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Entanglement entropy: definition

[0 Quantum system (H) in the ground state |¥)
Density matrix p = |[¥)(¥| = Trp" =1

[ Hilbert space (H = HAaQH B)

[0 A’s reduced density matrix (,0 A="Trp p)

if p describes a pure state then pa describes a mixed state

[0 Entanglement entropy = Von Neumann entropy of p4

(SA = —Tra(palogpa) )

—

[ Replica trick Si = hm[ g(Trp A]_ — lim
n—1 an
Rényi entropies J




Entanglement entropy: some properties

[0 Bipartition H=Has® Hp p = |U)Y(¥| pure state

> [SAZcilogc%SBJ

k

— 5S4 is not extensive

Schmadt decomposition

Araki-Lieb inequality

O pumixedstate  95a=Sa-Ss (|05l <Saun =5, )

[ Subadditivity AL NA; =10 Sa, +84a, = 5S4a,04,

[ Strong Subadditivity r ~
| Sa, +54, 2 54,04, + 54,04,
¢' Sar 54, 2 Sana, + 54504,

» \ J



Geometric entropy: area law

[0 Assume that A and B correspond to a spatial bipartition of the system

A€ A A€

@ e
A° !
/)---- T

’

’

M Area law: In d spatial dimensions when p = |W)(¥| (S4 = Sae)

Area(0A)

[ 5. ]

= Inl+1CFTsatT =0

[Holzhey, Larsen, Wilczek, NPB (1994)]
[Calabrese, Cardy, JSTAT (2004)]

=9 In 2+ 1 CFTs for a circle
[Myers, Sinha, JHEP (2011)]

[Klebanov, Pufu, Safdi, JHEP (2011)]
[Casini, Huerta, PRD (2012)]

|[Bombelli, Koul, Lee, Sorkin, PRD (1986)
[Srednicki, PRL (1993)]

1 c 4
Sa =< log—i—constj
3 a
.
-
2R
SA—Wa—fJ
.




Replica trick for the entanglement entropy

log(Tr
] Sa=—-Tr(palogpa) = lim 3(Trpa) = — lim H=HsQHp
n— 1 1—n n—1 (972
Réﬂy1 entropies | [Callan, Wilczek, PLB (1994)]

[Holzhey, Larsen, Wilczek, NPB (1994)]
[Calabrese, Cardy, JSTAT (2004)]

[0 Example: density matrix p in a thermal state at temperature T'=1/3

T o) = 3 a0t TT060.0) — o) TL86(0: 5) — 6.) =

x’ x

o Z =Tre " The trace sews together the edges at T=0and 7 = f
providing a cylinder with circumference of length 3.

- - The trace Trp sews together
U U1 UnN UN OIlly the pOiIltS ¢ A
Open cuts are left along the
g disjoint intervals (u;,v;).




Entanglement entropies & Riemann surfaces

[ n copies sewed together cyclically along the cuts

n » 13 Jk kI li»
’ PAPA PAPA =

[ Partition function on the n sheeted Riemann surface R N,n N cuts
n sheets

Znn = /C ldpr+dgle exp {— /C dzd3 (£[901](z,2)+...+£[<,0n](z,2))]

Ca: @i(z,07) =@;irq(z,07) ZL‘GA:Ué\[:lAj i=1,...,n

[0 Global symmetry ¢ — 7+ 1 modn from replication



2D CFT: Entanglement entropies as correlation functions

[ For one interval (N = 1) the Renyi entropies can be written as

a two point function of twist fields 7T,,, T, on the sphere
R1.n can be uniformized into a sphere [Calabrese, Cardy, JSTAT (2004)]
[Cardy, Castro-Alvaredo, Doyon, J.Stat.Phys. (2008)]

[ Twist fields have been studied in string theory

[Zamolodchikov, NPB (1987)] [Dixon, Friedan, Martinec, Shenker, NPB (1987)]
[Knizhnik, CMP (1987)] [Bershadsky, Radul, NPB (1987)]



2D CFT: Entanglement entropies as correlation functions

[0 Many intervals
(N =>2)

Fnn can be computed from the N N1 —
partition function on RN,TL é yn — H (Z . x27_2> [ H (Z o x27_1)]
genusg:(N—l)(njl) foplee! o )

