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Holography and Superconductors
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« High T, super-conductors are strongly correlated condensed
matter systems

« Reasonable to expect the strongly coupled fixed point dgcret
possess a GR description
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« High T, super-conductors are strongly correlated condensed
matter systems

« Reasonable to expect the strongly coupled fixed point dgcret
possess a GR description
o EXplicit holographic realizatioBubser; Hartnoll, Herzog, Horowitz '08
. Charged AdS BH 4

. A second order normal-to-superfluid transitiorvgt(®)
order parameter.

. Enjoy success in reproducing expected behavior in
conductivityo(w, T') etc.
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High T, super-conductors are strongly correlated condensed
matter systems

Reasonable to expect the strongly coupled fixed point dgcret
possess a GR description
Explicit holographic realizationubser; Hartnoll, Herzog, Horowitz '08

. Charged AdS BH 4

. A second order normal-to-superfluid transitiorvgt(®)
order parameter.

. Enjoy success in reproducing expected behavior in
conductivityo(w, T') etc.
Many open issues:
. No microscopic understanding
. Weak-strong duality, role at’ corrections ?
. large-N limit andg, corrections ?
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A different approach
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1. A chain of dualities

o Superconductorss spin-models
e.g. the XY model of paramagnet-ferromagnet transition,

theO(3) spin model etc.

o Spin-models= low-energy effective theory of gauge
theories

o Gauge-theories at strong coupliaggravity
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1. A chain of dualities

o Superconductorss spin-models
e.g. the XY model of paramagnet-ferromagnet transition,

theO(3) spin model etc.

o Spin-models= low-energy effective theory of gauge
theories

o Gauge-theories at strong coupliaggravity

2. An explicit model based on NCS# XY-model of
super-fluidity.
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Lattice gauge theory- Spin model equivalence and the
Gravity/Spin-model correspondence

Continuous Hawking-Page transitiogsnormal-to-superfluid
transitions

A model ind + 1 NCST: thermodynamics and transport
Linear dilaton CFT as the world-sheet theory near transitio
Critical exponents and mean-field scaling

Discussion
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Lattice gauge theory and Spin-models
Polyakov '78; Susskind '79
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Polyakov '78; Susskind '79

Any LGT with arbitrary gauge groufg- in d-dimensionwith
arbitraryadjoint matter

Integrate out gauge invariant statesgenerate effective theory
for the Polyakov loop

Zrar(T) ~ Zspm(T™)
Ferromagnetic spin modeél = —J » .y 5 - 5 + -+
In d — 1 dimensionwith spin symmetry”' = Center(G)
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Polyakov '78; Susskind '79

Any LGT with arbitrary gauge groufg- in d-dimensionwith
arbitraryadjoint matter

Integrate out gauge invariant statesgenerate effective theory
for the Polyakov loop

Zrar(T) ~ Zspu(T™1)

Ferromagnetic spinmodeél = —J ;4 S - 5 + -+

In d — 1 dimensionwith spin symmetry”' = Center(G)
Inversion of temperature:

Deconfined (high T) phase in LG& Ordered (low T) phase of
SpM

anfined (low T) phase in LGE Disordered (high T) phase
of SpM

A new approach to holographic super-conductors — p.5



LGT - SpM equivalence at criticality

Svetitsky and Yaffe ‘82
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Svetitsky and Yaffe 82

o If criticality prevails in thecontinuum limitof the LGT
The critical phenomena of the gauge theory and the Spin model
are insame universality class
= Continuum version of the equivalence
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Svetitsky and Yaffe 82

o If criticality prevails in thecontinuum limitof the LGT
The critical phenomena of the gauge theory and the Spin model
are insame universality class
= Continuum version of the equivalence

o Examples:

1. SUN)with N > 4,d > 3
Spin model withZy fixed point:d = 4 non-trivial O(2) XY
model exponents] > 4 mean-field exponents$acludes the
N — oo limit, whereC' — U(1).

2.d=3,N >4
Spin model withZy fixed point in 2 spatial dimensions:
BKT transition
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Holographic superfluidity
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e The N — oo limit: SU(co) LGT with adj. matter in
d-dimensions
< U(1) invariant XY model ind — 1 dimensions.

