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Fermi liquids

poles at p=0

dU > d/2

vanishing propagator!
(zeros)
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changing scaling dimension

propagators

G / hT (0) †(t)i
what about

(p2)dU�d/2

dim[ ] = dU
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are such propagators important?
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gapped degrees of freedom=> beyond particles (BCS)
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compute FS volume

FS=-(H1+H2+H3-E1-E2)

FS(b)-FS(a)=0.18

off by a factor of 6

⇡ 0.03
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what’s the extra stuff?
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⇢ / aT

Fermi Arcs?

Fermi arcs: 
(PDJ,JCC,ZXS)
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Mott Problem

=   below gap+above gap = 0

DetG(k,! = 0) = 0 (single band)

Im G=0
µ = 0

( ) d!

Z 1

�1
!

ReG(0, p) = Kramers
-Kronig

MottnessDetReG(0,p)=0 not true in MF theories
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Fermi Liquids Mott Insulators
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also, pw anderson, tm 
Rice,  Tsvelik,etc.
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Is this famous 
theorem from 
1960 correct?
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has no particle interpretation
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how can such large anomalous dimensions be generated?

G / hT (0) †(t)i

(p2)dU�d/2

dim[ ] = dU

propagators
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ZQFT = e�Son�shell

ADS

(�(�@ADS=JO ))Claim:

h�U (x)�U (x
0)i = 1

|x� x

0|2dU

scaling dimension is fixed

S =
1

2

Z
d

d
x g

zzp�g�(z, x)@z�(z, x)
���
z=✏

dU =
d

2
+

p
d2 + 4

2
>

d

2
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GU (p) / p2(dU�d/2)

dU =
d

2
+

p
d2 + 4

2
>

d

2

GU (0) = 0
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GU (p) / p2(dU�d/2)

dU =
d

2
+

p
d2 + 4

2
>

d

2

GU (0) = 0

unparticle (AdS) propagator has zeros!
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also 
Gubser, 

et al.

 top-down construction
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also 
Gubser, 

et al.

 top-down construction
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(D �m� i

2
Fµ⌫�µ⌫) ⇢ + iFµ⌫�µ�⇢ ⌫ = 0

fixed by 
supersymmetry

also 
Gubser, 

et al.

 top-down construction
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 what about bottom-up  
constructions?
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S

probe

( ,  ̄) =

Z
d

d
x

p
�gi ̄(�M

DM �m+ · · · ) 

what is hidden here?

what happens at the boundary?

consider
p
�gi ̄(D �m� ipFµ⌫�

µ⌫) 

one possibility
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Fermi 
surface
peak

How is the spectrum modified?
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P=0

Fermi 
surface
peak

How is the spectrum modified?

�1.54 < p < �0.53

1 > ⌫kF > 1/2

<! / k � kF
=! / (k � kF )

2⌫kF

`Fermi Liquid’

P
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P=0

Fermi 
surface
peak

How is the spectrum modified?

p = �0.53

⌫kF = 1/2

�0.53 < p < 1/
p
6

MFL

1/2 > ⌫kF > 0

<! = =! / (k � kF )
1/(2⌫kF

)

NFL

P
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ST

P=0

Fermi 
surface
peak

How is the spectrum modified?

p = �0.53

⌫kF = 1/2

�0.53 < p < 1/
p
6

MFL

1/2 > ⌫kF > 0

<! = =! / (k � kF )
1/(2⌫kF

)

NFL

P
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surface
peak

How is the spectrum modified?
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ST

P=0

Fermi 
surface
peak

How is the spectrum modified?
P > 4.2 P
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ST

P=0

Fermi 
surface
peak

How is the spectrum modified?
P > 4.2 P

Edalati,Leigh, PP PRL, 106 (2011)
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Mechanism (2009)?

 / ar� + br��

AdS4
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Mechanism (2009)?
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operators

where 
is k_F
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Mechanism (2009)?

 / ar� + br��

operators

where 
is k_F

AdS4

emergent
IR CFT

AdS2
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Mechanism (2009)?

log-oscillatory

k_F moves into log-oscillatory region: IR
acquires a complex dimensionO±

 / ar� + br��

operators

where 
is k_F

AdS4

emergent
IR CFT

AdS2
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Is the log-oscillatory region
necessary?

Friday, September 5, 14



No
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Schwarzschild/AdS
G. Vanacore
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chiral symmetry and Pauli term
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chiral symmetry and Pauli term
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X breaks chiral symmetry if 
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chiral symmetry and Pauli term

 ! ei↵�5 

{�5, X} 6= 0

X breaks chiral symmetry if 

{�5,�µ⌫F
µ⌫} 6= 0

Pauli term breaks chiral symmetry
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chiral symmetry and Pauli term

 ! ei↵�5 

{�5, X} 6= 0

X breaks chiral symmetry if 

{�5,�µ⌫F
µ⌫} 6= 0

Pauli term breaks chiral symmetry

helicity on the boundary
(scaling dimension)
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+k and -k have different scaling dimensions
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+k and -k have different scaling dimensions

hidden duality
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u2
p

f(u)@u⇠± = �2(mL)u⇠± + [v�(u)⌥ k] + [v+(u)± k] ⇠2±,

Flow equations

v±(u) =
1p
f(u)

⇥
! +Qq(1� u2�d)

