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Neff 7& #ZE

double occupancy in ground Wops > 1 4 2
state!!
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why is this a problem?

Tuesday, May 26, 15



counting electron states

need to know: N (number of sites)
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SPECTRAL WEIGHT

determination of Neg
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Quantum critical behaviour in
a high-T, superconductor
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scale-invariant
propagators

(7))

Anderson: use
Luttinger Liquid
propagators
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compute
conductivity
without vertex

corrections
(PWA)

is flawed. In fact, in the Luttinger liquid such direct calcula-
tions are not to be trusted very firmly, since it 1s the nature of
the Luttinger liquid that vertex corrections, if they must be
included, will be singular; conventional transport theory is
not applicable, and special methods such as the above are
necessary.
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Could string theory be the answer?
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replace coupled theory
with geometry

scale-invariant
anti de-Sitter

g(p)?

Ads, x g2 R AdS, | RG=GR

R /g

cannot describe systems at g=0!
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optical conductivity from a
gravitational lattice

G. Horowitz et al., Journal of High Energy Physics, 2012
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optical conductivity from a
gravitational lattice
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optical conductivity from a
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optical conductivity from a
gravitational lattice
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Donos and Gauntlett

(gravitational crystal)

Drude conductivity
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who is correct?

let’s redo the
calculation
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conductivity
within AdS

(gaba V((I))v At)
(metric , potential , gaugefield)

perturb with p— lim GF"

electric field

b
v
gab = Gab T Nab
A, =A,+b, 0A; = % + Jp(z,w)z + O(2%)
O; = O; + 1),
solve equations of motion o= Jy(z,w)/E

with gauge invariance
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RNAAS | g2— L7 g2 7 ( f(T—H) dt2+da;2+dy2),

action | = gravity -+ EM + lattice
| /
S = 167T1GN /d%@ (R—QA—;FQ),

L(¢) = V=g[-106]" = V(|¢])

Tuesday, May 26, 15



HST vs. DG

Tuesday, May 26, 15




Horowitz, Santos,
Tong (HST)

V(®) =—-9%/L°

® = 20W 4 2263 ...
oW (z) = Ay cos(kzx)

inhomogeneous
In X

m* = —2/L°

HST vs. DG

Tuesday, May 26, 15




Horowitz, Santos,
Tong (HST)

V(®) =—-9%/L°

® = 20W 4 2263 ...
oW (z) = Ay cos(kzx)

inhomogeneous
In X
m* = —2/L°

de Donder gauge

HST vs. DG

Tuesday, May 26, 15




HST vs. DG

Horowitz, Santos, DG
Tong (HST)
V(|9

b = 200 4+ ,26@ 4 ...

oW (z) = Aj cos(kx) no
. iInhomogeneity in
inhomogeneous %( '
N X
m2 — —2/L2 m’ = _3/(2L2)

de Donder gauge

Tuesday, May 26, 15



Horowitz, Santos,
Tong (HST)

V(®) =

b = 200 4+ ,26@ 4 ...

_(I)Q/LQ

oW (z) = Ay cos(kzx)

inhomogeneous
In X
m* = —2/L°

de Donder gauge

HST vs. DG

no

inhomogeneity in
X

m* = —3/(2L")
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Lo = (VD)2 + (VD)2 + 2V (D) + 2V (D3)

0
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b, = ZCIDS) + zzcbg) + e CIDS)(:L') = Ag cos <ka} + —) .
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Lo = (VD)2 + (VD)2 + 2V (D) + 2V (D3)

0
b, = ZCI>§1> + 22<I>§2) + e @gl)(x) = Agcos (kx — 5) ,
0
b, = ZCIDS) + zzcbg) + e q)él)(a:) = Ag cos <ka} + 5) .
0 =0
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Lo = (VD)2 + (VD)2 + 2V (D) + 2V (D3)

0
b, = ZCI>§1> + 22<I>§2) + e @gl)(x) = Agcos (kx — 5) ,
0
b, = ZCIDS) + 22(1);2) + - q)él)(a:) = Ag cos <kx + 5) .
7
0 =0 0= —
2
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Einstein-De Turck EOM

GZ) = Gap — v(afb)a
£ =g (Pey(9) —Tey(@)) -
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Einstein-De Turck EOM

GZ; = Gap — v(agb)a

" = QCd( calg) — gd(i))\-

reference metric
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Einstein-De Turck EOM