A new approach to holographic super-conductors — p.7



e The N — oo limit: SU(co) LGT with adj. matter in
d-dimensions
< U(1) invariant XY model ind — 1 dimensions.

o Arrange adj. matter s.t. critical phenomena prevails in the
continuum of LGT

« Strongly coupled critical phenomena in the ferromaggaet
gravity dual of the gauge theory.
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e The N — oo limit: SU(co) LGT with adj. matter in
d-dimensions
< U(1) invariant XY model ind — 1 dimensions.

o Arrange adj. matter s.t. critical phenomena prevails in the
continuum of LGT

« Strongly coupled critical phenomena in the ferromaggaet
gravity dual of the gauge theory.

“Gravity/Spin-model correspondence”
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e The N — oo limit: SU(co) LGT with adj. matter in
d-dimensions
< U(1) invariant XY model ind — 1 dimensions.

o Arrange adj. matter s.t. critical phenomena prevails in the
continuum of LGT

« Strongly coupled critical phenomena in the ferromaggaet
gravity dual of the gauge theory.

“Gravity/Spin-model correspondence”

« Continuous Hawking-Page transitions in gravigy
normal-to-superfluid transition in the XY model.
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Holographic superfluidity, cont’ed

Witten '98, Aharony-Witten '98
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Witten '98, Aharony-Witten '98

o GR background with Hawking-Page transition:

dSQTG — Go(r)dr2 + H()(r)alt2 + Ip(r)dK + - - -; O = Oy(r)
dSQTG = G(r)er + H(fr)dt2 + I(r)dK + ---; d = d(r)
dB = 0, B, = By = const.
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Witten '98, Aharony-Witten '98

o GR background with Hawking-Page transition:

dSQTG — Go(r)dr2 + Ho(r)dt2 + Ip(r)dK + - - -; O = Oy(r)
ds2TG = G(fr)alfr2 + H(fr)dt2 + I(r)dK + ---; d = d(r)
dB = 0, B, = By = const.

o The topological shift symmetry:
Y — 1 + const; Y= [,,B

o U(1) symmetry in the winding F-string sector, broken down to
Z N at finite N.
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Witten '98, Aharony-Witten '98

o GR background with Hawking-Page transition:

dSQTG — Go(r)dr2 + Ho(r)dt2 + Ip(r)dK + - - -; O = Oy(r)
ds2TG = G(fr)alfr2 + H(fr)dt2 + I(r)dK + ---; d = d(r)
dB = 0, B, = By = const.

o The topological shift symmetry:
Y — 1 + const; Y= [,,B

o U(1) symmetry in the winding F-string sector, broken down to
Z N at finite N.

o Under the corresponden¢®)r), < (P)pr < |M|e™
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F-string expectation valueyy = [ DX, Dhy, e~ J (GHiB+2R)
e/ @ = |M|ande’/ B = e
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F-string expectation valueyy = [ DX, Dhy, e~ J (GHiB+2R)
el G = |M|andei/ B = ¥

Black-hole Thermal Gas
> x0 EE O> x0 M
> r r h r i

Large N g, — 0:
M| ~ Wr)rg = 0; normal (high T') phase
M| ~ Wr)pg # 0; super fluid (low T') phase
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F-string expectation valueyy = [ DX, Dhy, e~ J (GHiB+2R)
e/ @ = |M|ande’/ B = e

Black-hole

Thermal Gas
<> > x0 BE O> x0 M
> I ry r g

Large N g, — 0:

M| ~ Wr)rg = 0; normal (high T') phase
M| ~ Wr)pg # 0; super fluid (low T') phase
On the BH,\Wr)pg ~ ID@D(K)G_AQTW]WF.

o Ford— 1 =2 fluctuationsiy IR divergence{M) =0
o Ford — 1 > 2 sety = 1, spontaneous breaking of th&1).
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F-string expectation valueyy = [ DX, Dhy, e~ J (GHiB+2R)
e/ @ = |M|ande’/ B = e

Black-hole Thermal Gas

b= Q- -

N rh r

\

Large N g, — 0:
M| ~ Wr)rg = 0; normal (high T') phase
M| ~ Wr)pg # 0; super fluid (low T') phase
On the BH,\Wr)pg ~ ID@D(K)G_AQ"“W]WF.
o Ford— 1 =2 fluctuationsiy IR divergence{M) =0

o Ford — 1 > 2 sety = 1, spontaneous breaking of th&1).

