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Abstract: Spacelike separated classical interventions make us to rethink what is quantum and what is classical. Quantum Lorentz transformations
show that identification of subsystems is a tricky business, ditto entropy, entanglement and thermodynamic quantities. Resolution of information
loss problem in black hole physicsistied to a construction of atheory of quantized gravity.
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1. I believe that the phenomena to which quantum theory applies
may be appropriately described in an "as i realism, where facts,
whether observed or not, are assumed to exist and constitute the
cornerstones of the theory. It should not be taken for granted that
the notion of "fact” is synonymous with "macroscopic change”.
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1. I believe that the phenomena to which quantum theory applies
may be appropriately described in an "as i realism, where facts,
whether observed or not, are assumed to exist and constitute the
cornerstones of the theory. It should not be taken for granted that
the notion of "fact” is synonymous with "macroscopic change”.
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2. Yes, I am an instrumentalist and I am proud of it
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1. I believe that the phenomena to which quantum theory applies
may be appropriately described in an "as i realism, where facts,
whether observed or not, are assumed to exist and constitute the
cornerstones of the theory. It should not be taken for granted that
the notion of "fact” is synonymous with "macroscopic change”.
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3. Wave functions are real ... because it is useful to include in our
theories
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[and disclosure of the conflict of interests]
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Core data: probabilistic structure of gquantum theory as revealed in
calculations of measurable quantities

Going beyond: not necessarily "getting lost in wastelands of
metaphysics” (Barn), but a mental exercise that is subject to the
consistency constraints.

Maotivation:

(i) personal tastes and prejudices
(i1) hope for a better theory

v Instrumental
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Core data: probabilistic structure of quantum theory as revealed in

calculations of measurable gquantities
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Core data: probabilistic structure of gquantum theory as revealed in
calculations of measurable quantities

Caonsistency
Simplicity

I -
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Core data: probabilistic structure of gquantum theory as revealed in
calculations of measurable quantities
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Existence ?
If yes, uniqueness:
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Going beyond

Core data: probabilistic structure of quantum theory as revealed in
calculations of measurable gquantities

. Consistency Epistemic
. Simplicity ‘nstrumenta Ontic
’ Nomi isitic

Existence ?
If yes, unigueness:

___1.3..

| have not been able to discover the cause of those properties of
gravity from phenomena. and | frame no hypotheses;” for whatever is
not deduced from the phenomena is to be called a hypothesis. and
hypotheses. whether metaphysical or physical. whether of occuit
qualities or mechanical. have no place in experimental philosophy.

Newton to Hooke (15 February 1676)
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Madel: point-like

Special relatmty . quantum systems,
- Causality constraints: restrictions an point-like classical
quantum operations interventions, SR

- Absence of transformation laws for
states outside common light cones of
the interventions
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Madel: paint-like

Special relativity = quantum systems,
- Causality constraints: restrictions an point-like classical
quantum operations interventions, SR

- Absence of transformation laws for
states outside common light cones of
the interventions
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Madel: point-like

Special relativity quantum systems,
- Causality constraints: restrictions on point-like classical
quantum operations interventions, SR

- Absence of transformation laws for
states outside common light cones of
the interventions

Quantum field theory [flat spacetime]

- Fuzziness in identification of systems
and their components

- Non-sharpness of localization

» Pervasiveness of entanglement
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Madel: point-like

SDECiai rElatiVity guantum systems,
- Causality constraints: restrictions on point-like classical
guantum operations interventions, SR

- Absence of transformation laws for
states outside common light caones of
the interventions

Quantum field theory [flat spacetime]

- Fuzziness in identification of systems
and their components

- Nan-sharpness of lacalization

» Pervasiveness of entanglement

Holography [whatever reason]

« Limits on the effective number of Soac 4
states
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Quantum gravity

- Absence of time
- Non-local cbservables

(a) The same problems as in GR /
other constrained theories

(b) Answer: relational observables

- Wave function of the Universea

2T —4
|O.C]=0
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Quantum gravity

- Absence of time

WdW equation
Dirac observables

- Non-local observables

(a) The same problems as in GR /
other constrained theories
(D) Answer: relational observables

« Wave function of the Universe

Black hole information problem

» Unitarity in quantum theory
« Canservation of information
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Quantum gravity
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Dirac observables
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Quantum gravity

- Absence of time

WdW equation
Dirac observables

» Non-local observables

(a) The same problems as in GR /
other constrained theories
(b) Answer: relational observables

« Wave function of the Universe

Black hole information problem

» Unitarity in quantum theory
« Canservation of information

Closed time-like loops
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Spacelike interventions
Lorentz transformations

SN
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Initial state: 0. =1, o_. =1
| appropriate unitary modifications @ Alice & Bob|

One particular history:

o =1 |6 ——})

