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Motivation
Want to make local observations in Quantum
Gravity

Singularities are a local phenomena

We are local observers

Is locality fundamental?
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The Problem
In a QFT, observables O(x) must be gauge
invariant

In Gravity, gauge symmetry ⊃ diffeomorphisms

δξO(x) = ξµ∂µO(x) 6= 0

Therefore O(x) is not an observable
∫

M

√
gO(x) is gauge invariant, but non-local.
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A Solution
Localize relative to some background state
(e.g. us, a detector, earth, etc.).

Requires special observables and a special
background.

Observables are diffeomorphism invariant.

Such observables approximately reduce to
“semi-local” observables only in special
backgrounds.

Leads to limiations on locality.
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The Z-Model
Proposed in hep-th/0512200 S.B. Giddings, D.
Marolf, J. Hartle

Consider a QFT with operator O(x)

Introduce D fields Z i and state |Ψ〉 such that

〈Ψ|Z i |Ψ〉 = λδi
µx

µ

in some region of spacetime

Define operators Oξ = “
∫

M

√
gδ(Z i − ξi)O(x)

′′

〈Ψ|Oξ1
· · ·OξN

|Ψ〉 ≈ O(xµ
1) · · ·O(xµ

N) where
x

µ
A = λ−1δi

µξ
i
A

M. Gary, UC Santa Barbara 23rd Pacific Coast Gravity Meeting – p.5/11



2-D Quantum Gravity
Consider 2-D Liouville Gravity with metric g and conformally coupled
matter m with anomaly c

Z =

Z

DgDm

Vol(diff)
e

iS[m,g]

Locally, metric is of form ds2 = eφηabdxadxb

Gauge fix to a metric ĝ of this form, giving

SL [φ, ĝ] =

Z

Σ

p

ĝ

„

ĝab

2
∂aφ∂bφ + R̂φ

«

Z =

Z

DĝφDĝm |detĝP | exp

„

i
c − 25

48π
SL [φ, ĝ] + iS [m, ĝ]

«

For c = 25, SL reduces to a free scalar action.
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2-D Relational
Observables

For simplicity, assume matter is 2 free scalar fields X0, X1 and m′ with
conformal anomaly c′ = 23.

c = 2 + c′ = 25, so let X̂ =
q

α′ 25−c
24

φ.

Σ = S1 × R with coordinates −∞ < t < ∞ and 0 ≤ θ < 2π

In analogy to the Z-model, let

Z
i ↔ X

0
, X

1

O(x) ↔ O
ˆ

m
′
˜

|Ψ〉 ↔ ???

Oξ ↔ ???
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Background State

Background |Ψ〉
〈Ψ|X0 |Ψ〉 = p0t, 〈Ψ|X1 |Ψ〉 = Rθ

with X1 ' X1 + 2πR

Winding state of the string!

Wheeler-deWitt equation (=Virasoro
constraints)

(p0)2 =
R2

4
− 2

M. Gary, UC Santa Barbara 23rd Pacific Coast Gravity Meeting – p.8/11



Semi-local
Observable

Let O [m′] have conformal dim ∆ � 1, then

Ô(k0, k1) =

∫

d2x
√

ĝOeik0X
0+ik1X

1+ik̂X̂

is diff invariant iff k̂ = ±2
√

1−∆

2
− kaka

4

Fourier transforming w.r.t. k0, k1

→ Ô(t̂, θ̂) =

∫

d2ke−σ2k2

ae2ik0p0t̂−ik1Rθ̂
Ô(k0, k1)

where the “resolution” is σ
>∼ 1
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Localization

〈Ψ| Ô1(t̂1, θ̂1) · · · ÔN (t̂N , θ̂N ) |Ψ〉

≈

Z N
Y

i=1

d2xie
−( p0

σ
)2(ti−t̂i)

2
−( R

2σ
)2(θi−θ̂i)

2

f(xi)

*

N
Y

i=1

Oi(xi)

+

when σ � 1

Localized with resolution ∆t ∼ σ/p0, ∆θ ∼ σ/R.

Increasing p0, R increases resolution.

As p0, R are increased with `s held fixed, a string-scale area
on the worldsheet becomes smaller relative to the worldsheet
area.
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Limitations
Resolution limited by value of p0, R, which can
be taken arbitrarily large, giving arbitrary
resolution.

In a theory with a high energy cutoff Λ,
resolution would be limited by the cutoff, since
p could not be taken to be larger than Λ.

In higher dimensions, gravitational
backreaction limits the size of field momenta: if
the field momenta become too large, curvature
becomes strong and a horizon forms.
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