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Abstract: We add a gravitational background lattice to the simplest holographic model of matter at finite density and calculate the optical
conductivity. With the lattice, the zero frequency delta function found in previous calculations (resulting from translation invariance) is broadened
and the DC conductivity is finite. The optical conductivity exhibits a Drude peak with a cross-over to power-law behavior at higher frequencies.
Surprisingly, these results bear a strong resemblance to the properties of some of the cuprates.
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Holographic Lattices

Motivation - 1/2

@ The AdS/CFT correspondence maps asymptotically AdS solutions of
Einsteins' equations to states of a dual conformal field theory.

Pirsa: 12050032 Page 3/44



Holographic Lattices

Motivation - 2/2

@ A more realistic model needs to account for a key ingredient which is
often left out: the Lattice

@ The lattice becomes particularly important when discussing
transport properties such as optical /DC conductivities in systems
with ;
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Motivation - 2/2

@ A more realistic model needs to account for a key ingredient which is
often left out: the Lattice

@ The lattice becomes particularly important when discussing
transport properties such as optical /DC conductivities in systems
with ;

o In any underlying translational invariance system the charge
carriers have nowhere to dissipate their momentum -
DC conductivity!
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Holographic Lattices

Motivation - 2/2

@ A more realistic model needs to account for a key ingredient which is
often left out: the Lattice

@ The lattice becomes particularly important when discussing
transport properties such as optical /DC conductivities in systems
with '

o In any underlying translational invariance system the charge
carriers have nowhere to dissipate their momentum -
DC conductivity!

o We also need finite 7" still
has infinite DC conductivity due to Bloch waves!

@ We hope to remediate this by building an holographic dual of a
lattice ire!
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Holographic Lattices
I—The Scalar-Einstein-Maxwell theory

The Scalar-Einstein-Maxwell theory

The bulk theory we study is governed by the Lagrangian
|

S = /-(14.1'\@ { +

I (577(:;4 p

§)
L'Z
where F' = dA and, for simplicity, V(d) = —d? /L2

Comments:

o Field content: - Maxwell field and a
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The Scalar-Einstein-Maxwell theory

The bulk theory we study is governed by the Lagrangian
|

S = /-(14.;'\@{ +

167Cy

§)
L'Z
where F' = dA and, for simplicity, V(d) = —d? /L2

Comments:

o Field content: - Maxwell field and a

@ Consider solutions in the Poincaré patch with fixed boundary metric:
(l.‘-':(-z) = —dt® + dz? + (1;12.

@ Lattice is introduced via the boundary behavior of ¢:

b = ;([)("“)(_;-. Y) + ,:"2:[)(")(.1'. y) + 0(:3).
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The Scalar-Einstein-Maxwell theory

The bulk theory we study is governed by the Lagrangian
|

S = /-(14.1'\/—7.(/[ +

I (37?('-;.4 :

O
L'Z
where F' = dA and, for simplicity, V(d) = —d? /L2

Comments:

o Field content: - Maxwell field and a

@ Consider solutions in the Poincaré patch with fixed boundary metric:
(1."1':(-2) = —dt® + dz? + (1;12.

Lattice is introduced via the boundary behavior of &¢:

d =20 (2,9) + 220 (2, y) + O().

The lattice is put in by hand: not spontaneously generated at low 7.
AdS/CFT: &) (2, 1) is the source for Ogpand &) (2, ) = (O4).
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Holographic Lattices
L Building the Lattice

Building the Lattice

@ A general static inhomogenous solution is sourced by ®*) (2, y): we
preserve y—translational invariance.

@ We considered:
(])(s](.l') — .'1“('().‘-;(/-'”.[')
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L Building the Lattice

Building the Lattice

A general static inhomogenous solution is sourced by ®*) (2, y): we
preserve y—translational invariance.
We considered:

d) (2) = Ag cos(ko 2)

Finite temperature is introduced via black hole in the bulk: 77;.
Finite charge density introduced via charged bulk Maxwel field: /..
Generic solution depends on {1/, Ao/, ko/p}: 3D-moduli space.
Charged BH compatible with required symmetries depends on 7
unknown functions of (2. 2):

”

- L‘z 2 (J::(1:2
= —=| -0 2 — z)dt”
d 2 Qe P(z)(1 )dt +P(:)(l.—:‘)+

Quulda + Qusdz)* + Quudy® |,

2.3
l1 =

2

i

2

A=(1-2)hdt, ®=2¢ and Pz)=1+z+22-1
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L Building the Lattice