01 : Goldstone mode of the superfluid
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ldentification of the symmetries
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Spin model T

Gauge theory Gravity
Deconf.,i{1)c BH, (1) S.fluid , {[1)
Conf.,,Ul)ec | TG,U1l)p Normal,U{1)g
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Gauge theory | Gravity Spin model T
Deconf.,l{1). BH, [{1); S.fluid , Y1)
T Conf.,Ul)c | TG,U1l)p Normal,U{1)g

AJ

Another condition for superfluidity:
Second speed, — 0 asT — T, iff a continuous phase transition

Continuous Hawking-Page- Normal-to-superfluid transition
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Two approaches to GR/SpM correspondence
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Top-bottom approach

o ConstructtheSU (V) LGT with continuous conf-deconf
transition in the continuum

o Construct the dual D-brane set-up
« Take decoupling limit and study the black-brane solution

o Compute thermodynamic observables by bulk objects, atitic
exponents by probe strings.
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Top-bottom approach

o ConstructtheSU (V) LGT with continuous conf-deconf
transition in the continuum

o Construct the dual D-brane set-up
« Take decoupling limit and study the black-brane solution

o Compute thermodynamic observables by bulk objects, atitic
exponents by probe strings.

Bottom-up approach

« Construct a dilaton-gravity id + 1 dimensions with a
continuous HP transition

o Compute observables
The first: a microscopic handle on AdS/CMT

We adopt the latter approach in this talk.
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Dual of SU(N) g.t., inspired by NCSD.G, Kiritsis '07; U.G., Kiritsis, Nitti ‘07
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Dual of SU(N) g.t., inspired by NCSD.G, Kiritsis '07; U.G., Kiritsis, Nitti ‘07
Action in thestring frame

As = G [ @4y (Ra - 400)" + ff — 1Y) ) -

2
(d+1) gy T
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Dual of SU(N) g.t., inspired by NCSD.G, Kiritsis '07; U.G., Kiritsis, Nitti ‘07
Action in thestring frame

As = G [ @4y (Ra - 400)" + ff — 1Y) ) -

2
(d+1) gy T

Replacef |, ) in the action by the solutiof ;1) ~ Ne(g41)F(P)
Define therescaled dilatoi® = & + logN
Action In theEinstein frameyg ,, = ed-T 1gW
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Dual of SU(N) g.t., inspired by NCSD.G, Kiritsis '07; U.G., Kiritsis, Nitti ‘07
Action in thestring frame
A, = % fddﬂa;w/—gse_ﬁ’ (RS + 4(0P)* + g—g — H(Qg))

2
(d+1) gy T

Replacef |, ) in the action by the solutiof ;1) ~ Ne(g41)F(P)
Define therescaled dilatoi® = & + logN

Action In theEinstein frameyg ,, = ed-T 1guy

A= 1fdd+1a;\ﬁ( — A (9P)? +V(<I>)---)

Dilaton potentialV (®): a phenomenological input; contains infor-

mation on the gauge theory (matter content, beta-funcéitim)
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U.G. arXiv:1007.05001/ (P ) = Vope@-1° (14 Veun(®)) ; as © > 1
A continuous phase transitioit'(7.) = 0, 0S('1.) = 0 at a finite

critical temperaturd, = Y.
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U.G. arXiv:1007.05001/ (P ) = Vope@-1° (14 Veun(®)) ; as © > 1
A continuous phase transitioit'(7.) = 0, 0S('1.) = 0 at a finite

critical temperaturd, = Y.

