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Introduction

® AdS/CFT: new insight into strongly coupled systems at finite
density:

AdS UV

AdS; metals
Scale invariant hyperscaling
violating theories

Quantum smectics



CFT UV (finite density)
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CFT UV (finite density)

BCS SC

Ordered State

Fermi liquid



® AdS/CFT is very non-generic
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Pairing induced superconductivity in holography



Standard CMT vs Holography

® The Holographic Superconductor
AdS/CFT dictionary
O = Tryy

Order parameter is a composite of fundamental fields

Familiar from BCS theory

In holography the pairing mechanism
is not explicit.
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Bosons and Fermions together

® AdS Einstein-Maxwell, scalars, fermions, Yukawa

1 6 1 y .
£= g (B 13) = JFuP™ =10, 2iaA,)0 — 3o

—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W

gy = 2q7



Bosons and Fermions together

® AdS Einstein-Maxwell, scalars, fermions, Yukawa
L—l R+6 —1 FHFY — (0, — 2igA 2 _m2|e|?
=53 72 gL (Op iqAL) 9| m¢\¢\
—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W

gy = 2q7

= Backgrounds:

AdS-RN/ Non-Fermi liquid AdS; metal Cooper instability (absent for NFL) Hartman, Hartnoll

Faulkner, Horowitz,

Holographic Superconductor BCS gap in fermion spectral function McGreevy, Roberts, Vegh

Holographic Fermi liquid BCS instability and resulting background



Standard CMT vs Holography

® The Holographic Fermi Liquid

AdS/CFT dictionary
U = Tryo

The fermion is a composite of fundamental fields.

For energies £ < E};,,q composite operator acts a fundamental field.

Familiar from neutron stars.

Following textbook CMT this Fermi-liquid should have a BCS instability



Along the way

® BCS theory in a box with self-consistent
screening

® BCS theory in the fluid limit (Thomas-Fermi)

® Natural BEC-BCS crossover in holography



Holographic Fermi liquids Hartnoll, Tavanfar;

Hartnoll,
Igbal,

Hofman, Vegh;
Liu, Mezei;

Cubrovic, Liu, KS, Sun, Zaanen

® The (fluid) Electron Star

V(s)

= Self-gravitating matter experiences a
(self-consistent) box-potential
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In the TF limit, star has an edge
corresponds to a Fe

radial mode
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® The Hard wall quantum Electron Star

Holographic Fermi liquids

Artificial Hard wall box-potential

lgnores the true IR

Select a single Fermi surface

Sachdev
V(s)
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Bosons and Fermions together

® AdS Einstein-Maxwell, scalars, fermions, Yukawa
L—l R+6 —1 FHFY — (0, — 2igA 2 _m2|e|?
=53 72 gL (Op iqAL) 9| m¢\¢\
—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W

gy = 2q7

= Backgrounds:

AdS-RN/ Non-Fermi liquid AdS; metal Cooper instability (absent for NFL) Hartman, Hartnoll

Faulkner, Horowitz, McGree

Holographic Superconductor BCS gap in fermion spectral function Roberts,Vegh

Holographic Fermi liquid BCS instability and resulting background



BCS review

® The (relativistic) BCS Lagrangian

L= —m2|o’

—iW(T* (0, ) — mg) W + nipWCT W + s pUTPWC

gy = 2q7

= Nambu-Gorkov formulation

¥ = (iﬁ;) L= (x1,x2C) (_?5 ; 77;;5) (5%) —m3|¢|?

The EOM for = The BCS Gap equation

77?3k = C15
— v T2w
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BCS review

® The (relativistic) BCS Lagrangian

L= —m2|g’

—iW(T* (0, ) — mg) W + nipWCT W + s pUTPWC

gy = 2q7

= Nambu-Gorkov formulation

v= () e=ande) (B Y () - mdler

The EOM for = The BCS Gap equation
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Pairing in the hard wall holography



Herzog, Ren;

® Spin splitting of holographic Fermions Seo, Sin. Zhou

‘“ 22

W& %% \\

5

"\

(a) (b)

Fermion spectra in hardwall at ;1 = 0 Fermion spectra in hardwall at ;t = a — bz



Herzog, Ren;

® Spin splitting of holographic Fermions Seo, Sin. Zhou
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(a) (b)

Fermion spectra in hardwall at ;1 = 0 Fermion spectra in hardwall at (4t = a — bz

True eigenstates are transverse helicity eigenstates:
There is zero-momentum pairing

At the same time there are two
non-degenerate BCS condensates




® Holographic Hard Wall BCS Lagrangian

L= —m3|g

—iW(T* (0, ) — mg) W + nipWCT W + s pUTPWC



® Holographic Hard Wall BCS Lagrangian

1 6 1 )
L=9 (R+L2> — g hw — mglo|”

—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W

Hard-wall IR: Ignore gravitational backreaction

Include charge backreaction on the Maxwell-sector



® Holographic Hard Wall BCS Lagrangian

1 6 1 )
L=9 (R+L2> — g hw — mglo|”

