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FIG. 2: A summoning task in 1+1 dimensions. In this exam-
ple, a simple strategy will work even though z

1

is not in the
future light cone of z

0

. The quantum state is first transported
along the arrow to P . The call information originating at y

0

is
broadcast into its future light cone and accessed at the point
P . If the call is for z

0

, the quantum state is moved there. If
not, it is moved to z

1

.

be a↵ected by a request at yj and a↵ect the outcome
at zj . A qubit can be summoned to zj from yj if and
only if the qubit is localized in the causal diamond Dj .
Therefore, the summoning task is possible if and only if
the qubit is localized to each and every one of the causal
diamonds {D

1

, D
2

, . . . , Dn�1

}.
To understand the definition and the surprising variety

phenomena it allows, it will be helpful to consider some
important examples. The simplest one consists of just
two call points coinciding precisely with their associated
reveal points, and in the forward light cone of a qubit [22]
in the state |'i at the starting point. If the two call points
are not spacelike to each other, then the qubit can sim-
ply be transmitted to each call point in turn. On the
other hand, Kent observed that if the two call points are
spacelike to each other, the impossibility of superluminal
signalling implies that being able to successfully summon
|'i would amount to being able to send |'i to both the
reveal points, which is a clear violation of the no-cloning
principle. Despite its simplicity, this no-summoning theo-
rem has significant consequences for information process-
ing. In the same way that the no-cloning theorem gives
rise to secret key distribution protocols secured by the
laws of quantum mechanics, the no-summoning theorem
gives rise to secure bit commitment protocols secured by
a combination of quantum mechanics and relativity [8].
Secure bit commitment is impossible using quantum me-
chanics alone [9, 10].

Another simple example in 1+1 dimensions is shown in
Figure 2. Even though there is no causal curve through
each of the reveal points, it is still possible to complete
the summoning task. The example illustrates that if
there is a causal curve passing through each of the causal
diamonds, then summoning will be possible.
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FIG. 3: Exploiting quantum error correction. One share of a
((2, 3)) threshold quantum secret sharing scheme is allocated
to each of the call points yj . Meanwhile, each reveal point zj
is lightlike to both yj and yj+1mod 3

. (The vertical direction
is time. The arrows are causal, in this case lightlike, curves.)
If the participants follow the protocol described in the text,
then the correct reveal point will receive enough shares to
reconstruct the secret.

When more spatial dimensions are introduced, delocal-
ization becomes crucial in understanding which configu-
rations of causal diamonds are compatible. For an repre-
sentative example, place three call points at time zero on
the vertices of an equilateral triangle with edge lengths `.
Place the reveal points at time `/(2c) on the midpoints
of the edges, for c the speed of light. Because the call-
reveal pairs are lightlike, the diamonds Di are just line
segments, as shown in Figure 3. There is no causal curve
through the diamonds Di, so the strategy of simply mov-
ing the qubit around won’t work. Delocalizing the qubit
through the use of quantum error correcting codes will,
however. It is possible to encode the quantum state |'i
into a tripartite Hilbert space H

1

⌦H
2

⌦H
3

such that the
qubit can be recovered even if any one of the correspond-
ing three quantum subsystems is lost. This is known as a
((2, 3)) threshold quantum secret sharing scheme because
the quantum information can be recovered from any two
of the three subsystems even though no information at
all can be recovered from fewer than two [11]. This en-
coding is performed at the start point s and then one
share is forwarded to each of the call points. For each j,
if the request is made at yj , then that share is forwarded
to zj . Otherwise, that share is forwarded to zj�1mod 3

.
By this arrangement the correct reveal point will receive
two out the three shares as required to recover the state.
The example reveals one interesting way to delocalize

a quantum state. To address the full variety of ways in
which quantum information can be distributed in space-
time, the following theorem characterizes every summon-
ing task in Minkowski space as possible or impossible.

Theorem 1 Summoning is possible if and only if the fol-

lowing conditions hold:

1. Every reveal point is in the future light cone of the

3

starting point s.

2. For each pair (i, j), the diamonds Di and Dj are

causally related, meaning that there exists a causal

curve from Di to Dj or vice versa.

The two conditions are necessary because they encode
the most basic constraints coming from relativity and
quantum mechanics, namely causality and the impossi-
bility of cloning. Indeed, Condition 1 is manifestly the
prohibition of superluminal communication. Condition
2 arises from reasoning similar to Kent’s treatment of
“non-ideal” summoning [6]. Suppose we have a success-
ful summoning protocol for which Condition 2 is violated,
meaning that two diamonds Di and Dj are spacelike sep-
arated as in Figure 1. If the call is received at yi, there is
a procedure that will reveal the state at zi. Now imagine
that the call machinery malfunctions such that it makes
a call at yj in addition to the one at yi. Because yj is not
in the causal past of zi, the malfunction cannot prevent
the state from being revealed at zi. Likewise, because yi
is not in the causal past of zj , the call at yj will result in
the state successfully being revealed at zj . This proce-
dure therefore reveals the state |'i at the two spacelike
points zi and zj starting from a single copy of |'i at
the point s. In other words, a summoning protocol for a
configuration violating Condition 2 is easily modified to
make a cloning machine, which is impossible.

To see that Conditions 1 and 2 are su�cient will re-
quire constructing a protocol that will succeed at the
summoning task given a starting point and n call-reveal
pairs satisfying the conditions. The structure of the pro-
tocol will only depend on the directed graph G = (V,E)
whose vertices are labelled by the diamondsDi and which
contains the edge (Di, Dj) if and only if there is a causal
curve from some point in Di to one in Dj .

It is possible to handle the n = 2 case by making use
of a strategy from [7]. Without loss of generality, assume
there is a causal curve from D

0

to D
1

. Begin by dis-
tributing a Bell pair between the spatial locations of the
start point and y

0

. Upon receiving the quantum state
at the start point, immediately teleport it over the Bell
pair [5], sending the classical teleportation data to both
z
0

and z
1

. Meanwhile, if the call is received at y
0

, for-
ward the other half of the Bell pair to z

0

, but if no call is
received, forward it to z

1

. Because there is a causal curve
from the start point to both z

0

and z
1

, and because there
is a causal curve from D

0

and D
1

(which, in particular,
guarantees there is a causal curve from y

0

to z
1

), both
the classical data and the half of the Bell pair required
to reconstruct the quantum state will arrive at the ap-
propriate reveal point. Figure 4 depicts an example in
which this protocol succeeds but the simpler strategy of
carrying the qubit through the causal diamonds fails.

Using quantum error correction, a protocol for gen-
eral n can be built recursively from the protocol for
n = 2. Encode the state |'i at the starting point s
in an ((n � 1, n)) threshold secret sharing scheme [11].
There are n subsets of {D

1

, D
2

, . . . , Dn} of size n � 1.
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FIG. 4: The general strategy for completing two-request tasks
can be used to complete this example, even though y

0

and y
1

are outside the light cone of s. The essence of teleportation
is that it splits a qubit into entanglement and classical data
transmission, thereby making it possible to delocalize quan-
tum information in a curious way: classical data can be trans-
mitted to several recipients without regard to the no-cloning
theorem while entanglement reaches outside the light cone.
Both features are crucial in this example.
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FIG. 5: a) This configuration of four call-reveal spacetime
points satisfies the conditions of Theorem 1 and requires a
combination of error correction and teleportation for success-
ful summoning. Each reveal point is again lightlike to its
call point and zj is causal to the call point yj�1mod 4

. In
addition, z

0

is lightlike to y
2

and z
3

is lightlike to y
1

. b)
The graph G of causal relationships used to construct the
summoning protocol. The subproblem involving the cycle
D

0

! D
2

! D
3

! D
0

is structurally equivalent to the ex-
ample illustrated in Figure 3, although the recursive protocol
replaces direct quantum communication by teleportation. c)
The code used in the e�cient construction has one physical
qubit for each edge of this graph, G0. The arcs label the four
sets of doubled edges su�cient to reconstruct the state. In the
protocol, if there is a request at y

0

, for example, the qubits
on the solid edges are sent to z

0

.

