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Plan of the talk

A proposal to build the condensed matter incarnation of

The James Webb Space Telescope

To either: - Embarrass string theorists.

Or: - Win Nobel Prize(s) together with string theorists

for high Tc superconductivity, quantum gravity, .
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Observing the origin of the pairing

mechanism
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Promiscuous Leiden physics ...
J-H. She et al., arXi1v:1105.5377

Stringy folks

Schalm Parnachev Cubrovic Sun Liu

Condensed matter people
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temperature (K)

A universal phase diagram
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General relativity “=" quantum
field theory

Gravity Quantum fields

n !
k
)
-

Maldacena 1997

AdS/CFT When they are conformal =
correspondence  quantum critical

In Anti-de-Sitter space
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The holographic superconductor

Gubser; Hartnoll, Herzog, Horowitz

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

.
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O .
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e i AJS-CFT
iy
Q o
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‘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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Plan

1. On susceptibility, quantum criticality and instability.

2. A template: BCS and Hertz-Millis-Chubukov.

3. Pair susceptibility versus holographic superconductivity.
4. Scaling toy model: quantum critical BCS.

5. How to build the pairing telescope?



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,

X, (q,a)) = —{ j dte'™ " ’<[b+ (g,0) ,b(q,t)]>

b+(q,t) = Ecl:+q/2,’|‘ (t)c-—l-k+q/2,\|, (7)
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Observing the origin of magnetism ...

The origin of magnetism: dynamical magnetic susceptibility.

o (4:0) = —ijdrd’“‘“”([ﬁ @.0).5(@1])

S(q.t) = Y 1y (DT3¢, 4 (D)

ko

Measured by inelastic neutron scattering:
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Quantum critical spin fluctuations
in underdoped cuprates

Aeppli et al.
Science 1997.
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Quantum critical spin fluctuations

Intensity (counts per 6 mi

x (A

in underdoped cuprates

Real data

< 0.20
¢

Aeppli et al.
Science 1997.

Peak widths reveal z=1 energy-
temperature (conformal) scaling:
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1. On susceptibility, quantum criticality and instability.

2. A template: BCS and Hertz-Millis-Chubukov.

3. Pair susceptibility versus holographic superconductivity.
4. Scaling toy model: quantum critical BCS.

5. How to build the pairing telescope?
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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,

X, (q,a)) = —{ j dte'™ " ’<[b+ (g,0) ,b(q,t)]>

b+(q,t) = Ecl:+q/2,’|‘ (t)c-—l-k+q/2,\|, (7)

k
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BCS theory: fermions turning into

bosons
Fermi—liquid + attractive interaction
L
?f hd ‘\f
Bardeen Cooper Schrleffer i{} o g Kf
Quasiparticles pair and Bose condense:
Ground state D-wave SC: Dirac spectrum

+ +
W = Hk(uk + VkaTC_H) |vac.>

T 1
ant{node node antinode



BCS and the pair susceptibility

QQ O

(0)

XpalI‘ q,w Xpa Xpalr q,w
(0)
Xpair (w)
Xpair(w) — I (0) — ] - gReXI()?l)ir(w — O) =0
1 — 9 Xpair (Ld)
1 hao /“’ ,Imy(w’)
0) _ Rex(w =0) = 2 dw
im2 ) = g tan | Rt =0 =2 [ a2
A = 2w 36_1/ ¢
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Computing the pair susceptibility: . g
full Eliashberg =

(kK5 q) = xolk, K'5q) +u® ) xo(k, kr; @) Dk — k) x(ka, K'; )
k1.k2

= x(k.K';q)
”

[(iv;iQ) = To(iv; Q) + Ao (iv3i) Y A(iv/ — iv)T(iv/';i9)

Xpalr ZQ s q = O ZF % ZQ ZQ — W —|_ 25

Xpair (wa q = O)
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Superglue ! g

Magnetic resonance ...

0(:'-3/“2-5 mins

03 04 05 06 07 03 04 05 06 0.7
(HH -1.2) (HH-1.2)

2

. g W
Aif) = A w? —I—bQ2
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Imaginary part of the “regular”
BCS pair susceptibility

. g w . . .
)\(’L Q) — b High temperature: the Fermi gas

1 h
Im ' (w) = tanh| ——
’ 2E, T\ 4k, T

Close to Tc: ‘“‘relaxational peak”

= LW VP 4 (T = T+ ]+
Tr

Assume mean-field thermal transition
(true in all cases)

Xairw=O’T
| . o () = 22 =0T)
“ — T,
ol , 8
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Hertz-Millis and Chubukov’s =
“critical glue” (Metlitski talk) v

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

Electrons: fermion gas = heat bath
damping bosonic critical fluctuations

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

. VR
ANi€Q)) = |—QO|

E.g.: Moon, Chubukov, J. Low Temp. Phys. 161,
263 (2010)

Fermi liquid
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The Hertz-Millis-Chubukov
“critical glue” pair susceptibility

| Qo )’
MifY) = (60

ed y"(w), [CB, y=1/3 267]

High temperature: effectively
strongly coupled, self energies
produce a peak (yellow).

