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Abstract: It has become conventional wisdom to say that quantum theory and gravitational physics are conceptually so different, if not incompatible,
that it is very hard to unify them. However, in the talk | will argue that the operationa view of (quantum) information theory adds a very different
twist to this picture: quite on the contrary, quantum theory and space-time are highly fine-tuned to fit to each other.

After arecap of ideas by von Weizsacker, Wootters, and Popescu and Rohrlich, | will show how uncertainty relations, the number of degrees of
freedom of the Bloch ball, and the existence of entangled states and possibly the Tsirelson bound can be understood from space-time geometry
alone. Conversely, | will show how the 3+1 Lorentz group of space-time can be derived from a purely informational communication scenario of two
observersthat describe local quantum physics in different Hilbert space bases (joint work with Philipp Hoehn).
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Folk wisdom:

Quantum theory and general relativity hard to unify
because they are so different / incompatible:

QM GR

. N ab\e
Probabilistic, usually ~ Determiri-"" . mal\Z auna-
fixed background, ... non"'e.‘},..uent

@

This talk: quantum information adds a different
facet to this picture...
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This talk

QT space-time

They mutually constrain (part of) each other's structure.
They are "strange allies".
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Qutline

1. A glance beyond quantum theory A

ey
Y

2. Relativity of simultaneity |
on an interferometer

Y
Céu
— )
=

request (description)

3. SO(3,1) and quantum I o — 3
communication =

physical answer .
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1. A glance beyond QT

Goal: argue counterfactually. "What if XY was different?"

space-time

1. A glance beyond QT
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1. A glance beyond QT

Goal: argue counterfactually. "What if XY was different?"

space-time

Different dimensionality,
r) signature, torsion,
discrete graph etc.

1. A glance beyond QT | ]
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Example: Bell-CHSH inequality
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Example: Bell-CHSH inequality

outcome +1

measure- measure-
ment O ment O

1. A glance beyond QT |
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Example: Bell-CHSH inequality

measure-
( ; 3 ment 0 @

a0 measure- 7N

ment 1 T

1. A glance beyond QT |

Quantum theory and spacetime: strange allies Markus P. Miller

Pirsa: 15050078 Page 12/117



Example: Bell-CHSH inequality

measure-
[ ; \ ment 0

outcome -1

measure-
ment 1

1. A glance beyond QT |
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Example: Bell-CHSH inequality

_:'E{—|.|} .’/E{—|.|}

aN A

@

1. A glance beyond QT
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Example: Bell-CHSH inequality

_:'E{—|.|} .’/(—:{—I.|}

" Vs

A N

a € {0.1} b e {0.1}

A B

Quantum physics: p(x.yla.b) = (V| Py @ PY|v).

Classical physics: p(r.yla.b) conditional prob.

1. A glance beyond QT | I l .
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Example: Bell-CHSH inequality

r'l:.

Classical and quantum physics satisfy no-signalling:

p(|a) does not depend on K (and vice versa).

1. A glance beyond QT | ] ]
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Example: Bell-CHSH inequality

Classical and quantum physics satisfy no-signalling:

p(r|a) does not depend on 4 (and vice versa).

1. A glance beyond QT | ] ]
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Example: Bell-CHSH inequality

Classical probability distributions satisfy Bell inequality:

CHSH := |Coo + Co1 + C10 — C11] €2 where Cgp:=E(z-y|a,b).

Quantum: Bell inequality violation.
CHSH < 2V/2.

S. Popescu and D. Rohrlich, Found. Phys. 24, 379 (1994).

In 1994, Popescu and Rohrlich asked:
Are quantum correlations the most general correlations that are
non-local, but still fit into relativistic spacetime?

1. A glance beyond QT
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Example: Bell-CHSH inequality

Classical probability distributions satisfy Bell inequality:

CHSH := |Coo + Co1 + C10 — C11| €2 where Cgp:=E(z-y|a,b).

Quantum: Bell inequality violation.
CHSH < 2v/2.

S. Popescu and D. Rohrlich, Found. Phys. 24, 379 (1994).

In 1994, Popescu and Rohrlich asked:
Are quantum correlations the most general correlations that are
non-local, but still fit into relativistic spacetime?