E Two intervals: [Caraglio, Gliozzi, JHEP (2008)] [Furukawa, Pasquier, Shiraishi, PRL (2008)]
[Calabrese, Cardy, E.T., JSTAT (2009), JSTAT (2011)] [Fagotti, Calabrese, JSTAT (2010)]
[Alba, Tagliacozzo, Calabrese, PRB (2009), JSTAT (2011)]

Many intervals: [Coser, Tagliacozzo, E.T., JSTAT (2014)]



Higher genus Riemann surfaces from replication

] A key object is the period matrix T

- <= —

b = 5 =
a; b;

7

ag T is g X g, symmetric and Im(7) > 0

3g — 3 complex moduli for g > 2

We are dealing with a subclass of Riemann surfaces

of genus g = n — 1 obtained from replication
Indeed 7 = 7(x)

hlq_‘_‘-‘_‘-‘-‘-‘-

[Calabrese, Cardy, E.T., JSTAT (2011)]



The period matrix

(Canonical homology basis {aq j, ba.; }) j .

= Ly(z)l ! B _
We,j = © U(z) dz Ak?,Jq _]{ Wa.k
’ j o ; -
a=1..,N-1 Bf’?:% Wp.k
7 T = (@)

jZl,...,n—l a,j



Free compactified boson

[Coser, Tagliacozzo, E.T., JSTAT (2014)]
O Compute 7 [Enolski, Grava, IMRN (2004)]

[0 Riemann theta function (p X p complex, symmetric matrix  with Im(2) > 0)

O(0[Q2) = Z exp(imm® - Q- m)

m € 7P
[ Free compactified boson (n oc R?) g={N-1)(n-1)
( )
O(0|7;,) inZT R
Fnnlx) = I T, = , — '
N, (w) ‘@(O|7’)|2 n ( R II/T] T R"‘lI
. J

O Invariance n <> 1/n and A <> B
= Nasty n dependence

The mutual information can be computed for the uncompactified boson
with N = 2 [Calabrese, Cardy, E.T., JSTAT (2009)]

[0 Analytic checks:

O Counting of the components of R based on the dihedral group
[Headrick, Lawrence, Roberts, JSTAT (2012)]

O The hyperelliptic case (n = 2) [Zamolodchikov, NPB (1987)] is recovered
O The known result for N = 2 [Calabrese, Cardy, E.T., JSTAT (2009)] is recovered



The periodic harmonic chain (I)

[0 Periodic chain of harmonic oscillators

L—-1
1 Mw? K
H = o2 2 T - n2

n=0

The massless case in the continuum limit

is the ¢ = 1 free boson on the line

[Peschel, Chung, JPA (1999)] [Botero, Reznik, PRA (2004)]
[Audenaert, Eisert, Plenio, Werner, PRA (2002)]

[ Decompactification 1L ]
regime (large 7) Fior
0.8 — _
9/2 :
i (@) : -

~ J/det(Z) [0(0]7)P

g
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The periodic harmonic chain (Il)

[l UV finite ratio

N =3
n n n n n
n T n n 3.n — n n n 111
Tl'p{l} Trp{z} Trp{l’z} Trp{1’3} Trp{2’3} (1,1,1)
111
N N
R = (T n )(—1)N_p_ [f ( UN,p)}(_l)N_p
N,n = rpaNJ, - p,M xr \
p=1 ON,p p=2 ON,p \\\
(—1)¥
[Alp---;AN = lim —logRN,n R 0 02
n—1n—1 L1 L 64 2 24 0.6
! ols 06 T , 0.8
) ) ) 1 e
O a4, =Sa, +Sa, — Sa,ua, is the mutual information g
Rnorm 8 -_ T T T T T T T T T T T T T T T T T T T I_- 02 FT T T T T T T T T T T T T T T T T T T T T
3,4 I 1 = gan® s T2 8 BgpoROT ]
7 r E Igub : o0 NS sy
i L =500 , 5000 ] i
6F ] 0k i
I
i ] -02} 4
4t . .
i L =500 , 5000
3t 7 -04 | 3 y IT i
2 , v s IIT
| ; ot ° IV 1
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The Ising model

[l ¢ =1 theories in 2D
(compact boson and Zs orbifold)