Close to Tc: “relaxational peak”

X‘pair(a) = O’T)
l-iwt,

Xpair " ((1)) =
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General relativity “=" quantum
field theory

Gravity Quantum fields

n !
k
)
-

Maldacena 1997

AdS/CFT When they are conformal =
correspondence  quantum critical

In Anti-de-Sitter space
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Fermion sign problem

Imaginary time path-integral formulation
el Aaliag o NATINN
7 Z = Trexp(—pH)
~ [ dro(®.Rip) ‘
R:(rla arN)ERNd T
y v
pp/rRRB) = o3 (1) pn(R, PR; ) Cox -
P
1 1 [T m..
= N ;(:1:1)73 /R—>”PR DR(7) exp {_ﬁ /0 dr (5R2(7) + V(R(T)))}
Boltzmannons or Bosons: Fermions:
= integrand non-negative = negative Boltzmann weights
= probability of equivalent classical = non probablistic: NP-hard
system: (crosslinked) ringpolymers problem (Troyer, Wiese)!!!




Fermionic renormalization ||
rou Verw

The Magic of AdS/CFT!

boundary:
dim gpace-time

S

gluons

quarks Hawking radiation
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Planckian dissipation

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

Universal entropy production time:

k,T
Minimal viscosity: quark gluon plasma, Linear resistivity high Tc metals:
it 1d atom fermi vy :
unitary cold atom fermion gas . =T§ " pox—oxk,T
2 Th

temperature 2 6



Quantum critical hydrodynamics:
Planckian dissipation & viscosity

Planckian dissipation:

&
2
]

‘:r
- ﬁ
N | i

\\kBT . \u{\, o .
e . s |y e
'-, In a finite temperature quantum critical | RN
state the time it takes to convert work in 7 g/| 2|} s
R R 2 > : 'constant
. heat (relaxation time) has to be kT2 | N
S hd f R e
acndacev, == —_~ A X (space) —™
1992 T Th k T l (space)
B
E+p n
Viscosity, entropy density: 11 = (5 + p)‘l:, § = T i ; =17
Planckian viscosity: d =
s kg
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Critical Cuprates are Planckian
Diss1pators

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

Optical conductivity QC cuprates 1%

wwwwwwwwwwwwwww

& _C(1+AR)
—....Cx/(1-exp(x))

0 16 2.0
hulkgT

A= 0.7: the normal state of optimallly doped cuprates is a
Planckian dissipator!
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Divine resistivity = Planckian
Dissipation!

e

resistivity

Toffe—Regel limit

saturation

R

temperature
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Breaking termionic criticality
with a chemical potential

‘Dirac waves’ \E

Fermifsurface??

/1N
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0.004
0.002

-0.002

-0.004

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

Fermi surfaces but no quasiparticles!

047 05 053 056
k

Critical FL

I150+

100

B C 1500+
0.004; 0.004
0.002; 0.002 1000
3 Or 3
-0.002} -0.002 500
-0.004¢ -0.004
0
0.94 0.95 0.96 1.305 1.315 1.325
k k
Marginal FL Non Landau FL,
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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.

Uy =5 Q‘S‘-CFT

5 The ‘seriously entangled’
quantum critical matter at
zero temperature should have
an extensive ground state

entropy (?*##!!)
32



Why is Tc high?

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

The superfluid density 1s tiny, i1t 1s 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.
33



The holographic superconductor

Gubser; Hartnoll, Herzog, Horowitz

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

.

) 5 L) - »
W= S
= ‘rf' ..
A
O .
r i >
e i AJS-CFT
iy
Q o
- 4 .

‘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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The Bose-Einstein Black

hole hair

Hartnoll Herzog Horowitz

Scalar hair accumulates at

the horizon

(9)

U 1 1 1 1 1 1 1 1
U_ 0.1 0.2 0.3 0.4 0.5 06 07 0.8
horizon

El.l9 1
boundary

Mean field thermal transition.

