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Quantum Criticality, high Tc
superconductivity and the
AdS/CFT correspondence.

Jan Zaanen




String theory: what 1s 1t really good
for?

- Hadron (nuclear) physics: quark-gluon plasma in RIHC.

- Quantum matter: quantum criticality in heavy fermion
systems, high Tc¢ superconductors, ...

Started in 2001, got on steam in 2007.
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High-Tc Has Changed Landscape of Condensed Matter Physics
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Photoemission
spectrum

QuickTime™ and a
decompressor
are needed to see this picture.
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Holography and quantum matter

“Planckian dissipation”: quantum critical matter at high temperature,
perfect fluids and the linear resistivity (Son, Policastro, ..., Sachdev).

Reissner Nordstrom black hole: “critical Fermi-liquids”, like high Tc¢’s
normal state (Hong Liu, John McGreevy).

Dirac hair/electron star: Fermi-liquids emerging from a non Fermi liquid
(critical) ultraviolet, like overdoped high Tc (Schalm, Cubrovic, Hartnoll).

Scalar hair: holographic superconductivity, a new mechanism for
superconductivity at a high temperature (Gubser, Hartnoll ...).



Plan

1. Crash course: quantum critical electron matter in solids.
2. Crash course: the AdS/CFT correspondence.

3. Holographic quantum matter: Planckian dissipation,
marginal/critical Fermi-liquids, Fermi1 liquids and
superconductors.



Twenty five years ago ...
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Graveyard of Theories

Anderson

Lee Wilczek Ginzburg



The quantum 1n the kitchen: o

Kinetic energy

\ / Electrons are waves
Fermi \ / : : L
encrgy —=f==f ——  Pauli exclusion principle: every
\ y Lo f state occupied by one electron
v
\1 H ; Unreasonable: electrons strongly
;mn& Qégmq interact !!

k=1/wavklength o
B Landau’s Fermi-liquid: the

highly collective low energy
quantum excitations are like
# clectrons that do not interact.
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Fermi surface of copper
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BCS theory: fermions turning into
bosons

Fermi-liquid fundamentally unstable to
attractive interactions.

Bardeen Cooper Schrleffer

Quasiparticles pair and Bose condense:

Conventional superconductors (Tc <40K): ¢ 99979
“pairing glue’’= exchange of quantized H &%
lattice vibrations (phonons) i




Fermion sign problem

Imaginary time path-integral formulation
el Al g AT
' Z = Trexp(—pH)
~ [ dRo(R.R:p) ‘
R=(r,...,ry) € RV T SRR
1 , y "
pp/P(RR:B) = 5> ()7 pp(R, PR; ) x—
R =
- LSy DR LM (MR 1 VR
= D [ pRmeni— [ ar(FRG)+ VRE)
Boltzmannons or Bosons: Fermions:
= integrand non-negative = negative Boltzmann weights
= probability of equivalent classical = non probablistic: NP-hard
system: (crosslinked) ringpolymers problem (Troyer, Wiese)!!!




Phase diagram high Tc
superconductors

y A G T . *’,h:u....,m :

The clash: the quantum ‘Cien(le ... which is good for
critical metal AL superconductivity!

The quantized
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resistivity

Divine resistivity
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Toffe—Regel limit
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Fractal Cauliflower (romanesco)




Quantum critical cauliflower




Quantum critical cauliflower




Quantum critical cauliflower




Quantum critical cauliflower




Quantum criticality or ‘conformal
fields’
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Quantum critical hydrodynamics:
Planckian relaxation time

A
Relaxation time 7 : time it takes to convert length =
. \\kBT S @: |- @: N “@ﬁ/
work 1n entropy. . BT s
Viscosity: n= (5+ p)r nok 5 s . » ,i;mstam
, E+ kT |2 E :
Entropy density: =P ? g 12
T v X y/
77 h X (splice) —*™
“Planckian viscosity” —> —=17~-—7? 1
S k, "

h Planckian relaxation time = the shortest possible
T=7. ~ —— relaxation time under equilibrium conditions that can
7i k T only be reached when the quantum dynamics is scale
B invariant !!
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Critical Cuprates are Planckian
Dissipators

van der Marel, JZ, ... Nature 2003:

Optical conductivity QC cuprates

Frequency less than temperature: ol [
— 230 K
a) T h g 10r 200 K
pr-r g | ——180K
o(w,T1)= r=4— [
1 2 2 p =) 160 K
drl+w'T : k T = —:Zgi
h .E; . —— 100K
S : -C (1+A2x2
= [——]=const.(1+ A’ [—] ) EF g cf/ﬁﬁex’p(.x»
ky,To, kT TR TR T TR
huwlkgT