Bosonization on Riemann surfaces

[Alvarez-Gaume, Moore, Vafa; CMP (1986)] ISing model

[Dijkgraaf, Verlinde, Verlinde; CMP (1988)]
| Riemann function with characteristic
00 Ole](0[2) = Z exp [ir(m +¢€)"- Q- (m +¢) + 2ni(m + €)* - §)
m € 7P
Rorbifold
o () — 2 OL€01)
E O 4-state Potts N,n 29 ‘@(O‘T) ‘

[Coser, Tagliacozzo, E.T., JSTAT (2014)]

1 O (Ising)?

 The known result for N = 2 is recovered

K. T. Di SU(2
O V2 O Cl‘/rac (g ) [Calabrese,Cardy, E.T., JSTAT (2011)]
1
O R 7L V2



Numerics for the Ising model: Matrix Product States (I)

[White, Noack, PRL (1992)] [Ostuld, Rommer, PRL (1995)] [Vidal, PRL (2003)] [Verstraete, Cirac, PRB (2006)]

[Hastings, JSTAT (2007)] - - -

Ground gy — 37 b BT g i fig) - Jis) ;

Reduced density matrix pA

[] ™ are obtained
by minimizing (V|H |V¥) T 2
IPA
[[] The accuracy of the result
depends on the bond dimension




Numerics for the Ising model: Matrix Product States (Il)

[ The N = 2 case has been studied numerically through various methods
[Caraglio, Gliozzi, JHEP (2008)] [Furukawa, Pasquier, Shiraishi, PRL (2009)]
[Alba, Tagliacozzo, Calabrese, PRB (2010); JSTAT (2011)]
[Fagotti, Calabrese, JSTAT (2010)]

[l For N > 2 we considered Ising chain with 30 < L < 500.
Variational algorithm of [Pirvu, Verstraete, Vidal, PRB (2011)]
Finite size corrections must be taken into account

[Coser, Tagliacozzo, E.T., JSTAT (2014)]

2.81 . 0.92r
R
Fa,2 3,2 g g
2.6
0.88r
134 i
2.4} g*i o 0.86
& b 0.84
g i |
o2rg 4
9 a A X= 0.82r
¥ a « x=12
zkﬁ A s x=16 0.8
A o Extrapolation
¢ CFT 0.78 o Extrapolation 1 corr.
@ Extrapolation 2 corr.
1.8F A O Extrapolation 3 corr.
0.76{— CFT

0 0.2 0.4 0.6 0.8 T 1 0 0.2 0.4 0.6 0.8 T1 1



Short intervals expansion

[Calabrese, Cardy, E.T., JSTAT (2011)]
[Headrick, PRD (2010)]

[0 Trp’y when the lengths £, of the intervals are small

w.r.t. to other characteristc lengths of the system

O A= |ui,v1]U|ug,v3] and r is the distance between the centers

R OO 3 ) R | CX T
{kj} J=1
\ _J
a 2
O A =1+( ) s+ (52) saln)+...
olm) — n iy 1 =3 compactified boson « =min[n,1/9] N =2 o _ ﬁF(Oz +1)
2( ) N2j:1 [Sin(ﬂ'%)}mx » Ising a:1/4 N =1 2<1) N 4T (Oé"'%)

Also s4(n) is known for the compactified boson and the Ising model /\

The vacuum
1S not
empty

Trp’ for disjoint intervals contains all the data of the CF'T

(conformal dimensions and OPE coefficients)




Motivations for Negativity

[ Quantum system (H) in the ground state |¥) = p=|U)(¥| (Trp"=1)

[0 Bipartite system H="HsQ Hp

) &

O Tripartite system H =Hs, @ Ha, @ HB — PA;UA, 18 mixed

reduced ( Ty )
density matrix pa = IBP

Entanglement
entropy

(SA = —Tra(palog PA))

S4 = Sp for pure states

Sa,ua, : entanglement between A; U Ay and B

What about the entanglement between A1 and As?

