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Given a stiate [¢’) in a ]JIO(JLIQ‘{ Hilbert space,

Hs

Take the partial trace px = |ry|v) (¢

i

The resulting entropy is the dntanglement entropy

Si= Tr,u:: ldg px

This quantity has a number f uses

@ In gravity, as a proposef explanation of black hole entropy,
o |n condensed matter tiggory, as a probe of topological phases,
@ |n string theory, as part of the AdS/CFT dictionary
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|
Many interesting example:

fields the factorizi

1at replaces this factpr

o |s there a sensible noti

Pirsa: 14050122

l mergent gaugt
SU(N) gaug

Dt -.mn,r| nie

ition M

1zation In «

1 of entanglement

mime

mmektr

mmetctl

Lr

” W
W

iFJa-fr |

Page 4/27



Pirsa: 14050122 Page 5/27



thrization In «
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Many interesting examples h:
|
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|
l
gauge theon Hlll"

n a closed n Id, wi |1.J'_-

1
q, we allow Wilson IIH\'
;

sgrees or frreedony

J.

an embedding

Pirsa: 14050122

Page 8/27



auge theory miulst

3 cloged manifold, we
|
b 4, we allow Wilson

-

N'.‘. v l’j'.‘,"_l' .

We then nave
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Why no factorization?

States of a gauge theory must be gauge invariant!

On a closed manifold, we have gauge-invariant observables: Wilson loops.

If 0L # 0, we allow Wilson lines to end on the boundary.
New degrees of freedom, edge modes, act like charges.

We then have an embedding:

Only C (not =) because the endpoints
must match.

M C My ® Hy, [>
v

This construction can be made completely precise on the lattice, and
allows us to define an entanglement entropy.

But what if we don't know a complete set of gauge-invariant observables?

William Donnelly (U Waterloo) Entanglement and edge modes Quantum Gravity Day, Pl 4/11
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tates ol |a gauge theory must

On a cloded manifold, we h'!f"

g, we a

T freedon

|
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FOHQ'.‘_ thpE covarid
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For \c.m;'!f.]lll‘ we find the
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To make © g:

Phase space
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For YangiMills, we find the fymplect

jge modes
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\\.'f': ‘n‘.n_illl(: like to extend the \'.l”j Mills result

\-.'.Jh.“:: are ‘.h' lz'ulll'\‘j.!l' degrees ( I freed:
|
Nhatt 1s the '_.'-,'n]l][;. tic [structure
are the generatorn (analo

repra fjn_

For now we

split V into tange

A are infinitesimal Alije

deformations

| M mrrnhie
the dirreamaol
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We would like to extend thel Yang-Mills result

@ Whalt are the boundary|degrees of freedom (a
@ What is the symplectic|structure!
© Whalt are the generatorp (analog:

© What algebra do they generate’

There is a new issue in genefal

For now we focus on diy

Locally split V into tangent part

are infinitesimal diffeomorphisms of
| - ¢ - -~ | +
are deformations of the plane normal to

w much of the diffeomorphism group becomes pi
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t are the boundan
|

metnc on .
extnnsic curvature

a diffeomaorphigm

What is the symplectic

Following the same proged!
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© What are the generators (analogs of £ )7

For a vector field V, define

1 -
.I"f = - / \ (J’Hdi“\__“L"..
“ -2 X(S) ’

These generate diffeomprphisms and satisfy {Hyv. Hw |

For a surface-preserving diffgomorphism,

”

1k, ff , - - A

Hy = / (Hjj(e* V) + V7 Aa) .

< JXM(S) ’

H:; = = detg . the (densitized) unimodular normal metric
] iz T-.--“dt’-il h Uil = = .

— /detq[n°, n*]a, the (densitized) extrinsic twist
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© Whalt are the generators (analogs of

For a vector field V, define

Hy = - / van**VaVy
¢ < JX(S)

yrphisms and satisfy {Hv. Hw |

These generate diffeom

For a surface-preserving diffgomorphism,

a)

ik [’ /| /A A )
< JA(S)

H: = vdetq ed) unimodular normal metric
U - det h

v

An = vaetq[n®, ntla.

hij, the (densitiz
the (densitized) extrinsic twist.
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© Whalt are the generators (analogs of £

- 5%

For a vector field V, define

H),

These generate diffeomprphisms and satisty {Hy. I

For a surface-preserving diffgomarphism,

9|

e [](Hute¥an) + 744s)

J q(S5)

et q | zed ) ~dular normal metric
H: = —Ye—i= hj;, the (densitized ) unimodular normal m
1] { 1 J

det

Aa = \. dr‘t_q[n”. nl],}, the (densitized) extrinsic twis
A TN - ¥
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Q Whatt algebra do they generate?
Can read |off commutators bletween geometric quantities from {Hy Hw |
4H;;(x), Hi(y) (€ Hi + il )(x)alx. y)

1
|
tAA(x), Ag(y)} Aa(y)dgd(x.y) — Ap(x)da0(x.y)
{ H,‘,(':-:). Aaly)} Hij(y)dad(x.y)

o A, generate diffeomorphisms of 5

e Hj; generate normal-plaie deformations
-]

o Together they generatef Diff(5) v SL(2,R)”

The area form 1s v detg = v det H. and det H is the Casimir of SL(2, %)
1€ cd < -
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in gravity

Future work

new degrees pf freedom on 5 - edge mode:

no exception!

d';'l';r‘l'l‘-‘? of fraedom generate gaugs transformations

these are difftomorphisms of a neighbourhoad of 5

Surface-moving diffeomgrphisms

Quantization (representt

Thank you!
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Summary

Conclusions
In a gauge theory, the Hilbert space doesn't factor in the usual way.
There are new degrees of freedom on S - edge modes.
Gravity is no exception!

Boundary degrees of freedom generate gauge transformations -
in gravity these are diffeomorphisms of a neighbourhood of S.

Future work

e Surface-moving diffeomorphisms

e Quantization (representations of the diffeomorphism algebra)

Thank you!

William Donnelly (U Waterloo) Entanglement and edge modes Quantum Gravity Day, Pl
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Conclusidns

In a [gauge theory, the Hilbert space doesn't

There are new degrees pf freedom on

P - - |
Gravity 1s no exception}

Boulc / ',::l;;‘,i'rw_-'-,- of fraedom generate
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