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Scaling of entanglement in many-body systems

B

A
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How does entropy scale with L?
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A

D=1 boundary law ,
for entanglement entropy instead of
L bulk law
D—-1

T S(A)~|0A|~L S(A)~1A1~17

L

L sometimes,
D=3 % logarithmic corrections
LTl A u S(A)~ LP~tlog(L)

Ground states of local Hamiltonians are special/non-generic states

ground states of
local Hamiltonians

generic state



Scaling of entanglement in many-body ground states (complete list2)

gapped system gapless system
D—Dr =2 D—-Dr=1
D=1 4
- const. -
- log(L)
D=2 LA
: L L Llog(L)
IL:
D=3 %
LA U L2 L2 L2 log(L)
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APPLICATION: tensor network states

gapped system gapless system
D—Dr =2 D—-Dr=1

A MPS MERA
b=1 const. - log(L)
L
PEPS MERA branching MERA
D=2 LA
; L L Llog(L)
L
% PEPS MERA branching MERA
D=3
), 12 12 12 1log(L)
PR |
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APPLICATION: quantum criticality and topological order

gapped system

gapless system

D—Dp=1
A
D=1 log(L)
L
D=2 LA
L
 quantum criticality: J
C central
S(L) ~ Zlog(L) € harge
* topological order: l
total
S(L) = aL — log(D) D quantum

dimension




Beyond entanglement entropy of a block?

 entanglement spectrum
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In chiral topological order,

entanglement spectrum related to
spectrum of the boundary theory



Beyond entanglement entropy of a block?

- entanglement shape

B

Where are the entangled
degrees of freedom?
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Entanglement entropy in free fermions

Hamiltonian

H = E(aj a1 +h.c)+ yz:(aiaiﬂ + h.c.) + ,uz: alT a;
i i i

l

ground
state %) B A B

M EEIIEEEEEEEIEE NN
L
reduced
derlsity ,DA . T4 ., \
matrix - .
| (%) = <qj|ai aJ|LP>
correlation
matrix

* more generally, majorana fermion formalism
if particle number is not preserved
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reduced -
© 0 00|00 0000 0000 00 den5|typéz FA corre]atmn
matrix matrix
— T
- Ty = (P]a] a;|W)
Hermitian
matrix i +
q1 (P|b,bn|®) = Smndm
4=y Ut

dr

a; = ZUlmb

.
Entropy S4 = Z S, = Z[—qm log gm — (1 — qm)log (1 — qp) | ]
\ m m

Entropy S z U. 12§ z U. |2 =1
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* For majorana modes (only fermion parity conservation)

0 V
=0 (@m [_Vm 81 )OT
021 1] z [02i—1,2m—1 02i—1,2m] [dZm—1]
CZl O2i2m-1 O2i2m dom
E”tmpy 1+v, 1+4+v 1-v 1—v
5 z [ m m m
{ z ) + 5 log(——)
Entropy ,
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H = z(a;r a1+ h.c.) +y2(aiai+1 + h.c.) +,uz alT a;
i i i

* infinite chain
e finite block (100 sites)




H = z(a;r a1+ h.c.) +y2(aiai+1 + h.c.) +,uz azr a;
i i i

* finite periodic chain (200 sites)
* region A (B) has 100 sites




H = z(a;r a1+ h.c.) +y2(aiai+1 + h.c.) +,uz alT a;
i i i

* finite open chain (200+ sites)
* region A (B) has 100 sites

this tail explains divergence of
entanglement of half an infinite chain at criticality



H = Z(azr ajy1 + h.c.) +y2(aiai+1 + h.c.) +,uz a;r a;
i i i

infinite chain, gapless ¢ CFT prediction

l central
- finite block  [_; (Rob Myers) | Sx =
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2D

H = Z(a a]+hc)+y2(aa +hc)+u2a a;

A=5017=1.0

<i,i>

<i,j>

lsw =

+0.8873 L -0.5007|

Isw =

+0.7564 LlogL +1.6610|




gapped gapless gapless Il
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H = z(azr a1+ h.c.) +y2(aiai+1 + h.c.) +,uz alT a;
i i i

e gapless system (200+200 sites)

* |ocal quench -- disconnect A and B

Local quench, gapless
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Local quench, gapped, mu=3,gamma=1
0.03 T T . . . . . T .

0.02 H =
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Detect low energy decoupling (e.g. spin charge separation)
without knowing what degrees of freedom separate.



Global quench H= Z(aZr Gy +hoc)+ VZ(aiaHl the)+ “Z af a;
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B A

several possible generalizations
®© © 0606 00 00|00 00,00 00

W) = > VBelwvE) x
a 1 2

x(4) =S (2 papé2> — Z PaS(P4?)

* Holevo’s y quantity

* mutual information

I(A1B) = 5(A;) +S(B) — S(4;B) = S(A;1) + S(4:4;) — S(43)

* negativity

En(A4|B) = logtr([p#"]"®)

define entanglement shape through subtraction or derivative:

x(x) —y(x+1) I(x+1)—1(x) Ey(x+1)—Ey(x)

ina CFT: dI_Cl ina CFT: dEN_Cl

E_gg dx_4;
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