A computable measure of the entanglement
b . iy -
is the logarithmic negativity




Partial transpose & Negativity: definitions

[ p = pa,ua, is a mixed state

\e§1)> and |e§-2)> bases of H 4, and H 4,

p'2 is the partial transpose of p B

1) (2 5 1) (2 1) (2 1) (2
[ e = (e plefel?) ]

[Peres, PRL (1996)] [Zyczkowski, Horodecki, Sanpera, Lewenstein, PRA (1998)] [Eisert, (2001)]
[Vidal, Werner, PRA (2002)]

Xi <0 Trp' =1

- ol T
O Trace ROTm[,OTQTT,OTQZ)\12Z)\J A; eigenvalues of p

Logarithmic negativity ( Ea, = In|| ,OTQH = In Tr| pTQO

[ Same definition for a bipartite system
H=HsQ@Hp in a generic state p — E4=~EpR



Replica approach to Negativity

n—1 On entropies 1—n n — 1

Tr(p™2)™ = D AP = D A"+ D A
1 A parity effect f0< i Ai>0 A; <0

Te(p")" = SN = 3 N = Y Ial

7 ;>0 ;<0

' log Trp
C (SAlimaTrpﬁJ fteny: S, = 06 1TPa Sa

[ Replica approach

= log||p"?|| = lim_log [ Tr(p"2)"
to negativity €4 ( 2 og o™ | n:I—I>11 og[ r(p™?) ]J

lim Tr(p?2)™ =Trp’2 =1

Nne—1

Analytic continuation on the even sequence Tr(p?2)"e (make 1 an even number)




Partial Transposition for bipartite systems: pure states (1)

[Calabrese, Cardy and E.T.; PRL (2012), JSTAT (2013)]

H=Ha, ®Ha,
, B Aq B Ao B
] lim
B—0 U1 U1 U2 ()
T T Tn € T,
Partial . exchange

_ Transposition  two twist fields

[ ey

|
S
3[\3
/N
=
V)
N—"
3l\D
/N
e
(\V)
N—"
~——

u

[0 7.7 connects the j-th sheet
with the (j 4+ 2)-th one

[0 Evenn=n, = decoupling

@MNM@%




p=|¥) (V|

Partial Transpose: pure states (Il)

H=H1 Q H>
= Schmadt decomposition |¥)

r

.

Tr(p™2)" = {

(TI’ P2

Tr p3

n/2

[ Two dimensional CFT's

| = lim Tr(
Ne —

)% X A2 e [5

0 For n. — 1 we find £ = 2log Trp§/2 (Renyi entropy 1/2)

> er [Wr)1Tr)s

n=n,

n = Ne

_° In ¢ + const




Partial Transpose in 2D CFT: two adjacent intervals

Tr(p}?)" o (165) ™85 70 (0 4 £5) 7805 T

Tr(pT2)™ oc (ulo(bs + £5)) 20770

0 From the analytic continuation n, — 1

I2Y/ c/4 C ( V145 )
1 1%2 N E=—1n + const




Partial Transpose in 2D CFT: two disjoint intervals

[ Four point function of twist fields in the complex plane  (free boson,

uncompactified)
[ L)
2(p—1 n—1 2
Tr(p%)“ B (1 —y)str=) - F% () F% A=y |" | 5w =h061-p1y)
n o n—1 I
Tr gl T Re(Fy (52) Fy (1) 0<y<1
\_ v,




Free compactified boson: traces of the partial transpose

[ We need to extend Fy—2, toxz €C

( h O) = Z exp [imm'-T -m]
o ©(fT) ez
Fn(,%) = ——
szl |Fk:/n(x)| T imL R

~ < \ R iZ/n
where the period matrix is
( 1 )

Trs = Ryps + i1Lps = % ,; sin(mk/n) [z Fk}:/(i(;)x)] COS (27Tk:/n(r — s))
. J

rs=1,...,n-1 < nasty n dependence

—) Fn(x,Z) is invariant under n <> 1/n and under z <> 1 — x

= 7, (z,T) gives the previous result for x € (0, 1)



Renyi entropies vs traces of the Partial Transpose




Harmonic chains (periodic b.c.) : two adjacent intervals

[l Harmonic chain on a circle

[p? + CUQQJQ- +(gj41 — 45)° |

* L=100
" L=150
* L=100
* L=150

(0} L=1'0_1
4
olL=10

ol=10"
jj«“fz

PR

Critical regime w =0
Continuum limit =3 ¢ =1 free boson

[ Two adjacent intervals

.. L . wt
Finite system: ¢ — —sin —
s L

Tr(p,"* )"

Tr(ps ")

r, = In

[ Open chains with Dirichlet b.c.

and the massive case ——————3 & — §1og§ +...

have been studied

»

04 05

lIJJlJIh 1

¢/L

1 1 11

0.4 Ll

100

g



Harmonic chains (periodic b.c.) : two disjoint intervals

[0 Previous numerical results for &: [Wichterich, Molina-Vilaplana, Bose, PRB (2009)]
Ising (DMRG) and harmonic chains [Marcovitch, Retzker, Plenio, Reznik, PRA (2009)]

