
Since	
  holographists	
  began	
  their	
  journey	
  to	
  
conquer	
  the	
  real	
  world	
  ten	
  years	
  ago,	
  
many	
  interes9ng	
  results	
  were	
  discovered	
  by	
  
studying	
  various	
  gravita9onal	
  systems.	
  	
  	
  

Star9ng	
  from	
  eta/s,	
  one	
  o>en	
  finds	
  
holographic	
  systems	
  exhibit	
  similar	
  behavior	
  
with	
  real	
  life	
  systems.	
  	
  



For	
  AdS/QGP,	
  this	
  is	
  o>en	
  enough	
  for	
  one	
  to	
  	
  
argue	
  that	
  N=4	
  SYM	
  is	
  close	
  enough	
  to	
  QCD	
  	
  
and	
  then	
  proceed	
  to	
  make	
  predic9ons	
  for	
  	
  
the	
  real-­‐life	
  QGP.	
  	
  

While	
  as	
  far	
  as	
  I	
  know	
  so	
  far	
  there	
  have	
  been	
  no	
  definite	
  
confirma9on	
  of	
  any	
  of	
  the	
  predic9ons,	
  they	
  did	
  expand	
  
the	
  horizon	
  of	
  theorists,	
  and	
  provide	
  important	
  new	
  
observables	
  for	
  experimentalists.	
  	
  	
  	
  

(At	
  least	
  some	
  of)	
  these	
  predic9ons	
  are	
  ac9vely	
  being	
  
tested	
  at	
  RHIC	
  and	
  LHC.	
  

In	
  this	
  sense	
  AdS/QGP	
  is	
  highly	
  successful	
  	
  
and	
  relevant.	
  	
  



Here	
  merely	
  “similari9es”	
  are	
  o>en	
  not	
  enough	
  to	
  
make	
  predic9ons,	
  not	
  to	
  men9on	
  to	
  solve	
  real-­‐life	
  
problems.	
  	
  	
  

For	
  AdS/CMT,	
  repea9ng	
  the	
  same	
  story	
  line	
  is	
  
much	
  harder.	
  	
  	
  

Again	
  similari9es	
  with	
  real	
  life	
  systems	
  were	
  
found,	
  which	
  are	
  encouraging	
  and	
  exci9ng.	
  	
  

But	
  we	
  s9ll	
  need	
  to	
  argue	
  lessons/features	
  	
  
from	
  N=4	
  SYM,	
  ABJM	
  and	
  their	
  rela9ves	
  are	
  	
  
relevant	
  for	
  electronic	
  systems.	
  



A>er	
  the	
  ini9al	
  excitement	
  about	
  “similari9es”,	
  	
  
to	
  remain	
  relevant	
  is	
  not	
  easy.	
  Here	
  I	
  believe	
  	
  
there	
  is	
  no	
  short-­‐cut.	
  One	
  has	
  to	
  study	
  real	
  	
  
CM	
  systems,	
  talk	
  to	
  experimentalists,	
  and	
  	
  
become	
  a	
  de	
  facto	
  CM	
  physicist.	
  	
  	
  

Other	
  than	
  simula9ng	
  specific	
  CM	
  systems,	
  	
  
which	
  is	
  definitely	
  important,	
  it	
  is	
  perhaps	
  	
  
rela9vely	
  easier,	
  and	
  poten9ally	
  much	
  more	
  	
  
rewarding	
  to	
  extract	
  general	
  dynamical	
  	
  
mechanisms	
  or	
  theore9cal	
  structures	
  	
  
from	
  gravity.	
  



I	
  will	
  now	
  very	
  briefly	
  men9on	
  two	
  issues	
  which	
  	
  
I	
  believe	
  insights	
  from	
  holography	
  has	
  the	
  poten9al	
  to	
  
revolu9onize	
  our	
  treatment	
  of	
  quantum	
  ma^er.	
  	
  	
  

Had	
  string	
  theory	
  and	
  AdS/CFT	
  been	
  discovered	
  in	
  	
  
60’s	
  rather	
  than	
  90’s,	
  string	
  theorists	
  might	
  have	
  	
  
discovered	
  confinement	
  first.	
  

