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Motivation
• A lot has been conjectured about dS space and inflation in quantum gravity: 

(refined) dS conjecture, TCC, no-eternal inflation, quantum break time, …..   

• Various timescales have been suggested as the lifetime of dS: 

• Can quantum information ideas bound the lifetime of dS space & inflation? 

• Information recovery for black holes led to paradoxes (information paradox, no-
cloning) which can teach us when EFTs breakdown in gravitational systems. 

• For black holes, the studies of entanglement, shockwaves and (traversable) 
wormholes have been useful to learn about the microphysics. 

• Implications of the recent results of island contributions for black holes to dS?
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Cosmological Horizon
A static observer in dS is surrounded by a cosmological horizon.  

The horizon has 

• a temperature: 

• and an entropy: 

and shares many similarities with a black hole horizon.
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Cosmological horizons
A static observer in de Sitter is surrounded by a cosmological horizon. 

The horizon..

• Has a temperature: 

• And an entropy:

TdS = 1
2!"

SdS = Area
4GN

And shares many similarities with a black hole horizon.

[Gibbons, Hawking ’77][Gibbons, Hawking ’77]



Quantum Chaos
Quantum chaos provides a measure of how fast perturbations get thermalized. 
A probe of chaos in quantum systems is the out-of-time-correlator (OTOC).  

The time scale when the OTOC drops by an order 1 amount is known as the 
scrambling time:  

The (quantum) Lyapunov exponent  determines how fast chaos can grow 
and it has been argued to obey a universal bound [Maldacena, Shenker, Stanford]: 

Black holes saturates this chaos bound [Shenker, Stanford];[Maldacena, Shenker, 
Stanford]; they are fast scramblers [Sekino, Susskind].

λL

where

F (t) = hV (0)W (t)V (0)W (t)i , (1.3)

is referred to as the out-of-time-order correlator (OTOC). Chaotic behaviour shows itself in

an exponential growth of the double commutator C(t) or, equivalently, an exponential decay

of the OTOC F (t). In some thermal systems with a large number of degrees of freedom N ,

such as holographic CFTs dual to black holes, F (t) behaves as [?,?,?,?]

F (t) = 1�
f0
N
e�Lt +O(N�2) ,

�
�/2⇡ ⌧ t ⌧ ��1

L log(N)
�
, (1.4)

such that C(t) ⇠ N�1e�Lt. Here f0 is a positive order one constant. The timescale when

F (t) is a↵ected by an order one amount is known as the scrambling time t⇤ = ��1
L log(N) and

�L as the (quantum) Lyapunov exponent. The size of the Lyapunov exponent determines

how fast chaos can grow and it has been argued that it obeys the universal bound [?]:

�L  2⇡/�. Famously, black holes saturate this bound making them among the fastest

scrambling systems in nature [?]. Any perturbation to a black hole ‘scrambles’ as fast as

possible over the horizon, making it indistinguishable from its thermal atmosphere.

Because these developments have o↵ered a window into the microscopic description of

black holes, one might hope to similarly apply some of these tools to cosmological spacetimes.

In fact, a black hole horizon shares similarities with the cosmological horizon of the static

patch of de Sitter space. For instance, there is a large blueshift between an observer sitting

at center of the static patch and one that is freely falling through the horizon of the first

observer. Just as for black hole spacetimes, when a perturbation is released a scrambling time

(t⇤ �
�
2⇡ log(S)) to the past of the t = 0 slice or earlier than that, the boosted perturbation

creates a high-energy shockwave. This observation has led Susskind to argue that de Sitter

space is also a fast scrambler [?]. From this perspective, it seems natural that de Sitter space

should also be maximally chaotic, i.e. it should saturate the chaos bound.

However, there are also important di↵erences. In this context, one of the most important

di↵erences is the fact that shockwaves generated by matter that obeys the null energy condi-

tion (NEC) have di↵erent properties in de Sitter space than in Minkowski or Anti-de Sitter

space. Whereas geodesics crossing a positive-energy shockwave experience a gravitational

time delay in Minkowski and Anti-de Sitter space, they exhibit a time advance in de Sitter

space [?]. In this sense, a perturbation to de Sitter space that obeys the NEC enjoys similar

properties as a traversable wormholes in Anti-de Sitter space [?,?], because it now becomes

possible to send signals from otherwise causally disconnected regions.