A= 0.7: the normal state of optimallly doped cuprates is a
Planckian dissipator!
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Quantum Phase transitions

Quantum scale invariance emerges naturally at a zero temperature
continuous phase transition driven by quantum fluctuations:

ho A

or

kBT

Physics
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JZ, Science 319, 1205 (2008)
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Phase diagram high Tc
superconductors

y A G T . *’,h:u....,m :

The clash: the quantum ‘Cien(le ... which is good for
critical metal AL superconductivity!

The quantized
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Fermionic quantum phase transitions
in the heavy fermion metals

JZ, Science 319, 1205

(2008)
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Coleman
Rutgers



Critical Fermi surfaces 1n heavy
fermion systems
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Hertz-Millis and Chubukov's E )
“critical glue” \/

Fermi liquid

Bosonic (magnetic, etc.) order
parameter drives the quantum phase
transition

Electrons: fermion gas = heat bath
damping bosonic critical fluctuations

Bosonic critical fluctuations ‘back react’
as pairing glue on the electrons

. 2\
NiQ) = ﬁ

E.g.: Moon, Chubukov, J. Low Temp. Phys. 161,
263 (2010)
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“Strong coupling” Migdal-
Eliashberg theory

Attractive interaction due to “glue boson”, two parameters:

Coupling strength: A=V/E r
ho
Migdal parameter: —hoson
Er

Migdal-Eliashberg: dress boson and fermion propagators up to all orders
ignoring vertex corrections which are O(7@; / E)p),

@ NS\S\ =" " NS \/\(__: m
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Computing the pair susceptibility: . Cheg
full Eliashberg A

(kK5 q) = xolk K'sq) + 1 > xolk, kv q)D(ka = ka)x(ka, K5 q)
k1 .ko

[(iv;iQ) = To(iv;iQ) + ATo(iv;iQ) Y (i’ — iv)[(iv/;i€)
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Watching electrons: ...
photoemission

Kinetic energy Electron spectral function: probability to
\ / create or annihilate an electron at a
, iven momentum and energy.
Fermi \ / S Y

Al 7 Photon in__
cner — Electron out
gy \ | / -

=1
\ i W
T

— tormNoflend |

k=1/wavklength EEZIrIglly
L ‘ | 4 ® energy

Fermi surface of copper

k=1/wavelength 31



1:.'1 oy :l

Fermi-liquid o
phenomenology ,VJL

Bare single fermion propagator ‘enumerates the fixed point':

1 Z
Glw, k)= =
(a) ) ar—;%-—k2/2n1_(zl+i2”) @v——EF)—kak——kF)+.”

X" (w,k)
2 2
%+y+@—@)ﬁm+2@ﬂj+

Spectral function: ~ImG(@.k)= A(w,k)=

(w.k)

The Fermi liquid ‘lawyer list’:

- At T= 0 the spectral weight 1s zero at the Fermi-energy except for the
quasiparticle peak at the Fermi surface: A(E . k) =7 5(k — kF)

- Analytical structure of the self-energy: X'(@,k)c(w—E, )2 +...

z'(w,k):zf(EF,kF)+2£ (0—E, )+
a

w=Ef

- Temperature dependence:  2"(E .k, T)oc T? +...

(k—kg )+...

k=Ke
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ARPES: Observing Fermi liquids

5
|3k (FWHA) = 0.0085 (1) 0.40-]
MDC 1 EOC \
L 0,08 - '
E D.Eﬁ-} l‘
0.04 ] |
; |
i 0 crz-: .‘II
j A '.Al“ﬂ,.,.-w.,...«./--“"""t'\w“' ‘
. - , . D‘mﬂ' AARAN AARRNRAALY RARASARARE RAZLE RARA) .;n
410 008 000 : o 005 oM ¥ 0' ; '2 _0" 0'0
-k k(0 EE, o
‘MDC’ at Eg in conventional Fermi-liquids: sharp Quasiparticle ‘poles’

2D metal (NbSe,)
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Cuprates: “Marginal” or “Critical”
Fermi liquids

a 250
\\ 7‘!
200 T, 1 A 1.0
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Fig. 3. (A) EDCs obtained in the (0,0) — (m,m) direction after background subtraction. (B) EDCs scaled
to the same peak position, showing that the overall shape scales linearly with binding energy. The peak
width is approximately 1.5 times the binding energy in all spectra (double-headed arrow).

