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Abstract: <p>What can we say about the spectra of a collection of microscopic variables when only their coarse-grained sums are experimentally
accessible? In this paper, using the tools and methodology from the study of gquantum nonlocality, we develop a mathematical theory of the
macroscopic fluctuations generated by ensembles of independent microscopic discrete systems. We provide algorithms to decide which multivariate
gaussian distributions can be approximated by sums of finitely-valued random vectors. We study non-trivial cases where the microscopic variables
have an unbounded range, as well as asymptotic scenarios with infinitely many macroscopic variables. From a foundational point of view, our
results imply that bipartite gaussian states of light cannot be understood as beams of independent d-dimensional particle pairs. It is also shown that
the classical description of certain macroscopic optical experiments, as opposed to the quantum one, requires variables with infinite cardinality
spectra.</p>
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Figure 6(b) : Relative frequency distribution of speed
superimposed with the fitted normal distribution.
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Many physical quantities follow a gaussian distribution
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Central Limit Theorem
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Macroscopic Microscopic
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Discrete models
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Discrete microscopic model Macroscopic model
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Macroscopic model
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Why discrete microscopic models?
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Fundamental Physics
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Certain physical quantities, like time and space,are usually
assumed to be continuous, but could actually be discrete
(quantized).
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Does this quantization show at the macroscopic scale?
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A first example: entangled gaussian states of light
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A first example: entangled gaussian states of light
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P(X.,Y), gaussian
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A first example: entangled gaussian states of light
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Deterministic
detector

‘f : i \‘ Particle i .

Microscopic dichotomic model
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P(X,Y), gaussian

Vi = (X
Displacement vector V == Vi — é);

. Fard

Txx = (X
Covariance matrix ﬂ} —_— VXY = <.\3
- e

Yy = (3
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Why?
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X X
x pa(1)[1 —pa(1)] —paB(1,1) + pa(l)pp(l) =
> paB(L, 1){1 —pa(l)] —paB(1,1) +pa(1)pp(1) =
=pa(1)[pp(1) — pan(1,1)] > 0.
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Application: Brownian motion

't=0
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Application: Brownian motion

X
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Application: Brownian motion

P(Ax,Ay)
I
Microscopic model

1) At each time t, the probability of moving along each of the four
diagonals is independent of the trajectory of the particle.
2) P,(Ax,Ay) is periodic in t, with period much smaller than T.
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Application: Brownian motion

el =0 tond ] — (]
vxx — |vxvl, vy — |[vxy| =0
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Application: Brownian motion

i Macroscopic isotropy
& " and parity
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Application: Brownian motion

tr(U~yU* W, ;) > 0,VU € O(2)
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Application: Brownian motion

l }
det(v) > gﬁ.(,},)z

The model can only be applied to macroscopic
systems with an uncertainty relation
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Fixed output structure
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Generalization
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Fixed output structure
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The values

b =1 e — 1. 4

are known up to a proportionality constant
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E.g.: entangled gaussian states of light

Alice Bob
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Microscopic spin model
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Gaussian distribution

P(X] g 0wy X,,_)(ZX] ...(JX-,,_

Pirsa: 17040009 Page 48/118



Gaussian distribution

P(X] g 0wy X,,_)(ZX] ...(JX-,,_

Displacement
vector
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Gaussian distribution

P(X] X )(.Z)(l LA

Covariance matrix

Vij = (XiXj) — (Xa)(X)
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Gaussian distribution

P(X] X )(.Z)(l LA

Covariance matrix

Non-linear term!!!
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P Is generated by a finite number of rays
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Fixed output structure

Given
Al i k= L..na=1...4]

the problem of deciding if a covariance matrix can be
generated by this microscopic model can be formulated as a
linear program
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For any microscopic model with finite dimension d, there
always exist bipartite gaussian distributions that cannot be
approximated.
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Alice Bob

v

Given enough energy, for each value of d, one can
create a bipartite gaussian state of light whose statistics
refute the microscopic spin model
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(d — 1)yxx Irrelevant for high d
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{Ae = f(a) 1 a € N},

f rational, non-constant

4

All n-variate covariance matrices can be recovered
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Does any infinite set of microscopic outputs
allow to generate all gaussian distributions?
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No!

Consider {)\”_ = /_1.” il = Z}
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Free output structure

One can recover all gaussian
distributions with d=2
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Free output structure
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Free output structure

E.g.: time measurements
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Free output structure
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A very small difference!!!
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Surprising?
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Deciding if v € G4

can be cast as an SDP
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Drawback

|7DT({ | grows exponentially with n
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Deciding if v € G

can be cast as an SDP




... but, with a normal computer, one can only study
scenarios with a small number of macroscopic variables
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Are there more efficient methods to
characterize G ?
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Are there more efficient ﬁ;nethods to
characterize G, ?
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Most likely, not.
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Y, n X n matrix, tr(y) =1

4w a1
decide if dist(y, G3}) < g

q(n), polinomial
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vIin X n matrix, tr(y) = |

dbc dmﬁ&)hg?)

q(n), polinomial

irsa: 17040009 Page 94/118



Problem complexity

QPRATIO

n

0 ij=1A1jXiX;
LJ max a >
: i BT

A. Bhaskara, M. Charikar, R. Manokaran, A, Vijayaraghava, On Quadratic Programming with a
Ratio Objective, ICALP2012, arXiv:1101.1710,
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Connection with quantum non-locality
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Alice Bob
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Photocounter
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Assumptions of the classical particle model
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Alice < ®----0 Bob

Alice's particle and Bob's particle can be of different nature
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There exists distributions Pq(X,Y]s,{), with
s,t=1,2,...,n which cannot be approximated
by classical systems of the form
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Conclusion
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The analysis of macroscopic data provides scale-independent
information about the structure of underlying microscopic discrete
systems
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Although this work is focused on foundational physics, we

hope that some of these results will find an application in

computer modelling, signal analysis, or even biology and
sociology.
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There exist quantum microscopic two-level systems which
generate macroscopic correlations impossible to reproduce by any
finite-dimensional classical model
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THE END
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