M = [Calabrese, Cardy, E.T.; PRL (2012), JSTAT (2013)]
_ Two disjoint intervals
0.9
( )
Tao\n
o R . Tr(pA )
. T Trph
CFT curves) \ PA y
0.7
Analytic continuation for y ~ 1
0
1
E = ~1 log(1 —y) 4+ log K (y) + cnst
0.6/
o4 @ Analytic continuation n, — 1
for 0 < y < 1 is missing
0.2
v @ It goes to zero faster than any power
0




Ising model: traces of the partial transpose (CFT & TTN)

Monte-Carlo analysis  [Alba, JSTAT (2013)]

Two disjoint intervals
O ) Tree Tensor Network [Calabrese, Tagliacozzo and E.T., JSTAT (2013)]

( -
Yy
CFT Guly) = (1 — ) 1/mfe 2= |@_[(f](0‘7(y‘1))‘ 0<y<1
— 2 T Py ()12
\_ _J
0 i Schmadt decomposition
B 9= > Ty lin)liz) - lic) P
i1=1 io=1  ip—=1 Ay Ao

TTN The state is encoded in the network
made by smaller tensors

W) (V]




Ising model: partial transpose with Tree Tensor Networks

[0 Pure states: relation with Renyi entropies
in the TTN language
[T
- ® ®
— (0] (0]
T2\2 2
A ) (TIIOA2)
[0 Numerical |
1 o |[=32
checks: 7 . 64
: 7 o L=128
T wo adjacent 6| L o
intervals 511 * =512
< CFT
H o4
3,




Partial transpose with TTN: two disjoint intervals

T —
sF %
2.5 0.99} &5« . !
o O .. +
° ot 0.98} °x .
m] - ' o, X
<« 27 % x 1:2 ] < 0.97+ o 1=2 ; +
O . 1 =16 ad ' o 1=4 o
+ + + + = | 1 =138
++T,T - : 1:2 0.96 -1 =16
1.5'#--"“ % x + 1 =32
:/ « %DD o x o 1 =128 095, 1 = 64 X
:;oo o : CFT o 1 =128
([ ] extrapolation | CFT
’ ‘ ‘ | ‘p 0.94 ° extrapolation .
0 0.2 0.4 06 08 1 ‘ ‘ ‘ ‘ ‘ ‘
y 0 01 02 03 04 05
)%
0.03} x 1-8 $
-1 =16 :
= 32 x
0.025( s
O 1 =128
0.02/ Logarithmic negativity:
“ 0.015} 1 CFT formula still unknown
0.01}
0.005} o
Omermerss = *
0 0.1 0.2 0.3 0.4 0.5



Holographic entanglement entropy

AdS4.9/CFT4,1 correspondence

[ Prescription: in regularized AdSg.1 2

-
-

-
-

Constant time slice

Consider the surfaces v4 s.t. 0y4 = 0A
which are homologous to A
(it exists a bulk region R s.t. OR = AU~4)

[Headrick, Takayanagi, PRD (2007)] [Fursaev, JHEP (2006 )]
[Azeyanagi, Nishioka, Takayanagi, PRD (2008)]

Find the surface 74 with minimal area

( n
g Area(y4)
A p—
4G§\Cfi+2)
\ y,

[Ryu, Takayanagi, PRL, JHEP (2006)]

Bou

—_—

B

NS

[\

i

YA p
%
A 0

Minimal Surface

/’7A

AdS 412
> Z
rz
Area(0A)
qd—1

14
M d=1formula S4= g loga +c¢o and the area law S4

[ Strong subadditivity is satisfied [Headrick, Takayanagi, PRD (2007)]



Causal holographic information

[Hubeny, Takayanagi, Rangamani, JHEP (2007)]
[Hubeny, Rangamani, JHEP (2012)]

[0 Does holography suggest new quantities
to consider?