⇤
±Qpu2�d.
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Flow equations

v±(u) =
1p
f(u)

⇥
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⇤
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p ! �p

⇠± ! ⇣± ⌘ 1/⇠±

k ! �k
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f(u)@u⇠± = �2(mL)u⇠± + [v�(u)⌥ k] + [v+(u)± k] ⇠2±,

Flow equations

v±(u) =
1p
f(u)

⇥
! +Qq(1� u2�d)

⇤
±Qpu2�d.

u2
p
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p ! �p

⇠± ! ⇣± ⌘ 1/⇠±

k ! �k
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u2
p

f(u)@u⇠± = �2(mL)u⇠± + [v�(u)⌥ k] + [v+(u)± k] ⇠2±,

Flow equations

v±(u) =
1p
f(u)

⇥
! +Qq(1� u2�d)

⇤
±Qpu2�d.

u2
p

f(u)@u⇣± = +2(mL)u⇣± � [v�(u)⌥ k]� [v+(u)± k] ⇣2±,

Green functions are -inverses of one another!!

p ! �p

⇠± ! ⇣± ⌘ 1/⇠±

k ! �k
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u2
p

f(u)@u⇠± = �2(mL)u⇠± + [v�(u)⌥ k] + [v+(u)± k] ⇠2±,

Flow equations

v±(u) =
1p
f(u)

⇥
! +Qq(1� u2�d)

⇤
±Qpu2�d.

u2
p

f(u)@u⇣± = +2(mL)u⇣± � [v�(u)⌥ k]� [v+(u)± k] ⇣2±,

Green functions are -inverses of one another!!

DetGR(!, k;m, p) =
1

DetGR(!, k;�m,�p)

p ! �p

⇠± ! ⇣± ⌘ 1/⇠±

k ! �k
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�p ! p
poles ! zeros

Reissner-Nordstrom/AdS hep-th:  1404.4010
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�p ! p
poles ! zeros

Reissner-Nordstrom/AdS hep-th:  1404.4010
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Schwarzschild/AdS
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General Result

Gap is due to zeros not 
vanishing of Z!

Parameter choices G±(!, k;m, p) DetGR(!, k;m, p)
k $ �k G⌥(!,�k;m, p) —

m = 0

p = 0

�1
G±(!,�k) 1

m 6= 0

p 6= 0

�1
G±(!,�k;�m,�p)

1
DetGR(!,k;�m,�p)
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General Result

Gap is due to zeros not 
vanishing of Z!

Parameter choices G±(!, k;m, p) DetGR(!, k;m, p)
k $ �k G⌥(!,�k;m, p) —

m = 0

p = 0

�1
G±(!,�k) 1

m 6= 0

p 6= 0

�1
G±(!,�k;�m,�p)

1
DetGR(!,k;�m,�p)

Mott problem
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Fermi arcs?
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Fermi arcs?

consider

ip�µ⌫F
µ⌫ ! ip��µ⌫F

µ⌫
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Fermi arcs?

� =

✓
�I 0
0 I

◆

consider

ip�µ⌫F
µ⌫ ! ip��µ⌫F

µ⌫
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Fermi arcs?

� =

✓
�I 0
0 I

◆

-k and +k have different sign for the
Pauli term!!

consider

ip�µ⌫F
µ⌫ ! ip��µ⌫F

µ⌫

Friday, September 5, 14



zeros-pole duality
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zeros-pole duality

coexistence of zeros
and polesip��µ⌫F

µ⌫
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zeros-pole duality

Fermi arcs

coexistence of zeros
and polesip��µ⌫F

µ⌫
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zeros-pole duality

Fermi arcs

coexistence of zeros
and polesip��µ⌫F

µ⌫
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zeros-pole duality

Fermi arcs

coexistence of zeros
and polesip��µ⌫F

µ⌫

effective spin-orbit
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Superconducting Instability with unparticles

1 = �T
X

n~k

|wn~k|
2GU

⇣
!n,~k

⌘
GU

⇣
�!n,�~k

⌘
,

ladder approximation
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g

unparticles BCS

Tc

d ln g

d ln�
= 4dU � d > 0

tendency towards pairing (any instability
which establishes a gap)
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g

unparticles BCS

Tc

d ln g

d ln�
= 4dU � d > 0

tendency towards pairing (any instability
which establishes a gap)

see also, dresden group, 
1407.8492
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prediction:  algebraic pairing susceptibility

G (⇤k, i⇤!n) = ⇤2dU�DG (k, i!n) .

� (0, i⌦) =
T

N

X

n,k

G (�k,�i!n)G (k, i!n + i⌦)
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G (⇤k, i⇤!n) = ⇤2dU�DG (k, i!n) .

� (0, i⌦) =
T

N

X

n,k

G (�k,�i!n)G (k, i!n + i⌦)

� (0, i⌦) / ⌦4dU�D.

dU > D/2
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prediction:  algebraic pairing susceptibility

G (⇤k, i⇤!n) = ⇤2dU�DG (k, i!n) .

� (0, i⌦) =
T

N

X

n,k

G (�k,�i!n)G (k, i!n + i⌦)

� (0, i⌦) / ⌦4dU�D.

dU > D/2

see also J. Zaanen
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zeros-poles duality (Fermi arcs)
chiral symmetry breaking??
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