igo W p -6
v n ~___—Mode Coupling
5W SW,
. 1m 72 0 | * 0 ,
@m =— /10 V . | 2 80 Im (l// 5w* ) -+ 5 Halperin, Hohenberg, Ma

* Include conserved charge density 7 = Affects long wavelength physics

oW,
. Energy functional at fixed charge density = 1 = p L
m

» Non-dissipative mode coupling fixed by Josephson relation 1 = — g : 0,argy

* |, can be complex. What is it?



Critical Dynamics - Model F

oW, oW,
om = A V* 5m0 -2 goIm (1//* O) +C Define density W, = JddxF

. oF oF
om=—V, —/Igivl//t+2golm<l/f*avw*> +2g,Im (l//* )"‘C

» Model F captures: Suprcurrent Scalar source

 Current conservation D usion

* Josephson relation

* Amplitude mode dynamics



Critical Dynamics & Renormalisation

» Statics (Thermodynamics):

* Renormalise by integrating out unwanted fast modes in probability distribution
* Real Time Dynamics:

* Package all fast modes in Gaussian noise to write kinetic equations

= Assumes large separation of relaxation rates

= Rethink thermal noise in Keldysh-Schwinger formalism Chen-Lin, Delacretaz, Hartnoll

Jain, Kovtun

Donos, Kailidis



Thermal States in AdS/CFT

A, = py

r

 Introduce planar event horizon at Hawking temperature 7’

* Fix 1 on the boundary

* Study source free quasinormal modes




Setup

Minimal bulk action includes a complex scalar y and neutral scalar ¢

1 | |
S ==V, ly") = 0,4 ') — Z(D)D*y)* = —7(, [y ") F*F,,

Dy=Vy+iqA,y

. Invariant under v — ¢y, A,—A,+0A
* Decouple stress tensor = Fixed background black hole

* Scenario were we deform by neutral scalar ¢» while iy breaks (1) spontaneously

* Suppress story about ¢ from now on



Holographic Setup

* Boundary theory gets deformed to

1
Slgg a,,08,,] = Scpr + Jdd Ix (gbs(x) Ox) + a,(x) JH(x) + Eégﬂy(x)T”” (x))

* Holographic conjecture relates partition functions
ZCFT[¢S’ aﬂ’ 5gﬂl/] — Zbulk[¢sa a//h 5g/w] ~ eiSb”lk[¢S’aM’5gMV]

* Powerful tool to extract VEVs of operators

1 o
(O(x)) = In Z-p1l @, a, 5g,w] ~

S ,d,,08,,
;50 putklPs> Ay 08, ]

0p(x)



Symplectic Current

Cast the bulk action in terms of first derivatives

Spoe = J A x L(0¢, p) + counterterms
M

Vary with respect to bulk field to find

A
50,,45

<@¢> 0P, = J dx 5¢p
oM

Non-trivial information from knowing on shell value of

Useful to think of it as momentum density

00,4

close to the boundary

Papadimitriou



Symplectic Current

A
00,

* For any two perturbations 0,¢, and 0,¢, define the symplectic current density

Pt =8¢, O o7 Sy O o7
— Y1%A Y2 58M¢A 2VA Y1 5aﬂ¢A

* Divergence free when evaluated on-shell

. Need to know variation o ( ) against specific bulk perturbations

0P =0

Policastro, Son, Starinets
Igbal, Liu

Donos, Gauntlett

* More general way of thinking about the membrane paradigm



Hydro Modes

Useful in a hydro/derivative expansion

Consider set of static solutions e.g. thermodynamic/zero mode perturbations élgbf)

Construct hydro perturbation in derivative expansion

52¢A _ e_iewt+i€kx(5l¢1§8)

Construct P" out of 51@(&8) and 0,¢,

¢ 5gbf(‘1)

O(e?))

~ First dissipative correction

Expand conservation of " in ¢, integrate along radial direction to study dynamics

of 5p)



Symplectic Current

Component P’ interesting in holography

At leading order in boundary derivatives

Pgl,éz — % (51(,0(]5) 0, (\E’ <@1>) — 52(P(IS) 0y (\E’ <@l>>>

11

= (8408 (V=7 U9) = 8,4,6 (=7 () ) +

11

== (878 (V=7 (1)) = 881 (=7 (T) ) ) + -

Use known static solutions to read off VEVs of hydro perturbation

Use to derive effective theories of hydrodynamics

Donos, Kailidis, Pantelidou

Donos, Kailidis



Holographic Model F

* Use symplectic current techniques to deduce long wavelength dynamics Donos, Kailidis
o =—2T i , om = A V? 2 go Im(y™ ,
i 0 Sy oV S { 0 S 8o Im(y 5W*)

~/

Wo o ~
Wly, m] = szx <7ww|2 P Ll + i Ly

0 p)
m< 4+ vom
2Co 0 \'/f\ )

* Holography reproduces the classical part of Model F

* All constants and transport coefficients fixed by thermodynamics and horizon data



Holographic Model F

Ag AJJ 1
Co = Xn- 70 = » Wo = , Uy = AL
Xn (Oy)* q: (0,,)* (0,)*
(0,)°
FO — w* /10 — Th
S, L2
W = — + 1 — % T %
4]Z_|Wh‘ 0. (Q Qh)

* Defined AR = R(broken phase) — R(normal phase) at fixed 7'and
» The kinetic coefhicient I, is finite at the transition

« Integrate out amplitude to find (5 o< <@w>—2




Modes away from critical point

k* < |T—T.]

o~ —iwgTok? + (xa—ib3(T—T.) + -



Modes of Neutral Superfluid

» Gapped mode @;; and two sound modes @,

4)(]] An
(’16% — woRel )(n)z

» Collision of sound modes at k=

* At k> k.
—1 /1—0 2 + ... Charge Diffusion
An

—iwy Ty k% + ---
Agree with double pole of order

parameter fluctuationsas 7" — 71"

—iwy[gk? + -

SN 3 ma)



Numerical Checks
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* Check for sound pole dispersion relations



Conclusions & Outlook

Holographic (probe) nearly critical superfluids captured by (mean field) Model F
Third bulk viscosity diverges close to the transition. Thermal fluctuations?
Include stress tensor in the description (KS, holography...)

New fixed points?



