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Abstract: Can a density matrix be regarded as a description of the physically real properties of an individual system? If so, it may be possible to
attribute the same objective significance to statistical mechanical properties, such as entropy or temperature, as to properties such as mass or energy.
Non-linear modifications to the evolution of a density matrix can be proposed, based upon this idea, to account for thermodynamic irreversibility.
Traditional approaches to interpreting quantum phenomena assume that an individual system is described by a pure state, with density matrices
arising only through a statistical mixture or through tracing out entangled degrees of freedom. Treating the density matrix as fundamental can affect
the viability of some of these interpretations, and introducting thermodynamically motivated non-linearities will not, in themselves, help in solving
the quantum measurement problem.

Pirsa: 10120067 Page 1/13



o
mgn P -ontism

Thermodynamics and the Interpretation of Quantum Theory

PERIMETER INSTITUTE
FOR THEORETICAL PHYSICS

* Question: maybe the wavefunction is epistemic?

* A different question: maybe the density matrix is real??

- Objective microscopic entropy

- Non-unitary evolution

* But: standard solutions to the measurement problem are
affected

- Different kind of non-unitarity required for resolution of
measurement problem

— There is a tension between the two

* Ts unification possible?
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*  Motivation:

- to attribute an entropy to an individual system, that is an objective property of that
system.

- Not of an ensemble, or an assembly, not epistemic, not subjective.

* If the density matrix is a representation of the actual, objective physical state
of an individual system, then the Gibbs-von Neumann entropy can be an
objective property of that system.

Epistemic: proper mixture P,— Zl_ Pl > <l ‘
Reduced: improper mixture P,— TF2HII/12> < YIIZH
S [p ] =—k1r [ 19, In 1o, ] > () Entropy: Subjective, perspectival
Ontic: not a mixture — : .
0— Z,- w,li) <l‘

Slel=—k Ir|olng|>0

Entropy: Objective, fundamental
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 Ontic Density Matrix indistinguishable from a mixture
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0

* Ontic Entropy does not increase in time

- Entropy increase only due to inaccessible microscopic correlations
— Inaccessibility is inaccessible to us

- Entropy increase only apparent, subjectivel

So: Non-Unitary Dynamics (NUD)

d d dS
—Ir|H ¢|=0 —Irle|=0 g
—Zg =0  for pure states
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v v Quantum thermodynamics

Beretta (1981,1984,2009)
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d{H)_dTr|p

=0

dt dt

d
o=yy'  E=yAH+X

A parameterised path in

Y(r) square root density matrix space Y(t) Tangent vector to the path

A-B=1r [A BT —I—AJr B] Inner product of operator space

ZyA-y(r):d;;‘D i gl 2y ALy(t)  Nochange

ZyAHj/(Z‘) Max change
2y8§=8"1{y,H)+S|(y, H)

Direction of maximum change in S,
with no change in normalisation or energy

’
S'Ly, H)
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d 1
%Z)/AH—F?S 'J_(g/, H) Borus! For pure states: § ’J_(y’ H)=0
1
olng e .0
Tr|elnp] 1 Tr|H o]
Q—_—l[H g]—l Tr|H olnp| Tr[Ho| TrloH’]
t n T Tr[Hzg]—(Tr[Hg])z
T A new physical constant(-ish), value to be determined by experiment
Epistemic: p:Zipi l°><l°‘—>p
Ontic: 0= 2,- W, . —HIET
1 o HHT,
Mixed: L= Z pio,— Z, Z o
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1 1
Linear evolution gives: E(‘Pu-l-wd)fpoﬁﬁ(wugbu-i— ‘Pd‘pd)
(which is not a simple statistical mix)

What occursis ¢, P, or  y @,

(which is a simple statistical mix)

* The wavefunction is real and does represent the state of a physical object.

- Linear evolution is right and there is no extra structure to the world: both outcomes occur.

~ Linear evolution is right, but there is extra structure. These hidden variables determine which outcome
has occurred.

