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Universe as information network

G B Universe is divided into subsystems.

Subsystems interact and exchange
information.

O B Locality: Not all subsystems

Q exchange information directly.

What does quantum mechanics say about the rules of this web?

What does quantum mechanics say about locality?
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Causal structure

-~ Field variahles in a haunded
; region at time ¢, ...

... depend anly an

------

in a larger region
aftimet, ...

... and not on the field
v variahles outside the
hackward light cane.
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Bulls-eye and chain

A is the system of interest.
C is the distant “rest of the world”
B is the rest of A's "neighborhood”

Locality: In one time step, there is
no information transfer from C to A.
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Information flow

When does information “flow” from C to A?

- |Information flows from C to A if the
e final state of A depends on the initial
state of C.
. « Information does not flow from C to A
Note: We must consider all )
possibie initial states of A and C. if the final state of A does not depend

on the initial state of C.

Quantum difficulties!

Initial state of AC is not determined by the initial states
of A and C separately — quantum entanglement.
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Two bits (classical)

Two classical bits.

Interaction: Controlled-NOT
C = control bit
T = target bit

Final T state does depend on
initial C state. There is
information flowfromCio T.

Final C state does not depend

on initial T state. There is no
information flow from T to C.

CT ->CI
Note: CNOT 00-—-00

operationis (g1 01
reversible | 1 g _, 11

11>10

Classical CNOT has ane-way
infarmation flowfrom Cto T.
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Interaction: quantum CNOT

C = control bit
T = target bit

Two qubits

One-way information flow? No!

Look at CNOT ina
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Two qubits.

Interaction: quantum CNOT

C = control bit
T = target bit

Two qubits

C ICT) — |CT)
|00} — |00}

[TR 01} >0 1)

T D 110> 11}
Mo

One-way information flow? No!

Look at CNOT ina
conjugate basis:

[+)=7{0}+ 1))
=)= 2{0)-I1))

—

ICT, — |CT)

I++) —
+-—
e
oo

-+

)

— +)

)

CNOT is unitary

In the conjugate basis,
) control and target
qubits switch roles!
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No one-way information flow

- No unitary interaction leads to one-way information flow
between quantum systems.

« Quantum measurement €
C = system of interest
T = measuring apparatus

We'd like to have information flow C — T only, so that

we do not disturb the system. But any unitary
interaction can make information flow either way.

- Generalized quantum operations (CP maps) can have
one-way information flow.

T U
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Maps from big to little

In general, we can have CP maps between states
of different systems.

Of particular interest: An initial state of a composite
system |leads to a final state of one subsystem.

E.g., Partial frace operation trg

pe = ggg(pm) %@
Q — |

We may also have maps with the final system /farger
than the initial system
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Locality x 3

Global evolution map £45°

What does it mean to say "No
information flows from C to A™?

Locality #1

There exists a CP map
giving final A states
from initial AB states.
That is,

g, exists

Locality #2
If ABC is initially in a
product pure state

) @[B)S)y)
then the final state of A
does not depend on |v;

Locality #3

Given any initial ABC

state. Do the following:
1. Operation on C.
2 gﬁ‘lBC

Final A state does not

depend on choice of
previous C operation.

Good news: All three locality conditions for £45 are equivalent.
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Global unitarity

Can we have
= Global evolution of ABC unitary; and
* No information transferfrom Cto A ?

c T Yes, of course. Trivial cases:
B ui= A or C are isolated.
A - A and C interact separately

with parts of a composite
system B.
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A more Interesting example

Points to note

C -
-« AB interaction followed
B || by BC interaction.
« One-way information
A transfer: A — C but not
C—-oA

- Previous examples can

be converted to this
general form

Remarkable fact: This is the only possibility!
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A decomposition theorem

Suppose system ABC evolves via unitary U*5C, such
that no information transfer is possible from C to A
(“locality”). Then

U.-!.BC' il (lﬁ ®WEC)(VAB ®1C)

A —— NB —We are not
claiming that U
actually happened
this way ... .
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c
B |

B U — £
A |

A

For every pure state output |y,
construct the precursor subspace

s, = tle):e(g)d))= Ay ||

Each precursor subspace has

——
This is not the same same dimension (=dim 44;)
i A, © M - rts ~ From these, construct a “natural”
e m— tensor product structure in o4,z
transformation V'

—




How it works




How it works

"‘

™ “Natural” tensor product
structure is exactly the
subsystem structure here.




How it works

"‘

™ “Natural” tensor product
structure is exactly the
subsystem structure here.

After V acts, system A is in the right output state.



How it works

* “Natural” tensor product
structure is exactly the

subsystem structure here.

After V acts, system A is in the right output state.

State of ABC is not yet the result from U — but it can be
corrected by a unitary W acting on BC only.




How it works

[ = A
W
B
V
A i -
* “Natural” tensor product

structure is exactly the
subsystem structure here.

After V acts, system A is in the right output state.

State of ABC is not yet the result from U — but it can be
corrected by a unitary W acting on BC only.
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A two-system result

Suppose £ is a CP map such that no information

is transferred from C to A. Then there is a unitary
representation for £°C of the form

. A and C interact with a
common environment,

E 2 but A’s interaction is
finished before C's

A interaction starts.

v

Semicausal operations are semilocalizable
Beckman et. al. {2001)
Eggeling et al. (2002)
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General decomposition?

Suppose ABC evolves according to a general
CP map £, and no information is transferred
from C to A.

Can we always decompose such a map info €
and ¢ as follows?

Cc i
Vs Na. There are local maps
B | that are not of this form.
However . . ..
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L ocality in general

Suppose £45C is a general CP map that is local —

that is, no information can flow from C to A. Then
the map has a unitary representation of the form:
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Reversible to unitary

— Global update rule for N classical
discrete variables:

F
N (a,b.....c) - F(a,b....,c)
Reversible map: F is 1-1 and onto.
- “Quantizing” the classical map
e Product basis: | ab,....c}
| Global unitary dynamics:

U:|ab,...c) = |F(@ab.,..c))

’

How do the classical locality properties of F
determine the quantum locality properties of U.?
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Quantum locality

C — N Quantize previous problem (array of N
finite quantum systems) with Ug

Is the global evolution Ug “local enough”
to prevent information flow from C to A?

N = 3: Even though no information can flow
from C to A in the classical case, it
sometimes can in the quantum case.

N = 5: No information can flow even in the
quantum case.

N = 4: No information can flow if f
are qubits. We do not know the ¢
general.
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Dissecting CNOT

We know that the quantum CNOT gate
involves information flow in both
directions.

Can we model this in an explicit way?
What is the structure of information flow
inside CNOT?

Model: Simple information exchange

Note that every classical gate can be
modeled in this way. (Exchange copies!)

— Can CNOT be modeled by local CP maps
and simple information exchange?
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X

(This holds only for qubit gates!)

Here are two ways that you can model CNOT:

/
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Dissecting CNOT

X

M. Nathanson: No entangling unitary two-
qubit gate can be modeled by local CP
maps and simple information exchange

(This holds only for qubit gates!)

Here are two ways that you can model CNOT:

/

N\

(X2

What is the essential difference between these information

flow patterns and simple information exchange?
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