[0 Natural construction starting from the
domain of dependence of A (O 4)
causal wedge ¢ 4 associated to A

004 =0,(04)U0_(®4)

H EA=0.(44)N0_(44)
r N
Area(Z4)
XA =
4G\
\ y




Causal holographic information

[Hubeny and Rangamani, JHEP (2012)]

Properties of y 4

xa = S4 for AdS3, BTZ and rotating BTZ black hole

xA = Sa for spherical A in the boundary CFT 444

for the complementar region: xac # x4

0 0 0O

x4 does not satisfy strong subadditivity e A




CHI: Schwarzschild-AdS black hole

. Hubeny, R i, B.T., JHEP (2013
Schwarzschild-AdSs [Hubeny, Rangamani (2013)]




CHI: Schwarzschild-AdS black hole

[Hubeny, Rangamani, E.T., JHEP (2013)]

Schwarzschild-AdSg441

dr? :
ds® = —f(r)dt* + ) r? (dp? + sin® p dQ7_,)
d—2 (.2
ry 2 (ry +1)
flr)=r*+1--" f,ad—h2
r = tanp
d - 37 47 57 67 7
©a
T
. .
TT( Critical angle %
where = 4 pinches off
I
2
n
il

Ph

-
15 -
(Sl



One-point entropy

A proposal for the CFT quantity dual to the causal mutual information
[Kelly, Wall, 1309.3610]

‘ [ Coarse grained entropy S 4 associated to A
f o | [Gell-Mann, Hartle, PRA (2007)]

Sa=sup | Sa(ta)]

T4 ETY
S4(T7.4) Von Neumann entropy of 74
TA(pa) set of all the density matrices 74 s.t.

Tr[Om7a] = Tr[Onpa]

{O,, } set of operators supported in ¢ 4

[0 The one-point entropy Sféll) is defined as S4 when {O,,} are the one-point functions

of all gauge-invariant, local operators supported in 4

[0 Some properties (e.g. additivity) have been checked

but quantitative checks are missing



Vaidya metrics

| Formation of a black hole through the collapse of null dust
d + 1 dimensional Vaidya-AdSg11

[ ds® = 2dvdr — f(r,v) dv® + r? dz?il,K] f(r,v) =172 (1 + K m(v))

r2 rd
Ty X % Opym(v) —  Null energy condition 7,, N¥N" = 0
f"' - < e
imposes that d,m(v) > 0
m(v)
1.5
mv) = M 1 + tanh(v/ay)

2 1.0f--=-=
interpolates between AdS 41
2 and Schwarzschild-AdS 1
v

-10 -5 5 10

[0 Holographic entanglement entropy [Hubeny, Rangamani, Takayanagi, JUEP (2007)]
[Abajo-Arrastia, Aparicio, Lopez, JHEP (2010)]
O Thin shell limit a, — 0

(analytic solution for d = 2) [Balasubramanian et al., PRL, PRD (2011)]
[Liu, Suh, PRL, PRD (2013)]



CHI in the thin shell limit

[Hubeny, Rangamani, E.T., JHEP (2013)]

Vaidya-AdSs in the thin shell limit (m = mg 6(v))

Thermal

Shell encounter by = 4
(both O (#.4) and O_(#4) refract through the shell)

Shell encounter by 0 (#.4) only

Vacuum




CHI in the thin shell limit

(1)

—pa <ta <0




Thin shell limit in 3 dim: HEE & CHI

0.10 o4 = 1.257
i , pa = 1.257
0.08
I , oA = 1.257
0.06
i o4 = 0.85
0.04 |
I o4 = 0.85
0.02 o4 = 0.85
B 0.2 04 0.6 038 10 t4/0a4
Ceff
XA—S4 = i(cot OA—Th cothrhgoA)(r,% csch? ThgoA—csc2 goA—r%L—l) tf’4+ e
Ceff (T%L —+ 1)2

XA =54 = (pa—ta)" + -

6 37?2 coth®(rnp.a)



Conclusions & Open issues

O Entanglement entropies for disjoint intervals: Trp"; for the simplest CFT's
The N > 2 intervals case includes all the data of the CFT

O FEntanglement for mized states.
Negativity in QFT (1+1 CFTs): Tr(p!2)™ and &

0 Holography can suggest new measures of entanglement (e.g. CHI)

= Analytic continuations, Negativity for fermions,
Higher dimensions, Interactions, Holographic interpretations, ...

O Entanglement & RG [Casini, Huerta, (2004), (2012)] [Myers, Singh, (2012)] [...]

O Quantum Hall Effect [Li, Haldane, (2008)] [...]

O Excited states [Berganza, Alcaraz, Sierra, (2011)] [...]