« Nth order transition foi/,,(®) = 6_%¢’

« BKT scaling forV,,;,(®) = &—.
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U.G. arXiv:1007.05001 (P ) = Vme%@ (1 + Veup(P)) ; as &> 1
A continuous phase transitioit'(7.) = 0, 0S('1.) = 0 at a finite

critical temperaturd, = Y.

« Nth order transition foi’y,;,(®) = 6_%¢’

« BKT scaling forV,,;,(®) = &—.

We focus on the casé— 1 = 2,3 andn = 2 in this talk For
example in 3DV = Va,e3® (1 4 262%0¢22)

A new approach to holographic super-conductors — p.13



U.G. arXiv:1007.05001 (P ) = Vme%@ (1 + Veup(P)) ; as &> 1
A continuous phase transitioit'(7.) = 0, 0S('1.) = 0 at a finite

critical temperaturd, = Y.

« Nth order transition foi/,,(®) = e_%q),

« BKT scaling forV,,;,(®) = &—.

We focus on the casé— 1 = 2,3 andn = 2 In this talk For
example in 3DV = V. e3 (1 + 2e*®0e~2*) An analytic kink

solution fromasymptotically AdSatr = 0, ® = &, to linear-dilaton

atr — oo, ® — o0

h3( 7

ds? = e 3% 2P dt> +dx2 . +d

c Slnh2(32) < td-1 T)
3r

o(r) _ ol h

e e cos (%)
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and theolack holeatr,, = —
U.G. arxiv:1007.0500A SECON d % tr nsmon between tiermal gas

TA 1

= —
>
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and theolack holeatr;, = oo, qb —
U.G. arxiv:1007.0500A second order tr nsmon between tiermal gas

TA 1

o No latentheabt F'(7,.) =0,05(T.) =0
« Discontinuous specific he&C', (T
» Speed of density waves discontinuags= S/C,
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and theolack holeatr;, = oo, qb —
U.G. arxiv:1007.0500A second order tr nsmon between tiermal gas

TA 1

o No latentheabt F'(7,.) =0,05(T.) =0
« Discontinuous specific he&C', (T
» Speed of density waves discontinuats= S/C,

. Universality in the bulk viscositys| =
T.

2m(d—1)"
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Boundary value of the dilatog@,
Take®, — —oo, N — oo such thae®o N = ¢®o — const.

String-loop counting:
o~ [ VRR®® _ n2(1g) =2 [y VAR®

As long as[,, vhR? @ is finite string-perturbation expansion

well defined

In the large N limit it is dominated by the sphere diagrams.
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Higher derivative corrections
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o EXpectationsstrong correlationss o’ corrections suppressed

o The correlation length ~ =" — oo nearT,

o Indeedd/R, ~ e ?*» < Two-derivative theory becomes exact
as’T — 1T..
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Expectationsstrong correlationss o’ corrections suppressed
The correlation length ~ {7 — oo nearT,

Indeedo’ R, ~ e ?*» < Two-derivative theory becomes exact
as’T — 1T..

In the same regimé < ¢ < ®;, the solution becomesxactly
linear-dilatonin the string-frame:

ds? = (1 + O(e—@?“)) (A2 + da?_, + dr?),

o(r) = \/‘2/;r+(9(e_mr).

for largel < r < ry.
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Expectationsstrong correlationss o’ corrections suppressed
The correlation length ~ {7 — oo nearT,

Indeedo’ R, ~ e ?*» < Two-derivative theory becomes exact
as’T — 1T..

In the same regimé < & <« ¢, the solution becomesxactly
linear-dilatonin the string-frame:

ds? = (1 + O(e—@r)) (A2 + da?_, + dr?),

O(r) = \/‘2/;r+(9(e_mr).

for largel < r < ry.