Another di↵erence of de Sitter space as compared with black holes in Anti-de Sitter space

is the absence of a spatially asymptotic and non-gravitating boundary theory from which

we can probe the static patch. The only boundaries in de Sitter space are timelike and have

2

β = T−1
BHFor black holes:



Information Scrambling
Given the similarities of the de Sitter horizon with a black hole horizon, 
it was conjectured that de Sitter space is a fast scrambler [Susskind]. 

Interestingly, the TCC suggests a lifetime for (quasi) de Sitter space that 
is parametrically the same as the scrambling time. In 4d: 

We computed the OTOC for dS [Aalsma, GS] to establish that dS space is 
maximally chaotic. The scrambling time has the meaning of the fastest 
information recovery time. Naively, this poses a cloning paradox. 

Like for black holes, this is avoided: the decoding of Hawking radiation 
from the dS horizon can be viewed as info exchanges between different 
static patches. [Aalsma, GS];[Aalsma, Cole, Morvan, van der Schaar, GS].
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Information Bounds
• Because of the finiteness of SdS, we expect an obstruction when trying to access more 

than SdS bits of info. We found that info transfer is bounded by SdS  [Aalsma, GS];[Aalsma, 
Cole, Morvan, van der Schaar, GS]. 

• Together with unitarity, finiteness of SdS lead to the BH information paradox:  

• For black holes, including an island contribution can reproduce the page curve [Almheiri, 
Hartman, Engelhardt, Maldacena, Marolf, Maxfield, Penington, Shaghoulian, Tajdini + many more works]  [See 
Aalsma’s talk and references therein for island contributions to the de Sitter entropy]

Thermodynamic entropy

of radiation (Hawking)

SBH

t

Black hole entropy

Expect correction in regime

where curvatures are low

tPage



Static Patch
• We will consider the static patch of de Sitter space. 

• This describes the experience of an observer sitting at the pole.
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The horizon has an entropy and temperature.

static coordinates



Entanglement in dS Space
The natural vacuum state in dS space is the Bunch-Davis state.
Entanglement in de Sitter space

The natural vacuum state in de Sitter space is the Bunch-Davies state.
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Side remark:
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possibility of information recovery.
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Shockwave geometry
• Consider a static observer that emits some small amount of 

energy. 

• When measured at a later time t, exponential blueshift in energy. 
This leads to a shockwave.

Backreacted geometry can be described using 
Kruskal-like coordinates.

empty de Sitter
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fact that there exists a maximum energy state in de Sitter space and correspondingly a
highest (isotropic and positive) energy shockwave. Having outlined the general idea let us
now introduce a few more details, starting with some results of [12].

2.1 Positive energy shockwaves and traversable wormholes

In this section we will review some facts on shockwaves and the associated traversable
wormholes in de Sitter space. For these purposes it is convenient to introduce global (radial)
lightcone coordinates covering d-dimensional de Sitter space

ds
2 =

4`4

(`2 � uv)2
(�dudv) + `

2

✓
`
2 + uv

`2 � uv

◆2

d⌦2
d�2 . (2.3)

In these coordinates u = 0 and v = 0 correspond to the future and past horizons, depending
on the North or South Pole perspective. They are related to planar patch coordinates
covering the right half of the Penrose diagram, introducing the comoving radius ⇢ and
conformal time ⌘, as follows

u = ⇢+ ⌘ , v =
`
2

⇢� ⌘
. (2.4)

Planar time ⌧ is related to conformal time as ⌘ = �`e
�⌧/` such that ⌘ 2 (�1, 0) and ⇢ � 0.

Left half planar patch coordinates can be obtained by sending ⌘ ! �⌘. In terms of static
South Pole coordinates r and t they are expressed as

u = �`e
�t/`

r
`� r

`+ r
, v = `e

t/`

r
`� r

`+ r
. (2.5)

North Pole static coordinates can be obtained by sending t ! t � i⇡`, reversing the signs
in the relation above. We will associate the center of the static patch to one of the poles,
identifying the Bunch-Davies vacuum as the state that maximally entangles the North and
South Pole static patch regions. Null rays can now be labelled by the static time when they
cross the South Pole, i.e. u(r = 0) = �`e

�t/` and similarly for v. Note that when evolving
with the sum of the static patch Hamiltonians the roles (future or past horizon) of u and
v are interchanged when moving from the North to the South Pole static patch, see Figure
2. Also observe that static time translations correspond to a boost of the global lightcone
coordinates (acting as rescalings).