Answer: No. There are ("PR box") correlations that
are non-signalling, but not possible in quantum theory.

| 1. Aglance beyond QT | ]
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Example: Bell-CHSH inequality

Classical probability distributions satisfy Bell inequality:

CHSH := |Coo + Co1 + C10 — C11| €2 where Cgp:=E(z-y|a,b).

Quantum: Bell inequality violation.

— el CHSH CHSH < 2V/2.

PR-box correlations: p(r.yla.b)

p(+1,+1|a,b) = p(—l,—lla,b)zé
if (a,b) € {(0,0),(0,1),(1,0)}
p(+1,-1[1,1) = p(—1,+1|1,1)=;

| 1. A glance beyond QT | l .
Quantum theory and spacetime: strange allies Markus P. Miller

Pirsa: 15050078 Page 20/117



Example: Bell-CHSH inequality

Classical probability distributions satisfy Bell inequality:

CHSH := |Coo + Co1 + C10 — C11] €2 where Cgp:=E(z-y|a,b).

Quantum: Bell inequality violation.

—e b CHSH CHSH < 2Vv/2.

PR-box correlations: p(r.yla.b) are non-signalling, and have

p(+1,+1]a,b) = p(—1,—1|a,b)=; CHSH=4.
if (a,b) € {(0,0), (0,1),(1,0)}
1
p(+1,-1|1,1) = 10(—1,+1|1,1)=2

| 1. A glance beyond QT | l .
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Example: Bell-CHSH inequality

Classical probability distributions satisfy Bell inequality:

CHSH := |Coo + Co1 + C10 — C11| <2 where Cgp:=E(z-y|a,b).

classical QM no-signalling Quantum: Bell inequality violation.

Ry CHSH CHSH < 2V2.

PR-box correlations: p(r.yla.b) are non-signalling, and have

p(+1,+1|a,b) = p(—l,—1|a,b)=; CHSH=4.
if (a,b) € {(0,0),(0,1),(1,0)}
1
p(+1,-11,1) = p(-1,+1[L,1) = 7

| 1. A glance beyond QT | l .
Quantum theory and spacetime: strange allies Markus P. Miller

Pirsa: 15050078 Page 22/117



Conclusion part 1

QT « space-time

Space-time structure enforces no-signalling,
but does not fully determine all of QT

1. A glance beyond QT | ]
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Qutline

1. A glance beyond quantum theory [ 2 \

Y

-1y

2. Relativity of simultaneity |
on an interferometer |
Iow._@

request (description)

3. SO(3,1) and quantum i o — 3
communication =

physical answer
1. A glance beyond QT | I l
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Outline

1. A glance beyond quantum theory [ Z)

2. Relativity of simultanejty
on an interferometer

Y

up I.{;A]

3. SO(3,1) and quantum

communication

Y

| C}Wl._@

request (description)

LN puary B

o

2. Relativity interferometer

Quantum theory and spacetime: strange allies

physical answer .
Markus P. Miller
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General state spaces

Preparation, transformation, measurement

* On every push of button, the preparation device outputs
a physical system in some state.

\
A

' VA

) T Q@

2. Relativity interferometer ]
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General state spaces

Preparation, transformation, measurement

* On every push of button, the preparation device outputs

a physical system in some state.

* The transformation device modifies the state. Convex-linearity:

statistical mixtures are respected.

@

) T | Q

(/Y

2. Relativity interferometer

|
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General state spaces

Preparation, transformation, measurement

« On every push of button, the preparation device outputs
a physical system in some state.

* The transformation device modifies the state. Convex-linearity:
statistical mixtures are respected.

* One of many possible measurgments is performed. A definite
classical outcome is obtained, W|th prob. determined by state.