The continuous HP transition should be governed by a
linear-dilaton CFT on the world-sheet!
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Second speed of sound
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« Landau theory: fluctuations of the order parametéfe’”
Fp, o [ |IM|*(96¢)° + - -
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« Landau theory: fluctuations of the order parametéfe’”
Fp, o [ |IM|*(96¢)° + - -

« Second sound vanishesc@sw IM|? ~ (T, —T)%
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. Landau theory: fluctuations of the order parameiéfe’”
Fp, o [ |IM|*(96¢)° + - -

« Second sound vanishesc@sw IM|? ~ (T, —T)%

« Gravity/Spin-Model correspondenceg; < A, on-shell, at
large N
Expect mean-field scaling, ~ (7. — 7).
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Second speed - gravity computation
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o Equate the Landau free energy andithgulatecon-shell
action:
Fr(T) = AA(T) = Apu(T) — Arg(T)
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o Equate the Landau free energy andithgulatecon-shell

action:
Fr(T)=AA(T) = A (T) — Arq(T)

« Associatejy with fluctuations of the B-fieldy = |[,, B
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Equate the Landau free energy and ithgulatecon-shell
action:
Fr(T)=AA(T) = A (T) — Arq(T)

Associatejy with fluctuations of the B-fieldy = [, B
One findsc?, oc e=VVen ~ (T — T,).

Second sound indeed vanishe§awvith the mean-field
exponent!
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Critical exponents from probe strings
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. ldentification: (1 (z)) < (P[z]) & e °F!
o FOry =0, m = m,2 thusm, ~ ReP
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. ldentification: (1 (z)) < (P[z]) & e °F!
o FOry =0, m = m,2 thusm, ~ ReP

« More generally, in the superfluid (BH) phase= || then
mH = Rew, m Imw.
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Identification: (mi(z)) < (P[z]) & e °F!
Fory =0, m = m,Z thusm, ~ ReP

More generally, in the superfluid (BH) phase= |m|v then
mH = RG@D, m ITTMD.

For the two-point function:

(mi(x) m;(0)) =
(my () - my(0))vivg + (Mo (z) - m1(0))(di; — vivy).
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Identification: (mi(z)) < (P[z]) & e °F!
Fory =0, m = m,Z thusm, ~ ReP

More generally, in the superfluid (BH) phase= |m|v then
mH = Rew, m Imw.

For the two-point function:

(mi(x) m;(0)) =
(my () - my(0))vivg + (Mo (z) - m1(0))(di; — vivy).

<T7LJ_-T?LJ_> X <ImPImP>
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71| & [(P)| & (ef GT2R)
 In the normal (thermal gas) phase| = 0
o In the superfluid (black-hole) phagé| == 0
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71| & [(P)| & (ef GT2R)
 In the normal (thermal gas) phase| = 0
o In the superfluid (black-hole) phagé| # 0

Classical computatian
For//¢s > 1 calculate on the saddle-string solution
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71| & [(P)| & (ef GT2R)
 In the normal (thermal gas) phase| = 0
o In the superfluid (black-hole) phagé| # 0

Classical computatian

For//¢s > 1 calculate on the saddle-string solution
Regulate the actiof,., < [/" G+ PR

Renormalization only affects the sub-leading terms;as> oo

Dilaton piece is finite® ~ rj, R ~ e~ VVeoTn

One findsS,.., = 27%3;(%) f;h e24s(Th)

_2
which gives|m| = (T, — T') Veots
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71| & [(P)| & (ef GT2R)
 In the normal (thermal gas) phase| = 0
o In the superfluid (black-hole) phagé| == 0

Classical computatian

For//¢s > 1 calculate on the saddle-string solution
Regulate the actiof,., < [/" G+ PR

Renormalization only affects the sub-leading terms;as> oo

Dilaton piece is finite® ~ rj, R ~ e~ VVeoTn

One findsS,.., = 27%3;(%) ferh e24s(Th)

_2
which gives|m| = (T, — T') Veots

Mean-field result only/,, =
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One-point function: full path integral
Valid for any// ¢

A new approach to holographic super-conductors — p.21



Valid for any// ¢
Division of paths:ir € (0,7y,) UV, r € (rp,,rh) IR
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Valid for any// ¢
Division of paths:ir € (0,7y,) UV, r € (rp,,rh) IR

Forr;, — oo andr,, large enough, the IR region governed by the
linear-dilaton CFT
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Valid for any// ¢
Division of paths:ir € (0,7y,) UV, r € (rp,,rh) IR

Forr; — oo andr,, large enough, the IR region governed by the
linear-dilaton CFT

(U f) = [dXN(o) [, PXHe ] [ DXHem 5]

r, dependence ofl; ¥ ;) determined by the IR path-integrals:

M (rp) ~ PI(1,,00) approximated by thenear-dilaton CFT
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. Stress-energy tensol(z) = — =, : X" 90X, : +v,0° X"
W|th ”U,u — %6,“77“ — moélu,?“

o Spectrum:Tachyon ford + 1 > 2; Graviton, dilaton and B-field
fluctuations (massless); etc.

