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Quantum Darwinism:
Classicality via Objectivity

Robin Blume-Kohout (Cal Tech-IQI)
Wojciech H. Zurek (LANL)

1. Reality as emergent phenomenon.
The “environment as a witness~ approach.
Redundancy = Objectivity = “Reality”

Tools of the trade -- how to analyze models.
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Some results -- exploring models.

RBK & WHZ, quant-ph/0408147
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Framework & Foundations

* Operational Classicality & Decoherence.

Suppose we take quantum mechanics sertously. How much of classical
behavior emerges from the dynamics?

Reality 1s 1n the eye of the beholder (1)

(a) Old approach: Why a decohering system 1s always “found” in a
pomter basis state.

Environment as a Witness. We observe indirectly -
through the environment. What does it make accessible to us?

Reality is in the eye of the beholder (2)

(b) New approach: Why some of a system’s properties are objective® —
and the rest effectively don’t exist.

Quantum Darwinism. The selection and propagation of
certamn properties of a system (by the environment), at the expense of
mcompatible observables. s
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Operational Classicality

* Problem: quantum theory # classical theory.
- epistemic & ontic states are different
- measurements disturb the system
- we can’t duplicate information
- etc, etc, etc... quantum is not realistic.

* This really bothers some people.
==+ hidden varnable theories...
- goal: show that quantum behavior could
emerge from an underlying realistic substrate.

* Or, we could try it the other way...
= can reality emerge from a quantum substrate?
- goal: show that operational classicality can exst.
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Decoherence

* A two-headed beast:
- helps explain why the world looks classical

- the major obstacle to QIP.

* System interacts with its environment.

- Instead of ps — e ™ pse’™

we get ps — o & [E_ﬁﬂ(ps X pg)emt].

* System’s evolution is nonunitary /

* 'lypically, there 1s a pomter basis. FEHE 1

: F=== (d)
% Sometimes, there isn't. -
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What Decoherence Does (1)

“"We argue that the apparatus cannot be observed in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
Zurek. Phys. Rev. D 24, 1516 (1981

---------
-------------

* Reaction: What'’s to stop me
from measuring another basis?
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* Measurement happens on ~ the same timescale
as decoherence.

* No matter what outcome I get, I've observed a
superposition of pointer states! Right?

* __something more subtle 1s going on here...
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What Decoherence Does (2)

“We argue that the apparatus cannot be observed in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
Zurek. Phys. Rev. D 24, 1516 (1981

* How to [operationally| verify an “observation™

(1) Do a [test] preparation.

(2) Make a measurement.

(3) Analyze the results,
- correlation verifies observation.
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What Decoherence Does (2)

“We argue that the apparatus cannot be observed in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
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(2) Make a measurement.

(3) Analyze the results,

-y

indisinguishable from a coin flip!
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What Decoherence Does (2)
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What Decoherence Does (2)

“We argue that the apparatus cannot be observed in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
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* How to [operationally] verify an “observation”
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indistinguishable from a coimn flip!
- - Page 11/33
= (Occam’s Razor implies no observation
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Emergent “Reality”

“We argue that the apparatus cannot be observed in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
Zurek. Phys. Rev. D 24, 1516 (1981

* Conclusion: 1t’s only a measurement if I can
prove that it’s measuring something.
- if 1t looks like noise, then 1t 1s.

* Implication I: A decohering system 1s never
“observed” m a non-pointer state.

* Implication 2: Non-pointer observables
effectively don’t exist (to a scientist).
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Environment as a Witness

* Limitations of the decoherence approach.
- Measurement 1s still a magical process.
- Classical reality 1s what 1s leff after quantum stuff 1s
stripped away... where did 1t come from, anyway?
- Information/disturbance -- multiple observers interfere
with each other!

* Resolution: measurements aren’t direct.
- We observe indirectly, through the environment.
- We generally capture a #ny part of the environment.
- Similar fragments are available to other observers.

* How does information about S flow through £?
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What Decoherence Does (2)

“We argue that the apparatus cannot be obserwved in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
Zurek. Phys Rev. D 24, 1516 (1981

* How to [operationally| verify an “observation’

(1) Do a [test] preparation.