Building the Lattice

A general static inhomogenous solution is sourced by ®*) (2, y): we
preserve y—translational invariance.
We considered:

$) (2) = Ag cos(ko 2)

Finite temperature is introduced via black hole in the bulk: 77;.
Finite charge density introduced via charged bulk Maxwel field: /.
Generic solution depends on {1/, Ao/, ko/p}: 3D-moduli space.
Charged BH compatible with required symmetries depends on 7
unknown functions of (2. 2):

-

L‘.Z

9
ds® =

2 (J;_-:(l-.z
p— (.)H_P < | — 2 (1
22 ¥ (2)( L +P(:—)(l.—:)jL

Qaa(dr + Qqu2dz )2 + (2_.,-;,(1_:/2 3

6 — 2
A= (l - z) ) dt b=2¢ and ’1‘” — fﬁlL) = 'h’ﬂ—gl‘
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L Building the Lattice

Building the Lattice

A general static inhomogenous solution is sourced by ®*)(a:, y): we
preserve 1 translatlonal invariance.
We considered:

O (2) = Ag cos(kg )

Finite temperature is introduced via black hole in the bulk: 77;.
Finite charge density introduced via charged bulk Maxwel field: /.
Generic solution depends on {1'/p, Ao/, ko/p}: 3D-moduli space.
Charged BH compatible with required symmetries depends on 7
unknown functions of (2. 2):

-

LH ) . -~(1Z'2
[~ QuP()(1 = )a* + P(%h.-:ﬁ

<%
ds® =

Quulde + Quzdz)® + Quudis®

6 — 2
A=(1=-2)¢ydt, d=2¢ and Ty = LIL) = 'h’yrgl‘
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Holographic Lattices
- Building the Lattice

Building the Lattice

A general static inhomogenous solution is sourced by ®*) (2, y): we
preserve y—translational invariance.
We considered:

O (2) = Ap cos(kg )

Finite temperature is introduced via black hole in the bulk: 77;.
Finite charge density introduced via charged bulk Maxwel field: /.
Generic solution depends on {1/, Ao/, ko/p}: 3D-moduli space.
Charged BH compatible with required symmetries depends on 7
unknown functions of (2. 2):

-

2

— L.H —_ ((_)”P('l)(l — l’)(lfﬂ

o
ds*

2

A=(1=2)ydt, d==z¢
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I—The first challenge

The first challenge - setting the problem

@ How do we solve the Scalar-Einstein-Maxwell field equations?

o What about gauge freedom? |t seems we have too many
functions!

o Without a gauge choice, finding solutions to Einstein’
equations, G, = 0, is !

@ Einstein-DeTurck: solve (}'f’f,j = Gab — V(a&p) = 0 instead:
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Holographic Lattices
I—The first challenge

The first challenge - setting the problem

@ How do we solve the Scalar-Einstein-Maxwell field equations?

o What about gauge freedom? It seems we have too many
functions!

o Without a gauge choice, finding solutions to Einstein’
equations, G, = 0, is !

o Einstein-DeTurck: solve G = G, — V(,&,) = 0 instead:
o ¢ can be arbitrary, here choose: ¢€* = g°d[I"?,(g) — I'* (7)].
7 is a given reference metric that must have the
as g.
o Huge pay off: G =0 is a well defined set of
!
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Holographic Lattices
I—The first challenge

The first challenge - solving the PDEs

@ Use standard pseudospectral collocation approximation in z and a -
solve the non-linear algebraic equations with Newton-Raphson.
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Holographic Lattices
I—The first challenge

The first challenge - solving the PDEs

@ Use standard pseudospectral collocation approximation in z and a -
solve the non-linear algebraic equations with Newton-Raphson.

@ Square integration domain: (2, z) € (0, f:) % 101,

@ In the 2 and - directions we use Fourier and
Chebyshev-Gauss-Lobatto collocation points, respectively.

e All solutions have ¢ - ¢ < 107!V and we use the charge contained in

a cell to monitor convergence:

3.0x10"%

2.0x10°'%"
1.5%10°10

10107 “\logiay) = -17.5-022 N

7.0x 107"

50%10°"
=
T30x10°"

20x10 "
1.5x10" "

1.0x10™ "
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Holographic Lattices

Results - gravitational crystal

Gravitational crystals

A'“ — 2, :1“ — l, J

fo .

24
05,

1.4, T/p = 0.1.
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Holographic Lattices

Results - gravitational crystal

Gravitational crystals

ko =2, 4g=1, =14, Ti=0.1.