. Action' Arr =
“do [ drVh [0, X10,X 1, + v, X0 R

47ra
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One-point function cont’ed
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The IR path-integral in the Hamiltonian language:

Plir =) v er, (Va(Xm, T) Vi (X f,00)) Arr(X)
The propagator of a staigp,,p . , k, w, N, N):

Arr(Xx) = f| <1 ‘djgzLO(X)—lgio(X)—1’

The vertex operator, (X, co) = e P (- ),
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The IR path-integral in the Hamiltonian language:
Plir =) v er, (Va(Xm, T) Vi (X f,00)) Arr(X)
The propagator of a staigp,,p . , k, w, N, N):

Arr(Xx) = f|z|<1 “ZgZL0(><)—1gio(><)—17

The vertex operator, (X, co) = e P (- ),
One findsPI;p ~ ZX C’><Ei_ip7>E Cdrn with

. m2
pi — 2777,0<1—|—\/1+ (2X)>,
myg

2 ~ w %
= 2 (N N—2) 2 4 (27kT)? ( ) |
T o ( v P A (i) o 2nT o

(\V)

and level matchingw + N — N = 0.
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On the tachyon staté: + mz — 215—_dd. real contribution to exponent;
Mo

higher states: imaginary contribution.
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., om2 1 TR .
On the tachyon state: + —5 = 5=—. real contribution to exponent;
mg

higher states: imaginary contribution.
Ther;,, dependence of the one-point function:

N~

M| — e 0" o (T — Tp)2.
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On the tachyon state: + = 5. real contribution to exponent;

2 — 25
higher states: imaginary contrlbutlon.
Ther;,, dependence of the one-point function:

l\.')l»—t

im| — e "0 o (T —Tp)2.

Mean-field scaling arise from the full computation!
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Three classical saddles:

()

(b)

(@)
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Three classical saddles:

©) (b) ()
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Three classical saddles:

(a) (b) (c)
(@) (m(L)-m(0)), = |m|*. Finite in BH, O for TG.

(b) Spy — mpL +---, asT — T. wherem, = ﬁ
(m(L) - m(0))y ~ e~™mrLT for L > 1.
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Bulk exchange diagrams

(my (L) - 7 (0))c ox (ReP[L)ReP[0]) ~ S5
(m 1 (L) - m1(0))e oc (ImP[LIImP[0]) ~ Sgg
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Bulk exchange diagrams

(i (L) - ) (0))e o (ReP[L]ReP[0]) ~ a5

(M (L) - m1(0))e < (IMmP[LIImP0]) ~ g
m4+ minimum of theCT* modes:G,,,, ®, - - -
m—_ minimum of theC'I'™ modes:B,,,, - - -
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(e (L) - 11 (0))e < (ReP[L]ReP[0]) ~ s
(M (L) - m1(0))e < (IMmP[LIImP0]) ~ g
m- minimum of theCT* modes:G,,, D, - --

m—_ minimum of theC'T™ modes:B,,,, - - -
Spectrum analysis.c., Kiritsis, Nitii'07. CTt bounded from below for

any T.
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(my (L) - 1 (0)) x (ReP[L]ReP[0]) ~ Sg=s

(M (L) - M1 (0))e o< (IMP[LJImP[0]) ~ S5
m4 minimum of theCT* modes:G,,,, ®, - - -

m_ minimum of theCT~ modes:B,,,, - - -

Spectrum analysis.c., Kiritsis, Nitii'07. CTt bounded from below for
any T.

CT~ include a zero-moden_ = 0 asy = [,, B is modulus:
Goldstone mode!