—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W

Hard-wall IR: Ignore gravitational backreaction

Include charge backreaction on the Maxwell-sector Sachdev
4E£(k¢) +qp
——
2/ qu
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Holographic Hard Wall BCS Lagrangian
1 6 1
m(“p) — gt —mglgl

—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W

Hard-wall IR: Ignore gravitational backreaction

Include charge backreaction on the Maxwell-sector




® Holographic Hard Wall BCS Lagrangian
1 6 1
£:m(R+p>‘4 7 — mglo|”
—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W

Hard-wall IR: Ignore gravitational backreaction
Include charge backreaction on the Maxwell-sector
Now also include pairing interaction .... solve with Hartree-Fock iteration

(BCS in a box with screening)



The BCS gap

cf. Faulker, Horowitz, McGreevy,
Roberts,Vegh

Spectrum redrawn
Increasing the BCS coupling

\Ili(_u% _k)




Two non-degenerate condensates

p1(2), p2(2)
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of the BCS coupling



Two non-degenerate condensates

p1(2), p2(2)
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® Holographic Hard Wall BCS Lagrangian

1 6 1 )
L=9 (R+L2> — g hw — mglo|”

—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W



cf. Faulker, Horowitz, McGreevy,
Roberts,Vegh

® Holographic Hard Wall BCS Lagrangian

22 2) 4
—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W

1 §) 1 .
- (R i —) L E L E (0, — 2iqA) 02 — m2 |6

= including a dynamical scalar field
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cf. Faulker, Horowitz, McGreevy,
Roberts,Vegh

® Holographic Hard Wall BCS Lagrangian
1 6 1
£= g (B 13) = JFuP™ =10, 2iaA,)0 — 3o
—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W

= including a dynamical scalar field

1 n: =
—0¢ — ¢ = ——2(VT°0)
My My

m?b—>0 m?b—>oo

Holographic Superconductor Holographic BCS
(Hard Wall) (Hard Wall)



cf. Faulker, Horowitz, McGreevy,
Roberts,Vegh

® Holographic Hard Wall BCS Lagrangian
1 6 1
£= g (B 13) = JFuP™ =10, 2iaA,)0 — 3o
—iW(T*(0, —iqA,) — mg)V + nipUCT W 4 nsp 0T W

= including a dynamical scalar field

1 n: =
—0¢ — ¢ = ——2(VT°0)
My My

m?b—>0 m?b—>oo

Holographic Superconductor Holographic BCS
(Hard Wall) (Hard Wall)



Hard-Wall Bose Fermi Competition

()
Scalar condensate in pure

HSC (blue)

Scalar condensate in Bose-
Fermi system with no BCS
coupling

(Hard Wvall)

Nitti, Policastro, Vanel
Liu, Schalm, Sun, Zaanen

Fermion density in Bose-
Fermi system with no BCS
coupling

(Hard Wall)



Hard-Wall Bose Fermi Competition
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Fluid approximation: A hairy Electron Star
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Figure 5. An example of the background of the single-edge hairy electron star solution. Left: fluid
parameters as functions of the radial coordinate r: p (red), 7 (green), p (blue). It is easy to see
that these functions are not monotonic along the radial coordinate as in the pure electron star case.
Right: metric and scalar fields of the hairy electron star as functions of the radial coordinate r:

f/c2r2(red), gr2(blue), h/cp (green), fioc(orange), ¢ (purple).



Hard-Wall Bose Fermi Competition

()
Scalar condensate in pure

HSC (blue)

Scalar condensate in Bose-
Fermi system with no BCS
coupling

(Hard Wvall)

Nitti, Policastro, Vanel
Liu, Schalm, Sun, Zaanen

Fermion density in Bose-
Fermi system with no BCS
coupling

(Hard Wall)



® Holographic BEC-BCS system
#(2)

01}

Normalizable Scalar
wavefunctions for various
values of mi



Reading off the condensate in the boundary...




Reading off the condensate in the boundary...

Recall that we should think of gb and (@CF5\1;> as independent condensates



Reading off the condensate in the boundary...

Recall that we should think of gb and (@Crf)\m as independent condensates

H1+ P3
r 1




A puzzle about AdS/CFT vevs

® |nhomogeneous differential equation

22" — 229" +4¢° 2 AL — mi = 1522 (UETOW)



A puzzle about AdS/CFT vevs

® |nhomogeneous differential equation
229" — 22" +4¢° 22 A5 — m = n52° (VOT D)

lim 23 (PCTOW) ~ 228w
z—0

d(z) = Hoz4 26 + Hiz2¢ + ..+ P12200 4 Py2hetl L p28et2

\ = _J/
N

Homogeneous solution Particular solution

For the special case Aqs = 2Ay +n

D(2) = Hozd 72w TN L Y 122800 4 4 P122RY P22 R T n(2) +



A puzzle about AdS/CFT vevs

® |nhomogeneous differential equation

22" — 229" +4¢° 2 AL — mi = 1522 (UETOW)



A puzzle about AdS/CFT vevs

® |nhomogeneous differential equation
Z2¢// o 22@25’ o mi _ 81Z2A\1, 4+ 8322A\1,—|—2