Assign one of the n shares to each of the subsets and for
each subset recursively execute the protocol, now on the
smaller subset of size n � 1. If the request is made at
call point yj , then for each of the subsets containing Dj ,
the corresponding protocol will forward its share of the
secret to zj . Precisely n� 1 of the n subsets contain Dj ,
so the state |'i will be recoverable at zj , as required. An
example for n = 4 is sketched in Figures 5a and 5b.
E�cient construction— The protocol described in



Quantum information bedrock 

Quantum information cannot be cloned. 

And yet… 
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|'iQuantum information must be 
widely replicated in spacetime. 

Quantum information cannot be 
replicated in space. 

This talk will precisely characterize 
which forms of replication are possible. 

Goal: understand how quantum information  
can be delocalized in space and time 
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Unknown quantum state is originally  
localized at s. 

A request for the state will be made at 
either y0 or y1, at which point the state 
must be exhibited at z0 or z1, resp. 

This is prohibited by the combination 
of no-cloning and relativistic causality 
if the line segments y0z0 and y1z1 are 
outside each others’ lightcones. 

z1z0

Kent : arXiv:1101.4612  
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Unknown quantum state is originally  
localized at s. 

A request for the state will be made at 
either y0 or y1, at which point the state 
must be exhibited at z0 or z1, resp. 

This is possible if…? 

z1

z0

Summoning is possible iff z1 is in the  
future of y0 or z0 is in the future of y1. 



General solution: Exploiting teleportation 

3

starting point s.

2. For each pair (i, j), the diamonds Di and Dj are

causally related, meaning that there exists a causal

curve from Di to Dj or vice versa.

The two conditions are necessary because they encode
the most basic constraints coming from relativity and
quantum mechanics, namely causality and the impossi-
bility of cloning. Indeed, Condition 1 is manifestly the
prohibition of superluminal communication. Condition
2 arises from reasoning similar to Kent’s treatment of
“non-ideal” summoning [6]. Suppose we have a success-
ful summoning protocol for which Condition 2 is violated,
meaning that two diamonds Di and Dj are spacelike sep-
arated as in Figure 1. If the call is received at yi, there is
a procedure that will reveal the state at zi. Now imagine
that the call machinery malfunctions such that it makes
a call at yj in addition to the one at yi. Because yj is not
in the causal past of zi, the malfunction cannot prevent
the state from being revealed at zi. Likewise, because yi
is not in the causal past of zj , the call at yj will result in
the state successfully being revealed at zj . This proce-
dure therefore reveals the state |'i at the two spacelike
points zi and zj starting from a single copy of |'i at
the point s. In other words, a summoning protocol for a
configuration violating Condition 2 is easily modified to
make a cloning machine, which is impossible.

To see that Conditions 1 and 2 are su�cient will re-
quire constructing a protocol that will succeed at the
summoning task given a starting point and n call-reveal
pairs satisfying the conditions. The structure of the pro-
tocol will only depend on the directed graph G = (V,E)
whose vertices are labelled by the diamondsDi and which
contains the edge (Di, Dj) if and only if there is a causal
curve from some point in Di to one in Dj .

It is possible to handle the n = 2 case by making use
of a strategy from [7]. Without loss of generality, assume
there is a causal curve from D

0

to D
1

. Begin by dis-
tributing a Bell pair between the spatial locations of the
start point and y

0

. Upon receiving the quantum state
at the start point, immediately teleport it over the Bell
pair [5], sending the classical teleportation data to both
z
0

and z
1

. Meanwhile, if the call is received at y
0

, for-
ward the other half of the Bell pair to z

0

, but if no call is
received, forward it to z

1

. Because there is a causal curve
from the start point to both z

0

and z
1

, and because there
is a causal curve from D

0

and D
1

(which, in particular,
guarantees there is a causal curve from y

0

to z
1

), both
the classical data and the half of the Bell pair required
to reconstruct the quantum state will arrive at the ap-
propriate reveal point. Figure 4 depicts an example in
which this protocol succeeds but the simpler strategy of
carrying the qubit through the causal diamonds fails.

Using quantum error correction, a protocol for gen-
eral n can be built recursively from the protocol for
n = 2. Encode the state |'i at the starting point s
in an ((n � 1, n)) threshold secret sharing scheme [11].
There are n subsets of {D

1

, D
2

, . . . , Dn} of size n � 1.
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FIG. 4: The general strategy for completing two-request tasks
can be used to complete this example, even though y

0

and y
1

are outside the light cone of s. The essence of teleportation
is that it splits a qubit into entanglement and classical data
transmission, thereby making it possible to delocalize quan-
tum information in a curious way: classical data can be trans-
mitted to several recipients without regard to the no-cloning
theorem while entanglement reaches outside the light cone.
Both features are crucial in this example.

a)

y
3

y
2

y
1

y
0

z
3

z
2z

1

z
0

s

b)

c)

D
0

D
1

D
2

D
3

D
0

D
1

D
2

D
3

FIG. 5: a) This configuration of four call-reveal spacetime
points satisfies the conditions of Theorem 1 and requires a
combination of error correction and teleportation for success-
ful summoning. Each reveal point is again lightlike to its
call point and zj is causal to the call point yj�1mod 4

. In
addition, z

0

is lightlike to y
2

and z
3

is lightlike to y
1

. b)
The graph G of causal relationships used to construct the
summoning protocol. The subproblem involving the cycle
D

0

! D
2

! D
3

! D
0

is structurally equivalent to the ex-
ample illustrated in Figure 3, although the recursive protocol
replaces direct quantum communication by teleportation. c)
The code used in the e�cient construction has one physical
qubit for each edge of this graph, G0. The arcs label the four
sets of doubled edges su�cient to reconstruct the state. In the
protocol, if there is a request at y

0

, for example, the qubits
on the solid edges are sent to z

0

.

Assign one of the n shares to each of the subsets and for
each subset recursively execute the protocol, now on the
smaller subset of size n � 1. If the request is made at
call point yj , then for each of the subsets containing Dj ,
the corresponding protocol will forward its share of the
secret to zj . Precisely n� 1 of the n subsets contain Dj ,
so the state |'i will be recoverable at zj , as required. An
example for n = 4 is sketched in Figures 5a and 5b.
E�cient construction— The protocol described in

Causality prevents direct transmission of φ 
from s to the correct z0 or z1 

Request arrives at y0 or y1 

Instead, a Bell pair is shared between s and y0 

Teleportation performed at s, with measurement 
outcome forwarded to both z0 and z1 

Half of Bell pair at y0 sent to either z0 or z1  
depending on request 

Classical data: unconstrained by no-cloning 
Entanglement: unconstrained by causality 

Kent : arXiv:1204.4022 



Summoning as replication 
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t Summoning is possible iff z1 is in the  
future of y0 or z0 is in the future of y1. 

Summoning is possible iff the causal diamonds D0 and D1 are causally related:  
there exists a causal curve from D0 to D1 or vice-versa. 

Summoning provides an operational definition of what it means  
for quantum information to be localized in the diamond Dj. 

D0

D1

Define causal diamond Dj to be the  
intersection of the future of yj and the  
past of zj -- the points that can both be  
affected by the request at yj and can  
affect the outcome at zj. 
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FIG. 2: A summoning task in 1+1 dimensions. In this exam-
ple, a simple strategy will work even though z

1

is not in the
future light cone of z

0

. The quantum state is first transported
along the arrow to P . The call information originating at y

0

is
broadcast into its future light cone and accessed at the point
P . If the call is for z

0

, the quantum state is moved there. If
not, it is moved to z

1

.

be a↵ected by a request at yj and a↵ect the outcome
at zj . A qubit can be summoned to zj from yj if and
only if the qubit is localized in the causal diamond Dj .
Therefore, the summoning task is possible if and only if
the qubit is localized to each and every one of the causal
diamonds {D

1

, D
2

, . . . , Dn�1

}.
To understand the definition and the surprising variety

phenomena it allows, it will be helpful to consider some
important examples. The simplest one consists of just
two call points coinciding precisely with their associated
reveal points, and in the forward light cone of a qubit [22]
in the state |'i at the starting point. If the two call points
are not spacelike to each other, then the qubit can sim-
ply be transmitted to each call point in turn. On the
other hand, Kent observed that if the two call points are
spacelike to each other, the impossibility of superluminal
signalling implies that being able to successfully summon
|'i would amount to being able to send |'i to both the
reveal points, which is a clear violation of the no-cloning
principle. Despite its simplicity, this no-summoning theo-
rem has significant consequences for information process-
ing. In the same way that the no-cloning theorem gives
rise to secret key distribution protocols secured by the
laws of quantum mechanics, the no-summoning theorem
gives rise to secure bit commitment protocols secured by
a combination of quantum mechanics and relativity [8].
Secure bit commitment is impossible using quantum me-
chanics alone [9, 10].