GZ; = Gap — v(agb)a

" = QCd( calg) — gd(i))\-

metric ansatz :
reference metric

szd'zz

2 2 2
TP+ Qe +22Qurd2) + Quydy?|

ds® = = [—(1 — 2)P(2)Qudt* +

12
P(z) =1+ z+ 2° 21,23.
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Einstein-De Turck EOM

Gap = Gab — V(a&p),

" = g°" (Tealg) - Zd(g))\-

metric ansatz ,
reference metric

szdzz

2 2 2
(1 —2)P(z2) + Qua(de + 27Q20d2)” + Quydy™|

ds® = — [—(1 — 2)P(2)Qudt® +

102
P(z)=1+z 2 2123.

RN-AdS when

Qtt:QZZ:ny:]- =0 a— M1 =N
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Dirchlet boundary conditions

Qtt(oax) — sz(oyx) — ng;((),ﬂ?) — ny((),x) =1
Q..(0,2) =0 a;0,z) =p P0,2)= q)(l)(a:)
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regularity at z=1
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Dirchlet boundary conditions

Qtt(oax) — sz(oyaj) — ng;((),ﬂ?) — ny((),a:) =1
Q..(0,2) =0 a;0,z) =p P0,2)= q)(l)(a:)

regularity at z=1

Newton-Raphson on grid

Tuesday, May 26, 15



Dirchlet boundary conditions

Qtt(oax) — sz(oyaj) — ng;((),ﬂ?) — ny((),a:) =1
Q..(0,2) =0 a;0,z) =p P0,2)= q)(l)(a:)

regularity at z=1

Newton-Raphson on grid

z€10,1],z € (0, 2m)

N 0.5

0
0 2 4 6
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Ag=0.75, k=1, p=14, T/u=0.115

0.04 -

0.02 -

-0.02 -

-0.04 -
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Ag=0.75, k=1, p=14, T/u=0.115

0.04 -

0.02 -

-0.02 -

-0.04 -

translational invariance is broken in metric
in multiples of 2k
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1.42

*1.415

1.41

charge density

p = lim\/—gF"

z—0)

I I |

—0=7/2 (Q)
——0=7/4
~———§=0 (HST)
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perturb with electric field
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perturb with electric field

gauge invariance

\
59(119 =+ ‘C’Cgab — 07
0A, + [,Cza +V, A = e_m,ug,
0P + LCE = 0,
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perturb with electric field

gauge invariance
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5gab =+ ‘C’Cgab — 07

0A, + [,Cza +V, A = e_m,ug,
0D + LCE = 0,

solve equations without mistakes!!
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perturb with electric field

gauge invariance

09ab + [nggab =0,

§Ag+ LA, + Vol =e il
50 + LB =0,

solve equations without mistakes!!

.LI\

Brandon Langley
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- high-frequency behavior is identical
- low-frequency RN has Re(o) ~ d(w), Im(o) ~ 1/w
- low-frequency lattice has Drude form
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sample conductivity plots
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- high-frequency behavior is identical
- low-frequency RN has Re(o) ~ d(w), Im(o) ~ 1/w
- low-frequency lattice has Drude form
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scale-invariant propagators
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phenomenology

scale-invariant propagators
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no well-defined mass
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origin of power law?

phenomenology

scale-invariant propagators

(pQ)dU—d/Q

no well-defined mass

Ceff:/ L(x, m?*)dm?
0

incoherent stuft (all energies)
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massive free theory
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massive free theory
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massive free theory
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massive free theory

/ Mds>

1
— 58%8,@ + m?p?

r— x/A
p(z) = o(z)

@(%5’M¢8ﬂ¢> Qm2¢2

no scale
Invariance
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scale invariance is restored!!
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£ = [ (09l )y d(a.m) + ¢z, m)

theory with all possible mass!

b = ¢z, m*/A%)
r— x/A
m?/A* — m?

L — AL

scale invariance is restored!!

not particles
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unparticles

£ = [ (09l )y d(a.m) + ¢z, m)

theory with all possible mass!

b = ¢z, m*/A%)
r— x/A
m?/A* — m?

L — AL

scale invariance is restored!!

not particles
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continuous mass

dir = 2
(x, m?) e2(m) Karch, 2005
favors
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00 . —1
()
(/ dm?m> ) x p21
0 p“ — m=“ + 1€

continuous mass

diy = 2
(x, m?) H e2(m) Karch, 2005
favors
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use unparticle propagators
to calculate conductivity
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use unparticle propagators
to calculate conductivity

assume Gaussian action

5 — / 4+ of (p)iG™ () du (p)
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use unparticle propagators
to calculate conductivity

assume Gaussian action

5 — / 4+ of (p)iG™ () du (p)

O

bu () = / dm? f(m?)é(x, m?)