Fermi ‘arcs’ (underdoped)
closing to Fermi-surfaces EDC lineshape: ‘branch cut’ (conformal),

(optimally-, overdoped). width propotional to energy 14



Varma’'s Marginal Fermi liquid
phenomenology.

Fermi-gas interacting by second order perturbation theory with ‘singular heat bath’:

Imﬂ@@mﬂwm%,ﬁwka

Directly observed in e.g. Raman ??

1

Single electron response (photoemission):  G(k,w) =
. ponse (p S Gk = k) Stkw)

>(k,w) o{gj {a)ln(maxﬂ o, T)/a)c)— igmaxﬂ o, T)}
@

c

1
Single particle life time - cmax(|®1,T)is coincident (?!) with the

transport life time => linear resistivity.

35



The fermionic criticality conundrum

Kinetic energy

\ /

Fermi \ 7/
energy |
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\ \f

Fermi surface of copper

Pauli exclusion principle generates the Fermi-
energy, Fermi surface.

How to reconcile the quantum statistical scales with
scale invariance?

Why is this quantum scale invariance of a local,
purely temporal kind?

How can a (heavy) Fermi-liquid emerge from a
‘microscopic’ quantum critical state?

Why is this state good for high Tc
superconductivity, and a phletora of exotic
“competing orders” ?

AdS/CFT gives an answer!
36



Plan

1. Crash course: quantum critical electron matter in solids.
2. Crash course: the AdS/CFT correspondence.

3. Holographic quantum matter: marginal/critical Fermi-liquids,
Fermi liquids and superconductors.
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General relativity =" quantum
field theory

Gravity Quantum fields

Maldacena 1997

imaginary time
|[€— E‘ > —|
O




Holography with lasers

Components of a Hologram

Beam Splitter
Object

Film Plate

Mirror

Encoded on a two
dimensional
photographic plate

Three dimensional image



Gravity - quantum field
holography

Einstein world “AdS” = Quantum fields in flat space
Anti de Sitter universe CFT”= uum tj_cgl




't Hooft's holographic principle

. r_ _hg
Hawking Temperature: = 9k

g = acceleration at horizon

kc3 A
4h{

BH entropy: S =

A = area of horizon

Number of degrees of freedom (field
theory) scales with the area and not
with the volume (gravity)




The bulk: Anti-de Sitter space

Extra radial dimension

of the bulk <=> scaling
“dimension” in the field
theory

Bulk AdS geometry =
scale invariance of
the field theory
2 _ p | dr? 20102 | 2 9
dr F(r)dt® + Il )—I—’r (d” + sin” 6d¢*)
r

F(r) = —Ar*+1, A<O



Weak-Strong Duality

Bulk: weakly Boundary: strongly coupled

coupled gravity / Quantum Field theory

QuickTime™ and a

lecompressor
are needed to see this picture.

wwwwwwww
cccccccccccc
decompressor detompressor ©

Einstein-Maxwell Large N Yang-Mills at
large ‘t Hooft coupling

wwwwwwwww
decompressor lecompressor.

Kramers-Wannier
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Quantum critical dynamics:
classical waves in AdS

Werr (J ) =S s (¢)¢x0 —0=J

R
giszN -
(94

g)z’M — gs
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Fermionic renormalization i
rou

The Magic of AdS/CFT!

boundary:
dim gpace-time

tatistical physics

gluons

quarks Hawking radiation
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Plan

1. Crash course: quantum critical electron matter in solids.
2. Crash course: the AdS/CFT correspondence.

3. Holographic quantum matter: marginal/critical Fermi-
liquids, Fermi liquids and superconductors.
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Holography and quantum matter

“Planckian dissipation”: quantum critical matter at high temperature,
perfect fluids and the linear resistivity (Son, Policastro, ..., Sachdev).

Reissner Nordstrom black hole: “critical Fermi-liquids”, like high Tc¢’s
normal state (Hong Liu, John McGreevy).

Dirac hair/electron star: Fermi-liquids emerging from a non Fermi liquid
(critical) ultraviolet, like overdoped high Tc (Schalm, Cubrovic, Hartnoll).

Scalar hair: holographic superconductivity, a new mechanism for
superconductivity at a high temperature (Gubser, Hartnoll ...).