) T |

2. Relativity interferometer

Quantum theory and spacetime: strange allies Markus P. Mlller
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General state spaces

Example: classical coin toss. J -&t\\ ._ \

* The preparation device prepares a physical system
in a state w. Here

o Prob(heads) B P
- Prob(taif%) a l —p '

@ T Q (/N

2. Relativity interferometer ]
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General state spaces

Example: classical coin toss. \\ ! \

* The preparation device prepares a physical system
in a state w. Here

o Prob(heads) B P
T Prob(taif%) - l —p '

@ T H Q [/

2. Relativity interferometer ]
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General state spaces

Example: classical coin toss. \\ ._ & \

» The preparation device prepares a physical system
in a state w. Here

o Prob(heads) B p
T Prob(taif®) - l —p '

State space Q: the set of all possible states

)@~ d Q A

2. Relativity interferometer

|
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General state spaces

Example: guantum spin-1/2 particle. (‘

2. Relativity interferometer
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General state spaces

Example: quantum spin-1/2 particle. (‘

» The preparation device prepares a spin-1/2
particle in quantum state w.

ol 1) + 8 4)
O

More generally: w is 2x2 density matrix.

) (@ T i

-

A

2. Relativity interferometer

|

Quantum theory and spacetime: strange allies
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General state spaces
Example: quantum spin-1/2 particle. (‘ | I>

« The preparation device prepares a spin-1/2 | 7
particle in quantum state w. | ‘
cos £ 1) + ¢ sin 2| |) | X

&7
More generally: w is 2x2 density matrix.

) (@ T Q@

2. Relativity interferometer ]
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General state spaces

The set of all possible states of a given physical system
is called the state space (2.

2. Relativity interferometer
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General state spaces

The set of all possible states of a given physical system
is called the state space .

Preparation of statistical mixtures: w = Aw; + (1 — A

(0<A<1)

<I._l:_'|l

—

W:

l\l

W1

result odd w N

result even

2. Relativity interferometer
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General state spaces

The set of all possible states of a given physical system
is called the state space (2.

Preparation of statistical mixtures: w = Aw; + (1 — A
(0<A<1)

—

1
A

.\l

W1

QT: Qn=set of NxN density matrices
CPT: Qn = set of prob. distributions

(P1:. -, PN)
)
Thus Q is a convex set.
| n.
Quantum theory and spacetime: strange allies Markus P. Miller
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General state spaces

classical quantum

bit bit
Y

Arbitrary convex Classical "trit" Quantum "trit".
state space (3-level-system)  Complicated, 8D!
| |
Quantum theory and spacetime: strange allies Markus P. Miller
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Relativistic constraints on the state space

Two-level state spaces (“bits®) are naturally ball state spaces:

@ © -

d=1 o d=3
classical quantum
bit bit
Quantum theory and spacetime: strange allies Markus P. Miller
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Relativistic constraints on the state space

Two-level state spaces (“bits®) are naturally ball state spaces:

@ © -

d=1 o d=3

classical quantum
bit bit

« =5 : qubit in quaternionic QT; d =9 : octonionic

2. Relativity interferometer
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Relativistic constraints on the state space

A. Garner, MM, O. Dahlsten, arXiv:1412.7112

|

-
&
—
2. Relativity interferometer
Quantum theory and spacetime: strange allies Markus P. Miiller
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Relativistic constraints on the state space

A. Garner, MM, O. Dahlsten, arXiv:1412.7112

)\

up
'
@
low
—
2. Relativity interferometer
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Relativistic constraints on the state space

A. Garner, MM, O. Dahlsten, arXiv:1412.7112

£

\ 7 '
- —

@ N

d-dim. "Bloch

n
low sphere
-u*
2. Relativity interferometer
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Relativistic constraints on the state space

A. Garner, MM, O. Dahlsten, arXiv:1412.7112

)\
up . >

@

d-dim. "Bloch
low sphere”

North-pole state: particle definitely in upper branch.

2. Relativity interferometer ]
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Relativistic constraints on the state space

A. Garner, MM, O. Dahlsten, arXiv:1412.7112

|

up

@

d-dim. "Bloch
I sphere"
@ i

South-pole state: particle definitely in lower branch.

2. Relativity interferometer
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Relativistic constraints on the state space

A. Garner, MM, O. Dahlsten, arXiv:1412.7112

|
up. >

j Y
?

d-dim. "Bloch
I sphere"
@ i

State on equator z=0: probability 1/2 for each.