@ ® is not a monotonic function of z!
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Holographic Lattices

Results - gravitational crystal

Gravitational crystals

!a‘” - '.2, .'“1{) - l, = l—l-, l//l = K.k
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Holographic Lattices
What can we do with it?

What can we do with it?

What to do with it?

@ |n order to say something interesting, we have to study the
lattice transport properties!

@ The easiest quantity to compute is the electric conductivity:

0, (w. k)

olw, k) = ST (o k)
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Holographic Lattices
I—The Second challenge

The second challenge - 1/2

@ We have to perturb the Scalar-Einstein-Maxwell field equations:

Gab = ﬁuh + -ﬁ/’uh- A“lrr = «"L: + -‘hu- (1) = ([) T :U- and 3 << I
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I—The Second challenge

The second challenge - 1/2

@ We have to perturb the Scalar-Einstein-Maxwell field equations:

Jab = _a‘uf) T -ﬁ/’uh- flr; — «jiu == .‘h”- (1) == (B + ,"Ij. aﬂd e <& L

@ Why is this complicated?

o Perturbations couple together: system of eleven linear PDEs in
two variables, after Fourier expansion in #!

o We have to do numerics on the top of numerics: need to
determine the background fields accurately!

o At the conformal boundary: h,, ~ O(=") and b, ~ O(1): no
hope of resolving this hierarchy without using pseudospectral

collocation il]f;th(_)d‘_a!
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Holographic Lattices
Results

Results - 1/5
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Results

Results - 2/5

= 1.4 and T/ = 0.115

B
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Holographic Lattices
L Results

Results - 2/5

/“(] - 2, ;‘1(] - I—), Ll = .4 and l/[l = (}II-J
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Holographic Lattices
Results

Results - 3/5

1.5, u =14 and T/u = 0.115: for w/T € (0,0.8)

ST 0B B0 D06 017027 08704T05706
w/T w/T
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Holographic Lattices
Results

Results - 4/5

ko = 2A0, u = 1.4: DC resistivity

0.06
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Results

Results - 4/5

ko = 2Ag, 1 = 1.4: DC resistivity

0.06
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Holographic Lattices
Results

Results - 4/5

Agreement with Hartnoll and Hofman:

. [ . " 5
pox T* o= .)\/-) + 8(ko/p)? — 4\/1 + 4(ko/p)?
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Results

Results - 5/5
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Results

Results - 5/5

Results:

ko =2, 6 Ap=15 p=14and T/u = 0.115: for wT «

02 051020 50 02 051020 5.0

WwT wT

Power law behavior independent of ko /., Aog/p and T/

‘f'r ( X
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Holographic Lattices
L—Why the fuss?

Why the fuss?

Our results results bear a striking resemblance to the behavior
seen in cuprates!

Optical conductivity of optimally doped
BiaSroClapo2Yo.08CuaOgys:
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Holographic Lattices
Extensions and two shy predictions

Extensions and two shy predictions

@ We have generated a ionic lattice - boundary varying chemical
potential.

o Seem to find the as the
Scalar-Einstein-Maxwell theory!

@ We have performed our calculation in five dimensions, which should
be dual to a “three spatial dimensional cuprate”:

o Similar universal behavior, except with a different exponent:
V3/2 ~ —0.86.

o If this simple model has anything to do with cuprates, we
expect to find a hitherto unknown material with this exponent!
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Holographic Lattices

Conclusion & Outlook

@ We created an holographic dual of a lattice: gravitational crystal!

@ We have studied its transport properties, namely electric and
thermoelectric conductivities.

@ Our results results bear a striking resemblance to the behavior seen
In cuprates.
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Conclusion & Outlook

@ We created an holographic dual of a lattice: gravitational crystal!

@ We have studied its transport properties, namely electric and
thermoelectric conductivities.

@ Our results results bear a striking resemblance to the behavior seen
In cuprates.

@ Create a superconducting lattice: yes, we can.

@ Check that the superconducting lattice has infinite DC conductivity -
ongoing work.

Extend the lattice to 2D - need supercomputer access! ®
Determine the phonon spectrum - really hard problem!!!!
Study disorder!
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| Extensions and two shy predictions
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Results

Results - 5/5

4.0
3.5

5 2.5}
2.0}
1.5}
1.0

ko =2, 6 Ap=15 p=14and T/u = 0.115: for wr «

()

3.0 | ~ 8.3 w%%-1.23 |

._M

arg(w) = 65°

® )

Pirsa: 12050032

Page 44/44



