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In this talk:

Quantum gravity      UV≠



In this talk:

Quantum gravity      UV≠
Simply, I want to consider superpositions of metrics 

Ψ[hij(x)]
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Local operators in quantum gravity

One difficulty (``gauge invariance”) is to find a prescription

for identifying ``which point corresponds to which”

i

i
n

I
I

I
1

I

1

I
l

ya
I
i

N
D

I
l

s
t

y
1
I

ii
Y

1
I I

1
I
Y

in
it

I
Iti
s

i

n
I
fi

I
I
if

i
i
i

n
I

l
i

Af

E.g. calculate ⟨R(A)⟩



Use Macroscopic Observers!

Example: say that Minkowski space is traversed at t=z 

by a gravitational wave of some polarization

Classical solution    coherent state   ≃ |ψ1⟩

Consider now a wave with e.g. different polarization 

Etc. 


|ψ2⟩

Let’s make sense of       !!
|ψ⟩ = c1 |ψ1⟩ + c2 |ψ2⟩ + …



— Fill Minkowski initially with const. observers

— Define an event in  with  and proper time 

⃗x =
|ψ⟩ ⃗x x0

Use Macroscopic Observers
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Gedanken experiments!
—  sends a photon at time  

— What’s the probability that  detects it at time ?  

⃗x x0

⃗y y0
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Gedanken experiments!
Geometrical optics approx: photons follow geodesics

But here we have a ``superposition of geodesics”



A proxy for causality experiments/observables

<latexit sha1_base64="6LihArhppR8VWfB53UmB1eD8GVo="></latexit>

d̄(x, y) ⌘
p

hd2(x, y)i

``physical coordinates”

The idea is that  is well approximated by 
⟨y0⟩ d̄(x, y) = 0



A proxy for causality experiments/observables
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d̄(x, y) ⌘
p

hd2(x, y)i

``physical coordinates”

The idea is that  is well approximated by 
⟨y0⟩ d̄(x, y) = 0

This is not a geodesic distance



A proxy for causality experiments/observables

<latexit sha1_base64="6LihArhppR8VWfB53UmB1eD8GVo="></latexit>

d̄(x, y) ⌘
p

hd2(x, y)i

``physical coordinates”

The idea is that  is well approximated by 
⟨y0⟩ d̄(x, y) = 0

This is not a geodesic distance
i.e. it is not additive



Additivity and lack thereof
Basic idea: geodesic distances are integrals

Third point problem (Euclidean signature): 

given  and : Find a third point y s.t.
d(x, z) 0 < R < d(x, z)

d(x, y) = R, d(y, z) = d(x, z) − R
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Additivity and lack thereof
Basic idea: geodesic distances are integrals

Third point problem (Euclidean signature): 

given  and : Find a third point y s.t.
d(x, z) 0 < R < d(x, z)

d(x, y) = R, d(y, z) = d(x, z) − R
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Additive:

only one solution
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<latexit sha1_base64="duKjfGNXDuty1su+q2jfKZ2g+Mc=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFiGfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyCvnW4=</latexit>x <latexit sha1_base64="duKjfGNXDuty1su+q2jfKZ2g+Mc=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFiGfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyCvnW4=</latexit>x <latexit sha1_base64="duKjfGNXDuty1su+q2jfKZ2g+Mc=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFiGfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyCvnW4=</latexit>x

Subadditive:

no solution


Superadditive:

infinite solutions




Additivity and lack thereof
Basic idea: geodesic distances are integrals

Third point problem (Euclidean signature): 

given  and : Find a third point y s.t.
d(x, z) 0 < R < d(x, z)

d(x, y) = R, d(y, z) = d(x, z) − R

<latexit sha1_base64="3KEWv7hUiGo/KWM/hgNtPYYKxpI=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFCHfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyQFnXA=</latexit>z

Additive:

only one solution


<latexit sha1_base64="3KEWv7hUiGo/KWM/hgNtPYYKxpI=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFCHfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyQFnXA=</latexit>z <latexit sha1_base64="3KEWv7hUiGo/KWM/hgNtPYYKxpI=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFCHfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyQFnXA=</latexit>z

<latexit sha1_base64="duKjfGNXDuty1su+q2jfKZ2g+Mc=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFiGfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyCvnW4=</latexit>x <latexit sha1_base64="duKjfGNXDuty1su+q2jfKZ2g+Mc=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFiGfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyCvnW4=</latexit>x <latexit sha1_base64="duKjfGNXDuty1su+q2jfKZ2g+Mc=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFiGfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyCvnW4=</latexit>x

Subadditive:

no solution


Superadditive:

infinite solutions


Similar to chordal distances



Result in Euclidean signature:

Average distances always subadditive

Similar to chordal distances



Third point problem (Lorentzian signature): 

given  find a third point   s.t.
d(x, z) = 0 y

d(x, y) = 0, d(y, z) = 0

Relevance for causality

Additive: one dimensional solution (the null geodesic!)