47



The black hole 1s the heater

BT ~ . . oo oy WO _
o (D"‘_ é} > O”_‘_ ci—}\ > i ';
i ‘ x x
oAl T, B
=al "
> | pnstant
k= s R
g= y
. g 4
y
X (space) —™
GR in Anti de Sitter space Quantum-critical fields on the boundary:
2 - at the Hawking temperature
dr® = —F(r)dt* + FdZT) + 7%(df” + sin® 0d¢?) 8 P

s - entropy = black hole entropy
F(r)=—-Ar*+1—- —"—

T 48



Planckian dissipation

Schwarzschild Black Hole: encodes for the finite
temperature dissipative quantum critical fluid.

Universal entropy production time:

T=71T, ® ——
kT
Minimal viscosity: quark gluon plasma, Linear resistivity high Tc metals:
unitary cold atom fermion gas 2 L\ 1
Ty 2 poc—ok,T
: T,

Toffe-Regel limit

-
temperature 4 9



Holography and quantum matter

“Planckian dissipation”: quantum critical matter at high temperature,
perfect fluids and the linear resistivity (Son, Policastro, ..., Sachdev).

Reissner Nordstrom black hole: “critical Fermi-liquids”, like high Tc¢’s
normal state (Hong Liu, John McGreevy).

Dirac hair/electron star: Fermi-liquids emerging from a non Fermi liquid
(critical) ultraviolet, like overdoped high Tc (Schalm, Cubrovic, Hartnoll).

Scalar hair: holographic superconductivity, a new mechanism for
superconductivity at a high temperature (Gubser, Hartnoll ...).
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"AdS-to-ARPES”: Fermi-liquid (?)
emerging from a quantum critical state.

QuickTime™ and a
decompressor
are needed to see this picture.

Cubrovic

analysis of TDH transcripts expressed in human
fetal liver tissue showed complete skipping of
exon 4 and efther complete skipping or aberrant
splicing of exon 6 (fig. S8). Given that exons 4
and 6 encode segments of the enzyme critical to its
function and that truncation via the nonsense
codon at amino acid 214 would also be predicted
to yield an inactive variant, it appears that the
human gene is incapable of producing an active
TDH enzyme. Remarkably, all metazoans whose
genomes have been sequenced to date, including
chimpanzees, appear to contain an intact TDH
gene (I4). Unless humans evolved adaptive ca-
pabilities sufficient to overcome three mutational
lesions, it would appear they are TDH deficient.
Human ES cells grow at a far slower rate than
mouse ES cells, with a doubling time of 35 hours
(13). Whether the slower growth rate of human
ES cells reflects the absence of a functional TDH
enzyme can perhaps be tested by introducing,
into human ES cells, either a repaired human
TDH gene or the intact TDH gene of a closely
related mammal. That this strategy might work is
supperted by the expression in human cells of a
functional form of the 2-amino-3-ketobutyrate-

String Theory, Quantum Phase
Transitions, and the Emergent

Fermi Liquid

Mihailo €ubrovi¢, Jan Zaanen, Koenraad Schalm*

A central problem in quantum condensed matter physics is the critical theory governing the zero-
temperature quantum phase transition between strongly renormalized Fermi liquids as found in
heavy fermion intermetallics and possibly in high—critical temperature superconductors. We found
that the mathematics of string theory is capable of describing such fermionic quantum critical
states. Using the anti—de Sitter/conformal field theory correspondence to relate fermionic guantum
critical fields to a gravitational problem, we computed the spectral functions of fermions in the
field theory. By increasing the fermion density away from the relativistic quantum critical point, a
state emerges with all the features of the Fermi liquid.

uantum many-particle physics lacks a
general mathematical theory to deal
with fermions at finite density. This is
known as the “fermion sign problem™:

There is no recourse to brute-force lattice mod-
els because the statistical path-integral methods
that work for any bosonic quantum field theory
do not work for finite-density Fermi systems.

www.sciencemag.org SCIENCE VOL 325 24 JULY 2009

J1
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Breaking fermionic criticality
with a chemical potential

‘Dirac waves’ \E

Fermitsurface??

/1N
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AdS/ARPES for the Reissner-
Nordstrom non-Fermi liquids

Fermi surfaces but no quasiparticles!
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Holographic quantum critical
fermion state

7 Amgune BTG | 190

nce

Scie

QuickTime™ and a
decompressor

are needed to see this picture.
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Strange Metal Transport Realized
by Gauge/Gravity Duality

Thomas Faulkmer,® Nabil lgbal,® Hong Liu,®* John McGreevy,” David Vegh®

Fermi biguid theory explains the thermodynamic and transport propenies of most metals.