2. Relativity interferometer
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Relativistic constraints on the state space

A. Garner, MM, O. Dahlsten, arXiv:1412.7112 2

| T i

| \\. N )
1g/\ ) “: ;_i!i ;', ‘\\
@ - WH
| @ 117
! : 1
d-dim. "Bloch
low sphere"
— QO p

State on equator z=0: probability 1/2 for each.
plup) = %( + 1)

Quantum theory and spacetime: strange allies Markus P. Miller
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Relativistic constraints on the state space

A. Garner, MM, O. Dahlsten, arXiv:1412.7112

|

Up . | T | > ‘\\
@ .
: SSE=22
' d-dim. "Bloch
. Iow. sphere

What transformations T can we perform locally in one arm...
... without any information loss?

2. Relativity interferometer ]

Quantum theory and spacetime: strange allies Markus P. Miller
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Relativistic constraints on the state space

A. Garner, MM, O. Dahlsten, arXiv:1412.7112

|

d-dim. "Bloch
I sphere"
@ i

T must be a rotation of the Bloch ball (reversible+linear)...
... and must preserve p(up), i.e. preserve the z-axis.

| |
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Relativistic constraints on the state space

Assumption: Gy, = Glow >~ SO(d —1).

|

d-dim. "Bloch
I sphere"
s ow. P

T must be a rotation of the Bloch ball (reversible+linear)...
... and must preserve p(up), i.e. preserve the z-axis.

| |

Quantum theory and spacetime: strange allies Markus P. Miller
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Relativistic constraints on the state space

Assumption: G, = Glow ~ SO(d —1).

v @ - (
‘f(;

d-dim. "Bloch

low, sphere"
Ts / P

Relativity: there is one frame of reference in which
T A happens first, and then T5...

2. Relativity interferometer
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Relativistic constraints on the state space

Assumption: Gy, = Glow >~ SO(d —1).

|

j R
?

d-dim. "Bloch
low sphere"
- @) p
Detector click statistics is Lorentz-invariant

= 1Al =11y forall Th.Th € SO(d—1).

2. Relativity interferometer ]
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Relativistic constraints on the state space

- 4<3 (In fact, d=3, otherwise these
— transformations are all trivial.)

|

i R
?

d-dim. "Bloch

- Iow. | 17 | sphere”

Detector click statistics is Lorentz-invariant
= Al =11y forall Th.Tp € SO(d—1).

2. Relativity interferometer ]
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Relativistic constraints on the state space

— <3 (In fact, d=3, otherwise these
— transformations are all trivial.)

|

j &
?

d-dim. "Bloch

s Iow. | = | sphere”

Detector click statistics is Lorentz-invariant
= 1Al =114 forall Th.Tp € SO(d—1).

2. Relativity interferometer ]
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Relativistic constraints on the state space

Weaker assumption: Gy, and Gy 1somorphic

\

@

d-dim. "Bloch

. Iow. | Ta | sphere”

2. Relativity interferometer
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Relativistic constraints on the state space

Weaker assumption:  G,,;, and Gy 1somorphic

|

d-dim. "Bloch

. Iow. | T | sphere”

— ( < 5. Quaternionic QM survives.

2. Relativity interferometer ]
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Conclusion part 2

QT « space-time

Space-time structure constrains QT's state space:
upper bound on # of incompatible qubit observables.

| |
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Conclusion part 2

Consequences for actual interference experiments:

PHYSICAL REVIEW
LETTERS

VoLUME 42 12 NIAR(‘“ 197() Numser 11

Proposed Test for Complex versus Quaternion Quantum Theory

Asher Peres
Department of Physics, Technion-Israel Institute of Technology, Haifa, Isvael
(Received 7 December 1978)

If scattering amplitudes are ordilnary complex numbers (not quaternions) then there is
a universal algebraic relationship between the six coherent cross sections of any three
scatterers (taken singly and pairwise). A violation of this relationship would indicate
either that scattering amplitudes are quaternions, or that the superposition principle
fails, Some experimental tests are proposed, involving neutron diffraction by crystals
made of three different isotopes, neutron (nterferometry, and Kg-meson regeneration.