Shockwave geometries can be derived by boosting Schwarzschild-de Sitter solutions.
Here we will restrict ourselves to the three-dimensional case, where the relevant geometry
corresponds to a particle with mass m, bounded by m <

1
8GN

, at the center of the static
patch. The final result for a shockwave in global lightcone coordinates travelling along the
v = 0 horizon is [12]

ds
2 =

4`4

(`2 � uv)2
(�dudv)� 4↵�(v)dv2 + `

2

✓
`
2 + uv

`2 � uv

◆2

d�
2
. (2.6)

Starting from the particle geometry the parameter ↵ = 2⇡GN`p is related to the energy p

obtained in the infinite boost limit � ! 1 of the particle in de Sitter solution while at the
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a global cover of de Sitter space is given by the coordinates

X0 =
`2(u+ v)

`2 � uv
, (2.5)

Xd =
`2(u� v)

`2 � uv
,

X i =
`2 + uv

`2 � uv
`yi .

The metric in this coordinate system is given by

ds2 =
4`4

(`2 � uv)2
(�dudv) + `2

(`2 + uv)2

(`2 � uv)2
d⌦2

d�2 . (2.6)

In this coordinate system, the past horizon is given by v = 0 and the future horizon by

u = 0. The North and South pole are given by uv = �`2 and the future and past boundaries

by uv = `2.

2.2 Wightman function

We can define a particular vacuum state |⌦i by considering the Wightman function W(x, y).

It is given by the two-point function of scalar fields.

W(x, y) ⌘ h⌦|'(x)'(y) |⌦i . (2.7)

Here ' is a massive scalar field described by the action

S = �
1

2

Z
ddx

p
�g

�
@µ'@

µ'+m2'2 + ⇠R'2
�
, (2.8)

with ⇠ a non-minimal coupling. For states that preserve all de Sitter isometries, the Wight-

man function can only depend on the de Sitter invariant distance

Z(x, y) =
1

`2
⌘ABX

A(x)XB(y) . (2.9)

In the Bunch-Davies vacuum the Wightman function is given by (see for example [18])

W(x, y) =
�(h+)�(h�)

`d(4⇡)d/2�(d/2)
2F1

✓
h+, h�,

d

2
;
1 + Z(x, y)

2

◆
. (2.10)

Here,

h± =
1

2

⇣
d� 1±

p
(d� 1)2 � 4`2m̃2

⌘
, (2.11)

with m̃2 = m2+⇠R. It is important to notice that the parameters h± are only purely real for

masses m̃2`2  (d�1)2/4. The distinction between the real and imaginary regimes of h± can

5
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Shockwave geometry
• In the infinite boost limit, we get a simple solution.
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transformation

• A positive-energy shockwave opens a wormhole between poles. 
How much/fast can we transfer information?

[Hotta, Tanaka ’93]

NEC:

[Gao, Wald ‘ 00]

fact that there exists a maximum energy state in de Sitter space and correspondingly a
highest (isotropic and positive) energy shockwave. Having outlined the general idea let us
now introduce a few more details, starting with some results of [12].

2.1 Positive energy shockwaves and traversable wormholes

In this section we will review some facts on shockwaves and the associated traversable
wormholes in de Sitter space. For these purposes it is convenient to introduce global (radial)
lightcone coordinates covering d-dimensional de Sitter space
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In these coordinates u = 0 and v = 0 correspond to the future and past horizons, depending
on the North or South Pole perspective. They are related to planar patch coordinates
covering the right half of the Penrose diagram, introducing the comoving radius ⇢ and
conformal time ⌘, as follows
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`
2
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Planar time ⌧ is related to conformal time as ⌘ = �`e
�⌧/` such that ⌘ 2 (�1, 0) and ⇢ � 0.

Left half planar patch coordinates can be obtained by sending ⌘ ! �⌘. In terms of static
South Pole coordinates r and t they are expressed as
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North Pole static coordinates can be obtained by sending t ! t � i⇡`, reversing the signs
in the relation above. We will associate the center of the static patch to one of the poles,
identifying the Bunch-Davies vacuum as the state that maximally entangles the North and
South Pole static patch regions. Null rays can now be labelled by the static time when they
cross the South Pole, i.e. u(r = 0) = �`e

�t/` and similarly for v. Note that when evolving
with the sum of the static patch Hamiltonians the roles (future or past horizon) of u and
v are interchanged when moving from the North to the South Pole static patch, see Figure
2. Also observe that static time translations correspond to a boost of the global lightcone
coordinates (acting as rescalings).