 2A9(2A¢ —3) — Ag(Ay — 3)
S3

P

Ps = (2A¢ 4+ 2)(2A¢ — 1) — Ag(Ay — 3)

Visible in full numerical solution




® Composite double trace operators

Opair — Oqjc O\p — T1”¢77DT1”¢¢

— o —
pair — Ogc (0, — 0pu) (0" — 0")Oy — traces

cannot be written as derivatives of O,,i;

= The operator ol

= Yet it has the same global quantum numbers
= This operator mixes with ;i under RG flow

= There is a whole tower of such conformal partial waves

Opair = Ogc Oy

1) - vl
Opair — O\Ifc(au — c‘?u)(@“ — a'u)O\IJ — traces
—
— 0

— — — —

02 — 040(9 )(0" — 0")(Dy — 0,)(0" — )0y —t
pair w0 pu L v v N/ races



® Composite double trace operators

Opair — O\TJC Ogw — TI'¢¢TI’¢?7D
- Higher order operators mixes with Op,ir under RG flow

= Postulate: Higher order moments in the particular solution
should be seen as vevs of these higher order operators.

$(2) = Hoz" 20 + M1z + ..+ P20 4 Pp2?00 4 Pgp?fev 2 4

7
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Homogeneous solution Particular solution



® Composite double trace operators:
Consistency Check

= A linear combination should exist without singularities (blue)

1 1
<O¢>1 =Hi+ 5((2A\1{ + 2) — A¢)P1 -+ §(A¢ — QA\II)P:),

6_(2A<1>_A¢) 6_(2A<I>+2_A¢)
(280 +2) — Ay)P1 +

(Og)2 =H1+ (Ap — 2Ay)Ps3

2

<Qp>1 <Oy >

Pairing enhanced!
Exponentially asymptotes to
pure BCS

Comparison (red) is the holographic superconductor in the absence of BCS coupling



® BCS is faithfully reproduced in holography
(hard wall)

= with assumptions regarding operator mixing

= Caution: the true IR is shielded



BCS instabilities of Electron Stars



Nitti, Policastro,Vanel
Liu, Schalm, Sun, Zaanen

® AdS Stars with bosons and fermions

= Pure Boson: Higgs star

=  Pure Fermion: Electron star

= Non-interacting Bosons and Fermions: Hairy Electron Star




No dynamical scalar

® AdS Star with BCS Fermions

V.

= Expectation: Electron star with a superconducting core



® AdS Star with BCS Fermions

V.

= Expectation: Electron star with a superconducting core



® AdS Star with BCS Fermions

V.

= Expectation: Electron star with a superconducting core



® AdS Star with BCS Fermions

V.

= Expectation: Electron star with a superconducting core



® Electron Star: fluid approx to fermions

T/,u/ — (IO T p)“,uul/ =+ PYuv
= Recall that the BCS interaction has a cut-off Wp

=  Assume wp < U

_ 1 M_wa 2 2 2 FL 2 .2 2 p’ 2,2, WD
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ng= - dwwy/w? —m?, nrr =ni; + 5 . 5 \1;2) 759 In +



® Electron Star: fluid approx to fermions

= There is now one extra equation:

- The BCS gap equation: solution for 750 < wp < [

A = 2wpe” /2o

In the variables used here

1 22, 1
b= —wpe m3/(nZve) 272#\/#2—7”31/
2
wp Mg

In— = —
15¢ 477§V0



® Electron Star: fluid approx to fermions

T/,u/ — (IO T p)“,uul/ =+ PYuv
= Recall that the BCS interaction has a cut-off Wp

=  Assume wp < U

2
n —_— PR
2
5¢ 4nz v
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® Electron Star: fluid approx to fermions

T/,u/ — (IO T p)u,uul/ =+ PYuv
= Recall that the BCS interaction has a cut-off Wp

=  Assume wp < U

p = prr + m2¢? +
(2 —m3) °
P =DPrL T
21?2 — m?
n=npp+—o S MG 7 +
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The BCS Star

Dashed is Electron star solution
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The BCS Star

e |ifshitz IR

Outside of perturbative regime
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The BCS Star

® The Core
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The BCS Star

® Phenomenology

= Fermion spectral functions have a gap

_ P A
o (3 G) e

Gap below w < \/Qng/Plpz

= Conductivity has a (soft) gap

Reo o §(w) + w?



® Adding a dynamical scalar?

Fermions Bo

N

= Incompatible with the fluid approx Cubrovic, Liu, Schalm, Sun, Zaanen

1
= Can take a scaling limit with mé — Emé

- All kinetic terms decouple except AL = 4q2ANA“¢2



BCS-Stueckelberg Star
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Conclusions

® Holography checks off on generic IR behavior

= BCS pairing driven instability and Cooper condensate
controlled groundstate

= Lifshitz IR with a soft conductivity gap

= Essential development for realistic models

® Open directions

= Theory: how to read off vev of double trace condensates

= Experiment: Possible connection with BEC-BCS physics in
cold atoms



Thank you.