Conceivably	
  there	
  might	
  be	
  many	
  more	
  treasures	
  
hidden	
  in	
  gravity	
  to	
  be	
  discovered.	
  	
  
(e.g.	
  Shamit’s	
  discussion)	
  



Systems	
  without	
  quasipar9cles	
  

Most	
  challenging	
  problem	
  in	
  modern	
  CM.	
  	
  

Gauge/gravity	
  duality:	
  such	
  systems	
  are	
  treated	
  	
  
with	
  ease	
  for	
  systems	
  it	
  can	
  treat,	
  which	
  are	
  rather	
  	
  
limited.	
  

Ques9on:	
  can	
  we	
  extract	
  from	
  gauge/gravity	
  	
  
duality	
  a	
  systema9c	
  field	
  theore9cal	
  method	
  for	
  	
  
trea9ng	
  SWOQ	
  like	
  what	
  Boltzmann’s	
  kine9c	
  	
  
theory	
  did	
  for	
  systems	
  with	
  quasi-­‐par9cles?	
  



Renormaliza9on	
  group	
  	
  
Current	
  formula9on	
  of	
  Wilsonian	
  RG:	
  

• 	
  Evolu9on	
  of	
  Euclidean	
  effec9ve	
  ac9on	
  

• 	
  Hamiltonian	
  approach:	
  evolu9on	
  of	
  wave	
  	
  
func9ons	
  and	
  Hamiltonian	
  (lagce,	
  numerics)	
  

Radial	
  evolu9on	
  in	
  AdS	
  appear	
  to	
  incorporate	
  both.	
  	
  

One	
  should	
  be	
  able	
  to	
  extract	
  from	
  gauge/gravity	
  	
  
duality	
  a	
  field	
  theore9cal	
  RG	
  procedure	
  which	
  	
  
combines	
  both.	
  (likely	
  important	
  for	
  trea9ng	
  SWOQ)	
  

Crucial	
  for	
  dealing	
  with	
  many-­‐body	
  physics,	
  but	
  neither	
  is	
  perfect.	
  	
  



Two developing areas in (possibly “applied”) holography

1.  Our meal ticket has been the black hole.

MOLECULAR BIOLOGY

Damage control
Claus M. Azzalin and Joachim Lingner

The chemical composition of normal DNA at the end of chromosomes does 
not differ from that of damaged and broken DNA within chromosomes. New 
findings hint at how the DNA-repair machinery distinguishes the two.

The maintenance of genome integrity is cru-
cial for the survival of every organism. So 
even a single break along a chromosome trig-
gers a molecular signalling cascade that leads 
to an appropriate DNA-damage response 
(DDR). This response allows recognition 
of the damage site and decelerates cell-cycle 

progression, giving the cell a chance to repair 
the damage1. Theoretically, the two free ends 
of each eukaryotic linear chromosome — tel-
omeres — should evoke a similar cellular 
response. However, as long as they are intact, 
telomeres activate DDR only transiently, if at 
all, at defined stages of the cell cycle. In a paper 

published on page 1068 of this issue, Lazzerini 
Denchi and de Lange2 provide clues on how 
this is achieved at a molecular level.

Telomeres consist of serial repeats of 
nucleotides terminating in a 3ʹ protruding, 
single-stranded sequence. Telomeric DNA 
associates with a six-protein complex known 
as shelterin3, which shelters the DNA from 
recognition by the DDR pathways as sites 
of damage. Lazzerini Denchi and de Lange 
show2 that two of the shelterin proteins, TRF2 
and POT1, independently repress the two 
main DDR pathways, which are normally 
induced by damage to DNA sequences within 
chromosomes. 

In most cells, telomeres progressively erode 
as cells go through successive cycles of divi-
sion; this is because of incomplete replication 

superconductivity below the transition temper-
ature is commonly believed to have something 
to do with this enigmatic, normally conduct-
ing state, in which quantum and thermal 
fluctuations merge.

