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e Entanglement entropy of fields in presence of horizon: role
of states. IsSxA?

e \Where are the degrees of freedom??

e Entanglement entropy of fields in presence of black hole hori-
Zon



Incomplete Information = Entanglement Entropy = k(Area)




Can Sy result from entanglement of fields outside/inside the horizon?
Consider a Free Scalar Field in Flat Space.
e.g. Gravitational perturbations
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Discretise
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Trace over first n < N sites and find entanglement entropy




N coupled oscillators

H = 221_1;92 —+ 22” 1 iG55 < Hamiltonian

Density Matrix, tracing over the first n of N oscillators (r = x,41,...,TN)
mn
. . . /
0 (:13, :c’) = / 1] dz; v(z1,..., 20 2pt1, - 2N) (@1, @0 Tpg1, -+ Ty,
4

where (x = Uz , UKU! = Diagonal):
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Note: pgut 7 Pout
= pout = Mixed, although full state is pure

— Entanglement Entropy = —Tr (plnp) >0




For the scalar field
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Off-diagonal = Interactions




State of the scalar field (p; — x;):

Ground state:

N
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’(p(ibl, ce ,mN) = H NiHqu (k?)z _) exp(——kDZ X )
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1
v =0 ,Yi,—  YP(x1,...,0x5) =11 N;exp(—5k? x?)

Entropy:

S = ylme (204 1) = 0.3 (£) ~ Area, (R = a(n +1/2)]
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IN(R) vs In(S)

Note: Ground State Entropy «x Area

L. Bombelli, R. K. Koul, J. Lee, R. Sorkin PRD 34 (1986)
373; M. Srednicki, PRL 71 (1993) 666




We ask: What happens for Excited States?

e Coherent States

e Squeezed States

e First Excited State

M. Ahmadi, SD, S. Shankaranarayanan, hep-th/0507228 (Can.
J. Phys)

SD, S. Shankaranarayanan, gr-qc/0511066 (Phys. Rev. D.,
Rapid Comm.)
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Coherent state (‘Shifted’ ground state) ApAxz = h/2:

w(xla"'ax]\f)CS — N eXp(__k (X ai)2>

.
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st
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Defining:

F=x—Ula, dZ =dz

Density Matrix:
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S(CS) =S (GS) ~ Area




Squeezed state. Ap > 1, Az K1 (or vice-versa) ApAx = h/2:
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VT X, dT = /T dx
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Density Matrix:

pss ( / H do; Ygs(a1, . Tpgt, - IWg(@1, ..y, ) = p (7 )

S (SS) = S (GS) ~ Area




Superposition of First Excited States
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Density Matrix:
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Higher ES — Higher partial waves excited




X X

X X X

| Where are the Degrees of Freedom? |
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Where are the Degrees of Freedom?
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| Black Hole Spacetimes: Results go through

f(zr)dtQ_'_f()_l_,erQQ ) f(’r):l__
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Hamiltonian:

2
H(r) =3 [ dR |30 + 3 v (R — 1) (9pé (7, R))?

Transform @ = 0, say:

n(r) = Vrm(r) . (r) = A

Hamiltonian:

H(0) = 2f0 dr [wl(fr)Q + 72 ( ¢1> ] — Hamiltonian in flat spacetime

r=rO:>R=%7“O
Trace: R=0— 5rg or R = %rg — oo

All results go through for a fixed 7



Summary

e Black Hole Entropy = Entanglement Entropy 77

e G5, C5,SS=5x A

e ES = S x A% ,a < 1. Higher partial waves excited

e DOF near horizon contribute to most (but not alll)
of the entropy

e Results hold for BH spacetimes




WorKk in progress




