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QI meets Gravity
Probes of quantum information, such as entanglement entropy, 
complexity, etc. , have been useful in studying quantum gravity. 

It can be used to sharpen the understanding of thermodynamic 
properties of gravitational horizons and their microscopic properties. 

An example is the black hole information paradox: applying QI to the 
Hawking radiation puts constrains on the EFT describing Hawking 
radiation. 

Do similar constraints play a role in de Sitter space? If so, what are its 
consequences for dark energy / inflation?



An Information Paradox
Schematically, the BH information paradox is a mismatch between 
gravitational EFTs and quantum information.

Gravity QI

Semi-classical gravity implies that 
Hawking radiation is thermal and 

carries no information.

Black hole evaporation is a 
unitary process. QI tells us that 

information cannot be destroyed. BH evaporation

Careful studies of entanglement entropy in gravitational systems make 
these seemingly contradictory points of view compatible.



Entanglement in BHs
In gravitational systems with a large amount of entanglement, the 
entanglement entropy receives corrections to the thermal answer. 
[Almheiri, Hartman, Engelhardt, Maldacena, Marolf, Maxfield, Penington, Shaghoulian, Tajdini + many more 
works ’19-’21]
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At �  the radiation system is sufficiently large and maximally 
entangled with the black hole: info recovery becomes possible!

tPage = βSBH



Hayden-Preskill Protocol
Starting from “scratch”, it takes a Page time �  before it 
becomes possible to recover information.

tPage = βSdS

Faster recovery is possible. If we first wait for a Page time to have a 
large radiation system, any new information thrown into the black hole 

comes out in a scrambling time: �  [Hayden, Preskill ’07]t* =
β
2π

log(SBH)

This argument relies on minor assumptions about the gravitational 
background. When there is maximal entanglement, this argument 
generalizes to other backgrounds, like de Sitter space.



Entanglement in de Sitter
The de Sitter horizon shares many similarities with BHs. It carries an 
entropy and temperature. [Gibbons, Hawking ’77]

The natural state in which the maximal extension is regular is the 
maximally entangled Bunch-Davies state.
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Info Recovery in dS Space
If information is thrown through the horizon, can we make use of 
maximal entanglement to recover it à la Hayden-Preskill?

Unlike BHs, de Sitter space has no asymptotic 
non-gravitating regions where entanglement 
entropy can be unambiguously defined!

Therefore, we focus on bulk protocols to recover information that give 
a gravitational interpretation to Hayden-Preskill. [Maldacena, Stanford, Yang ’17] 
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Static Observers and Blueshift
To recover information, a static observer (at the pole) can collect and 
manipulate the Gibbons-Hawking radiation. Positive energy with 
respect to the local (static) time coordinate.

t
ds2 = − (1 − r2/ℓ2) dt2 + (1 − r2/ℓ2)−1 dr2 + r2dΩ2

d−2

Static coordinates:

Kruskal coordinates:

ds2 = −
4ℓ4

(ℓ2 − uv)2
dudv + r2dΩ2

d−2

Relationship at the pole:

u = − ℓe−2πt/β

v = + ℓe+2πt/β

t0

Exponential blueshift when matter is emitted

from �  when it crosses � .t0 t = 0

E = E0e2πt/β

u v



Shockwave Geometries
The exponential blueshift leads to a shockwave geometry. In the 
infinite boost limit it takes a simple form:

u v ds2 = ds2
dS − 4αδ(v)dv2

Stress tensor:

Tvv =
α

4πGNℓ2
δ(v) α = 2ℓEshock /Mp ≥ 0NEC:

A geodesic crossing the positive energy shockwave experiences a 
time advance, bringing antipodal static patches in causal contact.

Note that it is not possible to violate causality with this setup. [Gao, Wald 
‘00]

}α



Recovering Information
A static observer can use shockwaves to map information from behind 
the horizon to their static patch. The necessary energy comes from 
collecting Gibbons-Hawking modes.

The typical energy of a Gibbons-Hawking mode is �  and 
the maximum energy in de Sitter is � .

β−1 = (2πℓ)−1

Emaxℓ ≃ SdS

N
or

th
 P

ol
e

So
ut

h 
Po

le

A static observer therefore can manipulate 
the shift to be:

ℓ/(βMp) ≲ α ≲ SdS/Mp

[LA, Cole, Morvan, van der Schaar, Shiu ’21]



Bound on Information
Let’s say we want to send a message consisting of �  qubits each of 
energy � . Successful recovery requires:

Nbit
ϵbit

• Probe approximation: �  

• Message needs to blueshifted to “fit”: �

Nbitϵbit ≪ Eshock ≤ SdS/ℓ

ϵbit ≥ 1/α

Combining, bound on number of transferred qubits is given by:

Nbit ≲ SdS

When this bound is saturated, backreaction will become large. A long-
lived semi-classical de Sitter phase must therefore obey this bound.

[LA, Cole, Morvan, van der Schaar, Shiu ’21]



Recovery Time
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We can also compute how fast information can be recovered. The 
number of e-folds between sending and receiving information is:

ΔN = Nγ − log (
Nγ

2SdS
− e−Nγ)

Shortest Recovery:

Shift due to shockTime between signal

and shock

Longest Recovery:

Nγ = 1 Nγ = SdS

ΔN = log(SdS) ΔN = SdS

Scrambling time Page time

Nbit = 1 Nbit = SdS

In agreement with Hayden-Preskill protocol.

[LA, Cole, Morvan, van der Schaar, Shiu ’21]



Conclusions
We described a gravitational (bulk) protocol to recover information 
from behind the horizon 

This is a gravitational realization of the Hayden-Preskill protocol, 
consistent with a unitary description of Gibbons-Hawking radiation. [LA, 
W. Sybesma ’21]

The recovery time ranges from the scrambling time �  to 
the Page time �  depending on the message size.

t = ℓ log(SdS)
t = ℓSdS

Imposing backrection to be small, we found the bound � . This 
suggests that the lifetime of semi-classical de Sitter is at most the Page 
time. [Arkani-Hamed, Dubovsky, Nicolis, Trincherini, Villadoro ’07]

Nbit ≤ SdS

Nothing lasts… but nothing is lost in de Sitter space.
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