Subadditive: no solution 

<latexit sha1_base64="3KEWv7hUiGo/KWM/hgNtPYYKxpI=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFCHfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyQFnXA=</latexit>z

<latexit sha1_base64="3KEWv7hUiGo/KWM/hgNtPYYKxpI=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFCHfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyQFnXA=</latexit>z

<latexit sha1_base64="duKjfGNXDuty1su+q2jfKZ2g+Mc=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFiGfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyCvnW4=</latexit>x

<latexit sha1_base64="duKjfGNXDuty1su+q2jfKZ2g+Mc=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDKZO21oJhmSjFiGfoErQb/Fnbj1E/wUd6btLGzrgcDhnHu5JydIONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSoKTSq5VJ2AaOBMQNMww6GTKCBxwKEdjO6mfvsRlGZSPJhxAn5MBoJFjBJjpcZTv1xxq+4MeJV4OamgHPV++acXSprGIAzlROuu5ybGz4gyjHKYlHqphoTQERlA11JBYtB+Ngs6wWdWCXEklX3C4Jn6dyMjsdbjOLCTMTFDvexNxX+9IJA8XDiehXp6YymQiW78jIkkNSDoPE+UcmwknpaDQ6aAGj62hFDF7JcwHRJFqLEVlmxX3nIzq6R1UfWuqpeNy0rtNm+tiE7QKTpHHrpGNXSP6qiJKAL0jF7Rm/PivDsfzud8tODkO8doAc7XLyCvnW4=</latexit>x



Local characterization:

<latexit sha1_base64="PMOzrTfMqGPHlF6HnZEUF/z0KYo="></latexit>

C(x, y) ⌘ 1

4

@ hd2(x, y)i
@yµ

@ hd2(x, y)i
@y⌫

ḡµ⌫(y)� hd2(x, y)i

inverse of ⟨gμν⟩

Additive:

C = 0

Subadditive:

C < 0

Superadditive:

C > 0

Coordinate expansion:

<latexit sha1_base64="PIJ/5qYdSMm5lERdbqAWllJ4jbM="></latexit>

C(0, x) =
1

4

�
ḡ↵�h�↵µ⌫ih��⇢�i � hg↵��

↵
µ⌫�

�
⇢�i

�
xµx⌫x⇢x� +O(x5)

Effect building up at large separation




We can actually calculate it!

Example: thermal state of gravitons at temperature T
<latexit sha1_base64="Mix5QcR1kVZK2bnp9lTZQxIT1ew="></latexit>

C(0, x) ' T 4

M2
P

�x4   effect important at   ⇐ ℓ ∼
MP

T2

Conjecture: Average distances are generally subadditive in QG



Implications for causality?

Given  one can define a metric tensor . ⟨d2(x, y)⟩ ⟨gμν⟩ = ḡμν

But there is more to  than  !⟨d2(x, y)⟩ ⟨gμν⟩

<latexit sha1_base64="YTga9KNDQVBrWmBpMm2MuzWjoGI="></latexit>

ḡµ⌫(x) ⌘ �1

2
lim
y!x

@

@xµ

@

@y⌫
hd2(x, y)i

: where we expect the photon to be detected 

in the immediate vicinity of the emission. 
⟨gμν⟩ΔxμΔxν = 0

Further away: see where   ⟨d2(x, y)⟩ = 0



Implications for causality?

d̄(x, y) = 0

x

ḡµ⌫

ḡµ⌫



Implications for causality?

d̄(x, y) = 0

x

ḡµ⌫

ḡµ⌫

This is not the trajectory

of any light ray. 


It is just where the ensemble

of events where we expect


to receive it 



Implications for causality?

d̄(x, y) = 0

x

ḡµ⌫

ḡµ⌫

This is not the trajectory

of any light ray. 


It is just where the ensemble

of events where we expect


to receive it 

Two causal structures at play. One rigid defined at each point. One 
dependent on the two extremes  and . 


Photons are ``prompt” wrt the rigid structure given by  
x y

ḡμν