04 0.6 08 127,

0.2

1.0



Im G

ImG

Holographic superconductivity:
stabilizing the fermions.

Fermion spectrum for scalar-hair black hole (Faulkner et al., 911.340):

600 [ ' . 40 rr
500 ]
400} et 1‘& g’ ] 30}
300} i - |
200} ; :
o

100} ER
—00 0 1(; -0.005 0.000 0.005 0.010

o 10
400 - -
300+ ] 0 |

-0.010 -0.005 0.000 0.005 0.010
200+ : < 1 w
—00 010 - 0.0(;5 0.000 (;.(;OS 0010
‘BCS’ Gap in fermion “Pseudogap” Temperature dependence

spectrum !!
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The top-down holographic
superconductors

Professor Jerome Gauntlet

Erdmenger et al. Gubser et al.: Gauntlett et al.:
D3/D7 brane type 1l sugra M-theory, Sasaki-
intersections, (arX1v:0907.3510) Einstein (arXiv:
(arXiv:0810.2316) 0907.3796).
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Holographic superconductivity:
the equations ‘

“Double trace”: Roberts, Faulkner, Horowitz, arXiv:1008.1581

Bulk action:
6 1 . g
S=[d'xf-g [R + -l gl ¥)F, F* —m’ W] V"W — ieA"W ]

R = Ricci scalar, L= AdS radius, F w Maxwell tensor, Y scalar field dual to pair field

Yoy, 3 A9+4m’
Near boundary asymptotics:  P(r)=—"3+—5-,r 2o |A =—x——
e 7 2
W_/y,)

‘“pair breaking” interaction, like RPA!!

Pair susceptibility CFT: Xpair =
S, & de3x0+c+cc

1-x(y_p,)

“AdS?*: e>>1, Kk =0 like “local pair SC”, I.=u
“AdS?’: e <<1, Kk <0 “BCS from AdS2 metal”, 1. << u
38



“Double trace” Phase
Diagram

This looks like “quantum
critical graphene” at zero

density

T/u
0.08

‘ 006}

— AdS 4 Ejom
e 002
.
Y — — — — — - 0 : ; : ’
u)/Teﬁ
This is the “marginal
Fermi-liquid” Liu style
Holographic SC c 150
0
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More fanciful: Igbal, Liu, Mezei

arxXiv:1108.0425

Quite different behaviors of

I'QN - the holographic quantum
Tl phase transitions by tuning
| U the holographic SC down

A b by mass or double trace

margeak
o1 | om 2 om s Y d f t.
FK The ful e of e Rt slral
senl C(U7) dex with IRi Lies
{of stand s ( v <
?‘ m = sble In with the
arie ra WP | T
0« « ps A y
ith g the cx teerl
(sl nrgie sitst lies e
(330 1o nod ES
| s Ll Fee
wed g
wiff aroe the
nlt (T Led
Enng g 1 e
obt g Lhe
' It} sility
It e
i
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,y=1/3, 0=0.00267]

plot of led x"(w).

Standard BCS “Critical gﬂlue”

x, (ho)

(T_Tc)/Tt

T=

1.0
w [1007,]

QC-BCS

plot of X'"(w), [QC-BCS, A=1/2, dateset8]

.
|
.
! /
10]
5|

10
w[100T,]
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Plan

1. On susceptibility, quantum criticality and instability.

2. A template: BCS and Hertz-Millis-Chubukov.

3. Pair susceptibility versus holographic superconductivity.
4. Scaling toy model: quantum critical BCS.

5. How to build the pairing telescope?
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Quantum Critical BCS

PRBR80, 184518 (2009)

J.-H. She
Depart from BCS: (0) ( T) — ! F w
(0) Conformal ansatz for  Xpair\W» T Tay T
Xpair (CL))
Xpair(w) = ) : : :
1— 9IXpair (w) E.g. 1+1D scaling function + gymnastics to account
2 f tardation
w or retar
A(iQ) = £
Awy +Q
Zero temperature 1 Finite temperature
l ap

X w X

’ — relevant l

: — marginal .

— irrelevant A

3 Pt w\%~

2 - ni\i\tﬁ?m""'w- -

| “— BCS!