Another simple example in 1+1 dimensions is shown in
Figure 2. Even though there is no causal curve through
each of the reveal points, it is still possible to complete
the summoning task. The example illustrates that if
there is a causal curve passing through each of the causal
diamonds, then summoning will be possible.
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FIG. 3: Exploiting quantum error correction. One share of a
((2, 3)) threshold quantum secret sharing scheme is allocated
to each of the call points yj . Meanwhile, each reveal point zj
is lightlike to both yj and yj+1mod 3

. (The vertical direction
is time. The arrows are causal, in this case lightlike, curves.)
If the participants follow the protocol described in the text,
then the correct reveal point will receive enough shares to
reconstruct the secret.

When more spatial dimensions are introduced, delocal-
ization becomes crucial in understanding which configu-
rations of causal diamonds are compatible. For an repre-
sentative example, place three call points at time zero on
the vertices of an equilateral triangle with edge lengths `.
Place the reveal points at time `/(2c) on the midpoints
of the edges, for c the speed of light. Because the call-
reveal pairs are lightlike, the diamonds Di are just line
segments, as shown in Figure 3. There is no causal curve
through the diamonds Di, so the strategy of simply mov-
ing the qubit around won’t work. Delocalizing the qubit
through the use of quantum error correcting codes will,
however. It is possible to encode the quantum state |'i
into a tripartite Hilbert space H

1

⌦H
2

⌦H
3

such that the
qubit can be recovered even if any one of the correspond-
ing three quantum subsystems is lost. This is known as a
((2, 3)) threshold quantum secret sharing scheme because
the quantum information can be recovered from any two
of the three subsystems even though no information at
all can be recovered from fewer than two [11]. This en-
coding is performed at the start point s and then one
share is forwarded to each of the call points. For each j,
if the request is made at yj , then that share is forwarded
to zj . Otherwise, that share is forwarded to zj�1mod 3

.
By this arrangement the correct reveal point will receive
two out the three shares as required to recover the state.
The example reveals one interesting way to delocalize

a quantum state. To address the full variety of ways in
which quantum information can be distributed in space-
time, the following theorem characterizes every summon-
ing task in Minkowski space as possible or impossible.

Theorem 1 Summoning is possible if and only if the fol-

lowing conditions hold:

1. Every reveal point is in the future light cone of the



Causal diamond geometry 

Diamond becomes a line segment when 
top and bottom are lightlike separated: 



Exploiting quantum error correction 

2

y
0

y
1

z
0

z
1

P

s

FIG. 2: A summoning task in 1+1 dimensions. In this exam-
ple, a simple strategy will work even though z

1

is not in the
future light cone of z

0

. The quantum state is first transported
along the arrow to P . The call information originating at y

0

is
broadcast into its future light cone and accessed at the point
P . If the call is for z

0

, the quantum state is moved there. If
not, it is moved to z

1

.

be a↵ected by a request at yj and a↵ect the outcome
at zj . A qubit can be summoned to zj from yj if and
only if the qubit is localized in the causal diamond Dj .
Therefore, the summoning task is possible if and only if
the qubit is localized to each and every one of the causal
diamonds {D

1

, D
2

, . . . , Dn�1

}.
To understand the definition and the surprising variety

phenomena it allows, it will be helpful to consider some
important examples. The simplest one consists of just
two call points coinciding precisely with their associated
reveal points, and in the forward light cone of a qubit [22]
in the state |'i at the starting point. If the two call points
are not spacelike to each other, then the qubit can sim-
ply be transmitted to each call point in turn. On the
other hand, Kent observed that if the two call points are
spacelike to each other, the impossibility of superluminal
signalling implies that being able to successfully summon
|'i would amount to being able to send |'i to both the
reveal points, which is a clear violation of the no-cloning
principle. Despite its simplicity, this no-summoning theo-
rem has significant consequences for information process-
ing. In the same way that the no-cloning theorem gives
rise to secret key distribution protocols secured by the
laws of quantum mechanics, the no-summoning theorem
gives rise to secure bit commitment protocols secured by
a combination of quantum mechanics and relativity [8].
Secure bit commitment is impossible using quantum me-
chanics alone [9, 10].

Another simple example in 1+1 dimensions is shown in
Figure 2. Even though there is no causal curve through
each of the reveal points, it is still possible to complete
the summoning task. The example illustrates that if
there is a causal curve passing through each of the causal
diamonds, then summoning will be possible.
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FIG. 3: Exploiting quantum error correction. One share of a
((2, 3)) threshold quantum secret sharing scheme is allocated
to each of the call points yj . Meanwhile, each reveal point zj
is lightlike to both yj and yj+1mod 3

. (The vertical direction
is time. The arrows are causal, in this case lightlike, curves.)
If the participants follow the protocol described in the text,
then the correct reveal point will receive enough shares to
reconstruct the secret.

When more spatial dimensions are introduced, delocal-
ization becomes crucial in understanding which configu-
rations of causal diamonds are compatible. For an repre-
sentative example, place three call points at time zero on
the vertices of an equilateral triangle with edge lengths `.
Place the reveal points at time `/(2c) on the midpoints
of the edges, for c the speed of light. Because the call-
reveal pairs are lightlike, the diamonds Di are just line
segments, as shown in Figure 3. There is no causal curve
through the diamonds Di, so the strategy of simply mov-
ing the qubit around won’t work. Delocalizing the qubit
through the use of quantum error correcting codes will,
however. It is possible to encode the quantum state |'i
into a tripartite Hilbert space H

1

⌦H
2

⌦H
3

such that the
qubit can be recovered even if any one of the correspond-
ing three quantum subsystems is lost. This is known as a
((2, 3)) threshold quantum secret sharing scheme because
the quantum information can be recovered from any two
of the three subsystems even though no information at
all can be recovered from fewer than two [11]. This en-
coding is performed at the start point s and then one
share is forwarded to each of the call points. For each j,
if the request is made at yj , then that share is forwarded
to zj . Otherwise, that share is forwarded to zj�1mod 3

.
By this arrangement the correct reveal point will receive
two out the three shares as required to recover the state.
The example reveals one interesting way to delocalize

a quantum state. To address the full variety of ways in
which quantum information can be distributed in space-
time, the following theorem characterizes every summon-
ing task in Minkowski space as possible or impossible.

Theorem 1 Summoning is possible if and only if the fol-

lowing conditions hold:

1. Every reveal point is in the future light cone of the

A ((2,3)) threshold quantum secret sharing 
scheme is prepared at s 

One share sent to each of yj 

Each share is then sent at the 
speed of light along a red line 

2 shares pass through each causal  
diamond yjzj  

The same quantum information is replicated in 
each causal diamond 

Summoning language: if a request is made at yj then 
 the share at yj is sent to zj instead of to zj-1 



A more complicated scenario: 
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FIG. 6: a) This configuration of four call-reveal spacetime
points satisfies the conditions of Theorem 1 and requires a
combination of error correction and teleportation for success-
ful summoning. Each reveal point is again lightlike to its
call point and zj is causal to the call point yj�1mod 4

. In
addition, z

0

is lightlike to y
2

and z
3

is lightlike to y
1

. b)
The graph G of causal relationships used to construct the
summoning protocol. The subproblem involving the cycle
D

0

! D
2

! D
3

! D
0

is structurally equivalent to the ex-
ample illustrated in Figure 3, although the recursive protocol
replaces direct quantum communication by teleportation. c)
The code used in the e�cient construction has one physical
qubit for each edge of this graph, G0. The arcs label the four
sets of doubled edges su�cient to reconstruct the state. In the
protocol, if there is a request at y

0

, for example, the qubits
on the solid edges are sent to z

0

.

the proof of Theorem 1 is unfortunately ine�cient, using
⌦(n!) qubits. Practicality aside, such dramatic growth
quickly runs afoul of the holographic bound, which places
a limit of roughly 1.4 ⇥ 1069 bits per m2 [1]: trying to
store the protocol’s qubits in a region centred at s of
area of 1 m2 would already create a black hole for n =
55. Understanding summoning in the presence of gravity
therefore requires finding more e�cient protocols.