Shockwave geometries can be derived by boosting Schwarzschild-de Sitter solutions.
Here we will restrict ourselves to the three-dimensional case, where the relevant geometry
corresponds to a particle with mass m, bounded by m <

1
8GN

, at the center of the static
patch. The final result for a shockwave in global lightcone coordinates travelling along the
v = 0 horizon is [12]

ds
2 =

4`4

(`2 � uv)2
(�dudv)� 4↵�(v)dv2 + `
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✓
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2 + uv

`2 � uv
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Starting from the particle geometry the parameter ↵ = 2⇡GN`p is related to the energy p

obtained in the infinite boost limit � ! 1 of the particle in de Sitter solution while at the
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Figure 2. De Sitter Penrose diagram and global lightcone coordinates. The two static patches are
shaded blue.

same time taking m ! 0

p =
mp
1� �2

, (2.7)

resulting in a shockwave travelling along the v = 0 horizon with finite energy. The stress
tensor of this shockwave is given by

Tvv =
↵

4⇡GN`2
�(v) . (2.8)

The null energy condition imposes ↵ � 0. Boosts rescale the null coordinate v, so
the generalization to isotropic shockwaves not travelling along the past horizon can pre-
sumably be related to interpreting the energy p as the energy of an isotropic shockwave as
it crosses the origin. More accurately however, instead of boosting the three-dimensional
Schwarzschild-de Sitter solution, we should instead consider a Vaidya geometry describing
a spherical matter shell expanding in the static patch, which is what we will discuss next.

We will focus on a shell that is emitted from the South pole and define two sets of null
coordinates (Ũ , Ṽ ) and (U, V ) that respectively describe the geometry to the left (exterior)
and right (interior) of the shell. The interior geometry is empty de Sitter space and the
exterior geometry Schwarzschild-de Sitter with energy parameter E . We can fix the relation
between these coordinates by imposing that the radius of the S

1 is continuous across the
shell and requiring that t has no discontinuity at the pole. Focusing on three dimensions,
we then have

U = t+ r⇤ , V = t� r⇤ , (2.9)
Ũ = t+ r̃⇤ , Ṽ = t� r̃⇤ .
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Computing the OTOC
• The OTOC quantifies the chaotic behavior of the dS horizon. It determines 

the scrambling time which is the timescale for fastest info transfer/recovery.

As in [Shenker, Stanford ’14] we can compute the OTOC by scattering “in” and “out” states.

[Aalsma, GS ’20]



OTOC for de Sitter
• Using these ingredients, the OTOC can be computed analytically 

for conformally coupled fields.

• This gives a result in terms of special functions, expanding we find:

De Sitter is also a fast scrambler!

[Aalsma, GS ’20]

• What does this imply for the information recovery time?

see also [Blommaert ’20]



Information flow
The maximum shift  on a geodesic crossing an isotropic 
shockwave is of the order of the Hubble length, when . 

The upper bound on  corresponds to the largest (Nariai) black hole 
that fits in dS space. This is a backreaction constraint on the shockwave. 

α = 2GNℰℓ
ℰ(4πℓ) ∼ SdS

ℰ

firewall and the cloning of information is avoided, in support of black hole complementarity.
For a one-sided black hole in Anti-de Sitter space it was proposed that the thermofield
double state can be well approximated by collapsing a large number of Hawking modes,
of the order of the black hole entropy, into a black hole, leading to two black holes that
are maximally entangled and that can effectively be understood as the two (entangled)
sides of the eternal Anti-de Sitter black hole [1]. This allows for an interpretation of the
exchange of information in terms of a bulk gravitational description of the Hayden-Preskill
teleportation protocol, allowing information thrown into the Anti-de Sitter black hole to
be recovered after a scrambling time. In the bulk gravitational description this is elegantly
understood as the information smoothly travelling through a wormhole connecting the two
asymptotic Anti-de Sitter regions.

We propose that the situation for two anti-podal observers in de Sitter space should be
very similar, from a pure bulk perspective. To start, the de Sitter symmetric Bunch-Davies
vacuum is equivalent to the thermofield double state that maximally entangles all pairs of
anti-podal static patch regions, connected by an Einstein-Rosen bridge, producing a smooth
global de Sitter geometry. This de Sitter Einstein-Rosen bridge can be made traversable
by introducing a symmetric pair of positive energy isotropic null shells injected at t = 0

at the centers of two anti-podal static patches (the North and South Pole respectively).
This effectively moves the location of the cosmological de Sitter horizon, extending the
causal structure, allowing the exchange of information between two anti-podal observers.
See Figure 3.
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Figure 3. A pair of shockwaves in de Sitter space and a shifted lightray