(2) Make a measurement.

(3) Analyze the results,
-+ correlation verifies observation.

b
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What Decoherence Does (1)

“We argue that the apparatus cannot be observed in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
Zurek. Phys. Rev. D 24, 1516 (1981

.....
------------

* Reaction: What'’s to stop me
from measuring another basis?
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* Measurement happens on ~ the same timescale
as decoherence.

* No matter what outcome I get, I've observed a
superposition of pointer states! Right?

* __something more subtle 1s going on here...
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What Decoherence Does (2)

“We argue that the apparatus cannot be obserwved in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
Zurek. Phys. Rev. D 24, 1516 (1981

* How to [operationally| verify an “observation™

(1) Do a [test] preparation. .

(2) Make a measurement.

(1.3),

v

(3) Analyze the results,
-+ correlation verifies observation.
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What Decoherence Does (2)

“We argue that the apparatus cannot be observed in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
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(2) Make a measurement.
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What Decoherence Does (2)

“We argue that the apparatus cannot be observed in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
Zurek. Phys. Rev. D 24, 1516 (1981)

* How to [operationally| verify an “observation™

(1) Do a [test] preparation. .

(1.53) The environment decoheres my system. -
(2) Make a measurement.

\ J

(3) Analyze the results,

-

indistinguishable from a com flip!
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Emergent “Reality”

“We argue that the apparatus cannot be observed in
a superposition of the pointer-basis states because

its state vector is being continuously collapsed.”
Zurek. Phys. Rev. D 24, 1516 (1981

* Conclusion: 1t’s only a measurement if I can
prove that it’s measuring something.
- if 1t looks like noise, then 1t 1s.

* Implication I: A decohering system 1s never
“observed” m a non-pointer state.

* Implication 2: Non-pointer observables
effectively don’t exist (to a scientist).
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Environment as a Witness

* Limitations of the decoherence approach.
- Measurement 1s still a magical process.
- Classical reality 1s what 1s leff after quantum stuff 1s
stripped away... where did 1t come from, anyway?
- Information/disturbance -- multiple observers mterfere
with each other!

* Resolution: measurements aren’t direct.
- We observe indirectly, through the environment.
- We generally capture a #iny part of the environment.
- Similar fragments are available to other observers.

* How does information about S flow through £?
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Objectivity & Reality

* What can I observe?
- I can only capture a small fragment of £.

- I can rehiably observe only properties that are recorded
redundantly throughout the environment.

* Sufficiently redundant records are objective.
(1) The same mmformation 1s available to many observers.
(2) One measurement does not disturb other copies
(no-signaling).

* Redundant = Objective = Real
- Decoherence creates objectivity
(a closed system 1s invisible... e.g., doesn’t exist!)
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Quantum Darwinism

* Need a name for the spreading of information

* Some properties (the only ones that can be observed!)
get spammed all over £.

* No-cloning implies not all properties can be redundant.

* Environment selects at most one observable to be
propagated all over the place.

* Complementary observables are kaput!
- Measuring them requires capturing a/l of £.

* Quantum Darwinism: the process by which one
property is propagated throughout £, and becomes
pisa: 07060039 objective, at the expense of complementary observablesgss



‘T he Environment-as-a-witness loolkit

* Observers learn about systems by
measuring the environment ().

* Information lost to £ implies
decoherence unless it is recaptured.

% Measurements we can make on £
are limited by its localily structure.

* A measure of “What mmformation
does E; provide about 5?7 is the
Quantum Mutual Information:

lse=Hs+ Hg- Hsg
where H=-Tr( p lnp )

PirsaﬁOGOO%uantm :L\H fan HS{? t[’] ISE ZQ.HE
(whereas [pwica < Hg).

(c) Subenvironments are combined
inio Fragments that each have
neariy-complete information.

auant-oh/0505031
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Partial Information Plots

(a visual approach to information storage)

* Plot how much of £ is
captured

Vs.
how much information
can be inferred.