2. Relativity interferometer

Quantum theory and spacetime: strange allies Markus P. Miller

Pirsa: 15050078 Page 58/117



Conclusion part 2

Consequences for actual interference experiments:

Generalized Peres Test

PHYS I CAL REVI EW Quaternion quantum mechanics?
LETTERS Octonion quantum mechanics?

voromm 12 THE 5-PATH INTERFEROMETER G. Weihs (2013)

W

Motorized phase-plates To detector

Proposed Test fo

Department of Physiy

If scattering amplitudes ;

a universal algebralc relal

scatterers (taken singly af
tte

==
either that scattering amp| *‘ T 1

1 .
fails. Some experimental Diffractive
made of three different is{ beam-spli

2. Relativity interferometer

Quantum theory and spacetime: strange allies

Markus P. Mlller '
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Could it also go the other way?

space-time

Quantum theory and spacetime: strange allies Markus P. Miller
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Hints for QT — space-time

Spin: representation of rotation group SO(d)

reversible transformation Gr of state space

$1:1

spatial rotation R

QY
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Hints for QT — space-time

Spin: representation of rotation group SO(d)

reversible transformation Gr of state space

$1:1

spatial rotation R
@

Impossible for most state spaces!
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Hints for QT — space-time

Spin: representation of rotation group SO(d)

reversible transformation Gr of state space

$1:1

spatial rotation R
o

Impossible for most state spaces!
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Hints for QT — space-time

Spin: representation of rotation group SO(d)

linear structure of statistical mixtures

$1:1

linear structure of tangent space

R

Quantum theory and spacetime: strange allies Markus P. Miller
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Hints for QT — space-time

Spin: representation of rotation group SO(d)

linear structure of statistical mixtures

$1:1

linear structure of tangent space

R

— only possible for standard qubit and d=3.

But the 3D-Bloch ball can be derived from

information-theoretic postulates!

(Cf. talk by Philipp Hoehn; Lucien Hardy 2001; Dakic, Brukner 2009;
Masanes, Mdiller 2011; Chribella, D'Ariano, Perinotto 2011, uvm.)

|
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Hints for QT — space-time

Recall Philipp's talk:

GR: has informational essence (e.g., horizons)

m standard: spacetime = causal structure = information flow
m alternative: information flow = causal structure = spacetime (up to scale)
[Hawking, Geroch,...]

@
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Hints for QT — space-time

Recall Philipp's talk:

GR: has informational essence (e.g., horizons)

m standard: spacetime = causal structure = information flow
m alternative: information flow = causal structure = spacetime (up to scale)
[Hawking, Geroch,...]

@

Can we infer (local) space-time symmetry from
informational relations between observers?

Quantum theory and spacetime: strange allies Markus P. Miller
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The general setup

Philipp Hoehn and MM, arXiv:1412.8462

Related (but different): B. Dakic and C. Brukner, arXiv:1307.3984 (!!)
MM and LI. Masanes, New J. Phys. 15, 053040 (2013)
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The general setup

Philipp Hoehn and MM, arXiv:1412.8462

Related (but different): B. Dakic and C. Brukner, arXiv:1307.3984 (!!)
MM and LI. Masanes, New J. Phys. 15, 053040 (2013)

request (description)

physical answer

Quantum theory and spacetime: strange allies Markus P. Miller
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The general setup

Philipp Hoehn and MM, arXiv:1412.8462

Related (but different): B. Dakic and C. Brukner, arXiv:1307.3984 (!!)
MM and LI. Masanes, New J. Phys. 15, 053040 (2013)

request (description)

physical answer

Two distant observers (Alice, Bob) who have never met.

Alice (on phone): "Please send the following object: [description]"
Bob: "Ok!", and sends some physical object back.

| | asoen |

Quantum theory and spacetime: strange allies Markus P. Miller
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The general setup

Problem: A+B have never met
— lack of common reference frame

request (description)

physical answer

Two distant observers (Alice, Bob) who have never met.

Alice (on phone): "Please send the following object: [description]"
Bob: "Ok!", and sends some physical object back.

| e ssoma) |
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The general setup

Bob's description
Problem: A+B have never Wtkaasss
— lack of common reference framg

— need correcting transformation 7 = /5 0 7.

request (description)

physical answer

Two distant observers (Alice, Bob) who have never met.