0
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use unparticle propagators
to calculate conductivity

assume Gaussian action

5 — / 4+ of (p)iG™ () du (p)

O

bu () = / dm? f(m?)é(x, m?)
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gauge unparticles
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gauge unparticles

Wilson line

S — / A zd My of (2) F(z — y)W (2, 9)é0 (1),
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gauge unparticles

Wilson line

S — / A zd My of (2) F(z — y)W (2, 9)é0 (1),

vertices
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gauge unparticles

Wilson line

(z,y)ou (y),

S = /dd+1xdd+1y b1 (x)F(z — y)
vertices
538
gL (p: ) = 6A*(q)odT (p + q)oo(p)
548

1-gauge

27y _
g (P a1, 02) =570

q1)0 A" (q2)00T (p + q1 + q2)0P(p)

2-gauge
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use Ward-Takahashi
identities to simplify vertices
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use Ward-Takahashi
identities to simplify vertices

—iq, " (p,q) = G ' (p+q) — G~ (p)

QMFW(P, di1, (]2) — FV(P + q1, (]2) — FV(P, (]2)
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use Ward-Takahashi
identities to simplify vertices

—iq, T*(p,q) = G~ (p+q) — G (p)

QLMFILW(pa di1, Q2) — FV(P + q1, (]2) — FV(P, Q2)

response function to an
electric field
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K"

—n,—n/’

use Ward-Takahashi
identities to simplify vertices

—iq, T*(p,q) = G~ (p+q) — G (p)

QMFW(P, di1, Q2) — FV(P + q1, Q2) — FV(P, (]2)

response function to an
electric field

(—q,—q') = (2m)7 5 0
’ T2 A, 1 (Q)5 A, ()
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compute conductivity

. 1 y
7t (i) = lim — K (q)
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compute conductivity

v : 1 1%
7t (i) = lim — K (q)

no power law

d+1

o (1w ) dy)og(iwy,)

|
~—~
DO
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what went wrong?

free field

unparticle field has
particle content




what went wrong?

free field

z,m*)

ou (@

b

unparticle field has
particle content
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continuous mass taken seriously

N
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continuous mass taken seriously

N
g _ dr [ dz(|D,¢?| + m?|p;)?)
> [ dr [ a's(p,

>~ / p(m)dm

o(w) = / dmp(m)e2 (m) f (w,m, T)
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continuous mass taken seriously

N
g _ dr [ dz(|D,¢?| + m?|p;)?)
> [ dr [ a's(p,
Z%/ﬂ(m)dm

o(w) = / dmp(m)e2 (m) f (w,m, T)

xw® a>0(w<2M)
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last attempt

take experiments
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last attempt

take experiments
seriously

O'i(w) _ niegn 1

m; 1 —iwT;
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last attempt

take experiments
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O'i(w) _ niegn 1
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continuous mMass

Tuesday, May 26, 15



last attempt

take experiments
seriously

O'i(w) _ niegn 1

m; 1 —iwT;

continuous mMass

dm

o) = [ Ay 1

m 1 — iwT(m)
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variable masses for

everything
a—1
p(m) = po mMa
» | Karch, 2015
T
e(m) = €075
T(m) = 19 o
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variable masses for
everything

» | Karch, 2015

WwTo a—|—2b 1

M
,006(2)7-0 / ma—|—2b—|—c—2 poeo
o(w) = dm

dx
. 1 a+2b—1
— WTQ ]ﬂ\}c wTOU/ 1 —x
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variable masses for

everything

ma—|—2b—|—c—2

Karch, 2015

poeo

wWTO

mec
C

M

— in()

dx

perform integral

a—|—2b 1
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are anomalous
dimensions necessary
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are anomalous
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hyperscaling
violation
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are anomalous
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are anomalous

dimensions necessary

a—|—2b—1 1

Tr@}/

hyperscaling
violation

ﬁ@\ anomalous

p(m) =
Mb
mC
T(m) = TOM
c=1

a+2b=2/3

dimension
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are anomalous
dimensions necessary

a—|—2b—1 1

ﬁ@}/ hyperscaling

o(m) = violation
ﬂ@\ anomalous
VL dimension
mC
T(m) = TOM
c=1 =2\
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continuous
mass

charge non-
conservation
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but they are
possible!

continuous
mass

D)

charge non-
conservation
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but they are
possible!

continuous
mass
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charge non-
conservation

unparticles
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