Although they are in all other regards vastly 
different, the quantum fields that pop up in the 
AdS/CFT correspondence share the quantum-
critical (or ‘conformal’; the C in CFT) prop-
erty with this quantum-thermal brew. The 
scale invariance they share is a mighty prin-
ciple; in fact, it is so powerful that the many 
differences between the two types of field 
don’t matter. It was thus shown in 2001 that 
at energies small compared with the tempera-
ture, the transport properties of a substance 
containing a conformal quantum field relate 
mathematically through the AdS/CFT corre-
spondence to the geometry of a black hole in anti-
de-Sitter space2. This makes it possible to derive 
the equations describing transport in the quan-
tum-thermal critical brew in a few easy lines, 
instead of the pages of algebra that one encoun-
ters in the direct evaluation of quantum field 
theory of the type that one finds, for example, 
in superconductivity6.

Hartnoll et al.1 push what one might term the 
‘AdS-to-high-Tc correspondence’ to its logical 
conclusion. They study its application to a par-
ticular, rather recondite transport phenomenon 
known as the Nernst effect — the crosswise flow 
of heat and charge currents in the presence of a 
magnetic field7 — in the nearly quantum-criti-
cal matter of a two-dimensional cuprate sys-
tem. In a theoretical tour de force, they use the 
physics of a black hole in a three-dimensional 
anti-de-Sitter space that carries both electrical 
and magnetic charge to guide them in the very 
complex derivation of the relevant transport 
equations directly from quantum field theory. 
They show that these theoretical results are 
seemingly consistent with a number of hitherto 
unexplained features of the Nernst effect in a 
high-temperature superconductor7.

So where does the quark–gluon plasma 
fit in? Here, the AdS/CFT correspondence 

comes to the aid of the experimentalists in a 
similar way3. The background is the observa-
tion that quark–gluon fireballs, as have been 
created in the Relativistic Heavy-Ion Collider 
at Brookhaven National Laboratory on Long 
Island, behave in a remarkably simple way, but 
one that current theories find difficult to explain 
— they are governed by normal hydrodynamics, 
but have extremely low viscosity. Quite simply, 
the AdS/CFT correspondence tells us that when 
the quantum physics is scale invariant, the vis-
cosity of such a system can be as small as it is. 
This result is far from obvious given our current 
understanding of quantum chromodynamics, 
the standard-model quantum-field theory of the 
strong nuclear force that governs interactions in 
the quark–gluon plasma.

So what does this mean for the greater ambi-
tion of using string theory to unite gravity and 

quantum physics? I personally take the discov-
ery that black holes are so useful for sorting out 
the behaviour of real-life quantum systems as a 
signal that string theory might somehow be on 
the right track. But only further work like that 
of Hartnoll et al.1 will confirm that hunch. !

Jan Zaanen is at the Instituut-Lorentz, 
Universiteit Leiden, PO Box 9506, 2300 RA 
Leiden, the Netherlands.
e-mail: jan@lorentz.leidenuniv.nl
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Figure 1 | The answer’s out there. The easiest path to enlightenment on the mysterious phenomena of 
superconduction (levitating magnets; top right) and the quark–gluon plasma (bottom left; an event 
display from the Relativistic Heavy-Ion Collider at Brookhaven National Laboratory) leads through a 
black hole, say Hartnoll and colleagues1.
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I think continued systematic study of black branes
will pay off in near future.

Tuesday, October 16, 12



Lacking a better idea, the most obvious thing to do is find 
the analogue of the Kerr/Newman classification for planar 

black branes in AdS.

Work of this general flavor is being pursued along several 
lines: fluid/gravity, blackfolds, ....

A particularly enticing, and perhaps tractable, question is to 
find the most general extremal brane (in theories with 

simple enough matter).  This requires extending fluid/gravity 
for charged systems to T=0 configurations.

Tuesday, October 16, 12



Possible pay offs of a better understanding of this 
classification, or a full completion of a fluid/gravity 

correspondence, include:

a) possible desingularization of  “singular flows” by lifting 
them to the total space of a higher-dimensional solution

b) possible prediction of  “new phases” of matter

2.  Emergence of space-time

One attractive idea that has been widely discussed of late is 
the notion that space-time may arise from entanglement:

Tuesday, October 16, 12



A B

A B

Figure 4: Effect on geometry of decreasing entanglement between holographic degrees
of freedom corresponding to A and B: area separating corresponding spatial regions
decreases while distance between points increases. The boundary geometry remains
fixed (despite appearances in the diagram).

larger
β

Figure 5: Spatial section of eternal black hole for two different temperatures (corre-
sponding to a horizontal line through the middle of the Penrose diagram of figure 1).
For low temperature (large β), where entanglement between the two CFTs is smaller,
the asymptotic regions are further apart and separated by a surface of smaller area.