Alice (on phone): "Please send the following object: [description]"
Bob: "Ok!", and sends some physical object back.

| |
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The general setup

Alice's description
Problem: A+B have never Wiikas e
— lack of common reference frame

— need correcting transformation 1 = pp o &}

request (description)

physical answer

Two distant observers (Alice, Bob) who have never met.

Alice (on phone): "Please send the following object: [description]"
Bob: "Ok!", and sends some physical object back.

| |
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The general setup

request (description)

physical answer

Example: assume classical mechanics;
physical objects= billerd balls with specified v.
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The general setup

request (description)

physical answer

Example: assume classical mechanics;
physical objects= billerd balls with specified v.

A and B could choose arbitrary continuous encodings £ 4.¥B-

5 : physical velocities — R?,
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The general setup

request (description)

physical answer

Example: assume classical mechanics;
physical objects= billerd balls with specified v.

A and B could choose arbitrary continuous encodings Y 4.¥B-

5 : physical velocities — R?.

Then there would always be an element 1" € ¢ that does the job,
G = {homeomorphisms of R*}.
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The general setup

request (description)

physical answer

Example: assume classical mechanics;
physical objects= billerd balls with specified v.

A and B could choose inertial frame encodings ©a- ¢ B-

Then T € G’ is sufficient, where
G' = Aff(3.R). the affine group.
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The general setup

request (description)

physical answer

Example: assume classical mechanics;
physical objects= billerd balls with specified v.

A and B could choose inertial frame encodings ©a- ¢ B-

Then T € G’ is sufficient, where
G' = Aff(3.R). the affine group.
Then G’ C G. so this is "better" than before.
They cannot do better: Gmin = Aft(3.R).
| | 3.s0B) |
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The general setup

request (description)

physical answer

Choice of objects to be sent

_I_
Physical / operational background assumptions

v

Minimal group Gmin-
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The general setup

request (description)

physical answer

Choice of objects to be sent

Physical / operational background assumptions

v

Minimal group Gmin-

Theorem: If G, exists then it is unique (as an abstract group).

| | asoen |
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Sending finite-dimensional quantum states

request (description)
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Sending finite-dimensional quantum states

request (description)

physical answer

Quantum states ppxn for some neN

_I_
No (helpful) additional assumptions at all
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Sending finite-dimensional quantum states

request (description)

physical answer

Quantum states ppxn for some neN

_I_
No (helpful) additional assumptions at all

\

Huge minimal group Guin = { Q) X) (U, » Uy")

n

neN Hn, .
one unitary / antiunitary U for each Hilbert space.
| | asoen | |
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Sending finite-dimensional quantum states

request (description)

physical answer

In our universe, we haveyadditional structure:

Can measure "the same" observable on
different Hilbert spaces.

Does this help to get a smaller G,,i,”
Yes!
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Same observable on different quantum systems S

/
S |
S [
LV So
/
S
@
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Same observable on different quantum systems S

/
S |
S [
LV Sn
/
So
Y
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Same observable on different quantum systems S

!
.HI

.H’l

Ho® — v

Physical quantity 1/ is calleg (S,S')-co-measurable.
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Same observable on different quantum systems S

S or ‘ — v

Physical quantity 1/ is calleg (S,S')-co-measurable.

Example: S=spin-1/2 qubit, S'=spin-1 qutrit
M = S.. spin in z-direction

| 1 0 0

_ 9 _
M(S) = i “,. : MSHY=1 0 0 0
0 —1/2 0 0 —1
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Same observable on different quantum systems S

8) or . — w1

Physical quantity 1/ is calleg (S,S')-co-measurable.
Example: S=spin-1/2 qubit, S'=spin-1 qutrit
M = S.. spin in z-direction

Possible origin: "natural interaction" between S and S'?
A conserved quantity?

a A K
Bulld measurement device 43 3 3 3
from manyv S-systems”? 3

| | asoen |
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Same observable on different quantum systems S

Ho® — v

Physical quantity 1/ is calleg (S,S')-co-measurable.

Example: S=spin-1/2 qubit, S'=spin-1 qutrit
M = S.. spin in z-direction

atter 1Of b8
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Same observable on different quantum systems S

!
.HI

.H’l

Do ® — T

Physical quantity 1/ is calleg (S,S')-co-measurable.