The so-called noa-Fermi liguids deviate from these expectations and include exatic systems such s
the strange metal phase of ouprate superconductors and heavy lermion materials near a quantum
phase transithon. We used the anti—de-Sinericoniormal feld theary corespondence 1o identify

2 chass of non-Fermi liguids; thelr low-energy behavior is found 1o be govemned by a nontrivial
infrared fized polnt, which exhibits nenanalytic scaling behavior only in the time direction.

Far some representatives of this class, the resistivity has a lnear temperature dependence, as

Is the case for strange metals.

uring the past decade, developments m
Dsl.rilu_a theory have revealed somprsing

and profiund connedions between grav-
ity and many-body systemns, resultmg in the emer-
pence ol a new desermimon [or strongly couplad
mrany-body systams. The ant-de-Sillerconliormal
Beld theory [AASTFT) coenspandence [§-3) ne-

Szl sttt for Theosetical Physics, Unibrersizy of Cabfomia,
Sarma Barhaca, C8 95106, LUSA. “emier b Thesetical Phys-
s, Mmmiise Insmue ol Tecinolagy, Cambndge, M
2139, LS. “Simorn Canter for Geormetry and Py, Sty
Brook Unheersity, Siony Brook, MY 117R4-2635, LS

To whom enmispendence shoeld be sfdiesed. Email:
tang_buggmit.edy

lales a gravity theory in 2 weakly curved (o + 1)-
tenensaonal anti-ce Siter (AdS . ) spacetme o
a strongly coupled d-imensiomal quantum field
theory defined on s boundsry. This cormespon-
ienos maps goestions aboul complicated rasy-
body phemomena al strang couplmg 1o sebvable
samgli- ar few-body classica] problems ma curved
poometsy. Black holes i Bns geometry play 2
surprsmg and unmversal mode i cheractenzmg the
iymmmics of the boundery theeey al findle Lem-
peratune 2o densily, a development anticpatiad
by the discovery of Hawking and Bekensiem m
the 1970 (4, ) thet black holes are intrinsically
thermodynarmnc obgects. Important dynamacal in-
sigginl oo the thermodhynammics (6) and sanspant

behavier (7)) of strongly comelated syslens bas
been obtunal [fom snple goonetnc aspocts of
black hole spacetimes.

Wiry necenlly, thas sppanstus has boen brought
1o bear o the problem ol fermons ner quantum
craticality (8—i7) The basic strlepy 5 o perform
angle-resolved photoemzsom (ARPES) thought
experments on a charped black hole, which de-
seribes the grousd state of o class of strongly
coupled mamy-body systens. The eomon ne-
spoese, which B proportional w te ARPES mten-
siy, may be compuled by studyving the scallering
of Dirac partiches off thes black hole. By ex-
plormg éalTizres negiions in parameler space, bulh
Frermni higueid—Tike () and nise—Fermi-liquid be-
havior (8, J7) wene dscoverad, establishmg the
black hole 25 a new wal foe addresing oul-
standing questions relaled o interacting leomons
a1 fimile density.

A poumne exanple of @ theoretical challenge o
whach such a vowd may be apolied s the strange
ekl phase ol the coprate high-termeralurs supes-
conductors. The metallic state sbave the super-
axmiucting transilom lemperalune T neer optire]
dooing has unisual trassport propetes dlfenent
o thise ol a nornal meetal, and was thus Sabbed
& slrempe mefal; understanding thas pise 5 be-
hieved iy be essenbal Sor deciphermg the mecha-
nisrn fioe high-T2 soperoomductivity. The oo
behavieraf the strnge rmetal (perhips most prom-
inemly the simple and robust linear temperature
dipendinee of the ressstivity) Enphies that the k-

wenstencemag.arg  SCIENCE  WOL 329 27 AUGUST 2010

Downloaded from www sciar
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Gravitationally coding the fermion
Propagators (Faulkner et al. Science 329, 1043, 2010)

Horizon geometry of the extremal Gravitational ‘mechanism’ for marginal
black hole: ‘emergent’ AdS? => (critical) Fermi-liqui
IR of boundary theory controlled G
by emergent temporal criticality

eeeeeeeeeeeeee

Temporal scale invariance IR “lands” in

probing fermion self energy!
2VkF

2"0(:0)