Combining (3) and (2), we see that as the entanglement between degrees of freedom
in region A and region B (and therefore the mutual information I(C,D)) drops to
zero, the length of the shortest bulk path between the points xC and xD must go
to infinity (figure 3). Together with the result of the previous subsection, we obtain
the following picture. As the entanglement between two sets of degrees of freedom in
a nonperturbative description of quantum gravity drops to zero, the proper distance
between the corresponding spacetime regions goes to infinity, while the area of the
minimal surface separating the regions decreases to zero. Roughly speaking, the two
regions of spacetime pull apart and pinch off from each other, as shown in figure 4. As
seen in figure 5, these quantitative features can be seen explicitly in the example of
the eternal AdS black hole, where we can decrease the entanglement between the two
CFTs by increasing the inverse temperature parameter β.

Conclusions

We have seen that we can connect up spacetimes by entangling degrees of freedom and

5

iE iE

iE =Σe−β

Figure 1: Gravity interpretations for the entangled state |ψ(β)〉 in a quantum system
defined by a pair of noninteracting CFTs on Sd times time. The diagram on the right
is the Penrose diagram for the maximally extended AdS-Schwarzschild black hole.

sents the ith energy eigenstate for a single CFT on Sd, let us define the state

|ψ(β)〉 =
∑

i

e
−βEi

2 |Ei〉 ⊗ |Ei〉 (1)

This state is a sum of product states |Ei〉 ⊗ |Ei〉. Since we just argued that each of
these product states should be interpreted on the gravity side as a spacetime with
two disconnected components, the literal interpretation of the state |ψ(β)〉 is that it
is a quantum superposition of disconnected spacetimes. However, it has been argued
[4, 5, 6] that precisely this state |ψ(β)〉 corresponds to the (connected) eternal AdS
black hole spacetime, whose Penrose diagram is sketched in figure 1.

The motivation for this statement is as follows. This is a spacetime with two equiv-
alent asymptotically AdS regions, suggesting that the dual description should involve
two copies of the CFT. An observer in either asymptotic region sees the Schwarzschild
AdS black hole spacetime, which is understood [7] to correspond to the thermal state
of a conformal field theory. On the other hand, starting from the state (1), and tracing
over the degrees of freedom of one of the CFTs, we find that the density matrix for the
remaining CFT is exactly the thermal density matrix:

Tr2(|ψ〉〈ψ|) =
∑

i

e−βEi|Ei〉〈Ei| = ρT .

Furthermore, the presence of horizons in the black hole spacetime which forbid com-
munication between the two asymptotic regions may be naturally associated with the
absence of interactions between the two CFTs. Thus, the state |ψ(β)〉 has properties
which are completely consistent with its interpretation as the eternal AdS black hole.

If this identification is correct, we have a remarkable conclusion: the state |ψ(β)〉
which clearly represents a quantum superposition of disconnected spacetimes may also
be identified with a classically connected spacetime. In this example, classical con-
nectivity arises by entangling the degrees of freedom in the two components. In the
next section, we will try to test the idea that emergent spacetimes in gauge-theory /

2

Something that has been slightly less remarked upon is the 
analogy between the “tenfold way” of Ludwig et al and 

Kitaev, and the emergence of d.o.f. in string theory.
CONTENTS 9

Cartan label T C S Hamiltonian G/H (ferm. NLσM)

A (unitary) 0 0 0 U(N) U(2n)/U(n) ×U(n)
AI (orthogonal) +1 0 0 U(N)/O(N) Sp(2n)/Sp(n)× Sp(n)
AII (symplectic) −1 0 0 U(2N)/Sp(2N) O(2n)/O(n)×O(n)