Set of co-measurable observables: consistency conditions.
S. if spin-1/2 sent in

S, otherwise

M, = S My = {

cannot both be co-measurable.

Quantum theory and spacetime: strange allies Markus P. Miiller

Pirsa: 15050078 Page 91/117



Same observable on different quantum systems S

Do ® — i

Consistency conditions for (3,S')-co-measurable obs.:
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Same observable on different quantum systems S

Sor._’ v

Consistency conditions for (5,S')-co-measurable obs.:

o M, (S) "= N(S) = M, (S") =3 M(S".
o M{(S)< My(S) = M(S") < My(S".
e M(S)=0 = M(S)=0.
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Same observable on different quantum systems S

S or ‘ — v

Call S and S' equivalent if all,their observables are
(S,S')-co-measurable. Equivalence classes: S.
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Same observable on different quantum systems S

o ® — v

Consistency conditions for (3,S')-co-measurable obs.:

o M, (S) "= N(S) = M,(S") =3 M(S".
o M{(S)< My(S) = M(S") < My(S".
e M(S)=0 = M(S)=0.
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Same observable on different quantum systems S

o ® — v

Call S and S' equivalent if all,their observables are
(S,S")-co-measurable. Equivalence classes: S.
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Same observable on different quantum systems S

So @ — v .

Call S and S' equivalent if all,their observables are
(S,S')-co-measurable. Equivalence classes: S. _invertible

Theorem: Then dim S=dim S', and M (S) = XM (ST,

possibly
transpose
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Same observable on different quantum systems S

.
Ho@® — v

Call S and S' equivalent if all,their observables are
(S,S')-co-measurable. Equivalence classes: S.

invertible

Theorem: Then dim S=dim S', and M (S) = X M(S)XT.

Ex.: <S=S'up to choice of basis (= X unitary),

* S and S' spins of electrons with different momenta.
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Interaction graph

Draw an arrow from S to S' if the set of (8,S')-co-measurable
observables is tomographically complete on S'.
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Interaction graph

Draw an arrow from S to S' if the set of (8,S')-co-measurable
observables is tomographically complete on S'.

In our specific physical world:

"+
i massless
spin-1 _ s
qutrit S' spin-1 qubit S
4
spin-1/2
qubit S
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Interaction graph

Draw an arrow from S to S' if the set of (8,S')-co-measurable
observables is tomographically complete on S'.

In our specific physical world:

Interpretation:

: Alice and Bob can lift their
spin-1 spin1 qubit 5" agreement on description of S
to description of S'.

request (description)

spin-1/2
qubit S physical answer
3. SO(3,1)
Quantum theory and spacetime: strange allies Markus P. Miller
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Interaction graph

(1.0.—1) \/')!

A: Dear Bob, please send me the quitrit state |¢) 0. 2

massless
spin-1 qubit S
spin-1/2
qubit S
Quantum theory and spacetime: strange allies

@

Interpretation:
Alice and Bob can lift their
agreement on description of S

to description of S'.

request (description)

T

physical answer

Markus P. Mlller
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Interaction graph

A: Dear Bob, please send me the qutrit state |©")

(1.0.—1)/v/2!

B: Don't know how to do this... haven't set an S'- reference frame!

massless
spin-1 qubit S
spin-1/2
qubit S
Quantum theory and spacetime: strange allies

@

Interpretation:
Alice and Bob can lift their
agreement on description of S

to description of S'.

request (description)

T

physical answer

Markus P. Mlller
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Interaction graph

A: Dear Bob, please send me the qutrit state ") = (1.0, —1)/v/2!

B: Don't know how to do this... haven't set an S'- reference frame!

