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&&&&this&is&called&black#hole#rigidity#theorem#
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•  We&have&seen&that&holography&
&&&(or&string&theory)&is&wrong?&
•  General&relaOvity&theorem&is&classical&physics,&
so&in&quantum&gravity,&it&doesn’t&hold.&And&
one&can&do&holography&without&large&N,&where&
we&don’t&care&GR&theorem?& Unlikely&



Given&such&statement;&

•  Persistent&superconductor&does&not&exist&in&
the&large&N&limit?&

•  Something&is&wrong&with&our&understanding?&
Unlikely&

Possible&!&
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•  So&let’s&go&back&to&the&rigidity&theorem…&
&`&Black&hole&rigidity&theorem&–&
``If#black#hole#is#rota6ng#along&the&direcOon&of&
no&symmetry,&then&it&loses&its&angular&
momentum&by&the&emission&of&gravitaOonal&
waves’’&
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We&propose&that&

•  The&dual&of&persistent&superconductor&is&not&
rotaOng&black&hole.&But&rather&it&is&a&sta6onary#
non<rota6ng#but#not#sta6c#black#hole.&&

•  In&other&words,&gtx#=#0#at&the&horizon&but&
nonzero&outside&

•  Total&momentum&is&only&carried&by&the&maVer&
field&outside&

•  This&teaches&which&dof&can&carry&supercurrent&



•  We&construct&such&novel&soluOons!&

•  Our&soluOon&has&no&dissipaOon&and&no&source&
(no&energy&input,&so&horizon&size&doesn’t&
change).&

•  This&corresponds&to&persistent&current&without&
electric&field!&

•  This&is&(as&far&as&we&know)&the&first&soluOon&of&
such&example&

&&



For&the&rest&of&my&talk…&

•  The&acOon&and&our&set`up&
•  SoluOons&
•  Comparison&with&Superfluid&hydrodynamics&
(by&Landau&Tisza)&

•  No&go&without&charged&scalar&
•  Dual&interpretaOon&
•  Lumnger&Theorem&and&Final&Comments&
•  Conclusion&&&summary&
&



Our&set`up:&a&holographic&model&

•  5&dim&Einstein`Maxwell`charged&scalar&model&
•  Two&gauge&bosons:&U(1)&x&U(1)&sym.&

•  But&charged&scalar&&&&&&is&charged&&&&&&&&&&&&&&&&&
under&only&one&U(1)&

L = R+
12

L2
� 1

4
F 2 � 1

4
W 2 � |D�|2 �m2|�|2

F = dA , W = dB
�

Dµ = rµ � iqAµ



Our&set`up:&a&holographic&model&

•  We&solve&the&system&with&the&metric&ansatz&

ds2 = �f(r)dt2 +
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Or in a picture:
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Many varieties of entanglement play a fundamental role in the structure of the new
phases of quantum matter, and it is often long-ranged. Remarkably, the long-range
entanglement appears in the natural state of the new materials at low enough tem-
peratures, and does not require delicate preparation of specific quantum states after
protection from environmental perturbations.

The structure of Sommerfeld-Bloch theory of metals is summarized in Fig. 1.
The electrons occupy single-particle states labelled by a momentum k below the

Band
Insulator

E

k

Metal

Superconductor

Fig. 1. Schematic of the phases of matter which can be described by extensions of the independent
electron theory.

Fermi energy EF . The states with energy equal to EF define a (d� 1)-dimensional
‘Fermi surface’ in momentum space (in spatial dimension d), and the low energy
excitations across the Fermi surface are responsible for the metallic conduction.
When the Fermi energy lies in an energy gap, then the occupied states completely
fill a set of bands, and there is an energy gap to all electronic excitations: this defines
a band insulator, and the band-filling criterion requires that there be an even number
of electrons per unit cell. Both the metal and the band insulator are states which are
adiabatically connected to the states of free electrons illustrated in Fig. 1. Finally,
in the Bardeen-Cooper-Schrie�er theory, a superconductor is obtained when the

Wednesday, March 28, 2012

Happily, for the application to phases in 3 spatial 
dimensions, all possible algebras of this sort have been 

classified.  This is the Bianchi classification, also of use in 
theoretical cosmology.