AIII (ch. unit.) 0 0 1 U(N +M)/U(N) ×U(M) U(n)
BDI (ch. orth.) +1 +1 1 O(N +M)/O(N)×O(M) U(2n)/Sp(2n)
CII (ch. sympl.) −1 −1 1 Sp(N +M)/Sp(N)× Sp(M) U(2n)/O(2n)

D (BdG) 0 +1 0 SO(2N) O(2n)/U(n)
C (BdG) 0 −1 0 Sp(2N) Sp(2n)/U(n)

DIII (BdG) −1 +1 1 SO(2N)/U(N) O(2n)
CI (BdG) +1 −1 1 Sp(2N)/U(N) Sp(2n)

Table 1. Listed are the ten generic symmetry classes of single-particle Hamiltonians
H, classified according to their behavior under time-reversal symmetry (T ), charge-
conjugation (or: particle-hole) symmetry (C), as well as “sublattice” (or: “chiral”)
symmetry (S). The labels T, C and S, represent the presence/absence of time-
reversal, particle-hole, and chiral symmetries, respectively, as well as the types of these
symmetries. The column entitled “Hamiltonian” lists, for each of the ten symmetry
classes, the symmetric space of which the quantum mechanical time-evolution operator
exp(itH) is an element. The column “Cartan label” is the name given to the
corresponding symmetric space listed in the column “Hamiltonian” in Élie Cartan’s
classification scheme (dating back to the year 1926). The last column entitled “G/H
(ferm. NLσM)” lists the (compact sectors of the) target space of the NLσM describing
Anderson localization physics at long wavelength in this given symmetry class.

be obtained from analogous considerations ††. What is interesting about this column

is that its entries run precisely over what is known as the complete set of ten (“large”)
symmetric spaces †, classified in 1926 in fundamental work by the mathematician Élie

Cartan. Thus, as the first quantized Hamiltonian runs over all ten possible symmetry

classes, the corresponding quantum mechanical time-evolution operator runs over all ten

symmetric spaces. Thus, the appearance of the Cartan symmetric spaces is a reflection

of fundamental aspects of (single-particle) quantum mechanics. We will discuss the last

column entitled “G/H (ferm. NLσM)” in the following subsection.

†† Possible realizations of the chiral symmetry classes AIII, BDI, CII possessing time-evolution
operators in table 1 with N #= M are tight-binding models on bipartite graphs whose two (disjoint)
subgraphs contain N and M lattice sites.
† A symmetric space is a finite-dimensional Riemannian manifold of constant curvature (its Riemann
curvature tensor is covariantly constant) which has only one parameter, its radius of curvature. There
are also so-called exceptional symmetric spaces which, however, are not relevant for the problem at
hand, because for them the number N would be a fixed finite number, which would prevent us from
being able to take the thermodynamic (infinite-volume) limit of interest for all the physical systems
under consideration.
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Their essential insight is that gapless degrees of freedom 
(edge modes) arise at the interface of two different types 

of “nothing” (insulators).

The K-theory classification they employ feels similar to that 
of D-branes.

More mysterious is a possible interpretation of the E8 walls 
of M-theory as such an interface.  In the analogy, 

macroscopic gravity is one of the “nothing” phases; what 
are the others?  

Tuesday, October 16, 12



To	
  make	
  progress…	
  



Non-­‐Equilibrium	
  

Chesler	
  and	
  Yaffe	
  



La<ces	
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ψ̄ψ ←→ Ψ̄
↔
/∂ Ψ

�Ψ̄Ψ� = ±
1

4π
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�Ψ̄Ψ� = ±
1

4π
BM2∆−2

mL � 1 mL ∼ 1

ξ(z, t) ∼ 1

2π
: e−i

√
4πφ :

jµ = − 1√
π
�µν∂νφ

φ� = charge density

[∆φ]bdyhorizon = total charge

V (φ) = e2(φ+ E/e)2 +
m2

z2
(1− cosφ)

Electric Field

|σ(ω)| ∼ 1

ω2/3

O = Q
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AdS/CFT “applications”

So far (Heavy Ions)

• Transport (η/s, but also conductivities etc.)

• Connection to Hydrodynamics

• Energy Loss

• Thermalization

• Fluctuations

♠ General (Rapid) time evolution+scattering?

Outlook on applications of AdS/CFT, Elias Kiritsis
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