Fermi-surface “discovered” by matching
UV-IR: like Mandelstam “fermion
insertion” for Luttinger liquid!
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Gravitationally coding the fermion
Propagators (Faulkner et al. Science Aug 27. 2010)

T=0 extremal black hole, near horizon geometry ‘emergent scale invariant’:
AdS, ® R, = g,(w)=c(k)w™
Matching with the UV infalling Dirac waves:
Gr(@,k)=F, (k)+ F,(k)o+ F,(k)g,(®)

Special momentum shell: | k |E k -

h ] 2v
G, (w.k) = ! . S(w,k)=h — BT
r(@:k) k—k.—w/v, —X(ok) (@k)=hg, (@)=he ™ o

Space-like: IR-UV matching ‘organizes’ Fermi-surface.

Time-like: IR scale invariance picked up via AdS2 self energy

Miracle, this is like critical/marginal Fermi-liquids!!
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Marginal Fermi liquid
phenomenology.
Fermi-gas interacting by second order perturbation theory with ‘singular heat bath’:
mm@@mka%,ﬁwka
L =N (0)sign(w) for | > T

Directly observed in e.g. Raman ??

1

Single electron response (photoemission):  G(k,w) =
. ponse (p S Gk = k) Stkw)

>(k,w) o{gj {a)ln(maxﬂ o, T)/a)c)— igmaxﬂ o, T)}
@

c

1
Single particle life time - cmax(|®1,T)is coincident (?!) with the

transport life time => linear resistivity.
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The zero temperature extensive
entropy ‘disaster’

The ‘extremal’ charged black
hole with AdS? horizon
geometry has zero Hawking
temperature but a finite
horizon area.

The ‘seriously entangled’
quantum critical matter at
zero temperature should have
an extensive ground state
entropy (?*##!!)
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Holography and quantum matter

“Planckian dissipation”: quantum critical matter at high temperature,
perfect fluids and the linear resistivity (Son, Policastro, ..., Sachdev).

Reissner Nordstrom black hole: “critical Fermi-liquids”, like high Tc¢’s
normal state (Hong Liu, John McGreevy).

Dirac hair/electron star: Fermi-liquids emerging from a non Fermi liquid
(critical) ultraviolet, like overdoped high Tc (Schalm, Cubrovic, Hartnoll).

Scalar hair: holographic superconductivity, a new mechanism for
superconductivity at a high temperature (Gubser, Hartnoll ...).
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Black hole hair can be fermionic!
Schalm, Cubrovic, JZ (arXiv:1012.5681)

Stable Fermi liquid on the
boundary!
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‘Hydrogen atom’: one Fermion quantum
mechanical probability density.




Fermionic hair: stability and
equation of state. B

Strongly renormalized Eg Single Fermion spectral function:
7 . non Fermi-liquid Fermi surfaces
have disappeared!

The power-law scaling leveling

8l .. > . «— |off atthe Fermi energy scale
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The Fermi-liquid VEV:
Hair profile vs. statistics

* Scalar vs. fermionic hair: scale-free vs. scale-ful profile

Bosons accumulate at the Position of the maximum
horizon determines the Fermi energy
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o 03F
1.2
s
ot PH
= + 02
= Ek PH
=015
06F
0.4r 0.1
02 0.05F
DD' D.l1 D.I2 0.13 D.I4 D.IS D.IB D.l? 0418 D.IQ 1 UQ 0.1 0.12 U.I3 U‘ld UTS U.IB D.I? E.IB U.I9 1
horizon 7 boundary  horizon 7 boundary




Holography and quantum matter

“Planckian dissipation”: quantum critical matter at high temperature,
perfect fluids and the linear resistivity (Son, Policastro, ..., Sachdev).

Reissner Nordstrom black hole: “critical Fermi-liquids”, like high Tc¢’s
normal state (Hong Liu, John McGreevy).

Dirac hair/electron star: Fermi-liquids emerging from a non Fermi liquid
(critical) ultraviolet, like overdoped high Tc (Schalm, Cubrovic, Hartnoll).

Scalar hair: holographic superconductivity, a new mechanism for
superconductivity at a high temperature (Gubser, Hartnoll ...).
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The holographic superconductor
Hartnoll, Herzog, Horowitz, arXiv:0803.3295

Condensate (superconductor,
... ) on the boundary!

QuickTime™ and a
YUV420 codec decompressor
are needed to see this picture.