Saturday, March 31, 2012

Friday, July 20, 2012

x

1
x

2

x

3



Our&set`up:&a&holographic&model&

•  We&solve&the&system&with&the&metric&ansatz&
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Our&set`up:&a&holographic&model&

•  &&&&&&&is&to&introduce&a&chemical&potenOal&
•  We&take&an&ansatz&for&the&other&one&form&&&&&&
to&be&proporOonal&to&type&VII0&Bianchi&form&

•  This&induces&holographic&``helical&lamce’’&
effects&

•  If&we&set&&&&&&&&&&&&&&&&&,&then&this&reduces&to&the&
normal&holographic&superconductor&model&

Aµ

Bµ

Bµ = 0



Our&SoluOons&

4 6 8 10 12 14
r

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0
100⌦(r)

10(v1(r)� v2(r))

0.5At(r)

A
x

1(r)

b(r)

�(r)



Our&SoluOons&
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Hydrodynamics&by&Landau&&&Tisza&

•  Stress&tensor&and&current&including&normal&
and&superfluid&component&(set&normal&=&zero)&

Tµ⌫ = (✏+ P )uµu⌫ + P⌘µ⌫ + µ⇢svµv⌫ ,

jµ = ⇢nuµ + ⇢svµ , vµu
µ = �1
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General&RelaOvity&Knows&&
Superfluidity&



3D&plot&of&dimensionless&parameters&
(&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&)&

•  As&we&increase&&&&&&&&&,&&&&&&&&&&&&&&&,&&&&&,&condensate&
VEV&&&&&&&&&&&&&decreases&(s`conductor&breaking)&
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Summary&

•  Our&soluOons&has&no&non`normalizable&mode&
except&for&constant&term&for&gauge&boson&

•  No&source&corresponding&to&electric&field&
•  StaOonary,&no&Ome`dependence&
•  Black&hole&is&non`rotaOng&but&geometry&
outside&horizon&is&rotaOng&along&the&direcOon&
of&no&symmetry&

•  Our&soluOon&shows&no&dissipaOon&



•  Charged&scalar&condensate&is&crucial&
•  Without&that,&one&can&show&that&there&is&no`
go&theorem&which&shows&that&such&soluOons&
do&not&exist&&

•  Symmetry&breaking&is&crucial&
See&our&paper&:&arXiv:&1403.0752&&&&

Summary&



•  Black&hole&&
&&&&=&non`fermi&liquids&dof&&
&&&&=&`fracOonalized’&dof&
&&&&&&&&which&violates&Lumnger&theorem&
•  Graviton&=&normal&dof&
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&saOsfying&Lumnger&theorem&

Summary&



Lumnger&theorem&

53&

Q = qVfermi

53&

For&free&fermions&(electrons),&this&is&trivial&

Vfermi

Charge&density& Charge&of&fermion&



Lumnger&theorem&

•  Normal&materials&(Landau&Fermi&liquids)
�Lumnger,&Ward&’60�&

•  This&relaOon&holds&beyond&the&perturbaOon!!&&
•  Lumnger’s&theorem:&Vfermi#is&not&renormalized&
by&the&interacOon&&(Oshikawa&’00)&

54&

Q = qVfermi



Lumnger&theorem&

•  Normal&materials&(Landau&Fermi&liquids)
�Lumnger&’60,&Ward&’60,&Oshikawa&’00,&…�&

•  ExoOc&materials�fracOonalized&Fermi&liquids�
�Senthil,&Sachdev,&Vojta&’03�&

55&

Q = qVfermi

Q 6= qVfermi



Holographic&Lumnger&theorem&

56&

Q 6= qVfermi

AdS&

Reissner&Nordstrom&&Black&holes&

Ψ:&
fermions&

Ψ:&charged&fermions&
Aμ:&gauge&boson&

Ftz#Flux&

(Sachdev&’11,&Hartnoll&’11,&Iqbal`Liu&’,11&Hashimoto,&N.I.’12)&&



&
&

Black hole is responsible  
for the ``exotic phase’’ of the 

condensed matter physics 
 

“Holographic” construction is  
one peculiar way of  

strongly coupled system 
57&

Conclusion 