The high cost is incurred from the recursive encoding
preceding teleportation, so we will show how to achieve
the same functionality directly. To begin, it will be help-
ful to characterize that functionality. The recursive en-
coding produces a quantum error correcting code with
shares associated to the edges of the graph G. Should
the call arrive at yj , teleportation is used to ensure that
all shares associated to the edges incident to Dj arrive
at the reveal point zj . The functionality required of the
code is therefore clear: it must be possible to recover the
encoded quantum state using only those shares received
at zj . That is, the erasure of shares for any combination
of edges leaving at least one vertex untouched must be
recoverable, as illustrated in Figure 5c.

That describes an unusual quantum error correcting
code. Ignoring directionality, G is the complete graph,
so each vertex is incident to exactly n�1 edges. The total
number of edges is

�n
2

�
, however, so the quantum state

must be recoverable from a vanishing fraction 2/n of the
total number of shares, albeit a specially chosen vanishing

s

FIG. 7: A summoning task defined by sequences of call-reveal
pairs; the three possible sequences are indicated by dashed
arrows through the reveal points.

fraction that prevents violations of the no-cloning prin-
ciple. A particular codeword-stabilized (CWS) quantum
code [12] will do the job very e�ciently. LetG0 = (V 0, E0)
be an undirected version of G with a new vertex placed
on each edge, so that V 0 = V [E and E0 = {(v, (v, w)) :
(v, w) 2 E or (w, v) 2 E}. The code will consist of a sin-
gle qubit for each of the edges of G0. For each such edge
e, let Ne = {f 2 E0 : f \ e 6= ; and f 6= e} be the set of
edges adjacent to e and define Se = Xe

Q
f2Ne

Zf , where
Xe and Ze are Pauli operators acting on edge e. The
encoded qubit is simply the span of the simultaneous +1
eigenstate of all the Se operators and the simultaneous
�1 eigenstate.
As demonstrated in Appendix B, this code has pre-

cisely the desired properties if the share for each edge
e 2 E of the original graph G is identified with the pair
of edges replacing e in G0. The construction therefore
yields a method for solving the summoning task using
exactly n(n � 1) physical qubits per summoned qubit.
The CWS code also happens to be a stabilizer code, so
the erasure errors can be decoded in polynomial time [4].
Generalizations— The summoning tasks character-

ized by Theorem 1 only require that it be possible to
respond to a request at a single call point. That version
of the problem is the one most relevant to understanding
how information can be distributed through spacetime.
From an active information processing perspective, how-
ever, it is natural to permit requests at sequences of call
points rather than just one. These sequential summon-
ing tasks will be specified by a set {ȳ

0

, ȳ
1

, ..., ȳn�1

} of
possible sequences of call points and a corresponding set
{z̄

0

, z̄
1

, ..., z̄n�1

} of sequences of reveal points. Any se-
quence of requests ȳj must be met by revealing the state
at each of the paired reveal points. A typical problem is
illustrated in Figure 7.
The characterization of which sequential summoning

tasks are possible reduces easily to Theorem 1. It is
clearly necessary that there be a causal curve through
each set of reveal points z̄j . If not, then there would
be a sequence containing two spacelike separated re-

?: 
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Each and every diamond can contain the same 
quantum information iff every pair is causally related 

Equivalently: iff there is no obvious violation of causality or no-cloning 
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starting point s.

2. For each pair (i, j), the diamonds Di and Dj are

causally related, meaning that there exists a causal

curve from Di to Dj or vice versa.

The two conditions are necessary because they encode
the most basic constraints coming from relativity and
quantum mechanics, namely causality and the impossi-
bility of cloning. Indeed, Condition 1 is manifestly the
prohibition of superluminal communication. Condition
2 arises from reasoning similar to Kent’s treatment of
“non-ideal” summoning [6]. Suppose we have a success-
ful summoning protocol for which Condition 2 is violated,
meaning that two diamonds Di and Dj are spacelike sep-
arated as in Figure 1. If the call is received at yi, there is
a procedure that will reveal the state at zi. Now imagine
that the call machinery malfunctions such that it makes
a call at yj in addition to the one at yi. Because yj is not
in the causal past of zi, the malfunction cannot prevent
the state from being revealed at zi. Likewise, because yi
is not in the causal past of zj , the call at yj will result in
the state successfully being revealed at zj . This proce-
dure therefore reveals the state |'i at the two spacelike
points zi and zj starting from a single copy of |'i at
the point s. In other words, a summoning protocol for a
configuration violating Condition 2 is easily modified to
make a cloning machine, which is impossible.

To see that Conditions 1 and 2 are su�cient will re-
quire constructing a protocol that will succeed at the
summoning task given a starting point and n call-reveal
pairs satisfying the conditions. The structure of the pro-
tocol will only depend on the directed graph G = (V,E)
whose vertices are labelled by the diamondsDi and which
contains the edge (Di, Dj) if and only if there is a causal
curve from some point in Di to one in Dj .

It is possible to handle the n = 2 case by making use
of a strategy from [7]. Without loss of generality, assume
there is a causal curve from D

0

to D
1

. Begin by dis-
tributing a Bell pair between the spatial locations of the
start point and y

0

. Upon receiving the quantum state
at the start point, immediately teleport it over the Bell
pair [5], sending the classical teleportation data to both
z
0

and z
1

. Meanwhile, if the call is received at y
0

, for-
ward the other half of the Bell pair to z

0

, but if no call is
received, forward it to z

1

. Because there is a causal curve
from the start point to both z

0

and z
1

, and because there
is a causal curve from D

0

and D
1

(which, in particular,
guarantees there is a causal curve from y

0

to z
1

), both
the classical data and the half of the Bell pair required
to reconstruct the quantum state will arrive at the ap-
propriate reveal point. Figure 4 depicts an example in
which this protocol succeeds but the simpler strategy of
carrying the qubit through the causal diamonds fails.

Using quantum error correction, a protocol for gen-
eral n can be built recursively from the protocol for
n = 2. Encode the state |'i at the starting point s
in an ((n � 1, n)) threshold secret sharing scheme [11].
There are n subsets of {D

1

, D
2

, . . . , Dn} of size n � 1.
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FIG. 4: The general strategy for completing two-request tasks
can be used to complete this example, even though y

0

and y
1

are outside the light cone of s. The essence of teleportation
is that it splits a qubit into entanglement and classical data
transmission, thereby making it possible to delocalize quan-
tum information in a curious way: classical data can be trans-
mitted to several recipients without regard to the no-cloning
theorem while entanglement reaches outside the light cone.
Both features are crucial in this example.
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FIG. 5: a) This configuration of four call-reveal spacetime
points satisfies the conditions of Theorem 1 and requires a
combination of error correction and teleportation for success-
ful summoning. Each reveal point is again lightlike to its
call point and zj is causal to the call point yj�1mod 4

. In
addition, z

0

is lightlike to y
2

and z
3

is lightlike to y
1

. b)
The graph G of causal relationships used to construct the
summoning protocol. The subproblem involving the cycle
D

0

! D
2

! D
3

! D
0

is structurally equivalent to the ex-
ample illustrated in Figure 3, although the recursive protocol
replaces direct quantum communication by teleportation. c)
The code used in the e�cient construction has one physical
qubit for each edge of this graph, G0. The arcs label the four
sets of doubled edges su�cient to reconstruct the state. In the
protocol, if there is a request at y

0

, for example, the qubits
on the solid edges are sent to z

0

.