Typical Examples

* Three distinct profiles:
- redundant mformaton
- distributed information
- encoded iformation

Information obtained

0% Percentage of £ measured 100%

* For pure states of SE, PIPS
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Random vs. Singly-branching States

PiPz far Randorm States: qubit system

* Randomly selected states for b AT A
- . 2 18} i
Sx& display encoding: 3wl 7//])
g 12} {
= . - ~ & . : : = :-_EE 1t F 1. Iﬂ: a
- No redundant information 5wl //]]] -
- == TU==5 . S a8} / / i
- Not representative of the e oll/[]] —— K- 8
: : ; i Hirp rr ! - M=)
universe we hive 1n. o I G T Nez =16
a 2 4 & B 10 12 14 16

m {# of subanvronments caphured)
Branching states (Dg = Dg = 2)

* Singly-branching states® of L " / F—)
- 1_6 _ ! I

Sx& display redundancy: _ vl - T

5 12} :

e x s 1 F 1

- Simple model of decoherence & 08 —— Ne,= 4

. e £ o —— No- s

- Results agree with ubiquitous 04 | S N™-10]

s . - 02} _ . —.— N, =12
observations of real umverse. e T

m (# of env.)

blﬂgl}”—h ra l](.‘hlllg Each pointer state of 5 is correlated w/a random product state of £

\ #
states: | :
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Dynamical evolution of PIPs
(Spin bath models of decoherence)

Pirsg

D-S: s evolves. mediating £, -£. interaction.
¥R *Multiple noncommuting interactions

between < and each £ = same effect.

Interaction-only model Quantum-measurement model )
lse, . -He I e -n
| These models
vield
singly-branching
— b s states
m Ez_\--_"'jz______u_____.--""- 3 I.'IITIE I

Each part of £ interacts with (“measures”) Each part of £ evolves on its own, while it

S independently. No other dynamics. measures S. The system has no dynamics.

Dynamical-system & Multiple-measurement More gene ral

I=.

S | models explore
| a much wider
| ._ range of states...

== . ) ...eventually,
o _;,---ég’ o 1
m & | 40 time states appear

randomly distributed.
Starting with the D-S or M-M model, we add Page 28/33

| independent dynamics for each part of £
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Quantifying Redundancy

* Goal 1: Quantify how many independent observers could
obtain “nearly all” the mformation available about S.

* Goal 2: Distll out the most important features of a PIP.
for easier analysis.

* Basic Idea: Compute N = {# of random fragments that
provide “all but 8” of the classical information}; Rg = Nj.

* (aveats: Presence of entanglement yields extra
mformation; large values of d cause overestimation of Rj.

s > (1 —0 ) Ns —1 o




Dynamics of Redundancy

Quantum Brownian motion

i Redundancy vs. time for low-frequency s
* Most important parameters: 7 [ -
- Central system’s frequency; o —=oie
: - P = = Theery
Ws. Determines how much of =21 D
E actually interacts with S. 5 e .
- Squeezing of S’s initial state, ? o - . e
Ax. Determines how “classical”™ . Redundancy vs. time for high-frequency <
the system’s state is. 120 f —=c 3
100 — =8
g wf —==
» o B0
* R increases sharply as ws and s f |
i | Y iy T
Ax are ]ﬂcrﬂas{‘:d. ° o 10 20 e} _i:n_ 50 &0 70 a0 90
Time (arhifrary units)
o : R(f) vs. initial squeezing of |P) (log scale)
* Dissipation eventually destroys L —
d = 1 = ..ixf 20 =
redundancy (& all information). e e
g o — e
o Mol =640 o
10 :.-—_-..
* Dissipation 1s also = o |
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Summary & Conclusions

* C(lassical reality emerges from quantum theory:

* Operationally, the unobservable doesn’t exist.

* So, we can construct self-consistent, objective
“reality” as the set of properties selected &
broadcast by the environment (this 1s Q.D.)

* Environment-as-a-witness is a useful paradigm &
toolset for tracing information flow from system to
observer.

* Models show that Q.D. really does happen.
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* _..but there’s more complex behavior, too.
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* _..but there’s more complex behavior, too.