0.5 1.0 1.5 20 25 3.0 W w
" 4k, T"



Gap equation: —— f

8 ~1/
Fermi-liquid: w,=E, ,A=——,a=1 =A =2hw,e

C EF

g

Critical case: A= i, o = My —
. Z
Z
)\. 2=2 M pp

‘Huang’s equation’: Ay =2hw, P

At (2w, /o) g



Huang’s equation at work

J.-H. She

)\' Z_anpp
A, =2hw, F——rE
A+ 2wy /o) i

Strongly interacting critical state, e.g. 1+1D Ising: "lpy = 1/4, z=1

A
2wp . .
. Increasing retardation:
0.8 T more bang for the bucks!
—0.05
0.6 — 0.1
0.4
0.4} : 82
— 1
—_ _ __— 22 - —--» Standard BCS
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Huang’s equation versus high Tc

E.g. 1+1D Ising:

Typical phonon-,
cut-off energy:

Typical gap:

Fermi-liquid:

Critical case:

n, =14, z=1
wz; 50 meV

w 500 meV

C

A, =40meV
A=1.1
A =031

Probability (%)

1
25

20 -

15

y

.1 -H She

A(mV)
0 20 30 40 50 60 70

a LB B R ) I TIiIi7r I TIT7T
- Mean A iy
— 232mV

— 324 mV 7|
— 424mV |
— 459 mV

— 503 mV _|

IV

Z Q‘

0 20 30 40 50 60 70
Q (mvV)
Davis, Balatsky 46



Jarrell’s DCA quantum
CI’itiC ality (PRL 106, 047004, 2011)

2D Hubbard model:

0.04F Iy

T

X
. TC
0.02r-
oL | |
0 0.050. 592
0

Phase separation quantum
critical end point

T i I
§=005, N=12| |
o 8=005, N=16| |
& 8015, N=12

8=0.15, N=l6| |
o 805, N=16

A : S 0 1
L | I L L Bl
0 0.05 0.1 0.15 02
T

Overdoped: X()d(w — O) — AIH(WC/T)

Optimally doped:
Xoa(w = 0) = B/T"?
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Holographic smoking gun ...

Check the “energy-

temperature” (conformal) scaling
properties of the pair susceptibility
away from the superconducting
transition!
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Standard BCS “Critical gﬂlue”

plot of unscaled y'(w) B, y=1/3, 20=0.00267]

x, (ho)

o
N

o &

[T I‘K:I
[ &~

T i
] -

8o 0.5 10 L5 20 - - -
w [1007,] w [1007,]

QC-BCS

plot of X'(@), [QC-BCS, A=1/2, dateset8]

10
w[100T,]
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Standard BCS “Critical glue”

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

. hw
Ty (——
X, ( kBT)

E: T2 " (w/T)

phic SC (AdS2) QC-BCS

50




Holographic smoking gun ...

- Fermi gas shaken from below (“Hertz-Millis”’): emergent conformal

metal only in deep IR. T > T : non-conformal but interesting cross-over
regime knowing about E; (Metlitski talk, Chubukov, D.H. Lee,...).
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Dress the BCS fermion loop with a
marginal self energy.

MFLBCS
MFLCG

MFLBCS
MFLCG

0 5 10 15 20 25 30 0o 5 10 15 20 25 30
w/T w/T

FIG. 8: (Color online) Marginal Fermi liquid pair susceptibility with smooth density of states. Top: False-color
plot of the imaginary part of the pair susceptibility x"” as function of frequency w (in units of 7..) and reduced temperature
7= (T -1T,)/T., for two different models: marginal Fermi-liquid with BCS pairing and marginal Fermi-liquid with critical
glue. In both cases, the density of states is taken to be constant. Hotfom: the same plot, but now the horizontal axis is rescaled
by temperature while the magnitude is rescaled by temperature to a certain power: we are plotting ’I'ﬁx"(u/'l', 7), in order to
show energy-temperature scaling at high temperatures. Here for both models 7. = 0.01 and é = 0. The color scheme is the
same as used in the main text. For MFLBCS, the parameters are a = 0.3,wg = 1, g = 0.9627,w, = 0.5. For MFLCG, we take
a=04,ws = 02,7 =1/3,Q = 0.0134.
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Holographic smoking gun ...

- Fermi gas shaken from below (“Hertz-Millis”’): emergent conformal
metal only in deep IR. T > T : non-conformal but interesting cross-over
regime knowing about E; (Melitski talk, Chubukov, D.H. Lee,...).

- Holographic superconductor: robust “intermediate” conformal (AdS,)
metal, collective pair response (conformal !!) completely detached from
single fermion (marginal FL) response. Favorite metaphor: Luttinger liquid.