Assign one of the n shares to each of the subsets and for
each subset recursively execute the protocol, now on the
smaller subset of size n � 1. If the request is made at
call point yj , then for each of the subsets containing Dj ,
the corresponding protocol will forward its share of the
secret to zj . Precisely n� 1 of the n subsets contain Dj ,
so the state |'i will be recoverable at zj , as required. An
example for n = 4 is sketched in Figures 5a and 5b.
E�cient construction— The protocol described in
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FIG. 2: A summoning task in 1+1 dimensions. In this exam-
ple, a simple strategy will work even though z

1

is not in the
future light cone of z

0

. The quantum state is first transported
along the arrow to P . The call information originating at y

0

is
broadcast into its future light cone and accessed at the point
P . If the call is for z

0

, the quantum state is moved there. If
not, it is moved to z

1

.

be a↵ected by a request at yj and a↵ect the outcome
at zj . A qubit can be summoned to zj from yj if and
only if the qubit is localized in the causal diamond Dj .
Therefore, the summoning task is possible if and only if
the qubit is localized to each and every one of the causal
diamonds {D

1

, D
2

, . . . , Dn�1

}.
To understand the definition and the surprising variety

phenomena it allows, it will be helpful to consider some
important examples. The simplest one consists of just
two call points coinciding precisely with their associated
reveal points, and in the forward light cone of a qubit [22]
in the state |'i at the starting point. If the two call points
are not spacelike to each other, then the qubit can sim-
ply be transmitted to each call point in turn. On the
other hand, Kent observed that if the two call points are
spacelike to each other, the impossibility of superluminal
signalling implies that being able to successfully summon
|'i would amount to being able to send |'i to both the
reveal points, which is a clear violation of the no-cloning
principle. Despite its simplicity, this no-summoning theo-
rem has significant consequences for information process-
ing. In the same way that the no-cloning theorem gives
rise to secret key distribution protocols secured by the
laws of quantum mechanics, the no-summoning theorem
gives rise to secure bit commitment protocols secured by
a combination of quantum mechanics and relativity [8].
Secure bit commitment is impossible using quantum me-
chanics alone [9, 10].

Another simple example in 1+1 dimensions is shown in
Figure 2. Even though there is no causal curve through
each of the reveal points, it is still possible to complete
the summoning task. The example illustrates that if
there is a causal curve passing through each of the causal
diamonds, then summoning will be possible.
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FIG. 3: Exploiting quantum error correction. One share of a
((2, 3)) threshold quantum secret sharing scheme is allocated
to each of the call points yj . Meanwhile, each reveal point zj
is lightlike to both yj and yj+1mod 3

. (The vertical direction
is time. The arrows are causal, in this case lightlike, curves.)
If the participants follow the protocol described in the text,
then the correct reveal point will receive enough shares to
reconstruct the secret.

When more spatial dimensions are introduced, delocal-
ization becomes crucial in understanding which configu-
rations of causal diamonds are compatible. For an repre-
sentative example, place three call points at time zero on
the vertices of an equilateral triangle with edge lengths `.
Place the reveal points at time `/(2c) on the midpoints
of the edges, for c the speed of light. Because the call-
reveal pairs are lightlike, the diamonds Di are just line
segments, as shown in Figure 3. There is no causal curve
through the diamonds Di, so the strategy of simply mov-
ing the qubit around won’t work. Delocalizing the qubit
through the use of quantum error correcting codes will,
however. It is possible to encode the quantum state |'i
into a tripartite Hilbert space H

1

⌦H
2

⌦H
3

such that the
qubit can be recovered even if any one of the correspond-
ing three quantum subsystems is lost. This is known as a
((2, 3)) threshold quantum secret sharing scheme because
the quantum information can be recovered from any two
of the three subsystems even though no information at
all can be recovered from fewer than two [11]. This en-
coding is performed at the start point s and then one
share is forwarded to each of the call points. For each j,
if the request is made at yj , then that share is forwarded
to zj . Otherwise, that share is forwarded to zj�1mod 3

.
By this arrangement the correct reveal point will receive
two out the three shares as required to recover the state.
The example reveals one interesting way to delocalize

a quantum state. To address the full variety of ways in
which quantum information can be distributed in space-
time, the following theorem characterizes every summon-
ing task in Minkowski space as possible or impossible.

Theorem 1 Summoning is possible if and only if the fol-

lowing conditions hold:

1. Every reveal point is in the future light cone of the
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starting point s.

2. For each pair (i, j), the diamonds Di and Dj are

causally related, meaning that there exists a causal

curve from Di to Dj or vice versa.

The two conditions are necessary because they encode
the most basic constraints coming from relativity and
quantum mechanics, namely causality and the impossi-
bility of cloning. Indeed, Condition 1 is manifestly the
prohibition of superluminal communication. Condition
2 arises from reasoning similar to Kent’s treatment of
“non-ideal” summoning [6]. Suppose we have a success-
ful summoning protocol for which Condition 2 is violated,
meaning that two diamonds Di and Dj are spacelike sep-
arated as in Figure 1. If the call is received at yi, there is
a procedure that will reveal the state at zi. Now imagine
that the call machinery malfunctions such that it makes
a call at yj in addition to the one at yi. Because yj is not
in the causal past of zi, the malfunction cannot prevent
the state from being revealed at zi. Likewise, because yi
is not in the causal past of zj , the call at yj will result in
the state successfully being revealed at zj . This proce-
dure therefore reveals the state |'i at the two spacelike
points zi and zj starting from a single copy of |'i at
the point s. In other words, a summoning protocol for a
configuration violating Condition 2 is easily modified to
make a cloning machine, which is impossible.

To see that Conditions 1 and 2 are su�cient will re-
quire constructing a protocol that will succeed at the
summoning task given a starting point and n call-reveal
pairs satisfying the conditions. The structure of the pro-
tocol will only depend on the directed graph G = (V,E)
whose vertices are labelled by the diamondsDi and which
contains the edge (Di, Dj) if and only if there is a causal
curve from some point in Di to one in Dj .

It is possible to handle the n = 2 case by making use
of a strategy from [7]. Without loss of generality, assume
there is a causal curve from D

0

to D
1

. Begin by dis-
tributing a Bell pair between the spatial locations of the
start point and y

0

. Upon receiving the quantum state
at the start point, immediately teleport it over the Bell
pair [5], sending the classical teleportation data to both
z
0

and z
1

. Meanwhile, if the call is received at y
0

, for-
ward the other half of the Bell pair to z

0

, but if no call is
received, forward it to z

1

. Because there is a causal curve
from the start point to both z

0

and z
1

, and because there
is a causal curve from D

0

and D
1

(which, in particular,
guarantees there is a causal curve from y

0

to z
1

), both
the classical data and the half of the Bell pair required
to reconstruct the quantum state will arrive at the ap-
propriate reveal point. Figure 4 depicts an example in
which this protocol succeeds but the simpler strategy of
carrying the qubit through the causal diamonds fails.

Using quantum error correction, a protocol for gen-
eral n can be built recursively from the protocol for
n = 2. Encode the state |'i at the starting point s
in an ((n � 1, n)) threshold secret sharing scheme [11].
There are n subsets of {D

1

, D
2

, . . . , Dn} of size n � 1.
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FIG. 4: The general strategy for completing two-request tasks
can be used to complete this example, even though y

0

and y
1

are outside the light cone of s. The essence of teleportation
is that it splits a qubit into entanglement and classical data
transmission, thereby making it possible to delocalize quan-
tum information in a curious way: classical data can be trans-
mitted to several recipients without regard to the no-cloning
theorem while entanglement reaches outside the light cone.
Both features are crucial in this example.
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FIG. 5: a) This configuration of four call-reveal spacetime
points satisfies the conditions of Theorem 1 and requires a
combination of error correction and teleportation for success-
ful summoning. Each reveal point is again lightlike to its
call point and zj is causal to the call point yj�1mod 4

. In
addition, z

0

is lightlike to y
2

and z
3

is lightlike to y
1

. b)
The graph G of causal relationships used to construct the
summoning protocol. The subproblem involving the cycle
D

0

! D
2

! D
3

! D
0

is structurally equivalent to the ex-
ample illustrated in Figure 3, although the recursive protocol
replaces direct quantum communication by teleportation. c)
The code used in the e�cient construction has one physical
qubit for each edge of this graph, G0. The arcs label the four
sets of doubled edges su�cient to reconstruct the state. In the
protocol, if there is a request at y

0

, for example, the qubits
on the solid edges are sent to z

0

.

Assign one of the n shares to each of the subsets and for
each subset recursively execute the protocol, now on the
smaller subset of size n � 1. If the request is made at
call point yj , then for each of the subsets containing Dj ,
the corresponding protocol will forward its share of the
secret to zj . Precisely n� 1 of the n subsets contain Dj ,
so the state |'i will be recoverable at zj , as required. An
example for n = 4 is sketched in Figures 5a and 5b.
E�cient construction— The protocol described in
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starting point s.