Correct qualitative behaviot:7i (L) - i (0)) ~ e—m+£d+_ T

(M (L) -1 (0)) ~ 745
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(my (L) - my(0))e o< (ReP[L|ReP|0]) ~ “g=5-
(Mo (L) -m1(0))e < (ImP[LIImP|0]) ~ S5
m- minimum of theCT* modes:G,,, D, - --
m_ minimum of theCT~ modes:B,,,, - - -
Spectrum analysis.c., Kiritsis, Nitii'07. CTt bounded from below for
any T.

CT~ include a zero-moden_ = 0 asy = [,, B is modulus:
Goldstone mode!

Correct qualitative behaviot:7i (L) - i (0)) ~ e—m+£d+_ z s

(L (L) 71 (0)) ~ 7

Precisely the expected behavior from the XY model,

Except thag ' — min(my, m.) stays finite ag” — T..
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Semi-classical computation in the TG phase
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(a) Disconnected and (c) Bulk exchange diagrams vanish
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(a) Disconnected and (c) Bulk exchange diagrams vanish
(b) Connected paths:
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(a) Disconnected and (c) Bulk exchange diagrams vanish
(b) Connected paths:
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Semi-classical computation cont’ed
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On-shell momenta, for a winding modew = 1:

i =
1
2

i (2 (N4 N —2) 452+ g2+ 2imap, + (2RT)? + () )
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On-shell momenta, for a winding modew = 1:

i =
1
2

> (O% (N+ N - 2) + 2 + p2 + 2imop, + (27kT)? + (ﬁf) ’

One finds: (7))~ = ip* (x)min. Minimum mode is the Winding
tachyori:

= (<4 + (b))
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On-shell momenta, for a winding modew = 1:

i =
1
2

> (C% (N + N - 2) + P2 + p? + 2imopr + (27kT)? + (ﬁf) ’

One finds: (7))~ = ip* (x)min. Minimum mode is the Winding
tachyori:

e= (~4+ (b))

Indeed diverges ildentify the transition with the Hagedorn
temperature a la Atick-Witten

1
1 by (T-T.\ 2
TC_ 47_‘_£S a.r]dé= 4 2\/5( TC )
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On-shell momenta, for a winding modew = 1:

i =
1
2

> (% (N + N - 2) + P2 + p? + 2imopr + (27kT)? + (ﬁf) ’

One finds: (7))~ = ip* (x)min. Minimum mode is the Winding
tachyori:

e= (~4+ (b))

Indeed diverges ifdentify the transition with the Hagedorn
temperature a la Atick-Witten

N+

_ 1 L b (T-T.)
T = ;- and¢ ’2\/§(Tc>

Mean-field scaling again!
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Semi-classical computation in the BH phase
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N~

(c) Connected diagrams: agdinx (TCTCT>_
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N

(c) Connected diagrams: agdinx (TCTCT>_

(b) Bulk exchange diagrams:inding not conserved, minimum
modesw = 0:
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N~

(c) Connected diagrams: agdinx (TcTCT>_

(b) Bulk exchange diagrams:inding not conserved, minimum

modesw = 0:
Real part A unitary contribution from the Tachyon fluctuations
ford — 1 = 2,3 ONLY for second order transitions.
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N~

(c) Connected diagrams: agdinx (TcTCT>_

(b) Bulk exchange diagrams:inding not conserved, minimum
modesw = 0:
Real part A unitary contribution from the Tachyon fluctuations
ford — 1 = 2,3 ONLY for second order transitions.
Imaginary part Zero-mode of the B-field is Goldstone:

(M1 (L) -1 (0)) ~ a=s

A new approach to holographic super-conductors — p.29



XY model in 2D
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« No conventional long-range order in 2Dn|) = 0 at any T.
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« No conventional long-range order in 2Dn|) = 0 atany T.

« Topological order through liberation of vortex-anti-vextpairs
(BKT).
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« No conventional long-range order in 2Dn|) = 0 atany T.

« Topological order through liberation of vortex-anti-vextpairs
(BKT).