454 AdS-CFT

‘Super radiance’: in the
presence of matter the
extremal BH is unstable =>
zero T entropy always
(Scalar) matter ‘atmosphere’ avoided by low T order!!!
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"“Bottom-up” : Minimal holographic
superconductivity (H?)

What are the minimal bulk ingredients to capture the boundary superconductor?

- Continuum theory = 1, = &, in bulk.
- Conserved charge = J,, = 4, in bulk.

- Fermion pair operator () =N i bulk.

Write a minimal phenomenological bulk Lagrangian

6 1 .
L=R+—5 = F"F, - V() IV —igdy
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Bulk geometry: AdS Reissner-
Nordstrom black hole

Finite temperature and finite charge density: AdS RN black hole
dr’

ds® =—g(r)dt® + +7° (a’x2 + dyz)
g(r)
1 ,02 pZ
2 3
ry=r-——|r + +
where  £(7) r[ " 4r+J 47
Scalar potential: NN
'\io = -
Hawking temperature: _ 12,/:‘ _ ,02
1677
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The hairy black hole

Minimal model: VQWD _ZWZ the dual operator ¥ can have conformal
dimensions A =12

The Reisgner—}\\{grdstrom BH dgscrlbes the normal state, but it goes unstable at
a L<L= because My =M —(g A turns negative.

Below T, the black hole gets hair in the form of a “scalar atmosphere”:
via the dictionary, a VEV emerges in the field theory in the absence of a
source.

The global U(1) symmetry of the CFT is spontaneously broken
into a superfluid!
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The Bose-Einstein Black
hole hair

aaaaaaaaaaaa

Hartnoll Herzog Horowitz

Scalar hair accumulates at Mean field thermal transition.
the horizon
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Holographic superconductivity:
stabilizing the fermions.

Fermion spectrum for scalar-hair back hole (Faulkner et al., 911.340;
Chen et al., 0911.282):

600 40 '
. 7
400 nﬁ» : ] g o
g 300¢ ]
. kL o
200} - ] E 20t
100} : ]
—00.01[; —0.005 0.000 0.005 0.010 10} \
400 T . v ‘; ‘ . 4
—00.010 -0.005 0.000 0.005 0.010
300 1
L ) = b
E 20} ﬁ Temperature dependence as expected for
100} = ‘quantum-critical’ superconductivity (She,
= JZ, 0905.1225)

0 i
-0.010 -0.003 0.000 0.005 0.010

‘BCS’ Gap in fermion Excessive temperature dependence

spectrum !! ‘pacified’ ! ”



‘Pseudogap’ fermions in high Tc

2 2
10} \ j
" _
~0010 ~0.005 0.000 0.005 0010

w

Gap stays open above Tc

But sharp quasiparticles
disappear in incoherent
‘spectral smears’ in the metal

Shen group, Nature 450, 81 (2007) 70




“Double trace” Phase
Diagram

This looks like “quantum
critical graphene” at zero

density
T_l"l.l
0.08
l 0.06/: —k=0
= i —k=15
— AdS, go0d ) Tozs
T . o0g -0 fit
e 0
This is the “marginal
Fermi-liquid” Liu style
Holographic SC 3 R I~ B 1505
- - - N 3—0. (2) / IZO 3—_ 3—. 500
\I AdS; ™ h
094 095 096 1305 1315 1325
! . . k k k
E s
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More fanciful: Quantum phase
transitions

Quite different behaviors of the
holographic quantum phase
transitions by tuning the holographic
- ~—tifwesrg SC down by mass or double trace

I, S deformation

o _ Igbal, Liu, Mezeiar, arXiv: 1108.0425
it By i ahie K.Jensen arXiv:1108.0421
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Why 1s Tc¢ high?

“Because there is superglue binding the electrons in pairs”
Wrong!

The superfluid density is tiny, it is very easy to ‘bend and
twist” a high Tc superconductor. Its cohesive energy sucks.

Tc's are set by the competition between the two sides ...

The theory of the mechanism should
explain why the free energy of the

metal is seriously BAD.
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Observing the pairing mechanism ...