2. For each pair (i, j), the diamonds Di and Dj are

causally related, meaning that there exists a causal

curve from Di to Dj or vice versa.

The two conditions are necessary because they encode
the most basic constraints coming from relativity and
quantum mechanics, namely causality and the impossi-
bility of cloning. Indeed, Condition 1 is manifestly the
prohibition of superluminal communication. Condition
2 arises from reasoning similar to Kent’s treatment of
“non-ideal” summoning [6]. Suppose we have a success-
ful summoning protocol for which Condition 2 is violated,
meaning that two diamonds Di and Dj are spacelike sep-
arated as in Figure 1. If the call is received at yi, there is
a procedure that will reveal the state at zi. Now imagine
that the call machinery malfunctions such that it makes
a call at yj in addition to the one at yi. Because yj is not
in the causal past of zi, the malfunction cannot prevent
the state from being revealed at zi. Likewise, because yi
is not in the causal past of zj , the call at yj will result in
the state successfully being revealed at zj . This proce-
dure therefore reveals the state |'i at the two spacelike
points zi and zj starting from a single copy of |'i at
the point s. In other words, a summoning protocol for a
configuration violating Condition 2 is easily modified to
make a cloning machine, which is impossible.

To see that Conditions 1 and 2 are su�cient will re-
quire constructing a protocol that will succeed at the
summoning task given a starting point and n call-reveal
pairs satisfying the conditions. The structure of the pro-
tocol will only depend on the directed graph G = (V,E)
whose vertices are labelled by the diamondsDi and which
contains the edge (Di, Dj) if and only if there is a causal
curve from some point in Di to one in Dj .

It is possible to handle the n = 2 case by making use
of a strategy from [7]. Without loss of generality, assume
there is a causal curve from D

0

to D
1

. Begin by dis-
tributing a Bell pair between the spatial locations of the
start point and y

0

. Upon receiving the quantum state
at the start point, immediately teleport it over the Bell
pair [5], sending the classical teleportation data to both
z
0

and z
1

. Meanwhile, if the call is received at y
0

, for-
ward the other half of the Bell pair to z

0

, but if no call is
received, forward it to z

1

. Because there is a causal curve
from the start point to both z

0

and z
1

, and because there
is a causal curve from D

0

and D
1

(which, in particular,
guarantees there is a causal curve from y

0

to z
1

), both
the classical data and the half of the Bell pair required
to reconstruct the quantum state will arrive at the ap-
propriate reveal point. Figure 4 depicts an example in
which this protocol succeeds but the simpler strategy of
carrying the qubit through the causal diamonds fails.

Using quantum error correction, a protocol for gen-
eral n can be built recursively from the protocol for
n = 2. Encode the state |'i at the starting point s
in an ((n � 1, n)) threshold secret sharing scheme [11].
There are n subsets of {D

1

, D
2

, . . . , Dn} of size n � 1.
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FIG. 4: The general strategy for completing two-request tasks
can be used to complete this example, even though y

0

and y
1

are outside the light cone of s. The essence of teleportation
is that it splits a qubit into entanglement and classical data
transmission, thereby making it possible to delocalize quan-
tum information in a curious way: classical data can be trans-
mitted to several recipients without regard to the no-cloning
theorem while entanglement reaches outside the light cone.
Both features are crucial in this example.
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FIG. 5: a) This configuration of four call-reveal spacetime
points satisfies the conditions of Theorem 1 and requires a
combination of error correction and teleportation for success-
ful summoning. Each reveal point is again lightlike to its
call point and zj is causal to the call point yj�1mod 4

. In
addition, z
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is lightlike to y
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. b)
The graph G of causal relationships used to construct the
summoning protocol. The subproblem involving the cycle
D
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0

is structurally equivalent to the ex-
ample illustrated in Figure 3, although the recursive protocol
replaces direct quantum communication by teleportation. c)
The code used in the e�cient construction has one physical
qubit for each edge of this graph, G0. The arcs label the four
sets of doubled edges su�cient to reconstruct the state. In the
protocol, if there is a request at y

0

, for example, the qubits
on the solid edges are sent to z

0

.

Assign one of the n shares to each of the subsets and for
each subset recursively execute the protocol, now on the
smaller subset of size n � 1. If the request is made at
call point yj , then for each of the subsets containing Dj ,
the corresponding protocol will forward its share of the
secret to zj . Precisely n� 1 of the n subsets contain Dj ,
so the state |'i will be recoverable at zj , as required. An
example for n = 4 is sketched in Figures 5a and 5b.
E�cient construction— The protocol described in
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starting point s.

2. For each pair (i, j), the diamonds Di and Dj are

causally related, meaning that there exists a causal

curve from Di to Dj or vice versa.

The two conditions are necessary because they encode
the most basic constraints coming from relativity and
quantum mechanics, namely causality and the impossi-
bility of cloning. Indeed, Condition 1 is manifestly the
prohibition of superluminal communication. Condition
2 arises from reasoning similar to Kent’s treatment of
“non-ideal” summoning [6]. Suppose we have a success-
ful summoning protocol for which Condition 2 is violated,
meaning that two diamonds Di and Dj are spacelike sep-
arated as in Figure 1. If the call is received at yi, there is
a procedure that will reveal the state at zi. Now imagine
that the call machinery malfunctions such that it makes
a call at yj in addition to the one at yi. Because yj is not
in the causal past of zi, the malfunction cannot prevent
the state from being revealed at zi. Likewise, because yi
is not in the causal past of zj , the call at yj will result in
the state successfully being revealed at zj . This proce-
dure therefore reveals the state |'i at the two spacelike
points zi and zj starting from a single copy of |'i at
the point s. In other words, a summoning protocol for a
configuration violating Condition 2 is easily modified to
make a cloning machine, which is impossible.

To see that Conditions 1 and 2 are su�cient will re-
quire constructing a protocol that will succeed at the
summoning task given a starting point and n call-reveal
pairs satisfying the conditions. The structure of the pro-
tocol will only depend on the directed graph G = (V,E)
whose vertices are labelled by the diamondsDi and which
contains the edge (Di, Dj) if and only if there is a causal
curve from some point in Di to one in Dj .

It is possible to handle the n = 2 case by making use
of a strategy from [7]. Without loss of generality, assume
there is a causal curve from D

0

to D
1

. Begin by dis-
tributing a Bell pair between the spatial locations of the
start point and y

0

. Upon receiving the quantum state
at the start point, immediately teleport it over the Bell
pair [5], sending the classical teleportation data to both
z
0

and z
1

. Meanwhile, if the call is received at y
0

, for-
ward the other half of the Bell pair to z

0

, but if no call is
received, forward it to z

1

. Because there is a causal curve
from the start point to both z

0

and z
1

, and because there
is a causal curve from D

0

and D
1

(which, in particular,
guarantees there is a causal curve from y

0

to z
1

), both
the classical data and the half of the Bell pair required
to reconstruct the quantum state will arrive at the ap-
propriate reveal point. Figure 4 depicts an example in
which this protocol succeeds but the simpler strategy of
carrying the qubit through the causal diamonds fails.

Using quantum error correction, a protocol for gen-
eral n can be built recursively from the protocol for
n = 2. Encode the state |'i at the starting point s
in an ((n � 1, n)) threshold secret sharing scheme [11].
There are n subsets of {D

1

, D
2

, . . . , Dn} of size n � 1.
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FIG. 4: The general strategy for completing two-request tasks
can be used to complete this example, even though y

0

and y
1

are outside the light cone of s. The essence of teleportation
is that it splits a qubit into entanglement and classical data
transmission, thereby making it possible to delocalize quan-
tum information in a curious way: classical data can be trans-
mitted to several recipients without regard to the no-cloning
theorem while entanglement reaches outside the light cone.
Both features are crucial in this example.
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FIG. 5: a) This configuration of four call-reveal spacetime
points satisfies the conditions of Theorem 1 and requires a
combination of error correction and teleportation for success-
ful summoning. Each reveal point is again lightlike to its
call point and zj is causal to the call point yj�1mod 4

. In
addition, z

0

is lightlike to y
2

and z
3

is lightlike to y
1

. b)
The graph G of causal relationships used to construct the
summoning protocol. The subproblem involving the cycle
D

0

! D
2

! D
3

! D
0

is structurally equivalent to the ex-
ample illustrated in Figure 3, although the recursive protocol
replaces direct quantum communication by teleportation. c)
The code used in the e�cient construction has one physical
qubit for each edge of this graph, G0. The arcs label the four
sets of doubled edges su�cient to reconstruct the state. In the
protocol, if there is a request at y

0

, for example, the qubits
on the solid edges are sent to z

0

.