- Glue or not glue? Quantum critical BCS as poor man’s double trace
deformation ...
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Conformal metal versus the
“quantum critical BCS” glue

The width of the relaxational peak knows about the glue scale:

WEWHM WEWHM
Wmax Wmax
200 T 200 ;
150 A 150 B ‘
,"’
100 100 /
50 ',/'
'.
T olmmesesees®®? T
6 8 10 0 2 4 6 8 10 12 14
WrEWHM WEwHM
wmu wmux

25

e etEetesett0I00000tssTenes
l’.. _‘
4 o* M
20t f
3
2 2
- 10

0 00 o
0 5 10 15 20 T 0 5 10 15 20 T 0 5 10 15 20 T

in

FIG. T: (Color online) Peak width crossover. Evolution of the relative peak width, i.e., the ratio of the full width at half
maximum (FWHM) of the peak and peak location wy,.., as a function of reduced temperature 7 = (T — T..)/T. for the five
different models. For FLBCS (A) and CGBCS (B), the ratio diverges at high temperature. For QCBCS (C) there is a sudden
change from the low temperature relaxational behavior to the high temperature conformal field theory behavior. For the two
holographic superconductors (D-E), the crossover from high temperature region to low temperature region is more smooth.
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Holographic smoking gun ...

- Fermi gas shaken from below (“Hertz-Millis”’): emergent conformal
metal only in deep IR. T > T_. non-conformal but interesting cross-over
regime knowing about E; (Melitski talk, Chubukov, D.H. Lee,...).

- Holographic superconductor: robust “intermediate” conformal (AdS,)
metal, collective pair response (conformal !!) completely detached from
single fermion (marginal FL) response. Favorite metaphor: Luttinger liquid.

- Glue or not glue? Quantum critical BCS as poor man’s double trace
deformation ...

Experiment can tell the difference!
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Observing the origin of the pairing

mechanism
SUPERCONDUCTO:?Z SUPERCONDUCTOR | TC/ S T S TC \,: ; B ; [ I
C Eﬂ._, c 274 order Josephson ot
i Al effect Ferrell Scalapino
5 1969 1970
Ac' ¢!
1
Is(H,V) ~ 2 Imypair(k,w)| w=2eV
N
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Proof of principle ....

. Gold
Al-Pb junction: ‘“Relaxational Recent: 60K-90K cuprate 1;7021&11
peak” Al near the BCS transition superconductors (Bergeal,
Nature Physics 2008).

5 a 3 © 3
o o o ] ] o

EXCESS CURRENT (107° A)

b |
(c) 5 HHZ‘()‘HHHH:}[)
— Jata I/ =p<
------ . S ETT -k
T e T e ] — it 17, - 3¢
-kl 1 =6K
GE (V) :
H
2 ¢
4eA|C] w/To

I(V) = dNoe 1+ (w/Tp)?
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SUPERCONDUCTOR 2 SUPERCONDUCTOR {

N S

1 (V) = qu (V) + Ipair(V)

tun

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

T,0 «<10-100 Tc Tunneling into d(?)-wave channel
QC superconductor at ambient Cuprate ?
conditions with low Tc: Full gap to suppress QP current (?)
Celrln,, T_= 04K MgB, (Tc=40K)?

Barrier is the challenge!
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Holographic smoking gun ...

- Fermi gas shaken from below (“Hertz-Millis”’): emergent conformal
metal only in deep IR. T > T_. non-conformal but interesting cross-over
regime knowing about E; (Melitski talk, Chubukov, D.H. Lee,...).

- Holographic superconductor: robust “intermediate” conformal (AdS,)
metal, collective pair response (conformal !!) completely detached from
single fermion (marginal FL) response. Favorite metaphor: Luttinger liquid.

- Glue or not glue? Quantum critical BCS as poor man’s double trace
deformation ...

Experiment can tell the difference!
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Further reading

AdS/CMT tutorials:

J. Mc Greevy, arXiv:0909.0518; S. Hartnoll, arXiv:0909.3553

AdS/CMT fermions:

Hong Liu et al., arXiv:0903.2477,0907.2694,1003.0010; M.
Cubrovic et al. Science 325,429 (2009), arXiv:1011.xxxx; T. Faulkner
et al., Science 329, 1043 (2010).

Condensed matter:

High Tc: J. Zaanen et al., Nature 430, 512, Nature Physics 2, 138; C.M.
Varma et al., Phys. Rep. 361, 267417

Heavy Fermions: J. Zaanen, Science 319, 1205; von Loehneisen et al, Rev.
Mod. Phys. 79, 1015
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