Claim: the maximal knowledge on the pairing mechanism
is encoded in the temperature evolution of the normal state
dynamical pair susceptibility,

2 (@)=—i dre™ ([ (¢,0).b(¢.0)])

0
b’ (q’ t) — ch—c:q /2,7 (t)cirlﬁq /2.4 (t)
k
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plot of unscaled x"(w)

Standard BCS “Crltlcal gﬂ e’

7, (how)

1.0
w [1007,]

Holographic SC (AdS4) Holographic SC (AdS2) QC-BCS

T T D: y"(w) 5 : plot of unscaled y"(w). [QC-BCS, A=1/2. dateset§]
) Y 30}
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Standard BCS “Critical glue”

A x"(w/T) B: x"(w/T)

v ho

X, (a)

Holographlc SC (AdS4) Holographlc SC (AdS2) QC-BCS

HS=7. plot of T* ¢"(e/T) E: T2 y"(w/T)

QC-8, plot of T y"(w/T)

o




Observing the origin of the pairing
mechanism

SUPERCONDUCTOR 2 SUPERCONDUCTOR | /
T'>T>T,

2"d order Josephson

_: 5 effect Ferrell Scalapino
1969 1970

I(H,V) ~ —Imypair(k,w)| w=2eV
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Q kTme and
eeeeeeeeeeeeeeeeeeeee

Why Webb Pairing telescope?

SUPERCONDUCTOR 2 SUPERCONDUCTOR |
A ]

[a ]

L,(V)=1 (V)+1pa,r(V)

QC metal: Probe superconductor:
Need large dynamical range: High T,

T, oc10-100 Tc Tunneling into d(?)-wave channel
QC superconductor at ambient Cuprate ?
conditions with low Tc: Full gap to suppress QP current (?)
Celrlng, T, = 04K MgB, (Tc=40K)?

Barrier is the challenge!
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Holography and quantum matter

“Planckian dissipation”: quantum critical matter at high temperature,
perfect fluids and the linear resistivity (Son, Policastro, ..., Sachdev).

Reissner Nordstrom black hole: “critical Fermi-liquids”, like high Tc¢’s
normal state (Hong Liu, John McGreevy).

Dirac hair/electron star: Fermi-liquids emerging from a non Fermi liquid
(critical) ultraviolet, like heavy fermions (Schalm, Cubrovic, Hartnoll).

Scalar hair: holographic superconductivity, a new mechanism for
superconductivity at a high temperature (Hartnoll, Herzog,Horowitz) .
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Further reading

Condensed matter tutorials:
J. Zaanen, Science 319, 1205; arX1v:1012.5461

AdS/CMT tutorials:
J. Mc Greevy, arXiv:0909.0518; S. Hartnoll, arXiv:0909.3553,1106.4324

Non fermi-liquids:

M. Cubrovic et al. Science 325,429 (2009); T. Faulkner et al.,
Science 329, 1043 (2010); N. Igbal et al., arXiv:1105.4621
Fermi-liquids:

M. Cubrovic et al. arXiv:1012.5681,1106.1798; S. Hartnoll et al.,
arXiv:1105.3197

Holographic superconductors:
J.-H. She et al., arXiv:1105.5377
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Thermodynamics: where are the
fermions?

Hartnoll et al.: arXiv:0908.2657,0912.0008

Large N limit: thermodynamics entirely determined by
AdS geometry.

Fermi surface dependent thermodynamics, e.g. Haas van
Alphen oscillations?

Leading 1/N corrections: “Fermionic one-loop
dark energy”

Quantum corrections: one loop using Dirac quasinormal modes:
‘ceneralized Lifshitz-Kosevich formula’ for HvA oscillations.

oQ.  mAlck,  mck; < —CZZ [%) F, (1)
Koo = ———28 = —L cos e
B eB eB '~
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Collective transport: fermion ...

currents |
Hong Liu !MIT!

QuickTime™ and a

Caondiictivitv decompressor
W TAUW UL VILY are needed to see this picture.
O(N?)
O(NY)

+ + + + + + + +

. . ) . , ) " 2v
Tedious one loop calculation, ‘accidental’ cancellations: Pgg 2 I— fermion T

‘Strange coincidence’ of one electron and transport lifetime of marginal fermi
liquid finds gravitational explanation!
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‘Shankar/Polchinski’ functional
renormalization erou

UV: weakly interacting Fermi gas

Integrate momentum shells:
functions of running coupling
constants

All interactions (except marginal
Hartree) irrelevant => Scaling limit
might be perfectly ideal Fermi-gas

Fermi sphere
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The end of weak coupling

interaction Strong interactings:

Fermi gas as UV starting point
does not make sense!

=> ‘emergent’ Fermi liquid fixed
point remarkably resilient (e.g. 3He)

Fermi sphere

=> Non Fermi-liquid/non ‘Hartree-
Fock’ (BCS etc) states of fermion
matter?
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