« Expectation from condensed matter:
(*) One-point: (v(z))rq = (v(x))pr =0
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« No conventional long-range order in 2Dn|) = 0 atany T.

« Topological order through liberation of vortex-anti-vextpairs
(BKT).

o EXxpectation from condensed matter:
(*) One-point:(v(z))r¢ = (v(z))r =0
(*) Two-point in the super-fluid phaset(L)v(0)) i ~
(as opposed to exponential suppressioniferl > 2)

(*) Two-point in the normal phas€i(L)v(0))rg ~ e~ ™
plasma of vortex anti-vortex pairs.
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D-strings and vortices
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« Propose to identify vortices with D-strings, inspired by
magnetic quark analogy: < ¢° !
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« Propose to identify vortices with D-strings, inspired by
magnetic quark analogy: < ¢° !

o Charge of D-strings= vortex charge: Infinite energy
configuration iIfNp # Nj ria Indeed

((z))re = (v(2))Br =0
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« Propose to identify vortices with D-strings, inspired by
magnetic quark analogy: < ¢° !

o Charge of D-strings= vortex charge: Infinite energy
configuration iIfNp # Nj ria Indeed
((z))ra = (v(z))pr =0

o EXxpected qualitative behavior also for the two-point fumrct
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Summary
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o A general connection between gravity and spin-models.
Two-derivative approximation expected to hold néar
Normal-to-superfluid transitioa> continuous HP in GR
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o A general connection between gravity and spin-models.
Two-derivative approximation expected to hold néar
Normal-to-superfluid transitioa> continuous HP in GR

o Role of large N clarified: number of spin-states at a site Beca
of SU(N).
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A general connection between gravity and spin-models.
Two-derivative approximation expected to hold néar
Normal-to-superfluid transitioa> continuous HP in GR

Role of large N clarified: number of spin-states at a site Beca
of SU(N).

A specific caseSU(N) at large N« XY-type models.
Physics around’. governed by linear-dilaton CFT.
Probe strings= spin fluctuations

Scaling in second sound and other critical expongrdadv
from GR as expected.
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A general connection between gravity and spin-models.
Two-derivative approximation expected to hold néar
Normal-to-superfluid transitioa> continuous HP in GR

Role of large N clarified: number of spin-states at a site Beca
of SU(N).

A specific caseSU(N) at large N« XY-type models.
Physics around’. governed by linear-dilaton CFT.
Probe strings= spin fluctuations

Scaling in second sound and other critical expongrdadv
from GR as expected.

D-strings as vortices
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Outlook
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o Top-down approach to AdS/CMT: D-brane constructions,
embedding ircritical string theory
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o Top-down approach to AdS/CMT: D-brane constructions,
embedding ircritical string theory

« Corrections to critical exponents/ N corrections? beyond the
semi-classical approximation?
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o Top-down approach to AdS/CMT: D-brane constructions,
embedding ircritical string theory

« Corrections to critical exponents/ N corrections? beyond the
semi-classical approximation?

« A gualitative model based on winding-tachyon:
Aepy ~
J e (Rt §(00) + V(@) + §IDTP = [T + F2)
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Top-down approach to AdS/CMT: D-brane constructions,
embedding ircritical string theory

Corrections to critical exponents/ N corrections? beyond the
semi-classical approximation?

A gualitative model based on winding-tachyon:
Aeps ~
[ €7 (R+3(02)* + V(@) + 3| DT* — ym7|T|* + F?)

Generalization to other spin models e.g. discrete center:
3D Ising model from the GR dulal of large-Bb(N)?
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Top-down approach to AdS/CMT: D-brane constructions,
embedding ircritical string theory

Corrections to critical exponents/ N corrections? beyond the
semi-classical approximation?

A gualitative model based on winding-tachyon:
Aeps ~
[ €7 (R+3(02)* + V(@) + 3| DT* — ym7|T|* + F?)

Generalization to other spin models e.g. discrete center:
3D Ising model from the GR dulal of large-Bb(N)?

Spin-models with non-Abelian spin symmetry e(g.3)?
Enhanced symmetries at special temporal radii?
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THANK YOU |
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