Measurements happen: /=0 in the local frames
{T::l_ﬁ::l:{ szl_()-::l
o, =1 |l =1 o =8 o ——8
ar—0 00 o =1 |o.—1)

Aharonov and Albert, Phys. Rev. D 24,6 359 (1981)
Peres and DRT, J. Mod. Opt. 49, 1255 (2002)

A
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Initial state: 0. =1  o_. =1,
| appropriate unitary modifications @ Alice & Bob|

One particular history:

o =1 | =——I
Measurements happen: r={) in the local frames
o_=1 |o.=1), o —h la—]
o= o =1 o =8 |ov —3
o —F lor—— 6,_—-1 |o.—1)

Aharonov and Albert, Phys. Rev. D 24, 359 (1981)
Peres and DRT, J. Mod. Opt. 49, 1255 (2002)
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Initial state: 0. =1 ,o_. =1,
| appropriate unitary modifications @ Alice & Bob|

One particular history:

o =1 |a=—1)

Measurements happen: /=0 in the local frames
o.=1) |o.=1), o.=1) o =1
o, =1 o.=1, o = oo —N
o, =1 :r:r =—1)_ o =1 |o.=—1)

Aharaonov and Albert, Phys. Rev. D 24,6 359 (1981)
Peres and DRT, J. Mod. Opt. 49, 1255 (2002)
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Initial state: o_ =1 |o_. =1,
| appropriate unitary modifications @ Alice & Bob]|

One particular history:

o —1) | ——})
Measurements happen: /=0 in the local frames
o.=1) |o.=1), o.=1 o_=1,
a =k lov —1 o =5 | —8

—_—

Aharonov and Albert, Phys. Rev. D 24, 359 (1981)
Peres and DRT, J. Mod. Opt. 49, 1255 (2002)
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Initial state: 0. =1 , o_. =1,
| appropriate unitary modifications @ Alice & Bob|

One particular history:

g =1 | =—1)
Measurements happen: 7= in the local frames
o.=1,0.=1, o.=1) o =1
a —I oo —0y o =5 |o—5

Aharonov and Albert, Phys. Rev. D 24, 359 (1981)

Peres and DRT, J. Mod. Opt. 49, 1255 {-:Mﬂ

AL |

Pirsa: 09100094

Page 34/70




Classical particles

E,>E,

Liouville functions
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Classical particles
e

Liouville functions
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Classical particles
= 7

Liouville functions

Pirsa: 09100094 —_ i Page 37/70




D =
|
momentum
—

classical info
4 '

Massive particles |
k. =(m.0.0_0)

O =Spin—=13
W =SO0O(3)
D
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U(AN)| p,o)=
2 D [W(A.PIAP.S

Photaons
k. =(1.0.0_1)
o = helicity
W =S(a.P)R_(p) s E(2)
D —="d.
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One-particle states

(p.olq.<

oy

;

¥

-

2y 2p )o" ' (p—q)

du(pw_(p) p.c a;":[)

du( p) =
Fl F i ﬂ

(2Y

F)
§s

-

(‘P|@) =

-

du(pyww (p)é° (p)

Reduced density matrix 2. =|du(p)w_(p)w.-(p)
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One-particle states

p.olq.C)=2xy (2p o (p—q)

. :T du(pw_(p) p.c _, dp

ety du(p)= -
| e { 2p (2x)y
(P \O)=|\du(pyw _(p)o” (p)

Reduced density matrix £.. =|du(p)w, (p)v-(p)

Partial trace is not Lorentz covariant

Peres and DRT, Rev. Mad. Phys. 76, S3 (2004
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One-particle states

p.ol|q.L =27y 2p" )" (p—a)

V= |du(pw _(p) p.c , d’p
S=—_rh du(p)=
| = N 2p (2x)
(VD)= |du(pyw _(p)o° (p)

Reduced density matrix 2. =|du PV (P)w-(p)

Partial trace is not Lorentz covariant
Spin entropy is not Lorentz invariant

1
(P
th
(0
LN

T, Rev. Mod. Phys. 76, 93 (2004
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One-particle states
-{p.r:r\q_; =2x)y (2p" )6 (p—9q)

b :Z du(pw_(p) p.c _,
d au(p)=

d 1[]
- 2p (2Zx)y

(P|®)=|du(p)w _(p)d° (p)

Reduced density matrix £.. = |du(p)w. (p)w.(p)

Partial trace is not Lorentz covariant
Spin entropy is not Lorentz invariant
Distinguishability depends on motion
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Pure spin, nearly at rest at Alice’s.. e

w(p)=Nyze® = . A/m<<]

sin(é‘ . S |
XE;-; — | _ }:1-; — ){f:/ff — i I
\ COS & "l -

Bob is moving with v along z-axis

s(1-I?/D+c T4 sc(1-T7 /4
sc(1-I'* /4 c(1-I'?/D+s"T7/4
p1-Vl-7 A
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Entropy=

degree of entanglement >0
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Reeh-Schlieder theorem
Epstein-Glaser-Jaffe theorem
Reduced state property

.
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Basic formalism of QInfo:
POVM & CP dynamics warks with everything

General (algebraic) QFT

<+ algebras of (quasi)(local) operators with CCR/ACR

> states .
= Hilbert space(s) A4(0)

In more detail...