As for the eternal black hole in Anti-de Sitter we can derive a simple bound on the
information that can be sent through the wormhole, generalizing the result in [12], employ-
ing the bounds on the energy of de Sitter shockwaves that we introduced. First we observe
that the maximal shift ↵ on a (null) geodesic crossing the shockwave is of the order of the
Hubble length, when E (4⇡`) ⇠ SdS. This assumes the information propagating along the
geodesic is not itself backreacting significantly on the geometry, as opposed to the energy
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[Aalsma, GS ‘ 20]

[Aalsma, Cole, Morvan, van der Schaar, GS]



Bound on Information flow
Suppose we send  bits of info, with energy  in each bit: 

The smallest  is  and thus: 

For the message to fit through the wormhole (uncertainty principle): 

To be consistent with the probe approximation:

Nbit ϵbit

ϵbit TdS = (2πℓ)−1

in the isotropic shockwave shell. Self-consistency therefore suggests that the total energy
in the probe trajectory N�✏� , where ✏� corresponds to the energy of a single bit, is small in
comparison to E , i.e. N�✏� < E . SdS/(4⇡`). Because the smallest energy of a single bit
is 1/(2⇡`), this immediately tells us that the total number of bits N� is bounded by the
entropy SdS and in general has to be significantly lower, namely

N� < Ns <
1

2
SdS , (2.16)

where we defined Ns ⌘ E (2⇡`), i.e. the energy of the shockwave in units of the de Sitter
temperature. This bound is an immediate consequence of the probe approximation in
combination with a highest energy state in de Sitter. Moreover, the uncertainty principle
tells us that the information in the probe trajectory has a spread equal to 1/✏� . For the
information to go through the wormhole this spread should be contained within the size of
the wormhole, which is measured by the shift ↵

✏� ` >
`

↵
=

1

2EGN
⇠ 1

Ns
SdS . (2.17)

Using the threshold value for ✏� to fit in the wormhole (✏� ⇠ SdS/(`Ns)) one then ends
up with the following bound on the number of bits N� that are consistent with the probe
approximation N�✏� < E

N� <
N

2
s

4⇡SdS
. (2.18)

We see that to transfer a non-vanishing number of bits N� would require Ns &
p
SdS.

Relaxing the probe constraint to N�✏� < SdS/(4⇡`) / Mp one obtains the weaker bound
N� . Ns. Independent of the details of the probe constraint it is clear that for the largest
energy shockwave Ns ⇠ SdS one finds that N� < Ns ⇠ SdS. So the number of bits
that can be sent through the wormhole is always smaller than the number of ’classical
bits’ represented by the shockwave, which is always smaller than the de Sitter entropy.
The derivation presented here relies on the details of the probe approximation, as well
as the size of the wormhole shift parameter ↵, and allows for general shockwave energy
E / Ns, whereas the result in [12] assumed Ns = 1, corresponding to the minimum energy
shockwave. In the latter case, one is forced to introduce K species to relax the bound to
be of the order of the de Sitter entropy.

The results can be summarized as follows. Emission of an isotropic shockwave shell
expels energy from the static patch region, increasing the cosmological horizon and gravita-
tional entropy accordingly. The shockwave can maximally increase the entropy represented
by the cosmological horizon to that of empty de Sitter space. An amount of information (on
a null geodesic) crossing the shockwave and entering the static patch region will decrease
the de Sitter entropy ever so slightly, due to its own backreaction, but by significantly less
than the increase produced by the outgoing positive energy shockwave itself, if the probe
approximation is satisfied. The amount of information that can be transferred using shock-
waves is therefore always smaller than the number of ’classical bits’ Ns required to set-up
the wormhole configuration, consistent with a quantum teleportation protocol, as we will
review shortly.
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as the size of the wormhole shift parameter ↵, and allows for general shockwave energy
E / Ns, whereas the result in [12] assumed Ns = 1, corresponding to the minimum energy
shockwave. In the latter case, one is forced to introduce K species to relax the bound to
be of the order of the de Sitter entropy.

