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What would be a Signature 
of Extra Dimensions?





E-field B-field

current  ( ~J)

~A



what God really said:

let there be F

F = dA

F0i = �Ei
Fij = ✏ijkBk



A Maxwell equation

dF = J



redundancy

gauge invariance

A ! A+ @⇤

has no units

[Aµ] =
1

L
= 1

F ! F



gauge invariance= current conservation

A ! A+ @⇤

S ! S +

Z
d

d
xJµ@⇤

current conservation

integrate by parts

@µJ
µ = 0

S =

Z
d

d
x

�
F

2 + JµA
µ + · · ·
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gauge invariance

[Aµ] = 1

current conservation

fixes dimension of current

[ddxJA] = 0

[J ] = d� 1



conserved 
quantities have 

fixed dimensions

renormalization 
does nothing



what  
if  

[Aµ] 6= 1

but the current is 
conserved 



extra dimensions 



where might this be  
seen? 
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physics at strong coupling (interactions)

not independent particles 
(collective phenomena)



superconductivity

?

strong coupling 
metallic state 

(strange metal)



what is the 
strange metal?



Drude metal

momentum relaxation

ṗ = e(E +
p⇥B
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standard metals

Weidemann-Franz law
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T-linear resistivity

strange metal: experimental facts

L
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6= # / T



Theories of cuprates

Theories of strangemetal

= 1 =

eN

O(0)

why is the problem hard?
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�2/3

single-parameter scaling

⇢ / T (2�d)/z
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Cv / T d/z
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new length scale?                 



T-linear resistivity

strange metal: experimental facts

cot ✓H ⌘ �xx

�xy
⇡ T 2

Hall Angle

Hall Lorenz ratio
L
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= 
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/T�
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6= # / T

all explained if

Hartnoll/Karch

[Jµ] = d� ✓ + �+ z � 1

[Aµ] = 1� �

� = �2/3



Recall in 
standard E&M

[Aµ] = 1

[Jµ] = d� 1



[Jµ] = d� ✓ + �+ z � 1

[Aµ] = 1� �

� = �2/3

strange metal                 



How is this 
 possible?



[Aµ] 6= 1

if

Aµ ! Aµ + @µ⇤

what is the new gauge principle?



hint

@µJ
µ = 0 current conservation

[@µ, Ŷ ] = 0

what if

@µŶ Jµ = @µJ̃
µ = 0

new current

[J̃ ] = d� 1�DY



E-field B-field

current  (J̃)

Ã

~ ~



standard E&M has an 
added ambiguity

@µJ
µ = 0

[@µ, Ŷ ] = 0

Does a non-trivial 
  solution exist?



?



UV

QFT

g = 1/ego

coupling constant

IR ??

dg(E)

dlnE
= �(g(E))

locality in energy

gauge-gravity duality 
(Maldacena, 1997)

UV

QFTIR gravity



certain strongly coupled theories 
have gravity duals (holography)

black hole

gravitons

QFT
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black hole

gravitons

QFT
strongly coupled 
quantum system 

(nucleons)

Maldacena 
conjecture 

(1997)

=



y = 0y = 1

S =

Z
dVddy

�
yaF 2 + · · ·

�

F = dA

[A] 6= 1

?
how?

claim



if holography is RG then 
how can it lead to an 

anomalous dimension?



S =

Z
dVddy

�
yaF 2 + · · ·

�

d(ya ? dA) = 0

eom

y 6= 0 A ! A+ @⇤
what about 

 the 
boundary?



g(z = 0, x) = f(x)

� =
1� a

2

 Caffarelli-Silvestre 
extension theorem 

(2006)

Cd,�(��)�f
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r · (yarg(x, y)) = 0
y
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?

 fractional Laplacian



fractional 
Laplacians 

requires 
information 
everywhere: 

non-local

��
f(x)



closer look

r · (yaru) = 0
scalar field 

(use CS theorem)

d(ya ? dA) = 0 holography

similar equations

generalize CS 
theorem to p-forms 
GL,PP:1708.00863



boundary action: 
fractional Maxwell 

equations

boundary action has 
anomalous dimension 

(non-locality)

Fij = @�
i Aj � @�

j Ai⌘ d�A = d�
��1
2 A,

��A? = 0



A ! A+ d�⇤,

d� ⌘ (�)
��1
2 d

[A] = �

new gauge transformation



@µJ
µ = 0 current conservation

[@µ, Ŷ ] = 0

what if



[d,�↵] = 0

Ŷ = �↵

J ! �↵J [J ] = d� 1� ↵

answer

[@µ, Ŷ ] = 0
?



is there a knock-down 
experiment?



Aharonov-Bohm Effect

magnetic flux ~B

I
A · d`



physical consequences of  anomalous dimension 
for    Aµ

Aµ ! Aµ + @↵
µG

~r↵ ⇥ ~A = ~B

no Stokes’ theorem

I
~A · d` 6=

Z

S
B · d~S

Aharonov-Bohm Effect must change
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e

~⇡r
2BF (R,↵)



is the correction large?

��R =
eB`2

~ L�5/3/(0.43)2

yes!

↵ = 1 + 2/3 = 5/3



experiment

ybco,…

Planckian dissipation

⌧ =
~

kBT

⌧ ⇡ 10�14s



strange metal

probe by Aharonov-Bohm effect on 
underdoped cuprates: 

extra dimensions

fraction 
not d

[J ] = �

[Aµ] = dA 6= 1

non-local 
action

combine 
AC+DC 
transport 