Assign one of the n shares to each of the subsets and for
each subset recursively execute the protocol, now on the
smaller subset of size n � 1. If the request is made at
call point yj , then for each of the subsets containing Dj ,
the corresponding protocol will forward its share of the
secret to zj . Precisely n� 1 of the n subsets contain Dj ,
so the state |'i will be recoverable at zj , as required. An
example for n = 4 is sketched in Figures 5a and 5b.
E�cient construction— The protocol described inG = (V,E) graph of  

causal relationships: 

Encode φ into a quantum error correcting code with one share for each edge. 

Code property: φ can be recovered provided all the shares associated to any Dj 

Execute the n=2 teleportation protocol for each edge. 

If request made at yj, then zj receives all shares associated to Dj and can recover φ. 

Unusual QEC: ~n2 shares but recovery using n-1. Vanishing fraction O(1/n). 



The quantum error correcting code 
Designed using the codeword-stabilized (CWS) quantum code formalism [CSSZ’08] 
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starting point s.

2. For each pair (i, j), the diamonds Di and Dj are

causally related, meaning that there exists a causal

curve from Di to Dj or vice versa.

The two conditions are necessary because they encode
the most basic constraints coming from relativity and
quantum mechanics, namely causality and the impossi-
bility of cloning. Indeed, Condition 1 is manifestly the
prohibition of superluminal communication. Condition
2 arises from reasoning similar to Kent’s treatment of
“non-ideal” summoning [6]. Suppose we have a success-
ful summoning protocol for which Condition 2 is violated,
meaning that two diamonds Di and Dj are spacelike sep-
arated as in Figure 1. If the call is received at yi, there is
a procedure that will reveal the state at zi. Now imagine
that the call machinery malfunctions such that it makes
a call at yj in addition to the one at yi. Because yj is not
in the causal past of zi, the malfunction cannot prevent
the state from being revealed at zi. Likewise, because yi
is not in the causal past of zj , the call at yj will result in
the state successfully being revealed at zj . This proce-
dure therefore reveals the state |'i at the two spacelike
points zi and zj starting from a single copy of |'i at
the point s. In other words, a summoning protocol for a
configuration violating Condition 2 is easily modified to
make a cloning machine, which is impossible.

To see that Conditions 1 and 2 are su�cient will re-
quire constructing a protocol that will succeed at the
summoning task given a starting point and n call-reveal
pairs satisfying the conditions. The structure of the pro-
tocol will only depend on the directed graph G = (V,E)
whose vertices are labelled by the diamondsDi and which
contains the edge (Di, Dj) if and only if there is a causal
curve from some point in Di to one in Dj .

It is possible to handle the n = 2 case by making use
of a strategy from [7]. Without loss of generality, assume
there is a causal curve from D

0

to D
1

. Begin by dis-
tributing a Bell pair between the spatial locations of the
start point and y

0

. Upon receiving the quantum state
at the start point, immediately teleport it over the Bell
pair [5], sending the classical teleportation data to both
z
0

and z
1

. Meanwhile, if the call is received at y
0

, for-
ward the other half of the Bell pair to z

0

, but if no call is
received, forward it to z

1

. Because there is a causal curve
from the start point to both z

0

and z
1

, and because there
is a causal curve from D

0

and D
1

(which, in particular,
guarantees there is a causal curve from y

0

to z
1

), both
the classical data and the half of the Bell pair required
to reconstruct the quantum state will arrive at the ap-
propriate reveal point. Figure 4 depicts an example in
which this protocol succeeds but the simpler strategy of
carrying the qubit through the causal diamonds fails.

Using quantum error correction, a protocol for gen-
eral n can be built recursively from the protocol for
n = 2. Encode the state |'i at the starting point s
in an ((n � 1, n)) threshold secret sharing scheme [11].
There are n subsets of {D

1

, D
2

, . . . , Dn} of size n � 1.
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are outside the light cone of s. The essence of teleportation
is that it splits a qubit into entanglement and classical data
transmission, thereby making it possible to delocalize quan-
tum information in a curious way: classical data can be trans-
mitted to several recipients without regard to the no-cloning
theorem while entanglement reaches outside the light cone.
Both features are crucial in this example.
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call point and zj is causal to the call point yj�1mod 4

. In
addition, z
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. b)
The graph G of causal relationships used to construct the
summoning protocol. The subproblem involving the cycle
D
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is structurally equivalent to the ex-
ample illustrated in Figure 3, although the recursive protocol
replaces direct quantum communication by teleportation. c)
The code used in the e�cient construction has one physical
qubit for each edge of this graph, G0. The arcs label the four
sets of doubled edges su�cient to reconstruct the state. In the
protocol, if there is a request at y

0

, for example, the qubits
on the solid edges are sent to z

0

.

Assign one of the n shares to each of the subsets and for
each subset recursively execute the protocol, now on the
smaller subset of size n � 1. If the request is made at
call point yj , then for each of the subsets containing Dj ,
the corresponding protocol will forward its share of the
secret to zj . Precisely n� 1 of the n subsets contain Dj ,
so the state |'i will be recoverable at zj , as required. An
example for n = 4 is sketched in Figures 5a and 5b.
E�cient construction— The protocol described in

Subdivide 
every edge: 

One qubit for each edge of G’: |E’| = n(n-1) 

G’=(V’,E’) G = (V,E)  

Se = Xe

Y

f2Ne

ZfDefine commuting operators 

X 

Z 

Z 

Z 

Code subspace is the span of the simultaneous +1 and -1 eigenspaces of all Se.  

Each share consists of the 2 qubits associated with each original edge of G. 



3

starting point s.

2. For each pair (i, j), the diamonds Di and Dj are

causally related, meaning that there exists a causal

curve from Di to Dj or vice versa.

The two conditions are necessary because they encode
the most basic constraints coming from relativity and
quantum mechanics, namely causality and the impossi-
bility of cloning. Indeed, Condition 1 is manifestly the
prohibition of superluminal communication. Condition
2 arises from reasoning similar to Kent’s treatment of
“non-ideal” summoning [6]. Suppose we have a success-
ful summoning protocol for which Condition 2 is violated,
meaning that two diamonds Di and Dj are spacelike sep-
arated as in Figure 1. If the call is received at yi, there is
a procedure that will reveal the state at zi. Now imagine
that the call machinery malfunctions such that it makes
a call at yj in addition to the one at yi. Because yj is not
in the causal past of zi, the malfunction cannot prevent
the state from being revealed at zi. Likewise, because yi
is not in the causal past of zj , the call at yj will result in
the state successfully being revealed at zj . This proce-
dure therefore reveals the state |'i at the two spacelike
points zi and zj starting from a single copy of |'i at
the point s. In other words, a summoning protocol for a
configuration violating Condition 2 is easily modified to
make a cloning machine, which is impossible.

To see that Conditions 1 and 2 are su�cient will re-
quire constructing a protocol that will succeed at the
summoning task given a starting point and n call-reveal
pairs satisfying the conditions. The structure of the pro-
tocol will only depend on the directed graph G = (V,E)
whose vertices are labelled by the diamondsDi and which
contains the edge (Di, Dj) if and only if there is a causal
curve from some point in Di to one in Dj .

It is possible to handle the n = 2 case by making use
of a strategy from [7]. Without loss of generality, assume
there is a causal curve from D

0

to D
1

. Begin by dis-
tributing a Bell pair between the spatial locations of the
start point and y

0

. Upon receiving the quantum state
at the start point, immediately teleport it over the Bell
pair [5], sending the classical teleportation data to both
z
0

and z
1

. Meanwhile, if the call is received at y
0

, for-
ward the other half of the Bell pair to z

0

, but if no call is
received, forward it to z

1

. Because there is a causal curve
from the start point to both z

0

and z
1

, and because there
is a causal curve from D

0

and D
1

(which, in particular,
guarantees there is a causal curve from y

0

to z
1

), both
the classical data and the half of the Bell pair required
to reconstruct the quantum state will arrive at the ap-
propriate reveal point. Figure 4 depicts an example in
which this protocol succeeds but the simpler strategy of
carrying the qubit through the causal diamonds fails.