The results can be summarized as follows. Emission of an isotropic shockwave shell
expels energy from the static patch region, increasing the cosmological horizon and gravita-
tional entropy accordingly. The shockwave can maximally increase the entropy represented
by the cosmological horizon to that of empty de Sitter space. An amount of information (on
a null geodesic) crossing the shockwave and entering the static patch region will decrease
the de Sitter entropy ever so slightly, due to its own backreaction, but by significantly less
than the increase produced by the outgoing positive energy shockwave itself, if the probe
approximation is satisfied. The amount of information that can be transferred using shock-
waves is therefore always smaller than the number of ’classical bits’ Ns required to set-up
the wormhole configuration, consistent with a quantum teleportation protocol, as we will
review shortly.
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geodesic is not itself backreacting significantly on the geometry, as opposed to the energy
in the isotropic shockwave shell. Self-consistency therefore suggests that the total energy
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bits that can be sent through the wormhole is always smaller than the number of ‘classical
bits’ represented by the shockwave, which is always smaller than the de Sitter entropy.
The derivation presented here relies on the details of the probe approximation, as well
as the size of the wormhole shift parameter ↵, and allows for general shockwave energy
E / Ns, whereas the result in [12] assumed Ns = 1, corresponding to the minimum energy
shockwave. In the latter case, one is forced to introduce K species to relax the bound to
be of the order of the de Sitter entropy.

The results can be summarized as follows. Emission of an isotropic shockwave shell
expels energy from the static patch region, increasing the cosmological horizon and gravita-
tional entropy accordingly. The shockwave can maximally increase the entropy represented
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de Sitter Complementarity 
We will present evidence that information can be recovered in dS space 
in a scrambling time. 

If one only needs to wait a scrambling time to decode a message from 
the Hawking modes, the no-cloning principle is naively in jeopardy. 

An observer can throw in a (secret) bit of information through the 
horizon, decode it from the Hawking radiation after  and then 
jump through the horizon and see the same bit twice. 

This violation of no-cloning principle does not happen for eternal AdS 
black holes: due to the entanglement of the interior and exterior regions, 
information is never copied [Maldacena, Susskind];[Maldacena, Stanford, Yang]. 

We suggest a similar gravitational description of the Hayden-Preskill 
protocol for de Sitter space [Aalsma, Cole, Morvan, van der Schaar, GS].

tscrambling



Information retrieval 

⇢A ⌦ ⇢C , information transfer was successful when6

||⇢AC � ⇢A ⌦ ⇢C || ⌧ 1 . (3.5)

Hayden and Preskill applied these ideas to a single-sided evaporating black hole [13]. They
considered the situation where Alice has some information in a system M that is maximally
entangled with Carlie’s reference system N . She then waits for the black hole to evaporate
for a Page time until a sufficiently large system E exists that consists of radiation that is
maximally entangled with the black hole. Alice then throws system M into the black hole
(which we denote by system B). The absorption of M into B is modeled by a unitary V

B

that acts on the combined B+M system, see Figure 4. If Bob has access to system E and

Figure 4. Quantum circuit corresponding to the Hayden-Preskill protocol. Figure from [13].

collects the new radiation (system R), when does he recover M? According to our previous
discussion, this happens when the purification of N moves from B

0 to R. Thus, Bob has
successfully recovered M when

||⇢B0N � ⇢B0 ⌦ ⇢N || ⌧ 1 . (3.6)

The trace norm is given by (integrating uniformly over all unitaries with respect to the
Haar measure) [13]

Z
dV

B||⇢B0N � ⇢B0 ⌦ ⇢N ||  |N |2
|R|2 =

22k

22(k+c)
= 2�2c

. (3.7)

6
In practice, the dynamical mechanism that transfers information, such as a black hole that emits

information as Hawking radiation, might involve additional unitary operators. This means that to recover

information, one first has to act with the Hermitian conjugates of the unitaries. This should be possible in

principle, but might be an extremely difficult operation in practice.
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Hayden-Preskill protocol

Bob collects Hawking radiation in order to retrieve information that 
Alice threw across the BH horizon, when has this info been retrieved? 

When the purification of system 
 (maximally entangled with 

system  which contains the 
message) moves from  to . 

N
M

B′ R

This happens when Bob receives 
a few more qubits of info than 
were in Alice’s original message. 



Information retrieval in dS 
Alice throws system M (which is maximally entangled with reference 
system N) from the North Pole through the future de Sitter horizon. 

Here k is the number of qubits in Alice’s message and c are the additional qubits in the
radiation. Thus, the message comes out of the black hole very quickly, namely as soon as
a few more qubits have been emitted by the black hole than were in the original message.