- -

o(x)=|du(p)le ™ a +""a]l > ¢(f)=|dxp(x)[(x)

= o -

Tq,_{.rl—a-f___ (f)

b
Iy

|
Ll

Local: / has a bounded support
Quasi-local: 7 has exponentially decaying tails
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Reeh-Schlieder theoram

The set of states generated from the vacuum by the (polynomial)
algebra of operators in any bounded region, is dense in the Hilbert
space of all field states.

'eaning: there are local operators which, applied to
the vacuum, produce a state that is arbitrarily close to
any arbitrary state

Epstein-Glaser-Jaffe theorem

O <field o1y, (p|G00)| )20
Q) < vacuum el S
V) < any state
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Caorollary: no local operator annihilates the vacuum

=aning. detectors must have dark counts

PQVMs [that are built from local operators]
are not resclutions of identity

why? X UX,U..L

a2 —0
E(X)=1= E;.}_{QJ={Q!F1UX_} Q) =1

always fires._..

ezaning: useful detectors have

non-zero chance to fail @
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| ocalization POVM is not local

Why? U[ — M

transiational invariance
QIE(D|IOQ)=(QIUXNE(DU ()|Q)=£>0

pick up enough disjoint bins

Q| E U[_ Q) =ne > 1
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Localization POVM is not local

Why? U[ — M

Pirsa: 09100094

transiational invariance

Q| E U[_ Q) =ne >1

| ocalization POVM is not quasi-local
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Localization POVM is not local

oy LJE—M

transiational invariance
(Q|E(D|Q) =(Q|U(x)E(U (x)|Q) =& >0

pick up enough disjoint bins

(Q|E( 1)|Q)=ns >1
| ocalization POVM is not quasi-liocal

» Space-time events can be defined only by non-local procadures
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Corollary: any entangled state can be approximated by
acting locally on the vacuum state

) = 4,(0)|Q)
Clustering property: 4 B AO)-
(Q| 4B, |Q) =(0| 4|9)(0|B,|Q)+ | 3 (0| 4| F)(¥|B,|©
(0| 4]o)(|B, |0)

'ezning: states created by local operations looks almost
like a vacuum with respect to measurements in distant causally
unconnected regions.
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VVacuum is entangled
4< 40,).B s 40,) AD|
<l/| x| PR < e ™™ gl

M
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VVacuum is entangled

-

4 = .410_ ). B = Al O; ) ‘-:QABI! - A
<1/| x| . < e ™™ i

-,
I
| =,
(-
M =%
| =,
P
I*""wI
|’
[~
(-
\..-'

Accelerated detector
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VVacuum is entangled

A<c 40).Bc 40, |(Q|4B|0Q)—(0|A4]|0){0|B|OQ) >0

<l/|x” .

Accelerated detector

Rate: as if in the bath with
ha

g NG
2nck,
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Local partial trace [corresponding to a s
region of space] is not a trace class operator

=y

Rindler coordinates

Step 1: 3 uniformly accelerated Bob, "
with a proper acceleration 2 whose

asymptotic trajectory is

B l
[ =—sinharn. x =—coshan _
f.i' | -

Step 2: new coordinates for the wedge

€ : e
sinhan. x= coshan )
a a —X <N, <X

=

Step 3: new coordinates for the wedge 11
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Quantization in Rindler coordinates :

Bogoluybov transformation applied
to vacuum [a formal unitary]

U1Q) = H:expi —nro/ayln,), |n,), <

o |

Minkowski vacuum loaoks like
a squeezed state

Reduced density operator [not a trace class operator]

o =]l Zexpt —zon, |a)Z ' |n, ){n,

'/

| Fe=e| —@ o~
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Black hale dynamics laws
Hawking radiation
Unitary evolution
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PHILOSOPHICAL o win. inervion, weiths ctines udies, <l ight emivood: foomm: fach-2

TRANSACTIONS, e B i

ROYAL SOCIETY iorays for fome i
L O N D O N o
r A R T e it b s il s Latte 0 Eloney Corensilh, 5. PR 5 amd £.5.

|II MILD T LOCETIR DAVIE, AND FITER CLMGLT,
FRINTIRS TO THE BOTAL SOCIZTT.