- Linear evolution is not right, so that the state of the world is actually U or D. The wavefunction
collapses.

* The wavefunction does not represent the state of any part of the world, at all. The change from the
superposition to a statistical mix is the expression of an invasive measurement interaction and/or an
epistemic update.
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Density matrix realism
- Pure states evolve into pure states. Superposition still occurs

Can "a little bit" of impurity help?

Loy sy Loy ey, s)
0 —E(Qu +0, )Qo %E(Qu e, 10,0,

* NUD does not help: localisation does not occur.

)

- NUD is only evolution, there is no extra structure to the world: both outcomes occur.

- NUD is the only evolution, but there is extra structure. These hidden variables
determine which outcome has occurred.

— NUD needs an additional evolution, so that the state of the world is actually U or D.
The density matrix collapses.
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;(eu +0 )Qo ;(eu o+, )

- The core interpretation would not appear to change

* Many worlds ¢

- But NUD may make probability interpretation harder to sustain?

Tr[H o,|=1r| H g, Q=ael+beﬁéel+%ez
Branch specific entropy can go down:
%(QLS)+ J)es" - ;(eu o\ +aly e
S[%(ef)w;) 0 |=S (Qu o +0% ol )]

: >S |0} 0], S| 0"

S [l(ef)wﬂf))eﬁm

Objective entropy increases but subjective entropy goes down?
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dx 1 .| V.xlw)
——4
dar m <x|§U> w=x )
Pilot wave theory for ontic density matrix? (Maroney 2005)

X w, R
o)l o(x)={x|elx}=2_ P
Z w R (x)V_S.(x) dt - o(x).=x(y

Will this work with NUD? Need a locally conserved probability current
Many body no-signalling constraint leads to

d ’
dy_yMH (S" L(ya H)®ys+S" Llys Hy)®yd

Better: a spatially localised entropy steepest ascent S’ 1 (y(x), H (x))

:ivxS(x)x:X t

m

But: Branch specific entropy still can go down
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Bassi, Ghirardi (2003) http://pirsa.org/07060000

d|¥ (1) _L‘H+M.V_22¢MT.M ¥ (1))

CSL equation:
dt h

The mass density matter field becomes localised m (x ; l‘):<Y/(I)‘M‘Y/(l‘)>

Master equation: dp l ¥ ¥
i —==—2[H pl+yMp-M'—LIM"M,p)
dt 2
Substituting in the ontological density matrix
do_ i

7 h[H,e]JranQ'MT—‘Z[MT'M,Q]

The mass density m (x , I): 1r [MQ] does not localise.

2

The CSL equation no longer solves the measurement problem!
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GRW Collapse

' r><x r|dx re
Random chance of a spontaneous collapse taking place, with a probability 1/+ per unit time
Yy — ’ 4 ’
at location x’ with probability P (x )—Ti‘ [L(x )QL(X )]dx

L{x')oL(x')
Tr|L(x")oL(x")

a _
Localisation operator L(x '): ? f e

Density matrix becomes localised about x' o

But note: there is no equation for: C: Z P;0;
1

T o LI glryMTM - XM M T

&
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* Modified Schrodinger dynamics required to address macroscopic time asymmetry
(thermodynamics) and to address macroscopically distinct outcomes (quantum) are not only
different, but may even contradict each other.

- The ontological density matrix in CSL equation prevents localisation occurring.
- GRW collapses create absolute decreases in density matrix entropy.
- No collapse theories still allow perspectival decreases in density matrix entropy.
- NUD may undermine arguments on how to understand probabilities in Many Worlds.

* Density matrix realism, as an attempt to remove subjectivity from thermodynamics, cannot
succeed without also addressing issues of interpretation of quantum theory.

- Requires further development of the proposed non-unitary dynamics.

* Likewise, questions of interpretation could be radically affected by any empirical
observation of rho-ontic based non-unitary dynamics.

* AsNUD, like CSL, makes novel empirical predictions

- Ultimately it is experiment that must be the decider!
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