Using quantum error correction, a protocol for gen-
eral n can be built recursively from the protocol for
n = 2. Encode the state |'i at the starting point s
in an ((n � 1, n)) threshold secret sharing scheme [11].
There are n subsets of {D

1

, D
2

, . . . , Dn} of size n � 1.
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FIG. 4: The general strategy for completing two-request tasks
can be used to complete this example, even though y

0

and y
1

are outside the light cone of s. The essence of teleportation
is that it splits a qubit into entanglement and classical data
transmission, thereby making it possible to delocalize quan-
tum information in a curious way: classical data can be trans-
mitted to several recipients without regard to the no-cloning
theorem while entanglement reaches outside the light cone.
Both features are crucial in this example.
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FIG. 5: a) This configuration of four call-reveal spacetime
points satisfies the conditions of Theorem 1 and requires a
combination of error correction and teleportation for success-
ful summoning. Each reveal point is again lightlike to its
call point and zj is causal to the call point yj�1mod 4

. In
addition, z
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is lightlike to y
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and z
3
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. b)
The graph G of causal relationships used to construct the
summoning protocol. The subproblem involving the cycle
D
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is structurally equivalent to the ex-
ample illustrated in Figure 3, although the recursive protocol
replaces direct quantum communication by teleportation. c)
The code used in the e�cient construction has one physical
qubit for each edge of this graph, G0. The arcs label the four
sets of doubled edges su�cient to reconstruct the state. In the
protocol, if there is a request at y

0

, for example, the qubits
on the solid edges are sent to z

0

.

Assign one of the n shares to each of the subsets and for
each subset recursively execute the protocol, now on the
smaller subset of size n � 1. If the request is made at
call point yj , then for each of the subsets containing Dj ,
the corresponding protocol will forward its share of the
secret to zj . Precisely n� 1 of the n subsets contain Dj ,
so the state |'i will be recoverable at zj , as required. An
example for n = 4 is sketched in Figures 5a and 5b.
E�cient construction— The protocol described in

Analysis of the code 

X 
Z 

Z 

CWS code property:  
All errors converted to Z errors 

Z 

For Pauli error P: 
Err(P) = induced Z error  

Condition 1: Err(P ) 6=
Q

e Ze

X 
Z 

Z 

Protected 

Condition 2: If Err(P ) = I then [

Q
e Ze, P ] = 0.

 Every possible X error induces exactly one Z error on a green edge 

 To achieve Err(P) = I, need an even number of X errors. 

 XZ=-ZX implies that if P contains an even number of X errors, then [ΠeZe,P]=0 



Conclusions 
• Quantum information can be replicated in a surprising 

variety of ways in spacetime 
•  The only constraints on replication are the simplest ones: 

there can be no obvious violations of no-cloning or 
causality 

• Using the same code, the result can be extended to non-
convex regions, giving an alternate proof of quantum 
secret sharing using general access structures 

•  Future directions: 
•  Applications to cryptography in Minkowski (and more general) 

spacetime 
•  Cloning paradoxes in black hole evaporation, complementarity, 

firewalls, etc. 



Recruitment opportunity of the year: 
• Alex May: extraordinary undergraduate student 



Lessons for complementarity? 
• Surprising replication of quantum 
information is possible if time is 
considered 

• The actions required to localize the 
information to specific points zj will 
generally destroy the replication 

• Firewalls:  
•  Staying outside BH or falling in constitutes 

a choice analogous to localizing the 
information at a particular zj 

•  Simulating Nb measurement on early 
radiation could destroy replication 
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2. For each pair (i, j), the diamonds Di and Dj are

causally related, meaning that there exists a causal

curve from Di to Dj or vice versa.

The two conditions are necessary because they encode
the most basic constraints coming from relativity and
quantum mechanics, namely causality and the impossi-
bility of cloning. Indeed, Condition 1 is manifestly the
prohibition of superluminal communication. Condition
2 arises from reasoning similar to Kent’s treatment of
“non-ideal” summoning [6]. Suppose we have a success-
ful summoning protocol for which Condition 2 is violated,
meaning that two diamonds Di and Dj are spacelike sep-
arated as in Figure 1. If the call is received at yi, there is
a procedure that will reveal the state at zi. Now imagine
that the call machinery malfunctions such that it makes
a call at yj in addition to the one at yi. Because yj is not
in the causal past of zi, the malfunction cannot prevent
the state from being revealed at zi. Likewise, because yi
is not in the causal past of zj , the call at yj will result in
the state successfully being revealed at zj . This proce-
dure therefore reveals the state |'i at the two spacelike
points zi and zj starting from a single copy of |'i at
the point s. In other words, a summoning protocol for a
configuration violating Condition 2 is easily modified to
make a cloning machine, which is impossible.

To see that Conditions 1 and 2 are su�cient will re-
quire constructing a protocol that will succeed at the
summoning task given a starting point and n call-reveal
pairs satisfying the conditions. The structure of the pro-
tocol will only depend on the directed graph G = (V,E)
whose vertices are labelled by the diamondsDi and which
contains the edge (Di, Dj) if and only if there is a causal
curve from some point in Di to one in Dj .

It is possible to handle the n = 2 case by making use
of a strategy from [7]. Without loss of generality, assume
there is a causal curve from D

0

to D
1

. Begin by dis-
tributing a Bell pair between the spatial locations of the
start point and y

0

. Upon receiving the quantum state
at the start point, immediately teleport it over the Bell
pair [5], sending the classical teleportation data to both
z
0

and z
1

. Meanwhile, if the call is received at y
0

, for-
ward the other half of the Bell pair to z

0

, but if no call is
received, forward it to z

1

. Because there is a causal curve
from the start point to both z

0

and z
1

, and because there
is a causal curve from D

0

and D
1

(which, in particular,
guarantees there is a causal curve from y

0

to z
1

), both
the classical data and the half of the Bell pair required
to reconstruct the quantum state will arrive at the ap-
propriate reveal point. Figure 4 depicts an example in
which this protocol succeeds but the simpler strategy of
carrying the qubit through the causal diamonds fails.

Using quantum error correction, a protocol for gen-
eral n can be built recursively from the protocol for
n = 2. Encode the state |'i at the starting point s
in an ((n � 1, n)) threshold secret sharing scheme [11].
There are n subsets of {D

1

, D
2

, . . . , Dn} of size n � 1.
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FIG. 4: The general strategy for completing two-request tasks
can be used to complete this example, even though y

0

and y
1

are outside the light cone of s. The essence of teleportation
is that it splits a qubit into entanglement and classical data
transmission, thereby making it possible to delocalize quan-
tum information in a curious way: classical data can be trans-
mitted to several recipients without regard to the no-cloning
theorem while entanglement reaches outside the light cone.
Both features are crucial in this example.
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The graph G of causal relationships used to construct the
summoning protocol. The subproblem involving the cycle
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is structurally equivalent to the ex-
ample illustrated in Figure 3, although the recursive protocol
replaces direct quantum communication by teleportation. c)
The code used in the e�cient construction has one physical
qubit for each edge of this graph, G0. The arcs label the four
sets of doubled edges su�cient to reconstruct the state. In the
protocol, if there is a request at y

0

, for example, the qubits
on the solid edges are sent to z

0

.

Assign one of the n shares to each of the subsets and for
each subset recursively execute the protocol, now on the
smaller subset of size n � 1. If the request is made at
call point yj , then for each of the subsets containing Dj ,
the corresponding protocol will forward its share of the
secret to zj . Precisely n� 1 of the n subsets contain Dj ,
so the state |'i will be recoverable at zj , as required. An
example for n = 4 is sketched in Figures 5a and 5b.
E�cient construction— The protocol described in



(No-)summoning 

x 

t 

|'i
s

y0 y1

Unknown quantum state is originally  
localized at s. 

A request for the state will be made at 
either y0 or y1, at which point the state 
must be exhibited there. 

This is prohibited by the combination 
of no-cloning and relativistic causality. 

Kent : arXiv:1101.4612  

Kent uses no-summoning as the basis for a quantum  
relativistically secure bit commitment protocol. 