We can perform a similar procedure in de Sitter space. However, an important difference
with the single-sided evaporating black hole case is that in de Sitter space the natural
(Bunch-Davies) vacuum is already maximally entangled with respect to any two anti-podal
observers and does not need to be prepared by collecting Hawking radiation for at least a
Page time. The Bunch-Davies state corresponds to a stable thermal equilibrium [23] and
the de Sitter horizon is therefore stable and not ’evaporating’, as for the eternal black hole
in AdS7. Making use of the maximal entanglement between two anti-podal observers, we
will now argue that the Hayden-Preskill protocol still applies in much the same way as for
black holes, where Alice and Bob are now associated to two anti-podal observers.

Let us say that Bob lives at the South Pole of de Sitter space and has access to and
can manipulate system E, consisting of all radiation in the static patch. In the thermofield
double state, for every mode a maximally entangled partner exists beyond Bob’s horizon, see
Figure 5. Now, Alice throws system M (which is maximally entangled with reference system
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Figure 5. In the thermofield double state, for each mode there is a maximally entangled mirror
mode across the horizon.

N) from the North Pole through the future de Sitter horizon. After this happens, Bob
starts collecting additional Hawking radiation. From a quantum information perspective,
the situation is now equivalent to the (single-sided) evaporating black hole case. If the
purification of N transfers to the new radiation (system R), Bob has successfully recovered
Alice’s information and Hayden and Preskill argue this happens when Bob has collected a
few more qubits than were in the original message. As the time to collect (a few) Hawking
modes is much shorter than the scrambling time, which measures the time for system M to
thermalize at Bob’s horizon, the duration to recover the information is set by the scrambling

7
This is no longer true if the de Sitter isometries are spontaneously broken, as has been suggested [14],

but as we argued before this is expected to occur at a time scale much longer than the scrambling time.
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If the purification of N transfers to the new radiation (system R), 
Bob has successfully recovered Alice’s information. 

This happens when Bob has collected a few 
more qubits than were in the original message. 

This is given by the scrambling time since it 
takes longer for system M to thermalize at Bob’s 
horizon than to collect a few Hawking modes.  

In our shockwave protocol, this thermalization 
timescale can be viewed as the the time for 
antipodal observers to exchange information.

[Aalsma, Cole, Morvan, van der Schaar, GS]



Information recovery 
Can either do a doubled-sided or one-sided experiment.

gravitational shockwave procedure, which physically removes the message from the exterior
region, the information can never be intersected twice and a cloning paradox is clearly
avoided.

To apply this mechanism in a one-sided scenario, let us say Bob at the South pole,
we will be forced to introduce the ad-hoc reflection of the actual message as soon as it has
passed the cosmological horizon. Again, Bob could naively, after having collected enough
Hawking modes and decoding the information in the message, decide to jump after and
directly capture the message, potentially observing the same bits twice. We of course
expect the resolution to be the same, but let us try to be as precise as possible. Using
the global null coordinates u and v we will in particular try to quantify the dependence
on the reflection time. We will introduce isotropic shockwave shell perturbations at t = 0

and a null ray message that is emitted N� > 0 e-folds before t = 0 from the South Pole
at a fixed v� = `e

�N� . This null ray is reflected after having crossed the horizon to a null
ray at fixed (and positive) uR, where uR should be smaller than ` to allow the reflected
null ray to either intersect the isotropic shockwave shell emitted from the South Pole, or
a South Pole observer jumping after it, at t = 0. Let us identify the reflected null ray as
uR = `e

��R , where �R = tR/` should be positive in order for the reflected null ray to be
potentially intercepted. To be explicit, after having introduced the null coordinates of the
emitted and reflected message, we can now identify the location and time of the reflection
event (in planar coordinates ⌧ and ⇢)

e
�⌧⇤/` =

1

2
e
��R

�
e
N�+�R � 1

�
, (3.11)

⇢⇤/` =
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e
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�
. (3.12)

The geometry of this specific one-sided protocol is sketched inf Figure 7. Note that the
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Figure 7. A message leaving the South Pole is reflected and after crossing the shockwave returns
to the pole.

expression for time ⌧⇤ implies that the time difference, measured in e-folds �N⇤, between

– 18 –

A null ray message is emitted  e-folds 
before  from the South Pole at a fixed: 

Nγ
t = 0
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The null ray is reflected after having crossed the 
horizon to a null ray at fixed (and positive):  
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region, the information can never be intersected twice and a cloning paradox is clearly
avoided.