A: But we have for S! So please build the measurement devices
with A/, (S) =[descriptions]. Then | mean the state |¢") with
the following outcome probabilities in these device: [numbers].

o  Interpretation:

< > Alice and Bob can Ilft t_helr
o agreement on description of S
Wiy to description of S'.

request (description)

T

spin-1/2
qubit S

Quantum theory and spacetime: strange allies Markus P. Miller

Pirsa: 15050078 Page 104/117



The communication task revisited

request (description)
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The communication task revisited

request (description) if . {%\‘
\ s

physical answer Z'l ; k

spin-1/2
aubit §

Quantum states p on any system S

t|

Lots of co-meaurable observables:
interaction graph is connected

v

sl 5500 I
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The communication task revisited

request (description) if . ;'&é;\‘
ot \ s

physical answer :'l; X

spin- 12
aubit §

Quantum states p on any system S

t|

Lots of co-meaurable observables:
interaction graph is connected

v

Umin is the symmetry group of the
smallest-dimensional root.

s 5500 I
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The communication task revisited

request (description) :;f
—%-
spin 1 qubst &

physical answer * .
Quantum states p on any system S

4
Minimality: interaction graph connected,
and there is a qubit root

Gmin = {ﬁ1F+XJLYTm¢yUTXT
~ Rt x O7(3.1).

y 5500 I
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Representations of the Lorentz group

request (description) ; 2
~' 7- . %\.
;-E::'.-IS' \ :D:T:K:\:-i )

physical answer

gmin — R+ x O7(3.1).

&
Theorem: Let S be the "root qubit", and S' any system.
e |f all S-observables are (S,8')-co-measurable, then
S' carries a projective rep. of SO™(3.1).
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Representations of the Lorentz group

request (description)

physical answer

Grin = RT x OT(3.1).

Theorem: Let S be the "root qu%it", and S' any system.
e |f all S-observables are (S,8')-co-measurable, then
S' carries a projective rep. of SO (3.1).
e All other S' carry a proj. rep. of the subgroup that

preserves the (8,S')-co-measurable observables
("Wigner little groups").
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Interpretation of Gmin

requ

physi
gmin =RT x O7(3.1).

Interpretation of R™-factor: Alice and Bob choose different units.

est (description) *

cal answer

O

IIII.‘ '|]w I

Quantum theory and spacetime: s

A_Ll ‘ —— e
- 48 o
e R = — "
T B3R N e . ————
—— = = 3w
AT i =
trange allies Markus P. Mller
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Relativistic Stern-Gerlach measurements

M. C. Palmer, M. Takahashi and H. F. Westman, WKB analysis of relativistic Stern-Gerlach
measurements, Annals of Physics 336, 505-516 (2013); [arXiv:1208.6434].

P. Hoehn and MM, in preparation momentum P
(VB)A H}i = Cz
SA H,, — H-\!’ 1sometry
Az ' \[p = SAM4S)]
MB = OAMAD

A'JJ]

)
-

g N\
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Relativistic Stern-Gerlach measurements

M. C. Palmer, M. Takahashi and H. F. Westman, WKB analysis of relativistic Stern-Gerlach
measurements, Annals of Physics 336, 505-516 (2013); [arXiv:1208.6434].
P. Hoehn and MM, in preparation momentum p

(VB)A H}, o~ CQ
S 'H,, — H-'\!’ 15¢ metry

Azxy ' A :[1; = 5\]-_[,1 S1
Az, fw \ ‘ . A

>
-

B ' Observed acceleration
% \ of wave packets:
A

A B WA.B A,
(,.\.] — (('“ |('.1.H)

Eigenvalues of \[: ¢ +|GAB

Rest frame of particle (;‘(,*'” = 0. but boosted observer sees

asymmetric deflections — two different eigenvalues

| | asoen |
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Reversal of standard viewpoint

Standard point of view:

space-time symmetries — representations,
operational properties

Here:

@

Operational properties — representations,
space-time (7) symmetries
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Conclusions

QT space-time

Interesting insights into architecture of physics; quantum gravity?
Common link: information theory / operationalism.
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Conclusions

QT space-time

Interesting insights into architecture of physics; quantum gravity?
Common link: information theory / operationalism.

Lots of related work (Q-reference frames, QIT<QG, ...)

| |
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Conclusions

* Relativity of simultaneity on interferometer

implies d <3 / d <5 forthe Bloch sphere 4
up _
Andy Garner, MM, Oscar Dahlsten, .—@ g
arXiv:1412.7112 ]
" Iow' TBJ

R
* Quantum communication task with operational
background assumptions (satisfied in our world)
yields the Lorentz transformations (and rep's)

requ-:-st (description) Ph||lpp Hoehn, MM,
arXiv:1412.8462.

physical answer

| |
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