- REREE N

W T Eit DsEIt L& =
derary e Lo : VLT =
i g 4 = - =
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Schwarzschild metric
ds* =g, dc“d’ =(1-2M/r)dt> —(1-2M [ r) " dr* —r*dQ’

Proper time of a stationary observer dr=./(1-2M/r)d:
Gravitational radius = event horizon r, =2M
Physical singularity » =0

Surface gravity: the force per unit mass as
measured at infinity, to keep the observer
stationary just outside the horizon =

x=1/4M
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0™ law: surface gravity is constant on the haorizan

. . -
1st law: dM =—dA+o,dJ

87
2"¢ law: d4=0
Bekenstein-Hawking entropy S.. = 4c¢ /4Gn

Quantum effects: Hawking radiation

E e

=+ Black body temperature 7 =

27 Gk,
» Evaporation Max-T'AcM™
M=(1—-t/t))°M,, t_.=aM,
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oy

Q@ —de¢ @ pureto mixed

Black hole evaporates via the Hawking
process within a finite time. If the
correlations between the inside and
outside of the black hole are not restored
during the evaporation process, then by
the time that the black hole has
evaporated, an initial pure state will have
evolved to a mixed state, e
‘infarmation’’ will have been lost.

-r

Wald, Liv. Rev. Rel (2001)
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T

@/ @|—d¢ @ pureto mixed

Black hole evaporates via the Hawking

———y process within a finite time. If the
' 7 correlations between the inside and
A/ . outside of the black hole are not restored
: during the evaporation process, then by

the time that the black hole has
evaporated, an initial pure state will have
evolved to = mixed state, I.e.,
“Iinformation’’ will have been lost.

Wald, Liv. Rev. Rel (2001)
-y Frolov & Novikov, Black Hole Physics, Kluwer 1997
Hawking, Phys. Rev. D 72, 084013 (2005)
Ashtekar et al Phys. Rev. Lett. 100:211302 (2008)
Gottesman & Preskill, JHEP 0403, 026 (2007

Oppenheimer & Reznik, arXiv:0902.2361
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open system

Evolution of matter = evolution of an

‘P > W

-

T ot is f x in

i)

Fmat — tr;::-;l—- b Sl -

Matter entropy =degree of
entanglement

DRI, arXive/0909.4143
= 2 — AryrT — e o ™) =7 ¥
Husain ana DRT, arXive/0903 =&/ ]
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Evalution of matter = evolution of an
apen system

¥Y) =y |

41 = . ikl

E out =U|E I
’LJ'.‘_L":T — 48 )Y

Irav

Matter entropy =degree of
entanglement

DRI, arXive/0909.4143

Husain ana DRT, arXive/0903.1471
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+Identity is fuzzy

<*Constituents are approximate
*Locality is unsharp

“*Interventions destroy transformations
“*Some weirdness is classical

»*Black holes do not destroy information
or strings, loops, and foams are wrong
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- .
DON'T PANIC ¥ d

In an age of great uncertainties it is easy to mistake ‘_l__s

science for banality, to believe that Heisenberg is merely ——

saying, gee, guys, we just can’'t be sure of anything, it’s

so darn uncertain, but isn't that, like, beautiful?

Whereas actually he’s telling us the exact oppasite: that

it you know what you’re doing you can pin down the

exact guantum of uncertainty in any experiment, any

process. To knowledge and mystery we can now ascribe

percentage points. A principle of uncertainty is also 3

measure of certainty. It’s not a lament about shifting

sands but a gauge of the solidity of the ground.

-
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TEFS ooy - MECrOEDiT PowerErie

Rushdie - Adams

interpretation of QT

+ in an age of great uncertzinties it is easy to mistake
- science for banality, to believe that Heisenberg is merely —-v-a-
saying, gee, guys, we just can’t be sure of anything, it's
so darn uncertgin, but isn't that, like, begutiful?
Whﬂemaﬂnalig.h&itﬁhrgustt&aﬂtmthﬂ.

if you know what you're doing you can pin down the
‘ exact quantum of uncertainty in any experiment, any
| process. To knowledge and mystery we can now ascribe
percentage points. A principle of uncertainty is also a
| measure of certainty. It’s not a lament about shifting

. sands but a gauge of the solidity of the ground.
= Salman Rushdie, The ground benestf her fest
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1 Reeh-Schlieder theoram

The set of states generated from the vacuum by the (polynomiat) Sterzam oo of rete 2
algebra of operators in any bounded region, is dense in the Hilbert
space of all field states.

Meaning: there are |local operators which, applied to
the vacuum, produce a siate that is arbitrarnily closeto
any arbitrary state

2 Epstein-Glaser-laffe theorem

| O(x) < field 1P (P|O)|F)=0. (QOM)|Q
_|Q)*CI¥&L ?I ) < 'v-tji )_ - < |---}

| |'¥) < any state

| Theorems

- + -
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