To apply this mechanism in a one-sided scenario, let us say Bob at the South pole,
we will be forced to introduce the ad-hoc reflection of the actual message as soon as it has
passed the cosmological horizon. Again, Bob could naively, after having collected enough
Hawking modes and decoding the information in the message, decide to jump after and
directly capture the message, potentially observing the same bits twice. We of course
expect the resolution to be the same, but let us try to be as precise as possible. Using
the global null coordinates u and v we will in particular try to quantify the dependence
on the reflection time. We will introduce isotropic shockwave shell perturbations at t = 0

and a null ray message that is emitted N� > 0 e-folds before t = 0 from the South Pole
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��R , where �R = tR/` should be positive in order for the reflected null ray to be
potentially intercepted. To be explicit, after having introduced the null coordinates of the
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emission from the South Pole and reflection equals
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So the typical number of e-folds after which the message is reflected is approximately log 2,
when e

(�R+N�) � 1. In that typical scenario the location of the reflection event is indeed, as
expected, very close to the horizon. The only way to avoid this is to carefully fine-tune and
send the message just before t = 0 and reflect just before the maximum value of uR = `,
when both N� and �R are small. This just confirms the intuition that the message, for
N� � 1, has to be reflected immediately after crossing the horizon.

Having defined the reflected null curve uR = `e
��R , the message will intersect with the

isotropic null shell for any �R > 0 (�R ! 1 corresponding to the limit that the message
is travelling along the future horizon). As we saw, the shift produced by the intersecting
shell is proportional to Ns/SdS. After the message hits the shockwave, the null curve will
be shifted to
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For the message to move into the South Pole static patch region uR
0 should become negative.

It is easy to show that this can always be realized for large enough �R (close enough to the
future horizon). For a given N� , we find the following bound
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Since N� is bounded by SdS this means �R ⇠ log (SdS) will be more than sufficient, implying
that the reflection occurs at distances bigger than a Planck length away from the South
Pole horizon. Finally, we consider the time difference between the message leaving the
South Pole at N� > 0 e-folds before t = 0 and the time it returns to Bob at the pole. This
number of e-folds is given by

�Nrecover = N� � log
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For Bob to get back the message as fast as possible, he can extremize with respect to N�

to find
�Nrecover = 1 + 2e��RSdS + log(2SdS) . (3.17)

Thus, recovery happens as fast as possible when �R � 1 in which case �Nrecover '
log(2SdS). As expected, the fastest possible recovery time is the scrambling time.

However, shifting the message back into the South Pole static patch is not guaranteed.
For a given N� the shift can be too small, or equivalently the reflection could happen too
late, to map the message back into Bob’s causal region. Only when introducing sufficiently
energetic null shells at t = 0, and reflection close enough to the horizon, can the information
be returned back into Bob’s causal region. As before, we are inclined to interpret this as a
decoding protocol for Bob, i.e. an effective bulk description of the decoding of the message
from the Hawking radiation coming from the cosmological horizon. By construction this
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decoding protocol for Bob, i.e. an effective bulk description of the decoding of the message
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Information recovery happens as fast as possible when , in 
which case , the scrambling time. 

σR ≫ 1
ΔNrecover = log (2SdS)

We interpret this as the decoding protocol: when successful, removes 
the message from behind the horizon back into Bob’s causal region.  



Bounds from backreaction
We have found earlier an information bound  with the 
inequality saturated when the shockwave energy is of order . 

The only states that Bob and Alice have access to are the Hawking 
modes emitted from the de Sitter horizon, which allows them to 
collect energy at an average rate of one unit of  per e-fold.  

The shockwave energy  collected in  e-folds: 

Backreaction becomes large at  though it may happen 
earlier [See Aalsma’s talk].

Nbit ≤ SdS
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TdS

ℰ Nγ

HtPage ≡ SdS

Ns ≡ ℰ(2πℓ) = Nγ ≤ SdS



Bounds from backreaction
The scrambling time is the shortest time for information recovery 
obtained by extremizing  over . In general, 

The recovery time and the number of bits of info transfer depends 
on  (or equivalently, the shockwave energy):
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Recovery time:
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Conclusions
• Using quantum information ideas, we provide a bulk gravitational 

description of  [this talk] and  [Aalsma’s talk] for dS space. 

• de Sitter space is a fast scrambler; the scrambling time is the shortest 
time for a static observer to decode info from the horizon. 

• Our findings suggest a bulk decoding protocol for de Sitter space: 
information is not lost but there is a bound on its amount. 

• Using shockwaves to recover information, backreaction is small for at 
most , but possibly shorter. 

• We consider a static observer here, but perhaps similar effects limit the 
lifetime of inflation, cf. [Arkani-Hamed, Dubovsky, Nicolis, Trincherini, Villadoro].
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